TAMPEREEN TEKNILLINEN KORKEAKOULU
Teknillinen mekaniikka .

VIl SUOMEN
MEKANIIKKAPAIVAT

Tampereella 25-26. 5. 2000

NIDE 1

1. kokouspiivin esitelmit

Toimittajat
Juhani Koski ja Simo Virtanen

Tampere 2000



Tieteellinen neuvosto

Prof. Juhani Koski TTKK
Prof. Pertti Holopainen TTKK
Prof. Martti Mikkola TKK
Prof. Raino A. E. Mikinen JY
Prof. Mauri Méittinen TKK
Prof. Antti Pramila OY

Prof. Arto Verho LTKK

Jérjestelytoimikunta

Prof. Juhani Koski
Prof. Pertti Holopainen
Leht. Simo Virtanen
Yliass. Esa Murtola
Siht. Sirkka Vuorenmaa

TAMPEREEN TEKNILLINEN KORKEAKOQULU
Teknillinen mekaniikka

PL 589

33101 TAMPERE

Puh. (03) 3652296
fax. (03) 3652107

Copyright ©
TTKK

ISBN 952-15-0414-5

Klingendahl Paino Oy
Tampere, 2000



ESIPUHE

Suomen VII Mekaniikkapaivéat pidettiin Tampereella 25-26.5.2000 ja sielld pi-
detyt esitelmit on koottu kahteen niteeseen. Nide 1 sisdltdd ensimméisen ja ni-
de 2 toisen kokouspdivédn esitelmit. Kutsuttuina ulkomaisina esitelmdoitsijoind
olivat professori Wolfram Stadler (San Francisco State University, USA) seki
professori Niels Olhoff (Aalborg University, Tanska). Lisdksi tilaisuutta kunni-
oittivat esitelmilldan professorit Ulo Lepik ja Jaan Lellep Tarton yliopistosta.
Kotimaisina kutsuttuina esitelmditsijoind olivat professori Martti Mikkola
(Teknillinen korkeakoulu) ja professori Antti Pramila (Oulun yliopisto). Niteet
sisdltdvit yhteensd 58 artikkelia, jotka edustavat monipuolisesti teknillisen me-
kaniikan eri osa-alueita.

Suomen mekaniikkapdivdt on jdrjestetty vuodesta 1982 lihtien joka kolmas
vuosi (Oulu 1982, Tampere 1985, Otaniemi 1988, Lappeenranta 1991, Jyviskyld
1994, Oulu 1997). Niiden tarkoituksena on koota yhteen tutkijoita, suunnitteli-
joita ja opettajia, jotka tydssddn joutuvat tekemisiin mekaniikan ja lujuusopin
ongelmien kanssa. Uutena aiheena tdlld kerralla on mukaan otettu teknillisen
mekaniikan opetus, jolle on varattu oma istunto.

Jirjestelytoimikunta esittdd ldmpimét kiitoksensa kaikille esitelmijditsijoille
sekd artikkelien tekij6ille, kuten myds niille lukuisille henkilsille, jotka ovat
osallistuneet mekaniikkapdivien jérjestelyty6hon.

Juhani Koski ja Simo Virtanen
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A BRIEF HISTORY OF MULTICRITERIA OPTIMIZATION
AND ITS

APPLICATIONS IN MECHANICS

W. Stadler
School of Engineering
San Francisco State University
1600 Holloway Avenue
San Francisco, CA 94132, USA

ABSTRACT

We provide a brief history of multicriteria optimization, including applications in
Mechanics. We begin with the origins of optimization, provide a basic optimization
problem formulation, discuss some of the initiators of multicriteria optimization, show that
a classical principle in Mechanics has a multicriteria formulation and trace the evolution of
an optimization problem from its beginnings in antiquity to wide present application.

1. INTRODUCTION

Mechanics and Engineering Science may be defined as areas of instruction whose purpose
it is, at least in part, to bring new methods and concepts in the sciences and mathematics to
fruition by applying them in the solution of problems. Unfortunately, Mechancis has been
slow to adapt and continues to maintain a traditional offering rather than innovating with
courses in controls, mechatronics, multidisciplinary analysis, fuzzy systems and
optimization, to name only a few. In particular, optimization as a broad design tool, has
been, for the most part, ignored in the US.

In every book treating engineering design, the student is admonished to optimize his
designs with vague guidelines such as, ‘as strong as possible’, ‘as light as possible , ‘as
flexible as possible’, and so on, with little or no guidelines as to just how this is to be
accomplished. In part, this is due to the fact that the concept of design itself is separated
into two relatively disjoint approaches: One almost artful approach based on the
refinement of anything that works and satisfies the constraints, making virtually no use of
analysis, and a second approach which relies on detailed mathematical modeling, analysis
and concepts from decision making and optimization. When one has well-accepted and
tried mathematical models and computational methods for the area in which design is to be
carried out, it makes no sense not to use them to obtain optimal designs. Both approaches
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go back to antiquity. Not surprisingly, we know more about the origin of the analytical
approach.

As far as it was possible to determine, Dido’s problem is the first example of the practical
use of an optimality statement. We shall first tell the story as it is told now and then
indicate how it was pieced together from the historical fragments of Greek and Roman
historians.

Dido’s Problem. Mutto, the king of Tyre had two children, a son Pygmalion and a
daughter Elissa. Upon Mutto’s death, Pygmalion became king and Elissa married her
uncle Sicharbas, the priest of Heracles. Pygmalion had Sicharbas assassinated to seize the
priest’s treasure. Elissa, appalled at her brother’s action, had the treasure secretly loaded
onto boats and fled with some of the nobility partial to her plight. After a stop in Cyprus,
they continued westward along the northern coast of Africa, where they were welcomed by
the local inhabitants. They called Elissa, Deido (wanderer), because of her many
wanderings. She encountered a local ruler, King Iarbas of Numidia, whom she asked for
some land where she and her retinue could settle. He allowed her to take as much as she
could enclose in the hide of an ox. Dido had the hide cut into strips and then used these
strips to enclose a sizable piece of land. The inhabitants kept their promise and gave her
the land on which Dido eventually founded Carthage. Some time thereafter, the Lybian
king wished to marry her, but she refused. On the pretext of carrying out a rite to release
her from an oath not to marry, she constructed a large pyre near her chambers from which
she threw herself on the pyre afer it had been lighted.

This story is an amalgamation of at least three different references to Greek mythology and
history.

The earliest mention of the story dealing with Elissa and her escape from Tyre is due to
Timaeus (of Tarominium a Greek colony in Italy), who was exiled to Athens by
Agathocles, the local tyrant. Timaeus lived from about 356 B.C. to 260 B.C. and he is
considered to be the foremost third century historian whose fragments have survived in
sufficient bulk to make a good assessment of his contribution. He also seems to be the
originator of the myth that both Carthage and Rome were founded in the 38" year of the
Olympiad or about 814-813 B.C., the generally accepted date for the founding of Carthage.

The part of the story dealing with “as much land as she might enclose with an ox hide” was
penned by Publius Virgilius Marro (70-19 B.C.) in his epic tying the founding of Rome
into Greek mythology at the request of Augustus, who commissioned him. In this story,
she commits suicide because Aeneas leaves her. If nothing else, we now have to resolve
the difficult undertaking of having committed suicide twice. One resolution is to assign the
name Dido to all of the Punic queens. That is, they take on the name Dido upon becoming
Queen of Carthage.

Justinius, another Roman historian, provided the additional detail of cutting the hide into
strips in his book Historiae Phillippicae written in the second or third century A.D.
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The attendant geography is somewhat more deterministic. ~Tyre is a city in today’s
Lebanon and Carthage (or rather what remains of it) is located on a peninsula (an easily
defended location) in Libya, on the Bay of Tunis, just northeast of modern Tunis.

The earliest archeological evidence of Carthage dates from the eighth century B.C., so that
the city thrived for more than 500 years until its recorded destruction by Rome at the end
of the Third Punic War in 146 B.C. This is slightly at odds with Timaeus placement of the
founding of Carthage in the 9™ century B.C. Virgil places the mythiological founding of
Rome by Aeneas, a refugee from Troy, at about 1100 B.C.

According to Ref. 2, Zenodorus provided the first proof of the isoperimetric property of the
circle sometime between 340-212 B.C. The proof apparently contained a gap, which was
not removed until the 19 century by Karl Weierstrass (1815-1897) in his lectures at the
University of Berlin.

We may assume that Dido was aware of the isoperimetric property of the circle. Again,
according to Ref. 2, cutting the hide into 1/ 10" inch strips would yield about 1000-2000
yards of strips with which she could have enclosed about 16-65 acres of land for a
complete circle and considerably more, if taken as a semicircle along the ocean. Since
Carthage was located on a peninsula, she must have done well indeed.

Figure 1. Dido purchases land for the foundation of Carthage. Engraving
by Matthaus Merian the Elder, in Historische Chronika, Frankfurt a.M.,
Germany, 1630. (Ref. 2).
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Dido’s problem is and will probably remain the most celebrated optimal design problem.
Thanks to its mythological setting, it can be celebrated on several levels as shown in
Figures 1 and 2. Figure 3 shows that the civil engineers of the middle ages were quite
aware of this result in optimal design and put it to good use.

B s

B s,

Figure 2. J.M.W. Turner. Dido building Carthage.

Thus was born the isoperimetric problem: Among all closed plane curves of a given length
to find the one that encloses the largest area.

Virtually all of the early optimization problems concerned maximization or minimization
in geometric problems; there were no common methods and each problem thus was
individually dealt with. However, what was found, was proven to be the optimum and thus
was accepted as fact. Thus, Aristotle in the 4™ century B.C. already took it for granted that
the circle enclosed the largest area for a given perimeter with a similar conclusion for the
sphere as enclosing the largest volume for a given surface area.

The first optimization problem involving a physical phenomenon appears to have been
Heron of Alexandria’s probes concerning the reflection of light rays in a mirror posed in
his work on Catoptics (reflection) in 75 A.D. (According to Ref. 3, the law of reflection
had been known to Euclid, Aristotle and, probably, to Plato):

Determine the location of the point D so that the sum of the distances AD + BD is a
minimum (see Figure 4).



Figure 3. Medieval map of Paris.

B ]

D
Figure 4. Heron’s Problem

Eventually, this problem gave rise to the investigation of the law of refraction by Snell
(1591-1626) from an experimental viewpoint and by Pierre de Fermat (1608-1665) from a
theoretical point of view, concluding that light travels the minimum time path. As we shall
see, this problem is the beginning of a formulation with a wide range of applications.

In reading the scientific literature from the seventeenth to the nineteenth century, we get
the clear implication that nature “operates” optimally in optics, in mechanics, in
thermodynamics, in fact, everywhere, much in line with the Aristotelian principle that
“nature does nothing the hard way”. Courant and Robbins, in their classic book What is
Mathematics? summarize (Ref. 4): “It was observed long ago that natural phenomena
often follow some pattern of maxima and minima.” Leanhard Euler puts these sentiments
into a metaphysical context, in line with his religious beliefs, when he writes (Ref. 5):
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«_..For since the fabric of the universe is most perfect and is the work of a most wise
Creator, nothing whatsoever takes place in the universe in which some relation of
maximum and minimum does not appear. Wherefore there is absolutely no doubt that
every effect in the universe can be explained as satisfactorily from final causes, by the aid
of the method of maxima and minima, as it can from the effective causes themselves.”

This postulated optimality of the universe may seem to derive from religious belief but
those who held with this postulate ranged widely from the very religious Euler to those
who arrived at the conclusion from their own reasoning and observation. The fact is that
the extremum and minimum principles that we now so routinely employ, derive from such
deeply held convictions about the efficiency of natural law. We list only a few such
statements here:

Fermat’s Principle of Geometric Optics. In an inhomogeneous medium a light ray
traveling between two points follows a path along which the time taken is a minimum with
respect to all paths joining the two points.

Principle of Minimum Potential Energy. An equilibrium of a mechanical system is
stable if and only if the potential energy is a minimum.

Hamilton’s Principle. The Irish mathematician W.R. Hamilton (1805-1865) proposed the
following generalization of the principle of virtual work. Consider a system of n particles,
assume that the external forces are conservative and the possible motions holonomic. Let
T(¢) be the instantaneous kinetic energy of the system and let V(f) be the potential energy
of the external forces (we suppress the dependence on x and x). A motion x(f) of the
system is possible if and only if

t

1
S| (T - V(r)dr=0.

to
We have cited Fermat’s Principle to show what could be deduced from the simple problem
that Heron posed. We shall show subsequently that the problem has continued to evolve
far beyond its initial statement to the point where it now has evident applications in
electrical, civil and mechanical engineering. The principle of potential energy is one of the
oldest minimum principles and we have stated Hamilton’s Principle as a classical principle
which can be given a multicriteria formulation.

From statements such as “nature does nothing the hard way”, it is easy to infer that any
possible way of doing something is either the easiest way or we may find a way which is
easier. If there is only one way, it becomes easiest by default. The inference from the
previously stated “natural “ principles is that nature does it the easiest way; that is, nature
achieves an optimum. Collectively, we thus atrive at the common problem formulation:

A quantity is to be maximized or minimized by making a suitable choice from some set of
allowed choices. More concisely: Minimize g(d) subject to d € D.
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Note that this statement implicitly includes the possibility of comparing two different
designs d,,d, € D with

d, $d, iff g(d)) = g(d2)

2. THE MULTICRITERIA PROBLEM

The vector optimization problem or multicriteria problem may also be succinctly stated in
the form: “Optimize” g(d) subject to d € D, where the criterion g(d) now is given by the
criterion vector

g(d) = (g1(d),g(d),....gn(d))

Since we are no longer simply maximizing or minimizing a single criterion function, we
must give meaning to the optimization of a vector.

In order to gain a good understanding of the multicriteria problem, it is worthwhile to
dissect the whole idea of an optimization problem into its basic issues and concepts. In
virtually all optimal design endeavors, it is the optimal design which is of interest and not
the optimal value of some criterion function. The optimal design problem is best viewed in
this light:

(1) There exists a set D of possible designs. A design d € D may be characterized in a
variety of ways, by a single variable or function, vectors of these or by a mix thereof.
We shall present a design simply by d.

(2) There must be a way of comparing at least two designs d; and d, in D. This is usually

accomplished by introducing a relation < on D such that d, X d, (d; is preferred to

(<) or equivalent to (~ ) dy). For obvious reasons, we call such a relation a preference
relation. It may be that not all designs may be comparable to each other.

(3) There must be some notion of what constitutes a best design. Once one has achieved a
comparison of different designs, it is natural to attempt to isolate a design d* € D
which is better than at least a collection of other designs. Usually, this is done within

the context of the preference relation < ; e.g. d* Sdforalld € Dy Cc D.

Example 2.1. Suppose our design set is D = {x €R': x €[0,2]}. The usual preference
relation then is the complete or linear order < on R' restricted to the interval D. A

minimum with respect to < is given by x* = 0 with 0 < x for every x € D.

Rather than ordering the design set itself, suppose we have a mapping of the design set D
into the reals, $(-): D »R'. We may then use the usual order < on R' to induce a

preference < on the set D with

d] ,S d2 lff ¢(dl) < d)(dz)
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with the obvious correlation for the optimal design. This is, of course, the concept of a
utility function in economics.

Example 2.2. Let D= {x €R": x € [0,4]} and consider the mapping g(*): D - R' given
by

gx) =1+ (x-2)

The use of the previously described approach produces

x1 X xp iff g(xl) < (x2)
as illustrated in Figure 5.

L L ] 5 i
R A) X3 X44 5 X
Figure 5. The imposed preference

Note that x; ~ x4 and x, ~ x3 and that x; < x; as well as x, < x4, etc. With minimization as
the basic objective, the optimal design is given by x* =2 with x* X x for every x € D.

We emphasize again that the criterion values themselves are generally of lesser importance
than their use in comparing different designs in design space.

The same overall approach is used in the multicriteria problem. The only difference is that
the mapping now is a vector-valued map

g(): D~ R"
with g(d) = (gi(d),g2(d)....,gn(d)) as the criterion vector. A preference <y is introduced on
R" and is then used to induce a preference <p on D with
d; 3pd, iff g(d;) Ing(dy)

We shall trace the historical development of this problem along with its most prevalent
solution concept in the next section.
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3. INITIATORS OF MULTICRITERIA OPTIMIZATION

The relatively late appearance of the consideration of several criteria stems from the fact
that it is much harder to imagine an optimal choice, given the engrained view of the single
criterion problem where the ideas of maximum and minimum evolved together with the
usual number system and its ordering. Having grasped this concept, basic computation
generally is no more difficult than that for the single criterion case.

The development of economic theory provided the impetus for the multicriteria problem.
Such problems were first considered in economic utility theory and welfare theory. The
subsequent inception of game theory provided further insight and the more or less
simultaneous evolution of the mathematics of orderings on sets eventually put all of the
concepts on solid mathematical footing.

Formally, we take the beginning of economic theory to be the Wealth of Nations written by
Adam Smith, and his contemporary view of society expressed in: “A vile maxim of the
masters of mankind ... All for ourselves and nothing for other people.” One of the early

ideas was that of a utility function g(-): D » R? for each consumer, indicating which goods
or choices he preferred and it was assumed that individual choices were made in harmony
with his utility function; i.e.,

d; X &, iff g(d,) <g(d2)

The collective good or simultaneous consideration of the previously individually active
consumers is the basic idea of welfare theory and the first realization of the vector
maximum problem. That is, we wish to obtain an optimal decision d* € D which
optimizes all of the criteria simultaneously or, equivalently, provides for the optimum of
the vector g(d).

Francis Ysidro Edgeworth (1845 — 1926). He was the first to consider individuals with
competing preferences, more precisely, competing utilities. He generally visualized a
situation between two individuals and then extrapolated the results to groups of individuals
in his book Mathematical Psychics (Ref. 6). The two person situation is often illustrated
with the “Edgeworth Box”, an illustration first used by the statistician Arthur Lyon Bowley
(1869 — 1957).

Suppose we consider two economic agents A; and A; with convex utilities g;(x,y) and
22(x,y) which they seek to maximize by trading the commodities (x,y) with a total
endowment (a,b); thatis, 0 < x <a, 0 <y <b. Their consumption set thus is the quadrant
bounded by (a,b). The quadrant is arranged in such a way that A, reaches his total
endowment at (a,b) and A, reaches it at (0,0). In terms of the distribution of goods at a
point (x,y), A receives the amount (x,y) while A, gets (a — x, b — y). The situation is
illustrated in Figure 6.

In the sketch, the level curves of A, are the solid arcs emanating from g;(0,0) and those of
agent A, are dashed and emanate at g»(0,0) taken to coincide with (a,b). The arcs are the



lines of indifference for each agent, indicating that the agent is indifferent for all
allocations of goods associated with a given indifference set. Edgeworth then defines an
equilibrium point for the economy (defines optimality) in the following manner:

¥(0.0)

X(0.9)

Figure 6. The Edgeworth Box and the Core (of a cooperative game)

“It is required to find a point (x*,y*) such that in whatever direction we take an infinitely
small step, gi1(*) and g»(-) do not increase together but that while one increases the other
decreases.”

With this in mind, he arrives at what he terms the contract curve traced out by points at
which the gradients of g;(x,y) and g,(x,y) have the same direction. Furthermore, if we
take a small step away from a point on the contract curve, e.g., we move into the upper
cusped region, then 0g,/0x < 0 and 0Jgy/ dx > 0 as required by the definition. He
discusses many relevant implications and extensions of the basic definition, most of which
are mentioned in Ref. 6.

Vilfredo Federico Damaso Pareto (1848 — 1923). His parents were from Genoa and had
moved into exile in France for political reasons. When Vilfredo was born in 1848, they
first named him Fritz Wilfried, perhaps because of some admiration for the German
democrats, and only later did they turn this into Vilfredo.

Vilfredo was trained as and initially worked as a civil engineer. He held strong political
views and his socialist leanings eventually made him one of the founders of fascism.
Anecdotal lore has it that Mussolini attended some of his lectures in Political Economy at
Lausanne, where Pareto had accepted Leon Walrus’ position.

Pareto was a Greek and Latin scholar who developed an abiding interest in economics
through his close friendship with the economist Maffeo Pantaleoni. Vilfredo’s early
training in mathematics quickly placed him at the forefront of mathematical economics
where he was the first to use variational methods in deducing necessary conditions for
economic equilibrium. He was well aware of Edgeworth’s work and he particularly
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prided himself in making use only of the level curves in his analysis rather than assuming
the existence of utility functions. His somewhat rambling definition of the “maximum
ophelimity” of a collectivity (Ref. 7) and his associated variational necessary conditions
have evolved somewhat in what we now take to be the definition of a Pareto optimum.
Indeed this optimum should more appropriately be termed an Edgeworth-Pareto optimum
or EP-optimum in a more abbreviated form. We write the Edgeworth - Pareto definition
in the now accepted mathematical form:

Definition. Edgeworth-Pareto Optimality. Let d* € D. Then d* is an EP-optimal
decision iff

g(d) <gd*) = g(d)=g(d*)

for all d*-comparable d € D.

Here < is the so-called natural order on R"; the d*-comparable requirement is added to
the definition because < is a partial order, implying that not all of the criteria values may
be comparable to each other. Minimization of the individual criteria was taken to be the
basic desideratum in this definition.

Even in this succinct mathematical form, it isn’t all that clear what is meant by an EP-
optimum. Some more or less converse statements do provide some insight.

Perhaps the most obvious and useful from a computational point of view is that a criterion
value g(d) cannot be EP-optimal if there exists a gy € 4 = g(D) such that go; < gi(d) for i=
1,2,...,N, when minimization of each gi(*) is taken as the basic objective. Similarly, we
are at an EP-optimal point if we cannot deviate from it, even minutely, without increasing
at least one of the criteria. The EP-optimal set of designs is that set where we truly need to
compromise in moving from one design to another in that a further decrease in one
component would require an increase in at least one of the other components. To some
extent the value of multicriteria optimization thus lies in all of the bad designs that are
eliminated rather than in the particular attributes of the EP-optimal designs themselves.

Georg Cantor (1845 — 1918). The concepts of Edgeworth and Pareto grew out of the
socioeconomic viewpoint of what constituted an economic equilibrium; in essence, the
search for a point at which the consumers and the producers would be satisfied with what
they got. Indeed, it was shown later that subject to some convexity assumptions on
preferences, and on production costs and profits, that there exists an EP-optimal point at
which the producers maximize their profit — all in all not a bad economic situation if
realizable in practice.

The mathematical background for such statements was provided by Cantor in his work on
ordered sets (Ref. 8). (Recall that ordering the design set D to be able to compare designs
is our basic objective). In this context, EP-optimality is only one optimality concept
among an infinity of possible ones. As we shall see, however, there does seem to be
something natural about the concept of EP-optimality in that it is possible to cast some
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classical extremum principles in mechanics within this multicriteria framework.
Furthermore, natural structures appear to be optima for suitably chosen criteria.

Orderings come in a variety of colors and guises ranging from partial to complete preorders
to partial and linear orders; they can be smooth and connected or not, be imposed on

arbitrary spaces or on R", thus serving as a device for comparing virtually anything.

Within the economic context, the so-called natural order on R is of greatest interest since
it provides the partial order on the criteria values on which we have based the
mathematical concept of EP-optimality. (The word “partial” refers to the fact that not all

points are comparable to one another). The natural order on RN is defined in terms of the

usual order on the reals with x,y € R and

x<y iff x; <yi foreveryieI={1,2,....N}
x<y iff xi<y, x 2y, for iel

Xy iff xi<y,, foreveryiel

We can easily get a geometric view of this situation. As before, we take minimization as
the basic objective. At any given point x, we imagine a cone with vertex at x and with the

cone being a translate of the positive orthant of RN. The vertex x then is better than all of
the points y in the cone; that is, x <y. Points outside the cone are not comparable to x;
e.g., the point z Points x* on the dark border are the EP-optimal criteria values for the set

A. We have depicted the situation in the criteria space R". The ordering on R" is thus
used to induce an ordering in the design space D with d* given by g(d*) = x*, for example.
The situation is depicted in Figure 7.

&2

0 g1
Figure 7. EP-optimality on R™

Here, the economic definition of the optimum was probably given without an awareness of
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the ordering. Otherwise, it is common to define optimality relative to the ordering that has
been imposed.

Classical mathematics has led us to view < on R' as the only plausible or natural ordering
with the consideration of a single criterion and its maximum or minimum as a conse-
quence. It is gradually becoming apparent that the use of a single criterion is a straight-
jacket which tends to distort actual decision making where compromises between
conflicting choices are the norm. As a consequence, there also has been no use of
multicriteria models to describe natural phenomena.

Emile Borel (1871 — 1956). A third and final area contributing to the solution of the
vector maximum problem is provided by game theory. Not games of chance which have
an ancient history eminently traced by Florence David in her book Gods, Games and
Gambling, but games where the psychology of the player and his choices may affect the
outcome. Borel writes (Ref. 9): “We will consider a game where the winning depends
simultaneously on chance and on the skill of the player.”

