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Abstract

The goal of this research is to raise interest of architects in structural behaviour
of design in its conceptual phase. Therefore, this research deals with the de-
velopment of a middleware — a bridging tool between the finite element (FE)
solver (OOFEM) and the architectural modeller (Rhino3D), which will provide
architects with an interactive FE analysis directly in the architectural modeller.

However, architects are not typically trained to use expert FE analysis soft-
ware directly. FE analysis is too complex and professional for users without
sufficient structural knowledge. Thus, there is a problem of correct modelling
and interpretation of analytical results. Therefore, it is important to deal with
methods of FE analysis simplification for conceptual structural design, that will
make FE analysis more accessible for architects.

In this research, three methods of possible FE analysis simplification were
developed. The first one — Rating system, evaluates the design as a whole with
two scalar values, and thus informs architects about structural efficiency and
identifies potential structural problems. Then, to uncover the identified structu-
ral problem in more detail, the second method — Levelling system, defines three
levels of results simplification. This enables architects to extend their structural
knowledge and understand the problems. The last method — Design tracker, al-
lows architects to store and compare design alternatives created during the de-
sign process. Comparing alternatives supports architects’ decision-making and
allows them to understand the impact of a change in the design on its structural
behaviour.

The results of this research can be used to teach architects at universities
as well as in practice for interdisciplinary cooperation between architects and
structural engineers, especially in the conceptual design phase.






Abstrakt

Cielom tohto vyskumu je vzbudit' zdujem architektov o statické posobenie na-
vrhu uz v jeho koncep¢nej faze. Preto sa tento vyskum zaoberd vyvojom midd-
lewéru — digitalneho nastroja, ktory premostuje statick analyzu (OOFEM) s
architektonickym modelarom (Rhino3D), a ktory mé zabezpecit’ vytvorenie in-
teraktivnej statickej analyzy v prostredi architektonického modeldra.

Architekti vsak nie st bezne vyskoleni na priame pouzite statickej analyzy,
ktora je prili§ komplexna a odborna na to, aby ju uzivatel bez expertnych ve-
domosti dokazal spravne nastavit’ a interpretovat’ jej vysledky. Preto je dolezité
zaoberat’ sa metédami, ktoré by statickt analyzu pre potreby koncepéného sta-
tického navrhu zjednodusili, aby bola dostupnejsia pre architektov.

V tomto vyskume boli vyvinuté tri metédy predstavujice mozné zjedno-
dusenie statickej analyzy. Prvd metdda — Rating system (hodnotiaci systém)
hodnoti celkovy navrh dvojicou skaldrnych veli¢in informujtcich architekta
o efektivite a potencionalnych statickych problémoch v navrhu. Druhd metdda
— Levelling system (systém levelovania) s cielom detailnejSie spoznat identifi-
kovany staticky problém definuje tri stupne zjednodusenia vysledkov statickej
analyzy, ¢im umozni architektovi dodatoc¢ne si prehfbit’ vedomosti zo statiky.
Tretia metoda — Design tracker (sledova¢ navrhu) umoznuje vzdjomné poro-
vnévanie alternativ navrhu, ¢im podporuje rozhodnutia architekta a umoziuje
mu uvedomit si dopad vykonanych zmien na statické vlastnosti navrhu.

Vysledky tohto vyskumu je mozné pouzit’ pri vyucbe na architektonickych
Skolach ako i v praxi pre zlepSenie medziodborovej spoluprace architekta a
statika predovsetkym v koncepc¢nej faze navrhu.
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Part 1

Introduction






Chapter 1

Problem statement

"This Pritzker prize-winning architect promotes an architectural process which is
disconnected from structures, and purposefully ignores any structural input. The
structural engineer comes in at the end of his process to make his creations (cf.
his "sketch" in Figure 1.1a) stand. This unidirectional process results in heavy

structures, waste of material and awkward details (Figure 1. 1c)."

FIGURE 1.1: (a) Conceptual sketch by Frank Gehry for the Walt Disney Concert Hall
in Los Angeles, CA,1999-2003; (b) aerial view; and (c) the structure before receiving
cladding. (Philippe Block, 2009)

'Philippe Block. “Thrust Network Analysis: Exploring Three-dimensional Equilibrium”. PhD
thesis. Massachusetts Institute of Technology, June 2009.
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1.1 Interdisciplinary cooperation

In many cases the reason of over-dimensioned (heavy) structures, or more se-
rious structural collapses, is that architectural design in its early stages does
not follow physical laws. Nowadays architects form inovative designs based
on their aesthetics and spatial needs without thinking structurally during the
design process. To achieve structural safety and material efficiency architects
cooperate with structural engineers. However, in current common practice, a
structural engineer comes into the design process in a later phase when it is
too late to make changes for optimal structural solutions. To avoid collapses or
over-dimensioned structures especially in more innovative designs, it is impor-
tant to establish a good interdisciplinary cooperation between architects and
engineers already in the early design phase.

Interconnected hands

Le Corbusier was also aware of importance of this interdisciplinary cooperation
in the conceptual phase. In his work Relation between architect and engineer
he drew a pair of interconnected hands that were to represent the relationship
between engineers and architects (Figure 1.2).

FIGURE 1.2: An interpretation of Le Corbusier’s view of the Engineer-Architect relati-
onship. (Millais, 2005)

"In my drawing, the engineer’s sphere casts a reflection on that of the architect -
the reflection of the knowledge of physical laws. Similarly, the architect’s under-
standing of human problems is reflected in the sphere of the engineer."?

A good example of cooperation between architects and engineers is the
design of FEiffel Tower (Figure 1.3). On the left you can see the conceptual
design representing engineer’s technical idea of the tower. Its aesthetics is
based on the moment diagram, which should ensure sufficient stiffness of the
tower. The sketch in the middle shows the architectural visions of the tower. It
is noticeable that the aesthetics of the tower is based on archetypes established

2Le Corbusier. “Relation between architect and engineer”. In: Science et Vie (1960).
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in that period (victory arch etc.). The Eiffel tower as we know it today is the
result of the interconnection of both ideas (Figure 1.3 on the right).

= —"
aw .

FIGURE 1.3: Eiffel tower, the initial concepts of the engineer (left) idea from the archi-
tect (middle) and the final design (right). (Millais, 2005)

History of professions

Interconnection between architects and engineers has its roots in history as
both professions arose from one profession, namely from Master Builder.

"In the past, at the time of the construction of the great cathedrals, the Master
Builder was the person who dealt with all the design issues to do with a building,
from the very artistic to the very technical. He was the “architect” and the “en-
gineer” for the project. However, since the Industrial Revolution with the great
development in the field of sciences and materials, a clear distinction between the
two professions became more evident: the architect came to be in charge of the
architectural issues, whereas the engineer was concerned with the more technical

issues."?

In the past the builder performed both the role of an architect and engineer
in one person. In the conceptual design he focused mainly on the form, which
is evidenced by form-finding methods that were developed (graphic statics).
The shape of the structure was designed to follow the forces acting on it.

At the time of modernism, with the arrival of steel and reinforced concrete,
the shape of structure became prescribed — uniform in character. The emphasis
on the proper form receded into the background and engineers began to focus
more on streamlining the element profiles and their dimensions rather than on
the form itself (see Figure 1.5). The architect becomes the main form-maker;
the structural engineer only makes the design stand.

30lga Popovic Larsen and Andy Tyas. Conceptual Structural Design. Thomas Telford, 2003.
ISBN: 0-7277-3235-8.

GOTHIC

MODERN



DIGITAL ERA

STRUCTURAL EVALUATION ASSISTANT (SEA)

Advances in the design process gradually brought a clear distinction be-
tween the two professions. Digital tools developed in a later era also copied
this distinction. Two different digital tools were developed: the analytical one
for engineers to assist them in designing materials and dimensions of the struc-
tures and the modelling tool that allows architects to deal with geometry and
visualizations.

1.2 Conceptual and structural design

The analysis of the conceptual and structural design also proves that coope-
ration between architects and engineers in the conceptual design phase is of
great importance. Schlaich in his conference paper Challenges in Education
— Conceptual and Structural Design defines four steps: conceiving, modelling,
dimensioning and detail (see Figure 1.4 and a citation below).

Four design steps

"In reality the design process is never a straight forward procedure. Rather, we re-
ach our solutions in an iterative, cyclic, hopefully concentric and sometimes even
slightly chaotic manner. Always bearing in mind fabrication and erection, this
process of Conceptual and Structural Design, the daily work of civil and structural
engineering, is defined by the following steps: conceiving, modelling, dimensio-
ning, detailing."*

T — e il b B S

conceiving modelling

dimensioning detailing

FIGURE 1.4: The process of Conceptual and Structural Design. (Schlaich, 2006)

The first step (Figure 1.4 conceiving) requires skills that are rather the
domain of architects than engineers, but the other three steps (Figure 1.4 mo-
delling, dimensioning and detailing) cannot be managed without an engineer s
knowledge and experience. In fact conceptual and structural design is divided
between this pair of professions.

4Mike Schlaich. “Challenges in Education — Conceptual and Structural Design”. In: IABSE
Symposium Report 92 (2006), pp. 20-26. 1sSN: 22213783. DOI: 10.2749/222137806796168840.


https://doi.org/10.2749/222137806796168840

1. PROBLEM STATEMENT
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FIGURE 1.5: Division of Master Builder profession into Architects and Engineers.

Interaction

It seems possible that all four steps can be done in a linear order. First, the
architect designs a form, then the structural engineer designs dimensions and
details. But it is not true. The linear process works only in the later design
phases, where only one or few design alternatives have to be analysed. But
for the purpose of the conceptual design a non-linear design process is needed.
Schlaich highlights the non-linearity of the design process caused by mutual
influence of individual steps between one another, when a change made in

one-step affects all the other steps.

Idea Form Idea Form
Oz=-+0 OO0
(e
TN A S A
I D¢ | I S
VY Poes Y
O=+-+0 O=-+O
Detail Size Detail Size

FIGURE 1.6: Non-linear (left) and linear (right) design process.

1.3 Rapid communication

The need for interaction between individual design steps brings the demand
for rapid communication between professions. Despite the potential of infor-
mation technologies, it is a problem to establish a communication platform for
the rapid communication between architects and structural engineers.

In the design work-flow, the architect sends a design model to the struc-
tural engineer, and the engineer needs to convert it into an analytical model.
Then the structural engineer analyses the converted model and proposes chan-
ges in the design. The architect evaluates the proposed changes and based
on his/her decision they are implemented into the design model. In case of
disagreement or the need to evaluate another design alternative, the process
starts over again.

Data incompatibility between the architect’s design model and engineer’s
analytical model creates a time consuming process on the engineer’s side, and
prevents necessary rapid communication in the practice (Figure 1.7). The main

DESIGN WORK-FLOW

THE PROBLEM
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Architect Engineer

Design Model [ —V—+
Analytical Model —
Analysis C—1
Results Interpretation 1

Decesion Making

FIGURE 1.7: A work-flow of a common interdisciplinary cooperation in the structural

design.

cause of this incompatibility is the reduction of one dimension in the analytical
model, as well as the necessity to define supplementary information required
for the analytical model, such as structural supports or loading cases.

1.4 Conclusion

This chapter shows the importance of interconnecting architectural and engi-
neering approaches in the conceptual and structural design. Four design steps
in the conceptual and structural design were introduced and the non-linearity
of the design process was stressed. The problem this chapter highlights is the
lack of rapid communication (free steps interaction) in the current interdis-
ciplinary work-flow, which does not allow architects to analyse the necessary
number of design alternatives in the conceptual design.



Chapter 2

Motivation

"Conceptual design is the thought process of generating and implementing the
fundamental ideas that characterize a product or system. This process significantly

affects the product novelty, performance, robustness, development time, value, and
nl

cost.

Key:

1: Ability to impact cost and

functional capabilities

2: Cost of design changes

3: Traditional design process

4: Preferred design process

PD: Pre-design

SD: Schematic design

DD: Design development

CD: Construction documentation

PR: Procurement

PD  SD DD co PR CA oP CA: Construction administration
Time OP: Operation

Effort/Effect

FIGURE 2.1: The MacLeamy Curve. (Ramsden et al., 2015)

1Ehud Kroll, Sridhar S. Condoor, and David G. Jansson. Innovative Conceptual Design. Cam-
bridge Books Online. Cambridge University Press, 2001. 1SBN: 9780511612923.
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2.1 Structurally informed design

The previous chapter examines the problem of interdisciplinary work-flow (lack
of rapid communication), which makes it impossible to model and analyse the
necessary number of design alternatives in the conceptual design phase. This
problem also causes that the structural analysis in fact is performed in the later
design phase, where the cost of a design change is too high. This is represen-
ted in the graph in Figure 2.1 (3) as a traditional design process. To prevent
unwanted costly changes in a later phase of the design process, it is necessary
to be informed about structural behaviour earlier — in the conceptual design
phase, when the price of a design change is still low. This is how to achieve the
preferred design process showed in Figure 2.1 (4).

