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Organizing Institutions

The conference is organised by the International Federation for Structural Concrete ()
and the Spanish Structural Engineering Association (ACHE).

The , Fédération infernationale du béton, is a not-for-profit association formed by 42
national member groups and approximately 1000 corporate and individual members. The

's mission is to develop at an infernational level the study of scientific and practical matters
capable of advancing the technical, economic, aesthetic and environmental performance
of concrete construction.

The  wasformed in 1998 by the merger of the Euro-International Committee for Concrete
(the CEB) and the International Federation for Pre-stressing (the FIP). These predecessor
organizations existed independently since 1953 and 1952, respectively.

The Spanish Structural Engineering Association is composed of professionals interested in
research and practical applications in the field of structural engineering. It was founded in
1999, under the name of the Scientific and Technical Structural Concrete Association, as
a result of the merger of the Spanish Concrete Group (GEHO) and the Spanish Technical
Prestressing Association.

The Spanish Structural Engineering Association is composed of professionals interested in
research and practical applications in the field of structural engineering. It was founded in
1999, under the name of the Scientific and Technical Structural Concrete Association, as
a result of the merger of the Spanish Concrete Group (GEHO) and the Spanish Technical
Prestressing Association.



Symposium

Conceptual design plays a leading role in defining the end-performance of structures. Facing
new global challenges and embracing new technological opportunities, structural designers
are encouraged to develop more creativity in their projects. Each project, independently of
its size, is an opportunity fo create.

Creativity in conceptual design is hard to foster and share. It is not the result of a sudden
moment of inspiration, but the fruit of a serious, systematic and ambitious work in the
search for the most adequate solution to a given question. Conceptual design is actually
rarely taught in civil engineering schools. Traditionally, and commonly to other creative
fields (e.g. architecture, literature, culinary arts, painting), successful processes are context-
dependent, experience-based and principle-driven. However, new training modes, deeper
understanding of history, and the advent of new tools and technologies sets forth new
possibilities for creative endeavours.

The Infernational ~ Symposium on Conceptual Design of Structures is a singular event
specifically addressed to creative designers of all experience levels. The — the
International Federation for Structural Concrefe — is an association created in the 1950's
by eminent engineers, among which are Torroja, Freyssinet, and Levi, that aims at sharing
ideas to promote the use of structural concrete. This association acknowledges and has
had, throughout its history, the mission to promote, communicate and teach the value of
creativity in engineering. The symposium is organized together with the Spanish Association
of Structural Engineering (ACHE). The Torroja Institute in Madrid, Spain, a unique blend
of architecture and structure showcasing Eduardo Torroja’s creativity and teaching, is the
venue of the event.

Four sessions punctuate the symposium, each corresponding to a stage in the conceptual
design process: INSPIRATION; DATA COLLECTION; CREATIVITY; and MATERIALIZATION.
Each session s filled with a keynote lecture, plenary presentations of selected papers, an
open debate with the audience, and a series of hands-on workshops leveraging state-of-
the-art tools and methods.
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Institutional Support
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Venue

The conference will take place in the Eduardo Torroja Institute for Construction Science
(IETcc).

The building ensemble was designed in 1953 by Eduardo Torroja, and represents a relevant
an interesting example of his work. Among the buildings that constitute the ensemble of
the institute stands out the impressive structure of the Dodecahedron coat silo, the Round
canteen, the Triangulated shell roof of the testing and workshop buildings, the Pergola
and the singular hanging system of the mezzanine of the main hall. Since its opening the
Institute has hosted important international conferences, seminars and symposia.

Address:
Eduardo Torroja Institute for Construction Science
Serrano Galvache Street, n 4

28033 Madrid — Spain
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Fluid Dynamic Simulations as Conceptual Design
Drivers in Shaping Architectural Structures

Jelena Milosevic

Faculty of Architecture
University of Belgrade
Bulevar kralja Aleksandra 73/11, 11000 Belgrade, Serbia

Abstract

This research is motivated by the emergent computational technologies and tools based on Fluid
Dynamic Simulations that currently find their application in architecture, and particularly in the dis-
courses of generative, digital, and performance-oriente design. The key goal is to review the poten-
tials and constraints of performance-driven strategies that involve the assistance of these tools in
shape exploration in the conceptual phase of the design process. Within the research framework of the
design case studies, we obtained results that illustrate the effectiveness of the suggested approach for
shaping distinctive, unconventional structural typologies with improved physical performances.