The minimax theorem incorporates the first definition of an optimal strategy for a game.
Von Neumann laid claim to the founding of game theory by virtue of being the first to
provide a general proof of the theorem in 1929 (Ref. 10), even though Borel had
demonstrated the validity of the theorem for n = 3 and n = 5 as early as 1923. Von
Neumann was aware of the work of Borel, but he never cited it; indeed, he only cites
Borel’s text on probability theory.

The minmax theorem deals with the existence of a saddle point for the payoff matrix of a
rectangular game. A little insight into matrix games helps to appreciate the power of the
theorem. Consider the payoff matrix

[6 -2 -1 0]
|4 3 -1 3]
3 4 1 2]
[2-3 -2 -1]

and suppose a play of the game consists of P, choosing a row and P, choosing a column
with neither having prior knowledge of the others choice. After they choose, player P,
pays player P, the amount listed in the matrix. For example, if Py plays r2 and P, plays c2,
then P, pays P; 3 units of whatever the payoff consists of. A minus sign means that P, has
to pay P,

With this in mind, it is clear that P, would never play r4, since he can do better by playing
r1, r2 or r3 no matter what P, plays. We say that r4 is dominated by the other rows; that is,
(2,-3,-2,-1) < (4,3,-1,3).

Suppose now that we think of a; = f(i,j), a real-valued function defined on the matrix
element locations. A saddle point of the matrix game is a location (io,jo) such that

Ajjo £ Aiojo < Bioj
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or, equivalently,

ajojo = MAax min a;; = min max a;;
i j jooi

Put another way, there is a selection (ig,jo) and an ajgj, such that ajy is at once the minimum
of its row and the maximum of its column.

The desirability of playing this saddle point lies in the fact that by choosing 13, P; will
receive at least 1 and by choosing ¢3, P, can keep P from getting more than 1. This
reasoning forms the basis for calling this choice the optimal choice for the game and the
corresponding payoff the value of the game.

If every game had such a saddle point, then we would be done. Unfortunately, this is not
the case.

As usual, we may expand our horizons and raise our expectations when we settle for
probably rather than definitely. Suppose we are given an m X n game matrix A and we
assume that P; plays row i with probability x; and P, plays column j with probability y;.
This gives rise to the ordered tuples x = (X1,%2,...,Xm) and ¥y = (y1,¥2,...,y») Which we
constrain to belong to the simplexes Sm={Xx: i+ X + ...+ xm=1} and S,={y: y1+y2
+ ...+ ya=1}. Clearly, x; and y; may also be thought of as the frequencies with which P,
chooses row i and P, chooses column j, respectively.

Weterm x € Sy and y € S, mixed strategies for P, and P», respectively. If both players
play these mixed strategies, then the expectation of player P, is given by

E(x,y) = i. >_'ZT a4X;yj

Again, we look for the saddle point as an ideal solution to such a game. That is, if there
exists a pair (x*,y*) such that

E(x.y*) < E(x*y*) <E(x*.y)

then we term (x*,y*) an optimal mixed strategy for P; and P, and E(x*,y*) the value of the
game to P.

Minmax Theorem. Let A be a given game matrix and let E(x,y) be the expectation with
X€Spandy €8S,. Then
max min E(x,y)
x€S,, ye€S§,
and
min max E(x,y)
y€S, x€S,
both exist and are equal.



23

This is essentially the theorem proven by von Neumann in 1929 and it formed the nucleus
for the unsurpassed study of game theory by von Neumann and Morgenstern entitled The
Theory of Games and Economic Behavior (Ref. 11) first published in 1944. A very
readable reference to game theory is McKinsey (Ref. 12) and we have used this text as our
desk reference for this discussion.

Game theory evolved to include numerous other reasonable outcomes of games of conflict
such as Nash equilibria, Stackelberg solutions and a plethora of others. This simply expres-
ses the fact that there is an infinity of possible game equilibria which may be reasonably
defined just as there is an infinity of possible optimality concepts between competing
orderings which may be defined on the decision space. In due course, there also appeared
the cooperative game where the players got more by cooperating with each other rather
than competing against each other. It is not surprising that the optimality or equilibrium
concepts of these cooperative games have much in common with those of the vector
maximum problem.

The remaining contributions to the early development of the vector maximum problem are
computational rather than conceptual. A first step in that direction was a scalarization of
the problem as part of the development of welfare theory. This consists of the introduction
of a welfare function

W(): R+ R

defined over a subset of the criteria space R"N. Of course, the most obvious such function
is a linear combination of the criteria

W(g)=cig) +caga+ ...+ CNEN

and the concept actually evolved from this view to the acceptance of a general function of
the criteria as conceived by Bergson in 1948 (Ref. 13). In this context, it is easy to show
the following result.

Lemma (Ref. 14). Suppose W(-) is a compromise (welfare) function which is
monotonically increasing in each of its arguments. Then d* € D such that

W(g(d*)) = max{Wog(d): d € D}
is an EP-optimal decision.

The inception of linear and nonlinear programming that followed then made possible the
routine calculation of maxima and minima as well as EP-optima when the problem
included inequality constraints. George Dantzig introduced linear programming and the
simplex method in 1948 (Ref. 15) and the process was quite likely used by Koopmans
(Ref. 16) in his linear production theory model where he introduced the term efficiency to
characterize the EP-optimal solutions in 1951. Indeed, both worked together at the Cowles
Commission. The general theory of nonlinear programming with inequality constraints
was first dealt with by Karush in 1939 (Ref. 17), followed by a paper by F. John in 1948,
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appropriately titled “Extremum Problems with Inequalities as Subsidiary Conditions” (Ref.
18) and eventually culminated in the well-known paper by Kuhn and Tucker in 1951 (Ref.
19). The last paper also included a section on the vector maximum problem, along with a
statement of necessary conditions for EP-optimality. For further reading on the history of
multicriteria optimization, see also Refs. 20,21, and 22.

4, EVOLUTION OF AN OPTIMIZATION PROBLEM

Practical optimization in an economic context has been around as long as mankind ranging
from cooperative behavior where all goods and property were communal, to gaining an
advantage in trade, to the amassing of great wealth by stealth or force. A knowledge of
geometry was probably first put to practical use in the building of structures in Egypt
many centuries before the rise of mathematics in Greece. According to Ref. 2: “It is likely
that the first major advance that the Greeks made was to consider mathematical concepts
(such as numbers and geometric figures) to be abstractions, creations of the human mind,
and not part of the real world”. It is this abstraction that allowed them to extend their work
beyond practical use and to ask questions whose answers might not be immediately
applicable to some physical problem or process. We now briefly trace the evolution of one
such optimization problem that began with an application, then went to abstraction, and
whose generalization now is a widely applicable research topic.

The story begins with the previously mentioned work of Heron concerning the reflection of
light-rays in one or more mirrors. Dealing with problems on triangles was a natural
extension of these investigations.

(1) Given two sides a and b of a triangle to determine the maximum area. The answer is a
right triangle whose two legs are a and b.

(2) Given the area a and one side c of a triangle to determine the triangle for which the
sum of the remaining sides is the smallest. Since A = Yich, his given. For a given b,
a + b is smallest when the triangle is isosceles.

(3) Given one side ¢ and the sum a + b of the other two sides to find among all such
triangles the one with the largest area. This is the converse statement of the previous
problem. The isosceles triangle has the largest area.

These problems and their solutions seem to have been known to the Greeks.

(4) Fermat’s Triangle Problem. Three cities A,B,C are to be connected by a system of
roads. To find the system of least possible length . The problem was posed by Fermat
in 1646 and was solved by Evangelista Toricelli, Galileo’s student, in 1646. The
problem was resurrected by Jacob Steiner (1796 — 1863) a professor at the University
of Berlin. This is no longer a simple triangle problem. We now are to find a point P
(Fermat point) such that the total length of the paths joining P with the vertices is a
minimum. For an acute triangle, the point is located in the interior of the triangle in
such a way that the lines connecting P with the vertices radiate at 120° intervals
(Figure 8(a)). For an obtuse triangle, the shortest network is one that connects the
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vertex with the obtuse angle to the other two points (Figure 8(b)). According to Kuhn
Ref. 23), the proof of this exceptional case was given by F. Heinen in 1834.

Figure 8. Fermat’s Problem

(5) Schwarz’s Triangle Problem. Hermann Amadeus Schwarz (1843 — 1921) was a
Professor of Mathematics first at Goettingen and subsequently in Berlin. Given an
acute triangle, find an inscribed triangle with smallest possible perimeter. The answer
is the altitude triangle. That is, a triangle whose vertices are at the base points of the
altitudes (Figure 9).

Figure 9. Schwarz’s altitude triangle

We note that at each of these vertices, the adjacent angles are equal and conclude that
a light ray would follow the perimeter of this triangle. For this reason, the altitude
triangle is also called a light triangle. It is the only light triangle with three sides.
There do exist other inscribed closed light paths that are not minimal.

(6) Generalized Fermat Problem. Find a point P in the plane the sum of whose
distances from n given points is a minimum. This generalization was proposed by
Simpson in his book Doctrine and Application of Fluxions (London, 1750) who also
contributed to the solution of Fermat’s Problem.

(7) Jarnik and Késsler’s Problem (Ref. 24). They proposed the following extension of
the road network problem: Find the shortest network which interconnects n points in
the plane. This problem is currently a very active rescarch area (see Ref. 25, for
example) with applications in electrical, civil and mechanical engineering (Figure 10).

At this point, one might ask what the previous string of problems has to do with
multicriteria optimization. Generalizations of any given problem are not always as obvious
as they seem after the generalization has been voiced. It took more than 2000 years from
Heron”s problem to the generalization of Jarnik and Késsler and it took almost the same
amount of time to go from the contemplation of a single criterion to the simultaneous
consideration of several criteria.
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Figure 10. Current applications of the network problem. (a) Routing plan for the ZORA chip.
(b) Fermat-Steiner truss. (c) Fermat tree connecting 49 cities in the US.

5. THE MULTICRITERIA VEIN IN MECHANICS

The first engineering application of the subject was published by Stadler (Ref. 26) and the
method has since been applied to a wide variety of engineering problems ranging from
axially symmetric extrusion, to the design of automatic braking systems to the design of
the dish for a radio telescope. These and more may be found in a number of monographs
(Refs. 14,27,and 28). The possible applications are limited only by the imagination,
particularly so, since most problems in engineering require a trade-off between conflicting
criteria.

Rather than dealing with a specific application, we shall take a multicriteria view of two
classical principles, whose original formulation already involves two criteria, the potential
energy and the kinetic energy. The investigation is an outgrowth of the author’s concept of
Natural Structural Shapes (Ref. 29), an application of multicriteria optimization to optimal
structural design based on the simultaneous minimization of the mass and the strain energy
of the loaded structure. The result was the following connection between Hamilton’s
principle and Rayleigh’s principle which be now briefly describe (see also Ref. 30).
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Suppose we consider a conservative elastic system with instantaneous kinetic energy T(r;d)
and potential energy V(#;d), d € D, being a design variable. Introduce the criteria
(" "
gid)=| V(sd)dr and gx(d)= | T(1;d) dr
to to
with the basic intent of minimizing g,(d) and maximizing g»(d) subject to d €D and with
V(t;d) + T(2;d) = constant.

It can be shown that the ratio R(d) = g;(d)/gx(d) is a minimum if and only if g;(d) is a
minimum and g»(d) is a maximum or equivalently, if and only if

Go(d) = g1(d) — ()

is a minimum. Thus, the modified Rayleigh Quotient is a minimum if and only if the usual
Hamiltonian is a minimum.

With these results in mind, we now formulate the extremal conditions for the
corresponding multicriteria principle. The corresponding multicriteria extremum principle
is based on the necessary conditions for EP-optimality. These may be obtained from those
for single criterion problems by replacing the single criterion with the linear combination
of criteria,

G(d) = c;g1(d) — c2g2(d)

with the ultimate result that the ratio c,/c; multiplies the frequency or, equivalently, that the
frequency parametrizes the set of EP-optima. Thus, the multicriteria principle is a
generalization of the original principle admitting a family of possible motions.

6. CONCLUSION

We close our presentation with some comments on the teaching of optimization. From the
preceding, it is evident that optimization is a vast and vibrant field whose results pervade
all of engineering and the sciences ranging from minimum principles in mechanics to the
optimal packing of cells in a honeycomb. Thus, optimization courses should be core
courses in a general curriculum and they should be central to curricula in Engineering
Science and Mechanics.

Optimization has occupied some of the greatest minds from Galileo to Huygens to Euler to
Lagrange to Rayleigh and Hamilton. Yet the power of optimization methods is barely
realized, is rarely taught at an undergraduate level and is considered to be a difficult topic
at the graduate level. This is a fallacy. Design optimization should be taught at every level
of instruction. If the subject is to be widely used, it is imperative that it be taught at the
undergraduate level. Indeed, the subject lends itself nicely to a structured approach since
its methods range from finite mathematics to the calculus of variations and optimal control.
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The level of the presentation thus could be adjusted to the students’ concurrent learning
experience.

The author has taught a senior course to students with the usual background in physics and
calculus and with courses in dynamics, circuits, strength of materials and systems analysis.
As their final examination, they were asked to criticize and review randomly selected
articles on optimization in their respective areas of interest or specialization. Two of the
students found errors in the papers they reviewed, one of them so much so that the results
of the paper were all but meaningless. All of them found the subject to be stimulating and
challenging, but manageable.
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ABSTRACT

Basic characteristics of vibration of flexible structures where the structure itself or fluid moving along
it are considered. The motivation of the research of such systems, called axially moving materials, is
discussed and brief historical notes are given indicating success and shortcomings of the work done.
Many complex engineering applications involve as a part axially moving materials, e.g. fiber winding,
paper sheet in a paper mill, magnetic tapes, band saw blades and pipes transporting fluids. A prototype
model, axially moving string or narrow band, is chosen in order to be able to illustrate analytically the
peculiar features, e.g. transport velocity dependent natural frequencies, and the existence of a critical
speed at which instability occurs.

INTRODUCTION

The problem area of axially moving materials involves flexible structures where the structure
itself or fluid moving along it has prescribed translational motion and that can vibrate about
the state of steady translation. Typical engineering applications are paper sheets in paper
machines, band saw blades, magnetic tapes, power transmission belts and chains, fluid
conveying pipes and aerial cable tramways. The stimulus of the present author has been the
first mentioned application. The engineering applications include many kind of complexities
like contact with surrounding structure and interaction with surrounding fluid which make the
formulation of the problem difficult and the solution even more difficult. Therefore the
fundamental research has considered mainly isolated prototype structures like travelling
strings, narrow bands, beams, plates, fluid conveying pipes and shells.

A detailed historical review is not possible nor necessary here. The work done within the field
of fluid conveying pipes until 1991 has been reviewed by Paidoussis and Li[1] and and within
the field of travelling strings and beams until 1987 by Wickert and Mote [2]. The first
mentioned contains over 200 references and the last mentioned over 100 references (sic!).

The research of the latter topic was at the beginning curiosity driven. Skutsch, who derived
more than hundred years ago the first correct equation for the natural frequencies of an axially
moving string, wrote at the beginning of his article [3] “Das hier vorliegende Problem, welches
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neben theoretischem Intresse vielleich auch die Moglickeit einer technischen Anwendung
bietet, ... ”. However, already at he end of fifties there appeared practical reasons to study the
dynamical behaviour of an axially moving tape in Bell Telephone Laboratories [4]. The
interest into this, perhaps simplest, problem has remained until these days [5] even in the linear
case. Many fundamental issues, like the kinematics of large deflections, have been clarified
not until recently [6]. Depending on simplifications made, the solution methods have been
between exact closed form solutions [7] and FEM approximations [8], [9].

On the other hand, the early research on vibrations of fluid conveying pipes was linked to
practical applications. The first attempt [10] associated with the vibration problems of Trans-
Arabian oil pipeline omitted, however, the transverse force due to curvature of the pipe and
only half of the Coriolis effect was taken into account. Next approach [11] led to the correct
equation of motion, but shortcomings in the boundary conditions due to inappropriate use of
Hamilton’s principle. The probably first author giving correct formulation and solutions for
the problem was Niordson [12]. Also here the interest has remained until recent days [13].

The purpose of the present paper is to clarify as simply as possible some basic, and slightly
peculiar characteristics of axially moving materials including transport velocity dependent
natural frequencies, eigenmodes with spatially distributed phase, and the existence ofa critical
velocity at which divergence or flutter instability occur.

AXIALLY MOVING STRING
Equation of motion and its solution

Consider a uniform, flexible, string or narrow band of mass per unit length m, tension P
translating along x-axis with constant speed v in vacuum for simplicity. The transverse
displacement of the material point located instantaneously at point x is denoted by w(x, ¢), i.e.
w(x, t) describes the configuration of the string as a function of time. The transverse velocity
of the material point located instantaneously at x is

dw _dw ow

L L 1
dt at+vax %

where the first term is due to the change of the configuration at point x and the second due to
the axial velocity and nonzero slope.

Here, small displacements are assumed. Kinematics of axially moving strings with large
displacements has been recently considered by Koivurova&Salonen, [6].

The operator of the material time derivative is according to equation (1)

d0_o0 a0

= Rt 2
o % @
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By applying it to the velocity (1) we obtain the acceleration of the material point

d*w a2w+2 ) *w e 9’w )
dr* ot oxot ox®
Thus, the equation of motion reads
maz—w+2mvazw +mv282_w_ a—ZW——O )
ot oxat ox? ox*

if there are no transverse forces present.

From equation (4) we immediately see that the net restoring force vanishes when v=(P/m -
, i.e. this is the critical velocity causing divergence type instability.

The last term in equation (4) is the restoring force due to the tension of the string and the first
one is the transverse “inertia force” due to the change of w at point x which, however, is
occupied by different material points at different time instants, therefore the citation marks.
The third term is the “centrifugal force” due to the curvature of the string. The second term is
due to the Coriolis effect, because the material elements moving with constant velocity v along
the configuration are turning with an angular velocity J& (/). Only the two first
mentioned terms are present in the equation of motion of a stationary string. The two last
mentioned depend on axial velocity and are the salient feature of axially moving material
systems. They are also guilty for the peculiar features of the dynamic behaviour of such

systems.

Except the Coriolis term the terms are in phase or in opposite phase with w. The Coriolis term
is in phase with the angular velocity and thus lags w by 90°. If we assume harmonic variation
of w with respect to time and x, all terms except the Coriolis term will equal to zero at the
straight equilibrium position. The Coriolis term will be at its maximum at that time. Hence,
the system can not have classical eigenfrequencies and eigenmodes where all points move
harmonically in phase passing the equilibrium position at the same time.

This can be seen also by considering the possible solutions for the case where both ends are
supported. If the wave propagation velocity of a stationary string is denoted by a, a’=P/m, the
disturbances in an axially moving string propagate with velocity (a+v) into the upstream
direction and with velocity (a-v) into the downstream direction. It can be shown by simple

substitution that
w=g (x—(a+v)t)+g,(x+(a—v)) (5)

is a solution of equation (4), g, and g,being arbitrary functional relationships of the parameters
x-(a+v)t and x+(a-v)t. The fundamental frequency for an axially moving string supported at
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both ends, distance L apart from each other can be deduced as follows. A disturbance caused
at the left end propagates with velocity (a+v) towards the right end and arrives to the right end
at time L/(a+v). The disturbance reflects there, propagates towards the left end with velocity
(a-v) and arrives back there at time L/(a+v)+L/(a-v). Thus, the string is after immediate
reflection again in the same state after a period

L L 24l

T = + = ©
a+v a-v a*-V? :
which means that the fundamental frequency is
2
a v
_a Y ©
S50

'This result was obtained by Skutsch already 1897 [3]. The natural vibration of a stationary
string can be regarded as standing waves produced by travelling waves of equal velocity,
wavelength and amplitude, but proceeding in opposite directions. Now, however the upstream
and downstream velocities are different. Thus, there are no eigenmodes in classical sense.

Equation (7) reveals the peculiar feature of axially moving material systems that the natural
frequencies depend on velocity and are the smaller the higher is the axial velocity. In this case,
when the axial velocity v equals a, f vanishes and the system becomes unstable by divergence.

Equation (4) can be rewritten as

azw+2 v o'w +v? azw—a2 azw= 0 (8)
or? Jxot ox? ox?

If a separable solution
w(x,t) =W (x)e” ®
is assumed and substituted for w in equation (8) we obtain an ordinary differential equation

a'w _

—7 =0 (10)

-*W + 2ia)v£1—ni —(a*-v?)
dx

By using the traditional approach, i.e. by assuming

W =e" (11)
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we are led to the characteristic equation
-@* +2iwvk —(a* - v)k* =0 (12)
the roots of which are

iw iw

k, = , ky=- (13)
a-—-v atv
Thus, the solution of equation (10) is of the form
_lwx o
W(x)= Ae °** + Be®™ (14)

where 4 and B depend on boundary conditions. Because #(0)=0, B=-4 and because W(L)=0,
we must satisfy condition

iol iwL

e a+v_e:;=0 (15)
which in turn requires that

L
w5 (16)

a—y atv

Thus, the natural angular frequencies are

_nrza

2

Vv
e (loms—s 17
@, =" (1=75) a7

With n=1 we obtain the same fundamental frequency as given already by equation (7).

The general solution of equation (8) is

m”(a—v)x 'nlt(—aﬂ i"—’m-(l—v—)l

w(x,t)=2(A,,e_ a —4e L e’ (18)
n=1

where the complex coefficients 4, are determined by the initial conditions. Details of
derivation of the solution for arbitrary initial conditions was presented as late as 1990 by
Wickert and Mote [7]. The form of equation (18) clearly shows that there is a nonzero phase
difference between w at different points whenever v is not equal to zero. This is illustrated for
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the fundamental frequency during a half cycle in Figure 1.

a)

b)

Figure 1. Shape of the string vibrating at its fundamental frequency a) v/a=1/4 b) via=3/4. The
numbers indicate the fraction of the period, /7.

When both ends are supported there are no peculiarities with the boundary conditions.
However, when either of the ends is free or forced to vibrate we are led to different conditions
depending on the assumption how the string arrives to the domain and leaves the domain. If
the string is forced to vibrate by using transverse force F at the right end and the left end is

supported, the boundary condition
F=P—-mv——-mv — (19)

applies at the right end if the string leaves the domain horizontally and
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F=p¥ (20)
ox

if it leaves tangentially the domain. The two last terms in equation (19) are due to the change
of the direction of the momentum flux. Equation (19) has been used by Le-Ngoc and
McCallion [5] in deriving the dynamic stiffness matrix for an axially moving string. However,
when the extended Hamilton’s principle is used for the derivation of the equation of motion
and boundary conditions we arrive to natural boundary condition at right end corresponding

to equation (20) with F=0.

For an axially moving string with boundary conditions

0,t)=0, P
w(0,1) ™

it is more instructing to assume that
w(x,t)=W(x)e" (22)

leading to solution of the form

A A
W(x)=Ae * + Be™ 23)

Application of boundary conditions reveals that the eigenvalues are now complex, A=c+iw,
the real parts of which are

2
a 12 1+v/a
o=——-(1-—)Inj|——— 24
2L( a2) 1-v/a @9
and the imaginary ones are the natural angular frequencies
(2n—1Dra v
w =" (l-— 25
A 51 ( pe ) (25)

Thus, with any initial conditions the motion is decaying when 0<v<a, because the real parts
of the eigenvalues are negative. Note that the damping factor (24) is independent of mode

number n.

If we use boundary conditions (19) purely imaginary eigenvalues are obtained, the imaginary
parts being the ones given by equation (25).
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Forced vibrations

If a harmonically varying transverse force
F(t)= Fe™ (26)

is assumed to the right end we obtain (by repetition of the steps from equation (9) to (14) but
now Q replacing w) a solution of the type

w(x,t) =W (x)e™ 27
where

e
W(x)= A(e ™ —ea) (28)

Depending whether (19) or (20) is used the equation for determination of 4 is

dw (L)
F,=P 29
0 e (29
or
F, = Pw—mviQW(L)-—mvzde’(CL2 (30)
respectively.

The resulting equations for transfer function Y(x, 2)=W(x)/F, become quite lengthy but can be
dealt with easily by symbolic mathematical software like Derive [14].

The absolute value of the dimensionless transfer function PW(L)/F,L is shown in figure 2.
We can see the peculiar feature that the absolute value of the frequency response function
remains finite at natural frequencies when the natural choice of tangential exit, equation (20),
is used in spite of the fact that we do not have damping present. The choice (19) leads to a
dimensionless transfer function which does not equal to 1 at Q=0. The reason is the third term
in equation (30).
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Horizontal

Tangential

Qw,

Figure 2. The absolute value of the dimensionless transfer function as function of the dimensionless
angular frequency, va=1/4.

INFLUENCE OF SURROUNDING FLUID
Axially moving narrow band vibrating in air

The first comparisons of result (17) with experimental results obtained in a pilot paper mill
[15] showed considerable differences (over 400%) as expected even with zero axial velocity.
However, when the added mass effect of the surrounding fluid was taken into account in a
traditional manner, the results agreed quite well. If ideal fluid assumption is made, the present
case does not differ from the vibrations of stationary band, because of the slip between the
band and the air in longitudinal direction. Thus, the added mass would appear just in the first

term.