Possible approaches

Structurally informed conceptual design is a broad topic and there has been a
lot of research on this issue. Some research focuses on interdisciplinary coope-
ration and model incompatibility the other studies focus on analysis and design
supporting methods.

One approach is to create "smart model"?, which combines both models
and allows the user to switch between them (Figure 2.2). In this approach the
analytical model is automatically generated in the background while the design
model is created. However, when applied in practice, it does not work very
well. The smart model approach needs a correction to the created analytical
model, especially when it was created by an architect. After each change in
the model it is necessary to perform the correction again. This shows that it
is a more time consuming process than to create a new analytical model from

scratch.

(a) Architectural Model (b) Structural Model

(c) Plumbing Model

FIGURE 2.2: Building information models of the Aquarium Hilton Garden Inn Project
(Courtesy of Holder Construction Company, Atlanta, GA). (Azhar, 2011)

Laurens Lauyten® approaches this problem in a different way. His research
focuses on the development of a simplified analytical model as the language
for better collaboration between architects and structural engineers in the con-

2Salman Azhar. “Building Information Modeling (BIM): Trends, Benefits, Risks, and Challenges
for the AEC Industry”. In: Leadership and Management in Engineering 11.3 (2011), pp. 241-252.

DOI: 10.1061/(ASCE)LM. 1943-5630.0000127.
3Laurens Luyten. “CAAD and Conceptual Design Collaboration between Architects and Structu-

ral Engineers”. In: Real Time-Proceedings of the 33rd eCAADe Conference. Vol. 2. Vienna University
of Technology. 2015, pp. 215-224.


https://doi.org/10.1061/(ASCE)LM.1943-5630.0000127
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ceptual design phase (Figure 2.3). In this approach, the architect depends on
engineer consultations. The research does not show how the architect could in-
dependently analyse design. The architect can earn structural knowledge from
the engineer, but cannot train his/her structural intuition directly by exploring
design alternatives.

ABSTRACT » DETAIL
Structural Isotropic Structural
Concept Refinement Typology Material Material Dimensions

l——|— — (NN
X | - 000 / S

Vierendeel-Girder
Wood

N -
ot s

Beam/Column

-/

FIGURE 2.3: Application of developed language for concept creation and refinement.
(Luyten, 2015)

Another solution to establish a structurally informed design in its early
stage is to use software tools based on the optimization of form-finding met-
hods. Caitlin Mueller* in her PhD thesis developed an interactive evolutionary
algorithm which helps the user to find a structurally better solution. The disad-
vantage of this approach is that the user cannot directly control the modelling
process, and thus he/she lacks action and reaction feedback which is important
for human-learning. Furthermore, a less experienced user can blindly believe
in a wrong optimal solution which is proposed by the incorrectly initialized
algorithm.

T T T 1 ¥ 7 T 1

1.00 0.88 0.84 0.80 0.78

FIGURE 2.4: Example of optimization used by genetic algorithms. (Mueller, 2014b)

4Caitlin T Mueller. “Computational Exploration of the Structural Design Space”. PhD thesis.
Massachusetts Institute of Technology, June 2014.

11
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Chosen approach

The chosen approach for this research is to provide the architect with an
interactive structural - finite element (FE) analysis which will enable him/her
to independently analyse a large number of design alternatives in the concep-
tual design process.

The direct use of FE analysis allows the architect to earn structural kno-
wledge by learning how to create an analytical model and by understanding
the analysis results. Furthermore, the interactive feedback gives the architect
opportunity to train his/her structural intuition during the design process. Ho-
wever, one problem is that architects are not typically trained to use the expert
structural analysis software directly. Therefore, the simplification of direct FE
analysis use is necessary for beginner users.

There are two basic problems structurally that untrained users encounter
when using FE analysis directly. The first essential problem is to create a proper
analytical model corresponding to the real behaviour of the structure, especi-
ally in cases of complex structural systems and geometry. The second problem
includes interpretation of the structural analysis results and identification of
possible structural problems (see red triangles in Figure 2.5).

Architect
Design Model [ ] v
Analytical Model Ij
Analysis C—1
Results Interpretation Ij

Decesion Making

FIGURE 2.5: Problems of direct use of structural analysis by the architect.

2.2 Research objectives

The first goal of this research is to develop a method of simplification of
FE analysis use. What is important is that this method should allow users to
change the level of simplification, similar to games where the player chooses
the difficulty. This will later enable architects to extend their structural know-
ledge.

The second goal of this research is related to the first one. It is the deve-
lopment of the most simplified level of analytical results to support less trained
users’ interpretation (see yellow star in Figure 2.6 results interpretation). This
should allow a structurally untrained user to be able to compare two diffe-
rent design alternatives and decide which is structurally more efficient. It is
also important, that a simplified interpretation of the results should allow the
user to identify possible structural problems which can guide him/her towards
structurally better solutions.

The third goal is focused more on the design process, especially on the
decision-making support (see yellow star in Figure 2.6 decision-making). The
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developed method should guide architects during the design process, and ba-
sed on their deduction, help them avoid the identified structural problems.

Architect Middleware Engineer

Design Model {770 ¥ <>
Analytical Model [ Joreeeennens (0]
Analysis —1

Results Interpretation — TP (0]

Decesion Making

FIGURE 2.6: Proposed solution based on middleware development; yellow stars repre-

sents goals of this research, white circles represents engineer’s support by consultation.

The last goal of this research is the implementation of all the developed
methods into a software tool which will establish interactive analysis in the
common architectural modeller (see yellow star in Figure 2.6 middleware).
Thus it will be possible to get feedback from users, which is important for rese-
arch evaluation. The developed software tool can be also used at architectural
schools and in common practice, which will have a positive impact on interdis-
ciplinary cooperation.

The development of a support method for the creation of a correct ana-
lytical model goes beyond the scope of this research. It is a broad topic for
an entire thesis, therefore only marginal attention will be given to this subject.
For research purposes, it is assumed that the creation of an analytical model is
discussed with the structural engineer (see Figure 2.6 analytical model). That
way, there is no limitation on the required rapid design exploration. After cor-
recting the analytical model in the initial phase, architects can independently
analyse its different modifications (see arrows in the loop in Figure 2.6).

Furthermore, consultations with the structural engineer are occasionally
also expected in the results interpretation step. All this will contribute to
broadening architect’s structural knowledge and improving interdisciplinary
cooperation.

2.3 Methodology and chapters overview

To develop the means of a decision-making supporting method the natural
design process was reviewed in the first chapter of the Literature review —
Part II (see Chapter 3). The review focused on design stages, process and
requirements of decision-making. Knowledge earned in this review was used
to design a Design tracker — the decision-making supporting method described
in Section 7.1.

To support decision-making, each design alternative needs to be evalua-
ted. Therefore, a review of existing optimization and form-finding methods
and tools was carried out in Chapter 4. In focus were the scoring systems and
evaluation criteria that guide designs towards an optimal solution. Based on
this review the first level of FE analysis results simplification was developed —
a Rating system method (see Section 6.2). Knowledge learned in this review

13
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about different strategies of the structural design and the use of different do-
minant structural properties helped to define a Levelling system introduced in
Section 6.1.

The first chapter in the Part III — Structural Evaluation Assistant (see Chap-
ter 5) describes the development of a software tool — a middleware. The de-
velopment of the middleware was necessary to get feedback from users and
thus to prove the found methods. The middleware was developed also to im-
pact the current state of interdisciplinary cooperation. The chapter describes
the selection of existing software tools which were bridged by the middleware,
and also the design of software architecture and graphical user interface (GUI)
of the middleware. More information about middleware interface is in the
Appendix A.

Further chapters of the Part III describe the implementation of each de-
veloped method into the middleware. Calculation and data visualization of
the Rating system is presented in Chapter 6. The design of user experience
interface of the Design tracker is presented in Chapter 7.

The application of the developed middleware and supporting methods is
presented in Part IV. The first chapter (see Chapter 8) introduces ability of the
middleware to support decision-making in the interactive design and also in
the design exploration processes. The last chapter (see Chapter 9) of Part IV
shows a practical application of the middleware at school and in practice.



Part 11

Literature Review






Chapter 3

Design as searching process

"If design is search, then design problems have a structure and the act of designing
is a process on that structure. Informally and as shown in Figure 3.1, design
problems consist of a set of information states, divided into initial, intermediate,
and goal states, and a set of operators that move between those states. Each of the
states represents some design, possibly incomplete. Designing in its simplest form
consists of finding a set of operator sequences (or paths) between initial and goal

states."!

FIGURE 3.1: A generic diagram for search. (Woodbury, 1991, p. 62)

TRobert F Woodbury. “Searching for designs: Paradigm and practice”. In: Build. Environ. 26.1
(Jan. 1991), pp. 61-73. 1SSN: 03601323. DOI: 10.1016/0360-1323(91)90040-1, p. 62.
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3.1 Variables define design goals

Woodbury in the aforementioned quote likened the design process to finding a
set of paths between the initial and goal states. Before dealing with the course
of finding the paths themselves, it is necessary to clarify what is meant by the
concepts of initial and goal states in static design. Both the initial and goal
states are closely interconnected.

In the context of optimization and digital design, fixed and variable pa-
rameters of the design — variables of the parametric model, can be considered
the initial state. They define the requirements and limits of the design, and so
they clearly determine the goal where the path — the design process is to go.

In structural design it is possible to define three types of goals: finding
topology optimization, shaping and sizing. In finding topology optimization
only supports, boundary conditions, and external loads are defined as fixed
design parameters. The number and position of nodes, as well as their con-
nectivity — elements of the design — result from a design process and are not
specified at the initial state of designing. (they are variable design parameters).
For shaping, the topology of the design is already known, and only node positi-
ons remain variable design parameters. For sizing, the node positions are also
fixed (the overall shape of the design is therefore determined). Only dimensi-
ons (shapes and areas of the profiles) of individual elements of the structure
change during the design process.

Structure systems

To understand a possible structural design goal it is important to know possible
structure systems and their properties. In his book Structure Systems?, Heino
Engel defines five basic types of structure systems, divided on the basis of their
specific structural properties, see Figure 3.2. In this work we will deal with the
first three of them.

The first system includes Form active structures (Figure 3.2 (1)). These are
pure-compression or pure-tension structures for which the dominant compo-
nent are normal forces. The shape (shape and geometry) of the design itself
has the greatest influence on the design efficiency. Therefore, this structure
system uses a form-finding method.

The second system contains Vector active structures (Figure 3.2 (2)). Si-
milarly to Form active structures, this system lacks the bending moment com-
ponent, so the dominant components are again normal forces. However, the
efficiency in this system is influenced by the topology of the structure. The-
refore, special topological optimizations are used for this system more than
form-finding methods.

The third system includes Section active structures (Figure 3.2 (3)). The
efficiency of the structure in this system is affected by changing the dimensi-
ons and shape of the structure’s profile. To optimize this system, searching
algorithms are mostly used.

2Heino Engel. Structure systems (Tragsysteme). Ostfildern : Hatje Cantz, 2013, p. 352.
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3.2 Intermediate states and actions

...................... Intermediate
states

: Actions
Decision-making

FIGURE 3.3: Design process scheme

On the paths between the initial and goal states there are several inter-
mediate states. Individual intermediate states are sequentially created on the
basis of actions (the arrows in the Fig.3.3) Actions represent various changes
made in the design, such as geometry adjustment (point shift) and so on. Acti-
ons always have an initial state, before making a change in the design, and the
resulting state after the change. In the design process they can either conti-
nuously continue (thick arrows in Figure 3.3) or they can diverge (Figure 3.3,
thin arrows that share the same initial state).

Path as design method

In the simplest case, the design process may be linear, that is, the actions per-
formed have a clear direction (rule) to achieve the desired goal. Later, methods
such as form-finding with a linear design process will be shown. However, more
common and more natural for people is a design process in which the path lea-
ding to achieving the desired result is unclear. The path structure between the
initial and goal state is similar to that shown in Figure 3.3. The design path is
divided into individual sections (decision-making in Figure 3.3), and the desig-
ner decides which direction to go, what action to take — what changes to make
in the model.

Decision-making

"Decision theory is not a substitute for the fortune teller. It is rather a procedure
that takes account of all available information to give us the best possible logical
decision."?

