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Abstract

Firstly, but in no way exclusively, this paper addresses architectural engineers
facing critical design decisions in the phase of so-called “conceptual design”.
The resulting design must yield a structure showing a sound behaviour in both
the serviceability limit state (SLS) and in the ultimate limit state (ULS), also
meaning that three essential criteria should be satisfied: strength, stiffness and
stability (the latter including, if relevant, an acceptable dynamic behaviour).
However, the question very often remains open as to which of the three criteria is
overruling the other ones. This paper, a synthesis of the work of a research group
headed by the author, tries to show that a conceptual design methodology can be
developed, hereby using the concept of morphological indicators (originally
developed by P. Samyn, subsequently P. Latteur and within the research group)
and a structural index (introduced by Shanley). This methodology also gives an
answer to the question that very often arises when designing lightweight
structures: “design for strength” or “design for stiffness”? Examples in
subsequent papers, presented during this Conference and thus included in these
Proceedings, illustrate the methodology nowadays used by our students in
architectural engineering when designing and analysing their structures.
Keywords: conceptual design of architectural structures, strength, stiffness,
structural stability, structural vibrations.

1 Morphological indicators

The so-called morphological indicators (MI) were introduced by P. Samyn [1] in
1999. As different papers, both within this conference and in other journals and
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books (see e.g. a more recent book of P. Samyn [2]), have already or will
underline(d) the potentials of these dimensionless numbers, and thus we will
restrict ourselves to a very short introduction.

P. Samyn essentially introduced two indicators, one related to the minimum
volume of material required for a structural typology achieving a fully stressed
design, the other related to the maximum displacement in the same structure. The
combination of those two indexes, being the volume indicator W and the
displacement indicator A allow the designer to select not only a (sub)optimal
typology but also its optimal aspect ratio.

The indicators are dimensionless numbers, function of very few parameters,
the most important being the so-called slenderness of the structure L/H, in which
L is the larger and H the lesser dimension of a window, framing the structure.

P. Samyn defined them as:

oV . . . . . . .
a) W:—L, in which o is the admissible stress (in practice we consider the

allowable stress in the serviceability limit state (SLS), V the volume of material,
F the resultant of (static) forces, loading the structure, and L its span.

b) A= E—j, in which E is the elastic modulus and & the maximum displacement.
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Figure 1.

He also shows that they can be expressed as a function of L/H: W=W(L/H)
and A=A(L/H). This allows one to draw, either analytically or numerically,
diagrams showing the values of the indicators in function of the slenderness, for
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different typologies of structures. The recent book of P. Samyn [2], although not
exhaustive, contains an impressive amount of typologies that can be compared:
see fig.1 as an example of a comparison of different typologies through the
volume indicator: this diagram is taken from [9]. Similar graphs were developed
for the displacement indicator A.

It is clear that P. Samyn — see the title of his thesis — hereby provided the
architect with “a tool allowing to reach a suboptimal design at the stage of the
conceptual design”. The fact that he is still using it today, and undoubtedly
producing designs of outstanding quality, proves the robustness of the tools he
introduced.

However, two major objections could be foreseen and they were very soon
subject of controversy. Indeed, the two indicators allow for a preliminary design,
achieving the required performances of strength and stiffness with a minimum
volume of material (a fully stressed design of statically determinate structures,
subject to classical load cases)...but what about (in)stability? 1t is clear that, in its
most simple form, the developed method does not take — at least explicitly - into
account possible buckling phenomena. However it would be unjust to consider
that it completely overlooks the existence of this phenomenon: in both [1] and
(more detailed) in [2], P. Samyn shows that “correction factors” can be
computed, thus defining an increase of material consumption, and trying to
control the stability of the equilibrium.

Nevertheless, gradually we were convinced that conceptual design should
take into account the totality of the criteria to be satisfied by the structure:

o the strength of the structural parts is controlled through the indicator of
oV . .
volume: W=— as it starts from a fully stressed design (at a stress

level o). In the conceptual design stage, a minimal value of this
indicator is aimed at, thus trying to achieve a minimal consumption of
material. But, as we shall experience very quickly, a mere choice of the
slenderness L/H, corresponding to a minimum of the curve for the
chosen typology (see e.g. fig.1) does not solve the problem! The reason
is simple: this simple minimisation does not take into account the
stiffness, stability...and dynamic requirements of the design. In this
sense we could say that each of the three other criteria introduce kinds
of “forbidden zones” in the W=W(L/H) diagrams: a forbidden zone for
the excessively flexible structures, one for the unstable structures and a
last one — if relevant — for the unacceptable vibrations.