In practice the flow is viscous, and there is a thin boundary layer above and below the band
where the velocity components of the flow in x and y directions should equal to v and

MW/&+v /& on the surface of the band, respectively. Far from the band the velocities should
approach zero. Thus, one possibility could be to include the effect of surrounding fluid to
second and third terms in equation (4) based on the displacement thickness and momentum
thickness of the boundary layer, respectively. The present purpose is to deal with the
characteristic features of the problem by using as simple as possible models amenable to
analytical solution and that is why we deliberately assume these thichknesses equal to zero.
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Thus, the equation of motion is based on the ideal fluid assumption and reads

o*w o’w ’w _o'w
+m,)—+2 ?——-P—=0 31
(mtm, ) +2my s Sty 57 o &0

By proceeding in a similar way as with the string (vide, equations (9)...(16)) we arrive at the
equation for natural angular frequencies

nra(1-v*/a*)

= (32)
LJ1+7r—m?/d

where r=m /m. The result agrees with the one obtained in [16] in a slightly different way. The
first natural frequency as a function of velocity is shown in figure 3 together with experimental
results from [16]. The non dimensional frequency and velocity are defined as follows

m m
V=v|— .F=2fL.|— 33
v,fP : fl,fp (33)

1
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o O . \
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\

Figure 3. First natural frequency as a function of velocity. Mass per unit area 35.5g/m?, length 2.4m
and width 0.47m. Experimental results [15] are denoted by squares.

As can be seen from the figure the surrounding fluid plays an important role.
CONCLUSIONS

Peculiar characteristics of axially moving materials are clarified by using an axially moving
string or narrow band as an idealized prototype structure. The system has velocity dependent
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natural frequencies and the corresponding modes of vibration have spatially varying phase.
The system loses its stability by divergence at the critical velocity. The transfer functions may
remain finite at natural frequencies even in undamped cases depending on boundary conditions
applied. When the axially moving narrow band is light, the surrounding air has a considerable

effect on the eigenfrequencies.
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ABSTRACT

A method for computing Pareto optima for composite laminates subjected to multiple loading
conditions is introduced. Laminate failure margins with respect to the applied loading conditions
are treated as criteria. The original problem is reduced to a bicriterion problem and solved through
an interactive iterative procedure. Improvement of the criterion values through the iterative
procedure, the iteration history in the reduced criterion space, convergence of the procedure with
respect to the used metric, and maximal points in the reduced criterion space corresponding to the
Pareto optimal laminate lay-up configurations are illustrated with an example and discussed.

1. INTRODUCTION

Structures composed of fiber-reinforced composites are typically laminated composite
plates and shells subjected to external mechanical loads, and internal loads caused by the
changes in the operating temperature and moisture content. Laminated composites are
frequently analyzed and designed by using the so-called point analysis methods, that is, the
laminate lay-up configuration is analyzed and optimized for the loading applied at a given
point. When the loading varies with the point position, the designer needs to consider
laminate designs that maximize laminate strength under several different loading
conditions. Furthermore, different loading conditions usually occur at different times under
in-service conditions, which calls for an optimization formulation that is capable of taking
into account the various loading conditions. A natural formulation for a problem with
several competing criteria is the multicriterion (multiobjective, vector) optimization
formulation, where the conflicting design objectives are introduced in a vector objective
function and so-called Pareto optima (efficient solutions, vector optima) are sought. In the

t On leave of absence from Helsinki University of Technology. Correspondence should be addressed to
petri.kere@hut.fi.
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present work, the objective is to find such symmetric and balanced laminate lay-up
configurations with constant ply properties and given initial allowable angles for layer
orientations that the laminate failure margins with respect to the applied loading conditions
are maximized with minimum feasible number of layers. Thus, we consider a
multicriterion optimization problem where laminate failure margins with respect to the
applied loading conditions are treated as criteria.

We describe an interactive iterative procedure, where some parameters are introduced to
reduce the number of the criteria. The decision-maker can interact in the computation by
setting the parameters on the basis of his preferences and the past computations. The
procedure is defined through a point-to-set mapping, where at each cycle a new set of
discrete design points, ie., laminate lay-up configurations, and their mapping to the
criterion space are generated from one design point. At each cycle, the generated sets
depend on the choice of the a priori selected parameters. The decision-maker can thus
control the evolution of the sequence generated by the optimization procedure toward a
desired objective.

A reduced problem with two strongly conflicting criteria is first formulated. One criterion
is chosen for the single criterion and others are combined linearly for the new bicriterion
problem formulation. The Pareto optimal stacking sequence corresponding to the user
defined parameters, i.e., initial allowable angles for layer orientations and weighting
factors for the combined criteria, is determined through the iterative procedure. Next,
laminate lay-up configurations based on the best-compromise stacking sequence with
variation of the +@ layers are generated and maximal solutions corresponding to the
Pareto optimal laminates determined with the constraint method.

2. STATEMENT OF THE PROBLEM

In this paper, a composite laminate design problem is considered as follows. Let constant
ply properties be given. The objective is to find a symmetric and balanced laminate lay-up
configuration with the minimum feasible total number of layers N such that laminate
failure margins measured in terms of laminate initial failure (First Ply Failure) Reserve
Factors RF;eR, RF>0 due to i=1, 2,..., m loading conditions are maximized. The laminate
thickness can only be multiples of the layer thickness.

Formally, we consider a multicriterion optimization problem in discrete form

max f(x), (M

where the components f, : Q - R,i=1,2,...,m of the objective function are called criteria

and they represent the design objectives by which the performance of the laminate is
measured.

In the present work, we treat laminate initial failure reserve factors with respect to the
different loading conditions as criteria and define the vector objective function as
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S (x)={RF\(x), RFy(x),..., RF,, (x)}. )]

We employ the laminate initial failure analysis based on the laminate load response
computed with the Classical Lamination Theory [4], and the constant and variable load
approach [5], [6]. We solve laminate initial failure reserve factors by using a derivative-
free line search method [7]. Since the failure criterion internal formulation has no influence
on the solution procedure, the method is suitable to be used also with complicated failure
criterion formulations.

Alternative laminate lay-up configurations are represented by zero-one design variables
(x,, =1 if the allowable angle ©(s)=(0,90,+6,-6), s=1,2,3,4 occurs andx, =0 if the
allowable angle does not occur to the kth layer)

x={X, | X fE{O,l},Z:x,Cs =1,Z(x,(3 —X%,,)=0,k=12,...,N/2,5=1,2,3,4} (3)
s k

that belong to the feasible set defined as
Q={x|g,(x)=1- RF,(x)<O,RF, € R,i=12,...,m}. @)
The image of the feasible set in the criterion space, i.e., the attainable set, is defined by

A={zeR"|z=f(x),xeQ} &)

Usually, there exists no unique solution which would maximize all m criteria
simultaneously. For the definition of optimal solution of a multicriterion optimization
problem we apply the optimality criterion introduced by Pareto 11, 121, [3]

3. THE REDUCED PROBLEM FORMULATION

Since the set of Pareto optima may be large, it is beneficial to formulate the multicriterion
problem computationally as economically as possible. Instead of computing all Pareto
optima, it is usually sufficient to determine only a relevant subset of Pareto optima. The
more appropriately the subset of Pareto optima is determined, the easier it is for the
decision-maker to deal with the results. For that reason, a reduced problem, where
parameters are introduced to combine linearly some criteria, is introduced. The decision-
maker can interact in computation by setting the parameters on the basis of his preferences
and the information available on the past computations. The reduced problem is solved
such that in nonconvex cases none of the Pareto optima are missed.

The objective is to formulate a bicriterion problem with strongly conflicting criteria.
However, it might be difficult to give a priori knowledge on the relative importance of
different criteria. The judgement can be made on the basis of the approximated criterion
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sensitivities for varying the laminate lay-up configuration. For analyzing criterion
sensitivities we apply the pay-off table introduced by Benayoun ef al. [8].

An initial set of design points, i.e., symmetric and balanced laminate lay-up configurations
with permutations on the allowable angles ® for layer orientations is first generated.
Failure margins to the given loading conditions are determined and results gathered into
the pay-off table (Table 1). In the pay-off table, the first row corresponds to the vector
maximizing the first criterion, the second row maximizing the second criterion, et cetera.
Thus, the in general infeasible ideal point f maximizing all criteria simultaneously is on
the diagonal of the pay-off table. The minimum value in each column of the pay-off table
is the nadir point denoted by n,.

Table 1. Pay-off table for m criteria.

Silx) Sox) - Sml(x)
x! RFy(x") RF(x") RFE(x"
x*> | RF\(x?) RFy(x?) RF,(x%)
| mRem | R | | REae

If the criterion value does not vary much from the best value for varying the laminate lay-
up configuration, the corresponding criterion will not be sensitive to a variation in the
parameter values that will be assigned to the criteria. To find the least sensitive criterion,
normalization coefficients

>

n; P
U, =——,where n, ===—,i=12,....m (©6)
>, /

are determined. A well-behaved formulation can usually be obtained by choosing the
criterion producing minimum g, for the single criterion. Other criteria are combined

linearly by introducing parameters called weighting factors. A new problem with a reduced
vector objective function is defined as

max{(f, (), /,()}. )

Si(x)=RF,(x),i=1,2,...,m,

f,(0)=> ARF,(x),4,>0,3 4 =Li=12,...m-1, (8)

where the weighting factors 4; €[0, 1] are arbitrarily chosen by the decision-maker.
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Before grouping the criteria, the decision-maker should also compare the lay-up
configurations of the ideal point and ensure that the most conflicting criteria will not be
combined linearly. In some cases, the normalization coefficients of the most conflicting
criteria are equal and combining these criteria would lead to a badly behaved problem
formulation.

4. DETERMINING PARETO OPTIMAL SOLUTIONS

We are interested in finding Pareto optimal solutions through an iterative discrete
procedure defined by a sequence {x},j=12,...,n. The state of a sequence x\
corresponds to the selected design point, i.e., laminate lay-up configuration, at that cycle.
The aim is to find a procedure converging toward a Pareto optimum, i.e., x*” — x".

Let a positive orthant of the criterion space be defined by the convex cone
Z' ={f(x)eR"| f;(x)>0,i=12,...,m} )

with nonempty interior. In order to find a monotone path from an initial infeasible state to
a Pareto optimal one, we seek the next state of the sequence through a point-to-set mapping

x(j) [BEY ¢(x(f))

(x(” ,0,0), (x”) ,0,90), (x(” ,90,0), (xm ,90,90),
XU € p(x) =1(0,0,x),(0,90,x),(90,0,x),(90,90,x*"), (10)
(x(j) .+ 05 il 0)5 (x(j) s 05 + 0), (+05 - 05 x(j))’(_a, + 0’ x(j))

where the layer orientations of the additional layers are for clarity denoted in deg. The
generated set of design points is mapped into the reduced criterion space

p(x ") f(p(x?),A4)e Z} and the ideal point

FO ={ max f,(x), max f,(x)} (1n

xep(x1) cp(x1)

is determined. The nearest point x € @(x"”) minimizing the distance to the ideal point in
the sense of Tchebycheff norm [11] (minimax approach) as

min || /Y - f(0)(|= min_max{f? - £,(0), f - £,(x)} (12)

xep(x)) xep(xt)

is sought as the next state of the sequence x“*V € @(x'”), such that in the reduced
criterion space the condition

F@IY - f(x)e 2 (13)
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is satisfied. We thus require the monotone improvement of the criteria as the procedure
goes on [9], [10]. The design point x"/*" is selected by the procedure and depends on the
choise of the weighting factors of the combined criteria.

We study the convergence of the procedure with respect to the metric

d(y. xP) =] f(y) = f ) 1= max { £,07) = £,z (14)

where yeQ and f;(y) =1, and

Dy = £, 0< £,(x)<1
Li(x") { 1, £ (y>1. (15)

The termination condition is reached when the sequence {x"’} generated by the

optimization procedure has converged to the limit d(y, x*’) —0.

As the feasible lay-up configuration is reached through the iterative procedure, the number
of layers is tried to reduce, if possible, one layer at a time such that the feasible laminate
design is still maintained. Thus, for instance from a laminate having the sub-laminate
(0/90)2 with 4 layers, laminates including the blocks (90/0/90), (0/0/90), (0/90/90), and
(0/90/0) with 3 layers a block are generated. The (£8) blocks are kept constant since the
balanced laminate structure is required. Feasible laminate lay-up configurations are
mapped into the reduced criterion space and a solution corresponding to the closest point to
the ideal point is chosen for the best-compromise solution.

Finally, laminate lay-up configurations based on the best-compromise stacking sequence
with variation of the (£6) blocks are generated. Pareto optimal solutions are sought in the
set §e®’={0, 1, 2,..., 90} deg. Feasible laminate lay-up configurations are mapped into
the reduced criterion space and maximal points determined with the constraint method [1],
[2], [3].- The constraint method can generate the maximal points cotresponding to a
particular weighting factor also in nonconvex cases.

5. NUMERICAL EXAMPLE

To illustrate the optimization technique, we consider a laminate that is composed of layers
having the mechanical properties of AS4 Carbon/epoxy ply (+=0.25 mm, E,=126 GPa,
Ex=11 GPa, G1,=6.6 GPa, v1,=0.28, a,=—1 107%°C, 0726 107°/°C, X=1950 MPa,
X,=1480 MPa, S;,=79 MPa, Y=48 MPa, Y,=200 MPa) and subjected to three conflicting
loading conditions (Table 2).

The allowable angles for layer orientations are ®=(0,90,+6,—6) deg and the initial number
of layers is N/2=4. The temperature difference between the constant stress-free
temperature and the operating temperature is assumed to vary linearly through the
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thickness of a laminate. Factors of safety for constant and variable loads are FoS“=1.5 and
FoS*=1.5. Tsai-Hill failure criterion is used. Margin to failure is studied with respect to
the increase of the variable load. The laminate is assumed to have no free edges, i.e., there
are no interlaminar stresses which may cause failure.

Table 2. The three conflicting loading conditions subjected to the laminate.

LCI | LC2 [ LC3
Constant AT'=-100 °C, AT*=-80 °C
Variable | N, =2 MN/m N,=0 N, =-1.4 MN/m
N,=037TMN/m | N,=0 N, =—0.02 MN/m
N, =0 Ny=06MNm [N, =0
M.=-10Nm/m | M,=0 M, =0
M,=0 M,=0 M, =10 Nm/m
M, =0 M,, =10 Nm/m M, =0

An initial set of symmetric and balanced laminate lay-up configurations with N/2=4 and
permutations on the allowable angles ©= (0, 90, +23, —23) deg for layer orientations is first
generated. The number of stacking sequence permutations at this step is 70. On the basis of
the pay-off table, RF, producing the minimum normalization coefficient is chosen for the
single criterion and the problem with the reduced vector objective function is formulated as

max (RF, (x), A,RF, () + (1= A, )RF, (x))
Q={xlg,(x)=1-RF,(x)<O0,RF, € R,i=12,3}.

(16)

A solution to the design problem is found with A;=0.74 resuiting after 5 cycles to the
[+8/-0/(—8/+8)5/+8/—0 1SE stacking sequence with N=28 (Figure 1).

o
o07F oo

B
o6} f_af"
05| / 0 LCt

0O Le2
04F v LC3

N2

Figure 1. Improvement of the three criterion values as a function of the number of layers in a half
laminate, ©= (0, 90, +23, —23) deg and 1,=0.74.



Improvement of the criterion values is monotone as illustrated in Figure 1. The iteration
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history in the reduced criterion space is shown in Figure 2.
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1+
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‘ e L D j=4
o2ty qj=5
N
o ;
0 0.2 0.4 0.6 0.8 1
#(0)

Figure 2. The iteration history in the reduced criterion space, ©®=(0, 90, +23, —-23) deg and
A,=0.74. Points corresponding to the state of the sequence x? are marked with an asterix.

Figure 3 shows the convergence of the procedure with respect to the used metric (14).
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Figure 3. Convergence of the procedure with respect to the used metric.

Solution to the laminate design problem with different initial angles for layer orientations
and A,=0.74 is presented in Table 3.
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Table 3. Solution to the laminate design problem with different initial allowable angles for layer
orientations, A,=0.74.

© /deg Laminate stacking sequence N
(0,90, +22, -22) | [(=6/+6)6/+6/—8 ]SE 28
(0, 90, +23, -23) | [+8/-8/(—0/+6)5/+6/-0 )SE 28
(0, 90, +24, —24) | [(+6/-6)2/(—6/+6)4/+6/-01SE | 28
(0, 90, +25, —25) | [(+6/-0)2/(—6/+8)5]SE 28

The maximal points corresponding to the laminate stacking sequences in Table 3 are
shown in Figure 4.

116} Y E
1.15} 1
1.14f :
3
1.13f
N' 1.12f
1.1} - ]
11} 1
O [(-0/+0)6/+8/-0]SE
1.09F O [(+8/-6/(-0/+8)5/+8/-0]SE
Y [(+8/-8)2/(-8/+0)4/+6 /-0 ]SE %
1.08F A [(+0/-0)2/(-9/+8)5]SE

t 1.02 1.04 1.06 1.08 1.1 1.12

%

Figure 4. Maximal points corresponding to the laminate stacking sequences in Table 3. In each
case, values of 8 corresponding to the maximal points are 22, 23, 24, and 25 deg, A,=0.74.

In each case, the maximal points are reached with 0 e®'={22, 23, 24, 25} deg. Criterion
values and laminate failure margins with respect to the different loading conditions for the
Pareto optimal laminates corresponding to the [+6/-8/(—8/+8)5/+6/-0]SE stacking
sequence are given in Table 4.

Table 4. Pareto optimal laminates for the [+6/-6/(—6/+0)5/+68/-6]SE stacking sequence,
2.2=0.74.

O/deg |  fi¥) f) RF(x) RFy(x) RF;(x)
22 1.0375 1.1590 1.0375 1.1096 1.2997
23 1.0758 1.1353 1.0758 1.1153 1.1922
24 1.1008 1.1112 1.1008 1.1160 1.0975
25 1.1055 1.0860 1.1055 1.1114 1.0135
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CONCLUSIONS

Computing Pareto optima for composite laminates subjected to multiple loading conditions
is considered. Laminate failure margins are treated as criteria and determined with an
iterative line search method. The formulated bicriterion optimization scheme is solved
through an interactive iterative procedure. The internal formulation of the used failure
criterion has no effect on the solution procedure. The method is computationally efficient
and enables the designer to obtain results in any accuracy that is relevant.
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ANALYSIS AND OPTIMIZATION OF
PLASTIC CONICAL SHELLS

J. LELLEP and E. PUMAN
Institute of Applied Mathematics,
Tartu University, 51014 Tartu, ESTONIA

ABSTRACT

Optimization of conical shells made from ideal rigid plastic materials is studied. The designs
of minimum weight for given load carrying capacity and the designs of maximum load carrying
capacity for given weight are established for shells of piece wise constant thickness.

1. INTRODUCTION

Conical shells have many applications in engineering. Due to the need for methods of
analysis and design P. Hodge (1963) and his associates have studied limit analysis of
conical shells made of a material which obeys the Tresca yield condition and associated
flow law. Later R. H. Bryant, S. L. Lee and T. Mura (1969) established the safety factor
of full conical shells made of a von Mises material.

It is somewhat surprising that there exists only a few papers on optimal design of
plastic conical shells. J. Lellep and E. Puman (1994, 1999, 2000) developed methods
on optimal design of conical shells made of perfectly plastic materials obeying piece
wise linear yield conditions.

2. FORMULATION OF THE PROBLEM AND BASIC EQUATIONS

Let us consider a thin-walled conical shell subjected the uniformly distributed lateral
pressure of intensity P. Assume that the shell is simply supported or clamped at the
outer edge and absolutely free at the inner edge of radius a (Fig. 1).

The thickness of the shell wall is assumed to be piece wise constant, e.g.
h=h;, re€ (aj,aj+1), (1)

where j = 0,...,n and ap = @, any1 = R.

We are looking for the design of the shell which weight (material volume) attains the
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Figure 1: Conical shell subjected the uniformly distributed lateral pressure

minimum value for a given load carrying capacity. Evidently, the volume of the shell
material may be presented as

v

Vo= hj(al,, — a?)- (2)
=0

cos '

where ag, anq; and ¢ are considered as given constants.

In order to establish the minimum weight design of the shell one has to minimize (2)
so that the equilibrium equations, the associated flow law with geometrical relations
and plasticity conditions, are satisfied at each point of the shell.

Due to symmetry the stress state of the shell is defined by membrane forces N1, N,
and moments My, M,. Equilibrium equations of a shell element may be presented as
(Hodge, 1963)

d

I‘(?Nl) - N2 B 0,

d [d i P )
sin ¢ ro

dr [dr(er) B 1\42] N Nzcos’cp i cos?p i

The corresponding strain rate components are (Kuech et al., 1965)

v .1 oy
€1 = —— COs @, €2 = ~(U cos + Wsin )
dr T
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_ M, W , My, 1dW
KZ]:—FOE:Z—COS Y, K2=—FO';—‘FCOS w.
In (4) U and W stand for the displacement rates in the normal and circumferential
directions, respectively, whereas My = ooh?/4, Ny = ooh, oo being the yield stress of
the material.
In the case of a distributed loading it is reasonable to introduce the following nondi-

mensional quantities:

T a h; h
Qzﬁa ajzRv 7j=h_,., U=I‘
w=K u:g n12=Nl'2 mlg:@ (5)
R’ R’ ' N*’ i M-’
_ PR k_M*cosch
p_N.,singo’ " RN,sing’

In (5), M. and N, stand for the limit moment and limit load for the reference shell of
constant thickness h.. Thus M. = ooh?/4, N, = goh..
In variables (5) the equilibrium equations (3) take the form

(om) —nz =0,
kl(om1) — mgo] + ny 4+ po =0,

where the primes denote differentiation with respect to p.
Making use of (5) the strain rate components (4) may be presented as

1
€1 = u'cos ¢, €y = —(Ucosp + wsin ), (7)
14
k1 = —kot'sing, ko = ——'sin,
4
where W )
cos
RNysin

Boundary conditions for stress components are given below. Since the inner edge is

free one has
ni(a) =0, mi(a) =0, s(a)=0, (9)

where s stands for the nondimensional shear force. Evidently,
s = (my1p) — my. At the outer edge

in the case of a simply supported shell and

ma(1) = -1, (11)
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C2 D2 C1 D1

Figure 2: Generalized square yield condition
if the edge is clamped. In the both cases
w(l) =4(1) = 0. (12)

In the case of a conical shell loaded by the rigid central boss (see J. Lellep and E.
Puman, 2000) the equilibrium equations for a shell element have the form

d
%(Y‘Nl) - Ng = 0.,
(13)
d sin ¢ P
;(T‘Ml) - Mz —rh, cos? * 27 cosZp 0

3. SHELLS OF PIECE WISE CONSTANT THICKNESS
MADE OF A TRESCA MATERIAL

Let us consider conical shells subjected to uniformly distributed lateral loadings. As-
sume that the material of shells obeys the generalized square yield condition (Fig. 2)
and associated flow law. In this case the governing equations are presented by (6) -

(12).

It appears that the stress regime corresponds to the sides C1D; and A;B,; of squares
presented in Fig. 2.

Let v =, lor p € D;, where D; = (aj,aj4,) for g =0....,n. Thus

Ny =—7, (14)
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and

= (15)
for p€ D; (j =0,...,n).
Equation (14) and the first equation in the set (6) give
(om1) = —7;, Ja=all, . 5. affs (16)

Integrating (16) and satisfying (9) and the continuity condition of the quantity n; at
e=a; (j =1,...,n) leads to the relation

To (? = 1) ) 14 € (a0aal)a
= s i i j 17
o N O R O S

0 € (aj,541),

for p € Dj, j = 1,...,n. Inserting equations (14) and (15) in the second equation of
the set (6) one obtains

Fl(emi) = 7] = v; — pe, (18)

forpe Dj, 5=0,...,n
Integrating (18) leads to the bending moment distribution

1 i pe) 2

/ e 7

st . £ '} 1
for p € Dj; where D; = (aj,a;41), 7 =0,...,n
For determination of the constants of integration cy,...,c, one has the requirements
s(ap) = 0 and s(a;—) = s(a;+), s = 1,...,n, which give

P 2

o = 5 —Yao, (20)

J
¢ 5 — a0+ Y (-1 — %),

D 2
7% :
=1

for 7 =1,...,n. Subtituting equations (20) in (19) one obtains

1 v ’
m, + ~my = 2 + ; ( + g(ag —0) — Yoo + Za.’(‘y-‘-l - 7|'))7 (21)
4 =1
for p € D;, j =1,...,n. Integrating (21) once more
g P C
my = 7,] + ? (5 — a]) + 6—k (Ba - 9 Z’Yl(al'{*l k_g (22)

i=0
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and satisfying the boundary conditions mi(co) = 0 and continuity requirements im-
posed on the bending moment m; at ¢ = «; , we get the constants of integration

Co = —Ea+ 2ed — brfoo
3 2
P 3 d 1 2 2 2
i = 3%+t ; {5%' (af = afyy) + ki (aipr — @) } +
) (23)
+l7,»aj (o — 2kv;)

2

foryj=1,...,n.