The example in Figure 3.4 shows a common decision-making tree diagram.
This diagram is often used in practice, especially in economics for risk analysis.
Branches of the tree represent possible actions (to buy, not to buy flowers). For

3D Warner North. “A Tutorial Introduction to Decision Theory”. In: IEEE Trans. Syst. Sci.
Cybern. SSC-4.3 (1968), pp. 200-210. 1SSN: 0536-1567. DOI: 10.1109/TSSC.1968.300114.
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FIGURE 3.4: Diagram of anniversary decision. (North, 1968, p. 201)
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each action its overall impacts are evaluated. Based on this, one can evaluate
different actions and choose the most advantageous one.

gather > analyse > compare
= evaluate

Action A Action B

FIGURE 3.5: Design process: decision-making scheme.

Similarly; this is also the case for decision-making in a design process. De-
signer cyclically verifies various actions creating a field of new design alterna-
tives from which he chooses one (Figure 3.5). As in the diagram with flowers,
the evaluation of each design alternative serves to support the decision-making.
In order to evaluate the alternatives, they must be analysed and compared (Fi-
gure 3.5). Based on the results of the evaluation, the designer decides either
for action A — creating a new alternative (insufficient results) or action B —
further development of the selected, the most successful alternative.

3.3 Conclusion: Research focus

This research focuses on the structural design process, structural analysis and
decision-making. The next chapter explores the design process in more detail,
using structural methods such as form-finding, genetic algorithms, and evolu-
tionary structural optimization. These methods will be compared in terms of
design objectives, a sequence of steps to follow, decision making and design
evaluation. This comparison and examination serve to find a way to simplify
structural analysis, which is the main objective of this research.



Chapter 4

Structural
performance based design
approaches

In the fields of architecture and engineering, the requirements of design tools are
somewhat different from those of analysis tools. The analysis process can usually
be executed in a regular, predetermined sequence of steps. ... In contrast, the
design process is not expected to consistently yield the same result. Although a
designer may follow a sequence of steps, the steps are not self contained, but influ-
enced by factors outside the process itself (the unique background of the designer,
stimuli of the environment, Zeitgeist, etc.). (Biilow 2007, p.58)

FIGURE 4.1: Different kinds of design process with (a) the conventional trial-and-error
process, (b) the structural form-finding process, (c) the structural optimization process.
(Descamps, 2013)
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Descamps in his PhD Thesis entitled Optimal shaping of lightweight struc-
tures' states three approaches to the process of structural design: conventional
trial-and-error, structural form-finding and structural optimization (see Figure
4.1). Descamps’ scheme has led me to divide processes not only according to
the method used, but also based on their input and output.

Three different approaches to the structural design are introduced in this
chapter.In the course of my research I have named them: Design to performance,
Conditions to design and Problem to solutions.

Design Form & Forces Design-space
Input [ ] [ ]
AnalySiS Form‘ﬁnding Searching

Method 4 /E;O 5&
' ' |

Performance Design Solutions

Output [ | [ ] |
(a) (b) (c)

FIGURE 4.2: Different kinds of design process: (a) design-to-performance (b) forces-

to-design (c) design-to-solutions.

In addition to the inputs and outputs of each method, from the user’s point
of view, it is important to deal how the user interacts with the algorithm and its
benefits to the user. Therefore, for each of these design approaches I present
a graph that represents the progress of the design process and its connection
with the user’s feedback. At the end of the chapter, after comparing the
approaches, a proposed design process is presented. The following chapters
(main part) of this work are devoted to its detailed presentation.

4.1 Design to performance

Design to performance is the only one of the analysed approaches that is as-
sociated with manual modelling on the user side (human base modelling).
The structural analysis method gives the user feedback in the form of a design
evaluation (Figure 4.3). Feedback neither includes direct support to decision-
making, nor guides the user to find a better solution.

Input

The input for FE analysis is an analytical model. It is similar to a design
model (commonly created by architects) but it differs in geometric representa-
tion of the model (in an analytical model geometry is cut by one dimension —

IBenoit Descamps. “Optimal shaping of lightweight structures”. PhD thesis. Brussels School of
Engineering, Nov. 2013.
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Feedback

FIGURE 4.3: Design to performance, feedback represents results form FE analysis.

eg. from 3D to 2D) and in the required additional information such as specific
material properties, and boundary loading conditions.

Method

In common application of the FE method, the method does not change
any geometry of the design. It only calculates deformation and stress in the
structure (usually in one iteration step) and returns the result to the user. This
information is the only feedback for a user.

Existing tools

One plugin of interactive FE analysis that is available in the architectu-
ral modeller Rhino3D-Grasshopper is Karamba3D?. It allows one to create an
analytical model and carry out its analytical results. But, Karamba3D is desig-
ned for structural engineers more than architects. It is a full-fledged analytical
tool with a broad field of applications. This is why its interface is complex and
requires structural experience to setup analysis correctly.

Conclusion

The main advantage of this approach is that it trains the designer’s intui-
tion by making the user directly involved in the design process and decision-
making about the next step. Disadvantage are that it is time consuming and
there is a high probability of failure that is directly related to the user’s expe-
rience. The method is often chaotic (associated with the trial and error met-
hod) and normally provides no decision-making assistance.

The user receives direct feedback from the analysis and needs to correctly
interpret it, in order to know if a change leads to an improvement or a dete-
rioration in the design. Another problem is the creation of a proper structural
model that corresponds with the real behaviour of the structure, and does not

distort the analysis results.

4.2 Conditions to design

Unlike the previous Design to performance approach, which was based on a
user-natural approach (to design first and then evaluate the shape of a struc-
ture), this set of methods is the opposite. The user first defines design proper-

2Clemens Preisinger. Karamba3D. version 1.2.2. [software]. 2014. URL: http : / /www .
karamba3d.com/ (visited on 09/20/2017).
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ties and the result - feedback is represented as a changed shape or topology of
the design. The first of the methods I deal with are form-finding methods. Axel
Kilian called this design process a Force driven design.

"While constraints may initially prove to be a limitation, over the course of the
design process they can evolve to become a driver for innovative design solutions."

Feedback

FIGURE 4.4: Conditions to design, feedback represents found design.

Form-finding

"Form-finding si a forward process in which parameters are explicitly/directly con-
trolled to find an ’optimal’ geometry of a structure which is in static equilibrium
with a design loading."*

The aim of the form-finding method is to find the equilibrium state of the
external and internal forces that can affect the structure, thus also eliminating
any bending moments in the structure. This method is used to design form
active structures (Figure 3.2 (1)) which include, for example, cable or light-
weight structures for which it is characteristic that there are pure tension or
compression only structures.

Input

Unlike design to performance methods, in which the user directly at the
initiation (on input) determines a particular shape for a design (design for its
subsequent evaluation), the particular shape of the structure is the output in
this method. The input for the calculation is only the defined topology of the
structure containing information about its fixed and free points (boundary con-
ditions) as well as their interconnection (an element of structure). In addition
to the topology, the input also includes information about the proposed ex-
ternal and internal forces. They directly affect the structure points and their
shifting also changes the resulting shape of the structure.

Method

The form can be found either in one calculation step or in a series of calculati-
ons, depending on the method used.

3Axel Kilian and John Ochsendorf. “Particle-spring systems for structural form finding”. In: ...
Assoc. SHELL ... 2005.
4Sigrid Adriaenssens et al. Shell structures for architecture : form finding and optimization.

Abingdon : Routledge, 2014. 1SBN: 978-0-415-84059-0, p. 2.
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Geometric stiffness methods, such as Force density or Graphic Statics, al-
low one to solve a matrix system in one iteration, or to organize form and
forces diagrams to find the resulting form (see Figure 4.5).

/

¢ Form Diagram \ Force Diagram

FIGURE 4.5: Forces applied on point 1 in the form diagram are read in the same order

as in the force diagram (Fivet and Zastavni, 2015)

Dynamic equlibrium methods — such as Particle spring system — calculate
residual forces for each free point of the structure in each iteration step. Based
on the found residual forces, the point is shifted by the proportional part of the
residual force vector. That way the geometry of the structure changes during
each iteration until the residual forces disappear and an equilibrium state is
established.

Existing tools

There are many accessible digital tools for form-finding these days. Of
all the Geometric stiffness design tools the most worthwhile is probably Rhi-
noVault which implements the method TNA (Matthias Rippmann and Philippe
Block, 2014). Without any expert knowledge it is hard to use this tool, but
after a short introduction into the TNA method or Graphic Statics the tool is
intuitive and allows users to cleary understand relationship between form and
forces.

One of the most popular digital tool for Particle spring system these days
is Kangaroo3d (Piker, 2017). It is also ported in Rhino3D-Grasshopper. Its use
is intuitive and requires no expertise. The model used in this tool resembles a
common physical model consisting of spring elements, so it is easy to predict
its behaviour and check the correctness of the result. A better understanding
of model behaviour is also aided by an animation which visualizes the gradual
deformation of the structure.

Conclusion

One of the frequently mentioned drawbacks of using form-finding methods
in design is the lack of variability of shapes that can be achieved. These are
limited to pure tension or compression structures — form active structures. On
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FIGURE 4.6: Thrust Network Analysis: form diagram T, force diagram T* with given

scale, the reciprocal relation between one node in the form diagram and corresponding

space in the force diagram, and the thrust network G for given supports VF and loading
P. (Matthias Rippmann, Lachauer, and Philippe Block, 2012)

B

:;;73 g—:’: ':i

FIGURE 4.7: RhinoVAULT, an implementation of Thrust Network Analysis (TNA), al-

lows exploration of an infinite number of compression-only solutions, for example how

to span a circular space using geometrically linked form and force diagrams. (P. Block,
M. Rippmann, and Van Mele, 2015)
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the other hand, these shapes are structurally perfect and it would be hard to
find them in a manual design process (see Figure 4.7). In manual shaping, the
visualization of residual forces can guide the user forward to better, structurally
more efficient design forms.

Topology optimization

The goal of this method is to reduce the weight of a structure by removing
structurally less stressed parts from the structure. The result is a new topology
that follows forces distribution in the structure (similar to the form-finding
method). A good example is the project of Florence bridge by Arata Isozaki in
Figure 4.8.

el

FIGURE 4.8: The evolutionary design process of the design entry by Arata Isozaki &

Associates for the station project in Florence, Italy. (Cui, Ohmori, and Sasaki, 2003)

Input

AL

(a) (b)

FIGURE 4.9: Two-dimensional topology optimization. The box is to be filled to 50%
by material. Where the material should be placed for optimal performance under loads
and boundary conditions is shown in the left picture. (Christensen and Klarbring, 2008)

The input for this method is the boundary volume from which an unstres-
sed material is removed (see Figure 4.9). For stress calculation it is necessary
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to specify the supports as well as the external loads (see Figure 4.9(a)).

Method

The basic method of topological optimization is Evolutionary Structural
Optimization method (ESO). It is an iterative method, where stress in the struc-
ture is evaluated at the beginning of the iteration. Based on stress calculation,
the less stressed parts of the structure are identified and removed at the end of
each iteration step. This process is repeated until the number of iterations set
by the user is reached.

The rules of this method have been extended in BESO method (Bi-direc-
tional ESO), which has the capability of not only removing but also randomly
adding previously removed material. This method reacts to force redistribution
in the structure when the topology changes. BESO this way allows you to
generate a more varied field of solutions.

The methods are more detailed in the publication Evolutionary Optimiza-
tion of Fabric Formed Structural Elements®.

Existing tools

Interesting research on the use of ESO optimization in design was carried
out by Kaijima Sawako and Michalatos Panagiotis. They have jointly deve-
loped Millipede, a tool which enables topological optimization in Rhino3D-
Grasshopper environment®. For an average user it might be difficult in the
beginning to set and control the design process, but after a while spent with
the tool, it begins to be intuitive and the optimization result can be predicted.

Conclusion

Similar to the form-finding method, the shape options of the resulting design
are limited - the result produces vector active structures only. Even though
the shape options of the resulting design are limited to vector active structures,
this method is widely applied in interesting designs. However, the constant
problem that persists presently is the manufacturability of the resulting geo-
metry. With the advent of 3D printing, there is a chance that several such
structures will be realized.

The lesson learned form this method is the evaluation of the used and
unused parts of the structure which can be removed. A similar principle be-
came an inspiration for the Catastrophe project’, where the user trains his/her
intuition in trying to identify unnecessary elements of the truss system or other
structures such as the Eiffel tower. The user who removes the most elements

until the structure collapsed is the winner.

SDiederik Veenendaal. “Evolutionary Optimization of Fabric Formed Structural Elements”. Mas-
ter’s thesis of Civil Engineering. the Netherlands: Delft University of Technology, June 2008.
SMichalatos Sawako Kaijima a Panagiotis. Millipede. Version 1.0. [software]. 2014. URL:

http://www.grasshopper3d.com/group/millipede (visited on 02/11/2017).
7Gennaro Senatore and Daniel Piker. Simulators Archives - Expedition Workshed.
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FIGURE 4.10: Catastrophe, understanding structural behaviour by interactive model

and forces visualization.