1 Introduction

This paper reports the application of design methods and computational tools based on fluid dynamic
performance simulations in the design process. Motivated by the increased production of complex
forms that are often nontectonic as a result of design in unconstrained CAD virtual environment, the
research explores applicability of a type of physical-based simulations in production of architectural
forms. Specific generative approach, employed in the research combines the use of computational
algorithms for performing a particular task within the design process and designer’s revision of the
obtained forms and intervention, making the design result of the synergetic action of computer and
designer. The assessment of this approach was carried out in the context of specific tasks, thus nar-
rowing the research framework and performing it in particular design situations.

Starting from the hypothesis that the dynamic simulations could be used in shaping architectural
structures with improved physical properties, the objective was to describe and evaluate performance-
based design approach. This action-oriented design research enabled us to examine the possible way
of application of digital technologies (in specific parametric modeler and soft-ware for virtual simula-
tions), in the process of shape-finding and evaluation. Our task was to define design problems, strate-
gy, and tools that will correspond to the set objectives. Respectively, we focused on specific design
situations in which wind-load influence could be relevant for structural performances of the building
and in which it could be addressed through shaping. Also, we had to choose a method that will not
disturb nature of the architectural design process by subordinating it to the strictly structural perfor-
mances, but that will facilitate consideration of other aspects of the architecture including functionali-
ty and aesthetics. Finally, we had to select tools that meet best the initial phase of the design process,
and that enable designers to produce fast and evaluate design alternatives in a friendly environment.

A contribution of this paper is a description of an approach in which the definition and implemen-
tation of a design strategy represent part of the creative process. Contrary to the conventional practice,
this process is moved form creation of a design to a definition of a more objective design tactic that
encounters the needs of particular design problem-solving. The suggested approach enables avoiding
preconceived solutions and psychological inertia, due to the finite experience, and facilitates explora-
tion of physical performances and emergence of design with desirable characteristics. Besides, though
the applied design research method is generally speculative, reflective, and critical in trying to learn
general lessons from specific cases, the processes themselves represent experience, independently
from the achievements, because they could be repeated and used in the new tasks.

2 Underlying concepts

Concepts that represent the background of the research, such as generative design, design exploration
in computational environments, and performance-based design have an extensive literature.
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Generative design is related to the application of artificial production systems in creative process-
es. These systems participate in decision-making and the designation of the final designs. Generative
design discourse is inspired by instability and complexity, while methods applied in the design pro-
cess are rooted in the modeling of the dynamics of the systems [1]. The generative design process is
repetitive, and solutions are developed through a certain number of iterations.

Generative systems initially used in architecture were regular systems such as sets, symmetries,
tessellations, number sequences, the golden ratio. Combinatorial or configuration systems such as
shape grammar were particularly attractive in the 1960s, because of industrial mass production real-
ized with computationally based rationalization, the methodology of modular coordination and con-
structive precision. Subsequently, post-industrialization supported by automation and digital fabrica-
tion brought aspiration for mass-customization oriented on dynamic processes and increased com-
plexity. Digital tools enabled the application of the irregular generative systems based on the random-
ization, stochastics, or complex systems inspired by the emergent biological systems. Lately in gener-
ative architecture discourse work authors of which some are purely interested in the exploration of
visual complexities, while others such as [2], [3], [4], [5], or [6], study processes of form-finding or
morphogenesis.

Development of digital technologies influenced that their applications become dominant to the
extents that currently the term generative design mainly refers to computational design. Krish [7]
states: Generative design is the transformation of computational energy that supports designer (hu-
man) in research on a larger number of design possibilities in the frame of constraints that could be
modified. The application of computational algorithms exceeds traditional CAD paradigms [8] in
terms that the potential of computers is more efficiently used in the processes of design generation on
an interactive basis, creating automated systems which anticipate states and respond to their condi-
tions. The development of scripting (AutoLisp, Rhinoscript, Scriptographer, etc.) and classical (Pro-
cessing, Fluxus, openFrameworks, etc.) and graphic (Max/Msp, Pure Data, Isidora, Quartz Composer,
vvv, Grasshopper, Dynamo, etc.) program editors facilitated relatively simple implementation of
ideas even to the designers note experienced in programming.