o the stiffness of the structure is evaluated through the indicator of

. Eo . . .
displacement: A=—_. As one can see, it is proportional to the ratio

O/L, which is generally limited by design codes (see e.g. Eurocodes). As
we will show later this indicator, originally introduced by P. Samyn will
be of primordial importance when evaluating the risk for resonance of a
structure.
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o through the buckling indicator ¥ = % , introduced by Latteur [3], in
QEF

which p is the length reduction factor (due to end conditions of the

elements), and Q =— in which I is the (minimal) inertia moment of
Q

the section and Q its section, one can evaluate the sensitivity of the
structure to (local) buckling: the higher ¥, the higher the risk. We are
convinced that this instrument should be used in conjunction with the
other (W,A,®), as it gives a better estimate of the penalty in material
consumption than the correction factors used by P. Samyn. To be
mentioned is that J. Van Steirteghem shows in his thesis work [10] that
one can evaluate the risk for global instability, starting from this
indicator.

Figure 2.

Eventually one also has to consider an indicator describing the dynamic
behaviour of the structure. This is achieved through the use of the indicator of

the first natural frequency © :T]:f ﬁ‘l’ , extensively discussed by J. Van
A
Steirteghem in [10]. As one sees, there is a direct link with the indicator of
displacement A. This indicator ® is also directly dependent on the buckling
indicator, which is not surprising: both resonance and buckling phenomena in
elastic systems are related with transformation of energy (compression into
bending or torsion for buckling, potential into kinetic for resonance). An
important observation can be made here: if one accepts all the simplifications
introduced by the concept of morphological indicators and if one has a closer
look at the indicator ®, one will notice that it is independent on the volume
indicator and thus on the mass of the system. This could bring one to the
conclusion that — at least, at the stage of conceptual design — there is little hope
that one can improve the dynamic behaviour of the structure through simple

WIT Transactions on The Built Environment, Vol 85, © 2006 WIT Press
www.witpress.com, ISSN 1743-3509 (on-line)



High Performance Structures and Materials ITT 7

addition of mass. This has been confirmed when designing e.g. slender and
elegant footbridges: one quickly comes to the conclusion that the penalty in
mass, in order to achieve an acceptable spectrum of resonance frequencies is
(very) much higher than the one necessary to control its buckling behaviour (see
e.g. [10]).

A very well known example, proving this observation, is the 350m long
Millennium Bridge, designed by Sir Norman Foster in collaboration with Arup
Ltd. See e.g. http://www.arup.com/millenniumbridge/, site from which we quote:
“..There are two fundamental ways to limit dynamic excitation:

* Stiffen the structure, so the frequency of the bridge and our footsteps no
longer match,

* Add damping to absorb the energy.

It was concluded that stiffening the bridge to change its frequency was not a
feasible option. The bridge would need to be at least tenfold stiffer laterally to
move its frequency out of the excitation range. The additional structure required
to do this would dramatically change the appearance of the bridge.

It was decided to adopt a damping solution, either active damping or passive
damping. Active damping uses powered devices to apply forces to the structure
to counteract vibrations. Passive damping relies on harnessing the movements of
the structure to absorb energy.” (end of quote).

This is only one of the many examples proving that one has to give necessary
attention to the dynamic behaviour of lightweight structures, if one wants to
design an acceptable lightweight structure! But this also proves that solving the
problem with addition of mass and/or stiffness is very seldom the best option. A
new challenge thus for designers!

2 “Design for stiffness” versus “design for strength”

If one wants to consume a minimum of material it is logical that he follows a
strategy by which the indicator of volume W is set as the hierarchically most
important. Given a span L, loads F and material properties (among which
controls W and E controls A) one can select an acceptable slenderness L/H and
thus H for a chosen typology of structure. As P. Samyn very rightly points out in
[2], one can take into account the stiffness and even the stability requirements,
although one can argue that the latter requirement is addressed in a somewhat
empirical way.

However, from our experience and research in the Vrije Universiteit Brussel,
it appears that:

o the strategy, putting forward the indicator of volume W as objective
function, although yielding performing and lightweight preliminary
designs, practically always produces solutions that have to be corrected
in order to satisfy the remaining requirements. As the objective is to
minimise volume, one very often achieves designs which are too
flexible, unstable...and, most of all, dynamically unacceptable.

e it would be good to think about the strategy that consists in an a priori
selection of the indicator that should be selected as the hierarchically
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more important: W versus A, or strength versus stiffness. This
alternative is also linked to the two analyses in serviceability limit state
(SLS) and ultimate limit state (ULS). In fact, one quickly gets a feeling
that there are two extreme situations: on one hand the heavy and very
stiff structures (e.g. masonry bridges [11]), on the other hand the
lightweight and often rather flexible structures (e.g. the modern
footbridge, cf. Millennium Bridge in London). The experience acquired
during studio work with architectural engineers, who have to design
structures of all types, covering a wide spectrum of functionalities and
spans, has underlined that a measure of the danger for (= sensitivity to)
instability phenomena (both buckling and resonance) is the best guide
for the choice between “design for strength” and “design for stiffness”.