4.3 Problem to solutions

"Structural optimization is an inverse process in which parameters are implicit-
ly/indirectly optimized to find the geometry of a structure such that an objective
function of fitness criterion is minimized."®

Similarly to the design to solution method, this process is very close to the
natural design method and the trial and error method. In this case, however,
this is a fully automated process of finding ways to achieve the desired goal.
The algorithm itself generates different design alternatives and evaluates them
with respect to the target design goal. As a result of this process, there are usu-
ally several alternative solutions that meet the predetermined requirements.

Input

The task (in some literature also called problem) that needs to be solved is
defined by the user with a parametric model. In the model, fixed and variable
parameters are specified, where fixed parameters usually define design limits
and variables define the degree of design freedom.

The goal of the design is specified through a fitness function. The fitness
function is modified based on property requirements of the design. The re-
sult of function - the fitness value is always a one digit number evaluating
the design as a whole. In the optimization process, the goal can be either to
minimize the fitness value — for example minimization of material and weight

8Sigrid Adriaenssens et al. Shell structures for architecture : form finding and optimization.
Abingdon : Routledge, 2014. 1SBN: 978-0-415-84059-0, p. 4.
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FIGURE 4.11: Problem to solutions approach, Feedback A - selection, Feedback B —

input driven modelling.

in a structure (aiming for material economy), or to maximize the fitness va-
lue - for example maximization of stiffness (aiming for efficient load-bearing
structures).

Method

Optimization methods, namely Evolutionary Algorithms (EA), generate a
population of new individuals (possible solutions) in each iteration that are
evaluated by the fitness function. The best of them are chosen to become
parents for the next population in the next iteration step. A new generation
of individuals (solutions) arises from the parents using mutation and crosso-
ver methods. To ensure diversity, some algorithms also include the option of
selecting a weaker individual (low rated solutions) as a parent for the next ge-
neration. The algorithm stops when a targeting fitness value is achieved or the
selected number of iterations has been reached.

Existing tools

Galapagos® is an implicit evolutionary solver for Rhino3D/Grasshopper
developed by the Grasshopper plugin developer David Rutten. With Galapagos,
users can define a simple fitness function and connect it to their parametric mo-
del created in Grasshopper. During optimization the solver changes variables
of parametric model. When optimization stops the user can explore the field of
solutions generated during optimization and select the most preferable ones.

Not all criteria can be coded into the fitness function (so-called hard to
program criteria, such as aesthetics). This is why Peter von Buelow used an
interactive version of EA in the design process. In this method, each created
generation of solutions interacts with the user and engage him/her in the eva-
luation process (see Figure 4.11 — Feedback A). Thus, the users can influence
selection of parents based on their subjective preference. In the Figure 4.12,
the same algorithm is used by users. However, it is driven by three different

9David Rutten. “Galapagos: On the Logic and Limitations of Generic Solvers”. In: Architectural
Design 83.2 (2013), pp. 132-135. 1SSN: 1554-2769. DOI: 10.1002/ad.1568.
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users” preferences. This is why the results of the optimization process are dif-

ferent.

“In looking particularly at the non-computational tools, it is interesting to notice
that the goal of the tool is not so much to provide the solution, as to provide the

stimulus that leads the user to discover the solution.” (Biilow 2007, p.47)
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Design by Jong Yun, Hyuntak Oh, Sang Ahn, Sung Kim, Nayara Islam.
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Design by Lauren Bostic, William Marquez, Jennifer Siegel, and Faye Whittemore.

FIGURE 4.12: Interactive EA, example of bridge design. (Von Buelow, 2008)

Another problem that mainly affects creativity is a parametric model as an
input for the optimization. It is hard and time-consuming to create a parametric

model to be as flexible as possible. A less flexible parametric model also limits

variety of solutions which can be explored during the optimization process.
Caitlin T. Mueller deals with this problem in her PhD thesis'?. She uses the
Shape grammar algorithm which extends flexibility of a parametric model to
cover a wider exploration space. The tool developed during her PhD studies

is called Structure FIT!!.

It was originally written for the web interface (in

silverlight). However, its extended version is currently being worked out so

that it will be ported into Rhino3D/Grasshopper environment.

Conclu

sion

The advantage of this approach compared to the Design to performance ap-
proach is a clear direction of the design to reach the goal. Nevertheless, the
success of this process depends on the correct definition of the problem (pa-
rametric model) and the goal (fitness function). If the optimization task is
incorrectly defined, there is a risk that a common user will blindly believe in

10Caitlin T Mueller. “Computational Exploration of the Structural Design Space”. PhD thesis.
Massachusetts Institute of Technology, June 2014.

! Caitlin T Mueller. Structure FIT DesignTool. Version 2.01. [software]. 2014. URL: http:
//wuw.caitlinmueller.com/structurefit/ (visited on 01/11/2016).
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FIGURE 4.14: Different kinds of design process with feedback: (a) design-to-
performance (b) forces-to-design (c) design-to-solutions (d) proposed approach.

the correctness of an incorrect result. In this process, the user also lacks di-
rect control over modelling process. The selection of parents in Interactive EA
is not sufficient and usually is more black-box than a controlled process. The
user is missing direct feedback from his/her action which would otherwise give
him/her an opportunity to learn from it.

4.4 Conclusion: Proposed design approach

The previous sections show that each of the researched design approaches has
different inputs, ways of coming to a goal (actions), as well as different outputs
and interactions with the user (feedback), see Figure 4.14.

This research focuses on user based modelling, which represents a design
approach called Design to performance (Figure 4.14(a)). The problem in this
design method is the decision-making process, which is often based on the
trial and error method. Based on the knowledge gained in this work from the
analysis of the two other approaches to structural design — Conditions to form
and Task to solutions, see Figure 4.14(b)(c) I propose a method supporting
users decision-making that should help structurally less experienced users to

Design

Re-design & Improving?(i> Modelling
Decesion y : X A Analysis

maklng XJ
Evaluating & Comparing H Interpretation

Performance

FIGURE 4.15: Stages of the interactive design process.
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independently find more effective structural solutions.

By integrating decision-making support into the Design to performance
approach (Figure 4.14(d)), two new stages are added in the design process
circle: the interpretation support stage and evaluation stage, see Figure 10.1.

This should enable the user to get feedback not only from interactive ana-
lysis (Figure 4.16 — Feedback A) but should also allow him/her to evaluate
the current solution and compare it with the previous solutions (Figure 4.16
— Feedback B). This way, the user should get support in deciding on the next
step in the design process, which also allows him/her to train his/her structural
intuition.

Feedback A

v

Feedback B

FIGURE 4.16: Proposed design process, Feedback A — analytical feedback,
Feedback B — decision-making support.

The primary goal of this research work is to develop and implement a
decision-making support method for conceptual structural design. To imple-
ment a developed method into a digital tool, it was necessary to establish an
interactive analysis by developing a middleware tool, which is the secondary
goal of this research. More about the development of this middleware is intro-
duced in the next chapter.
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Chapter 5

Interactive analysis

"Scripting Cultures considers the implications of lower-level computer program-
ming (scripting) as it becomes more widely taken up and more confidently embed-
ded into the ‘design process’ ...scripting affords a significantly deeper engagement
between the computer and user by automating routine aspects and repetitive acti-
vities, thus facilitating a far greater range of potential outcomes for the same

investment in time."!

Design

Modelling

--------------- ------ [ 4 Analysis

FIGURE 5.1: From design to analysis.

IM Burry. Scripting Cultures: Architectural Design and Programming. Ed. by M Burry. 1st ed.
AD Primer. Wiley, Aug. 2011. I1SBN: 978-0470746417, p. 8.
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5.1 Middleware

The middleware created for this research consists of two software tools:
MIDAS and DONKEY. Thanks to the MPO grant programme the tools were de-
signed in interdisciplinary cooperation. MIDAS was developed on the structural
engineering side by Ladislav Svoboda and DONKEY on the architectural side
by the author. Both tools communicate through VTK file format, implemented
on both sides (see Appendix).

<mesh generator>

.VTK/VTU
<analytical model>

Rhino3D/GH

<modeller> <analysis>

<plug-in> <pre/post-processor>
D existing tools D developed tools @=—— extension &= aggregation <= communication

FIGURE 5.2: Middleware, the software architecture graph.

Midas

The MIDAS (Multifunctional Interface Between Design and Mechanical Re-
sponse Solver) is a console based application without GUI written in C++ and
released under GPLv3 license. The aim of this software is to create a widely
applicable tool improving the cooperation between two professions - designers
and structural engineers. This is why this tool can work with different file
formats used by different CAD or analysis tools like: unv, vtk, vtu (vtk xml
version) as well as oofem, sifel, t3d and ansys.?

To create a correct mesh geometry for the finite element method, MIDAS
uses T3D mesh generator. It is a powerful mesh generator capable to discretize
complex three-dimensional domains into triangular and tetrahedral meshes of
high quality. Although T3D is not public domain software, it is freely available
for non-commercial purposes (education, research, etc).>

As a solver for structural analysis, OOFEM is used. It is a console based
finite element solver with object oriented architecture. The aim of OOFEM is
to develop an efficient and robust tool for finite element method computations,
as well as to provide a modular and extensible environment for future develop-
ment. This tool can solve mechanical, transport and fluid mechanics problems.
It is written in C++ and released under a GNU Lesser General Public License
(LGPL).4

?Ladislav Svoboda et al. “A simple framework for integrated design of complex architectural
forms”. In: CoRR abs/1203.2499, http://arxiv.org/abs/1203.2499 (2012).

3Daniel Rypl. T3D. [software]. 2005. URL: http://mech.fsv.cvut.cz/~dr/t3d.html (visited
on 01/11/2016).

4Borek Patzak. OOFEM. version 2.3. [software]. 2014. URL: http://www.oofem.org/en/
oofem.html (visited on 01/11/2016).


http://mech.fsv.cvut.cz/~dr/t3d.html
http://www.oofem.org/en/oofem.html
http://www.oofem.org/en/oofem.html

5. INTERACTIVE ANALYSIS

Later, OOFEM and T3D were directly linked and used by MIDAS as dyna-
mic libraries. Because the T3D licence policy, the executable binary version of
MIDAS is limited to non-commercial use only.”

Donkey

The purpose of the DONKEY? is to allow a user to create an analytical model
and visualize its analytical results directly in a CAD modeller. As a model-
ler Rhino3D and its plug-in for algorithmic modelling Grasshopper (GH) were
chosen. DONKEY is developed as custom GH components written in C#. The
source code is licensed under GNU licence and shared on GitHub server.

of of [ o ¥ of|f Lof of
& ofet of M| et

[ Elements | 2.Condivons  +] SAnabss +]  4Resuks 4]

FIGURE 5.3: Developed DONKEY components in the Grasshopper interface.

The developed components are arranged into four groups of GH’s menu: struc-
tural elements, boundary conditions (loads and supports), analysis and visua-
lization of analytical results (Figure 5.3).

The components from the first group are used to define structural ele-
ments”~ geometry and properties. There are two types of elements: shells and
beams. Each element type requires a different type of geometry. The beam ele-
ments work with line and polyline geometry, the shell elements with triangle,
polygon and mesh geometry.

5.2 Modelling

The chosen analytical finite element method requires the information about
material and profile properties,except the geometry. Those needs usually guide
a user to focus on materialization and dimensions instead of finding an effi-
cient form in the conceptual design. This is a common mistake in the practice.
The problem is that the materialization and profile definition lock degrees of
design freedom, which can hide important form solutions. This is why, for the
developed structural elements, imputting the geometry is only obligatory. The
other material and profile properties are optional; there are default pre-defined
value inside elements’ components (Figure 5.4 (b, d)).

In order to change dimensions of a beam element, it is possible to use a
PROFILE component (Figure 5.4 (a)). In addition to dimensions the compo-
nent also defines the shape of the profile. There are many types of profiles in
practice, but with the aim to focus on the form exploration rather than sizing,

5Ladislav Svoboda. MIDAS. version 0.82. [software]. 2015. URL: http://mech.fsv.cvut.cz/

~da/MIDAS/en/ (visited on 01/11/2016).
6Lukas Kurilla. DONKEY. version 0.84. [software]. 2017. URL: http://donkey .kurilluk.

net/ (visited on 09/15/2017).
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{0}

Element: Beam
Profile: Circle (10 x 10)
Material: Steel

Circle

{0}
0 Nodal support: 111/111
1 Nodal support: 111/111

{0}
0 Nodal load: 9.807 N, {0,0,-9.807})

FIGURE 5.4: Analytical model definition using the developed DONKEY components.

there are only two basic shapes defined in the component: rectangular and
circular.