Generative design is also related to the discourse of performalism [9], [10]. The performance-
based approach implies design production under the influence of external forces and factors (subjec-
tive or natural). Integration of parametric design and simulation tools in the design process promoted
new rhetoric, letting the objective external information, to determine values that generate designs.
Moreover, some authors [11], [12] or [13] stress the advantage of the introduction of this top-down
objectivity in the design process. However, there is a criticism on claims related to the effects of the
top-down objectivity of the design process, suggesting that they are exaggerated and in certain man-
ner blur numerous and complex decisions and choices which necessarily must be made.

Design subordinated to the demands of specific criteria is a conventional approach in engineering,
while architects usually use a more intuitive approach. Architects tend to rationalize form to a specific
problem intuitively, and although these solutions are not entirely optimal, they improve designs to a
certain extent. For example, the shape of the Eifel Tower is derived from the wind load diagram [14]
or Gherkin Tower is curved and narrows to the top in order to decrease wind turbulence [15]. The
distinctive approach represents the design of amorphous forms that indirectly resemble the fluid flow,
and represent distinctive architectural expressions, like Opera in Harbin and Heydar Aliyev center in
Baku by Zaha Hadid Architects [16]. Although these forms were not generated through fluid flow
simulations, due to their forms and urban set have a smaller coefficient to the wind resistance in
comparison to the conventionally shaped buildings. Computational Fluid Dynamics (CFD) simula-
tions that are currently used in diverse engineering fields are still rarely applied in architecture and
usually for sophisticated design, while testing in wind tunnels is reserved for skyscrapers and some-
times for the urban areas. Introduction of these technologies in the conceptual design could have
exciting perspectives.

3 Design experiments

In order to test the effectiveness of the application of fluid dynamics simulations in the concept phase
of the design process, we set two design problems:

=  shape-improvement of a skyscraper structure and

=  shape-finding of a spatial structure.

176 Data Collection



Shaping structure by considering wind-load influence could be relevant in both cases and contribute
to the structural performances of a design proposal. The master architectural students did both designs
at the Studio Design courses at the University of Belgrade — Faculty of Architecture.

The conceptual design process, in both cases, had the following phases:

= generative system creation,

= design exploration and

= design selection.
After analyzing a specific design problem, the task was to define the design procedure, described by
an algorithm which was then implemented using digital tools. We decided on the approach based on
designer-computer interaction, so diverse objective and subjective information was used to construct
a dynamic simulation context, for form exploration, interpretation, and decision-making. Computa-
tional tools drove shape exploration, evaluation of aerodynamic performance, and informed process
of design selection performed by the designer. The design process was iterative, and forms emerged
gradually, through progressive adjustments and improvements. Design activity needed a precise
definition of the problems to solve, in order to accurately understand relation, flows, and performanc-
es and obtain design solutions whith desirable attributes. The suggested approach enabled avoiding
preconceived solutions and psychological inertia, due to the finite experience, creative methods drive
designers through the problem abstraction and after through the abstraction of solution.

Designs were realized by the application of CAD and CFD software, which enabled diverse visu-
alizations and analysis. The applied CAD system enables constraint-based modeling in which every
element may be connected using parameters, relationships, and references. A specific part of the
modeling process was automated. CFD tools were used to evaluate forms and to inform the process of
form selection. Significant demand in choosing a CFD program was to provide an environment suita-
ble for the concept phase of the design process, i.e., a tool that is flexible and fast. Between soft-
ware/programs/plug-ins or algorithms for fluid simulations that have the potential for application in
architecture, we selected Autodesk FlowDesign [17].

31 Design experiment 1

3.1.1 Task and process

The task was to design the structural system for the skyscraper in the New Belgrade, Serbia. Located
near Riverside this skyscraper is 420m tall, and like any building of such height, it represents spatial
dominate and city's landmark. Design tests approach in which aerodynamic performance considera-
tions are included in the conception phase of the design. Wind resistance problem must be mainly
addressed in tall building design, having in mind that lateral forces considerably affect these struc-
tures [18]. That is why the aerodynamic shape was an essential aspect of the design proposal.