e other empirical observations are important:

o when one foresees risks for instability phenomena it is better to
approach the problem through “design for stiffness”.

o when designing lightweight structures it is almost always the
design constraints in the SLS that prevail over those for the
ULS. In other words, these constructions have an enormous
reserve in strength, and they thus show a much higher value of
W than the optimal one!

o the penalty imposed by additional material consumption, in
order to avoid unacceptable vibrations, is much more severe
than the one controlling (in)stability.

e one could thus look for a kind of “separation line” or a criterion
allowing the selection of the adequate strategy. It seems also that, in
order to take into account the “scale effects”, it is better to look for a
parameter which takes into account the absolute value of both span L
and forces F (hereby included the permanent forces on and self-weight
of the structure). Van Steirteghem, in his PhD work [10], suggests that

this parameter could be L/ \/E , which in fact has been introduced by
Shanley [8], who called the inverse of its square (F/L?) the “structural
index”. Large values point to large span structures with relatively low
permanent loads, small values to the contrary. In another paper, here
presented, he will show the role played by the structural index in some
structural choices. This choice is by no means arbitrary as the indicators
for buckling ¥ and for the first resonance frequency ® can both be
linked to it: the former ¥ even explicitly, as it is proportional to the
structural index, the latter being an implicit function of V.

This brings us to an important conclusion: at the stage of conceptual design
one should in the first place check which of the two design strategies, being
“design for strength” versus “design for stiffness” should be adopted. A
reasonable indication can be obtained by the analysis of the mentioned
morphological indicators, but most of all by the structural index. The latter will
direct you to a design in SLS rather than ULS, if risks for buckling and/or
resonance are to be dealt with.
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3 Alternate strategies

Probably one of the most challenging and promising alternatives to the design
strategy described in the previous sections consists in the use of “new
algorithms”, allowing a search for improved typologies, especially in the case of
complicated load conditions. Instead of looking for the optimal typology of
structure, given the span L and the loads F, which yields an optimal slenderness
L/H for the catalogued typology (e.g. a Warren truss), one can “open the search
space” to yet unknown typologies. This can be achieved using e.g. genetic
algorithms, evolutionary strategies, etc. Verbeeck et al. show in [14] that genetic
algorithms can be very powerful tools in optimisation processes, but above all
have shown in [15] that they can yield new, often unsuspected, typologies, better
suited for the given problem. Important is to mention that the objective function
these algorithms try to minimize is the volume indicator W, the other
morphological indicators reducing the search space by inducing side constraints.

4 Preliminary conclusions

As will be shown by Vandenbergh et al. [12] in a subsequent paper, the
conceptual design of lightweight structures introduces the need for an a priori
selection of a design strategy based on the need to satisfy in the first place a SLS
or an ULS. This can be achieved through an adequate use of morphological
indicators, among which the structural index is also important: it is the only one
taking into account the so-called scale effects. J. Van Steirteghem has
convincingly shown in his Ph.D thesis [10] that it is of paramount importance to
include the buckling indicator as a full partner when designing structures subject
to dominant static loads. As the buckling indicator is directly related to the
structural index, it immediately gives indications about the limit state, either SLS
or ULS, in which the structure should be calculated. This choice also is linked to
the alternative between “design for stiffness” and “design for strength”.

The result of the minimisation of the volume indicator W, in an acceptable
design subspace, and in which the two other morphological indicators A and ¥
introduce side constraints, combined with the eagerness of modern architects to
show their ability to cross very large spans, very often yields designs of
structures showing an unacceptable dynamic behaviour. The penalty induced by
corrections on mass or stiffness practically always affects the optimum value of
W in a much more severe way than e.g. the need to satisfy buckling or stiffness
requirements. Ponsaert et al. [13] will show that the unacceptable vibrations can
be controlled through active, hybrid or passive damping, rather than through the
tuning of stiffness and/or mass.

Although it is perhaps a little early to make final statements, I strongly
suspect that the direction taken by my student B. Verbeeck in the field of new
numerical algorithms will yield interesting results. It is indeed quite logical to
think that, as long as you restrict your search for a minimum volume structure
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within a given set of typologies, you could miss better solutions! I am thus
convinced that there is still an open field and want to explore it.

I am quite thrilled by the enthusiasm of the students who discover the
potentials of these indicators and indexes, when working for their studio work.
At least it proves that it can effectively be used at the stage of conceptual design.
And was that not the goal one tries to achieve as a teacher of structural design?
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