To define a profile for a shell element, only the thickness property is nee-
ded (input "T" on Figure 5.4 (d)), therefore there is no specific profile com-
ponent for shell elements. The beam’s profile component also consists of the
thickness value. Here, the value defines the thickness of a pipe profile. If the
thickness is zero the profile is full.

The MATERIAL component (Figure 5.4 (c¢)) is designed to be a preliminary
property which alows one to explore the basic stiffness of different materials,
but not their anisotropic behaviour. For simplification in the early stage all
anisotropic materials (like timber or concrete) are consider to be a continuous
homogeneous isotropic material (like steel). The different types of material
can be chosen from pre-defined list or customized through a pop-up window
defining density, modulus, Poisson’s ratio, thermal alpha and yield stress values
(Figure 5.5).

All the created elements are connected into the MODEL component. It
merges elements into one analytical model (Figure 5.4 (e)). The common
mistake in creating such model is the geometry dualities. They cause that con-
nections between elements are unwelded for an analysis and the model breaks
apart. To avoid dualities, points of each elements’ geometry are registered as
structural nodes in the model. If the node already exists, the point of the ele-
ment merges with it”. Thus the geometry dualities are removed, and a clearly
defined connection between elements is secured.

The first difficulty is supporting a model. The analysis will fail if there is
no support in the model. If that happens, the component warns a user and

7The geometrical dualities identification depends on a tolerance value stored in Rhino3D.
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Custom Material

[Steel | Matedal name
0.00000785 S| Densty o) kg/mm3]
210000 S Modulus (E) [MPa]
0.200 S Poisson's ratio (o)
0.000012 S Themal alpha (a)
300 S Yield stress [MPa)

I oK |

FIGURE 5.5: Custom material implemented in pop-up window.

asks him to add the required support into the model. Supports can be added
to NODE or ELEMENT, which means that support is added to all the nodes of
the elements. For each support its degrees-of-freedom (DOF) has to be defined.
The DOF consists of six variables defining movement and rotation in three axes
X, y, z. Freedom of the axes can be set using radio buttons in a pop-up window
(Figure 5.6).

Custom Degree of Free...

Movement Rotation

[ Lock X [ Lock X
W Lock Y M Lock Y
M Lock Z M Lock Z

FIGURE 5.6: Custom degree of freedom implemented in pop-up window.

The second difficulty are loading conditions. Without the correct loading
conditions the analytical results might not be suitable for real world situation.
In practice, there are many advanced rules and safety factors in order to cor-
rectly load a model. However, for the conceptual phase and form comparison
it should be enough to use dead loads at the beginning and later add basic live
loads to test different loading scenarios.

Loading the model with dead loads can be set in the model component
option. It is turned on in a newly created component. Therefore, compared
with supports, there are no required loads to be connected into the component
to run analysis. The additional live loads can be applied on a NODE or a whole
ELEMENT, and so add a point load or line or area loads (depending on the
element type) in the model. For each load it is necessary to specify a vector
determining the force direction and the magnitude of the force, which for the
simplification is defined in kilograms and it is automatically converted into
Newtons.
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5.3 Data work-flow

Connecting the MODEL component output with an ANALYSIS component, an
analytical model is created on hard-drive in VTK file format® and sent to MI-
DAS. MIDAS reads this model input data and prepares the elements’ geometry
for the finite element method subdividing and re-meshing it. This can,for in-
stance, change one line into ten line segments and so on. MIDAS sends the
prepared geometry with the requested properties to OOFEM and waits for the

results.
DESIGN FEM ELEMENTS
INPUT > > I —
eoe
(X
OUTPUT« ? < ? < XY
EVALUATION INTERPRETATION FEM RESULTS

FIGURE 5.7: The profess work-flow;(a) from design to FEM elements

(b) how to simplify FEM results to support their correct interpretation?

The results of FE analysis are loaded back to MIDAS, where they can be
post-processed. MIDAS then creates resulting VTK file and sends the informa-
tion about analysis success to DONKEY. DONKEY then reads resulting file and
visualizes data in the Rhino3D/Grasshopper interface.

The benefit of FE analysis is its universality to use, but a key problem is
that FE tools are usually too complex and require expert knowledge to be used
correctly. Setting up the boundary conditions correctly and interpreting the
results correctly is not what architects are usually trained for, so the identifica-
tion of possible structural problems is not a straightforward task. And then, in
particular, correctly concluding from the analysis how to improve the design is
a hard task, even for an expert FE analyst.

The results of FE analysis are too complex to be correctly interpreted by a
designer with a lack of structural engineering knowledge and experience. The-
refore, the simplification of the FE results would be beneficial in early stages
of the design process. A simplified result interpretation should help designers
to identify structural problems and guide them towards structurally improved
designs.

8For more details about content and structure of file format see Appendix A.



Chapter 6

FEM results
interpretation support

Knowing more, does not necessarily translate into being able to make better de-
cisions; as there is an inductive synthesis and interpretation process also known
as understanding, which is required before one can begin making decisions using
data.’

------------------------------ A Analysis

Interpretation

Performance

FIGURE 6.1: From analysis to performance.

1Sam Conrad Joyce. “Web Based Data Visualisation Applied to Creative Decision Making in
Parametric Structural Design”. In: August. 2015.
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6.1 Levelling system

This chapter focuses on simplifying the results of the FE analysis in order to
help architects interpret them in the conceptual design stage. After analyzing
the comprehensibility of the FE analysis results, the resulting structural pro-
perties were divided into four levels, based on the difficulty level of the results
interpretation, as well as their usability in particular project phases (lower part
of Figure 6.2).

Shaping process —l Materialization —l- Sizing process
Deflection
Bending
moments Vibration
Rating E—’"
system Buckling Stability
Axial
forces etc.

(7]

FIGURE 6.2: Levels of FE analysis results simplification based on design stage.

This methodology, dividing the structural design process into four levels,
responds to a specific design approach when the form finding, the geometry
and the structural principles precede the actual materialization and sizing.
The methodology also considers an architect as the lead form-maker while the
structural engineer takes responsibility for the bearing capacities and safety of
the structure. Such role division is often used in common practice. The overlap
of both roles happens in the materialization phase (see upper part of Figure
6.2).

1st level

The proposed first level of simplification is represented by the Rating system.
This system was inspired by the fitness value which, similar to video game
rating systems, evaluates resulting design by one scalar value. Consequently

the user can compare various designs and select the most successful one.

The overall rating value itself, however, is generally not sufficient to ensure
better structural performance. It is no less crucial to comprehend and realize
the design’s potential weaknesses (structural problems). Realization of such
negative aspects opens a wider range of solutions that might be structurally
more efficient. The proposed Rating system therefore consists of two resulting
values. The first one assesses the structural effectivity of the design and the
second one informs about the degree of potential structural problems.
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2nd level

To support better understanding of potential structural problems the Second
simplifying level of the FE analysis is used (see Figure 6.2 - 2nd level). The
proposed Rating system is based on von Mises criterion that summarizes stres-
ses in every direction and is represented by one scalar value. In the Second le-
vel this scalar value is decomposed to bending moments and axial forces. This
enables visualization and better identification of the prevailing forces within
the structure. The user is then informed in greater detail about problematic
areas in the structure.

3rd-4th levels

The other two levels represent the latest project stage when the design is ma-
terialized and its dimensions are defined in cooperation with the structural
engineer. Safety and utility measures are the main constraints in this phase.

Implementation

Model

FIGURE 6.3: Levels of FE analysis results implemented in developed plugin.

The implementation of the FE analysis results simplification and its levels
is based on a principle of Grashopper components. The visualization of the
First level of simplification is achieved by a single basic component displaying
the Rating values. This component can be additionally extended by the compo-
nents of the upper proposed levels. For example, the Second level component
might be directly connected to extend the Rating system by the visualization of
the moment curvature diagram. This way it is possible to connect other upper
level components (Figure 6.3). As a result users are able to visualize the data
of their interest and gain knowledge. Less experienced users are always led
straight towards the basic First level of simplification.

6.2 Rating system

Von Mises Criterion

The proposed rating system summarizes the resulting stress tensor into one
scalar value using von Mises Stress (mainly used in ESO as a fitness value).
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o000
[ [ N }
OUTPUT 44 < . < 'YX
RATING SYSTEM VON MISES CRITERION

FIGURE 6.4: Proposed data work-flow of analysis feedback (output data).

The resulting rating value 7 is calculated as a von Mises Stress divided by the
maximal allowed stress f, of the material property:

OR

=" 6.1)
The interval of the rating value 7 is from zero to infinity, and is divided
into two sub-intervals to allow the user to identify structural problems. The
first sub-interval, from O to 1, represents the bounds of elasticity and the re-
sults in this interval can be interpreted as the "structural efficiency" of material
and profile usage. The value 1 represents the Yield point (see Figure 6.5), the-
refore, the second sub-interval, from 1 to infinity, represents the plastic region,
which is characterized as a permanent deformation or even material failure.
The results in this sub-interval can be interpreted as a "structural overloading,"

which represents structural problems.

AFA

F\W

//’— X\ Failure point

Stress

1 Toeregion / gy, stic Plastic
region region
Strain

FIGURE 6.5: Typical stress-strain curve for destructive tensile testing of skeletal soft
tissues. Collagen fibril straightening and failure, related to different regions of the
stress-strain curve, are also schematically shown. (Korhonen and Saarakkala, 2011)

By summarizing the resulting stress tensor into one scalar rating value 7,
it is possible to take into the consideration dominant stresses in any directi-
ons. In addition to axial stresses, which are typically dominant for form- and
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vector-active structures, the use of a stress tensor also allows exploring ben-
ding stresses, which are dominant for section-active structures (Engel, 2013).
This gives the user design freedom to explore more structural systems and ea-
sily identify possible structural problems, which is essential in the conceptual
design phase.

Evaluating the whole design

A design typically consists of many structural elements with different stress
values. Furthermore, the stress in a structural element is usually not distributed
uniformly, this is why the structural element is divided into segments with each
segment having its own rating value (Figure 6.6).

For rating a structural element and then consequently the whole structure,
a summarization of rating values is required. To inform one about problems
and clearly classify feasibility of a solution, SEA uses two summarized values.
The first "overloading" rating value 7, comes from the failure design principle,
which is usually used by structural engineers. In this case, a structure is rated
by the highest, i.e. worst, resulting value (Figure 6.7 (b)). This is a good
method to describe the amount of problems, but, the information about the
rest of resulting values is lost. The second "efficiency" rating value 7, takes
into consideration all the rating values. It is calculated as the average of the
distances of all rating values from 1 (fully stressed design),

m

e =3 LM (6.2)

‘ m
=1

in which the distance from fully stressed design is calculated as
pti = |n; — 1|, where n; < 2. (6.3)

The proposed rating system allows to clearly visualize differences between
feasible and infeasible solutions using the overloading 7, value. The second
efficiency value 7. assesses structural performance (informs i.e. how close to
fully stressed design a solution is). This way architects can compare different
design alternatives, which can be stored during design process.

n1 n2 n3 n4 ns né

. o = 47.3% (overloading)
Ne = 52.7% (efficiency)

FIGURE 6.6: Evaluation of cantilevered structure use proposed rating system.
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VON MISES CRITERION (n)
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Chapter 7

Evaluate and decision
making support

"The final phase of the design is evaluation. This includes checking individual al-
ternatives to ensure that they are save and feasible, and the comparison of feasible

alternatives in order to choose the ’best’ one."!

Decesion
making ' """"""""""""""""

Evaluating & Comparing

Performance

FIGURE 7.1: From performance to decision-making.

1A. Holgate. The art in structural design: an introduction and sourcebook. Clarendon Press,
1986. 1sBN: 9780198561675, p. 223.
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7.1 Design tracker

Storing and visualizing different designs

Two values of the Rating system were presented in the previous chapter: the
efficiency 7. and the overloading 7, value. When design solutions are stored in
the Design tracker, each design is visualized based on the above mentioned two
values. The first efficiency value is visualized in the diagram on a horizontal —
X axis, which represents a domain from 0% to 100% efficiency (see Figure 7.2

(@)).

<—>
(a) || || '
_5;% Sd%
EFFICIENCY

OVERLOADING

No>0 PROBLEMATIC

(b)

FEASIBLE

No=0

I
0% 50% Ne =100%

FIGURE 7.2: Design tracker visualization approach; (a) feasible — efficiency row,

(b) problematic — overloading row.

To clearly distinguish between feasible and infeasible — problematic soluti-
ons, another axis is added above the efficiency axis (see Figure 7.2 (b)). When
a solution is scored with the overloading value 7, higher than 0, it means that
some structural problems are identified in it, and the solution is automatically
stored in the upper — problematic row. The position in the row represents
the solution efficiency while the colour of the square represents the degree of
problems.

Design comparisons and goals

The developed visualization approach (Figure 7.2) allows to guide users to-
wards two structural goals: a fully stressed design by maximizing structural
efficiency or minimizing stress to find a better form of the structure.