The design process included the production of quite diverse formal proposals based on the au-
thor's ideas. Then the analysis of these designs using fast CFD simulations was done in order to learn
about their aerodynamic properties and narrow the range of design solutions. In this phase study of
the fluid dynamic phenomenon described in [19], [20], [21] was done. After that selected design was
further gradually improved following both architectural and structural demands.

3.1.2 Materials and tools

The geometry of the structure was modeled in a NURBS based parametric CAD system Rhinoceros
[22]. For the evaluation of performances, we used early mentioned software Autodesk FlowDesign.
This software enabled us to run fast simulations, evaluate design proposals, improve forms based on
feedback data in the iterative design process. Because of the speed, the precision and the reliance on
the obtained results from FlowDesign is constrained. Also, the program is restricted to modeling
properties of no other fluid than air. However, since it is used in the initial phase of the design pro-
cess, these drawbacks are acceptable. FlowDesign informed us with numerical (forces and drag coef-
ficients) and graphical (visualization of the fluid’s particles around the form - vectorization of the
fluid’s flow and mapping of the flow speed) simulation results.

3.1.3 Results and discussion

The result of the design experiment 1 (Fig. 1) is a structure which form was a result of gradual ad-
justments based on simulation data done in the iterative design process. This approach resulted in the
aerodynamic form, which is confirmed by reduced drag coefficients. This design confirms that the
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forms derived through the process informed by the fluid dynamic simulations have expected im-
proved aerodynamic performances. These designs are not only rational from the aspect of structural
performances but also have satisfying aesthetical qualities. In common practice, architectural designs
may be created without considerations of aerodynamic properties. In this case, improvement of the
performances, to the certain extents, could be done through post-design optimization. However, this
example demonstrates the application of fluid dynamic simulation in the early design stage is towards
the production of sustainable designs, which of particular importance in the case of specific structural
typologies. Also, one should be aware that more precise, detailed, and time-consuming simulations
would be obligatory in the further elaboration.

\7
\?

Fig. 1 Skyscraper design — alternative shape proposals in the process of form-improvement, the
structural system of the building, visualization of CFD simulations in Autodesk
FlowDesign (student: Savo Ukropina, mentor: doc. dr Jelena Milosevi¢, 2018)

3.2 Design experiment 2

3.2.1 Task and process

The design task was to create a spatial structure for the nautical museum in Belgrade, Serbia. The
intention was to design a floating structure located at the Danube River that will activate riverside.
The structure has dimensions 40m wide, 80m long and 22.4m high, where the launch is approximate-
ly 8m, and a total surface of about 5800m2, where 3000m?2 is for the exhibition. Design tests hypoth-
esis that fluid forms conceived by applying physical laws can have good aerodynamic performances.
The design was realized through phases previously mentioned in section 3. During the creation of
the generative system, much work was dedicated to the analysis and description of the physical phe-
nomenon underlying form generation. The particle systems represented the fluid form of the structure.
Once the phenomenon was abstracted, the design potentials were instrumentalized into a design ex-
plorer — an algorithm. Then, the strategies for the implementation of algorithm were revised. Consid-
erable work was dedicated to writing a code that simulates a dynamic particle system, which gener-
ates trajectories in a controlled virtual environment, and describes volumes around obtained trajecto-
ries. The code was exploited for design exploration and production of many formal solutions. This
design driver was based on physical laws that designer could modify in order to obtain forms that
meet diverse design demands (such as functional or aesthetics). In the process of design selection, a
number of solutions were first narrowed by using subjective aesthetic criteria and then selected de-
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signs were subjected to the fast CFD simulations in order to inform decision-making process with the
aerodynamic performances of the selected forms.