Finally, one has to satisfy the boundary condition for bending moment at the outer
edge of the shell. Evidently, mi(1) = 0, in the case of a simply supported shell and
m1(1) = 72 in the case of a clamped shell. Making use of equations (22) and (23), we
can present the load carrying capacity p of the clamped shell of piece wise constant
thickness as

3
p = m(%ﬁ +75(2k7; + 1) + vio(; — 2 — 2ky;) +
(24)
J
+ 23 (loiss — ai)(kyi+ 1) = vilady, — o)) )
1=0
and the limit load for a simply supported shell as
= i 2k 2—2k

p = m(%‘( 7+ 1) +ve(ey — 2= 2ky;) +

(25)

2
+ 23 (loin — ) (b +1) = (e —ad)) ).
=0

i

4. SHELLS OF VON MISES MATERIAL

Assume that the material of shells obeys the yield condition presented in the form
nf —ning + ng +m2 —mim, + m2 =1 (26)

in the case of the shell of constant thickness. For determination of the load carrying
capacity of the shell we can use the lower bound theorem of limit analysis.
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According to this theorem (see P. Hodge, 1963) the limit load factor could be defined
as the maximal load factor corresponding to statically admissible stress fields, e.g. as
min(—p). In order to minimize the quantity —p(ao) so that equilibrium equations are
satisfied let us introduce the following augmented functional

1
5= —plot [ i (s 222 g (i 4
o e 0 20

0

(27)
F l\/1—Emz—n2—nz-}-nlnz-f-ﬂ——p—-(oz(";—gz) +
/) 41 i 2 k  2ko
+ 1/)3([)’ - O)}dga
where 1), 13 and 3 are the adjoint variables.
Minimization of the functional J, leads to the set of equations
[, _ ny N
nf=——+—-=
e 1%
\/1—§mf—nf—n§+n1ng
ml o= T 4 —E+L(a2—gz)'
) 20 0 k' 2kp° '
p=0;
UL B (g = 2m) + 224 (28)
g 2¢1—me—nf—n§+nlngg
3
"l’; = 1/)2 + ¢2 __ml) '
20 3 3 2 .2 2
2 1—Zm1—n1—n2+n1ngg
"/)2 2
¢3=—%(%— s

which is to be integrated by the use of boundary conditions

ni(ag) =0, mi(ao) =0, my(1) =0,
$1(1) =0, oa(a) =0, ¢s(l)=1. (29)

In the similar way one can solve the problem of optimization.
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ap P ay Yo 07} Vi V e

0,1 | 4,846 | 0,8733 | 0,8802 | 1,1661 | 0,9900 | 0,9393 | 0,9488
0,2 | 4,554 | 0,8571 | 0,8631 | 1,1513 | 0,9600 0,9051 | 0,9428
0,3 | 4,477 | 0,8495 | 0,8346 | 1,1401 | 0,9100 | 0,8489 | 0,9329
0,4 | 4,630 |0,8278 | 0,7917 | 1,1291 | 0,8400 | 0,7712 | 0,9181
0,5| 5,100 | 0,8235 | 0,7346 | 1,1147 | 0,7500 | 0,6733 0,8977
0,6 | 6,136 | 0,8351 | 0,6713 | 1,0949 | 0,6400 | 0,5579 | 0,8717
0,7 | 8472 |0,8635 | 0,6131 | 1,0712 | 0,5100 | 0,4293 | 0,8417
0,8 | 15,000 | 0,9038 | 0,5653 | 1,0459 | 0,3600 0,2915 | 0,8098
0,9 | 48,210 | 0,9505 | 0,5278 | 1,0213 | 0,1900 0,1479 | 0,7784

Table 1: Optimal values of parameters for a Tresca material (k = 0,2)

5. NUMERICAL RESULTS

The results of calculations are presented in Tables 1-2 and Fig. 3-4. Table 1 corresponds
to the shells with one step in the thickness made of a Tresca material whereas Table 2
is associated with a von Mises shell. In the last columns of Tables 1, 2 corresponding
values of coefficients of efficiency are accomodated. Table 1 corresponds to a minimum
weight problem where e = V/V., V and V. being volumes of the optimized shell and
the reference shell, respectively. In Table 2 ¢ = p/p. where p is the maximal load for
the stepped shell and p, stands for the limit load of the reference shell of constant
thickness. In Fig. 3 and 4 the bending moments m; and m, are depicted for shells of
von Mises material. The shell wall has a step at the point where m, changes rapidly
(Fig. 4).

6. CONCLUDING REMARKS

An optimization tehnique has been suggested for plastic conical shells subjected to the
uniformly distributed lateral loading. Calculations carried out showed that maximally
about 20% of the material can be saved when using the design of stepped shell with
one step in the thickness. Eventual material saving depends on geometrical parameters
of the shell and on the yield stress of the shell.
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Figure 3: Bending moment distribution for the shell of von Mises material (k = 0.9
o = 0.4)

g P o Yo ot ni(l) 1% e

0.4 | 2.0599 | 0.93099 | 1.05 | 0.73482 | -0.53345 | 0.84 | 1.0363
0.4 | 2.1579 | 0.87568 | 1.10 | 0.73978 | -0.55885 | 0.84 | 1.0857
0.4 | 2.2561 | 0.81598 | 1.15 | 0.77296 | -0.58426 | 0.84 | 1.1350
0.4 | 2.3542 | 0.75699 | 1.20 | 0.80652 | -0.60966 | 0.84 | 1.1844
0.5 | 1.8769 | 0.95485 | 1.05 | 0.62514 | -0.42827 | 0.75 | 1.0394
0.5 | 1.9663 | 0.92045 | 1.10 | 0.60907 | -0.44866 | 0.75 | 1.0889
0.5 | 2.0557 | 0.88714 | 1.15 | 0.62177 | -0.46905 | 0.75 | 1.1384
0.5 | 2.1451 | 0.85348 | 1.20 | 0.64767 | -0.48945 | 0.75 | 1.1879
0.6 | 1.7537 | 0.96695 | 1.05 | 0.55789 | -0.32312 | 0.64 | 1.0422
0.6 | 1.8372 | 0.94225 | 1.10 | 0.52937 | -0.33850 | 0.64 | 1.0918
0.6 | 1.9207 | 0.92354 | 1.15 | 0.49724 | -0.35389 | 0.64 | 1.1414
0.6 | 2.0053 | 0.90472 | 1.20 | 0.49468 | -0.36925 | 0.64 | 1.1917
0.7 | 1.7111 | 0.97634 | 1.05 | 0.50469 | -0.22139 | 0.51 | 1.0449
0.7 | 1.7926 | 0.96296 | 1.10 | 0.39854 | -0.23194 | 0.51 | 1.0947
0.7 [ 1.8741 | 0.94959 | 1.15 | 0.37230 | -0.24248 | 0.51 | 1.1445
0.7 | 1.9556 | 0.93489 | 1.20 | 0.39038 | -0.25302 | 0.51 | 1.1942
0.8 ] 1.8327 | 0.98455 [ 1.05 | 0.46312 | -0.12571 | 0.36 | 1.0476
0.8 11.9199 | 0.97682 | 1.10 | 0.31438 | -0.13169 | 0.36 | 1.0975
0.8 | 2.0073 | 0.96868 | 1.15 | 0.27417 | -0.13768 | 0.36 | 1.1471
0.8 | 2.0946 | 0.96090 | 1.20 | 0.26077 | -0.14367 | 0.36 | 1.1973

Table 2: The shell of von Mises material with one step in the thickness (k = 0.1)
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ON AUTOMATIC DERIVATIVES IN SENSITIVITY ANALYSIS FOR
SHAPE OPTIMIZATION PROBLEMS

R. A. E. MAKINEN
Department of Mathematical Information Technology
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FIN-40351 Jyviskyld, FINLAND

ABSTRACT

A hybrid approach for shape design sensitivity analysis for a class of shape optimization is
presented. Hand-coded derivatives and automatic derivatives are combined in such a way that
the adjoint equation technique can be utilized. This approach yields significant reduction in
the memory and time required to compute derivatives if compared to the approach where
automatic differentiation is applied to the whole code. Numerical example is given.

1. INTRODUCTION

We consider the following abstract shape optimization problem in discrete form

min ®(a) = f(a; q(a)) (1)
subject to a € U™ CR® (2)
R(a;q(a)) = 0. (3)

Here a is the vector of design parameters defining the shape Q(a) of the system. The
state g(a) of the system is obtained by solving the state equation (3).

Gradient free global optimization methods like Genetic Algorithms are becoming more
and more popular also in shape optimization [1], [2]. However, they cannot compete
with gradient based methods like Sequential Quadratic Programming in efficiency
when good initial guess is known and high accuracy is requested. Unfortunately, gra-
dient based methods require the computation of the partial derivatives of the cost
function with respect to design variables. Finite difference approximations for deriva-
tives are often unreliable and are obtained too slowly. Therefore, obtaining analytic
derivatives is an important step in the numerical optimization process.

By shape design sensitivity analysis we mean computing derivatives of the function ®
with respect to the geometrical parameter vector a defining the positions of nodal co-
ordinates of the finite element mesh. Hand-coding of shape design sensitivity analysis
has been considered extremely elaborate and difficult even for linear state problems.
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Despite this, hand-coded sensitivity analysis can be done with a reasonable amount of
work even in the case of quite complicated state problems [3], [4], [5]. However, fully
hand-coded derivatives require a lot of man-hours and therefore automatic derivatives
are now under active study [6], [7], [8].

2. ON AUTOMATIC DIFFERENTIATION OF COMPUTER PROGRAMS

Automatic differentiation (AD) is a technique for augmenting computer programs
with derivative computations [9]. It exploits the fact that every computer program
executes a sequence of elementary arithmetic operations. By applying the chain rule
of derivative calculus repeatedly to these operations, accurate derivatives of arbitrary
order can be computed automatically. Automatic differentiation has two basic modes
the “forward” and the “reverse” modes. The running time and storage requirements of
the forward mode are approximately proportional to the number of design variables.
The reverse mode which is closely related to adjoint methods has a lower operations
count for derivative computations, but potentially very large memory requirements.

Automatic differentiation can be implemented in two different ways: Existing analysis
code written in e.g. Fortran 77 is precompiled using a precompiler (like ADIFOR [10])
into a new code that includes derivative calculations, or operator overloading technique
available in e.g. Fortran 90 is used to produce sensitivity information. Modern pro-
gramming languages such as Fortran 90, C++ make it possible to redefine the meaning
of elementary operators. That is, we can define a new type for floating point numbers
that has gradient information associated with it. For each elementary operation and
standard function (+, *, sin(), dot_product(),...) we can define the meaning of the
operation for variables of that new data type. The advantages of operator overloading
is that it almost completely hides the AD tool from the user. If the implementation
of the AD tool is changed the source code needs no modification.

AD techniques can be applied to add gradient computations to codes in their entirety.
If forward mode is used, the computing time of one combined analysis and gradient
evaluation is approximately n times the computing time of sheer analysis, i.e. almost
the time needed for the forward difference approximation of the gradient. Moreover,
the amount of memory used is also multiplied by n. Significant reduction in the
memory and time required to compute derivatives is possible if some hand-coding is
coupled with AD techniques.

We proceed with the following hybrid approach. First, we implement the forward mode
of AD using operator overloading in Fortran 90. Secondly, we develop the geometric
sensitivity analysis with respect to positions of nodal coordinates in general matrix
form for a class of partial differential equations. As a by-product we also generate the
Jacobian of R(a;q), needed when (3) is solved using Newton’s method, using AD.
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3. HYBRID APPROACH TO SENSITIVITY ANALYSIS

Many physical phenomena in solid and fluid mechanics can be modeled using the (set
of) second order quasilinear partial differential equation(s) of type

V o(u)+g(u) =0 inQa) (4)

with suitable boundary conditions. For simplicity we assume that v = 0 on 0§} in
what follows. After the finite element discretization the discrete analogue of (4) reads

R(a;q) = K(a;9)q — g(a;q) =0, (5)
where K (a;q) and g(a; q) are the “stiffness” matrix and “force” vector, respectively.
Differentiating (5) with respect to a design variable a; implicitly gives

OR(a;q) , OR(a;q) 9q _
90, T oq oa " (6)

By introducing an adjoint state vector p we can eliminate the partial derivative of
g from (6) and obtain the formulae needed for the evaluation of the gradient of the
objective function ®(a):

(2Be9) = Vor(aa 7
0%(a) Of(a,q) 1 [OR
Bak - Gak 3 (8_%) ' (8)

In [11], the case with hand-coded Jacobian OR/0q and the right-hand side Vo f was
considered. The derivatives in (8) are more difficult due to the dependencies

a— X(a) - R(5q), f(;q) 9)

which imply that one must first differentiate the nodal coordinate matrix X (a) with
respect to design parameters. Hand-coding of this is error-prone and sometimes even
impossible. In this work all derivatives in equations (7), (8) are computed using
automatic differentiation.

We assume that every finite element has m degrees of freedom. The residual vector
R(a;q) € R is obtained using the standard assembly process

R(a;q) =S R'(a.q°), (10)

where

R(a;q¢°) = K°(a;q°)q° — g°(a; q°)
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and g°® € R™ is the vector of element degrees of freedom. Moreover, we assume that
the cost function is separable in the following sense:

flaig) = fela; g°). (11)

Now we can apply automatic differentiation to local contributions in (10), (11). Thus,
we have to differentiate only “small” matrices and vectors with respect to “small”
number of independent variables aj, ..., an, ¢5, ..., q5,. The global terms in (7), (8)
are then obtained using the standard assembly process which contains no automatic
differentiation.

In Table 1 a Fortran 90-style pseudo-code for calculating the value of the cost function
& and its gradient at a given point @ using the formulae

JTP = ha
0%(a) _ 9f(aiq) -pTs®, k=1, ..,n,
Oay dax

is shown. Here s(¥) = a%(;;q), J= "’Rgg“”, h =V,f(a;q).

We assume that there is m degrees of freedom per element. The Fortran 90-module AD
contains the code needed to implement the forward mode of automatic differentiation
using operator overloading. For a description of the technique (using C++), see [12].
A new data type DVAR containing derivative information is defined and the arithmetic
operations and standard functions are overloaded for this new data type. Also mixed
DVAR/REAL arithmetic is implemented. Moreover, module AD contains the functions
AD_indep_var, AD_value, and AD_pd. Let yO and y be n-vectors of type REAL and
DVAR, respectively. Then the call

y = AD_indep_var{ y0 )

declares y as an independent variable vector with initial value y0. The calls

f0 = AD_value( f )

df = AD_pd( f, i)

return the REAL values of £ and its partial derivative with respect to y(i).

4. NUMERICAL EXAMPLE

We test our approach with the following simple shape optimization problem with
nonlinear state problem:

min / |V (u — ug)|* dz
D
subject to @ € U
V- (p(w)Vu) =0 in Q(a)
u=1uy on [y

p(w)Vu-n=0 ondQa)\T
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SUBROUTINE objfun( n, a, Phi, dPhi )

USE _AD

INTEGER, INTENT(IN) :: n

REAL, INTENT(IN) :: a(n)

REAL, INTENT(OUT) : : Phi, dPhi(n)

!

REAL:: Q(M), dQ(M), R(M), J(M,M), p(M), h(M), q_e(m), h_e(m),
J_e(m,m), dRda_e(m), s(M,n)

?YPE(DVAR):: X(Nnodes,?2), R_e(m), f_e, z(n+m)

q.e =0
z = ad_indep_var( [a; q_e] )
CALL generate_mesh( z, X )
'
! Solution of the state equation:
\
Q=0
DO WHILE ( .not.converged )
J =20
R=20
DO e=1,Nelems
q_e = get_local_dofs( Q, e )
z = ad_indep_var( [ a; q_.e 1)
CALL calc_elem_res( X, z, R_e )

aBs.
R=R + ad_value( R_e)

DO j=1,m
J_e(:,j) = ad_pd( R_e, n + j )
END DO
aes,
J=J + J_e
DO k=1,n
dRda_e = ad_pd( R_e, k)
s(:,k) = s(:,k) n$' dRda_e
END DO
END DO
CALL LinearSolve( J, dQ, -R )
=Q +
END DO

i Calculation of the cost function and adjoint r.h.s.:

'
Phi = 0; h =0; dPhi = 0
DO e=1,Nelems
q_e = get_local_dofs( Q, e )
z = ad_indep_var( [ a; q_e 1)
CALL calc_elem_cost( X, z, f_e )
Phi = Phi + ad_value( f_e )

DO k=1,n
dPhi(k) = dPhi(k) + ad_pd( f_e, k)
END DO
DO j=1,
h_e(j) = ad_pd( f_e, n + j )
END DO
h = h_e
END DO

i Solve adjoint equation:

éALL LinearSolve( Transpose(J), p, h )

; Calculate the gradient of the cost functiom:
60 k=1,n

dPhi(k) = dPhi(k) - dot_product( p, s(:,k) )

END DO
END SUBROUTINE objfun

Table 1: Subroutine for the calculation of the value and the gradient of ® at a
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T Q(a) Lo

Figure 1: Problem geometry

Figure 2: Final domain with equipotential contours

Here p(u) = (1 + |Vu|?)~'/2. The domain Q(a), subdomain D, and parts of the
boundary with Dirichlet boundary condition are depicted in Figure 1. The dashed
part of the boundary is the object of the optimization. This problem can be considered
as a simplification of an inverse design problem for a nozzle, for example.

The unknown part of the boundary was parameterized using a Bezier curve with six
control points. Four of the control points are allowed to move between given “move
limits”. The state problem was discretized using 224 four-noded finite elements. Thus
in this case n +m = 4 + 4 = 8. The correctness of the derivative computations was
verified by comparing the AD derivatives of the cost function with (expensive) central
difference approximations.

The initial domain, the fixed subdomain, and the functions ug, uy were chosen to be
Q(a®) =]0,3[x]0,3[, D =}, 2[x]}, 3], w(z) = 3z1, ua(x) = 6z, respectively. The
final domain with selected equipotential contours of u is shown in Figure 2.

5. CONCLUSIONS

The proposed hybrid method for shape design sensitivity analysis is both easy to
program and efficient in terms of computer time and memory. It is efficient as the
differentiation of the (non)linear state solver is avoided making is possible to use stan-
dard software (LAPACK, for example) to solve the linearized state problem. Com-
puted sensitivities are very accurate provided that the mesh topology remains fixed
and the nonlinear state equation is solved with sufficiently strict stopping criterion.
Our approach is general as it applies to multidisciplinary shape optimization problems
and several finite elements. General purpose programs can be easily developed as the
dependence on the specific application can be isolated into separate modules.
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Figure 3: Cost vs. iterations
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KEHARAKENTEEN TOPOLOGIAN OPTIMOINNISTA

Timo Turkkila
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PL 589
33101 Tampere

TIIVISTELMA

Tissd artikkelissa kisitelldin kehdrakenteen topologian ja mitoituksen optimointia. Optimoititehtd-
viissd on kahdentyyppisid suunnittelumuuttujia eli topologia- ja mitoitusmuuttujia. Topolgiamuut-
tujilla pitetisin laitetaanko sauva, palkki vai poistetaanko kyseinen rakenneosa. Vastaavasti mi-
toitusmuuttujilla valitaan rakenteelle parhaat mahdolliset profiilit.

Optimointitehtivin ratkaisemiseksi on kehitetty kolme erilaista strategiaa. Relaksointimenetel-
missi seki topologia- ettd mitoitusmuuttujat relaksoidaan jatkuviksi, jonka jilkeen tehtdvi ratkais-
taan branch and bound algoritmilla. Hybridimenetelmiissi topologiamuuttujien arvot ratkaistaan
geneettiselld algoritmilla ja mitoitusmuuttujat relaksoidaan jatkuviksi. Suorassa menetelmissé sekd
topologia- ettd mitoitusmuuttujat ratkaistaan geneettiselld algoritmilla.

JOHDANTO

Topologia méiritelldin geometriseksi ominaisuudeksi, jota ei voi muuttaa elastisilla muo-
donmuutoksilla rikkomatta kappaletta. Esimerkiksi nelikulmaisesta pinnasta voidaan
muotoilla ympyrin tai kolmion muotoiset pinnat muttei rengasta. Kahdella eri ristikkora-
kenteella on sama topologia, jos ne voidaan muokata samanlaisiksi siten, ettei rakenteen
nivelkiinnityksid avata eikd rakenteeseen lisiti tai siitd poisteta sauvoja tai nivelid.

Ristikkorakenteiden topologiaa on optimoitu eri tekniikoilla jo kymmenid vuosia ja ai-
heesta 16ytyy runsaasti artikkeleita ja kirjallisuutta. Asia on késitelty jonkin verran esimer-
kiksi Kirschin [1] ja Bendsoen [2] oppikirjoissa. Geneettisen algoritmin soveltamista risti-
koiden topologian optimointiin on esitelty esimerkiksi Hajelan ja Leen artikkelissa [3].

Tissi artikkelissa ei kuitenkaan kisitell4 ristikoiden vaan tasokehien topologian opti-
mointia. Kehirakenne muodostuu palkeista, joita voidaan kuormittaa sekd normaalivoi-
malla etti taivuttamalla. Kehirakenteeseen voidaan asentaa myos nivelid, ja jos yksittdisen
palkin molemmissa pdissé on nivel, se kdyttdytyy sauvana eli kantaa vain normaalivoimaa.
Nivelen liséiys tai poisto muuttaa kehirakenteen topologian toiseksi.

Topologian optimointitehtivéi yksinkertaistetaan muuntamalla se valintatehtéviksi.
Tillsin suunnittelumuuttujilla paitetdin, kdytetddnkd rakenneosassa sauvaa vai palkkia.
Jos valitaan sauva, sen molemmissa péissd on nivelet. Niin nivelpisteiden sijoittelu voi-
daan yksinkertaistaa palkkien ja sauvojen valinnoiksi. Samalla rakenteen sauvojen analy-
sointi voidaan tehdi yksinkertaisemmalla nelivapausasteisella sauvaelementilld, kun palk-
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kielementilld vapausasteita on kuusi. Sauvojen ja palkkien selked erottelu mahdollistaa

myds eri profiilijoukkojen kdyton. Niinpé esimerkiksi sauvat voidaan valita putkiprofii-

leista ja palkit I-profiileista.

Optimoinnin Jahtokohtana on perusrakenne, jossa on ng solmua ja n viivaa. Sanaa viiva
on kiytetty sekaannusten vilttamiseksi ja sillid tarkoitetaan rakenneosaa, johon voidaan
asentaa sauva tai palkki. Viiva voidaan my6s poistaa rakenteesta, jolloin kyseisten solmu-
muuttujaa: topologiamuuttuja b ja mitoitusmuuttuja s. Topologiamuuttujilla on kolme
mahdollista arvoa, joista arvo b = 0 tarkoittaa kyseisen viivan poistoa, arvo b = 1 sauvaa ja
arvo b = 2 palkkia. Mitoitusmuuttujien avulla etsitdén rakenneosalle sopivin palkki- tai
sauvaprofiili.

Kehirakenteesta on tehty joitakin yksinkertaistavia oletuksia:

Tarkastellaan vain tasokehii.

Palkkielementti liittyy toiseen palkkielementtiin jaykilld liitoksella.
Sauvaelementti liitetdédn nivelilld molemmista pdistién,

Oletustuentana on jiykki tuenta palkkielementille ja niveltuenta sauvaelementille.
Niitd tuentoja kéyttdjd voi kuitenkin muuttaa.

e Rakennetta voidaan kuormittaa joko solmuihin kohdistuvilla pistevoimilla tai viiva-
kuormituksilla ennalta valituille palkeille. Jos kidytetddn viivakuormitusta, kyseisen vii-
van topologiamuuttuja b saa arvon 2.

Rakenne analysoidaan elementtimenetelmalld. Jokaiselle rakenteen viivalle kiytetddn yhtd

sauva- tai palkkielementtii.