The first goal — maximizing structural efficiency can guide users during the
sizing process of section-active structures. The cantilevered structure shown in
Figure 7.3 represents this process. Four design alternatives are generated by
changing the cross section diameter. In the first two of them, some problematic
parts were identified. Such alternatives are classified as infeasible solutions
and they are stored in the upper problematic row of the Design Tracker (Figure
7.3 on the top). The other two alternatives do not have any overloaded parts,
so they are classified as feasible solutions and stored in the Feasible bottom
TOwW.

To identify the best solution from the explored ones, one has to understand
where the design goal is situated in the Design tracker. In this case, the goal
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is situated in 100% of structural efficiency in the Feasible row (see green circle
in Figure 7.3), so the best solution is the third one with 120 mm diameter (see
the solution outlined in black in Figure 7.3).

No>0 » PROBLEMATIC

FEASIBLE

No=0

|
0% 50% Ne = 100%

! . No = 90.9% (overloading)
@ =80mm Ne = 9.1% (efficiency)
\

. No = 52.7% (overloading)
Ne = 47.3% (efficiency)

@ =100mm
\ . No = 0% (overloading)
@ =120mm Ne = 65.5% (efficiency)
\ No = 0% (overloading)
@ = 140mm Ne = 30.2% (efficiency)

© - optimization goal |§| - best solution ng - overloading ne - efficiency

FIGURE 7.3: An example of results visualization for sizing process.

The second and the main approach of this research is to use the Design
tracker to guide users during the shaping process. The goal of the shaping pro-
cess is to minimize stress in the structure. Less stress in the structure means
that the shape of the structure follows the forces more (see form-finding ap-
proach in Section 4.2). Figure 7.4shows an example of transforming a frame
structure into an arch in four steps. The best found solution is the arch (4th
solution outlined in black in Figure 7.4).

The goal of the shaping process in the Design tracker is situated on the left
end of the feasible row (see blue circle in Figure 7.4). This can be confusing
for users, because the goal of the shaping process can be also interpreted as
the aim to achieve the 0% efficiency, which is not right. In this case, the lower
efficiency means that the profile is over-dimensioned according to the stress in
the structure (if there are no problematic parts identified in the structure). By
reducing the profile size (similar to Figure 7.3), users can increase sensitivity
of the Rating system to identify problematic parts which do not follow forces.
This can help them to adjust the Rating system for a more detailed shaping
process.
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SHAPING PROCESS
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FIGURE 7.4: An example of results visualization for shaping process.
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FIGURE 7.5: Real implementation of the shaping process example.
(https://youtu.be/sQNvZ7GSFIQ)
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Implementation

Changing the profile size to adjust the threshold of problems visualization is the
one, but not the best option which users have in the Design tracker. The second
option is to use a threshold setting which was added during the implementation
of the Design tracker into Grasshopper s components (see Figure 7.6).

— CURRENT DESIGN RATING

8

Problem

Clear

Solution 1D:13
[l H B N 1 | [ttt
Overoading: 43.1%

| - - .I . tracking design

ALL TRACKED DESIGNS RATINGS —

THRESHOLD SETTING

(a)

—— CURRENT DESIGN RATING

442.162 MPa

(ietstress |

© 320 (b) | VISUALIZATION THRESHOLD

Pop-UuP WINDOW

ADJUSTING VISUALIZATION

THRESHOLD

VALUE

FIGURE 7.6: Design tracker implementation: (a) pop-up window with explored design
space, (b) developed Grasshopper components with Rating system visualization.

The implementation of the Design tracker method is designed in a pop-up
window (Figure 7.6 (a)), which is always visible and accessible while Grass-
hopper canvas is minimized. The pop-up window can be opened by double
clicking on the SEA component. The window consists of a design space panel
represented by two rows described above (see Figure 7.2) and an information
panel on the right side of the window. The coloured squares are specific but-
tons which represent explored design alternatives. By clicking on the button,
the related design alternative is visualized in Rhino s viewport and its Rating
values are visualized in the information panel as well as in the SEA compo-
nent. Tracking (storing) of newly created alternatives can be controlled by the
checking button at the bottom of the information panel.

By changing the threshold value, the whole design space is dynamically re-
arranged (see Figure 7.7). A value in the threshold represents the Yield point,
the upper boundary of elastic region (see Section 6.2), in other words, the
maximal allowed yield stress in the structure. Changing the threshold value,
is similar to a change in material properties (see material properties in Section
5.2) but it happens in the post-analysis process. In this way, users can dynami-
cally adjust the sensitivity of the Design tracker visualization without a change
in the analytical model, and thus avoid time-consuming calculation of FE ana-
lysis. By using this threshold setting, users can train their sense of material
properties. To help users adjust the correct threshold value the maximal stress
in the design is visualized bellow the SEA component.
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H‘ Design Tracker —
Solution 1D:13
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FIGURE 7.7: Organization of design space by changing Yield Stress value.
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Chapter 8

Guidance of design process

"All of us, unfortunately, have the weakness of making exasperating mistakes, and
the best that can be done is to keep them to the absolute minimum. The best struc-
tural designer is not necessarily the one who makes the fewest mistakes initially,
but probably is the one who discovers the largest percentage of his or her mistakes
and corrects them."

Design

Re-design & Improving

Decesion
making ' """"""""

W\ S

FIGURE 8.1: From decision-making to a change in the design.

1J. C. McCormac. Engineer’s Standpoint: History of Structural Analysis. 2010. URL: http:
//www.engineerstandpoint.blogspot.cz/2010/09/history-of-structural-analysis.html
(visited on 01/11/2016).


http://www.engineerstandpoint.blogspot.cz/2010/09/history-of-structural-analysis.html
http://www.engineerstandpoint.blogspot.cz/2010/09/history-of-structural-analysis.html
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Lageplan / Form Diagram, 1:400

Lageplan / Form Diagram, 1400

FIGURE 8.2: Post-analytical design space exploration with secondary extended results
visualization. (https://youtu.be/wVk80VyHCOU)
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Level 1
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FIGURE 8.3: Visualizing all explored alternatives can guide the user during shaping
process. (https://youtu.be/Vu28QTjP9Sc)

8.1 Design exploration process

Interactive

The possibility of storing previous design alternatives opens other possibi-  Bake-ALL
lities that can support deduction and decision-making during design process.
One is the possibility to visualize previously created solutions to learn from
them. For this reason, the bake-all function was added into the Design tracker.
It creates geometry of all explored alternatives from the Design tracker in the
Rhino viewport and colours them based on the Rating system rules. This is
how the limits of feasible solutions can be visualized, and thus, guide the user
to find a better solution inside these limits (see Figure 8.3).
By adjusting the shape of curves users can design, for example, the profile =~ ExampLEs oF AppLICATION
of a long span roof (see Figure 8.2) with required height and still have the
control over stresses in the structure. In the same way, through shaping curves,
users can adjust the form of a shell structure. Figure 8.4 shows the design
process of a student designing a shell on her preferences (a). Supported by
SEA and the Rating system, the student was able to find a more funicular shape
by manual modelling. This way, the student found out that the elliptical shape
first proposed is less efficient than the found parabolic shape.

(a)

FIGURE 8.4: Finding a better form of shell structure based on shaping controlled curves.
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SECOND LEVEL

BENEFITS OF RESULTS

EXTENSION
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FIGURE 8.5: The second level of result interpretation — moments.

To extend understanding of structural behaviour and help users to find less
stressed design forms, the second level of results visualization can be used (see
Levelling system Section 6.1). Thus, the visualization of moment lines is added
in the viewport. Following the rule of minimizing moments in the structure,
mentioned in Form-finding Section 4.2, the moment line can guide the user
towards less stressed solutions (see Figure 8.5).

Post-analytical

The extension of the first level of results visualization by the second one can
be done also in the post-analysis process, when the user is exploring previously
stored design alternatives by clicking on a specific button in the Design trac-
ker (see Figure 8.2). This can be useful for example, after consultations with
a structural engineer. An engineer can point out important structural proper-
ties, which the user overlooked due to lack of knowledge. The user can easily
extend results visualization and start to focus on newly highlighted structural
properties. This can also teach the user to better understand the structural
behaviour of the designed structure and extend his/her structural knowledge.

The additional results visualization also helps the user to discover struc-
tural properties hidden behind the identified overloading problems coloured
in red. Usually the problem is caused by perpendicular forces — the moments,
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o mnm @ g

FIGURE 8.6: Rapid post-analytical exploration of design with more complex geometry.

which are more dominant than axial forces. As shown in Figure 8.3 or 8.5, the
red coloured parts of the structure have also the biggest offset of the moment
line.

Exploring previously stored solutions is beneficial not only to the addi-
tional extension of results visualization level but it can be also useful when
analysis interactivity is broken by longer calculation time. This usually hap-
pens in designs with more complex geometry. Figure 8.6 shows an example
of a more complex structure consisting of both the shell and beam elements,
where the analysis takes around 3 seconds. In this case, the fast post-analytical
exploration is very useful.

8.2 Sensitivity to change

The Design tracker can be also used to visualize the sensitivity to change.
A parametric model of my diploma project — Annelida, was created along an
longitudinal axial curve which controls its main curvature. The first example
(Figure 8.7) shows that the boundary conditions of the structure are defined
by a hinged support on the left and a movable support on the right side, that
allows a movement in the longitudinal direction. The whole structure beha-
ves as a simple beam, therefore, the particular shape change does not have a
significant effect on the structure efficiency (only a subtle change of the rating
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BROKEN INTERACTIVITY

UNDERSTANDING OF COMPLEX

BASED ON SIMPLE SCHEME
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FORM-ACTIVE STRUCTURE
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! trackng dewgn inave seiected

FIGURE 8.7: The effect of shaping: simply supported beam structure.

in the Design tracker can be seen). The structure reacts as the active-section
system (see Engel classification Figure 3.2), where the key parameters are the
profile dimensions (in this case it would be mainly the profile height).

The second Figure 8.8 shows that both supports have been changed to
the fixed ones. Subsequently, the Design tracker gets immediately into the blue
area meaning that the stress in the structure was minimized. The change of the
boundary conditions — and therefore the structural system — causes completely
different behaviour. A simple beam has been transformed to an arch system
that is not relying so much on the profile dimensions but rather the structural
form (form-active structure). Therefore, the shape change in this case has a
more significant effect than in the previous example. The distance between the
design alternatives represented by the green square buttons is twice as large as
the distance between red squares in the previous example.

goer. @ mle—
Overoadng O ll..

) tracking dewgn [ leave selected

FIGURE 8.8: The effect of shaping: an arch structure.
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FIGURE 8.9: Examples of different profile distribution generated by exploring design
parameters.
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Chapter 9

Case studies

"Imagination and creativity: In other to criticize a proposed solution the designer
must envisage how it will perform in future service. He must imagine what could
go wrong... the designer requires a degree of imagination which must be closely
related to creativity. The more innovative the design, the more creativity will be

required in its criticism."!
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S

FIGURE 9.1: Many projects in this chapter are students’ work from Studio FLO|W at
Faculty of Architecture, Czech Technical University in Prague.
(http://www.studioflorian.com/)

1A. Holgate. The art in structural design: an introduction and sourcebook. Clarendon Press,
1986. 1SBN: 9780198561675, p. 224.
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9.1 Geometry Death Frequency-141

One of the first project where SEA was used was Geometry Death Frequency-
141 project designed by Federico Diaz, as a 2-year exhibition project for the
MASS MoCA museum in Massachusetts.

FIGURE 9.2: Resulting shape of supported fluid-form structure consisting of 250 000

spherical elements.

The whole sculpture consists of approximately 420 thousand spherical ele-
ments made from ABS plastic material, each being 4,7cm in diameter and weig-
hing 9g. The entire structure is 10 meters long, 5,4 meters wide and 4 meters
high. The resulting wave structure was designed for outdoor conditions, where
it has to resist a large amount of snow. We were afraid about load-capacity of
some parts of the object, so we decided to conduct a structural analysis. In
the analytical model, all the spheres were transformed into a beam finite ele-
ment mesh with nodes placed in their centres. The bearing capacity of the
beams, normal and bending stiffness were obtained experimentally by the load
test of several cantilever girders consisting of ten axially aligned spheres. The
measured quantities were verified by SEA.

FIGURE 9.3: Analysis of generated structure (top) and its improvement based on the

identified possible problems (bottom).
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Loading conditions of the analysis were dead-loads plus additional snow  Awnarysis
loads. The analysis showed that about 10% of spheres from 250 000 spheres of
the fluid-form structure were considered as critical (see Figure 9.3 (top)). The-
refore, the reinforcement of the structure was needed. We considered steel rod
supports, but we were discouraged by complications concerning calculations
and the poor synergy of combining these materials.
Therefore, we created the reinforcement for the structure from the same  REINFORCEMENT
material — spheres. Based on the identified problems of the Rating system,
more reinforcement solutions were designed and evaluated. The final design
of a parabolic shape reinforcement was merged with the fluid-form structure.
This ensured a sufficient load bearing capacity for the most exposed part of the

structure (see Figure 9.3 (bottom)).