3.2.2 Materials and tools

In this case, the generative system was fully parametrized, and that facilitated fast and easy manipula-
tion and changes. For shape-finding, we used visual programming editor Grasshopper for commercial
CAD software Rhinoceros [23]. For the simulation of particle systems, we used Quelea plug-in [24],
and for the description of the volume, we used program code (VB script) that generates surface based
on the marching cubes concept. In order to generate the diverse outline of trajectories, we used seven
virtual forces, in three diverse sets for the diverse number of particles. The sets of virtual forces ena-
bled the generation of trajectories for translator and vortex circulations of fluid. Then, for each set of
particles, obtained trajectories were preserved and used for describing volumes. This framework
enabled complete parametric control of shape-finding and manipulation of diverse parameters that
define complex geometry enabled the emergence of numerous different designs.

For the performance evaluation, we also used Autodesk FlowDesign, and small drag coefficients
were also desirable results. The FlowDesign software was used for the fast review of the air-flow
around a number of forms and selection of the final solution. Nevertheless, in the phase of design
development (which description is beyond the scope of this paper), acrodynamic performances of the
selected solution were further analyzed using commercial Autodesk software Computational Fluid
Dynamics (CFD) [25]. This software, based on the finite element method, provided us with more
precise and more reliable results which were also validated by the experiment in the wind tunnel.

3.2.3 Results and discussion

Design experiment 2 (Fig. 2) confirmed that dynamic simulation tools could be used effectively in the
shape-finding of spatial structures. Structures obtained from described generative design process
exhibit good aerodynamic performances. Based on simulation results (numerical and graphical), it
could be concluded that the structure has satisfying aerodynamic performances. Furthermore, the
analysis of resistance coefficients it can be concluded that the values (from 0,26 to 0,74 for diverse
simulation directions) are much smaller in comparison to the conventional cubic forms (1.17).

Ce— & (=

Fig. 2 Spatial structure design — alternative shape proposals in the process of shape-finding, final
design, visualization of CFD simulations in Autodesk FlowDesign (student: Ognejn Gra-
ovac, mentors: prof. dr Miodrag Nestorovi¢ and doc. dr Jelena MiloSevié, 2018)
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Like in all generative processes, the final form was not determined at the beginning, and design
emerged based on an algorithm that has a certain degree of freedom in the creative process. Lack of
predetermined formal solution prevented us from striving to predefined shapes and limitation they
could potentially introduce in the exploration process. Interactive manipulation of parameters produ-
ced diverse shapes, enabling relatively fast exploration. In this set, the design is the result of the ade-
quate combination of parameters, and the task of the designer, positioned between soft-control and
management, is to define sets of parametric relations. Results are designs that are close to figuration
and that closely build different relations within its environment.

4 Conclusion

The development of technologies for fluid dynamic simulations in terms of improving their environ-
ments and processing of a large amount of data exceeds their use as highly specialized tools and
stimulates their varied applications. This paper demonstrates that fluid dynamic simulations potential-
ly could be used in the conceptual design of structures as design drivers, contribute to the inclusion of
aerodynamic performances consideration, and direct the design process towards the production of
rational and interesting proposals. Also, fluid dynamic simulation should not be solely perceived as a
means to intensify the form but as a vehicle to improve performance.

Two different design situations presented in this paper suggest that in conceptual design, dynamic
simulations are efficient for both shape-improvement and shape-finding of diverse structural typolo-
gies. Both cases have a specific design process comprised of formulation of design inputs, the em-
ployment of transformative system, and the evaluation of the end products. Also, in both cases, the
design relies on designer-computer interaction, which drives parametric digital models, fixing geome-
tries based on simulation feedback and designer's explicit decision grounded in experience, percep-
tion, intuition, etc. In this setup computational tools are limited to specific tasks while designers
simultaneously consider different design requirements and choose a design (out of the range of sub-
optimal solutions) that best satisfies diverse aspects and is interesting for further elaboration.

There are various directions for further research. One could be related to the application of opti-
mization algorithms in the process of the search for a solution. Also, the application of dynamic simu-
lations both in optimization and in design could be considered for diverse structural typologies, and
especially for those exposed to a relatively significant wind effect. Besides, fluid dynamics simula-
tions not only provide the ability to check the aerodynamics of the form but could also inform us
about the best positions for specific building's functions and elements such as wind turbines. Finally,
the problem of fluid dynamics is interdisciplinary, and diverse knowledge could be included in its
solution. Since scientific and professional fields are increasingly relying on digital technologies, more
extensive research and applications of techniques and tools based on fluid dynamics probably could
be expected in the future.
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