Optimointitehtdvin kohdefuntio f(x) voi olla esimerkiksi rakenteen massa, joku siirty-
mikomponentti tai siirtymékomponenttien painotettu summa, rakenteeseen sitoutunut
kimmoenergia, rakenteen suurin normaalijdnnitys, alin ominaiskulmataajuus jne. Niitd
samoja suureita voidaan kdyttdd myos rajoitusehtoina. Diskreetti optimointitehtévi on siis

min f(x)
gx)<0

N
X = (1
S

be{012}  i=12..,n
s,e{l.2,...n}i=12,..n,

missi n, on palkki- tai sauvaprofiilien lukumiiri ja i on rakenteen viivan numero,

OPTIMOINTIALGORIMEISTA

Tutkimuksessa kdytetiddn branch and bound ja geneettistd algoritmia, jotka molemmat rat-
kaisevat diskreettejd optimointitehtidvid. Branch and bound algoritmia esitelldin esimerkik-
si Nemhauserin ja Wolseyn kirjassa [4]. Algoritmissa tarvitaan relaksoitu eli jatkuvaksi
muunnettu optimointitehtéivd. Aluksi relaksoitu tehtdvi ratkaistaan ilman yliméaraisia ra-
joitusehtoja. Jos tdméin optimointitehtévin ratkaisun kaikilla suunnittelumuuttujilla ei ole
diskreettid arvoa, valitaan yksi suunnittelumuuttujista, jonka arvo on kahden diskreetin
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arvon viilissid. Témin jilkeen muodostetaan kaksi uutta osatehtévid, joista toisessa kysei-
sen suunnittelumuuttujan arvon on oltava suurempi tai yhtdsuuri kuin ylempi diskreetti
arvo ja toisessa pienempi tai yhtdsuuri kuin alempi diskreetti arvo. Ndméi osatehtavit rat-
kaistaan ja, jos vieldk#én ei saada kaikille muuttujille diskreettid arvoa, muodostetaan uu-
det osatehtévit edellisen osatehtivin kéyvisti alueesta. Prosessia jatketaan kunnes 18yde-
tadn diskreetti ratkaisu, ei ole endd kiypii aluetta tai osatehtéviin kohdefunktion arvo on
suurempi kuin parhaassa tunnetussa diskreetissi ratkaisussa.

Branch and bound algoritmi antaa globaalin minimin, jos relaksoidun tehtédvin kohde-
funktiossa ei ole lokaaleja minimeji ja kdypi alue on konveksi. Yleensd rakenteiden opti-
mointitehtivissd nimi ehdot eivit toteudu. T4lldin optimoinnin tulos saattaa riippua ite-
roinnin aloituspisteesti.

Geneettinen algoritmi perustuu luonnonvalinnan simulointiin ja siitd on varsin perus-
teellinen esitys esimerkiksi Michalewiczin kirjassa [5]. Algoritmissa suunnittelumuuttujat
koodataan yksilon kromosomiksi, jolloin kukin yksil6 vastaa yhtd suunnitteluavaruuden
pistettd. Algoritmissa tutkitaan pisteiden joukkoa, ei yksittiistd pistettd. Pisteiden joukko
ajatellaan elidpopulaatioksi, jonka kehittymistd simuloidaan kymmenien, jopa satojen su-
kupolvien ajan.

Uuden sukupolven luomiseen tarvitaan kolme proseduuria: vanhempien valinta, kro-
mosomien risteytys ja geenimutaatio. Vanhemmat valitaan siten, ettd sukupolven parhailla
yksiloilld on heikompia parempi mahdollisuus saada jilkeldisid. Téssd yhteydessd on kay-
tetty modifioitua jirjestysvalintaa [6, s. 24], jossa kahden yksilon vilisen paremmuusjir-
jestyksen méirid kohdefunktion arvo, jos kumpikin yksilo rikkoo kédypai aluetta suunnil-
leen yhti paljon. Jos toinen yksild rikkoo selvisti enemmiin, se hividd kohdefunktion ar-
vosta riippumatta. Kun koko populaation yksiloiden keskindinen jérjestys on selvitetty,
jilkeliisten saamistodennikoisyys riippuu paremmuusjirjestyksen sijaluvusta. Risteytyk-
sessi vanhempien kromosomit katkaistaan ja loppuosat vaihdetaan keskeniin, jolloin jél-
kelidisen kromosomin alkuosa on eri yksiloltd kuin loppuosa. Geenimutaatiossa jotkut kro-
mosomin osat eli geenit saavat uuden arvon.

Koska geneettinen algoritmi parantaa pistejoukon keskiméérdistd kohdefunktion arvoa,
ei yksittdisen optimipisteen 18ytymisestd ole mitiin takeita. Saatujen laskentakokemuksien
perusteella geneettinen algoritmi antaa yleensd muutaman prosentin huonompia kohde-
funktion arvoja kuin branch and bound algoritmi. Vaihtelu on kuitenkin varsin suurta ja
joskus geneettinen algoritmi on selvisti branch and bound algoritmia parempi.

RATKAISUSTRATEGIAT

Relaksointimenetelmai

Kuvassa 1 on esitetty relaksointimenetelmin perusperiaate. Menetelméssi elementtimene-
telmin laskentamalli pysyy koko ajan vakiona ja diskreetti optimointiongelma (1) ratkais-
taan branch and bound algoritmilla. Opimointialgoritmi sySttdd analyysimoduuliin suun-
nittelumuuttujavektorin ja analyysi palauttaa kyseissd pisteessi olevan kohdefunktion ar-
von sekd rajoitusehtovektorin.
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g
Kuva 1. Relaksointimenetelmin periaatekaavio.

Koska branch and bound algoritmi tarvitsee jatkuvan optimointitehtédvin, diskreetti op-
timointiongelma on relaksoitava jatkuvaksi. Mitoitusmuuttujat relaksoidaan interpolomalla
kuutiosplinikiyrilld pintasuureiden eli poikkipinta-alan A, neliomomentin / ja taivutusvas-
tuksen W arvoja. Tilloin esimerkiksi mitoitusmuuttujan arvo s = 1,236 tarkoittaa kuvittee-
lista profiilia, jonka pintasuureiden arvot ovat todellisten profiilien 1 ja 2 arvojen vilissé.
Interpoloitujen profiilien optimointi toimii luonnollisesti paremmin, jos todelliset profiilit
voidaan jdrjestdd siten, ettd niissd kaikkien pintasuureiden arvot ovat samassa suuruusjir-
jestyksessi. Pintasuureiden herkkyysanalyysi onnistuu derivoimalla splinikdyrin lauseketta
kyseiseen viivaan liittyvin mitoitusmuuttujan s suhteen.

Topologiamuuttujan relaksointi on sitivastoin monimutkaisempi ongelma. Jokaiselle
kohdefunktiossa tai rajoitusehdoissa olevalle suureelle on pystyttivi laskemaan osittaisde-
rivaatat suunnittelumuuttujien suhteen kaikissa mahdollisissa suunnitteluavaruuden pisteis-
si. Lisdksi suunnittelumuuttujien ja rajoitusehtojen lukuméérédn on oltava koko ajan vakio.
T#mé ei ole aivan yksinkertaista, silld pintasuureet ja koko rakenteen laskentamalli riippu-
vat topologiamuuttujien arvoista. Myos rakenteen mahdolliset mekanismit on pystyttavé
hallitsemaan elgantisti ja poistettuihin viivoihin liittyvit rajoitusehdot eivét saa haitata op-
timointialgoritmia.

Topologiamuuttujat relaksoidaan kiyttamilld laskentamallissa palkki- ja kiertojousiele-
mentteji. Palkkielementit liitetéén solmupisteissi nivelilld ja kiertojousilla toisiinssa. Jos
jompikumpi kytkettivistd viivoista on sauva, kiertojousen jousivakio on nolla. Jos mo-
lemmat viivat ovat palkkeja, kidytetddn suurta jousivakion arvoa kuvaamaan jaykkad kiin-
nitysti. Poistettaville viivoille kdytetiin palkkielementtejd, joiden pintasuureiden arvot
ovat hyvin pienii todellisten profiilien arvoihin verrattuna. Télldin viivan poisto ei voi teh-
di rakenteesta mekanismia, mutta muuten niiden palkkien vaikutus rakenteen kédyttdytymi-
seen on véhiinen.

Kiytettivien palkkielementtien pintasuureiden arvot lasketaan sauva- ja palkkiprofiilien
interpoloiduista kiyristd edelleen interpoloimalla. Tilloin esimerkiksi poikkipinta-alalle A
saadaan

A(b,s)= N,(b)A, + N,(b)A (s)+ N,(D)A, (s), (2)

missd Ao on poistettavan viivan pieni poikkipinta-ala, A, sauvaprofiilien poikkipinta-alojen
splinikdyri, A, palkkiprofiilien splinikiyri ja Ni,N; sekd N3 ovat kvadraattisia interpoloin-
tifunktioita
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N, =(1-b)2-b)/2
N, =b(2-b) 3)
N, =b(b-1)/2.

Nelidémomentin ja taivutusvastuksen arvot voidaan interpoloida samalla tavalla. Viivojen i
jaj vilissd olevan kiertojousen jousivakio lasketaan kaavalla

k, =a(b)a(b))k,, 4

missi ko on suurehko jousivakio ja a funktio

0, 0<bhb<l

(b-17, 1£b<2, (5)

a(b) = {

Koska palkkielementin normaalijinnitys lasketaan solmusiirtymien avulla, poistetulle vii-
valle voidaan saada nienniinen sallittua arvoa suurempi normaalijdnnitys. Rajoitusehtojen
lukumairds ei saa muuttaa ja kaikkien rajoitusehtojen on oltava derivoituvia kaikissa mah-
dollisissa suunnitteluavaruuden pisteissé. Tistéd kdyvin alueen rikkomisesta péistidn eroon
kirjoittamalla viivan { normaalijinnitysrajoitusehto g{x) muotoon
) bQ2-b)o-0_,)<0, 0<b<l1 p
(x)=
& (6-0,)<0,  1<b<2, ©)

jolloin poistetulla viivalla rajoitusehdon arvo on aina 0.

Kaavojen (2) ... (6) avulla diskreetti optimointiongelma relaksoidaan jatkuvaksi. Opti-
mointitehtavin herkkyysanalyysissi tarvittavat lausekkeet voidaan niistd kaavoista eteen-
piin johtaa normaaliin tyyliin ketjuderivoinnilla kiyttien joko suoraa tai adjungoitua me-
netelmid.

Hybridimenetelméi

Hybridimentelmissi topologian valinta ja rakenteen mitoitus erotetaan omiksi tehtévik-
seen. Topologiamuuttujavektori b ratkaistaan geneettiselld algoritmilla, jolloin topologian
muutosta ei tarvitse relaksoida. Geneettinen algoritmi tarjoaa yhden topologian kerrallaan,
jonka jilkeen siitd voidaan muodostaa laskentamalli ja ratkaista tille topologialle optimaa-
linen mitoitusmuuttujavektori s jatkuvaksi relaksoidusta mitoitustehtévistd. Mitoitustehté-
vii on periaatteessa diskreetti ja se pitiisi ratkaista esimerkiksi branch and bound algorit-
milla. Niin ei kuitenkaan kannata tehdi, silld laskennan tarvitsema tyomiérd kasvaa hyvin
nopeasti kehirakenteen viivojen lukumiirin kasvaessa. Diskreetin ratkaisun sijaan tyydy-
tddn relaksoidun tehtévin ratkaisuun, joka lasketaan SQP-algoritmilla.
Hybridimenetelmissi ratkaistaan siis optimitopologia tapaukselle, jossa mitoitusmuut-
tujat on relaksoitu jatkuviksi eli jossa on kiytettdvissi déreton miird erilaisia profiileja.
Optimitopologia ei vilttamittd ole sama, jos kiytetddn jatkuvia tai diskreettejd mitoitus-
muuttujia. Toisaalta geneettinen algoritmi ei liheskiin aina 16ydi tarkkaa ratkaisua, joten
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tdssé tapauksessa ei kiytdnnossd tehdid lopputuloksen kannalta kovin suurta virhettid. Kun
geneettinen algoritmi on lopettanut laskentansa, saadulle optimitopologialle etsitéén lopul-
linen diskreetti mitoitus kéyttden mitoitustehtivin ratkaisuun branch and bound algoritmia.

Topologia- ja mitoitustehtévien vilissd on moduuli, joka tutkii onko kyseinen topologia
jo aiemmin analysoitu. Niin voidaan jonkin verran picnentdd kokonaistyoméairis. Hybri-
dimenetelmin periaatekaavio on kuvassa 2.
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Kuva 2. Hybridimenetelméin periaatekaavio.

Mitoitustehtéviin relaksoiminen ei ole kovin monimutkaista. Koska jokaiselle viivalle
tiedetdin, kiiytetiinko siind sauvaa, palkkia vai poistetaanko se, laskentamalli on helppo-
muodostaa. Ainoa asia, joka tarvitsee relaksointia, on profiilien pintasuureiden arvot. Ne
saadaan kuten relaksointimenetelmissi interpoloimalla todellisten profiilien arvoja splini-
kéyrilld. Mitoitustehtdvin suunnittelumuuttujien ja rajoitusehtojen lukuméiiré riippuu tar-
kasteltavasta topologiasta. Tdmi ei haittaa, silld laskentaohjelmistossa kiytettivd geneetti-
sen algoritmin versio tarvitsee vain kohdefunktion ja pahiten rikkovan rajoitusehdon arvon.
Jos ratkaisu on kiypd, pahiten rikkovan rajoitusehdon arvo on 0.

Toinen huomiota vaativa seikka on rakenteeseen mahdollisesti syntyviit mekanismit. Ne
etsitddn tutkimalla jaykkyysmatriisin singulaarisuutta. Jos tarjottu topologia on mekanismi,
rakennetta ei voi analysoida. Tillaiselle topologialle annetaan joku keskimiirdinen kohde-
funktion arvo ja suurehko pahiten rikkovan rajoitusehdon arvo, jolloin kyseinen rakenne
Jjoutuu populaation yksiloiden paremmuusjirjestyksessd hinnille ja vihitellen hividd ge-
neettisen algoritmin populaatiosta.

Suora menetelmi

Suorassa menetelmiissé seké topologia- ettd mitoitusmuuttujat ratkaistaan geneettiselld
algoritmilla. Menetelmin periaate on esitetty kuvassa 3.

b, s b,s |
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g g

pisteet
Kuva 3. Suoran menetelmén periaatekuva

]

Geneettinen algoritmi ldhettdd suunnittelumuuttujien arvot analyysiohjelmalle, joka
muodostaa laskentamallin, ratkaisee sen ja palauttaa tuloksena kohdefunktion sekd pahiten
rikkovan rajoitusehdon arvot. Menetelmdssi ei tarvita mitdin relaksointeja, joten se on
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yksinkertaisin soveltaa. Kuten hybridimenetelmassikin ennen analysoinnin aloittamista
tutkitaan, onko kyseinen rakenne jo aiemmin analysoitu. Mahdolliset mekanismit késitel-
ld4n antamalla keskiméirdinen kohdefunktion arvo ja suurehko kidyvin alueen rikkominen.

ESIMERKKI

Testiesimerkkind kiytetdidn kehid, jonka kymmenviivainen perusrakenne on esitetty ku-
vassa 4. Rakenteen vasemmassa reunassa on palkkielementeille jaykki ja sauvaelementille
niveltuki. Samankaltaisen ristikkorakenteen, tosin hieman eri mitoilla ja kuormituksilla
seki jatkuvilla poikkipinta-aloilla, topologiaa on optimoitu useissa eri artikkeleissa.

F F
[ L | L
| |

Kuva 4. Esimerkin perusrakenne.

Kuvassa 4 oleva pituusmitta L = 3 m ja voima F = 10 kN. Valittavissa on viisi erilaista
sauva- ja palkkiprofiilia. Tilléin optimointitehtivilld on yhteensi noin 5,77-10"" erilaista
vaihtoehtoa. Laskettaessa erilaisten rakennevaihtoehtojen lukumédrii jatetdén poistettujen
viivojen profiilit huomioimatta, jolloin p4ddytidn noin 25,9 10° vaihtoehtoon.

Esimerkissi sauvaprofiilit ovat nelibputkia ja palkkiprofiilit IPE-palkkeja. Niiden pin-
tasuureiden arvot on esitetty taulukossa 1.

Taulukko 1. Kéytettdvien profiilien pintasuureiden arvot

Profiili A/ mm* 1/10° mm* | W/10° mm’
1 | 20x20/2,0 142 0,0076 0,76
2 | 30x30/3,2 338 0,04 2,67
3 | 40x40/4,0 568 0,121 6,07
4 | 50x50/4,0 728 0,255 10,2
5 | 60x60/5,0 1090 0,544 18,1
1 IPE 80 764 0,801 20,0
2 IPE 100 1030 1,71 34,2
3 IPE 120 1320 3,18 53,0
4 IPE 140 1640 5,41 77.3
5 IPE 160 2010 8,69 109

Optimointitehtdvissd minimoidaan rakenteen massaa m ja oikean alanurkan pystysiirty-
mii 6. Rajoitusehtona on, ettei minkdén sauvan tai palkin normaalijénnitys ylité sallittua
jdnnitysti Gy = 140 MPa. Optimointitehtévi on siis
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min [m 8]

maxo <0,

b e{012}i=12,..10

s, €{0],...5}i=12,...,10.

M

Optimointitehtdvi (7) on monitavoitteinen, joten optimiratkaisut ovat Pareto-optimeja. Nii-
den midritelmi verbaalisti esitettynd on: "Kéypé ratkaisu x* on Pareto-optimi, jos ei 16ydy
toista kiypai ratkaisua x, joka pienentiisi jonkun kriteerin arvoa aiheuttamatta samanaikai-
sesti vihintiddn yhden muun kriteerin arvon suurenemisen.”

Monitavoitteisen optimointitehtivin tulokset voidaan esittid myos kriteeriavaruudessa.
Tehtivin kidypd alue kuvautuu sinne kuvajoukoksi ja Pareto-optimeja kutsutaan tdsséd ava-
ruudessa minimaalisiksi pisteiksi. Kaksikriteerisen optimointitehtdvin (7) tulokset voidaan
siis esittdi kompaktisti massa-siirtymi -koordinaatistossa. Joitakin laskettuja minimaalisia
pisteitd on merkitty kuvaan 5 pienilli nelidill4.

600 1 T T T —T T T T T
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Kuva 5. Minimaalisia pisteitd

Kuvan 5 minimaalistet pisteet on ratkaistu kéyttien rajoitusmenetelmad. Siiné yksi kri-
teereisti valitaan kohdefunktioksi ja loput parametrisoitaviksi rajoitusehdoiksi. Nelja ku-
van pisteistd on numeroitu ja niit4 esitellddn tarkemmin. Piste 1 on siirtymén minimi 0,77
mm ja piste 4 massan minimi 33,5 kg. Siirtyméin minimipisteen massa on 504 kg ja massan
minimipisteess siirtymé on 9,2 mm. Pisteet 2 ja 3 ovat niin sanottuja kompromissiratkai-
suja. Pisteen 2 massa on 197 kg ja siirtymé 1,24 mm. Vastaavasti pisteen 3 massa on 86 kg
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ja siirtymd 3,0 mm. Naité neljdd minimaalista pistettd vastaavat rakenteet on esitetty ku-
vassa 6. Téssi kuvassa palkit on esitetty kaksoisviivoilla ja sauvat yksinkertaisilla viivoilla.
Viivan (tai kaksoisviivan) yldpuolella oleva luku tarkoittaa taulukossa 1 olevaa profiilin
jarjestysnumeroa. Tilloin esimerkiksi rakenteessa 1 kunkin kaksoisviivan péilld oleva luku
5 tarkoittaa jéreinti palkkiprofiilia IPE 160. Rakenteiden vasemman reunan tuenta on
palkkielementeilld jiykkd ja sauvaelementeilld niveltuenta.

Rakenne 1. Rakenne 2.
i
AV AN

Rakenne 3. Rakenne 4.

R Ry

Kuva 6. Pareto-optimaalisia rakenteita.

Niitd minimipisteitd on ratkottu kaikilla kolmella strategialla. Hybridimenetelméssi
geneettisen algoritmin populaation suuruus oli 30 ja sukupolvien lukumiiré 80, Suorassa
menetelmiissi vastaavat luvut olivat 60 ja 600. Hybridi- ja suorassa menetelmissd kukin
piste laskettiin kahteen kertaan. Pisteen 1 laskemiseen relaksointimenetelma tarvitsi 30
rakenneanalyysii, hybridimenetelmi noin 8000 analyysii ja suora menetelmd noin 23000
analyysiid. Kaikki menetelmit pédtyivit samaan rakenteeseen.

Pisteen 2 laskemiseen relaksointimenetelmi tarvitsi noin 3800 analyysia, hybridimene-
telmi 5700 ja 12300 analyysié ja suora menetelmi noin 22000 analyysid. Relaksointi- ja
hybridimenetelma piiétyivit samaan tulokseen. Suoralla menetelmilli saatiin aavistuksen
huonompi tulos. Kolmannessa pisteessi relaksointimenetelmi ei 10ytényt ratkaisua. Kuvan
6 ratkaisu saatiin hybridimenetelmilld. Molemmista yrityksistd saatiin sama tulos ja ana-
lyysejé tarvittiin 4300 ja 6300. Suora menetelmi tarvitsi noin 21000 analyysii ja saatu tu-
los oli 700 g painavampi.

Piste 4 eli massan minimi osoittautui kaikille menetelmille vaikeaksi. Relaksointimene-
telmai ei 16ytdnyt ratkaisua. Hybridimenetelmilld saatiin kuvassa 6 esitetty rakenne (m =
33,5 kg), mutta toisen analyysin tulos oli huomattavasti painavampi rakenne (m = 41,5 kg).
Analyyseji tarvittiin 3000 ja 2700. Suoralla menetelmilld pdadyttiin rakenteisiin, joiden
massat ovat 34,0 kg ja 40,7 kg. Niiden laskemiseen tarvittiin 21000 ja 22000 analyysid.

Myos muissa kuvan 5 pisteisss, joita ei tésséd yhteydessi esitelld tarkemmin, on esiinty-
nyt samankaltaista kidytostd eri menetelmien vililld. Téssd esimerkissd relaksointimenetel-
mi niyttiisi olevan kilpailukykyinen, silloin kun rakenne on varsin jaykké ja minimoidaan
siirtyméd massarajoituksella. Kun kohdefunktio vaihdetaan massaksi, relaksointimenetel-
mi joutuu vaikeuksiin. Kannattaa huomata, ettd minimoitaessa massaa ilman siirtyméra-
joituksia myds tyhji rakenne, josta kaikki viivat on poistettu, on rajoitusehtojen puolesta
kiiypd. TAmi ei toivottu tilanne voidaan kiertad kéyttamalld siirtymérajoitusehtoa, joka
branch and bound algoritmin osatehtivien lopputuloksissa ei ole aktiivinen. Valitettavasti
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idea ei toimi kovin hyvin, silld osatehtidvien ratkaisemiseen kdytettdvd SQP-algoritmi
ajautuu usein lisdtysti rajoitusehdosta huolimatta tihin tyhjdédn ratkaisuun osaamatta sieltéd
endi takaisin kdyville alueelle.

Suoralla menetelmillid rakenneanalyysien lukuméérissi ei ole ollut kovin suurta vaihte-
lua. Geneettisessi algoritmissa analyysien maksimiméérd on sukupolven koon ja sukupol-
vien lukuméirin tulo. Branch and bound algoritmissa ei téllaista maksimimairad voi aina-
kaan ndin helposti médrittdd. Niinpi relaksointi- ja hybridimenetelmissi rakenneanalyysi-
en lukumaiira vaihtelee melkoisesti.

Pelkkii rakenneanalyysien lukumiérid vertailemalla saa helposti kuvan, ettd suoran me-
netelmin tyomaiiri olisi moninkertainen muihin menetelmiin verrattuna. Asia ei kuiten-
kaan ole niin yksinkertainen. Geneettinen algoritmi on hyvin yksinkertainen, joten raken-
neanalyyseihin kulutettu laskenta-aika on likimain sama kuin koko optimointiin kulutettu
laskenta-aika. Sitd vastoin SQP-algoritmissa tarvitaan matriisilaskentaa uuden hakusuun-
nan etsimiseen. Lisiiksi rakenteelle on tehtdvi herkkyysanalyysi, joten rakenneanlyyseihin
kéytetty laskenta-aika on vain osa kokonaisajasta. CPU-aikoja ei tissd yhteydessi ole tut-
kittu, mutta yleensi suora menetelmé on ollut laskennan nopein. Menetelmien nopeusjir-
jestys ei vilttamittéd vaihdu, vaikka tehtévin kokoa suurennettaisiin, silld samalla lisdénty-
vit my6s suunnittelumuuttujien ja rajoitusehtojen lukuméirit. Tatd kautta my6s branch
and bound algoritmin péitintipuu kasvaa, jolloin tarvitaan enemmién osatehtivii ja enem-
mén anlyyseji. Myos SQP-algoritmin ja herkkyysanalyysin tyomiiri kasvaa, joten mene-
telmien nopeusero todennikoisesti vain suurenee entisestain.
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TIIVISTELMA

Aseiden ja ampumatarvikkeiden lujuusopillisessa mitoituksessa voidaan hyddyntdd laukausrasituk-
sista aiheutuvan muodonmuutosnopeuden tuoma teriksen lujuuden mahdollinen lisdys. Edellytyk-
seni on, etti rakenteen muodonmuutosnopeudet tunnetaan riittdvilld tarkkuudella joko laskennalli-
sesti tai mittauksellisesti. Mahdollinen materiaalin lujuuden kasvu voidaan madrittda kokeellisesti
keskinopeilla dynaamisilla vetokokeilla. Lujalla nuorrutetulla aseterikselld tehdyissi vetokokeissa
saavutettiin ~5 % suhteellinen venymisrajan R, lisdys, kun dynaamisen aineenkoetuksen veny-
minopeus oli ~10* -kertainen kvasistaattisen vetokokeen venyminopeuteen verrattuna. Kokeiden
hajonta oli verrattavissa staattisten vetokokeiden ja kirjallisuudessa julkaistujen dynaamisten veto-
kokeiden tuloksiin. Niukkaseosteisella nuorrutetulla kranaattiterikselld tehdyissd vetokokeissa
mybto- ja murtolujuuksien keskimadriinen kasvu oli (7...9) %, mutta koetulosten hajonta oli lihes
yhti suuri, joten kranaattiterdksen osalta kokeita on jatkettava tilastollisen luotettavuuden saavutta-

miseksi.