FIGURE 9.4: The realized structure and the final loading test by the nature.
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9.2 Origami folding structure

The aim of this project was to explore possible origami structures, which can
be later used as an adaptive, foldable roofing or facade. During semester Filip
Lishak, a student, researched different types of origami grids. He analysed their
flexibility and forms as a product of self-organized shaping process. Possible
forms of different origami grids were explored based on physical models and
computer simulations. For computer simulation Kangaroo software tool was
used (see Figure 9.5).

SCHEMA

.\

FIGURE 9.5: Research of different origami grids. (https://youtu.be/l eJdel2FCk)

In this project, SEA was used to analyse folding phases of each generated
grid shape (see Figure 9.6). Thanks to this analysis, it was possible to under-
stand the forces distribution inside the structure during its movement. Based
on this analysis, the grids were scored and compared. This project represents
an overview of possible folding structural systems and their structural require-
ments. TIt can be useful for designing adaptive structures which can react to
different climate conditions or space requirements.

FIGURE 9.6: Generated design space.
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9.3 Swarming CARBONfibre bridge

SEA was also used in the CARBON(fibre bridge project by Jakub FiSera®. Jakub
used an agent based simulation where the geometry was generated based on
wandering swarming agents, which moved between the banks of the Thames
river. This process allowed to generate numbers of design alternatives (see
Figure 9.7)3.

v ] B D e
G (P o | e oS i e\ et

FIGURE 9.7: Generated design space.

The generated geometry was too complex and inconsistent for FE analysis  DEsiGN METHODOLOGY

(see Figure 9.8). Therefore, based on consultations with a structural engineer,
the student transferred the geometry to structural schemes that were analysed
by SEA (see spatial analysis on the top of Figure 9.9). That way, the student
trained his sense to identify a load bearing structure inside complex geometry,
and developed his understanding of the structural behaviour. Jakub used the
Rating system to identify the best solutions and he explored how to improve the
rating, that would eliminate the overloading values and increase the structure
efficiency (see Figure 9.9).

W 4 W ok

FIGURE 9.8: CARBONfibre bridge, detail of the generated geometry representation.

2http://www.studioflorian.com/projekty/307-jakub-fisera-carbonfibre-bridge
3https://youtu.be/yX5bamaz7eQ
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SPATIAL ANALYSIS

STRUCTURAL STRUCTURAL STRUCTURAL
ANALYSIS OPTIMALIZATION | OPI]MALIZAHON?

FIGURE 9.9: Structural analysis of selected designs.
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9.4 Adaptive Danjiang Bridge

The Danjiang Bridge was designed by Miroslav Hlava*. For its adaptation to
current load conditions the bridge is using 468 linear actuators located within
the diagonals of the main arch shaped girders (336 elements) and also within
the vertical supports at both ends of the bridge (132 elements), see red layer
in Figure 9.10. These active elements are expected to create counter forces to
the loads affecting the structure and thus reduce the stresses caused by traf-
fic or wind, to distribute loads within the structure, reduce deformations and

vibrations, prevent aeroelastic flutter, etc.

FIGURE 9.10: Layers of adaptive bridge design.

Danjiang Bridge is designed as a combination of 4 main arch shaped gir-
ders from high performance steel HPS 100W (yield strength 780 MPa), which
are significantly low (30 m) compared to the length of the main span 580 m.
This ration length / height (about 1:20) allows the main bridge deck to be lo-
cated directly on top of the girders while having a longitudinal slope less than
6%. The main road located on the bridge consists of two lanes on both sides
and has a proposed speed of 80 km/h. There are also pedestrian and cycling
lanes located on both sides of the bridge. As a result of these requirements the
bridge is 55 m wide at the widest point.

SEA’s interactive analysis enabled Miroslav to test and understand diffe-
rent structural behaviour of various bridge concepts on architect “s side, which
was crucial for this protect. This project is also a good example of a structurally
more skilled student, who clearly knows what he wants to achieve. Therefore,
for the exploration process instead of the Design tracker an evolutionary algo-
rithm was used. However, the Rating system from SEA was used as the fitness
value for structural optimization. This project also shows the flexibility of the
developed SEA, as its visualization and application can be customized for spe-

cific design needs.

“http://www.studioflorian.com/projekty/364-miroslav-hlava-danjiang-bridge
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v strukturalni analyza - pfiklad adaptace

> nezatizeny stav

zatizeni vlastni tihou [kN/m]

1360.41
] 2400

pocateéni prahyb [mm]

Pocatecni prahyb lze z velkeé
casti redukovat nadvySenim konstrukce.

> zatizeny stav

zatizeni .
g
S 0
dc}gravou X . D
pési/ cyklo

vétrem

2326,82
] 2400

vysledny prihyb po zatizeni [mm]
narGst 986,41 mm oproti pocatecnimu

> adaptovany stav

sila vyvolana aktivaimi prvky [kN]

23
— ST
-248 e
1162,75
e e—
0 2400

celkovy vysledny prahyb [mm]
srovnatelné s nezatizenym stavem

vektory deformaci jsou na schématech 20x zvétsny

FIGURE 9.11: Comparison of unloaded (top), loaded (middle) and adapted structure

(bottom).
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9.5 Workshop: Chimney — Watchtower

FIGURE 9.12: Documentation photos of the Chimney — Watchtower workshop.

The workshop was organized with a design task to extend an existing
chimney in Zdar na Sazavou by an observation tower. The main goal was
to test SEA with different types of users, which should prove the usability of
the tool. Analytical results interpretation was supported by physical models
and consultation with a structural engineer.

FIGURE 9.13: Consultation of structural behaviour using physical models.

The workshop was opened with a brief presentation of possible structural
systems. Then the SEA tool was introduced using an example of transforming a
frame structure to an arch. Afterwards, the participants worked in pairs on both
the virtual and the physical models. In most cases an interesting interaction
emerged since the task was the same but the tools were differed.

The initial premise that consultation with a structural engineer is crucial
for the development of an analytical model was confirmed. Some students
struggled with completing the analytical model and some misinterpreted its
functionality.

77

WORKSHOP OBJECTIVES

WORK SESSIONS

MODELLING ISSUE
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FIGURE 9.14: Evaluation of different design alternatives using SEA.

Once the models were consistent, various design alternatives were created
and evaluated. For improvement of design structural performance, participants
used the Design tracker. They explored various strategies, such as the overall
shape change, alteration of material and cross-section properties (sizing) or
testing different boundary conditions. The use of Design Tracker has proved to
be efficient and comprehensible. The participants always found the way how
to improve their designs and understood why their designs had improved.

FIGURE 9.15: Resulting physical models.
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FIGURE 9.16: Renders of chosen designs.
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FIGURE 9.17: Documented exploration process and design improvement.
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Chapter 10

Findings and future work

"One of the most common mistakes of students in design is to become so mesmeri-
zed by the detailed stress calculations that they forget about fundamental criteria,

such as overall stability."!

Design

Re-design & Improving Modelling

De;gﬁ%gg 4 A Analysis
Evaluating & Comparing Interpretation

Performance

FIGURE 10.1: Stages of proposed design process supported by SEA.

1A. Holgate. The art in structural design: an introduction and sourcebook. Clarendon Press,
1986. 1sBN: 9780198561675, p. 225.



84

DIGITAL TOOLS

METHODS
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USER BASED MODELLING
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10.1 Research results

The result of this research is the Structurally Evaluation Assistant (SEA)
implemented into the digital tool Donkey?. The development of this tool was
divided into two steps. In the first step, an interactive structural analysis was
developed in the architectural model environment (see Section 5.1). In the
second step, the research focused on supporting decision-making during the
design process. Three methods were developed to support architect’s decision-
making in the conceptual structural design.

The first method — Levelling system (see Section 6.1) defines three levels
of structural analysis results simplification (FE). The first level offers less expe-
rienced users the analysis results in the form of a simplified scoring of indivi-
dual design alternatives. The next two levels serve to understand the cause of
the identified static problems in more detail. This enables the user to gradually
deepen his/her structural knowledge.

The next method — Rating system (see Section 6.2) represents the first level
of simplification. Through a pair of scalar values it informs an architect about
the effectiveness and potential structural problems in a design.

The last of the developed methods is Design tracker (see Section 7.1),
which records and compares solutions created during the design process. Mu-
tual comparison of alternatives supports the user ’s decisions and awareness of
the impact of changes on structural performance.

10.2 Comparation

Existing tools

The developed SEA tool compared with other tools for structural design is in-
novative as it connects the user-based modelling with decision-making support.

Tools enabling direct modelling (eg. Karamba), are only analytic tools that
do not provide decision-making support during the design process. These tools
are designed for professional users. The complexity of their environment is too
complicated for an average user.

The second group of tools examined (Galapagos, Structure FIT, etc.), be-
cause of fully automated searching for the optimal solution do not allow direct
user- based modelling. User-based modelling is important for training users’
structural intuition. Individually made changes — actions and subsequent re-
sponses — reactions support the ability to learn and better understand simulated
physical laws.

2Lukas Kurilla. DONKEY. version 0.84. [software]. 2017. URL: http://donkey.kurilluk.
net/ (visited on 09/15/2017).
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10. FINDINGS AND FUTURE WORK

Existing methods

The inspiration to simplify the structural result used in the Rating system
method comes from the fitness value. The fitness value supports users” deci-
sions in selecting parents in the interactive evolution algorithm method. The
advantage of the Rating system compared to the fitness value (used e.g in Fi-
gure 4.13) is in the visualization of potential structural problems intended to
support the user. The fitness value is primarily designed for the optimization
algorithm to function. When evaluating using a fitness value, problematic solu-
tions are hidden under the same evaluation value as feasible solutions. Proble-
matic solutions are only penalized and thus they can achieve similar ratings as
oversizing designs. But a clear distinction between a feasible and a problematic
solution is very important for the users” decision-making.

10.3 Application

As exemplified in the case studies section, the SEA tool has been applied
to studio teaching at the Faculty of Architecture CTU Prague. In particular
geometrically bold concepts where statics played an important role were as-
sessed. Thanks to the SEA tool students already in the conceptual phase were
able to understand the relationship between the proposed form and structural
performance. A similar application of the tool would be possible in structural
design classes (not only at faculties of architecture but also at faculties of civil
engineering), where students, after understanding the theory, could use the
SEA tool to verify various creative modifications of the model assignment .This
should help students more thoroughly understand the previously learned ma-
terial and further develop their creativity, which is important in the structural
design.

Using the SEA tool during consultations with a structural engineer con-
firmed the purpose of the tool, which is not to replace the role of a structural
engineer, but to allow the architect and structural engineer communicate better
in the conceptual design process. Structural analysis on the architect’s side
raises architect’s interest in the structural properties of his/her design, while
at the same time relieves the structural engineer from the routine activity of
evaluating alternative solutions, through which the architect decides and beco-
mes familiar with the structural behaviour of his/her design. Thus, a structural
engineer plays an important role as a consultant who helps an architect to cre-
ate an analytical model, checks the accuracy of interpretation of the structural
analysis results, and leads the architect to achieve a better result.

10.4 Discussion

The proposed Rating system is based on von Mises yield criterion where
the element’s stress components are integrated into one equivalent stress and
divided by the yield stress of a defined material. With this calculation method,
the results are very precise for steel materials, but they are less precise for
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anisotropic materials. However, the aim of the Rating system is not to get a
final — most accurate assessment, but only to guide architects in their decision-
making process. In this respect, the analysis provides users with instant and
sufficient information about the overall stress distribution in the entire model,
which helps architects realise problematic parts of their design.

Other important values that can increase the Rating system’s precision es-
pecially for structures with compressed elements, is buckling and overall stabi-
lity (see Holgate citation in this chapter page). The buckling coefficient can be
calculated based on Swiss code [SIA 263]. The Rating system value can be re-
duced based on the calculated buckling coefficient, thus reducing the allowable
stress for compressed structural elements.

But the question is, if too sophisticated Rating system will not be confusing
for less experienced users. In order to keep it from becoming a black-box solu-
tion, the other important structural properties, which are relevant to structural
problems, are designed as an additional extension of the Rating system (see Le-
velling system Section 6.1). The Rating system informs user only about forces
distribution. The same is the case with overall stability. Is is also implemented
in SEA but it is not the part of the Rating system.