1. JOHDANTO

Aseen tuliputken lujuusopillinen mitoitus perustuu tavallisesti materiaalin mydtlujuuteen,
jonka ylitystd ei sallita normaaleilla laukauskuormituksilla. Materiaalin védsymiseen tai
murtumien etenemiseen liittyvit ilmiot eivit yleensd muodostu ongelmaksi, koska suu-

tua kiyttokelvottomiksi kulumalia.

Tuliputken kannalta dirikuormitusolosuhteet esiintyvit tyypillisesti ampumatarvikkeiden
epitavallisesta toiminnasta johtuvina ylikuormina. Ammus saattaa olla normaalia paina-
vampi, ruutipanos ylisuuri, kuumentunut tai vaurioitunut, jolloin ruutikaasun paine ylittad
ampumatarvikeyhdistelmille suunnitellun painetason. Talldin staattisen mitoituksen var-
muuskertoimesta syntyvi pieni lisikuormituksen mahdollisuus on nopeasti kulutettu ja put-
ken vaurioitumiseen johtava painetaso saattaa ylittyi.
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Ammukseen kohdistuvat kuormitukset ovat kertaluonteisia, joten sen materiaalin my&tami-
nen ja pysyvit muodonmuutokset voidaan sallia, kunhan aseen ja ammuksen toiminnallisia
rajoituksia ei loukata. Tyypillinen toimintarajoitus putkiaikana on, etti ammuskuoren kos-
ketusta tuliputken seindmiin ei sallita muutoin kuin ohjauspintojen alueella, jotta putken
"turha" kuluminen viltetdan. Kun ammuskuoren materiaalin plastinen muodonmuutoskyky
hyddynnetiidn kuoren lujuusopillisessa mitoituksessa, mydtolujuuden ylityksen jilkeiset
pienet kuormituslisit synnyttivit suuria muodonmuutoksia ja kuoren putkikosketuksen
vaara kasvaa.

Suurikaliiperisen tykin laukauksessa ruutikaasun painepulssin kestoaika on /=(10...30) ms
ja maksimipaine p,, = (200...600) MPa saavutetaan tyypillisesti f, ., =(4...10) ms aikana.
Sekid ammuksen etti tuliputken nopeasta kuormituksesta aiheutuvissa muodonmuutoksissa
venyminopeudet €4, = (0, 1...10) 1/s ovat selvisti suurempia kuin perinteisen staattisen ai-
neenkoetuksen venyminopeudet kimmoisalla alueella &40 = (107*...107%) 1/s [1]. Muo-
donmuutosnopeuden kasvaessa myds lujuuden on todettu nousevan teréksilla. Pienikin lu-
juuslisd saattaa olla ratkaisevassa asemassa erityisesti silloin, kun vanhaa asetta moderni-
soidaan suorituskyvyn lisddmiseksi putkivaiheen painekuormitusta kasvattamalla.

2. MUODONMUUTOSNOPEUDEN VAIKUTUS METALLISTEN
MATERIAALIEN LUJUUSARVOIHIN

Metallisissa materiaaleissa muodonmuutosta vilittdvit paiasiassa dislokaatiot ja materiaa-

lin myotélujuus riippuu vastuksesta, jonka se ominaisuuksillaan antaa dislokaatioliikkeelle.

Vastus syntyy materiaalin mikrorakenteessa olevista esteistid, jotka jarruttavat dislokaation

liikettd tai mahdollisesti pysdyttdvit sen kokonaan. Kun limpétila on alle puolet materiaa-

lin sulamisldmpétilasta ja muodonmuutosnopeus on € < (1000...5000) 1/s, dislokaatioiden

kohtaama vastus muodostuu paiasiassa kahden tyyppisisti esteisti:

a) Laaja-alaisista esteisti, jotka vaikuttavat jinnityskentillién metallin rakenteessa useiden
tuhansien atomietédisyyksien pédhin esteesti.

b) Suppea-alaisista esteists, joiden vaikutus ulottuu vain muutamien atomietdisyyksien pi-
hin esteesti.

Materiaalia kuormitettaessa dislokaatiot pyrkivit ylittimaén tai ldpdisemién tiellensd tule-
vat esteet. Laaja-alaiset esteet dislokaatio pystyy ylittiméadn vain riittdvén suuren kuormit-
tavan jannityksen avulla. Jdnnitys vaikuttaa myds suppea-alaisten esteiden ylittdmiseen,
mutta niiden kohdalla myos atomien lamp6virihtely voi avustaa muodonmuutosmekanis-
meja, jotka mahdollistavat esteiden ylittdmisen. Koska avustava "voima" tulee lamp&vérih-
telystd, kutsutaan tillaisia muodonmuutosmekanismeja termisesti aktivoiduiksi. Niitd muo-
donmuutosmekanismeja, joihin terminen aktivaatio ei vaikuta, kutsutaan atermisiksi (me-
kanismit laaja-alaisten esteiden ylittimisess#).

Termisesti aktivoiduissa tapauksissa aktivaation vaikutus esteiden ylityksessé riippuu lim-
potilan ohella myds muodonmuutosnopeudesta. Muodonmuutosnopeutta kasvatettaessa to-
denniikéisyys ja "odotusaika" riittdvin suurelle satunnaiselle ldmpovirihdykselle pienene-
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viit ja yksittdisen esteen ylittdmiseen vaadittava jannitys kasvaa. Erittédin suurilla muodon-
muutosnopeuksilla € > 5000 1/s dislokaatioiden liikevastus kasvaa materiaalissa esiintyvi-
en erilaisten vaimennusefektien ansiosta ja lujuus nousee voimakkaasti muodonmuutosno-
peutta edelleen kasvatettaessa.

3. MYOTOLUJUUDEN JA MUODONMUUTOSNOPEUDEN VALISEN
YHTEYDEN MALLINTAMINEN

Materiaalitieteellisistd lihtokohdista muodostetuissa malleissa on esteitd ylittdvin, termi-
sesti aktivoidun dislokaatioliikkeen ma#rad kuvattu Iimpétilan ja muodonmuutosnopeuden
funktiona. Mallit perustuvat Arrheniuksen yhtilson [2]

AU=RT In (4/§), (1)

jossa AU on muodonmuutokseen kiytettivissi oleva aktivaatioenergia, € on muodonmuu-
tosnopeus, T on limpotila, R on kaasuvakio ja 4 on materiaalivakio (ns frekvenssitekijd).
Jos yhtiloon (1) sijoitetaan aktivaatioenergian AU paikalle jannityksen sisiltdva lauseke,
jolla kuvataan suppea-alaisen esteen ylittiminen, voidaan jénnitys, ainakin periaattecssa,
ratkaista muodonmuutosnopeuden, ldmpétilan ja materiaaliominaisuuksien funktiona. Néi-
den mallien piitevyys on rajoittunut vain joihinkin puhtaisiin metalleihin. Mallien ongelmi-
na ovat termisesti aktivoitujen muodonmuutosmekanismien kuvaaminen matemaattisesti,
pitevyysalueiden médrittdminen muodonmuutosnopeus- ja laimpotila-asteikolla seké suuril-
la muodonmuutosnopeuksilla alkavat muodonmuutosta vastustavat vaimennusefektit.

Kokeellisesti on havaittu useilla metalleilla yhtilén (1) kaltaista riippuvuutta lujuuden ja
muodonmuutosnopeuden vililld. Konstruktiometalleille on kehitetty puoliempiirisid malle-
ja, jotka sisaltdvit jollakin tavalla termisen aktivaatioenergian ajatuksen ja mahdollisesti
my6s yhtilon (1) tapaisen muodon. Lisiksi on kehitetty kokonaan empiirisid malleja. Erds
kiytdnnon suunnitteluun ja lujuusteknisiin tarkasteluihin (mm. ABAQUS-ohjelmisto) so-
veltuva empiirinen konstitutiivinen malli on Cowper-Symonds yhtild

&= D(6%/5,~ 1), ©° 20, @)

jossa D ja g ovat materiaalivakioita, 6° on jinnitystilan vertailujdnnitys, 0, on materiaalin
staattinen my6tolujuus ja é;, on efektiivinen, plastinen muodonmuutosnopeus. Yhtilod
voidaan kiyttai materiaalin dynaamisen myotolujuuden miarittdmiseen kirjoittamalla se

muotoon
ohlc, =1+ (£4/D)V, 3

jossa o/, on dynaaminen mydtdlujuus. Von Mises'n mydtéehdolla aksiaalisessa vetoko-
keessa vertailujinnitys on 6/ = 6¢ = 0, myotohetkelld ja vastaava efektiivinen venymano-
peus €, = éf,, = ¢,. Pehmeille rakenneterikselle (mild steel) on vakioiden arvoilla g= 5 ja
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D=40,4 1/s saavutettu hyvi yhteensopivuus kokeellisesti saatujen dynaamisten myo6tdlu-
juusarvojen kanssa [5].

4. MUODONMUUTOSNOPEUDEN VAIKUTUS TERASTEN LUJUUSARVOIHIN

Tavallisesti konstruktioperusteena kdytettivin myotolujuuden (R, tai R, ,) on pehmeilld
rakenneteriksilld todettu kasvavan likimain lineaarisesti logaritmisen muodonmuutosno-
peuden funktiona. Suurilla muodonmuutosnopeuksilla mydtslujuus kasvaa yleensi voi-
makkaammin kuin murtolujuus R_ (suhteessa staattisiin arvoihin) ja eniten kasvaa ylempi
my6tolujuus R, jos terdkselld esiintyy teriva myotoraja. Terdksien lujuusarvojen kasvu
niyttdd ainakin ulkoisesti riippuvan materiaalin staattisesta lujuudesta: kasvu on voimak-
kainta pehmeilld teriksilld ja vahiisintd lujilla laaduilla. Syynd tihidn ei ilmeisestikddn ole
pelkkd lujuustaso sindnsi, vaan myos terdsten koostumukselliset ja mikrorakenteelliset te-
kijat, mutta niiden yksityiskohtaista vaikutusta ei tunneta kovin tarkasti [6, 7].

Lujuustason vaikutus muodonmuutosnopeudesta aiheutuvaan riippuvuuteen on nahtavissd
eri terislaaduille mitatuista koetuloksista. Jos muodonmuutosnopeutta kasvatetaan staatti-
sen vetokokeen arvosta € =10 1/s arvoon &£ =10° 1/s (= 1 1/s), my6télujuuden suhteellinen
kasvu ferriittisilli ja martensiittisilla teriksilld on kirjallisuustutkimuksen perusteella [7]:
- Rakenneteris Fe 37 (vast): n. (35...50) %
- Rakenneteris Fe 52 (vast): n. 20 %
- Keskihiiliset ferriittis-perliittiset terikset ja niukkaseosteiset nuorrutusterikset, joiden
staattinen my6tolujuus on vililld R =(500...700) MPa: n. (15...20) %
- Lujat nuorrutusterikset ja tydkaluterikset, joiden staattinen my&tolujuus on vililld
R =(1000...1700) MPa: n. (4...8) %.

Lujilla teriksilld lujuusarvojen kasvu on vihiistd, jos muodonmuutosnopeus jéi alle
£ < (10...102) 1/s. Kirjallisuudessa on julkaistu tuloksia, joiden mukaan lujuutta lisédva vai-
kutus olisi likimain nolla em. muodonmuutosnopeuksiin saakka ja alkaisi nidkyd vasta suu-
remmilla nopeuksilla. Téltd nopeusalueelta mittaustuloksia on julkaistu melko vdhin ja
kiyttokelpoisia referenssituloksia on kaivattu lisd4 vield viimeaikoinakin [6].

5. MITTAUSMENETELMAT JA -LAITTEET

Keskinopealla muodonmuutosnopeusalueella aineenkoetus toteutetaan yleensd nopeilla
hydraulisilla vetokoneilla, vetokokeisiin soveltuvilla iskuvasaroilla tai vauhtipyorivetolait-
teilla. Erditi mittausmenetelmiin ja vetosauvojen geometriaan liittyvid suosituksia ja ohjei-
ta on kuvattu standardiehdotuksessa [3] sekd lihteessd [2]. Vetokokeen dynaamisuudesta
johtuen perinteiset kiinteisiin voima-antureihin, leukojen liikkeeseen tai (séhkd-) mekaani-
seen venymdanturiin (ekstensiometriin) perustuvat mittaukset eivét anna luotettavia tulok-

sia.
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5.1 Koejirjestelyt

Ase- ja ammusteriksille suoritetuissa dynaamisissa vetokokeissa vetosauvaan kohdistuva
voima ja vartalon venyma mitattiin sauvoihin liimatuilla venymiliuskoilla. Voimaa mittaa-
va(-t) liuska(-t) sijoitettiin sauvan paksulle osalle ja venymii mittaava liuska vartaloon.
Ensimmuisissi kokeissa [7] voimaa mitattiin vain yhdelld liuskalla ja voimamittauksessa
esiintyi suurta hajontaa, jonka arvioitiin johtuvan taivutuksesta. Myohemmissd kokeissa
voima mitattiin taivutuskompensoidulla kahden venymiliuskan mittauskytkennilld ja sau-
van vartalon venymi yhdelld liuskalla suoraan koesauvasta. Kuvassa 1 on esimerkkejd
erdin koesarjan vetosauvoista. Muodonmuutosnopeutta siddettiin vetoleukojen liikeno-
peutta ja/tai sauvan geometriaa muuttamalla. Vertailuarvoina kiytetyt staattiset lujuusarvot
madritettiin standardin [1] mukaisilla vetokokeilla.

Voiman ja venymin mittauksissa kokeiltiin liuskojen ja liimojen yhdistelmina:

- Voima: Liuskat Kyowa KFG-3 ja KFG-5, liima Kyowa CC-33A pikaliima.

- Venymi: Liuskat Kyowa KFG-2N ja KFG-3 (ilmoitettu mittaavan venyméi vahintéén 5%
saakka), lilmana Kyowa CC-33A. Liuskat irtosivat sauvoista € <3 % venymilli.

- Venymi: Liuskat Kyowa KFE-2-120-C1 (ilmoitettu mittaavan venymai vahintéién 8 %
saakka), liimoina 1ammolli (~80°C) kovettuvat Kyowa EP 18 seké Micro-Measurements
A-12 liimat. Liuskat mittasivat venymii luotettavasti (5...8) % saakka, joissakin kokeissa

jopa (10...12) % asti.

Mittavilineet:

- Tasajannitesiltavahvistin Kyowa CDV-230C, taajuuskaista (0...200) kHz

- Signaalitallentimet Data Precision D6000 tai D6500 pistoyksikdilld mod 611 tai mod 650
varustettuna, taajuuskaista vaihteli vetonopeudesta riippuen alueilla (0...20...25...40...100
...200) kHz

- Muutamissa vetokokeissa signaalitallentimen rinnalla kiytettiin varmistuksena digitaa-
linauhuria TEAC RD-145 T, taajuuskaista 10 kHz

- Fluke 77 II yleismittari voimamittasillan staattisessa kalibroinnissa.

Aineenkoetuskoneet:

- Instron 1186 mekaaninen aineenkoetuskone, staattiset vetokokeet, PvTeknTL

- MTS 100 kN hydraulinen aineenkoetuskone, staattiset ja dynaamiset vetokokeet, TTKK
- Matertest HSMT 22 kN hydraulinen nopeavetokone, dynaamiset vetokokeet, PvTeknTL.

Instron ja MTS laitteet ovat tavallisia aineenkoetuskoneita, joissa koesauva kiinnitetddn
ruuvi- tai hydraulileuoilla. MTS-vetokoneella on mahdollista saavuttaa v, , =150 mm/s leu-
kojen liikenopeus, jolloin sauvaan kohdistuva muodonmuutos on keskinopealla alueella.
Matertest HSMT 22 kN hydraulinen nopeavetokone on tarkoitettu dynaamiseen aineenkoe-
tukseen, jonka vetoliikkeen nopeus suurimmillaan on v, = 1 000 mm/s = 1 m/s. Matertest-
vetokokeessa koesauva kiihdytetidn #killisesti suureen vetonopeuteen tormayttdmalld mas-
siivinen vedin vetosauvan pighin. Vedin on kiinnitetty hydraulisylinterin ménnén varteen
ja vetokoe jatkuu térméyksen jilkeen minnin vetimini. Voima on mahdollista mitata voi-
ma-anturilla, johon koesauva on kiinnitetty yldpaistiaan. Leukojen liikettd mitataan séhko-
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Kuva 1. Erdcin koesarjan vetokoesauvojen mitat ja venymdliuskojen sijainti,

a) Staattiset vetokokeet, Instron 1186 aineenkoetuskone, ei venymdliuskoja.
b) Staattiset ja dynaamiset vetokokeet, MTS 100 kN.
¢) Dynaamiset vetokokeet, Matertest HSMT 22 kN.

mekaanisella siirtymianturilla. Nopean vetokokeen dynaamisesta luonteesta (dkillinen is-
ku, runkorakenteiden ja vetomekanismin viérihtelyt) johtuen vetokoneen oma voimamitta-
ustulos todettiin kuitenkin epiluotettavaksi suurilla vetonopeuksilla. Aineenkoetuskokei-
den vetonopeuksien asetusarvot vaihtelivat alueella v=(0,0045...300) mm/s. Alueen alaraja
edustaa staattisen kokeen kimmoisen alueen vetonopeutta ja yliraja dynaamisen Matertest-
nopeavetokokeen suurinta kiytettyd vetonopeutta.

Voimaliuskojen kytkennit kalibroitiin ennen kokeita vertaamalla mittasillan antamaa tulos-
ta aineenkoetuskoneiden kalibroitujen voima-antureiden niyttimiin. Kalibrointivoimana
kiytettiin kaikissa koesauvoissa kuormituksia, jotka jannityksind vastasivat (30...40) %
koemateriaalien staattisten vetokokeiden myétolujuuksista (R, tai R ;).
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5.2 Mittaustulosten jilkikisittely

Vetokokeiden venymiliuskamittausten tulokset kisiteltiin Matlab-ohjelmistolla:

- Signaalien nollatasot korjattiin alkuosien keskiarvolla, esimerkki kuvassa 2.

- Mitatut jannitteet muutettiin nimellisiksi jénnitykseksi ja venymiksi (insind6rivenymiksi).

- Mittaustulosten epiolennaiset loppuosat leikattiin pois.

- Mittaustulosten hyviksytyt osuudet suodatettiin laskennallisesti alipd4stdsuodattimella,
jonka katkaisutaajuudet olivat £,= {0,2 235 2000} Hz staattisissa ja dynaamisissa kokeis-
sa. Katkaisutaajuudet valittiin "silmamériisesti" kokeilemalla suodatuksen vaikutusta
mittaustuloksista piirrettyihin jdnnitys-venymikdyriin, kuva 3.

Alipiistosuodatetuista mittaustuloksista piirrettiin vetokokeiden jannitys-venymakuvaajat,
laskettiin kimmomoduulit £ ja mégritettiin materiaalista riippuen joko venymisrajat R, , tai
ylemmit ja alemmat myodtorajat R, R, sekd murtolujuudet R kokeittain. Venymisraja
R, miiritettiin kuvan 3 tapaan piirtamalld kimmoisen osan suuntainen suora kunkin ko-
keen kimmomoduulia apuna kiyttden 0,2 % pysyvin venymin etdisyydelle alkuperdisen
kuvaajan suoralta osalta ja hakemalla n#iden leikkauspiste. Muodonmuutosnopeus médri-
tettiin perikkaisten venymipisteiden perusteella &(f) = de/dr = (€i1 —€)/(fir1 — ;). Esi-

sa4.
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Kuva 2. Esimerkki Matertest-nopeavetokokeen alkuperdisestd mittausdatasta; Voima-
aika- ja venymd-aika-kayrdt. Tulokset jinnitteind. Vetonopeus 300 mm/s.
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Kuva 4. Esimerkki Matertest-nopeavetokokeen tuloksista. Vetonopeus 300 mm/s.
Ylgkuvassa alipddstosuodatettu jinnitys-venymapiirros neljdstd kokeesta.
Alakuvassa muodonmuutosnopeus-venymdpiirros samoista kokeista.
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Muodonmuutosnopeus-venymi piirroksista miritettiin kullekin kokeelle kimmoisten ja

plastisten muodonmuutosnopeuksien arvot. Koska muodonmuutosnopeuden pitiminen va-

kiona on dynaamisissa vetokokeissa lahes mahdotonta (vt kuva 4), koekohtaiset arvot las-

kettiin useilla eri tavoilla:

1.) Kimmoiset muodonmuutosnopeudet

1a) Keskimiirdinen kimmoinen muodonmuutosnopeus € olke

- jannitys-venymipiirroksen kimmoisalta vililtd laskettu muodonmuutosnopeuksien keski-
arvo, kuvassa S alueen (200...1000) MPa muodonmuutosnopeuksien keskiarvo.

1b) Kimmoisen alueen loppunopeus éel]op

- jannitys-venymipiirroksen kimmoisen alueen (suoran) loppuosaa (~100 MPa:n jénnitys-
muutosta vastaavalta alueelta) vastaavien muodonmuutosnopeuspisteiden keskiarvo, ku-
vassa 5 alueen (950...1050) MPa muodonmuutosnopeuksien keskiarvo.

2.) Venymisrajan R, , muodonmuutosnopeus €02

- jinnitys-venymékayrén 0,2-rajaa vastaava muodonmuutosnopeuden arvo.

3.) Plastinen muodonmuutosnopeus €pi

- muodonmuutosnopeuden keskiarvo venymisrajan (0,2-rajan) jilkeisisté pisteistd suurim-
paan hyviksyttyyn venyméaarvoon asti.

Tutkimuksessa keskityttiin myotolujuuden kokeelliseen midrittimiseen kimmoisen muo-
donmuutosnopeuden funktiona, koska myétolujuuden arvo ko rasitustilassa esiintyvilld
muodonmuutosnopeudella miiris sekd ammuksen siteettiisten siirtymien @killisen kasva-
misen (putkikosketus) ettd aseen putken vaurioitumisen (pysyvi muodonmuutos).
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Kuva 5. Kimmoisten muodonmuutosnopeuksien mddritys Matertest-vetokokeen muo-
donmuutosnopeus-venymdkdyrdltd. Kuvaan merkitty Jjdnnitys-venymdkdyrdn
Jjénnitystasojen 6;={200 950 1000 1050}MPa kohdat. Vetonopeus 300 mm/s.
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6. ESIMERKKIKOKEIDEN TULOKSET

Kuvissa 6 ja 7 on esitetty tuloksia kahdella eri koemateriaalilla tehdyisti aineenkoetusko-
keista. Tulokset on esitetty my&to- ja murtolujuuksien suhteellisina arvoina muodonmuu-
tosnopeuksien funktiona. Koemateriaaleina ovat luja nuorrutettu aseteris (kuva 6, 25 veto-
koetta) ja niukasti seostettu nuorrutettu kranaattiteris (kuva 7, 23 koetta). Mittapisteet ku-
vissa ovat:

x) staattinen vetokoe, "Instron 1186" vetokone, PvTeknTL.
*) staattinen ja dynaaminen vetokoe, "MTS 100 kN", TTKK/Materiaaliopin lait.
(0) dynaaminen vetokoe, "Matertest 22 kN", PvTeknTL.

Vertailuarvoina kiytetyt staattiset lujuusarvot R, . madritettiin staattisten vetokokeiden
keskiarvoina tai yksittiisini vetokokeen tuloksina materiaalista ja aihioista riippuen.
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Kuva 6. Aseterdksen suhteellinen venymisraja R, ; 4,/ Ry ; o Kimmoisen muodonmuu-

tosnopeuden &.iop funktiona ja suhteellinen murtolujuus R, ,,/R,, ., plastisen
muodonmuutosnopeuden €, funktiona. Staattinen venymisraja R, .. ja
murtolujuus R on neljdn staattisen kokeen (x) keskiarvo.

m staal
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Mittaustulosten perusteella lujan aseteréiksen dynaaminen venymisraja R, 4, kasvoi keski-
miirin ~5 % staattiseen venymisrajaan verrattuna, kun kimmoinen muodonmuutosnopeus
oli £.i9p = 2 1/s (loppunopeus). Vastaavasti dynaamisen murtolujuuden R, = suhteellinen
kasvu oli ~4,5 % plastisella muodonmuutosnopeudella €, = 22 1/s. Koesarjan venymisra-
jojen hajonta oli kohtuullista ja verrattavissa staattisten kokeiden seki kirjallisuudessa jul-
kaistujen dynaamisten kokeiden mittaustuloksiin. Venymisrajan mézrityksen suhteelliseksi
epivarmuudeksi arvioitiin koelaitteistosta riippuen (1,5...3,5) %.

Kranaattiteriksen myoto- ja murtolujuuksien (R,;, R, R,)) kasvu oli keskimédrin (7...9) %,
kun kimmoinen muodonmuutosnopeus oli alueella € = (0,8...1,1) 1/s. Pehmeilld aihiolla,
jonka staattinen my&tolujuus oli vaatimusrajalla, lujuuden kasvu oli keskimédrdistd suu-
rempaa ja lujalla aihiolla (R, = 1,2*R,, ,.,) lujuusarvot kasvoivat vihemmin. Kranaattite-
rikselld tehdyissd kokeissa tulosten hajonta oli likimain yhtd suurta kuin havaittu keski-
méirdinen lujuuden kasvu, joten tilastollisen luotettavuuden saavuttamiseksi kokeita on
jatkettava. Hajonnan suuruuteen kranaattiteriikselld vaikuttivat koesauvojen valmistaminen
lujuustasoltaan erilaisista aihioista sekd voiman mittaus vain yhdelld venymaliuskalla, jol-

loin koesauvan taivutuksen vaikutusta ei kyetty eliminoimaan.
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Kuva 7. Kranaattitercksen suhteellinen alempi myotolujuus R 'R kimmoisen
-] el d) el staat

muodonmuutosnopeuden funktiona ja suhteellinen murtolujuus R, , /R, ..
plastisen muodonmuutosnopeuden funktiona. Instron (x) ja MTS (*) kokeet.



92

7. YHTEENVETO

Aseiden ja ammuksien sisgballistisen vaiheen lujuusteknisessi mitoituksessa voidaan hyo-
dyntidd laukausrasituksista aiheutuvan muodonmuutosnopeuden tuoma terdksen lujuuden
lisdys, jos lujuusarvojen kasvu kyetddn todentamaan luotettavasti keskinopeilla dynaamisil-
la aineenkoetuskokeilla. Suoritetuissa vetokokeissa saavutettiin aseterikselle ~5 % ja kra-
naattiterdkselle ~7 % keskim#drdinen myotolujuuden lisdys, kun kimmoinen muodonmuu-
tosnopeus oli luokkaa ~10° 1/s, jolla laukausrasituksista aiheutuvien muodonmuutosten ar-
vioidaan syntyvin sekd aseen putkeen etti ammuskuoreen. Kirjallisuustietojen perusteella
saavutetut lujuusarvot vastaavat saman tyyppisille teriksille julkaistujen dynaamisten ai-
neenkoetuskokeiden tuloksia.
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julkaisuluvasta. Teknikko Pauli Lintulaa kiitimme Matertest 22 kN nopeavetokoneen kayt-
toonottoon liittyneistd tydkalusuunnittelusta ja -hankinnoista, kédyttdohjeiden laatimisesta
sekd alustavien ettd varsinaisten nopeavetokokeiden teknisesté suorituksesta.

VIITTEET

L. SFS-EN 100002-1. Metallien vetokoe. Osa 1: Menetelmd. Standardi, Suomen
Standardoimisliitto SFS. Helsinki, 21.12.1990. 33 s.

2, Meyer, L.W. Werkstoffverhalten hochfester Stihle unter einsinnig dynamischer
Belastung. Dissertation. Dortmund, 1982.

3 Draft Standard for Dynamic Tensile Tests. Stuttgart, 28.11.1991. 13 p.

4. Dejus, R. & Nilsson, U. & Torstensson, H. Quality in Mechanical Testing of
Metallic Materials. Nordtest, NT Tech Report 238. Espoo, 1994. 52 p.

5. Jones, N. Structural Impact. Cambridge Univ Press. Cambridge, 1989. 575 p.

6. Itabashi, M. & Kawata, K. Carbon content Effect on high-strain-rate tensile pro-

perties for carbon steels. In: International Journal of Impact Engineering, Pergamon
Press. vol 24. 2000. pp. 117...131.

T Erkkild, T. & Salonen, L. Muodonmuutosnopeuden vaikutus terdksen myotélujuu-
teen, aineenkoetuskokeet vuonna 1993. PvTKfys-os:n tutkimustodistus, YIojarvi,

1996. 19 s + 1 liites. (Luottamuksellinen, julkaisematon).



93

VISCOPLASTIC MODELS OF ALUMINIUM ALLOY AA 6063-T6 AT
ELEVATED TEMPERATURES

J. MYLLYMAK]'
Laboratory of Structural Mechanics, Helsinki University of Technology
FIN-02150 Espoo, Finland

ABSTRACT

Mechanical properties of aluminium alloy AA 6063-T6 in the temperature range of 20 °C to
400 °C has been investigated. The effect of the strain rate and the heating rate to the behaviour of
the alloy at high temperature tests was studied. Additive and multiplicative strain rate dependent
viscoplastic constitutive laws have been used in the analysis of the behaviour of the aluminium
alloy AA 6063-T6 at high temperatures. In the identification of the parameters of the viscosity-
hardening laws an inverse solution technique, regularized output least squares method (RLS), has
been used. In the inverse solution stress controlled explicit time integration was applied. Applying
the viscoplastic models to tests, which were not used in the parameter identification, validates the
applicability of the parameters. In the validation computations strain controlled implicit time
integration methods were used. It is shown that both additive and multiplicative viscoplasticity
laws satisfactorily predict behaviour of aluminium alloy AA6063-T6 at elevated temperatures both
in transient temperature creep tests and in steady state tests of different strain rates.

INTRODUCTION

The process of deterioration of metal-supported building elements in fire can be predicted
with reasonable accuracy, if the plastic behaviour of metals at elevated temperatures is
known. Substantial amount of information is already available concerning various
properties of steels at elevated temperatures [1-4]. Also a lot of investigations have been
conducted on the properties of aluminium at elevated temperatures [5-10]. Unfortunately
most of the information is studied in the metallurgical point of view and the results are in
many cases not applicable to the commercial aluminium alloys. Most of the tests of
available knowledge of the properties of aluminium alloys have been obtained using
classical steady-state tensile tests or creep tests [9-11]. Although one of the first studies on

! Present address: VTT BUILDING TECHNOLOGY, Fire Technology, P.O.Box 1803, FIN-02044 VTT
Email: Jukka.Myllymaki@vtt.fi
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metals at transient state has been conducted with alumium alloys [8] there is not much
information of the creep behaviour of aluminium alloys at transient-state temperature.

To provide information to design engineers, primarily to those concerned with various
aspects of fire endurance of aluminium structures in fire, a research program was launched
at Laboratory of Structural Mechanics of Helsinki University of Technology supported
Technology Development Centre under grant 4096/95.

This paper is presentation of the test results and theoretical work of the project. It is shown
that the strain rate has a considerable effect on the yield properties of the alloy at higher
temperatures. The transient test results show temperature rate dependence. These
phenomena can be explained only by using strain rate (creep) dependent plastic models [2].
The creep effects of steel and aluminium have been treated in the fire safety science [2, 5]
using elasto-plastic models with Dorn-Harmathy creep model [1]. Traditionally the
parameters of the strain rate (creep) dependent are identified using tensile, relaxation and
creep tests at constant temperature using a log-log fitting [6, 15].

In this paper the plastic and creep behaviour of the aluminium alloy has been modeled
using additive and Norton-Bailey type multiplicative viscoplasticity laws, which are
suitable for several metals [15] also for aluminium [6, 7]. Identification of the parameters
of the models is based both on steady-state and transient test results. This requires
advanced mathematical tools. Here technique called regularized output least squares
method (RLS) in the theory of inverse problems [13] has been applied. Regularization by
mesh coarsing and Tikhonov-regularization [16] was used in order to get more stabilized
inverse solutions.

EXPERIMENTS

Test material used was tempered aluminium alloy AA 6063-T6 manufactured by Nordic
Aluminium. Test specimens (Fig. 1) were cut out from as received 20-mm-wide and 4-mm-
thick aluminium alloy AA 6063-T6 sheet longitudinally to wrought direction. Chemical
composition (%) of the test material measured by spectral analysis was as follows:

Mg Si Mn Cu Fe Zn Ti V Pb Cr Zr Ti+Zr

048 044 00043 0.0038 022 0.012 0.022 0.009 0.009 0.0031 0.003 0.025

Hardening tests at constant temperature

It is important to distinguish between the two main methods used in this study. In the
steady state hardening test the unloaded specimen is brought into thermal equilibrium at a
certain temperature and the specimen is subjected to a deformation at constant speed. In the
steady state hardening tests the oven was controlled so that temperature rate of the air of
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the oven was first 20 or 30 K/min and after that the temperature was maintained constant.
After the specimen temperature had reached a constant value, the tension test was started.
The maximum heating time before the test was about 60 min so all the results also transient
ones represent results of less than 1 h holding time.

Steady-state hardening tests were carried out with two equal tests at strain rate 7x10 S
(crosshead speed 0,18 mm/min) and one test at strain rate 7 x 10 “* s (crosshead speed
1,8 mm/min) at temperatures 50 °C, 100 °C, 150 °C, 200 °C, 225 °C, 250 °C and 300 °C.
The strain was recorded as a function of time and the strain rate could be calculated from
that data. The strain rate varied being lower at elastic part and higher after yielding. Given
values are the strain rates just before and after yield. Three tensile tests were carried out at
room temperature to determine the mechanical properties of aluminium alloy AA 6063-T6
at room temperature.

) 596 179 40 179 596
/, Hole d=6
+ _/ '8
o @ |2l P A £ 710 2%
4.9 * 4
AA 6063-T6 B —
R=25
195

Figure 1. Test specimen for tension tests.

Creep tests at transient temperature

It is common for loaded metal component to be subject to a change in temperature and it is
important to know how the resulting deformation of the material will develop. Therefore
tensile creep tests under transient heating conditions have been devised [1, 3, 4] in which
the load on the tensile specimen is maintained constant while its temperature is increased at
a given rate.

In the transient temperature tests the oven was controlled so that the air temperature rate in
the oven was 5, 10 and 30 K/min. Transient state tensile tests were carried out with two
equal tests at each stress level of 3, 20, 40, 60, 80, 100, 120, 140, 160, 180 and 190 MPa.
Thermal strain of the aluminium alloy was determined with three tests at load level of

3 MPa.
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TEST RESULTS

The stress-strain curves of AA 6063-T6 alloy at strain rates 7 x 10 > and 7x10°* are
shown in Fig. 2a. Following feature is apparent; at the same strain, the higher the strain rate
is, the higher will be the stress. The effect of temperature on the ductility of quenched and
aged specimens of AA 6063-T6 alloy and tensile tested at strain rates 7 x 10~ > and
7 x 10 "% is shown in Fig. 2b. For the same strain rate, the elongation of the alloy increases
with test temperature to a maximum and then decreases reaching a minimum value
followed by subsequent increase at higher temperatures. At higher strain rate the elongation
to fracture is also higher.

In the tests under transient heating conditions a series of stress dependent strain
(e, =¢€,+¢, ) curves was obtained for each heating rate by excluding the thermal strain.
Typical curves, using a heating rate of 10 K/min are shown up to 2.5 % strain in Fig. 3 a .

The principal features comprise a small initial elastic strain, when the load was applied at
20 °C, followed by a gradual strain increase as the temperature was increased.

° ~

STRESS (MPa)
=

0,18 mm/min

Elongation to fracture (%)

@

0 2 4 8 8 10 100 130 160 180 220 250 280 310
STRAIN (%} Temperalure ("C}

a) b)
Figure 2 a)The hardening (stress-strain) curves of aluminium alloy AA 6063-T6 at strain rates
7x 10" and 7 x 10 "% b) Effect of temperature on the elongation to fracture, strain rates 7 x 10
and 7 x 10 ~* (crosshead speed 1.8 and 0.18 mm/min).

Thermal strain was obtained from the tests conducted at almost zero loading (3 MPa).
Coefficient of thermal expansion & was calculated using regularized output least squares
method []. The calculation results are shown in Fig 3 b and compared to the values of other
experimental data.
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Figure 3.a) Measured stress dependent strain (thermal strain excluded) of AA6063-T6 and b)
coefficient of thermal expansion & derived from transient tests of 10 K/min . Thermal expansion

curves of AA 6063 and AA6082 from Jarvstrit [9] and 7075-T6 and 2024-T6 from Heimerl [8]
and Eurocode 9 curve [12].

The variation of 0.2 % yield strength is shown in Figs.4a. The dependence of the ultimate
tensile strength (U.T.S) on the test temperature is shown in Fig 4 b. In general, the U.T.S
and yield strength decrease slowly from room temperature up to 150 °C and decrease
rapidly at higher temperatures.
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Figure 4 a) The dependence of the 0.2 % yield strength and b) the UTS on temperature, steady-
state hardening test results at strain rate 7 x 10 5 and 7 x 10* (crosshead speed 1.8 and 0.18
mm/min) and transient creep test results at 10 K/min compared to Eurocode 9 curve [12], ASTM
STP 291 data [11] and Sandstrém 2-hour curve [10] for alloy AA 6063-T6.
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VISCOPLASTIC CONSTITUTIVE EQUATIONS

In the following formulations of unified viscoplastic constitutive equations are shortly
explained. The viscoplastic models considered are the additive and multiplicative strain
hardening models [15]. The models are treated in a simple one-dimensional form; only with
isotropic hardening. Kinematic (directional) hardening and damage are not taken into
account in the equations. Only the case of small strains (less than about 5 %) is discussed
here. The total strain rate is assumed to be decomposable into elastic, plastic and thermal
components

g, =& +&+aTls, )
where the elastic component is given by the time derivative of Hooke’s law

According to Chaboche and Lemaitre [15] both in the additive and multiplicative
viscoplastic laws the plastic strain rate expressed by equation

)

&
o

a, B .
&==p

| w
3

o

where éf is the deviatoric plastic strain rate tensor and s, is deviatoric stress tensor and

’ 3 . . .
O'"I = ES”S‘.) is von Mises equlvalent stress.

Multiplicative viscoplastic law

The evolution equation for the accumulated plastic strain is following in the case of
multiplicative model

c (3)

4 )N(T)

K(T) plIM(T)

2.,
p= 56‘.-,8,, =(

The uniaxial expression of the multiplicative model (3) viscosity-hardening law is

4
o. JN(T) ( )

€= A T )
pl {K(T) £P'” (T

In uniaxial case we obtain following equations
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E=é&,+¢&,+a(T ®
o, =ETe,
O.“ - K(T)EIFIM(T)éI’:NlT)

where N is the viscosity exponent, M is the hardening exponent, K is the coefficient of
resistance and E is the modulus of elasticity, €, is the linear elastic, €, the viscoplastic,

£, the thermal strain and £, is the rate of the viscoplastic strain.

Additive viscoplastic law

The evolution equation for the plastic strain is following in the case of additive model

2. o, —RD-kD\"? (6)
 Eaal e K,(T)

The uniaxial expression of the additive viscosity-hardening law is

, o-Re,, ) -kD\"" (7
T\ TR

The relation between R and £, must be chosen so as to approximate the hardening

correctly. A simple relation [15] uses a linear term and an exponential term

R(e,.T) = Q/(T) €, +Qy(T[1-exp(-b(T)e,)] (8)

The equation (7) can be inverted to give

E=&,+&,+a(DT 9
o, =E(Te,
o, =k+R(T,€,)+ K (T) &7

The coefficients N, , K,, k, Q,, @, and b may depend on temperature. This type of law
is rarely used because of the identifying problems. Instead, the multiplicative product form,
which is easier to use and identify, is more generally used. A simple form of the additive
model used here is following where no strain hardening is assumed (R=0 and k=0)
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o, =K, (T) &, (10)

PARAMETER IDENTIFICATION OF THE VISCOPLASTICITY LAWS

Consider a coefficient determination problem, i.e. the problem of determining a non-
constant coefficients &'(T)=(K(T) M(T)  N(T)) in an initial value problem (5) or
(9) based on the existing measured data about the solution of uniaxial strain £. The non-

linear inverse problem was solved using the regularized output least squares method
(RLS). The distributed unknown parameters K(T), M(T), N(T),E(T) were discretized

into a certain number of sub-intervals [T;,T;,,] of arbitrary length 7., — T using piecewise
linear basis functions. The unknown parameters were seeked to minimize the functional

min;_, g”(5;};[)—8”'@”(},0"2+IX”L Zi" ’ v

where ¢, and ¢, ,,, are the vectors of computed and measured uniaxial strain and >0 is

a regularization parameter depending on the noise level of the data. Explicit Euler scheme
was used in the time integration of Equations (5) and (8). Either Newton or Conjugate
Gradient methods were used in the minimization. The Euclidean norms were taken over

each test i used in the identification at each collocation time step j | f (t)||2 = 2 2| f@ j)l .
P

As a regularization operator L. a discrete version of the Laplacian with respect to the
temperature was used. At first, the parameters were solved at constant temperatures using
the hardening test results at two deformation rates. Part of the transient results at oven
temperature rate 10 K/min were used to calculate parameters at temperature range 20 °C-
400°C.

In Fig. 5 the variables K, N, of the additive model and the values of Young’s modulus E

are presented. Figures 6 shows the parameters of the multiplicative model; coefficient of
resistance K and the viscosity and hardening exponents N, M . In both models the
parameters are generally temperature and material dependent. It has been shown that M
approximately varies between 3 and 100 and N has a value approximately between 3 and
50 [15] for several materials. These ranges apply also for some aluminium alloys [6, 7].

Example of the inverse solution show that the use of creep dependent models as the
viscoplastic constitutive model illustrated above makes it possible to couple constant
temperature test results obtained from hardening or relaxation tests with transient
temperature results when the parameters of the constitutive law are identified.
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Figure 5. The parameters E, K, N, of the additive viscosity law for aluminium alloy AA6063-
Té6.
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Figure 6. The parameters of the multiplicative viscosity law for aluminium alloy AA6063-T6; E,
K, M and N as a result of the RLS inverse solution.

NUMERICAL EXAMPLES OF HARDENING, TRANSIENT AND CYCLIC TESTS

In Figures 7-9 both the experimental results and calculated ones are illustrated. It can be
seen that the multiplicative and additive viscoplasticity laws satisfactorily predict
behaviour of aluminium alloy AA6063-T6 in transient temperature tests of different
temperature rates (Fig. 8) and in constant temperature hardening tests of different strain
rates (Fig. 7). It must be remembered that the test results at temperature rates 5 K/min and
30 K/min has not been used in the model identification and the model predicts also them
(Fig. 8 a).



104

REFERENCES

1.

2.

10.

11.

12.

13.

14.

15.

16.

Harmathy T.Z., Stanzak W.W. 1970. Elevated-Temperature Tensile and Creep Properties
of Some Structural and Prestressing Steels, ASTM STP 464. p.186-.

Anderberg Y. 1988. Modelling Steel Behaviour, Fire Safety Journal 13 (1988) 17-26.
Kirby B.R. and. Preston R. R. 1988, High Temperature Properties of Hot-rolled,
Structural Steels for Use in Fire Engineering Studies. Fire Safety Journal 13 (1988) 27-
37.

Outinen, J. Kesti, J. and Mikeldinen, P. Fire Design Model for Structural Steel S355
Based Upon Transient State Tensile Test Results. J. Construct. Steel Res. Vol. 42, No 3,
pp. 161-169, 1997.

Forsen, N. Fire resistance In: Mazzolani FM. Aluminium Alloy Structures. E & FN
Spon. Second edition 1995. pp.657-681.

Hammad, A.M. and Ramadan, K.K. Mechanical properties of Al-Mg Alloys at Elevated
Temperatures. Z. Metallkde. Bd. 80 (1989) H. 6. pp. 431-438.

Zhou, M. and Clode, M.P. Modelling of high temperature viscoplastic flow of aluminium
alloys by hot torsion testing. Materials Science and Technology 1997 Vol. 13. Pp. 818-
824.

Heimerl, G., Inge, J. 1955. Tensile properties of 7075-T6 and 2024-T3 aluminium alloy
sheet heated at uniform temperature rates under constant load. NACA TN 3462,
Washington 1955.

Jarvstrat, N. 1994, Calculation of thermally induced stress and distortion in extruded
aluminium and short fibre composites. Lindkoping Studies in Science and Technology.
Dissertations No. 349. Lindk6ping University. Lindkoping 1994.

Engstrom, H., Sandstrdm, R. Evaluation of high temperature strength values of
aluminium alloys. ALUMINIUM 69 (1993) 11 pp.1007-1013.

Voorhees, H.R., Freeman, J.W. Report on the Elevated-temperature properties of
Aluminium and Magnesium alloys. ASTM, STP No. 291 (1960).

EUROCODE 9. 1995. Design of aluminium alloy structures Part 1.2 May 1995.
Structural fire design. Draft prENV 1999 Part 1.2. CEN/TC 250/SC 9.

Groetsch C.W. 1993, Inverse Problems in the Mathematical Sciences, Wieweg
Mathematics for Scientists and Engineers, Vieweg, 1993 p.151.

Hansen, P.C. 1990. Analysis of discrete ill-posed problems by means of the L-curve.
Technical Report MCS-p157-0690. Mathematics and Computer Science Division,
Argonne National Laboratory.

Lemaitre J and Chaboche J.-L. 1994, Mechanics of solid materials. Cambridge University
Press. 1994. pp. 253-345.

Tikhonov A.N. and Arsenin V.Y., Solutions of Ill-Posed Problems. Wiley, New York,
1977.



105

SiC-POHJAISTEN KUUMASUODATTIMIEN LUJUUDESTA

P. Pastila, A.-P. Nikkild ja T. Méntylad
Materiaaliopin laitos
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TIIVISTELMA

SiC-pohjaisia kuumasuodattimia kaytetddn uusia polttotekniikoita, kuten paineistettua polttoa ja
kaasutusta, hyddyntivissi kombivoimalaitoksissa. Kayttoympdriston korkea lampétila ja vesihdyry
aiheuttavat suodatinmateriaalissa muutoksia, jotka vaikuttavat suodattimen lujuuteen. Kéyton
aikana suodattimen tiytyy kestid puhdistusmenetelmidn paineiskuja ja ldmpdshokkeja,
limpojannityksid sekd matalataajuuksisia varihtelyjd. Téssd esityksessd kisitellddn suodattimen
mikrorakenteen ja sen kiytén aikana tapahtuvan muuttumisen vaikutusta lujuuteen sekd
suodattimen vaurioitumismekanismeja. Lujuuden tilastollinen luonne ja hidas sdrénkasvu ovat
tyypillisid keraamimateriaaleille.

1. JOHDANTO

SiC-pohjaisia kuumakaasusuodattimia kiytetdan uusia polttotekniikoita hyodyntavissd
kombivoimalaitoksissa. Uusilla polttotekniikoilla, kuten paineistettu poltto ja kaasutus,
voidaan nostaa fossiilisia polttoaineita kdyttdvien voimaloiden hydtysuhdetta.
Paineistetussa poltossa syntyvi kuumakaasu sisiltii kiintoainespartikkeleita ja tuhkaa sekd
korrodoivia alkalihdyryji ja rikkiyhdisteitd [1,2]. Nami aiheuttavat turbiinin siipien
korroosiota ja eroosiota. Jotta pidstdisiin taloudellisesti kannattavaan kaasuturbiinin
kayttoikddn, yli 10 pm:n partikkeleiden ja tuhkan péisy kaasuturbiinille on estettdvi.
Tihidn on  kehitetty  korkeassa lampétilassa ~ ja  paineessa  toimivia
kuumasuodatusmenetelmi, joista lupaavimmalta vaikuttavat keraamiset
kynttilisuodattimet. Kyntiildsuodatuksessa kaasua ei tarvitse jadhdyttda puhdistusta varten
yhtd paljon kuin nykyisin kéytettdvissd kaasun pesutekniikoissa. Kuumakaasun
suodatuksella voidaan my6s yksinkertaistaa voimalaitosprosessia ja pienentéd ympiristlle
haitallisia padstoja.

Piikarbidi (SiC) on suosittu suodatinmateriaali sen hyvén korkean limpétilan lujuuden ja
limménjohtavuuden vuoksi. Hyvd limmonjohtavuus parantaa oleellisesti materiaalin
lamposhokinkestévyyttd, miki puolestaan on oksidipohjaisten suodatinmateriaalien suurin
heikkous. Piikarbidin heikkous on sen korroosio hapen ja vesihyryn vaikutuksesta
korkeissa limpotiloissa. Kuumasuodattimien laajamittaisen kaupallisen kiyton esteend on
yhi suodattimien pitkaaikaiskestivyyden ja luotettavuuden varmistaminen. Ongelmana on
suodattimien lujuuden muuttuminen kiytén aikana korkean kayttélampdtilan,
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suodatinmateriaalin  korroosion ja puhdistukseen liittyvin termisen syklauksen
yhteisvaikutuksesta.