10.5 Future work

There are two fields of possible future work related to this research. The
first one can be a further development of FE analysis simplification method
which can be tested on more diverse types of structure. For example the von
Mises criterion can be replaced by maximal allowed crack size in shell structu-
res to achieve a better, more precise interpretation of feasible and problematic
solutions.

The second option for future work is related to the guiding method. The
Design tracker does not include a direct method of leading a user to a better
result. The user decides how to make a change based on his/her own de-
duction from the previous attempts. In future research, it would be possible
to deal with a method that would lead the user to a better result based on the
visualization of the proposed structural shifts. Research could deal with the in-
teraction between a designer and an artificial intelligence algorithm, in order
to encourage user s creativity and enable him/her to learn during the design
process.
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Analytical model

A.1 Structure
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FIGURE A.1: Structure of an analytical model.

For the analytical model, an object oriented approach was chosen. A MO-
DEL is the root object of the data structure. It contains a list of two basic
objects: NODES and ELEMENTS of the structure. Each of these objects has its
own specific properties and geometric representation. Geometric representa-
tion of the nodes is a point. The geometry of elements depends on the points,
which ensures a clear definition of connections between elements (see below
in the model definition, component model) and allows direct response of an
element’s shape to the change in the nodes position. Geometric representation
of elements varies according to the type of element (beam, shell). From the
real shape of an element the smallest (proportionally negligible) dimension is
excluded and in the form of PROFILE is stored in the element properties. A
beam is thus represented as a line (1D element) and a shell as a surface, po-
lygon (2D element). Geometric simplification has the advantage especially in
reducing time-consuming calculations, and it also allows rapid changes in the
size of an element.
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A.2 File format

The ASCII VTK (Visualization Tool Kit, see Figure A.2) has been chosen as a
primary format. It has a human readable syntax and can be visualized directly
in the modeller or using either of free visualization tool-kits as Paraview or Ma-
yaVi2. Thanks to this, the data interchange can be simply controlled especially
during the software development and debugging. Note that the ASCII can be
replaced with the binary format in order to speed up the data flow.

°
L ®
° °®
°
e
VTK_VERTEX (=1) VTK_POLY_VERTEX (=2) VTK_LINE (=3)
2
n+1
0 n-1 1 3
1 0 0 n
VTK_POLY_LINE (=4) VTK_TRIANGLE (=5) VTK_TRIANGLE_STRIP (=6)
n-2 2
1 2 2
n- 3
Xj
| 1
Xj
VTK_POLYGON (=7) VTK_PIXEL (=8) VTK_QUAD (=9)

FIGURE A.2: Cell types in VTK file format version 4.2.
(www.vtk.org/VTK/img/file-formats.pdf)

Input data

<?xml version="1.0" encoding="utf—8"?>

<VTKFile type="UnstructuredGrid" version="0.1" byte_order="LittleEndian">
<UnstructuredGrid >

<Piece NumberOfPoints="3" NumberOfCells="2">

<Points>
<DataArray type="Float32" NumberOfComponents="3" format="ascii" >
000
100000
301.729708549064 715.834198733914 0
</DataArray >

</Points >

<Cells>
<DataArray type="Int32" Name="connectivity" format="ascii">
01
012
</DataArray >
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<DataArray type="Int32" Name="offsets" format="ascii">
2
5

</DataArray>

<DataArray type="UInt8" Name="types" format="ascii" >
3
7
</DataArray>
</Cells>

<PointData >
<DataArray type="Int32" Name="ID Boundary Condition" format="ascii">
2
0
0
</DataArray >

<DataArray type="Int32" Name="ID _SET IDS Prescribed Values" format="ascii"
>
0
1
1
</DataArray >

<DataArray type="Int32" Name="Full Hinge" format="ascii">
0
0
0
</DataArray >
</PointData>

<CellData>
<DataArray type="Int32" Name="Virtual" format="ascii">
0
0
</DataArray >

<DataArray type="Int32" Name="ID Material" format="ascii">
1
1

</DataArray >

<DataArray type="Int32" Name="ID_Cross—Section" format="ascii">
1
2

</DataArray >

<DataArray type="Int32" Name="ID Boundary Condition" format="ascii">
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1
1
</DataArray >

<DataArray type="Int32" Name="ID Boundary Condition" format="ascii">
0
0

</DataArray>

<DataArray type="Int32" Name="ID_SET IDS Prescribed Values" format="ascii"
>
0
0
</DataArray >

<DataArray type="Int32" Name="Property" format="ascii">
0
1

</DataArray>

<DataArray type="Float32" Name="LCS xz_vector" format="ascii"
NumberOfComponents="3">
001
001
</DataArray >
</CellData >

</Piece>
</UnstructuredGrid >
<AppendedData >

_ <Characteristics>

<PROBLEM_TYPE DOF Number="1">
<item>3dRot</item>
</PROBLEM_TYPE_DOF >

<LIST PRESCRIBED VALUES Number="1">
<item>1 NodePV6111111 </item>
</LIST_PRESCRIBED VALUES>

<LIST_CROSS—SECTIONS Number="2">
<item>1 Circle width 100 height 100 </item>
<item>2 2Dcs thickness 0.1 </item>

</LIST_CROSS—SECTIONS >

<LIST MATERIALS Number="1">
<item>1 IsoLinEl E 210000 nu 0.2 tAlpha 1.2E—05 density 7.85E—06 Ry 300</
item>
</LIST_MATERIALS >
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<LIST_BOUNDARY_ CONDITIONS Number="2">

<item>1 DeadWeight components 3 0 0 —1</item>

<item>2 NodalLoad components 6 0 0 —49032.75 0 0 0</item>
</LIST_BOUNDARY CONDITIONS>

</Characteristics >
</AppendedData >
</VTKFile>

Output data

<?xml version="1.0" encoding="UTF—8"?>
<VTKFile type="UnstructuredGrid" version="0.1" byte_order="LittleEndian">
<UnstructuredGrid >

<Piece NumberOfPoints="55" NumberOfCells="90">

<Points>
<DataArray type="Float32" NumberOfComponents="3" format="ascii" >
9.301778e+002 7.157851e+001 0.000000e+000
8.603495e+002 1.431632e+002 0.000000e+000
7.905273e+002 2.147417e+002 0.000000e+000
7.206975e+002 2.863279e+002 0.000000e+000
</DataArray >
</Points>

<Cells>
<DataArray format="ascii" type="Int32" Name="connectivity">
03
34
0327
3428
</DataArray>

<DataArray format="ascii" type="Int32" Name="offsets">
2
4
6
8
</DataArray >

<DataArray format="ascii" type="UInt8" Name="types" >
3
3
5
5
</DataArray>
</Cells>
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<PointData>
<DataArray format="ascii" type="Float32" Name="uknw_displacement"
NumberOfComponents="3">
0.000000e+000 0.000000e+000 —1.127875e+001
0.000000e+000 0.000000e+000 —9.033630e+000
0.000000e+000 0.000000e+000 —6.931469e+000
0.000000e+000 0.000000e+000 —5.020038e+000
</DataArray >

<DataArray format="ascii" type="Float32" Name="uknw_rotation"
NumberOfComponents="3">
—2.707839e—007 —2.388124e—002 0.000000e+000
—2.586069e—007 —2.364331e—002 0.000000e+000
—2.457980e—007 —2.292913e—002 0.000000e+000
</DataArray >

<DataArray format="ascii" type="Float32" Name="reactions_forces"
NumberOfComponents="3">
0.000000e+000 0.000000e+000 4.964000e+004
0.000000e+000 0.000000e+000 5.275100e—001
</DataArray>

<DataArray format="ascii" type="Float32" Name="reactions_moments"
NumberOfComponents="3">
3.057400e+002 4.933600e+007 0.000000e+000
—2.567600e+001 —1.117400e+002 0.000000e+000
</DataArray >
</PointData>

<CellData>
<DataArray format="ascii" type="Int32" Name="ID_model_parent"
NumberOfComponents="1">
0
1
</DataArray>

<DataArray format="ascii" type="Int32" Name="Property" NumberOfComponents

="1">
0
1
</DataArray >

<DataArray format="ascii" type="Float32" Name="strain_beam3D NVM"
NumberOfComponents="3">
0.000000e+000 2.388000e+000 2.380000e—004
0.000000e+000 2.340000e+000 7.140000e—004
</DataArray>

<DataArray format="ascii" type="Float32" Name="strain_beam3D_ NVyVz"
NumberOfComponents="3">
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0.000000e+000 0.000000e+000 —2.388000e+000
0.000000e+000 0.000000e+000 —2.340000e+000
</DataArray >

<DataArray format="ascii" type="Float32" Name="strain_beam3D_ MxMyMz"
NumberOfComponents="3">
1.217000e—008 —2.380000e—004 0.000000e+000
1.281000e—008 —7.140000e—004 0.000000e+000
</DataArray >

<DataArray format="ascii" type="Float32" Name="stress_ beam3D 1 NVM"
NumberOfComponents="3">
0.000000e+000 4.904800e+004 6.975600e+002
0.000000e+000 4.911500e+004 4.905300e+006
</DataArray >

<DataArray format="ascii" type="Float32" Name="stress_beam3D 1 NVyVz'
NumberOfComponents="3">
0.000000e+000 0.000000e+000 —4.904800e+004
0.000000e+000 0.000000e+000 —4.911500e+004
</DataArray>

<DataArray format="ascii" type="Float32" Name="stress beam3D_1 MxMyMz"
NumberOfComponents="3">
1.046000e+002 6.975600e+002 0.000000e+000
1.100300e+002 —4.905300e+006 0.000000e+000
</DataArray >

<DataArray format="ascii" type="Float32" Name="stress_ beam3D 2 NVM"
NumberOfComponents="3">
0.000000e+000 4.910900e+004 4.907100e+006
0.000000e+000 4.917500e+004 9.819800e+006
</DataArray >

<DataArray format="ascii" type="Float32" Name="stress_beam3D 2 NVyVz'
NumberOfComponents="3">
0.000000e+000 0.000000e+000 —4.910900e+004
0.000000e+000 0.000000e+000 —4.917500e+004
</DataArray >

<DataArray format="ascii" type="Float32" Name="stress_beam3D 2 MxMyMz"
NumberOfComponents="3">
1.046000e+002 —4.907100e+006 0.000000e+000
1.100300e+002 —9.819800e+006 0.000000e+000
</DataArray >

<DataArray format="ascii" type="Float32" Name="strainD_shell glob"
NumberOfComponents="9">
0.000000e+000 0.000000e+000 —2.281651e—005
0.000000e+000 0.000000e+000 5.022161e—005
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—2.281651e—005 5.022161e—005 0.000000e+000

0.000000e+000 0.000000e+000 —1.046652e—004

0.000000e+000 0.000000e+000 1.236314e—004

—1.046652e—004 1.236314e—004 0.000000e+000
</DataArray >

<DataArray format="ascii" type="Float32" Name="strainR_shell glob"
NumberOfComponents="9">
2.379346e—006 —6.059405e—006 0.000000e+000
—6.059405e—006 8.488327e—003 0.000000e+000
0.000000e+000 0.000000e+000 0.000000e+000

7.141820e—006 —6.748854e—006 0.000000e+000

—6.748854e—006 8.454437e—003 0.000000e+000

0.000000e+000 0.000000e+000 0.000000e+000
</DataArray>

<DataArray format="ascii" type="Float32" Name="stressD_shell glob"
NumberOfComponents="9">
0.000000e+000 0.000000e+000 —4.623438e—001
0.000000e+000 0.000000e+000 1.724216e—001
—4.623438e—001 1.724216e—001 0.000000e+000

0.000000e+000 0.000000e+000 —6.291504e—001

0.000000e+000 0.000000e+000 —8.802849e—002

—6.291504e—001 —8.802849e—002 0.000000e+000
</DataArray>

<DataArray format="ascii" type="Float32" Name="stressR_shell glob"
NumberOfComponents="9">
0.000000e+000 0.000000e+000 0.000000e+000
0.000000e+000 0.000000e+000 0.000000e+000
0.000000e+000 0.000000e+000 0.000000e+000

0.000000e+000 0.000000e+000 0.000000e+000

0.000000e+000 0.000000e+000 0.000000e+000

0.000000e+000 0.000000e+000 0.000000e+000
</DataArray>

<DataArray format="ascii" type="Float32" Name="CSusage_elast"
NumberOfComponents="1">
4.998331e+001
1.000237e+002
</DataArray >

<DataArray format="ascii" type="Float32" Name="CSusage_elast_rel"
NumberOfComponents="1">
1.666110e—001
3.334122e—-001
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</DataArray >

<DataArray format="ascii" type="Int32" Name="CSusage_elast bool"
NumberOfComponents="1">
0
0
</DataArray >
</CellData>

</Piece>
</UnstructuredGrid >
<AppendedData>
<Volume> 7889773.343919 </Volume >
</AppendedData >

</VTKFile>
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