2. SiC-POHJAISET KUUMASUODATTIMET

SiC-pohjaiset kynttildsuodattimet koostuvat suurihuokoisesta runkomateriaalista ja ohuesta
noin 100...200 pm:n paksuisesta suodattavasta membraanipinnasta, kuva 1. Suodattimen
huokoisuus on n. 40 %. Runkomateriaali koostuu halkaisijaltaan n. 100..200 um SiC-
rakeista, joita ymparéi ja yhdistdd yleensd savipohjainen, alkalipitoinen alumiinisilikaatti-
sideaine. Sideaineen koostumus, méiri ja mikrorakenne méadrddvit suodattimen
mekaaniset ominaisuudet.

Kynttilasuodattimet ovat 1,5 metrid pitkid, toisesta pddstddn umpinaisia putkia. Suodatus
tapahtuu paineenalaisen kaasun virratessa putken ulkopuolelta sisidpuolelle ja edelleen
avonaisesta piisti puhtaan kaasun keriilyputkistoon. Suodatettu kiintoaines kerdédntyy
putken ulkopinnalle polykerrokseksi, joka nostaa oleellisesti suodatustehoa. Polykerroksen
ja putken seindmén ldpi tapahtuvan painehdvion kasvaessa kriittiseen arvoon suodatin
puhdistetaan vastakkaiseen virtaussuuntaan annettavalla kaasupulssilla. Ylipaineinen,
huomattavasti suodatettavaa kaasua kylmempi kaasu aiheuttaa lampdshokin ja
lampojannityksid  varsinkin  putken kiinnityskohdan ldheisyyteen ja suodattimen
sisapinnoille. Muulloin suodatettavan kaasun paine atheuttaa puristusjdnnityksen
suodattimeen. Kynttildsuodattimet ovat jaykkyytensi ja putkimaisen konstruktionsa vuoksi
alttiita virdhtelyille, joita aiheuttavat puhdistuspulssit sekd mahdolliset suodatinryhmien
litkahdukset.

Almma @@kl

Kuva 1. Elektronimikroskooppikuva SiC-pohjaisen kuumasuodattimen poikkileik-
kauksesta. Ylhiilld on suodattimen ulkopinnan membraani ja sen alapuolella
suurihuokoista runkoa.
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3. KERAAMIMATERIAALIEN LUJUUDESTA

Keraamimateriaalit ovat hauraita, koska plastiseen muodonmuutokseen johtava
dislokaatioliike on keraamien atomisidosten luonteen ja monimutkaisten kiderakenteiden
vuoksi erittiin vaikeaa. Hauraan materiaalin murtumiskayttdytymistd voidaan kuvata ns.
Griffithin yhtilslld, jonka mukaan murtumiseen vaadittava jénnitystaso on kidntden
verrannollinen vikakoon nelitjuureen [3]:

G, =+/2Ey,/ma, 1)

missd of = vaadittava jannitys

E =kimmomoduli
Yo =uuden pinnan muodostamiseen vaadittava pintaenergia
a = alkusirdn tai murtuman synnyttivén virheen pituuden puolikas

Keraamikappaleissa on aina valmistuksen jaljiltd alkuséroksi sopivia vikoja, kuten
raerajoja tai huokoisuutta, ja kappaleen lujuuden madrdd suurin sopivasti kuormitukseen
nihden orientoitunut vika. Tamin vuoksi ulkoisesti identtisten koekappaleden lujuudelle
saadaan mitattaessa usein suuri hajonta.

Keraamien lujuuskoetuloksia kasitellddn yleensd Weibull-statistitkan avulla. Se perustuu
heikoimman lenkin teoriaan (weakest link argument) ja oletukselle, ettd materiaalin
vikajakauma on homogeeninen [3]. Weibull yhtdls antaa todennikdisyyden P, jolla
kappale kestid tietyn jannityksen:

P =exp _J(o'—a'"] av €))
14 0’0

Yhtilostd 2 kiytetdsn yleensd ns. kaksiparametrimuotoa, jossa Oy eli jinnitys, jonka
kappale varmasti kestad, oletetaan nollaksi. Materiaalin parametri 6o on jannitys, jolla
materiaali murtuuuu 63,2 %:n  todennikoisyydelld. Weibull moduli m kuvaa
lujuushajonnan suuruutta; mitd suurempi m, sitéd pienempi lujuushajonta. On huomattava,
etti heikoimman lenkin teorian mukaisesti lujuus riippuu vetojannityksen ¢ kuormittaman
materiaalin tilavuudesta. Tdmén vuoksi tictylle materiaalille saadaan erilainen lujuus eri
kokoisilla koekappaleilla ja eri menetelmilld, kuten esimerkiksi vetokoe, 4-pistetaivutus tai
sisépuolisesti kuormitettu rengaskoe eli IHP-koe (Internal Hydraulic Pressure).

Lineaaris-elastinen murtumismekaniikka soveltuu hyvin hauraille keraameille. Sen mukaan
murtuma etenee katastrofaalisesti, kun jdnnitysintensiteettikertoimen K, arvo saavuttaa
kriittisen arvon K¢, joka vastaa materiaalin murtositkeyttd. Jinnitysintensiteettikertoimen
arvo riippuu jinnitystasosta, kuormituksen tyypistd, sdron pituudesta ja kuormitettavan
kappaleen seké sdrdn geometriasta. Murtositkeys on materiaalikohtainen ominaisuus, joka
voi riippua sérén pituudesta.
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Keraameille, varsinkin piidioksidille seké silikaateille, on tyypillistd hidas murtuman
kasvu, joka tarkoittaa murtuman etenemistd myds pienemmilld arvoilla kuin Kic. Talldin
murtuman etenemisnopeus on verraten pieni, jopa alle 10" m/s, ja murtuman
etenemisnopeus riippuu jannitysintensiteettikertoimen arvosta. Hidas murtuman kasvu on
seurausta kemiallisten reaktioiden aiheuttamista atomien sidosvoimien pienentymisistd
siron kirjessi. My6s mikrosirgjen muodostuminen ja yhdistyminen sérén kérjen edessd
johtaa hitaaseen murtuman kasvuun varsinkin korkeissa lidmpétiloissa. Murtuman
etenemisnopeuden v riippuvuus jinnitysintensiteettikertoimesta on materiaalikohtainen
ominaisuus, jolle on 18ydetty empiirinen yhteys [3]:

v=AK] 3)

Hitaalla murtumankasvulla on merkittdvd vaikutus materiaalin lujuuteen ja
pitkdaikaiskestivyyteen. Viivistyneelli murtumisella tarkoitetaan materiaalin murtumista
vakiojiannityksen alaisena hitaan murtuman kasvun seurauksena. Ilmi6td on keraameilla
tutkittu jo hyvin pitkidin nimenomaan laseilla, kun kyseessd on korrodoiva ympéristo,
kuten esimerkiksi vesi. Jo huoneenlimpétilassa ilmankosteus aiheuttaa helposti todettavaa
hidasta murtuman kasvua keraameilla. Myds keraamien visyminen vaihtelevan
jannityksen alaisena on normaalisti seurausta murtuman hitaasta kasvusta, joka jatkuu,
kunnes saavutetaan kriittinen vikakoko. Tilldin murtuma etenee nopeasti lipi koko
rakenteen. Terminen visyminen on materiaalin visymisti lampdtilanvaihteluiden
aiheuttamien jannitysten vuoksi.

Hidasta murtuman kasvua ja sen seurauksena tapahtuvaa viivdstynyitd murtumista
(keraamien jannityskorroosiota) on tutkittu monilla térkeistd keraamimateriaaleista.
Murtumiskéyttiytymisen on useissa tapauksissa todettu noudattavan seuraavaa
riippuvuutta:

o't,=C 4)
missi ¢ = maksimijénnitystila visytyksessi
tg = murtumiseen tarvittava aika tai syklien lukuméérd N
n = murtuman etenemisti kuvaava parametri (vdsymisparametri)
C =vakio

Suuri visymisparametrin arvo (sama parametri yhtdloissd 3 ja 4) tarkoittaa hyvid
kestdvyytti hidasta murtuman kasvua vastaan ja siten hyvdd visymiskestivyyttid. Eri
materiaalit kdyttdytyvit erl tavoin ja merkittdvid eroja 16ytyy myds saman materiaalityypin
sisalli. Tarkes kestivyyteen vaikuttava tekijd on raerajafaasit. Esimerkiksi piinitridityypit,
joiden raerajafaasi on kiteytynyt valmistuksen yhteydessd, ovat hyvin kestdvid hidasta
murtuman kasvua vastaan.
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Pitkdaikaiskestdvyyden arviointia varten voidaan mérittdd SPT (Strength-Possibility-
Time)-diagrammeja. Diagrammi voidaan laatia yhdistdmalla yhtilét 2 ja 4, kun tunnetaan
materiaalin Weibullin moduli ja murtuman etenemisté kuvaavan parametrin n arvo [3]:

In In (1/(1-F))= (m/n) (In t) + m(In ¢) + C (5)

missi F = kappaleen murtumistodennékdisuus
6 = murtumistodennikdisyyttd vastaava lujuus
m = Weibullin moduli
t = murtumiseen kuluva aika tai visytyskierrosten lukuméaéré
C =vakio

Yhtilsstd 5 voidaan todeta, etti miti suurempi parametri n on, sitd vahemmén aika
vaikuttaa murtumistodennikdisyyteen.

4. MIKRORAKENNEMUUTOSTEN VAIKUTUS KUUMASUODATTIMIEN
LUJUUTEEN

Kuumasuodattimien kiyttdympirists on varsin aggressiivinen. Korkean 1ampdtilan
(500...900°C) ja paineen (10...25 bar) lisiksi suodattimille tuleva polttokaasu sisiltdd mm.
happea, vesihSyryi, rikkiyhdisteitd ja alkalimetallihéyryja [1]. Suodattimien huokoinen
rakenne mahdollistaa korrodoivan viliaineen helpon padsyn kosketuksiin materiaalin
kanssa. Koevoimalaitoksissa tehdyt suodattimien kéyttokokeet ja TTKK:n Materiaaliopin
laitoksella tehdyt laboratorioaltistukset osoittavat SiC-pohjaisen suodatinmateriaalin
mikrorakenteen muuttuvan merkittdvésti kdyton aikana [2, 4, 5]. Kéyttdympdriston happi
ja vesihgyry voivat reagoivat SiC:n kanssa ja hapettaa sen lasimaiseksi piidioksidiksi S10,.
Niin muodostuva tiivis piidioksidilasikerros yleensd hidastaa merkittdvisti SiCin
hapettumista, mutta vesihSyry pystyy diffuntoitumaan lasimaisen kerroksen ldpi ja
yllapitiméén SiC:n hapettumista. Lisdksi korkea lampdtila ja vesihyry aiheuttavat
Jasimaisen SiOz:n Kiteytymistd kristobaliitiksi. Lasimaisen kerroksen Kiteytyminen johtaa
SiC:a ympirsividn kerrokseen halkeiluun, koska kristobaliitin tiheys on suurempi kuin
lasimaisen piidioksidin. Suojaavan lasikerroksen halkeilu mahdollistaa SiC:n nopeamman
reagoinnin ympéristén kanssa. Myds alkalit helpottavat pienind médirind lasimaisen
piidioksidin kiteytymisti kristobaliitiksi [6].

Laboratoriokokeissa niytteitd viidestd SiC-pohjaisesta kuumasuodattimesta altistettiin
1000 tuntia 870°C limpétilassa erilaisille vesihdyryn, ilman, hiilidioksidin, rikkidioksidin
ja natriumhdyryn seoksille. Kuvassa 2 on kahden tutkitun suodattimen sideaineen
tyypillistd mikrorakennetta ennen altistusta ja altistuksen jilkeen. Suodattimen B sideaine
on suurimmaksi osaksi amorfista alumiinisilikaattia, jonka alkalipitoisuus on melko suuri.
Suuri alkalipitoisuus laskee amorfisen faasin pehmenemisldmpdtilaa ja pienentdd sen
viskositeettia. Edelleen korkea alkalipitoisuus, kuten natrium, pyrkii pitdméén lasimaisen
alumiinisilikaatin amorfisena. Suodattimen H sideaine taas on lidhes kokonaan kiteytynyttd
alkalialumiinisilikaattia, ja sen alkalipitoisuus on hyvin pieni.



110

Kuva2. SiC-pohjaisten kuumasuodattimien sideaineen HF-syvytettyd mikrorakennetta.
a) Suodattimen B sideaine on ennen altistusta lidhes kokonaan amorfista
alkalialumiinisilikaattia. b) Suodattimen H sideaine ennen altistusta on ldhes
kokonaan kiteistd alkalialumiinisilikaattia. ¢) Suodattimen B sideainetta
altistuksen jilkeen. Sideaineen ulkopinnat kiteytyivit ja SiC:n hapettumisen
seurauksena sen pinnalle kasvoi kiteinen kerros. d) Halkeama suodattimen H
sideaineen pinnalla altistuksen jédlkeen.

Altistuksessa suodattimen A sideaine on kiteytyi ulkopinnoiltaan pidasiassa kristobaliitiksi
ja alkalialumiinisilikaateiksi. Piikarbidirakeet hapettuivat altistuksessa piidioksidiksi, joka
kiteytyi kristobaliitiksi SiC:n pinnalle. Myds suodattimen B sideaineessa tapahtui
altistuksessa kiteytymisti ja sen seurauksena sideaineen ulkopinnoille syntyi sdrdja.

Tutkittujen suodattimien huoneenldmpdtilassa mitattu lujuus laski noin 30% altistuksien
vuoksi. Suoritetut altistukset ovat siten joko kasvattaneet suodattimen mikrorakenteessa
olevia suurimpia vikoja tai mahdollisesti pienentineet materiaalin murtopintaenergiaa.
Muutokset ovat tapahtuneet sideaineessa ja sideaineen ja SiC-rakeen rajapinnalla.
Vikakoon kasvu johtuu altistuksessa tapahtuneesta lasimaisen lihes puhtaan piidioksidin
kiteytymisestd ja siihen liittyvistd tilavuuden muutoksista, jotka aiheuttavat sér6ja
materiaaliin. Kristobaliitilla esiintyy faasimuutos ldmpétilavililld 200...270°C, johon
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liittyy 3%:n tilavuuden pieneneminen jddhdytettdessd [7]. Sen lisdksi kristobaliitin
lampolaajenemiskerroin on suurempi kuin SiC:n tai amorfisen piidioksidin ([8].
Pintaenergian muuttuminen liittyy sideaineen kemiallisen koostumuksen muutoksiin ja
uusien raerajojen syntymiseen. Nimi tekijit yhdessd selittavit suodattimien lujuuden
laskua. My®s hajonta lujuusarvoissa kasvoi altistuksen vuoksi, mikd olisi jo ilman lujuuden
merkittivii laskuakin pitkdaikaiskdytén kannalta huono asia. Tidmi nidkyy kuvan 3
Weibull-kuvaajassa mittausdataan sovitetun suoran kulmakertoimen eli Weibull-modulin
m arvon pienenemisend. Suodatinndytteiden lujuus altistusten jilkeenkin oli kuitenkin
rittévd, jotta ne kestdisivit kuumasuodatuksen rasitukset. Lyhytaikaiset altistuskokeet
ilman kuormitusta eivdt kuitenkaan anna tietoa materiaalin pitkdaikaiskestdvyydestd

hidasta murtumankasvua vastaan.

Weibull plot from THP-strength values of filter H
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Kuva3. Weibull-kuvaaja suodattimen H IHP-menetelmélld ennen altistusta ja altistusten
jalkeen tehtyjen lujuuskokeiden tuloksista. Mittausdataan maximum likelihood-
menetelmilld sovitetun kuvaajan kulmakerroin antaa Weibull-modulin.
Kuvaajan ja x-akselin leikkauskohta antaa jannitystason (Inc), jolla
koekappaleen murtumistodennékdisyys on 63,2%.

Hitaan murtumankasvun nopeuden midritystd vaikeuttaa suodattimien mikrorakenteen
jatkuva muuttuminen ja samalla esimerkiksi murtositkeyden muuttuminen. Hidas
sirnkasvu on mahdollista sekd mikromurtumien muodostumisen ja yhdistymisen
mekanismilla etti kemiallisen reaktion seurauksena. Mikromurtumien syntymisen ja
kasvamisen kannalta SiC:n hapettumiseen ja amorfisten faasien kiteytymiseen liittyvit
paikalliset jannityskeskittymit ovat merkittavid. Erot lampolaajenemiskertoimissa voivat
aiheuttaa vetojénnityksid suodattimen puhdistussyklien yhteydessd. Kiyttdympériston
vesihdyry voi reagoida silikaatisideaineen kanssa aiheuttaen hidasta sirénkasvua. Nain
SiC-pohjaisten kuumasuodattimien vaurioituminen on monimutkainen prosessi, jonka
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arviointi edellyttid kiyton aikaisten kuormitusten tarkkaa analysointia ja muuttuvien
materiaaliominaisuuksien tuntemista.
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ABSTRACT

This work demonstrates how gradients of internal state variables can be used in a set of internal
variables when the thermomechanics of internal state variables is utilised. This is done here by
introducing a thermal internal variable called specific dissipative entropy. To demonstrate the
derived new concept, a material model showing Hookean deformation and primary and secondary
creep is evaluated. Damage affects the Hookean response of the material. The damage evolution
equation contains a term in which the Laplacian term for damage is present. This term is introduced
to avoid localisation of damage and mesh-dependence of a finite element solution. The potential for
utilising an ABAQUS coupled thermal-stress solution procedure to solve material models with the
Laplacian term in the damage evolution equation is discussed.

1. INTRODUCTION

Strain softening has been observed in many materials such as concrete, rocks, ice, metallic
materials at elevated temperatures etc. In order to model strain softening, usually a new
variable called damage and denoted by D is introduced. Damage D does not model any
specific deformation mechanism, but is a general concept for strain softening. In the high-
temperature materials of power plant components, where the service temperature is around
550 °C, damage D may be nucleation, growth and coalescence of voids on grain boundaries
or carbide coarsening. In ice, by comparison, damage is related to microcracking.

The standard form of continuum mechanics is a local theory. This means that the functions
are dependent only on the values of the variables at the same material points. For Hooke’s
law this is as follows: stress o depends only on the value of the strain £ at that specific
point, i.e. 6 = E & The problem with local theories is that when strain softening is
modelled they lead to stability problems and to mesh-dependency in finite element analysis.
Non-local theories solve these problems. In non-local theories (some) functions are not
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only dependent on the values of the variables at that particular point but also on the values
of the variables in the neighbourhood of the investigated point. As mentioned by Bazant
(1994, p. 593)[1], finite element analysis of distributed strain-softening damage, including
its final localization into a sharp fracture, requires the use of some type of non-local
continuum.

Non-local continuum theories have a material length scale. According to Ramaswamy and
Aravas (1998, pp. 11 and 12)[2] there is a variety of methods which have introduced a
length scale. In micropolar continuum theories the rotational degrees of freedom are added
to the conventional translational degrees of freedom. In integral-type constitutive models
the evolution of certain internal variables is expressed by means of integral equations. In
the gradient-type of plasticity models, for example, the Laplacian value of the effective
plastic strain €' can be a vital part of the yield function. A counterpart gradient-type of a
constitutive equation for the above Hooke’s law might be o = E £+ kV*£where the notation
V2 stands for the Laplacian operator.

This work evaluates material models within the framework of thermomechanics with
internal variables. It has an ingredient beyond the standard formulation: The gradient
theory. Thermomechanics is a theory that combines thermodynamics and continuum
mechanics. The formulation of thermomechanics with internal variables introduces variables
beyond controllable ones present in the basic laws of thermomechanics. As already
mentioned, these variables are called internal variables. Usually, internal variables describe
the mechanical part of the response of a material, i.e. deformation. Internal variables are
scalars or tensors of any order. Sometimes the material time derivatives of internal variables
belong to the set of internal variables. In the gradient theory, however, also the gradients
of internal variable(s) are a vital part of the set of internal variables. This work
demonstrates how gradients can be implemented into the thermomechanics of internal
variables. This is done by introducing a thermal internal variable called the specific
dissipative entropy.

At the end of the paper, the implementation of a material model with a gradient term into
the ABAQUS finite element method computer program is discussed. The present method
utilises the coupled thermal stress analysis present in the gallery of analysis procedures of
ABAQUS.

2. THERMOMECHANICS WITH INTERNAL VARIABLES

The present chapter evaluates the problems which originates when the classical approach
to thermomechanics with internal variables is used with a gradient term in the list of internal
variables. This chapter follows the work by Santaoja (2000, Chapt. 3)[3] although that

work used a Laplacian of an internal variable in the list of state variables.

Controllable state variables for thermomechanical processes in deformable solids are:
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€ The strain tensor. This is a second-order tensor describing both mechanical and
thermal deformation.

s Specific entropy.

The internal state variables and their form are determined by the material model under
consideration. For the sake of simplicity this work studies the Maxwell type of material
models, which include the inelastic strain tensor €' in the set of internal state variables and
also assume that the difference € - €' describes the state of a material point. The present
work studies a special case of gradient theory. Traditionally, when strain softening has been
studied with the theory of plasticity the higher-order gradients of inelastic strain tensor ¢
have been used in the yield functions [e.g. Aifantis (1992)][4]. This has been done to avoid
localisation [e.g. Kukudzanov et al. (1995, pp. 2-6)][5]. Here a different approach is used,
where the gradient operator V is acting on the internal state variable. This work follows
the popular notation and assumes that this particular variable is a scalar-valued quantity
denoted by D. Its gradient is VD. The quantity D is only an example and can therefore be
replaced by a vector or a tensor of any order.

The state & of the material is dependent on the above-mentioned independent state
variables. Therefore they are called state variables. Functions whose arguments are state
variables are called state functions. According to the caloric equation of state, the state &
is expressed by the specific internal energy u(X,) through the caloric equation of state.
Thus the state & is expressed by

u = u(e-¢.D,VD,a,s), 1)

where « represents the set of other mechanical internal state variables. The set @ can
contain scalars, vectors or tensors of any order. Instead of the specific internal energy u,
the state of solids is usually described by the specific Helmholtz free energy y which is a
Legendre partial transformation of the specific internal energy . This is done because
writing a material model using the specific internal energy  is very difficult, given that the
specific entropy s is an argument of the specific internal energy u. It is very difficult to
construct a constitutive model as a function of the specific entropy s. In the formulation of
the specific Helmholtz free energy y the specific entropy s is replaced by the absolute
temperature 7. Since the absolute temperature T is a well-known quantity for a human
being, writing a material model using the specific Helmholtz free energy y is much simpler
than doing so with the specific internal energy u.

State functions are obtained as partial derivatives of the specific internal energy v with
respect to the state variables. Due to the introduction of the specific Helmholtz free energy
y state equations take the forms

6 = paL(_) and D 1= _pa'l/(---) @

Ae-¢') oD

and further
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= aw(...) . ow(...)
{i= —p—1222 and B := -p—/——= 3
VD da )
and finally
s 1= —% where y = w(e-¢.D,VD,a,T). @)

In State Equations (2) and (3) the notation ¢ stands for the stress tensor, v, { and B are
internal forces and p is the density.

The principle of conservation of energy, also referred to as the first law of thermodynamics,
can be stated as follows: The time rate of change of the sum total of the kinetic energy X
and the internal energy U in the body is equal to the sum of the rates of work done by the
surface and body loads in producing the deformation (or flow) together with heat energy
that may leave or enter the body at a certain rate. Thus the following is obtained:

%(K +U) = P + Q. 5)

In Basic Law (5) P¢*' is the power input of the external forces and ( is the heat input rate.
The local form for the first law of thermodynamics is called the energy equation (in the non-
polar case) or the equation of balance of energy. It has the following form:

pi = 6:8 +pr - V-q, (6)

where r is the heat source per unit mass and where § is the heat flux vector. The second
law of thermodynamics can be written in the form

SR L r
A f 7 d4 + fp T dv, %)
av v

where S is the entropy rate and 7 is the outward unit vector for volume V, the surface of
which is denoted by dV. The local form of the second law of thermodynamics takes the
form

pT§+§-q'—-YTZ'q'—pr20. 8)
The internal energy U and the entropy S are defined by
U:=fpudV and S = fpst. 9)
v v

Combination of the local forms of the first and second law of thermodynamics, i.e.
Expressions (6) and (8), is called the Clausius-Duhem inequality. For the present set of
state variables [see Expression (4b)] it takes the following form:

66l + 0D + VD + B:a - V—TT-q' > 0. (10)
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Based on the Clausius-Duhem Inequality (10) the specific entropy production rate st is
introduced. It is defined by

pTs' := c:éi+vD+CqVD+B:d-V—;w"7 (2 0). (11)
The principle of maximal rate of entropy production by Ziegler (1963, Chapt. 4)[6] is used
to obtain the normality rule. The mechanical part of the problem [i.e. Expression (11)] is
considered. The principle of maximal rate of entropy production is written in the following
mathematical form:

maximise with respect to the fluxes ( £ i,D, %D',d)

8. = L(c:éi +oD + VD + ﬁ:d) (12)
pT

subject to:
