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ANNOTATION AND SYMBOL

Symbol Explanation

Cair Directional Factor

Ce Exposure coefficient

Co Orography Factor

Cpe External Pressure Coefficient

Cpi Internal Pressure Coefficient

Cpnet Net pressure coefficient

Cr Roughness Factor

Cseason Seasonal Factor

Ce Thermal coefficient

Fu Tensile Strength

Fy Characteristic Yield Stress

G Dead Load

I Building importance coefficient

ki Turbulence Factor

kr Terrain Factor

lv Turbulence intensity

m Reduction value depending on roof slope (o)

n Live load participation coefficient
Rain Load

S Snow load on the roof [kN/m?]

Sk Characteristic value of snow on the ground at
the relevant site [kKN/m?]

p Air Density
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Annotation

TSC 2018

TSC 2007

AISC 360-10

TSSC 2016

TS EN 1991-1-3
TS EN 1991-1-4

LRFD

Explanation

Turkish Seismic Code Published In 2018
Regulation on Buildings to be Constructed in
an Earthquake Zone 2007

Specification for Structural Steel Buildings

Turkish ~ Steel Structure Code (The
Regulation on Design, Calculation and
Construction Principles of Steel Structures
2016)

General actions -Snow loads

General actions -Wind actions
Load and Resistance Factor Design
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ABSTRACT

ANALYSIS AND DESIGN OF SINGLE-LAYER FREE-FORM
STRUCTURES: A CASE STUDY ON THE BRITISH MUSEUM GREAT
COURT

Serhat, Faruk
Master of Science in Department of Civil engineering
Supervisor: Associate: Dog. Dr. Mehmet Emin Oncii
July 2023, 186 pages

Single-layer free-form systems have become increasingly popular in architectural design
projects as they offer the opportunity to create unique and visually stunning structures. These
designs have gained global attention due to their impressive appearance and ability to push
boundaries creatively. Using single-layer systems is environmentally friendly and reduces
construction waste by using less material than traditional construction methods. Nowadays,
many architectural projects incorporate single-layer free-form systems to construct
exceptional and one-of-a-kind buildings. This thesis comprehensively examines the technical
details of single-layer free-form systems from architectural and engineering perspectives,
including connection types such as rigid, semi-rigid, and hinged connections. The study
thoroughly examines the welded and bolted connection details at the nodal points of single-
layer free-form systems and their advantages and disadvantages. This thesis examines the
architecture of the Queen Elizabeth II Great Court British Museum, considered one of Europe's
most significant courtyard roof projects. The structure of a single-layer free-form building in
Istanbul's Yesilkoy neighborhood, Bakirkdy district, is analyzed using the SAP2000 program.
The critical joint is also analyzed as a welded and bolted connection using Ansys for
comparison. A uniform profile section is selected for the building's structural design to make
the design more accessible. Various loads, including static loads, snow loads, earthquake
loads, and wind loads, are numerically evaluated based on relevant codes such as Turkish
Seismic Code (TSC 2018), Turkish Steel Structure Code (TSSC 2016), TS EN 1991-1-3:2009,
and TS EN 1991-1-4:2005. Two different analysis cases are conducted for the single-layer
free-form system under symmetric and asymmetric load combinations. The results are
presented in tables and visual representations for comparative evaluations. The structural
analysis indicates that the deflection values are similar, but the welded connection provides
more stability compared to the bolted connection regarding torsion. The maximum stress
calculated in the analysis of the welded connection is approximately 60% higher than that of
the bolted connection. In comparison, the maximum deflection calculated in the bolted
connection analysis is approximately 65% higher than that of the welded connection.

Keywords: Single-layer free-form structure, Structural steel nodes, SAP2000, ANSYS
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OZET

TEK KATMANLI SERBEST FORMLU CELIK YAPILARIN TASARIMI:
INGIiLiZ MUZESi CATISI ORNEGI iNCELEMESI

Serhat, Faruk
Yiiksek Lisans, ingaat Miihendisligi
Danisman Dog. Dr. Mehmet Emin Oncii
Temmuz 2023, 186 sayfa

Tek Katmanli Serbest Sekilli sistemler, son yillarda mimari tasarim projelerinde kullanilarak
benzersiz ve 6zgiin yapilar insa edilebilmektedir. Bu tasarimlar, etkileyici goriiniimleriyle hem
yerel hem de uluslararas1 diizeyde biiyiik ilgi gormektedir. Tek katmanli serbest sekilli
sistemlerin kullanilmasi, yaratici, smirlart zorlayan ve etkileyici tasarimlarin hayata
gecirilmesini saglamaktadir. Ayrica bu sistemler yapilarin dis goériiniisiine ve islevselligine
farkli bir boyut kazandirmak ig¢in tercih edilmektedir. Geleneksel yontemlerden farkli olarak
tek katmanl sistemler daha az malzeme kullanilarak insa edilebilmektedir. Bu da yapilarin
daha gevreci olmasini ve ingaat sirasinda olusan atiklarin azaltilmasini saglamaktadir. Bu tez
kapsaminda Tek Katmanli Serbest Sekilli sistemlerin tasarim miihendisligi agisindan teknik
detaylar ayrintili sekilde ele alinmig bu sistemlerin birlesim tipleri ile rijit, yar1 rijit ve mafsalli
birlesimler incelenmistir. Tek Katmanli Serbest Sekilli sistemlerin diigim noktalarindaki
birlesimleri kaynakli ya da bulonlu olarak yapilabilmektedir. Calismada diigiim noktasinin
kaynakli ve bulonlu birlesim detayi, avantaj ve dezavantaj acisindan ayrintili bir sekilde
incelenmistir. Bu tezde, Avrupa’nin en biiyiik avlu iizeri 6rtme projelerinden biri olan Queen
Elizabeth II Great Court British Miizesi mimarisi rnek alinarak; Istanbul ili, Bakirkdy ilgesi,
Yesilkoy mahallesinde insa edilecegi varsayilan Tek Katmanl Serbest Sekilli bir yapinin
analizi SAP2000 programu ile yapilmistir. Ayrica, yapisal analiz sonucunda belirlenen en
kritik digiim noktasinin kaynakli ve bulonlu olarak analizi de ANSYS programi ile
yapilmistir. Yapi tasariminda profil kesiti uygulama kolaylig1 agisindan tek tip bir profil
secilmigtir. Modele etki eden sabit yiikler, kar, deprem ve riizgar yliklerinin sayisal degerleri
Tiirkiye Bina Deprem Yonetmeligi (TBDY 2018), Tiirkiye Celik Yapt Yonetmeligi (TCYY
2016), TS EN 1991-1- 3: 2009, TS EN 1991-1-4: 2005 Yonetmelikleri 1s18inda incelenmis,
yapisal analiz i¢in tiim hesaplamalar1 yapilmistir. Tek tabakali serbest formlu sistem igin iki
farkli durum analizi yapilmistir. ilk durumda, moment 2-2 zayif yonii serbest birakilarak bir
analiz gerceklestirilmistir. Ikinci durumda ise diigiim noktas1 rijit birlesimli olarak analiz
edilmistir. Bu analizler, simetrik ve asimetrik yiklerin olusturdugu yiik kombinasyonlari
altinda gergeklestirilmis ve sonuglar kargilagtirilmistir. Yapilan analiz sonucunda elde edilen
sonugclar karsilastirmali olarak tablo ve gorsel olarak sunulmustur. Sehim degerleri agisindan
yap1 analizinde ayni sehim degerleri elde edilmistir. Ancak burkulma agisindan kaynakli
diigiim noktasinin bulonlu diigiim noktasina gore daha stabil oldugu goriilmiistiir. Elde edilen
veriler ve yapilan karsilagtirmalar neticesinde; kaynakli diigiim noktas1 analizi sonucunda
hesaplanan maksimum gerilme degerinin bulonlu diigiim noktasina gore yaklasik %60
oraninda arttig1 tespit edilmistir. Sehim degerinde ise bulonlu diigiim noktas1 analizi
sonucunda hesaplanan maksimum sehim degerinin kaynakli diigiim noktasina gore yaklasik
%65 oraninda arttig1 tespit edilmistir.

Keywords: Tek katmanl serbest sekilli yapi, Celik diigtim noktasi, SAP2000, ANSYS
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1. INTRODUCTION

In recent years, the use of single-layer free-form constructions in architectural design
has become increasingly widespread, enabling the realization of creative, boundary-
pushing, and impressive designs. Single-layer constructions are preferred by architects
and civil engineers to add a different dimension to the exterior appearance and
functionality of structures. Such designs emphasize the aesthetic appearance while
allowing them to be lighter and more flexible, thereby reducing construction costs.
Single-layer constructions, unlike traditional methods, can be built using fewer
materials. This feature of single-layer construction contributes to the buildings being
more environmentally friendly and reduces waste during construction. In many
architectural design projects today, unique and distinctive buildings are being
constructed using single-layer constructions. The impressive appearance of these
designs attracts attention both locally and internationally.

Single-layer free-form structures serve as the main load-bearing system and provide
secondary support for the exterior cladding system. Additionally, they can be utilized
as an elegant element in interior decoration. These structures fulfill the role of the
primary load-bearing system while also providing secondary support for the external
cladding system. Moreover, they can be employed as a stylish element in interior
design.

As the span of structures increases, the importance of load-bearing systems also
increases. Wide spans are commonly used in stadiums, exhibition halls, cultural
centers, event venues, sports facilities, production facilities, and shopping malls. Due
to the necessity of using wide spans in these buildings, the design of wide-span systems
has become an integral part of engineering requirements today. Single-layer free-form
structures offer contemporary architectural design options combining aesthetics and
simple geometry. They provide more flexibility and design uniqueness compared to
other load-bearing systems. However, it is essential to note that they may come with
higher material and production costs. Therefore, the design and construction of such
structures should be carefully planned, considering factors such as budget and timing.
The connections that constitute single-layer free-form structures are fundamental
complementary components and load transfer points that give the structure its unique
shape. Each structure's connections have specific characteristics tailored to the

structure, such as its geometry, static requirements, architectural preferences, and steel
1



detailing factors. Therefore, the design of nodes requires special consideration. If
desired, nodes in single-layer free-form structures can be designed as entirely bolted
connections or concealed bolted connections.

Single-layer free-form structures stand out as visually striking and functionally high-
performance buildings. Essential factors to consider in designing such structures
include the design of nodes, material selection, production processes, aesthetic

preferences, and specific.
1.1 Design Process

The design process in the context of this work involves several steps, each contributing
to the final result.

The first step is "General Information and Classification of Free-form Systems." It
involves comprehensive study and understanding of free-form systems, including their
definition, characteristics, applications, and classification. This step is fundamental for
subsequent design and analysis as it provides necessary background information and
a common language for discussing the particularities of free-form structures.

The second step involves a detailed "Case Study" of existing free-form structure. The
specific structure studied in this thesis are "The British Museum Great Court Roof"'.
The British Museum Great Court Roof was studied in terms of its overall structure,
while the Tornado Roof Structure was examined focusing on its nodes. These studies
provide practical insights into the behavior of free-form structures and nodes under
real-world conditions.

Next, a "CAD Model" is created to represent the studied structures in a virtual
environment. This step is crucial for subsequent analysis as it allows for precise
manipulation and examination of the structure, including its geometry, materials, and
connections.

"Defining Parameters" is the next step where key parameters such as material
properties, loading conditions, and boundary conditions are defined. These parameters
are critical for accurately simulating the behavior of the structure.

Following this, the "The British Museum Great Court Roof Structure Analysis" is
conducted. This step involves the application of the defined parameters to the CAD

model and the simulation of its behavior under various conditions using SAP2000.



The subsequent step involves performing "Case 1 and Case 2 Analysis".

In Case 1 analysis, it was assumed that the frame elements M2, the bending moment
in the 1-3 plane (about the 2-axis), did not take any moment. This scenario was
modeled as bolted in the node analysis using ANSYS. On the other hand, in Case 2
analysis, the nodes were considered to transfer all forces. This scenario was modeled
as welded in the node analysis.

Finally, "Evaluation and Comparison of Results" involves the review of the analysis
results, comparison against known performance of the actual structures, and drawing

conclusions regarding the performance and design of the free-form structures.

Figure 1.1 Design process of case study



2. LITERATOR REVIEW

A succinct overview of the findings regarding single-layer free-form systems in
literature is presented below.

(Harris et al., 2008), explores the design and construction of free-form structures,
focusing specifically on the grid shell located at the Savill Garden in the United
Kingdom. It highlights the significance of inhibiting rotation in the node, as it directly
influences the in-plane shear stiffness of the structure. The paper delves into the
project's context and objectives, emphasizing integrating the grid shell within the
natural landscape. The design process is meticulously described, showcasing the
utilization of computational tools and sustainable design principles. The construction
phase is also outlined, underscoring the collaborative efforts and innovative
techniques. Overall, this paper offers valuable insights into the design and construction
of grid shell structures, making it a valuable reference for future endeavors.

(Ahmed & Stutzki, 2015), the paper states that bolted connections can only achieve
semi-rigid connections in the case of single-layer free-form systems, and it is possible
to achieve a clean appearance by hiding the bolts without the need for on-site welding.
The paper emphasizes that connections are a significant factor in the cost of the load-
bearing system. Curved forms can be designed to meet the desired moment-carrying
capacity and allowable rotational freedom with patented semi-rigid bolted
connections. It is noted that the installation process in single-layer free-form systems
is more precise than in traditional steel structures, and bolt holes that have larger
diameters can pose stability problems. The paper also stated wholesale displacement
is highly likely due to asymmetric snow loading.

(Ding et al., 2017) the theoretical strut model used in the seismic analysis of single-
layer reticulated domes. It explores the background and significance of reticulated
dome structures, emphasizing their vulnerability to seismic forces and the crucial need
for accurate seismic analysis. The review covers a range of existing models and
methodologies employed in this field, focusing specifically on the theoretical strut
model. It encompasses relevant research studies, case studies, and design
considerations related to the applying of the strut model in the seismic analysis of
reticulated domes, highlighting its advantages, limitations, and practicality. This paper

offers valuable insights and serves is a valuable resource for researchers, engineers,



and practitioners interested in the seismic analysis of single-layer reticulated domes
using the theoretical strut model.

(Zhi et al., 2012), the damage caused by earthquakes in single-layer lattice systems,
the effects of parameters such as span length, height/span ratio, and roof weight on the
extent of damage were investigated. Analyses were conducted for different earthquake
magnitudes using various parameters, and based on this information, a risk assessment
methodology was proposed in the paper.

Another study examined the influence of material and geometric properties of nodes,
eccentricity, and their impact on moment-rotation behavior. It was noted that
numerical analyses yielded results very close to experimental findings. The three
characteristics significantly affecting the moment-rotation curve were rotational
stiffness, moment resistance, and rotational capacity.

These studies provide valuable insights into the effects of parameters and
characteristics on the damage and behavior of single-layer lattice systems subjected to
earthquakes. The findings contribute to developing a risk assessment methodology and
enhance the understanding of the moment-rotation behavior of node points,
particularly considering the influence of material and geometric properties and
eccentricity.

(Li et al., 2015), An examination of the nonlinear behavior of a column-supported
dome under seismic effects was conducted in this study. It is the only known study
focusing on the supporting system's influence on the dome's dynamic behavior. The
dome was assumed to consist of rigid node points, and it was observed that the domes
collapsed at significantly lower acceleration values compared to columnless models,
highlighting the importance of column stiffness in withstanding earthquakes.

(Xiong et al., 2017) The bending stiffness of the node point is of great importance in
the buckling behavior of single-layer space systems. The influence of nodes made of
aluminum alloy on the structural behavior was investigated. It was noted that
aluminum alloy nodes have lower stiffness, making them more susceptible to buckling
than steel nodes.

(Mittendorf & Dodson, 2015) Structural nodes play a crucial role in gridshell
structures as they are essential for transferring loads. These nodes are pivotal in the
design and construction of the structures, given their complex geometry, topology, and

the significant forces they need to accommodate within a relatively small volume.
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(Tonelli et al., 2016) Grid shell structures, lattice structures, are extensively employed
in civil infrastructure, such as expansive commercial buildings and stadiums.
However, in the design and fabrication of gridshell structures, the structural
connections, commonly called to as nodes, have been identified as a bottleneck or a
challenging aspect of the process.

(Sarag, 2005) designed the optimum design of single-layer free-from domes under
snow and wind loads. It has been demonstrated that the geometry must be divided into
triangles to avoid stability problems if rigid connections are not used, and asymmetric
loads must be included in the loadings.

(Hwang et al., 2009) The effect of hole characteristics in bolted connections on
stability in grid-type structures has been investigated by modeling the connections
using the finite element method.

(Dragone, 1979), Wind loads affecting the domes and their distributions have been
studied, and it has been revealed that a pressure force is generated on the dome on the
side where the wind comes from, and a suction force is generated on the dome on the
side where the wind goes.

(Williams, 2000) The first examples of free-form surfaces date back to the 1920s when
thin concrete shells started to be used as roof structures. Generating free-form surface
structures with adequate structural strength, stability, and elegance of form was a
challenge since limited tools and knowledge existed then. Since then, numerous
methods of form generation have been developed. The most frequently used ones are

geometry-based methods, physical models, and digital methods.
2.1 Purpose of the Thesis

This thesis examines the preferred Single-Layer Free-Form systems from architectural
and engineering perspectives. One of Europe's most giant courtyard covering projects,
the Queen Elizabeth II, Great Court British Museum, was selected and modeled as a
Single-Layer Free-Form System. The numerical values of the dead loads, snow,
earthquake, and wind loads affecting the model were calculated, and they were
analyzed in accordance with the TSC 2018, TSSC 2016, TS EN 1991-1- 3:2009, TS
EN 1991-1-4:2005 codes. The analyses determined internal forces and displacements,

and the results were evaluated.



3. MATERIALS AND METHODS
3.1 General Information and Classification of Free-form Systems

Grid structures have played a key role in construction for many years, offering an
efficient and flexible approach to spatial design. Recently, this concept has evolved
into Single Layer Free-Form Structures, a significant architectural advancement
gaining popularity due to their unique form and increased functionality. These
structures, made of an interconnected network of linear elements, challenge
conventional architectural boundaries and have revolutionized architectural designs
and structural engineering.

Free-form structures, resulting from persistent innovation and advancements in
construction technologies, are now a popular solution for architects and engineers.
Their benefits include lightweight construction, cost-effectiveness, and speed in
construction. Implementation involves using materials like steel, wood, or aluminum
and creating an inherent structural rigidity that supports heavy and asymmetrical loads.
They are suitable for various structures, from exhibition halls and sports complexes to
major transportation infrastructures.

Free-form systems facilitate the creation of planar and curved surfaces through single
and double-layer systems. Their benefits extend to environmental sustainability,
making them an architectural innovation with societal and environmental benefits.
With further advancements in technology and material sciences, these structures have
a promising future and potential for further evolution.

These structures are assembled from beam-like elements in a grid pattern to create a
shell-like surface. The interconnected components distribute loads and resist
deformation, resulting in an efficient system. Single-layer free-form systems are
flexible, adaptable, and suitable for various applications. Despite the technological
complexity involved in their design and fabrication, these structures offer significant
environmental benefits, including reduced material use and the potential for

minimizing waste.



Table 3.1 Geometry-based Classification of Free-Form Systems (Kara, 2019)

Plane Surface | Single Layer
Free-form SO0
Double Layer 2%
Systems 1.9.6.9.9.0.
Single Layer
Tower/Pyramid
Double
(Cylinder/Cone)
Layer
Single-
curved. | Vault Single Layer
Cylindrical
5’ Double
Free-form shell) .
ayer
Systems Double- | Dome Single Layer
curved (Spherical,
Double
Ellipsoid,
Layer
Paraboloid)
Single Layer
Free-Form

Single-layer free-form and double-layer spatial grid systems differ significantly
regarding the section effects in their forms and structural elements. Single-layer
systems allow for a wide range of unique and transitional forms, making them well-
suited for original designs. On the other hand, double-layer systems are relatively
limited in this aspect. Single-layer systems benefit from their ability to accommodate

free-form shapes and advancements in material, software, and hardware technologies,

enabling them to span much larger openings easily.




3.1.1 Historical development of dree-form structures

Throughout history, structural design has heavily relied on straight lines, orthogonal
connections, and repeated elements, primarily due to limitations in technology,
knowledge, resources, and production capabilities. This conventional approach
contrasts the complexity found in nature, which seldom exhibits straight lines or right
angles.

However, rapid advancements in technology and material science have initiated a new
era of architectural design, moving away from rectilinear designs towards more
intricate and complex structural systems. This transformation underscores the ever-
evolving technological landscape, redefining the boundaries of architectural and
structural engineering.

At the vanguard of this evolution are single-layer free-form systems, also known as
grid shells. Characterized by a network of interconnected linear elements, these
structures provide a lightweight, flexible, and cost-effective solution for spatial design.
These elements, typically rods or beams, form a continuous shell-like structure,
merging function with aesthetics.

Grid shells represent a notable shift from traditional architectural forms, allowing
architects and engineers to explore unconventional designs. They also illustrate the
transition of grid structures from basic frameworks to intricate, visually pleasing
structures.

Given their versatility and ease of construction, grid shells appeal to for various
applications, demonstrating their potential and transformative role in the architectural
landscape. The ongoing development of these structures embodies the progression of
technology and material science, hinting at the limitless possibilities for the future of
architecture and structural engineering.

The advent of shell-type structures can be traced back to beehive tombs utilized for
interment practices in Spain and Portugal as early as 3000 BC, as depicted in Figure
3.1. This architectural style was subsequently replicated in the beehive houses found
in Ireland and Scotland around 2000 BC, demonstrated in Figure 3.2. Both these

structural categories were established through the meticulous stacking of stone blocks.



Figure 3.2 Beehive houses in Ireland, 2000 BC (Huth, 2006)

The Persian edifice, Tag-i Kisra, erected in 540 BC as depicted in Figure 3.3,
exemplifies an arch structure uniquely constructed using bricks, without including a
centering mechanism, a commonly utilized supportive structure. This architectural
marvel features a central arch-dome reaching an impressive height of 37 meters and a

span measuring 26 meters.
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Figure 3.3 Taq-iKisra, Persian monument, 540 BC (Janberg, 2007)

During the Roman era, the construction of arches for utilitarian structures such as
aqueducts and amphitheaters gave the Romans the understanding of transmuting out-
of-plane forces into orthogonal forces, which were then transferred to foundational
elements. This conceptual understanding underpinned the creation of the oldest known
concrete shell structure - the Roman Pantheon (Figure 3.4-3.5), constructed in 125 BC.
With its impressive 43-meter span, the Pantheon epitomized an extraordinary feat of

engineering in its historical context.

Figure 3.4 The Pantheon, Rome/Italy (Wade Fund, 1974)
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Figure 3.5 The Roman Pantheon, Rome/Italy (Crystal, 2009)

A further example is the dome of Hagia Sophia in Istanbul (Figure 3.6). Despite its
construction many centuries ago, with a 32-meter span, the dome of Hagia Sophia
maintains its prominence in contemporary architectural appreciation. Divergent from
the solid base of the Roman Pantheon, the Hagia Sophia dome is borne by four
monumental columns.

Structural features such as hemi domes, abutments, and pendentives were frequently
utilized as supporting elements, marking a departure from the architectural
methodologies employed in the construction of the Roman Pantheon beginning in the

6th century.
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Figure 3.6 Interior of the Hagia Sophia, 6th century (Strelau, 2011)

Incorporating reinforcements, such as steel reinforcing bars, into concrete during the
19th century considerably advanced the capabilities of concrete structures. This
innovation allowed these structures to bear special compressive forces and withstand
high tensile forces. This enhanced material property facilitated the evolution and
proliferation of curved structural forms, specifically shell structures.

The casting method in construction has been instrumental in transforming planar slabs
into shell structures characterized by equitable force distribution. However, the cost of
formwork and scaffolding continues to present a significant financial burden in
constructing these structures, accounting for approximately 50% of the total
expenditure, even with the multiple reuses of shuttering.

A noteworthy replication of a natural structure has been accomplished through the
innovative combination of grid systems and double-curved shells, resulting in a unique
structural system termed a 'grid shell' structure. Deploying a grid system permits
dividing the entire structure into simpler elements, circumventing construction
challenges associated with erecting comprehensive arch structures. Furthermore, a grid

shell structure can effectively harness natural daylight, unlike a fully enclosed concrete
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shell. The grid shell structure's inception can be attributed to Schwedler, who
constructed a steel cupola, depicted in Figure 3.7 as a rooftop for a gas holder from the
Imperial Continental Gas Association in Berlin in 1863. This pioneering structural
system could span distances between 25 and 40 meters. In 1897, Shukhov, a Russian
engineer, erected a steel mill located 150 kilometers southwest of Nizhny Novgorod.
This structure encompassed five doubly curved grid shells, spanning 70 meters by 24
meters, as illustrated in Figure 3.8.

While Shukhov introduced the concept of the doubly curved grid shell, he did not fully
leverage the structural benefits conferred by the double curvature. It was due to an

oversight of the positive influence exerted by the curvature in the cross-direction.

Figure 3.7 Schwedler cupola, J. W. Schwedler, Germany/Berlin (lunamtra, 2008)
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Figure 3.8 Production hall in Vyksa, around 1900 (Janberg, 1897)

A prominent illustration of the synergy between a grid structure and a continuum shell
is embodied in Torroja's Fronton Recoletos, constructed in Madrid in 1935, as depicted
in Figure 3.9. This architectural masterpiece features a roof composed of a composite
of a concrete shell and a triangular grid shell, highlighting the successful marriage of

these structural elements.
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Figure 3.9 Recoletos, Eduardo Torroja, Madrid, Spain,1935. (Paco, 2007)

A prime instance of the integration of grid shell design within reinforced concrete
structures is exemplified by the Palazzetto dello Sport. This indoor arena, designed by
Pier Luigi Nervi and situated in Piazza Apollodoro in Rome (as represented in Figure
3.10), showcases the adept application of grid shell design principles in reinforced

concrete architectural creations.

Figure 3.10 Palazzetto dello Sport, Rome, Italy (DiStefano, 2017)
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The advancement of reinforced concrete design principles facilitated the realization of
reinforced concrete dome designs in the mid-20th century (Figures 3.11-3.12). Among

the pioneers of such design, P.L. Nervi stands out as one of these domes' most

proficient and successful architects.
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Figure 3.12 Shine Dome, Australia (Wheelahan, 2020)
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Given the inherent design and construction complexities associated with reinforced
concrete shells, they were largely superseded by discrete steel and timber systems
during the 19th and 20th centuries. This transition was precipitated by significant
advancements in dome systems composed of bar elements in the early 19th century,
leading to the advent of ribbed and transparent wide-span dome systems utilizing cast
iron and wrought iron.

An example of such a system is the Bourse de Commerce dome structure, initially
designed by F.J. Belanger and F. Brunet in 1813 (Figures 3.14-3.14). This architectural
feature is widely acknowledged as marking the inception of single-layer systems in

structural design.

Figure 3.14 Bourse de Commerce Paris / France (Rotunda)

18



Following the incorporation of steel into these structural systems after using cast iron,
novel exemplars surfaced where wide spans were encapsulated by dome structures
crafted from steel elements. In the latter half of the 19th century, German engineer
Johann Wilhelm Schwedler introduced dome forms that have since borne his name.
These dome designs were initially conceived for use in gas storage facilities.

A significant, enduring example from this era is the Fichtebunker, a former gas storage
facility in Berlin, which now functions as a luxury accommodation venue (as depicted

in Figures 3.15-3.16).
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Figure 3.16 Fichtebunker, Berlin / Germany (Schlegelmilch, 2009)

A paramount example of modern lamella domes is the Astrodome (Figure 3.17),
conceptualized by architects H. Lloyd and W.B. Morgan in collaboration with the
Morris Architects firm and unveiled in 1965. The dome of this architectural marvel,

extending 220 meters, is built upon a robust steel framework.
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Figure 3.17 Houston Astrodome, Teksas/USA (Chow, 2021).

In 1975, a double-curved wooden shell structure, the Multihalle, was erected in
Mannheim, as depicted in Figure 3.18. Unlike Shukhov's grid shell in Vyksa, the
Multihalle utilized its inherent double curvature effectively. As outlined in the
reference, Otto's application of scale models during the form-finding process realized
this feat.

Otto contrived models of varying forms and shapes to investigate the behavior of the
grid within a structure, applying minor loads to emulate the structure's weight (Figure
3.19). Unlike their steel counterparts, wooden grid shells can initially be assembled
into a planar structure on the ground, attaining their three-dimensional forms by
adjusting the boundaries to align precisely with the support locations, as specified in
the reference. This type of grid shell is classified as an active bending grid shell. The
grid shell explored in this study constitutes a single-layer lattice frame wherein the
members are initially fashioned to conform to the final form of the structure, thereby

eliminating the presence of active bending moments within the members.
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Figure 3.18 Multihalle, Mannheim, Germany, (Bobbarton, 2012)
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Figure 3.19 Hanging scale model of the Mannheim Multihalle (Liddell, 2015).

The Zeiss Planetarium, conceptualized by the German engineer W. Bauersfeld in the
20th century, has the dual distinction of being both the world's inaugural lightweight
thin-shell reinforced concrete dome and the earliest instance of modern geodesic
domes, as showcased in Figure 3.20. This dome, featuring a span of 40 meters, was
erected in Berlin in 1924, employing approximately 8,000 iron rod elements. Three
decades after Bauersfeld's innovation, Buckminster Fuller further advanced these

dome structures and introduced the term "geodesic dome" in 1954.

Figure 3.20 Zeiss Planetarium Jena, Berlin / Germany (Janberg, 2020)
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As the 20th century neared its conclusion, the quest for lighter yet enduring materials
gained prominence. Simultaneously, incorporating cables to bestow rigidity in the
design of transparent lamella-style domes with square or rectangular openings
emerged as an innovative application. The Osaka Maritime Museum, constructed in

2001, exemplifies this concept, as depicted in Figure 3.21.

Figure 3.21 Osaka Maritime Museum, Japon (Andreu, 2013)

Another notable progression was the inception of aluminum dome systems. The South
Pole Dome, engineered in 1975 utilizing aluminum material, is an exemplar of a
single-layer geodesic dome, as shown in Figure 3.22-23.

Presently, domes can be fabricated using three primary types of materials: elements of

glass and stainless steel, wood, or aluminum.
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Figure 3.22 South Pole Dome interior view, Antarctica (Andrieu, 2000)

Figure 3.23 South Pole Dome exterior view, Antarctica (Cowing, 2013)

The evolution of parametric modeling algorithms, such as Grasshopper, and
advancements in flexible, patented joints are capable of moment transfer have
facilitated the design of amorphous structures.

One such prominent instance is the Spruce Goose Hangar Dome, erected in 1982,
boasting a height of 40 meters and a diameter of 126 meters, predominantly composed
of aluminum (see Figure 3.24). While it was initially purposed as an aircraft hangar, it
has now become one of the iconic structures of Long Beach, sharing this distinction

with the historical ship Queen Mary, moored nearby.
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Figure 3.24 Spruce Goose Dome Los Angeles / United States (Murphy, 2008

The world's largest geodesic dome is housed in Japan's Fukuoka Yahuoku Stadium,
constructed in 1993, and features a dome diameter of 216 meters in the configuration
of a spherical cap (Figure 3.25). This impressive structure serves as a premier example
of the massive scales that free-form architecture can reach. Its expansive dome not
only provides comprehensive shelter against the elements but also contributes to the

distinctive aesthetics of the stadium.

Figure 3.25 Fukuoka Yahuoku , Japan (Sta, 2015)
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Another contemporary example is the Desert Dome (2002), acknowledged as the
world's largest enclosed desert habitat, cloaking the desert under a glass-clad dome
and standing as a symbolic representation of the city of Omaha (Figure 3.26). The
structure comprises a geodesic steel dome perched on a reinforced concrete base, with

thick acrylic triangular panels employed for the enclosure.

Figure 3.26 Desert Dome, United States (GDR, 2023

The development of single-layer free-form systems was somewhat stalled in the
middle of the 20th century, primarily due to fabrication and construction technology
limitations. At that time, the design of these structures often involved manual labor
and skilled craftsmanship, which made them expensive and time-consuming to build.
However, in the late 20th century, digital design tools and new fabrication
technologies, such as Computer Numeric Control (CNC) machinery, revived interest
in single-layer free-form systems. These advancements allowed designers to generate
and analyze complex forms more efficiently and to produce the unique components
necessary for their construction. As a result, single-layer free-form systems began to
be used more frequently in a range of architectural applications.

Over time, new structural forms of single-layer free-form systems have emerged,
including bending-active and tensegrity structures. These innovative structures exploit
the inherent flexibility of the individual components to create complex, curved
geometries. By embracing the dynamic behavior of the materials, designers created

lightweight, efficient, and aesthetically striking structures.
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The 20th-century architectural, artistic, and engineering progression is significantly
marked by the advent of 'free-form' structures, referring to a departure from
conventional geometrical constraints, leading to an exploration of fluid and organic
aesthetics. Free-form structures deviated from the then increasingly adopted regular
geometrical shapes, evident in architectural marvels like the Greek Parthenon and
Egyptian Pyramids rooted in prehistoric design tendencies to mirror irregular natural
forms.

The evolution of free-form systems traces back through various architectural and
engineering eras, each contributing unique influences. Free-form structures are
generally categorized into surface- and network-based systems, defined by their design
and construction principles.

Inspired by natural forms, surface-based systems design around a continuous surface
and find applications in modern buildings and bridges. They can be further categorized
into rigid systems, maintaining their shape under load, and flexible systems, capable
of deformation under load and returning to their original shape after load removal.
Network-based systems, characterized by intricate geometry, are dictated by the spatial
arrangement and interconnection of individual linear components rather than a
continuous surface. They include tensegrity structures, space frames, and lattice
structures.

The decision between surface-based and network-based systems is usually project-
specific, considering functional needs, aesthetic objectives, site conditions, and
construction constraints. As free-form systems evolve, many blur the boundaries
between these categories, presenting a hybrid approach to design and construction.
Fast-forward to the mid-20th century, we see a resurgence of free-form structures in
architecture, partly due to the development of new materials and technologies.
Material selection is a critical factor influencing the fabrication and installation of
Single Layer Free-Form Structures. These structures require materials with strength,
durability, and malleability to form complex and unique designs. This section critically
analyses the materials commonly utilized in fabrication and how they impact the
structure's performance and aesthetics.

In the 20th century, people witnessed a transformation in architectural design
principles, driven by the introduction of reinforced concrete, steel, and glass. These

materials catalyzed innovation, enabling architects and engineers to explore complex,
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irregular shapes, thus paving the way for free-form design. As the century drew to a
close, the architectural community adopted computational design tools, propelling a
digital revolution in the industry. It led to the conception and construction of complex
geometries previously thought impossible, bringing free-form design to the forefront
of contemporary architecture.

The digital revolution in the late 20th and early 21st centuries further propelled the
evolution of free-form systems. The introduction of computational design tools and
advanced fabrication technologies allowed designers to conceive, analyze, and
construct increasingly complex free-form structures.

Upon determining the desired shape for the Multihalle, Otto utilized the finite element
method (FEM) to study the gridshell's behavior. FEM facilitates the visualization of
stresses and displacements within structures for an extensive array of static and
dynamic analyses, thereby enabling the design and analysis of complex structures.
Structural members can be prefabricated using computer numerically controlled
(CNC) machines to circumvent limitations in construction. Consequently, each
member can be uniquely designed, culminating in a free-form grid shell structure.

In contemporary times, free-form grid shells have surged in popularity due to their
capacity to create beautiful public spaces. Exemplary instances of grid shell structures
include the Queen Elizabeth 11 Great Court (refer to Figure 3.27), which envelops the
court of the British Museum in London, and the Kogod Courtyard (refer to Figure

3.28) located within the Smithsonian American Art Museum in Washington.

Figure 3.27 British Museum Great Court Roof, London / England (Diliff, 2013)
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Figure 3.28 Smithsonian American Art Museum, Washington (Evanson, 2013)

Gridshell structures, or lattice or reticulated shells, have evolved significantly over a
century in aspects such as construction material, grid pattern, structural analysis
methods, form-finding methods, manufacturing techniques, and connection details.
These lightweight spatial structures provide architects and structural engineers with
unlimited design freedom, thanks to their organic shapes, column-free spaces, free-
form surfaces, and maximized transparency.

However, the design and manufacturing of structural connections, or nodes, have
historically posed significant challenges in grid shell construction, given their complex
geometries and the three-dimensional loading conditions applied to these nodes.
Nevertheless, recently designed nodes show promise, offering improved aesthetics,
high stiffness, high precision, and requiring less labor.

Gridshell structures comprise a single-layer grid of beam members forming shell
geometry. Since their structural behavior mimics that of shell structures, understanding
shell structures can provide valuable insights into grid shells.

Various classification systems can be applied to structures based on specific criteria,
such as shapes, functions, and materials. When approached geometrically, a shell

structure's shape can be defined as a curved surface with a minimal thickness
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(dimension perpendicular to the surface) compared to its in-plane dimensions. Such a
surface can be double curved, as in domes and cooling towers, or single curved, like a
cylinder.

For their efficiency and unique aesthetics, single-layer free-form structures have
become popular in public structures. However, engineering a discrete grid on a free-
form surface that aligns with an architect's vision can be complex. These structures
offer flexibility and variety in shape, making them highly suitable for meeting diverse
architectural modeling needs.

Their emergence signifies a crucial development in creating complex shapes in
Architecture, Engineering, and Construction (AEC). With their stunning visual effects
and ability to span large, uninterrupted spaces, single-layer free-form structures have
become increasingly popular in recent years. They have been used in diverse building
types, such as exhibition pavilions, stadiums, assembly halls, and protective shelters.
Compared to traditional analytic surface grid structures, single-layer free-form
structures offer more flexibility and diversity in shape, better catering to architects'
needs for diversified architectural modeling. An excellent example of the geometric
term "torsion-free support structure" is the Yas Marina Hotel in Abu Dhabi (Figure
3.29), where smooth skin is divided into straight elements arranged in a specific

manner, simplifying node manufacturing.

Figure 3.29 The Yas Marina Hotel in Abu Dhabi (Waagner-Biro Stahlbau)

Indeed, the design and construction of single-layer free-form structures can be
intricate, requiring advanced digital tools and technologies. Here, parametric design
plays a crucial role, facilitating the creation of intricate shapes and structures that can
be swiftly modified or adjusted, thereby marrying aesthetic appeal with functional

efficiency.
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Digital fabrication, encompassing computer-controlled machines to manufacture
complex building components and assemblies, allows for precise component
fabrication, reducing errors and wastage. When combined with sustainable materials
like bamboo, timber, and recycled materials, the environmental footprint of these
structures is further reduced, contributing to their overall sustainability.

Furthermore, sustainable construction methodologies such as prefabrication and
modular construction decrease construction waste and minimize resource use, making
these structures more eco-friendly. Thus, despite the inherent complexities in their
design and construction, the flexibility and diversity of single-layer free-form
structures make them attractive for architects, especially considering their capability
for architectural modeling diversification.

With the increased utilization of advanced digital tools, sustainable materials, and
practices, single-layer free-form structures promise greater efficiency, sustainability,
and visual appeal.

The advent of grid structures marks a significant advancement in the evolution of
complex shapes in Architecture, Engineering, and Construction (AEC). Their
flexibility and diversity perfectly align with architects' needs for diversified
architectural modeling. Tools like parametric design and digital fabrication offer
innovative solutions to the challenges of designing and constructing these structures.
To conclude, single-layer free-form structures have garnered significant popularity in
public structures courtesy of their efficiency and unique aesthetics. Their flexibility
and diversity, coupled with applying advanced digital tools and sustainable materials
and practices, promise a future where these structures will become even more efficient,

sustainable, and visually stunning.
3.1.2 Modern Free-Form Structures and Examples

Modern free-form structures utilize advancements in digital design tools, material
science, and fabrication technologies to create previously unattainable designs,
marking a new era in architecture and engineering where aesthetics and function
uniquely blend. Several structures in the contemporary architectural landscape
showcase the free-form systems' flexibility and innovative potential of single-layer
free-form systems exemplify this versatility, characterized by their intricate

geometries, lightweight features, and expansive span capabilities. These attributes
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underscore the potential of free-form design to reshape architectural norms and
expectations.

Jewel Changi Airport is an exceptional architectural marvel utilizing a free-form
system that exudes innovation and functionality (Figure 3.30-31). Located in
Singapore, it is a multi-purpose complex featuring the world's tallest indoor waterfall,
named the "Rain Vortex" surrounded by a terraced forest setting. The structure's free-
form design allows for a naturally intuitive flow of space, enabling visitors to move
smoothly through various sections such as retail, dining, hotel, and airport operations.
Its glass and steel facade forms a geodesic dome-shaped grid shell that provides
transparency, letting in ample daylight and allowing views of the central gardens and
falls. The free-form system is especially significant in maintaining the organic, non-
linear aesthetic of the waterfall and vegetation, ensuring structural integrity and
efficiency. Jewel Changi Airport's design truly revolutionizes the concept of airport

infrastructure, blending the realms of retail, leisure, and travel in a stunningly seamless

manner.

Figure 3.30 Jewel Changi Airport, Singapore (Hurstley, 2019)
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Figure 3.31 Jewel Changi Airport, Singapore (RSP, 2020)

The New Milan Trade Fair in Rho (Figure 3.32-33), Italy, is an iconic example of
modern free-form architectural design. Envisioned by Massimiliano Fuksas, this
sprawling trade fair complex is known for its remarkable wavy roof, 'The Canopy,'
which spans over

1.5 km, binding together various pavilions beneath it. The free-form system allows
this enormous undulating glass and steel structure to follow a sinuous, organic
pathway, seemingly floating above the more rigid and conventional geometries of the
exhibition halls below. This juxtaposition creates a dynamic interplay between the
free-form and linear elements. The Canopy's transparency lets in ample daylight,
enhancing the visitor experience while promoting energy efficiency. The New Milan
Trade Fair exemplifies the adaptability of free-form architecture in creating
aesthetically compelling, functional spaces that resonate with the contemporary ethos

of design.
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Figure 3.32 The New Milan Trade Fair, Italy (Prat, 2005)

Figure 3.33 The New Milan Trade Fair, Italy (Schlaich, 2005)

Examples of single-layer freeform skylights with organic nodes can be found in some
of the world's most iconic architectural structures, such as the cloud-like skylight of
the Louvre Abu Dhabi (Figure 3.34-35) and the Glass Hall at the Leipzig Trade Fair.
These structures employ unique, single-layer designs with organic nodes to create
intricate and visually stunning features. They represent a fascinating and challenging
architectural and structural design area, offering unique and visually stunning

architectural features.
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However, the fabrication and installation of the organic nodes, in particular, often
require a high level of precision and expertise. Designers must ensure adequate load
transfer and overall structural stability, which can be challenging given the complex

geometry of these structures.

The National Aquatics Center, also known as the "Water Cube," in Beijing, China, is

a unique free-form structure that has revolutionized the world of architecture (Figure

3.36-37). Designed for the 2008 Olympic Games, its design was inspired by the natural
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formation of soap bubbles, giving it a unique, organic aesthetic. Its free-form system
facilitated the creation of a lightweight and efficient steel space frame that forms the
structure's innovative, bubble-like exterior. Covered by Ethylene Tetrafluoroethylene
(ETFE), a type of plastic, it boasts exceptional insulation properties and transmits more
light than traditional glass, promoting energy efficiency. The Water Cube's free-form
design also extends to its interior, housing a range of swimming and diving pools in
an environment that evokes the underwater sensation. This iconic structure signifies

the potential of free-form architecture to harmonize complex engineering with organic,

visually-striking design elements.

Figure 3.36 National Aquatics Center, Beijing / China (Lam)
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Figure 3.37 National Aquatics Center, Beijing / China (Interior View)(Arup)

One notable example of a single-layer free-form structure is the Multihalle in
Mannheim, Germany. Designed by Frei Otto and Ove Arup, this large timber grid shell
is often cited as a seminal example of a single-layer free-form design. Its organic, free-
flowing form was achieved by carefully manipulating the timber laths into the desired
shape, which involved physical and computational modeling.

Another example of a single-layer free-form structure is the British Museum's Great
Court Roof in London (Figure 3.38). Designed by Foster + Partners and Buro Happold,
this steel and glass structure is characterized by its complex, undulating geometry. The
roof's design was achieved through advanced digital design tools, which allowed the
team to optimize the structure's geometry for efficient load distribution and material

use.
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Figure 3.38 The British Museum in London (Waagner Biro)

A recent example of a single-layer free-form structure is the Centre Pompidou- Metz
in France (Figure 3.39). Designed by Shigeru Ban and Jean de Gastines, the structure's
roof is a timber grid shell that mimics the form of a Chinese hat. The structure is
notable for its complex, curvilinear geometry and the innovative use of laminated

timber.

Figure 3.39 Courtesy of Centre Pompidou Metz (Didier, 2010)

Another example is The Sage Gateshead (Figure 3.40), a musical education and
performance center in the United Kingdom. The building's distinctive shell-like form

was designed by Foster + Partners, and its smooth, curvilinear surface contrasts
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sharply with the orthogonal forms typically associated with modern architecture. The
unique shape of the building was derived through an extensive design and analysis
process, including acoustic simulations, to ensure optimal sound performance within

the structure.

Figure 3.40 Sage Gateshead, Saint Mary's Square, Gateshead, UK (NGI, 2022)

The Harbin Opera House in Harbin (Figure 3.41), China, designed by MAD
Architects, is another excellent example of free-form architecture. The building's
design mirrors the undulating landscape of the surrounding area with a smooth,
flowing, organic, and dramatic design. The complex was designed using advanced 3D
modeling and analysis software, enabling the architects to conceive and realize the

ambitious design.

Figure 3.41 The Harbin Opera House in Northeast China's Harbin. (VCG, 2018)
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3.1.3 Fabrication and Installation of Single Layer Free-Form Structures

Fabrication and installation are crucial in creating Single Layer Free- Form Structures.
Characterized by their complex and irregular geometries, these structures present
distinct challenges, necessitating advanced fabrication and installation techniques.
This section details these processes, examining traditional methods, technological
advancements, and the associated benefits and challenges.

Single Layer Free-Form Structures, also known as single-layer reticulated structures,
have become an architectural solution due to their aesthetic appeal, structural
efficiency, and adaptability to irregular building shapes. The emergence of such
structures has instigated a reassessment of standard fabrication and installation
processes in the construction industry. Their unique geometry and inherent structural
complexity necessitate using innovative and advanced techniques during construction.
The fabrication of single-layer free-form structures traditionally involves intricate
processes due to the non-standard nature of their components (Figure 3.42).
Conventional fabrication techniques such as welding, bending, and cutting are often
employed. However, the complexity of these structures can render these methods time-
consuming and costly. Furthermore, the unique geometry of each component in a free-
form grid structure often demands a high level of customization, amplifying the

complexity of the fabrication process.

Figure 3.42 Fabrication of edge beam (Seele Pilsen)
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Figure 3.43 Finished node with bolted grid members (Seele Pilsen)

Single-layer free-form structures represent architectural forms characterized by non-
uniform, non-regular, and non-linear geometric configurations. These forms are
typically generated through algorithms and digital modeling tools, allowing for the
creation of complex and unique designs. These distinct designs, in turn, necessitate a

shift from conventional fabrication and installation techniques.
3.1.3.1. Preparation: Design and Modelling

Before any fabrication can begin, the free-form grid structure must first be accurately
modeled. This process often involves a combination of advanced design software and
numerical analysis methods, such as the finite element method. The outcome of this
process is a detailed 3D model that precisely defines each component of the grid

structure and its relationship to the overall form.
3.1.3.2. Fabrication of Single Layer Free-Form Structures

Fabrication constitutes a critical phase in the realization of Single Layer Free-Form
Structures. This stage requires significant precision and coordination to ensure faithful
execution of the architectural design. The process commences with digital modeling
to delineate the complex geometry of the structure, which is then segmented into

manageable parts to facilitate production and assembly.
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Figure 3.44 CNC-milled solid grid node (Metal Yapi, 2014)

The fabrication process typically leverages advanced manufacturing techniques such
as computer numerical control (CNC) machining (Figure 3.44), 3D printing, and laser
cutting. The selection of these processes is contingent on several factors, including the
material composition of the structure, design complexity, project budget, and time
constraints.

Fabrication techniques for single layer free-form structures have evolved significantly
in recent years, spurred by technological advancements and the industry's increasing
demand for precision and efficiency. Cutting-edge manufacturing techniques such as
3D printing, CNC machining, and robotic assembly are now increasingly employed in

fabricating the individual components of Single Layer Free-Form Structures.
3.1.3.3. Prefabrication

The complexity of single layer free-form structures often necessitates a shift from
traditional onsite construction methods to prefabrication. Prefabrication involves
manufacturing the components of the structure in a controlled factory environment
before transporting them to the construction site for assembly. This approach has
several advantages, including increased quality control, reduced in construction waste,

and the ability to working independently of adverse weather conditions.
3.1.3.4. Installation

Installing single-layer free-form structures is a critical and intricate process with
numerous challenges due to the design's complexity. This stage often calls for

advanced construction techniques and equipment, demanding high precision to ensure
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the structure aligns accurately with the intended design. The unconventional geometry
and complex connections inherent in these structures challenge this process.

The installation process for single-layer free-form structures is intricate, demanding
meticulous planning, accurate execution, and extensive coordination among various
project stakeholders. This process typically commences with assembling fabricated
components on-site, which is then followed by the erection of the structure using

cranes or other similar lifting equipment (Figure 3.45).

27 g W

Figure 3.45 Erection of the canopy on site (Seele-Austria)

Given the complex geometry of Single Layer Free-Form Structures, adopting a
systematic installation strategy is crucial to ensure proper alignment and connection of
components. This strategy involves using advanced surveying equipment and digital

tools to monitor the installation's accuracy closely.
3.1.3.5. Quality Control and Inspections

Quality control and inspections are crucial in the fabrication and installation processes
of Single Layer Free-Form Structures. Given the high precision required, regular
inspections and rigorous quality control protocols are typically enforced throughout
the project to ensure the structure conforms to the design specifications. It may involve

using advanced inspection techniques and technologies to ensure accuracy.
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The fabrication and installation of single-layer free-form structures are intricate yet
compelling processes that amalgamate architectural design, structural engineering, and
construction technology. Despite the hurdles posed by their complex geometry,
utilizing advanced digital tools and pioneering manufacturing techniques has
facilitated the realization of these distinctive structures with exceptional precision and
efficiency.

The fabrication and installation of single-layer free-form structures involve a complex
fusion of sophisticated design techniques, innovative manufacturing methods, and
rigorous planning and coordination. As architectural designs continue to stretch the
boundaries of complexity and novelty, it is incumbent upon the construction industry
to persistently innovate and adapt in order to actualize these visionary designs

successfully.
3.2 Single-Layer Free-form Systems and Analysis Principles
3.2.1 Structural analysis in free-form structures

The architecture and construction industries have seen a significant shift in the last few
decades, characterized by embracing free-form structures. This shift from
conventional geometric designs to non-repetitive and unconventional forms has
opened up new possibilities in architectural aesthetics. However, it has also presented
new structural analysis and feasibility checks challenges. A comprehensive
investigation into the principles and methods of structural analysis is performed for
free-form structures. It is an exploration of the intersection between creative
architectural design and the principles of structural engineering.

Numerical analysis of free-form structures is integral to their stability, safety, and
performance. The irregular geometries of these structures necessitate advanced
analytical techniques to predict their behavior under varying load conditions.
Numerical analysis helps decipher these challenges utilizing computational models
and simulations.

The application of numerical analysis aids in evaluating the structure's stability,
dynamic response, and load-bearing capacity. Simulations provide a precise
understanding of structural behavior, enabling the identification of potential design
issues. The numerical analysis considers various factors like the materials' properties,

structural geometry, loading, and boundary conditions.
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Structural analysis techniques fall into two categories: approximate and numerical
methods. The former, including hand calculations and simplified models, are utilized
in the preliminary design phase. These provide a swift understanding of structural
behavior.

Structural analysis is imperative due to their unconventional geometries in the context
of free-form structures. The unique and complex designs of free-form structures
demand comprehensive analytical approaches.

Structural analysis forms the backbone of any engineering design process. It involves
evaluating a structure's ability to withstand various loads without experiencing failure
or excessive deformation. This process often involves determining the distribution of
internal forces, moments, and reactions for traditional structures. However, due to their
complex geometries, irregular forms, and sometimes unusual material usage, free-
form structures demand a more nuanced structural analysis approach.

The critical challenge in the structural analysis of free-form structures is their
geometric complexity and non-linear behavior. The unconventional design often
features curvature, asymmetry, and irregularly shaped members, which make it
difficult to use standard analytical methods. This complexity requires a more
sophisticated approach, often involving computational analysis and numerical
techniques such as the finite element method (FEM).

Non-Linear Analysis

Due to the potential for large deformations and material non-linearities under loads,
free-form structures often require a non-linear analysis. Unlike linear analyses, which
assume small deformations and a linear stress-strain relationship, non-linear analyses
account for large deformations and more accurately reflect the behavior of materials
under high-stress conditions. Non-linear analysis can provide a more realistic
prediction of a free-form structure's behavior under various load conditions, thereby
helping to ensure the structure's safety and reliability.

Boundary Conditions

Boundary conditions significantly influence the structural analysis of free-form
structures, defining how structures interact with their surroundings and directing load
distribution. Their careful identification and precision are essential for predicting a
structure's behavior and ensuring stability. The irregular shapes of free-form structures

add to the complexity of defining their boundary conditions.
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These conditions include how the structure is supported, such as through fixed, hinge,
roller, elastic, or foundation supports, each with its own characteristics and potential
for movement. They also define how external forces, including gravity, wind, seismic
activity, or the structure's weight, are applied to the structure, affecting its behavior.
Incorrect definitions of boundary conditions can lead to many errors, potentially
resulting in unsafe designs. Hence, engineers must accurately identify these
conditions, relying on a comprehensive understanding of the structure and its
environment. Computer-aided engineering (CAE) tools can assist in defining and
applying boundary conditions systematically, allowing for visual representation and
aiding in identifying and resolving potential issues.

In summary, correctly identifying boundary conditions is vital in the structural analysis
of free-form structures, especially with the ongoing advancements in free-form
architecture. Therefore, careful understanding and attention to boundary conditions
remain critical.

Finite element method (FEM), computational tools and software

The finite element method (FEM) is a powerful tool for analyzing complex structures.
It involves discretizing the structure into smaller, manageable parts called 'elements,
interconnected at 'nodes.' Each of these elements is analyzed independently under the
influence of external loads, and the overall structural response is then assembled from
these individual analyses. FEM is especially valuable in the case of free-form
structures, as it accommodates complex geometries and various degrees of freedom.
Computational tools and software, particularly those employing the Finite Element
Method (FEM) or similar numerical methods, are integral to analyzing free-form
structures. By discretizing the structure into smaller elements, these tools enable
engineers to tackle the complex geometries of free-form structures systematically and
efficiently.

Computer-Aided Design (CAD) and Computer-Aided Engineering (CAE) software
are instrumental in this process. These tools allow for precise geometric modeling and
facilitate robust structural analysis under various loading and boundary conditions.
They accommodate both linear and non-linear analyses, making them versatile tools

for tackling the diverse challenges of free-form structures (Figure 3.46).
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Figure 3.46 Tona Skydome structure model (Eckersley O’Callaghan, 2018)

Finite Element Analysis (FEA) is a standout among numerical methods, known for its
ability to handle complex structures and challenging load conditions. By dividing the
structure into finite elements, each governed by a set of equations, FEA enables a
comprehensive description of the structure's behavior. FEA allows for an in-depth
understanding of how the structure responds to different load conditions, critical to

ensuring its safety and stability (Figure 3.47).

Figure 3.47 Iona Skydome analysis model (Eckersley O’Callaghan, 2018)
46



However, while these tools offer advanced capabilities, it is essential to remember that
they are aids to the engineer's analysis and judgment. They should not replace a solid
understanding of structural mechanics principles. Furthermore, because they rely
heavily on the input data, the results obtained from these tools are only as good as the
data provided. Therefore, a careful definition of the problem, including the structure's
geometry, material properties, loads, and boundary conditions, is paramount to
achieving accurate results.

Using computational tools and software like CAD, CAE, and FEA is crucial to the
structural analysis of free-form structures. They allow for the efficient handling of the
complexities associated with these structures and provide engineers with the resources
needed to ensure these unique and aesthetically pleasing structures are also structurally
sound and safe.

In summary, the structural analysis of free-form structures is a complex but necessary
component of their design process. It ensures that architectural and aesthetic ambitions
are not compromised by structural inefficiencies, contributing to the creation safe and
efficient structures and aesthetically pleasing masterpieces.

The complexity and challenges associated with the structural analysis of free-form
structures also create a landscape rife with opportunities for innovation and discovery.
As architects continue to push the boundaries of design, engineers need to ensure these
intricate structures' safety, efficiency, and reliability.

Numerical methods provide a way to meet these needs. By facilitating detailed
analyses that account for complex geometries and load conditions, these methods can
help predict the behavior of free-form structures under various scenarios. Through the
creation of mathematical models, defining material properties and boundary
conditions, performing analyses, and interpreting results, engineers can derive
valuable insights into a structure's behavior. These include the distribution of stress
and strain, structural deformations, and reactions at supports - all critical factors for
determining a structure's safety and effectiveness.

However, while numerical analysis offers a powerful toolset, it should not exist in a
vacuum. It must be supplemented with a thorough understanding of structural
mechanics principles and the exercise of sound engineering judgment. The validation
of results for plausibility and a closer examination of critical regions of the structure

are necessary to ensure the model's accuracy and the safety of the final design.
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Although challenging, the field of structural analysis for free-form structures is crucial.
It requires advanced techniques, software tools, and a deep understanding of structural
behavior and design principles. As the architectural world increasingly embraces free-
form structures, the demand for sophisticated structural analysis methods that cater to
these unique and complex forms will grow. These methods present a fascinating
avenue for the evolution of engineering practices, with exciting implications for the
future of architecture and construction.

Example of Numerical Analysis

To understand the role of numerical analysis in the context of free-form structures, let
us consider the following case study

The Sage Gateshead: The Sage Gateshead is a concert venue in England with a free-
form glass and steel structure. Its unique shape necessitated advanced numerical
analysis methods to understand how the structure would behave under various loads

and to design the appropriate structural elements (Figure 3.48).
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Figure 3.48 Sage Gateshead United Kingdom (Clerk, 2018)
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3.2.1.1. Global Stability in Single-Layer Free-Form Systems

Single-layer free-form systems require detailed design, analysis, and assembly to
ensure safety and stability. A critical factor in the structural integrity of these systems
is global stability, which refers to the ability of the entire structure to maintain its shape
under various loads. Unlike local stability, which focuses on individual components,
global stability considers the stability of the whole structure, preventing instability
forms like buckling, torsion, or sway.

Given their lightweight and relatively flexible nature, maintaining global stability in
single-layer free-form structures is a major concern. These structures are designed to
form a stable three-dimensional figure, with stability achieved through the complex
interplay of tensile and compressive forces.

Factors influencing global stability include the geometrical configuration of the
structure, properties of the connectors, and loading conditions. For example, larger
curvatures or arch-like configurations in the structure can enhance stability. Similarly,
connector properties such as rotational stiffness can impact stability. If connectors
allow excessive rotation under load, it may cause instability; if they are too stiff, they
might lead to more significant bending moments and potential component failure.
Load conditions, including their size and direction, also significantly influence
stability.

Various methods like analytical models, numerical simulations, and experimental
testing are utilized to assess the global stability of single-layer free-form structures.
These methods help identify potential instability mechanisms and enable the design of
appropriate countermeasures.

Factors Affecting Global Stability

Several factors can influence the global stability of a free-form structure:

Form: The geometric form of these structures can significantly affect load distribution
and resistance to deformation. Complex curvatures and non-orthogonal configurations
in free-form structures can enhance structural stability by channeling forces along
multiple paths, efficiently distributing stresses, and mitigating the risk of failure from
localized overloading.

Node Instability: Significant displacements can occur between neighboring nodes due

to the unbalanced axial load from the elements connected to a node. This condition is
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called snap-through instability and falls into the category of nonlinear behavior from
a geometric standpoint.

Element Buckling: Even with a partial or overall loss of strength in an element, partial
or general collapse can occur. This problem can be avoided by ensuring sufficient
bending stiffness.

Material Properties: The characteristics of the materials, including strength,
elasticity, density, and durability, play a pivotal role in maintaining system stability.
Materials like certain steels or composites with high tensile strength and elasticity are
beneficial due to their ability to resist deformation under load. Additionally, materials
resistant to environmental factors ensure long-term stability.

Support Conditions: The stability of a single-layer free-form system is greatly
influenced by its support conditions. The design of supports must account for the
nature of loads, both static and dynamic, and the geometric configuration of the
structure. The positioning, type, and number of supports significantly impact the force
transfer from the structure to the ground, which subsequently affects the structure's
balance and stability.

Load Distributions: Both internal and external load distributions impact the
structure's stability. Internally, the configuration and connection of elements dictate
how loads are shared, while externally, the structure must endure loads such as gravity,
wind, and seismic activity. Uneven or unexpected load distributions can lead to
structural instability, causing excessive deformations, material failure, or even
structural collapse.

"Global stability" refers to the entire structure's ability to maintain its general form
under loading. Global stability analysis aims to ensure the structure remains stable and
not experience instability forms like buckling, torsion, or sway under expected loads
and influences. Geometric configuration, material properties, loading conditions, and
boundary conditions influence the global stability of a free-form structure.

The evaluation of global stability in free-form structures is performed using
computational analysis methods, with Finite Element Analysis (FEA) being a common
approach. This technique simulates the structure under various loading conditions,
enabling engineers to identify potential stability issues and adjust the design

accordingly to maintain global stability under all anticipated conditions.
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Ensuring global stability is crucial for free-form structures, which often involve
complex geometries and unconventional forms. Engineers can ensure these structures
remain stable and safe under all expected conditions through careful design, rigorous

analysis, and suitable materials and construction techniques.

3.2.2 Node design

In single-layer free-form systems, the nodal points or connectors form a crucial design
aspect, influencing the structure's behavior, feasibility, and aesthetics. These junctions,
known as organic nodes in freeform skylights, allow for complex and beautiful
patterns of light and shadow, enhancing a building's interior and exterior.

These organic nodes are custom-designed to accommodate connections at various
angles, facilitating the creation of unique freeform structures. Careful design and
analysis of these nodes are essential, with engineers utilizing computational tools for
optimization to ensure structural integrity and visual appeal.

Nodes are categorized broadly into rigid, semi-rigid, and flexible types. Rigid nodes,
designed to transfer moments, lock the angle between elements and are commonly
found in shell structures. Semi-rigid nodes permit some rotation, providing flexibility
in grid geometry, and are used in structures like reticulated domes. Flexible nodes
allow significant rotation and are typically used where grid geometry needs to be
adaptable, as in deployable structures.

The choice of node type depends on the project's specific needs, including structural
requirements, geometric constraints, and construction logistics. Thus, single-layer
freeform skylights with organic nodes represent a significant architectural innovation,
offering unique structural and aesthetic benefits despite their design and construction
challenges.

When designing nodes for gridshell structures, several factors must be taken into
consideration:

Load Transfer: The nodes must be designed to efficiently transfer loads between
members and prevent stress concentrations that could lead to premature failure.
Fabrication and Installation: The nodes' design should consider the fabrication
process and the ease of installation. This design considerations such as the type of
materials being used, the necessary machinery and tools, and the level of skill required

for installation (Figure 3.48).
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Figure 3.49 Autogenous cutting of nodes from the plate (Waagner Biro)

Aesthetics: The design of the nodes should align with the overall architectural vision
of the structure. This process can be critical in grid shell structures, where the nodes
can be a prominent visual feature.

Maintenance and Inspection: Nodes should be designed for easy inspection and
maintenance over the structure's lifespan. These checks include considerations such as

the accessibility of the node and the ease of replacing components if necessary
3.2.3 Node analysis in single-layer free-form systems

With their complex and non-regular geometries, free-form structures depend heavily
on grid member connections or node connectors. These are points where two or more
structural members meet and connect, enabling the transfer of forces and moments
between them. With meticulous design and execution, these connections significantly
contribute to the structure's strength, stability, and stiffness.

The connection type selection and specifics in single-layer free-form systems depend

on factors like span distance and load transfer requirements. Typically, the connections
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used in these systems can be divided into two main groups: hinged connections and
moment-transferring connections.

Moment-transferring connections can further be subdivided into fully rigid and semi-
rigid categories. Fully rigid connections completely restrain relative rotational
movement between connected elements, requiring the connection point to possess
sufficient rigidity and strength to maintain zero relative rotational movements. Semi-
rigid connections, in contrast, do not entirely restrain this rotational movement.

In both cases, the non-linear behavior of materials and geometry must be considered,
which can considerably complicate the analysis. Consequently, the material details and
connection methods used in single-layer free-form systems significantly influence the
resulting architectural and engineering designs.

Types of Grid Member Connections

Grid member connections in free-form structures can be broadly classified into three
categories (Figure 3.50):

Rigid Connections: Rigid joints, crucial in structural engineering, are designed to
transfer various forces including bending moments, axial, and shear forces - between
connected members. They maintain the angular relationship between these members,
providing high structural rigidity. This rigidity is beneficial in preserving the
structure's form and resisting dynamic loads like wind or seismic activities. However,
these joints are more complex and costly to fabricate than flexible connections.
Moment-transferring connections, a type of rigid joint, are specifically designed to
transfer bending moments between the connected elements. They lend stiffness and
stability to the system, and are utilized when substantial load transfer and resistance to
deformation are necessary.

Pinned or Flexible Connections: Pin-connected joints, designed to transfer shear and
axial (tension or compression) forces between connected members, allow for rotational
movement at the connection. These joints are typically easier to construct and analyze
but offer less rigidity than rigid connections.

Hinged connections allow rotational movement between the connected elements,
providing flexibility and accommodating shape and form changes. They are generally
used in systems where limited or no moment transfer is desired or required, lending

more flexibility to the structure's design and movement.
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Semi-Rigid Connections: These types of joints balance the simplicity of pin-
connected joints and the rigidity of fully rigid joints. They are designed to allow a
limited amount of rotation under load, providing flexibility in the structure while
maintaining a significant degree of rigidity.

M 4
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Figure 3.50 Comparing rigid, semi-rigid, and simple connections (Graitec)

The choice between these connections will depend on several factors, including the
loads the structure must resist, the materials used, and the desired aesthetic effect. For
example, pin-connected joints can give the structure a delicate, lightweight
appearance, while rigid joints can convey a sense of solidity and strength.

In addition to the choice of connection type, other essential considerations in the design
of grid member connections include the connection's capacity (its ability to carry loads
without failing), its stiffness (its resistance to deformation under load), and its
durability (its ability to withstand environmental conditions such as moisture and
temperature changes).

Designing these connections can be challenging due to the complex forces in a free-
form structure, but computational design and analysis tools can be beneficial. These
tools can simulate the structural behavior of different connection designs under various
loading conditions, allowing engineers to optimize their designs for efficiency and
safety.

Design Considerations

The detailed design of grid member connections in free-form structures involves
several important considerations:

Load Transfer: The connection must safely transfer the forces and moments between
the connected members. It requires a detailed understanding of the loading conditions

and the flow of forces through the structure.
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Structural Integrity: The connection must not compromise the structural integrity of
the members it connects. It often involves careful detailing to avoid stress
concentrations, which could lead to premature failure.

Fabrication and Installation: The connection design must also consider practical
considerations, such as ease of fabrication and installation. Connections that are overly
complex or difficult to install can significantly increase the cost and timeline of the
Project (Figure 3.51).
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Figure 3.51 British Museum Great Court Roof, glass installation (Waagner Biro)

Aesthetics: In free-form structures, aesthetics are often as important as structural
considerations. The connections should therefore be designed to complement the
overall aesthetic of the structure.

Examples of Grid Member Connections in Free-Form Structures

To better understand the role and importance of grid member connections in free-form
structures, let us examine a few examples:

Case Study 1: The British Museum Great Court Roof: This free-form structure
consists of a complex grid of steel members creating a unique, undulating geometry.
The connections between these members were meticulously designed to ensure

structural integrity while maintaining the overall aesthetic.
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Case Study 2: Paveletskaya: This structure comprises a grid of interconnected steel
members. The connections between these members were designed with particular
attention to steel's unique properties and limitations as a construction material. The
detailed design of grid member connections in free-form structures is crucial to their
structural design. These connections must be robust, efficient, and carefully detailed,
ensuring they can adequately transfer forces and moments, maintain structural

integrity, and complement the structure's aesthetic.
3.2.4 Connection types of single-layer free-form systems

Designing the connection points is one of the most critical issues for the production
and assembly of single-layer Free-form carrier systems at optimum cost and time.
Classifying the connection points used in single-layer Free-form systems is generally
tricky. Many types differ in terms of geometric features. According to a research study,
250 connection forms have been encountered or suggested. However, it has not been
proven whether a large part of these are successful designs or not due to the complexity
of their design. (Heki, 1984)

Representation of nodes and members in the system. (Figure 3.52).
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Figure 3.52 Node and member representation in joints. (Quan, 2022)
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Connections can be made either by welding or by bolting. Welded connections appear
to be an easier option in terms of design due to their high rigidity. However, the
manufacturing and assembly stages are pretty challenging regarding labor, cost, and
timing.

Bolted connections are advantageous in terms of practicality. The bolts used in bolted
connections are high-strength and pre-tensioned. While bolted systems have a certain
level of rigidity, they do not have rotational restrictions to the extent of welded
connections. The axial force level directly influences the bending moment capacity of
a node in the members connected to that node. Members with a closed box section are
preferred to resist lateral torsional buckling problems. The moment-rotation effect can
be realistically defined through experiments or qualified finite element programs.
Connections in single-layer free-form systems, often formed at the intersections of
linear elements known as nodes, play a critical role in defining the structural behavior
of the system. They are responsible for transferring loads between individual
components, maintaining the stability of the structure, and defining the deformation
characteristics of the system. Welded connections may be an easier option due to their
high rigidity. However, the fabrication and assembly stages can be pretty challenging
regarding labor, cost, and timing.

In single-layer free-form structures, node connectors play a critical role in the stability
and integrity of the structure by serving as the junction point for various structural
elements. The design and selection of appropriate node connectors are crucial in the
structural design process. Herein, we explore several types of node connectors in
constructing single-layer free-form structures.

Nodes in a grid shell structure play a crucial role in the overall stability and integrity
of the structure. These nodal points, where multiple structure members intersect and
are mechanically connected, are responsible for transferring forces between members.
A well-designed node should efficiently transfer loads while maintaining the
structure's desired form. In addition, the nodes should be designed to accommodate
the different load scenarios the structure will experience.

Types of Node Connections in Gridshell Structures

Various node connections are used in grid shell structures, depending on the design

requirements, material choices, and construction techniques. These may include:
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1. Bolted Nodes: Bolted nodes are a common type of node used in free-form structures
due to their ease of assembly and disassembly. These connectors consist of pre-drilled
bolted plates or castings to allow the structural elements to be bolted together. This
behavior provides flexibility and ease of modification, as components can be easily
replaced or adjusted. Bolted nodes can be used in steel and timber structures, and their
strength can be adjusted by varying the number and size of the bolts used. The bolts
used in bolted connections are high-strength and pre-stressed. While a bolted system
possesses a certain level of rigidity, it does not impose rotational restrictions to the
extent of welded connections. The axial force level directly influences the bending
moment capacity of a node in the connecting members. Members with a closed box
shape are preferred to mitigate lateral torsional buckling issues. Experiments or
qualified finite element programs are used to define the moment-rotation behavior
realistically.

These are semi-rigid connections that allow for some flexibility at the node.
Bolted nodes are used in the Centre Pompidou-Metz in France. This structure,
designed by Shigeru Ban, comprises a network of timber beams that form a complex,
undulating roof structure. The timber elements are connected using steel bolted nodes,
facilitating easy assembly and the ability to accommodate the unique geometry of the
structure.

The node is made from a hollow sphere with openings at the top and the bottom. Each
structural member is connected to the node sphere by two bolts mounted from inside
the hollow sphere. Horizontal, vertical, and twist angles of structural members at this
node can be accommodated by the geometry of the two bolt holes for each member.
Direct support of cladding elements by the members across the node connector is not
feasible.

In 1994, MERO GmbH, Wuerzburg, Germany, published a series of end-face
connectors and the bowl node called “MERO Plus”. One of these node connectors is
the cylinder node MERO-1, shown in Figures 3.53 and 3.54. The node is made from a
hollow cylinder with openings at the top and the bottom. Two bolts inside the hollow
cylinder connect each structural member to the node cylinder. The geometry of the
machined plane can accommodate horizontal, vertical, and twist angles of structural
members' surfaces at the node. The connection enables the transfer of relatively high

bending moments (Stephan et al., 2004).
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Figure 3.53 End-Face Connector MERO-1 (Stephan et al., 2004)

Figure 3.54 End-Face Connector MERO-1 (Stephan et al., 2004)

Another “MERO Plus” connector is the block node MERO-2, which is shown in figure
3.55. The node is cut from a thick plate. Each structural member is connected to the
lock node by one or two bolts mounted inside the structural member. Hence, the
member must be a hollow section profile like RHS, SHS, or CHS. Alternatively, the
members can be welded to the node. The geometry of the machined plane can
accommodate horizontal, vertical, and twist angles of structural members' surfaces at
the node. The bending capacity is similar to the capacity of the cylinder node MERO-
1 (Stephan et al., 2004).
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Figure 3.55 End-Face Connector MERO-2 (Stephan et al., 2004)

2. Welded Nodes: In scenarios where additional strength or rigidity is required,
welded connectors can be used. These are permanent, rigid connections where
members are fused at the node using heat. Welded connectors provide high strength
and stiffness, making them ideal for structures subject to high loads or dynamic forces.
Welded nodes are commonly used in steel structures. They are formed by fusing the
intersecting steel elements using a high-temperature welding process. These nodes
provide high strength and rigidity, making them suitable for applications where
substantial loads must be transferred between elements. However, installing welded
connections can require specialized equipment and skilled labor.

Welded connections are a common type of connection used in single-layer free-form
systems, particularly those constructed from steel or other weldable materials.
Welding involves fusing the materials at a high temperature, producing a typically
rigid and robust connection. This type of connection is well-suited to systems with
fixed geometry, and moment-resisting nodes are desirable. One of the critical
challenges with welded connections in free-form systems is the difficulty of achieving
precise alignments, given the complex and often irregular geometries involved.

The node, shown in the figures 3.56, figures 3.57 and 3.58, is the welded end-face
connector WABI-1, which was developed by Waagner-Biro AG, Vienna, Austria, for
the courtyard roof of the British Museum in London. The node consists of a star-

shaped plate with 5 or 6 arms.
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Figure 3.56 End-Face Connector WABI-1 (Stephan et al., 2004)

Figure 3.57 End-Face Connector WABI-1 (Stephan et al., 2004)

Each arm runs between adjacent structural members. These nodes are made from thick
plates by cutting perpendicular to the plate surface. The end faces of the structural
members have a double miter cut to match the corresponding node gap between
adjacent arms. The thickness of the node plate is less than the height of the connected
structural members. The top and bottom surfaces of the node plates are connected to
the members by fillet welds, and butt welds connect the side surfaces. The geometry
of the double miter can accommodate horizontal, vertical, and twist angles of structural
members at this node cuts at the end of the members. High bending moments can be

transferred up to full member strength. (Stephan et al., 2004)
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British Museum, England/ London, employs welded nodes. Designed by Schlaich
Bergermann Partner, this lightweight structure consists of a network of cables and
struts. The steel struts are connected to the cables through welded nodes, enabling the
transmission of tensional forces throughout the structure.

3. Fabricated Nodes: Fabricated nodes assemble individual components to form the
complete node. It can be achieved through welding, bolting, or other joining
techniques. Fabricated nodes offer a high degree of customization, allowing for the
adaptation of the node design to suit specific structural requirements.

These are nodes that are custom designed and fabricated precisely for a project. These
are often used in more complex grid shell structures where standard connection
methods may not be suitable.

4. Casted Nodes: Cast connectors are often used when complex geometries or non-
standard forms are required. Casting allows for complex geometries and offers high
load-bearing capacity. Also, Casting allows for the creation of intricate, custom-
designed node connectors. These connectors can be made from various materials,
including steel, aluminum, and high-strength polymers. The casting process enables
the creation of intricate node geometries that would be challenging to achieve with
other fabrication methods.

5. 3D Printed Nodes: With technological advancements, 3D printed connectors have
become increasingly feasible. These connectors can be custom designed and produced
with high precision, making them ideal for single-layer free-form structures with
complex geometries. They can be made from various materials, including metal and
polymer-based materials.

6. Hybrid Connectors: Hybrid connectors can combine different types of
connections. For instance, a cast connector might have pre-drilled holes for bolted
connections, combining the geometric flexibility of casting with the ease of assembly
provided by bolting.

7. Modular Connectors: These connectors are designed to be part of a modular
system, where identical or similar components are repeated throughout the structure.
They can simplify the design, fabrication, and assembly process and be particularly
useful in large-scale structures.

8. Adjustable Connectors: These connectors allow for adjustments to be made post-

assembly, enabling the fine-tuning of the structure's geometry or the accommodation
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of structural movement. They can be beneficial when precise alignment is critical or
the structure is expected to change shape or position over time.

9. Self-locking Connectors:Interlocking nodes use specially designed structural
elements that fit together in a specific manner, much like jigsaw puzzle pieces. These
connectors are designed to lock into place once assembled, providing a secure
connection without additional fasteners. These nodes can often be assembled without
additional fasteners, and they provide a visually appealing node design that adds to the
aesthetic quality of the structure.

The design of nodes in grid shell structures is critical to the overall structural design
process. These nodes play a crucial role in the overall stability and performance of the
structure, making their design an area that requires careful consideration and expertise.
The selection of the appropriate node connector for a single layer free-form structure
requires consideration of numerous factors, including the structural requirements, the

complexity of the geometry, the fabrication capabilities, and the desired aesthetics.
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4. CASE STUDY

This study examined single-layer free-form systems based on the model of The British
Museum Great Court Roof. In order to understand single-layer free-form systems, the
roof of The British Museum Great Court was modeled and analyzed, and relevant
studies were conducted. Subsequently, the welded to the node and the bolted to the
node used in The British Museum Great Court Roof were investigated within the scope

of the node detail study. The nodes that were welded and bolted were analyzed.
4.1 The British Museum Great Court Roof

The British Museum, since its opening in 1850, has been an emblem of the grandeur
of the British Empire (Figure 4.1). Throughout 150 years, the building has undergone
alterations by eight different architects. However, the most remarkable transformation
took place in 2000 under the guidance of Lord Norman Foster, with the collaboration
of Waagner-Biro. This significant alteration involved the creation of a distinctive free-
form roof that now covers the museum's previously inaccessible courtyard, providing
a beautiful space for the public to enjoy. With the incorporation of over 3,300
triangular glass panels, this roof has become the most giant covered courtyard in
Europe, attracting approximately 5.5 million visitors annually. This renovation
effectively doubled the public area within the museum. The glazed roof, spanning
5,900 square meters, comprises 4,878 individual rods, 1,566 individual nodes, and
3,312 insulating glass panels, with a combined weight of approximately 800 tonnes.
Additionally, the newly constructed 65-meter-high southern portico, serving as a

foyer, is an integral part of this transformed courtyard space (Williams, 2001).
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Figure 4.1 The British Museum in London (Waagner Biro)

The British Museum, originally constructed in the 18th century, features a quadrangle
layout centered around the iconic Reading Room. Recently, Lord Norman Foster
transformed the museum's Great Court, previously occupied by the British Library,
into a great public square. This ambitious project involves the construction of an
elegant glazed roof spanning an area equivalent to a football pitch. The new space will
serve as the central hub of the museum, providing additional gallery space, retail
outlets, and an upper-level restaurant for visitors to enjoy.

The project commenced in March 1998 with the demolition of the book stacks
surrounding the Reading Room, which had concealed the original classical Georgian
stone facades of the Great Court. Construction of the impressive roof structure began
in September 1999 and was completed with the de-propping process in April 2000.
The entire project is scheduled for completion and public opening in November 2000.
The British Museum's Great Court, transformed at the dawn of the 21st century,
exemplifies the possibilities of free-form structures in modern architecture. At the
heart of the museum, the Queen Elizabeth II Great Court, designed by Foster + Partners
and engineered by Buro Happold, opened to the public in December 2000. It
encapsulates a pioneering example of a single-layer free-form system, with its iconic
tessellated glass and steel roof. This ambitious design turned what was previously an

inner courtyard into the largest covered public square in Europe (Williams, 2001).
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Figure 4.3 The British Museum in London (Waagner Biro)

The roof of the Great Court at the British Museum spans the entire area, measuring 95
meters in length and 74 meters in width. It extends from the surrounding buildings to
the Reading Room located slightly off towards the north. The roof structure comprises
a network of triangular cells, forming a shell-like shape (Figure 4.3). As there is only
one line of symmetry due to the position of the Reading Room, the geometry of each

node and member within the structure is unique (Williams, 2001).
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Figure 4.4 Renovation of the British Museum, London (Young, 2000)

Buro Happold developed the final geometry of the roof network and its structural
design through a form-finding process. Several factors were considered during this
process, including the maximum size of the glass panes from a fabrication perspective

and the required glass performance. The resulting network consists of 4,878 members
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and 1,566 nodes, each distinct. The intricate geometry and individuality of each node
and member in the network showcase the complexity and precision involved in the
design and construction of the roof structure, allowing for a visually striking and
functional space within the Great Court of the British Museum.

Waagner Biro and other contractors were involved in the project from an early stage
to provide expertise in buildability, fabrication, and installation. Their knowledge and
experience were crucial in ensuring the successful realization of the roof structure.
The roof spans vary in different directions. In the north, the span measures 28.8 meters
with an arch height of 5.48 meters. In the east and west, the span is 14.4 meters with
an arch height of 5.1 meters. In the south, the span measures 23.8 meters with an arch
height of 6.4 meters. These dimensions highlight the variation in the geometry of the
roof structure, accommodating the unique requirements and constraints of the Great
Court at the British Museum.

The collaboration between Waagner Biro and other contractors allowed for a
comprehensive assessment of the project's feasibility and the incorporation of
specialized knowledge in the fabrication and installation processes. This collaborative
approach ensured that the structural design and construction of the roof met the
project's specific demands, resulting in the successful transformation of the Great

Court space (Williams, 2001).

Figure 4.5 Three-dimensional computer model of the roof structure
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STRUCTURAL SYSTEM

The roof of the Great Court at the British Museum is supported at two main locations:
the Reading Room and the perimeter of the museum buildings surrounding the court.
These support points provide the necessary stability and load-bearing capacity for the
roof structure.

The Reading Room, located in the middle of the court, serves as one of the primary
support points for the roof. Its structural integrity and connection to the roof system
ensure stability and transmit loads to the ground.

Additionally, the perimeter of the museum buildings surrounding the Great Court is
another support area for the roof. The roof structure is anchored and connected to these
buildings to distribute the loads and provide overall stability.

By utilizing these support points, the roof structure achieves its intended function of
covering the entire Great Court area, providing a unified and sheltered space for
visitors to enjoy. The design and engineering of the roof system ensure that it remains
securely in place and effectively supports the weight and forces imposed on it.

A solution was implemented to support the roof structure without imposing vertical
loads on the room to address the limitation of the Reading Room in carrying additional
loads. It involved the installation of 20 new composite columns positioned evenly
around the Reading Room. New foundations at ground level support these columns.
On top of these columns, a circular steel beam is placed to which all incoming roof
members are connected. This steel beam serves as a primary support element for the
roof structure. Below the steel beam, a large horizontal concrete ring is positioned.
This concrete ring is rigidly fixed horizontally to the columns and is crucial in
providing lateral stiffness to the roof system.

It is important to note that the vertical loads are not transferred between the concrete
ring and the roof structure. Instead, the concrete ring primarily contributes to the lateral
stability and stiffness of the roof. Maintaining the overall structural integrity and
minimizing potential horizontal movements is crucial. The concrete ring sits on sliding
bearings on top of the Reading Room, allowing it to provide stiffness while
accommodating any horizontal movements without exerting additional vertical loads

on the room.

69



By utilizing this support system, the roof structure achieves its required stability and
load-bearing capacity while ensuring that the Reading Room is not subjected to

excessive loads beyond its design capabilities (Williams, 2001).
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Figure 4.6 The Great Court roof at night (Waagner Biro)

The roof members at the museum's perimeter are connected to a continuous horizontal
steel beam, supported by vertical posts spaced approximately 6 meters apart. These
vertical posts are positioned on top of a continuous new concrete ring, added onto the
existing wall to distribute the loads. All the posts are supported on sliding bearings to
accommodate the absence of horizontal loads perpendicular to the perimeter. The
vertical zone between the steel and concrete beam is enclosed with glass panels in the
upper part, while operable aluminum panels are used for ventilation underneath.

During the investigation of the existing buildings, it was determined that no horizontal
loads perpendicular to the perimeter could be transferred to the building. It necessitated
using sliding bearings for the posts and implementing additional measures to provide
lateral stability. Cross bracings were incorporated between adjacent vertical posts
behind the four porticos, and horizontal lattice beams were added at the four corners

to enhance stiffness (Williams, 2001).
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These exceptional support conditions have a significant impact on the structural
behavior of the roof. The typical "arch effect" cannot be achieved due to the sliding
bearings at the perimeter, resulting in the roof structure experiencing significant
bending moments, shear forces, and normal forces. It affects the stiffness and
deflection characteristics of the roof.

Furthermore, due to the unique support conditions and the need for the entire structure
to work as intended, temporary support is required throughout the construction process
until the roof is fully completed. This ensures that the structural integrity and stability
are maintained during the construction phase until the final configuration of the roof
is achieved. During the design process of the roof, various options for the roof
members were considered, including solid and hollow sections. The solid version
offered slightly slimmer sections, but it required twice the amount of steel compared
to the hollow option. However, the significant increase in steel weight associated with
the solid version had negative implications on forces, moments, deflections, and
especially the buckling factor.

Detailed investigations and discussions were conducted by the Professional Team,
considering the special support conditions and the height restrictions of the roof. After
careful consideration, the decision was made to prefer the hollow version of the roof
members. Structural performance, weight considerations, and overall feasibility likely
influenced this choice. The hollow option was deemed more suitable to achieve the
desired structural behavior, minimize steel weight, and meet the project requirements
(Williams, 2001).

i
21
F=g

I <
- = s :
e =
— ey
AT AT E‘:‘ﬂ" 3
— " = :".\\.".' = =
- o R N, w30 Y v
o v i T
PP e .
o ow ~
- - {
T

Figure 4.7 British Museum (interior view), London (Waagner Biro)
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The structural calculations and analysis for the roof were carried out by both Buro
Happold and the Contractor in parallel. This approach allowed for independent
verification of the results and facilitated a comprehensive understanding of the
structural behavior, enabling the development of relevant connection details and
installation methodology.

In the optimization process, the dimensions of the roof section sizes were adjusted.
The sections had a standard width of 80 mm to accommodate the glass support detail,
while the height varied from 80 mm near the Reading Room to 200 mm at the
perimeter, based on the structural requirements.

To achieve sharp edges and optimize the dead load of the steel, welded box sections
were utilized. This construction method allowed for different plate thicknesses for the
flange and web, contributing to the overall design efficiency.

The calculations were conducted using second-order theory, considering imperfections
in the structure. The maximum imperfection value, representing deflection due to the
first eigenform for buckling, was applied to cover the worst-case scenario, with a
maximum value of 140 mm divided by 200.

Various load cases, including dead load, patterned snow, and wind load, were
investigated and combined most unfavorably. The computer model used to simulate
the structure aimed to resemble reality closely and included the Reading Room
columns, the snow gallery concrete ring, and the vertical posts at the perimeter.
Member stresses were calculated using forces and moments from the elastic
calculations, factoring in loads, employing second-order theory, and utilizing the
plastic section values according to the Eurocode.

An important aspect of the analysis was carefully considering deflections caused by
the dead load of the steel structure and the glass. These deflections, which occur once
the temporary supports of the roof are removed, had to be accounted for to achieve the
final geometry of the roof. It required constructing the roof slightly higher to
compensate for the anticipated deflections.

Developing a suitable node detail to connect all members and transfer forces, including
bending moments, was a significant challenge in the project. The design had to
consider the various angles between incoming members, ranging from a minimum of

26 degrees to a maximum of 110 degrees. Additionally, the twisted orientation of the
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members relative to each other was essential to accommodate the direct glass support
on top of the upper flange (Williams, 2001).

Early applications for the node design involved round and prismatic nodes and
triangular frames for each glass pane, which required on-site assembly using
intermediate elements. However, these initial designs were unsuccessful in visual
appearance and economic feasibility. Several versions (1 to 7) were explored,
including sub-versions, and numerous sketches ultimately discarded.

Finally, version 8 emerged as the breakthrough idea. The design met the requirements
and was deemed suitable for construction. It marked the successful resolution of the

node design challenge and paved the way for further progress in the project.

Figure 4.8 Node with welds (Waagner Biro)

The final design for the node in the project involved cutting it out of a thick plate in
the shape of a star with six legs, all perpendicular to the plate surface. The incoming
members were positioned between two legs of the node and required a complex end
treatment to fit securely. The node was recessed both on the top and bottom to prevent
the node from protruding beyond the surface of the member flanges and potentially

interfering with the glass above. This recessed design allowed fillet or butt welds along
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the member flange, providing the necessary structural connection between the node
and the members.

The fabrication process for the nodes involved flame-cutting the elements out of steel
plates. The suitability of this procedure and the tolerances of the nodes were confirmed
early in the project through the production of samples. The positioning of the nodes
within the steel plate was automated, considering the different node heights and the
production sequence. Data files for the cutting machine were generated automatically
and sent directly to the machine. Each node was marked with a number, and the
position of this number defined the orientation of the node in the net.

Automation was also pursued member fabrication, although it posed more significant
challenges due to the complex end geometry. The main procedure involved the end
treatment of the members, which was achieved using a welding robot. The member
was fixed on a turntable, and the end in front of the robot was cut using data generated
in the design office and directly transferred to the machine. The member was turned
180 degrees in a second step, and the second end was prepared. This procedure
required significant development and adjustment of details to ensure the members met
the required tolerances. Factors such as gas pressure for cutting the flange and web
varied depending on the plate thickness, which was incorporated into the automatically

generated data and the end geometry (Williams, 2001).
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Figure 4.9 British Museum plan view, London (Waagner Biro)
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4.2 The Tornado Roof Structure for Bory Mall

The Bory Mall, located in Bratislava, Slovakia, is a contemporary structure that houses
one of the country's largest shopping complexes. One of the most distinctive features
of this complex is its "Tornado" roof, a stunning example of free-form architecture.
The Tornado roof'is characterized by a spiraling form reminiscent of a whirlwind, from
which it derives its name. Thanks to its organic, free-flowing form, free-form systems
offer flexibility and creative solutions to architects and engineers.

The design of the Tornado roof was a highly intricate process, leveraging cutting-edge
design tools and software. Given the complexity of the roof's geometry, traditional
drafting methods were insufficient. Advanced computer-aided design (CAD) and
parametric modeling tools were utilized to articulate the roof's intricate form and to

ensure its seamless integration with the rest of the building. (Helbig, 2016)

Figure 4.10 “Tornado” facade from inside (Metal Yapi)

The structure of the Tornado roof is a single-layer system comprised of a network of

steel members that come together to create the roof's dynamic form. The nodes, or

connections between the members, play a critical role in the roof's stability and

structural integrity. These nodes were carefully designed to bear the complex load
75



paths arising from the roof's non-standard shape. Notably, the unique spiral form of
the roof leads to an uneven distribution of loads, which needs to be carefully accounted

for in the design of the nodes and the overall structural system.

Figure 4.11 “Tornado” facade from outside (Metal Yapi)

The construction of the Tornado roof presented significant challenges. Fabrication and
assembly of the roof's components must be placed with a high degree of precision due
to the complex form of the roof. Moreover, the roof's large span necessitated using
lightweight yet strong materials to ensure its structural stability while minimizing its
self-weight. Steel was the material of choice due to its inherent strength, ductility, and
workability, enabling the creation of the intricate network of members that form the
roof's structure (Helbig, 2016).

Numerical analysis

For the ultimate limit state (ULS) analysis, non-linear FE calculations were performed
for all load case combinations. The structural model used for this can be seen in Figure
4.12. The structure's design was based on elastic material properties and elastic stress
distribution within the sections (elastic—elastic design).

The steel's plastic capacity was only considered in the con- nection design for grid

members.
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The Tornado roof's structural analysis entailed an array of calculations, encompassing
geometric modeling, load analysis, and stress distribution. These calculations were
instrumental in assessing the roof's strength, stability, and safety under various loading
conditions. Finite Element Analysis (FEA) was employed to simulate the structure's
behavior under different loads, providing valuable insights into the roof's stress

distribution and potential points of weakness (Helbig, 2016).
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Figure 4.12 Global FE model of tornado facade (Knippers Helbig)

Grid members
All members are made from grade S355 rolled rectangular hollow sections (RHS),

varying structural depths according to the grid shell curvature and stiffness. Outer
section dimensions are 120x70 mm (in the lower part) and 180x76 mm (in the upper
part). At a height of approx. 5 m above the base, there is a transition zone two grid
bays wide between the two section depths. The transition is designed so that every
node connects grid members of the same depth only. The first step is from 120x70 to
150x76 mm, and the second is from 150x76 to 180x76 mm.

Different wall thicknesses were chosen for each section depth according to internal
forces and moments while considering buckling lengths.

Grid member connections

Grid members are either bolted or welded to the nodes; less heavily loaded connections

are bolted, whereas those carrying higher loads are welded. All the results of an
77



automatic design process performing all relevant checks for every individual member
end were transferred by design tables and graphically. In plausibility checks, for
instance, the graphical output helped to identify areas that required more welding. This
overview could also be used to adapt the segmentation of the erection to suit the welded
connections required (Helbig, 2016).

Grid nodes

The grid nodes were fabricated from grade S355 solid steel blocks milled to an
individual shape. Each node was designed by Massimiliano Fuksas Architects
according to the adjacent rolled hollow sections (see Figure 4.13). The node shape had
a smooth curvature on both the top and bottom, following the grid faces. The node
edges were smoothly curved to match the individual incoming rolled member sections.

For bolted grid members, threaded holes were prepared in the contact surface of the

appropriate members.

solid steel block, S355,
milled to individual shape
(fu = 490 N/mm?)

threaded holes, M20,
(depth = 30mm with
fu,sleel plock = 490 N.’mmz)

Figure 4.13 3D model of solid grid node (Knippers Helbig)

The node “arms” lengths connecting to the members were designed to allow for
sufficient stress redistribution from the hollow section contact surface to the point
where neighboring members interact inside the solid steel. This solid section-based
stress distribution was used for interaction with adjacent member end stresses (Helbig,

2016).
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Fabrication of grid nodes
Based on the individual 3D models the architects provided, the grid nodes were
fabricated using CNC milling. All sides of each node connecting to a grid member and

all visible nodes had to be milled (see Figure 4.14).

Figure 4.14 CNC-milled solid grid node (Metal Yap1)

On top of the node, one small circular non-milled surface was required to fix the piece
to the milling machine (later concealed by the glazing). The piece also serves as a
reference surface for the free-form geometry.

Erection

Erection of the facade had to take place after interior work had already begun. The
main concrete around the central plaza was temporarily closed until the tornado facade
could be waterproof. Erection work was carried out on stepped falsework. However,
the number of supported grid nodes was proportionally low since the geometry of the
entire facade was primarily assembled via the prefabricated nodes and beams bolted
together on site. So the tornado could be erected in vertically sliced segments. Any
welding of members was performed on-site after erection. The final coating and local

corrosion protection for on-site welding was applied on-site.
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For the architect and client, achieving invisible node-member joints and having a high-
quality, continuous final coating has always been important criterion. As can be seen

in Figure 4.15, this design intent could be realized perfectly.

Figure 4.15 Finished node installed on site (Metal Yap1)

Beyond the structural considerations, the Tornado roof's design also factored in
architectural and aesthetic objectives. The dynamic, spiraling form of the roof creates
a visually captivating spectacle, setting Bory Mall apart in its architectural
distinctiveness. Moreover, the open design of the roof structure permits ample natural
light to filter into the mall, enhancing the shopping experience.

The Tornado roof at Bory Mall is a stellar example of a free-form system, showcasing
how the confluence of art, science, and engineering can yield breathtaking
architectural outcomes. It stands as a testament to the immense possibilities offered by
free-form systems, opening the door to new frontiers in architectural design (Helbig,

2016).
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4.3 Introduction of Parameters
4.3.1 Purpose and scope

In this thesis, a stability investigation is conducted for a Single-Layer Free-Form
structure to be constructed in the Yesilkdy neighborhood of the Bakirkdy district in
Istanbul.

The British Museum Great Roof's architectural model is the thesis’ basis. Within the
context of this thesis, the calculated magnitudes of the Dead Load, Cladding Load,
Live Load, Snow Load, Earthquake Load, and Wind Load, all of which exert an
influence on the Single-Layer Free-Form Structures under investigation, will be
determined. Subsequently, a comprehensive analysis will be conducted.

The thesis uses Turkish Standards based on EN (European Norms) to determine the
loads applied on the Single-Layer Free-Form Structure. Due to the inadequacy of the
codes regarding stability in the Turkish Regulation on Design, Calculation, and
Construction Principles of Steel Structures used in our country, the work has been

carried out based on EN principles. The codes used in the analysis are listed below.

Table 4.1 The codes used in the analysis

Codes / Standards Description

TBDY - 2018 Turkish Seismic Code Published In 2018

Turkish Steel Structure Code (The Regulation on Design,

TSSC 2016 Calculation and Construction Principles of Steel Structures 2016)

Eurocode 1: Actions on structures Part 1-3: General Actions —

TS EN 1991-1-3: 2009 .
Snow actions

Eurocode 1: Actions on structures Part 1-4: General Actions —

TS EN 1991-1-4: 2005 Wind actions

ANSI-AISC 360-16: Specification for Structural Steel Buildings, 2016

4.3.2 Structural analysis methodology

Several three-dimensional structural finite element models have been created using
SAP2000 and ETABS to evaluate the structural response and performance of the
structures under gravity, wind, and earthquake loads. The models incorporate all lateral
and vertical load-resisting system elements and represent the spatial and vertical

distribution of mass and stiffness of all structural elements. Walls are modeled as shell
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elements, columns as frame elements, and slabs as membrane elements. Generally, the

following software will be utilized during the various stages of the design process.

Table 4.2 Software

Software Description

SAP2000" V.24 3D FEA Analysis & Design

ANSYS Finite Element Analysis (FEA) Software
Rhinoceros Computer-Aided Design Software

The structural analysis program uses finite element methods. All load combinations
are calculated with second/third order theory, i.e., considering geometrically non-
linear effects. Area loads will be automatically converted according to linear or single

loads by the FE software.
4.3.3 Load and resistance factors and load combinations

In structural design, load and resistance factors play a crucial role in ensuring the safety
and reliability of the structure. Load factors are applied to different loads to account
for their uncertainties and variations, while resistance factors incorporate uncertainties
in material strengths and structural capacities.

The load and Resistance Factor Design (LRFD) approach is commonly used in modern
structural design practices. It involves the combination of loads and assigning
appropriate load and resistance factors to ensure that the structure can safely withstand
the applied loads.

Load combinations are defined based on different load types and their associated
factors. These combinations are determined by considering the simultaneous
occurrence of various loads, such as dead, live, wind, snow, and seismic loads. The
load combinations are formulated to represent the most critical loading conditions that
the structure may experience during its design life.

The design process involves calculating the effects of each load combination on the
structural elements and comparing them to the corresponding resistance or capacity of
the elements. The design is unsafe if the calculated effects exceed the available
resistance or capacity.

The determination of load and resistance factors, as well as the formulation of load

combinations, are based on national or international design codes and standards. These
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codes provide guidelines and requirements for structural design, ensuring the
structure's safety, reliability, and serviceability.

In this thesis, load and resistance factors, as well as load combinations, will be
determined according to the applicable design codes and standards, such as the Turkish
Design Code for Steel Structures (LRFD), to ensure the structural integrity and safety
of the Single-Layer Free-Form Structure.

In this thesis, the design and analysis procedures have been carried out using Load and
Resistance Factor Design (LRFD) approach based on the Load Combinations provided
in the Turkish Earthquake Code 2016 (TCY 2016) Regulation 5.3. LRFD (Turkish
Design Code for Steel Structures) methodology outlined in the regulation has been
employed to determine the limit states of the structural system under load
combinations.

For wind loads, the principles outlined in TS EN 1991-1-4 will be considered.
Similarly, for snow loads, the guidelines provided in TS EN 1991-1-3 will be taken
into account.

Regarding structures located in earthquake-prone regions, the conditions specified in
the "Turkish Building Earthquake Code" (TBDY 2018) will be the basis for the design
of the structural system.

By adhering to these codes and standards, the study aims to ensure that the Single-
Layer Free-Form Structure is designed and analyzed by the appropriate safety

requirements for various load conditions, including wind, snow, and seismic loads.

Ru<¢ Ry 4.1
where Ru: Required strength determined by calculation for load combinations, Ra:
Characteristic strength, ¢: Coefficient of strength, $Rn: Design strength.

The Load and Resistance Factor Design (LRFD) Load Combinations are as follows:
Table 4.3 Load Combinations for ULS

1 1,4G

2a |1,2G+ 1,6 (QrorSorR)

2b | 1,2G+1,6Q + 0,5 (Qror S orR)

3 1,2G+ 1,6 (Qror S or R) + (Q or 0,8W)

4 [1,2G+1,00+0,5(QrorSorR)+1,6W

5 11,2G+1,0Q+0,2S+ 1,0E

6

7

0,9G+1,6W
0,9G+1,0E
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where G: Dead load, Q: Live load, Qr: Roof live load, Q: Snow load, W: Wind load,
E: Earthquake effect, R: Rain load, T: Effects of temperature change and/or support
collapse, H: Horizontal ground pressure, ground water pressure or bulk material
pressure,

Design for Serviceability Limitations

Serviceability Limit States (SLS): These conditions focus on the usability and
functionality of the structure under normal service loads. They ensure that the structure
remains within acceptable limits of deflection, vibration, cracking, and other
serviceability-related criteria.

Usability can be defined as external effects, maintaining the external appearance of the
structure under loads, fulfilling the functions expected from it, and providing sufficient
comfort. In order to ensure usability, usable limit states are mentioned in TCY 2016
Regulation Chapter 15.

Under the load combinations determined in the regulation, limit values for behavior
variables such as acceleration and displacement of the building system and usability
limit states are defined.

In order to control the available boundary conditions, TCY 2016 Regulation mentions

load combinations as follows in Chapter 15:

Table 4.4 Load Combinations for SLS

1 |G+Q

2 | G+0.5S

3 | G+0.5Qr

4 | G+0.5Q+W

where G: Dead load, Q: Live load, Qr: Roof live load, Q: Snow load, W: Wind load,
Inthe TCY 2016 Regulation, Section 15 discusses vertical and horizontal displacement
checks, vertical vibration checks, comfort checks under wind effects, and

displacements caused by temperature changes.
4.3.4 Stability design with general analysis method

Steel structures are predominantly designed based on stability limit states, making
stability crucial in structural design. Local instability or buckling in a structural

element can lead to localized collapse of the entire structure. Therefore, a stability
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analysis is necessary to model structural behavior and minimize unstable structural
responses.

The General Analysis Method is widely used in stability calculations as it considers
material strength degradation and second-order effects in geometry, aided by
advancements in computer technology. In this thesis, stability design is conducted
using the General Analysis Method.

e The General Analysis Method follows three fundamental application rules:
Second-order effects should be considered to account for nonlinear behavior in terms
of geometric conditions.

e Reduction in axial and flexural stiffness is required to incorporate inelastic

effects in the material.
4.3.5 General explanations and explanation of the analyzed system

This section examines the characteristics of the single-layer free-form structure under
analysis, the design codes utilized in the analysis, and the detailed node analysis of the

structure. The front, side, top, and perspective views of the free-form system used in

the analysis are depicted in figure 4.16.

--
--

Figure 4.16 The front, side, top, and perspective views of the free-form system

4.3.6 Serviceability criteria

Serviceability Criteria is a critical concept in structural engineering that pertains to the

functional usability of a structure under standard operating conditions. It represents the
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set of conditions that a structure must meet to effectively serve its intended purpose,
such as deflection limits, vibration criteria, and durability considerations. These
criteria ensure the comfort and safety of the occupants, as well as the longevity of the

structure, making them a cornerstone of efficient and effective structural design.
4.3.6.1. Deflection limits

Deflections of structure under serviceability limit state (SLS) load combinations of
variable actions. The deflection condition must satisfy the requirement in equation 4.1.

f < Span/300=L/300 4.2)
4.3.6.2. Global Buckling

In order to maintain structural stability, buckling analysis will be carried out for each
element in the structure. The safety criterion against buckling is that the first buckling

mode factor should be at least 1.
4.4 Design Loading

The loads exposed on the structure have been explained in detail in the respective

sections.
4.4.1 Dead load

In structures, the loads that continuously affect the structure, such as the self-weight
of the structural system, floor and cladding weights, lighting system, installation
weights, etc., are referred to as dead loads. In this thesis, the self-weight of the elements
is automatically calculated by the SAP2000 program.

The material properties of the structural steel profile used in the building system are

as follows. Material Design Properties for Structural Steel S355 according to EN1993-

1-1§3.2.6
o Steel Grade : 8355 Grade Steel
e Ultimate Strength, (fu) : 49 kN/cm? (490MPa)
e 0,2 Proof Strenght, (fy) : 35,5 kN/em? (355MPa)
e  Young's Modulus, (E) : 210 000MPa

The dead load due to glass cladding is considered to be 0.60 kN/m?. The following
values are used in the load calculations:

Laminated glass consists of the following layers:
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o Fully tempered glass (FT): 10 mm

e Air gap: 16 mm

e Heat-strengthened glass (HT): 6 mm

o PVB interlayer: 1.52 mm

e Heat-strengthened glass: 6 mm

o The total glass thickness is t = |0mm+6mm+6mm=22 mm
o Elastic modulus of glass (E): 70,000 MPa

o Poisson's ratio of glass: 0.23

e Unit weight of glass (yeam): 25 kN/m’
4.4.2 Roof live load and maintenance load

Loads that will not remain for a long time during the service life are referred to as
movable loads, and unless there are very low probabilities, the structure is not
subjected to movable loads. These loads can be applied for cleaning and maintenance
on the exterior and interior surfaces of the cladding. The additional service load (Qr)

has been defined as 0.25 kN/m? to account for a possible additional loading.
4.4.3 Temperature

In this thesis, numerous factors influencing the structural behavior of single-layer free-
form systems have been evaluated. However, the potential impact of temperature loads
on these systems has been left outside the scope of this study. Temperature loads arise
from the thermal expansion and contraction characteristics of materials and can have
a decisive effect on structural performance. Particularly in regions where severe
temperature fluctuations occur, temperature loads are a significant factor that needs to
be considered in structural design and analysis. Nevertheless, in this thesis, the detailed
thermal analyses necessary to model and analyze the complex effects of temperature
loads have not been conducted. This presents a potential topic for future research,
thereby enabling a better understanding of the impacts of temperature loads on single-
layer free-form systems and utilizing this information to enhance the system's overall

performance.
4.4.4 Seismic load
In analyzing the single-story free-form structure, earthquake loads were considered

according to the "TBDY 2018-Turkey Building Earthquake Code" since earthquake
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loads, although potentially less critical than wind and snow loads, can still affect load
combinations.
The chosen location for the structure with high seismic activity is the Bakirkoy district
in Istanbul, Turkey. By considering the specific seismicity of the region, the
appropriate seismic design parameters and loads specified in the TBDY 2018 are
applied to the analysis. It ensures that the structure is designed to withstand the
expected seismic forces in the given location.
The earthquake force has been calculated based on the seismic design provisions of
the "TBDY 2018 - Turkish Building Earthquake Code" using the DD-2 seismic ground
motion, which represents rare earthquake ground motions with a 10% probability of
being exceeded in 50 years and a return period of 475 years.
For the DD-2 seismic ground motion level, the short period (SS) and 1.0-second period
(S1) design spectral acceleration coefficients are provided in the Turkey Earthquake
Hazard Maps. These spectral acceleration coefficients are defined as dimensionless
factors by dividing the design spectral accelerations for a reference site condition
[(VS)30 = 360 m/s] with a damping ratio of 5% by the gravitational acceleration
(TBDY 2018).
By using these design spectral acceleration coefficients, the earthquake forces are
determined and applied to the analysis of the structure. It ensures that the structure is
designed to withstand the seismic forces expected in the specified seismic ground
motion level.
Also other accepted coefficients;

e Carrier System Behavior Coefficient was taken as R=3.

¢ Building Use Categories and Building Importance Factor was taken as [=1.

Raporlama

Rapor Bagli:
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Yerel Zemin Sinfc ZB -

40.958237
28.813114

Haritodan Nokia Seg

Figure 4.17 Latitude and Longitude
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The map spectral acceleration coefficients are converted to design spectral acceleration
coefficients by multiplying them with local soil amplification factors. The structures
in the model will be analyzed according to the following assumptions:

The analysis will be conducted based on the earthquake ground motion level referred
to as DD-2, which has a 10% probability of being exceeded within 50 years. The local
soil class is assumed to be "B."

The dimensionless spectral acceleration coefficients obtained from the map
provided by AFAD for the study area are Ss = 1.339 and Si1 = 0.362 (Figure 4.2
and Figure 4.3).

The geographical coordinates indicated on the map are 40.95823701749438°
latitude and 28.813113634857437° longitude. The local soil amplification factors

(Fs and F1) to be considered based on the local soil classes are presented in table
4.6. and table 4.7. It is stated that linear interpolation can be applied for
intermediate values of the map spectral acceleration coefficients in the local soil
amplification factor tables. The design spectral acceleration coefficients are
calculated according to equations 4.3 and 4.4 as follows:

Sps= 1,339 x0,9=1,205 (4.3)

Sp1= 0,362 x 0,8 = 0,290 (4.4)

The equivalent seismic load method is used for the seismic analysis of the
structures. Additionally, one model is also analyzed using the Modal
Superposition Method. For any earthquake ground motion level, the Vertical
Elastic Design Spectrum graph (Figure 4.20) represents Sae, dependent on T, in
terms of acceleration due to gravity. The generated Horizontal Elastic Design

Spectrum graph for the model is presented in figure 4.21.

Koordinata Git

Ondalik Derece Cinsinden Derece Dakika Cinsinden

40.95823700

40958237

28.81311400
28813114

Figure 4.18 Ss Value calculation
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Koordinata Git

Ondalik Derece Cinsinden Derece Dakika Cinsinden

40.95823700

409582377
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288131147

Figure 4.19 S, Value calculation

Table 4.5 Soil class table

Local Average at the top 30 meters

Soil . -

Class Soil Type (Vs)30 (N 60)30 (Cu)30
[m/s] [ darbe/30 em] | [ kPa]

ZA Soild. hard rocks >1500 _ _

7B Less, moderately 760- 1500 _ .

strong rocks

Very hard stand. gravel and hard

clay layers, weak rocks

ZC T 360 — 760 =50 =250

with many cracks

Meduim dense or dense sand,
ravel

7D graverar 180-360 | 15-50 70 - 250
very solid clay

Loose sand. gravel. or soft to

solid elay layers or profiles with

a total thickness of more than 3

meters of soft clay layer (Cu< 25 | < 180 <15 <70

kPa) satsifying PI

=20 and w > %40

ZE

Soils that require site-specific investigation and evaluation:

) Soils that have the risk of collapse and potential collapse under the influence of
earthquakes (liquefiable soils. highly sensitive clays, collapsible weak cement
soils, ete.),

) Peat and/or organic content with a total thickness of more than 3 meters high
clays,

ZF ) High plasticity (PI=50) clays with a total thickness of more than 8 meters.

1) Very thick (= 35 m) soft or medium solid clays.
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Table 4.6 Local soil effect coefficients for a short period (TSC2018)

Local Local soi1l effect coefficients for short period Fs
soil S<025 [S=050 [S=075 [S=100 |S=125|S=150
Category
ZA 0.8 0.8 0.8 0.8 0.8 0.8
/B 0.9 0.9 0.9 0.9 0.9 0.9
ZC 1.3 1.3 1.2 1.2 1.2 1.2
7D 1.6 1.4 1.2 1.1 1.0 1.0
ZE 24 1.7 1.3 1.1 0.9 0.8
ZF Special soil behavior analysis will be done

Table 4.7 Local soil effect coefficients for 1. second period (TSC2018)
Local Local soil effect coefficients for 1.second period F1
Soil S<0.10 | S=020 |S=03 S=04 S=05 |S=06
Category
ZA 0.8 0.8 0.8 0.8 0.8 0.8
ZB 0.8 0.8 0.8 0.8 0.8 0.8
ZC 1.5 1.5 1.5 1.5 1.5 1.4
ZD 24 2.2 2.0 1.9 1.8 1.7
ZE 24 33 238 24 2.2 2.0
ZF Special soil behavior analysis will be done
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Figure 4.20 Local Ground Effect Coefficient F1 for 1.0 second period
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Figure 4.21 TBDY - Horizontal elastic design spectrum graph
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Figure 4.22 Vertical elastic design spectrum graph
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Figure 4.23 Vertical elastic design spectrum

2 75¢-2012 Seismic Load Pattern

Load Direction and Diaphragm Eccentricity Seizmic Coefficients
® Global X Direction 0.2 Sec Spectral Accel, Ss
O Global " Direction 1 Sec Spectral Accel, 51
Ecc. Ratio (41 Diaph. ) 0,05 Long-Period Transition Period
Owerride Diaph. Eccen. Override...
Site Class ZB w
Time Period Site Coefficient, Fs 0.9
() Approx. Period Ct (m}, x = Site Coefficient, F1 0,2
(® Program Calc Ct(mpx= 0.10; 0.75 ~

_ Calculated Coefficients

() User Defined =
SDS= Fs*Ss 1,2051
Lateral Load Elevation Range =01= F1*51 0,2396

@ Program Calculated
O User Specified Reset

Wi Factors

Response Modification, R

System Overstrength, D
Cancel Occupancy Impartance, |

Figure 4.24 Seismic load pattern in the X direction
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3 Tsc-2012 Seismic Load Pattern X

Lead Direction and Diaphragm Eccentricity Seismic Coefficients
O Global X Direction 0.2 Sec Spectral Accel, 55
@ Global ¥ Direction 1 Sec Spectral Accel, S1
Ecc. Ratio (Al Diaph.) Long-Period Transition Periad
Ovwverride Diaph. Eccen. Override...
Site Class ZB w
Time Period Site Coefficient, Fs 0.9
() Approx. Period Site Coefficient, F1 0.g
(® Program Calc Ct(mj == 0.10; 0.75 ~

O Calculated Coefficients
User Defined

SDS = Fs*Ss L2
Lateral Load Elevation Range S01 = F1%51 0,2396
@ Program Calculated
() User Specified
Factors

Rezponse Modification, R

System Overstrength, D

Figure 4.25 Seismic load pattern in the Y direction

4.4.5 Snow load

The stability of single-layer free-form structures is greatly threatened by snow load.
Due to its double-curved structure, the fallen snow can accumulate evenly or cause
asymmetric loading due to factors such as wind. Therefore, in design and calculations,
the different ways in which snow loads can occur should be taken into account (Soare
1963).

Snow loads are calculated according to the TS EN 1991-1-3, considering accumulated
and drifting snow loads. The principles applied for cylindrical roofs in the relevant
standard are considered.

The structure is located in Bakirkoy district of Istanbul, Turkey (elevation: 65 m),
and the characteristic ground snow load is defined as 0.75 kN/m?.

The calculation of the permanent and temporary design roof snow load value is
performed according to equation 4.10. The roof snow load is calculated according to
TS EN 1991-1-3 as follows:

s = piCeCtSk “4.4)
94



Where; s: Roof snow load value (kN/m?), pi: Shape factor for snow load, Ce: Surface
Exposure Factor, Ct: Thermal factor.

Ce factor is determined from table 4.8 while pi factor is determined from figure 4.28.
Considering the location, Ce = 1, Ct = 1 is assumed due to the use of glass cover, and
ui = 0.8 is assumed for variable roof slope between 0°-30°. These values are substituted
into equation 4.5 to calculate the roof snow load.

The shape factor value for accumulated snow load in case (ii) is determined according

to TS EN 1991-1-3 Section 5.3.5.

>60° for us=0;
(4.5)
B<60° for u3=0,2+ 10 h/b

The equation for the shape factor value is obtained using the equations provided in TS
EN 1991-1-3 Section 5.3.5. According to Note 1 of Section 5.3.5, the recommended
upper limit value is 2.00.

Unaccumulated snow load calculation for the given scenario is as follows:
s=0.8x1.0x 1.0 x 0.75 = 0.60 kN/m?

The calculation of the accumulated snow load for Case (ii) is as follows:
swy=2x1.0x1.0x0.75=1.50 kN/m?

s05q3) = 1.50 / 2=0.75 kN/m?

The distribution of accumulated and unaccumulated snow load on the structure is

shown in Figure 4.26.

Table 4.8 Recommended values of Ce for different topographies

Topography C.
Windswept * 0.8
Normal® 1,0
Sheltered 1,2

Windswept topography. flat unobstructed areas exposed on all sides
without, or little shelter afforded by terrain, higher construction works or
trees.

® Normal topography. areas where there is no significant remaval of snow
by wind on construction work, because of terrain, other construction works
o trees.

“ Sheltered topography. areas in which the construction work being
considered is considerably lower than the surrounding terrain or
surrounded by high trees andfor surrounded by higher construction works.
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e [ Shape coel. Coef. Loading (kN/m?)
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Figure 4.26 The distribution of snow load and snow load shape coefficient
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Figure 4.27 Recommended snow load shape coefficient (TS EN 1991-1-3)

Based on this information, a shape coefficient of u3 =2 is chosen.

Angle of pitch of roof & | 0°<a<30° 30° < @< 6P a = 60°
H 0.8 0.8(60 - )/30 0.0
ye 0.8 + 0,8 /30 1.6 -

Figure 4.28 Snow load shape coefficients (TS EN 1991-1-3)
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Case (i)

08

Case (i) 0,5u;

Figure 4.29 Snow load shape coefficients for cylindrical roof

The accumulated snow load, shown in Figure 4.26, was applied using the method given

in Figure 4.30 for both fully and half-loaded areas (Figure 4.31-4.32).

d/6 d/e d/6

Figure 4.30 Case (ii) drifted snow load shape coefficient (Maten 2011)

5=0,68 kN/m?

tlll‘rm\ttvtfirlvr!irfli!i|]1r]1r

Im

Figure 4.31 Case (i) undrifted snow load distribution
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Figure 4.32 Case (ii) drifted snow load distribution

4.4.6 Wind load

Wind load can significantly affect the stability of structures such as high-rise buildings,
port structures, low-slope steel structures, high-voltage transmission line towers,
double-curved free-form systems, and vaulted structures. Therefore, careful
consideration should be given to wind loading in these structures. In modern
technology, experimental studies using wind tunnel tests can be conducted to assess
wind loads. However, due to the cost involved, this approach is usually chosen for
large-scale projects only.

Numerous studies have investigated the effects of wind loads on single-layer free-form
structures, leading to a better understanding of their behavior and load distribution.
However, wind tunnel tests should always be considered when dealing with large
openings because predicting the asymmetric load distribution caused by wind loads
can be challenging.

In our country, TS EN 1991-1-4 is used to calculate wind forces. This code includes
various parameters for calculating the wind load. In this thesis, the following
parameters have been used when calculating the wind loads to be applied to the
models.

Wind Load Calculation

Basic wind velocity: vo = 28 m/s

Terrain category: = 11

Reference height from the ground of the examined part of the structure: ze =27 m
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and their average height exceeds 15 m

Zp Zmin
Terrain category
m m
0  Sea or coastal area exposed to the open sea 0,003 1
| Lakes or flat and horizontal area with negligible vegetation and
: 0,01 1
without obstacles
Il Area wilh low vegetation such as grass and isolated obstacles 0.05 2
(trees, buildings) with separations of at leasl 20 obstacle heights :
Il Area with regular cover of vegetation or buildings or with isolated
obstacles with separations of maximum 20 obstacle heights (such 0.3 5
as villages, suburban terrain, permanent forest)
IV Area in which at least 15 % of the surface is covered with buildings 10 10

NOTE: The terrain categories are illustrated in A.1.

Figure 4.33 Terrain categories and terrain parameters (TS EN 1991-1-4)

Orography factor at reference height ze: co(ze) = 1
Nationally Defined Parameters

Air density: p = 1.25 kg/m?

Calculation of peak velocity pressure

Basic wind velocity

The basic wind velocity, vb = 28.00 m/s.

vb = cdir - ¢ season - vb,0

According to TS EN 1991-1-4, the basic value of the characteristic 10-minute wind
speed at 10 meters above ground level in an open area on any day of the year and in
any direction is calculated as vb,0. The wind direction factor, cdir, is taken as 1.00
according to Note 2 in TS EN 1991-1-4, Section 4.2. The seasonal factor, cseason, is
taken as 1.00 according to Note 3 in TS EN 1991-1-4, Section 4.2. The basic value of
the characteristic wind speed, vb,0, is taken as 28 m/s (100 km/h) based on the Design,

Calculation, and Construction Principles of Steel Structures.

Peak velocity pressure

The peak velocity pressure gp(ze) at reference height z. includes mean and short-term

velocity fluctuations. It is determined according to EN1991-1-4 equation 4.8:

go(ze) = (1 + 7-Iu(ze)) - (1/2) * p + vin(ze)?

gp(ze) = (1 +7-0.1589) - (1/2) - 1.25 kg/m® - (33.47 m/s)?
gp(ze) = 1479 N/m?

= gp(ze) = 1.48 kKN/m?

99




How wind loads on vaulted roofs at the Eurocode 1 are calculated:
Specifically, we will show how to use Figure 4.34 from EN1991-1-4, which provides

the external pressure coefficients on vaulted roofs with rectangular base:

-0,2

-0,4 ‘ :9/ |

06—

0,8 ’I\ — |

1,0 ! -

I
42—t ! |
A (hld=0,5)

v

Figure 4.34 Distribution of shape factor (cpe,10) (TS EN 1991-1-4)

We will consider a structure with the following dimensions:

f=7,30m
h=19,70m
d=30,0m
E'
rqm-
-
g
r“‘;
=
30 m

Figure 4.35 Front view of structure
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The developed length of the vaulted roof will be split into four equal parts for zone

A, zone B (repeated twice), and zone C:

In our case:

f/d=7,30/30,0 =0,24
h/d= 19,70 / 30,0 =0,66

e For zone A

We start on the f/d axis until we reach the related to zone A:

We read: Cpe10,a= 10,15

Cpe,10 ‘{\\/

0,8

0,6

0,4
0,2

0,15

0

0,1 0,2 0,24

0,3

0.4

0,5

-0,2

-0,4

-0,6

A (hld=0,5)

-0,8

-1,0
-1,2

¥

Figure 4.36 Distribution of shape factor (cpe,io) for Region A

A (h/d=0,5)
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e Forzone B

We start on the f/d axis until we reach the zone B diagram.

We read: Cpero,8 =-0,95

Che,10 ‘J:‘L\’r‘

0,8
0.6
04
0,2

0

-0,2

-0,4

-0,6

-0,8

-0,95

-1,0

-1,2

hid=0,5)

5

Figure 4.37 Distribution of shape factor (cpe,i0) for Region B

A (hld=0,5)
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e For zone C

-l
J\f h
Cpe!“] & \
0,8
0.6
0,4
0,2
0 | - P
0,05(0,1 0,20.24 10,3 0,4 0,5
| fid
-0,2 :
l !/ C
) !!._-—-H—l?
0,6 [
e‘.__l B A (h/d=0,5)
-0‘8 A‘\ T\ —
\\I
-1,0 : =
| B
A2t |
A (h/d=0,5)
v

Figure 4.38 Distribution of shape factor (cpe,i0) for Region C

We read: Cpero,c = -0,40

In the end:

For zone A => Cpe10,4 = 10,15
For zone B => Cpe10,8 =-0,95

For zone C => Cpero,c = -0,40
The ratios h/d = 0.66 and f/d = 0.24 for the modeled free-form system have been

calculated. With these values, the external pressure coefficients and wind pressures

determined at points A, B, and C are provided in table 4.9.
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Table 4.9 External pressure coefficients and wind pressures at points A, B, and C

A B C
Cpero | +0.15 | -0.95 | -0.40
we(kN/m?) | +0.22 | -1.41 | -0.59

w.—=1,41 kN.-"'mj

Wind Direction [ "=

~w,=0,59 kN/m*
022 KNI BTy, 2030 kN/m? :

Figure 4.39 The wind pressure distribution

The wind pressure values at the corners of the lightweight cladding elements, intended
for load application, have been calculated using interpolation based on the wind
pressure values at points A, B, and C. The average of these four wind pressure values
has been determined and applied normally to the surface of the cladding element. Due
to the double-curved nature of the structures, the surface angles vary at each point. To
ensure the closest application of wind loads to the design model, weightless shell
elements have been modeled in the trapezoidal areas between the structural systems,
and the wind loads have been applied to these surface elements.

The internal pressure coefficient (Cpi) is calculated based on the elements on the
building facades. However, in this structure, this effect cannot be determined.
Therefore, the recommended Cpi values of +0.2 and -0.3, according to TS EN 1991-1-

4, have been used.

Table 4.10 The internal pressure coefficients (Cpi) and wind pressures

cpi | Wi(kKN/m?)

Positive |+0.2 | wip=+10.30

Negative | -0.3 | win=-0.45
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Table 4.11 External pressure coefficients and pressures at points A, B, and C

A B C
we (kN/m?) | 1022 | -1.41 | -0.59

Cpeto | 1030 | -0.45 | -0.45
we(kN/m?) | +0.52 | -1.86 | -1.04

The application of positive and negative internal wind pressures on the free-form

system is as follows

w.s=1.41 kKN/m?
__-—'-_|_—']_ _r___"‘—

b \

w,—0,59 kN/m?
w, ,=0,22 kN/m*

w..=0,59 kN/m>
w, =0,22 kN/m>

w,=0,59 kN/m?

w, ,=0,22 kN/m> w.,=0,45 kKN/m’

w,,=0,30 kN/m’

Figure 4.40 The positive, negative, and total internal and external wind pressures
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4.5 Analysis and Evaluation of the Model

This section includes the investigated free-form structure's architectural design and
static analysis. The architectural design focuses on conceptualizing and modeling the
structure, considering its unique and non-conventional shape. Various design
parameters such as form, aesthetics, functionality, and spatial organization are taken
into account to create the architectural model of the free-form structure. Advanced
software tools may generate the digital model, ensuring accuracy and precision.
Following the architectural design, the static analysis of the structure is performed.
This analysis aims to assess the structural behavior and response of the free-form
structure under different loading conditions. Structural analysis methods, such as finite
element analysis (FEA), may be employed to determine the structure's internal forces,
stresses, deformations, and stability. The analysis considers the free-form structure's
complex geometry and structural elements to ensure its safety, stability, and
performance.

The combination of architectural design and static analysis allows for the evaluation
of both the aesthetic and functional aspects as well as the structural integrity of the
free-form structure. This comprehensive approach ensures the design meets the

required performance criteria while maintaining its unique architectural expression.
4.5.1 Description of structural system

The model of The British Museum Great Court Roof was primarily based on the model
created by Mirtschin (2012). The CAD model was created by taking into account the
geometric formulas in the thesis made by Williams (2001), see Figure 4.41. The CAD
model doesn't precisely follow the description from the paper, but the paper allows
something similar to be created.

The roof covers the whole area of the Great Court with a length of 97,15m and a width
of 73,25m and spans from the edge of the surrounding buildings to the Reading Room
in the middle, see Figure 4.42. The whole structure is formed by a net of triangular
cells in a shell shape. Because the Reading Room is not exactly in the middle - it is
slightly off towards the north - there is only one line of symmetry and therefore the
geometry of all nodes and members is different. The roof spans vary in different

directions. The span in the north is 29,13 m the arch height 7,30 m, the span in the east
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and west 14,63 m the arch height 3,55 m and the span in the south 24,03 m, the arch
height 6,7 m, Figure 4.42-44.

Figure 4.41 Perspective View of Model
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Figure 4.42 Plan view of model
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Figure 4.43 Section view of model
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Figure 4.44 Side view of model

For the ultimate limit state analysis, nonlinear FE calculations have been run for all
previously defined load combinations.

The structure's design is based on elastic material properties and elastic stress
distribution within the sections (elastic—elastic design). Within global member design,
no resources are considered based on any plastic deformation of the steel sections.
Accurately generating the structure's geometry in the free-form system is vital to avoid
any pre-existing errors during the analysis and assembly stages. The 3D modeling
software Rhinoceros 3D has been used in architectural modeling. Grasshopper's
parametric modeling tool is integrated into the Rhinoceros program to optimize time
and ensure dimension accuracy. The algorithmic tree developed for the free-form
system in the software is illustrated in Figure 4.46. Each box in Figure 4.46 contains
the parameters that define the structure's geometry. Any changes made to these
parameters automatically update the other variables, enabling designers to quickly
generate numerous models and conduct multiple analyses within a short period. The
free-form visuals created using the program are also presented in Figure 4.47. The

created model is transferred to the SAP2000 software for engineering analysis. Below
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are the plan and elevation views of the single-layer free-form system, which possesses

shell behavior and is the subject of investigation in this thesis.

FAVAYLY

Figure 4.45 Geometry of Free-From, Plan View

Figure 4.46 Algorithmic tree for the free-form system in Grasshopper software

Figure 4.47 The algorithmic tree for data transfer from Grasshopper to SAP2000
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Figure 4.48 Free-form system model in Rhinoceros software

Figure 4.49 Free-form system model in Rhinoceros software

Figure 4.50 Free-form system model in Rhinoceros software
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4.5.2 Support conditions

The arrangement of supports used in the structure is as follows.

IR69 [R70 |[R71 |[R72 |[R73 |R74 |R75 |R76 |R77 |R78 |[R79 |R80 |R81
o r b
__|Re6 __|Re7
__|Red __|R65
__|Re2 __|Re3
__|Reo L
R59
g T
o e b
- =
__|RSS
1. T 42 e
R52 N
N ﬂ)R‘w ﬂ’iﬁ R51
_ |rso B
=+ 4 T
R48
e + T
__|R46
Pt
- Tea
N +* e
R42
N R41
_|rao 1
R39
R38 N
B _Jrar
__|R36
R35
R21 [R22 |R23 |R24 |R25 |R26 |R27 |R28 |R29 |R30 |R31 |R32 |R33 [R34
e rrr-r - r 1|

Figure 4.51 Restraint Labels
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Table 4.12 Joint restraint assignments

Joint U1l U2 U3 R1 R2 R3 Joint U1 U2 U3 R1 R2 R3
Text  Yes/No Yes/No Yes/No Yes/No Yes/No Yes/No Text  Yes/No Yes/No Yes/No Yes/No Yes/No Yes/No
R1 Yes Yes Yes Yes Yes Yes R42 Yes Yes Yes Yes Yes Yes
R2 Yes Yes Yes Yes Yes Yes R43 Yes Yes Yes Yes Yes Yes
R3 Yes Yes Yes Yes Yes Yes R44 Yes Yes Yes Yes Yes Yes
R4 Yes Yes Yes Yes Yes Yes R45 Yes Yes Yes Yes Yes Yes
RS Yes Yes Yes Yes Yes Yes R46 Yes Yes Yes Yes Yes Yes
R6 Yes Yes Yes Yes Yes Yes R47 Yes Yes Yes Yes Yes Yes
R7 Yes Yes Yes Yes Yes Yes R48 Yes Yes Yes Yes Yes Yes
R8 Yes Yes Yes Yes Yes Yes R49 Yes Yes Yes Yes Yes Yes
R9 Yes Yes Yes Yes Yes Yes R50 Yes Yes Yes Yes Yes Yes
R10 Yes Yes Yes Yes Yes Yes R51 Yes Yes Yes Yes Yes Yes
R11 Yes Yes Yes Yes Yes Yes R52 Yes Yes Yes Yes Yes Yes
R12 Yes Yes Yes Yes Yes Yes R53 Yes Yes Yes Yes Yes Yes
R13 Yes Yes Yes Yes Yes Yes R54 Yes Yes Yes Yes Yes Yes
R14 Yes Yes Yes Yes Yes Yes RS55 Yes Yes Yes Yes Yes Yes
R15 Yes Yes Yes Yes Yes Yes R56 Yes Yes Yes Yes Yes Yes
R16 Yes Yes Yes Yes Yes Yes R57 Yes Yes Yes Yes Yes Yes
R17 Yes Yes Yes Yes Yes Yes R58 Yes Yes Yes Yes Yes Yes
R18 Yes Yes Yes Yes Yes Yes R59 Yes Yes Yes Yes Yes Yes
R19 Yes Yes Yes Yes Yes Yes R60 Yes Yes Yes Yes Yes Yes
R20 Yes Yes Yes Yes Yes Yes R61 Yes Yes Yes Yes Yes Yes
R21 Yes Yes Yes Yes Yes Yes R62 Yes Yes Yes Yes Yes Yes
R22 Yes Yes Yes Yes Yes Yes R63 Yes Yes Yes Yes Yes Yes
R23 Yes Yes Yes Yes Yes Yes R64 Yes Yes Yes Yes Yes Yes
R24 Yes Yes Yes Yes Yes Yes R65 Yes Yes Yes Yes Yes Yes
R25 Yes Yes Yes Yes Yes Yes R66 Yes Yes Yes Yes Yes Yes
R26 Yes Yes Yes Yes Yes Yes R67 Yes Yes Yes Yes Yes Yes
R27 Yes Yes Yes Yes Yes Yes R68 Yes Yes Yes Yes Yes Yes
R28 Yes Yes Yes Yes Yes Yes R69 Yes Yes Yes Yes Yes Yes
R29 Yes Yes Yes Yes Yes Yes R70 Yes Yes Yes Yes Yes Yes
R30 Yes Yes Yes Yes Yes Yes R71 Yes Yes Yes Yes Yes Yes
R31 Yes Yes Yes Yes Yes Yes R72 Yes Yes Yes Yes Yes Yes
R32 Yes Yes Yes Yes Yes Yes R73 Yes Yes Yes Yes Yes Yes
R33 Yes Yes Yes Yes Yes Yes R74 Yes Yes Yes Yes Yes Yes
R34 Yes Yes Yes Yes Yes Yes R75 Yes Yes Yes Yes Yes Yes
R35 Yes Yes Yes Yes Yes Yes R76 Yes Yes Yes Yes Yes Yes
R36 Yes Yes Yes Yes Yes Yes R77 Yes Yes Yes Yes Yes Yes
R37 Yes Yes Yes Yes Yes Yes R78 Yes Yes Yes Yes Yes Yes
R38 Yes Yes Yes Yes Yes Yes R79 Yes Yes Yes Yes Yes Yes
R39 Yes Yes Yes Yes Yes Yes R80 Yes Yes Yes Yes Yes Yes
R40 Yes Yes Yes Yes Yes Yes R81 Yes Yes Yes Yes Yes Yes

R41 Yes Yes Yes Yes Yes Yes
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4.5.3 Member sections

The selected profile types for the elements are as follows.

E Property Data

Section Name
Properties

Cross-section (axial) area 38,4
Moment of Inertia about 3 axis 832
Moment of Inertia about 2 axis 315,392
Product of Inertia about 2-3 0,
Torsional constant 6376971
Shear area in 2 direction 18,2
Shear area in 3 direction 24,
CG offset in 3 direction 0,
CG offset in 2 direction o,
Shear Center Offset (x3)* 0,
Shear Center Offset (x2)* 0,

RHS120x80x15x8

Section modulus about 3 axis (top)
Section modulus about 3 axis (bottom)
Section modulus about 2 axis (left)
Section modulus about 2 axis (right)
Warping Constant (Cw)

Plastic modulus about 3 axis

Plastic modulus about 2 axis

Radius of Gyration about 3 axis

Radius of Gyratien about 2 axis

* Walue is not used in analysis

127,2
1272
78,848

78,848

158,4
90,84
4,4581

2,8659

Figure 4.52 Profile Properties

E Box/Tube Section

Figure 4.53 Profile Section

Section Name RHS120x801 58 Display Color B
Section Notes Modify/Show Notes..
Dimensions Section
Outside depth [ 13 ) 12, r
Outside width [ {2 ) &
. 1 c
Flange thickness (if ) L
'l
: 0.8
Web thickness [ tw )
Corner Radius 0,
Properties
Section Properties...
Material Property Modifiers Time Dependent Properties...
5355 Set Modifiers...




4.5.4 Frame's internal forces frame release

The frame's internal assumed for the elements in the software and their local axes are
provided in Figure 4.54.
The frame's internal forces are:
= P, the axial force
» V2, the shear force in the 1-2 plane
= V3, the shear force in the 1-3 plane
= T, the axial torque (about the 1-axis)
= M2, the bending moment in the 1-3 plane (about the 2-axis)
= M3, the bending moment in the 1-2 plane (about the 3-axis)
These internal forces and moments are present at every cross-section along the length

of the frame.

L Axig 1
Axig ¥
o
P "/‘"_? Endi
a. Positive Axial Force and Torque
V2
Compression face — v Axie 1

Tensgion [acs—..\ \End |

i - axis 2T v Ais
XI5 - -
; ; M3
M2 4 W
A End | T AT
= - 2

M3 Axis 3 3
- * | “—Comprassion face
Vi i £
T Endi L—i i s 3
W3 l = Tension face Endi
b. Positive Moment and Shearin the 1-2 Plane c. Positive Moment and Shear in the 1-3 Plane

Figure 4.54 The internal frame internal forces (CSI America)

Figure 4.55 show that in the Case 1 analysis, the frames does not take M2, the bending

moment in the 1-3 plane (about the 2-axis).
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e A A = Form

e

Figure 4.55 Frame releases for Case 1

Figure 4.56 show that in the Case 2 analysis, the frames take internal forces and

moments
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Figure 4.56 Frame releases for Case 2

4.5.5 von Mises criterion

von Mises stress theory is a criterion often used in the field of material strength to
predict the point at which a material will fail due to plastic deformation. The theory is
named after the Austrian engineer Richard von Mises, but is also known as the
Maximum Shear Stress Theory or the Distortion Energy Theory.

von Mises stress theory plays a significant role in various engineering disciplines,
including structural civil engineering. von Mises stress summarizes the stress state of

a material in three dimensions as a single scalar value. This value is used to determine
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the stress condition at which a material reaches its yield strength. The yield strength is
the stress level at which the material starts to exhibit plastic deformation. If a material
reaches or exceeds this yield strength in terms of von Mises stress, it can exhibit
permanent shape change or failure.

von Mises stress is typically used in Computer Aided Engineering (CAE) analyses to
support material selection and design optimization. This theory can more accurately
predict the behavior of materials under various loads in the real world, hence its
widespread use in engineering applications.

When defining the stress state on a material, there are various stress components,
including normal and shear stresses. von Mises stress theory is used to provide a single
scalar value that summarizes these stress components and shows how they combine
on a material.

Von Misses Stress is a distinct state of material measure at a certain location of an
element. It is not a measure of stress variations between two points. The equations
below demonstrate how to calculate the Von Misses Stress for an element under

various states/types of stresses.

Table 4.13 von Mises stress formula

State of stress Boundary conditions von Mises equations

1 p y
General No restrictions o= \/"E [(gll = 022)3 + (022 — n33)2 + (o33 — on )z] +3 (0%2 + 033 + ”;1)

1 2 ; ;
Principal stresses gua=oy =03 =0 |0 = \/-2- [(ffl - (}'2)2 + (o2 — 03)1 + (o3 — al)z]

. U’g-_[}

General plane stress
o3 =033 =0

/
oy = /o —onon +03, + 30

0'3-_0

Principal plane stress ay = 02| —ayoy + g’é

o =03 =093 =0

o =03 =03=0 /
Pure shear ; £ 2 Oy = ﬁ!trlﬂ
o3 =093 =0

oy -_6'3—_0

Uniaxial Oy = 01

|ou =ou =03 =0
Where: o1 is the normal stress x component, 62 is the normal Stress y component, 63 is
the normal Stress y component, 12 is the Shear Stress 12 plane, 123 is the Shear Stress
23 plane, 131 is the Shear Stress 31 plane

These equations provide a single value that represents the stress state. If this von Mises
stress value exceeds the material's yield strength, the material may undergo plastic
deformation and thus fail. Therefore, in structural design, the von Mises stress theory

is used to predict how materials will behave under loads and determine whether a
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material is safe under a certain load. This aids in material selection and design

optimization, leading to the design of safer and more cost-effective structures.

von Mises

Tresca
(Maximal
shear)

—Ovyield £ G2

Figure 4.57 von Mises yield criterion in planar (Melchoir, 2006)

von Mises yield criterion in 2D (planar) loading conditions: if stress in the third
dimension is zero (63=0) (no yielding is predicted to occur for stress coordinates
61, o2 within the red area. Because Tresca's criterion for yielding is within the red area,

von Mises' criterion is more lax.

Von Mises

Yield Surface o

Hydrostatic
Axis

Tresca
Yield Surface

m

n—-plane
(Deviatoric Plane)

G0 T =0

Il

Figure 4.58 The von Mises yield surfaces (Rswarbrick, 2009)

Equivalent stress is widely used to represent a material’s status for ductile material.

Engineers use this simple scalar value to determine if the material has yield or failed.
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Young's Modulus = Rise = Slope
Run
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Figure 4.59 Material failure diagram (Breakdown, 2008)

4.5.6 Load assignments and model generation

The model transferred to the SAP2000 software, which is a CSI software, has been

prepared by assigning supports and applying loads.

Y o .

Figure 4.60 Geometry of Free-From, Side View
The 3D visuals of the free-form system created in the model are given in Figure 4.61.

Figure 4.61 Geometry of Free-From, Isometric View
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Regarding the loads:

* The system is designed so that it is not affected by temperature loads.

* The self-weight of the profiles is automatically considered in the calculations.

* Wind and snow loads, as well as the self-weight of the glass surface, are distributed
over the surface elements covering the space between the steel profiles. Interpolation
transfers snow and wind loads to the areas, and the loads affecting each segment are
determined through iteration and entered into the program.

Load assignments have been made for the free-form system, and the generated

visualizations from the program are shown in figures 4.62-67.

-0.81

-0.87

0.98.
-1.04
1

-1,15

127
133
138
144

=15

Figure 4.62 Snow load accumulation
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Figure 4.63 Balanced snow load assignments
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4.6 Analysis and evaluation

4.6.1 Frame P-M ratios

The P-M ratios of the 20 most critical profiles for Case 1 and Case 2 are provided in
Figures 4.68-4.70.

[ A fkg " Sy c i
L i ; R AT TNy 3
? - A LA
L e 4.
¥ .I 2
i

Figure 4.68 Stress-diagram for P-M ratios (Left Case 1 / Right Case 2)

Frame DesignSect Status Combo TotalRatio ErrMsg WarnMsg

Text Text Text Text Unitless | Text Text

502  RHS120x80x15x8 No Messages 1,2G + 1,0Q + 0,5S2 + 1,6Wp -6_8_L| No Messages No Messages
" 451  RHSI20x80x15x8 No Messages 1,2G + 1,652 + Q No Messages No Messages
" 424 RHS120x80x15x8 No Messages 1,2G + 1,0Q + 0,552 + 1,6Wp -BATJ No Messages No Messages
" 149  RHS120x80x15x8 No Messages 1,2G+ 1,0Q + 0,551 + 1,6Ws -QTL| No Messages No Messages
" 161  RHSI20x80x15x8 No Messages 1,2G + 1,0Q + 0,581 + 1,6Ws No Messages No Messages
" 195 RHS120x80x15x8 No Messages 1,2G + 1,0Q + 0,551 + 1,6Ws -:SE_‘ No Messages No Messages
" 339 RHSI20x80x15x8 No Messages 1,2G + 1,6S1 + Q 770558 No Messages No Messages
" 219  RHSI20x80x15x8 No Messages 1,2G + 1,0Q + 0,552 + 1,6Ws No Messages No Messages
" 2049 RHSI20x80x15x8 No Messages 0,9G + 1,6Wp No Messages No Messages
" 175 RHSI20x80x15x8 No Messages 1,2G + 1,0Q + 0,551 + 1,6Ws ),542| No Messages No Messages
" 342 RHSI20x80x15x8 No Messages 1,2G + 1,651 +Q -L.i_lﬂ No Messages No Messages
" 250 RHSI20x80x15x8 No Messages 1,2G + 1,0Q + 0,581 + 1,6Ws No Messages No Messages
" 155  RHS120x80x15x8 No Messages 1,2G + 1,0Q + 0,551 + 1,6Ws I@] No Messages No Messages
" 381  RHSI20x80x15x8 No Messages 1,2G + 1,651 +Q No Messages No Messages
" 679  RHSI20x80x15x8 No Messages 1,2G+ 1,652 +Q No Messages No Messages
" 689  RHSI20x80x15x8 No Messages 1,2G+ 1,652 +Q No Messages No Messages
" 384  RHSI20x80x15x8 No Messages 1,2G+ 1,651 +Q No Messages No Messages
" 303 RHSI20x80x15x8 No Messages 1,2G + 1,651 + Q No Messages No Messages
" 306 RHSI20x80x15x8 No Messages 1,2G+ 1,651 +Q 0509 No Messages No Messages
" 298  RHSI20x80x15x8 No Messages 1,2G + 1,651 +Q 0,508  No Messages No Messages

Figure 4.69 Most critical frames for case 1
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TABLE:

Steel Design 2 - PMM Details - AISC 360-16

Frame DesignSect Combo TotalRatio ErrMsg WarnMsg
Text Text Text Unitless Text Text
" 502 RHS120x80x15x8 1,2G + 1,0Q + 0,552 + 1,6Wp 0,708 No Messages No Messages
¥ 451  RHSI120x80x15x8 1,2G+ 1,652 + Q 0,661 No Messages No Messages
" 424  RHS120x80x15x8 1,2G + 1,0Q + 0,552 + 1,6Wp 0,659 No Messages No Messages
" 149  RHSI120x80x15x8 1,2G + 1,0Q + 0,551 + 1,6Ws 0,582 No Messages No Messages
" 161 RHS120x80x15x8 1,2G + 1,0Q + 0,551 + 1,6Ws 0,578 No Messages No Messages
" 195  RHS120x80x15x8 1,2G + 1,0Q + 0,551 + 1,6Ws 0,571 No Messages No Messages
d 219  RHS120x80x15x8 1,2G + 1,0Q + 0,5S2 + 1,6 Ws 0,562 No Messages No Messages
2049 RHSI120x80x15x8 0,9G + 1,6Wp 0,559 No Messages No Messages
¥ 298  RHS120x80x15x8 1,2G+ 1,652 + Q 0,546 No Messages No Messages
" 236 RHSI120x80x15x8 1,2G+ 1,0Q + 0,551 + 1,6Ws 0,545 No Messages No Messages
r 175  RHS120x80x15x8 1,2G + 1,0Q + 0,5S1 + 1,6Ws 0,537 No Messages No Messages
d 339  RHSI120x80x15x8 1,2G + 1,6S1 + Q 0,534 No Messages No Messages
" 679 RHSI120x80x15x8 1,2G+ 1,652 + Q 0,531 No Messages No Messages
" 303 RHS120x80x15x8 1,2G+ 1,651+ Q 0,529 No Messages No Messages
" 689  RHSI120x80x15x8 1,2G+ 1,652 + Q 0,528 No Messages No Messages
" 250 RHSI120x80x15x8 1,2G + 1,0Q + 0,581 + 1,6Ws 0,527  No Messages No Messages
’ 201  RHS120x80x15x8 1,2G + 1,0Q + 0,551 + 1,6Ws 0,521 No Messages No Messages
" 155  RHS120x80x15x8 1,2G + 1,0Q + 0,551 + 1,6Ws 0,521 No Messages No Messages
" 342 RHS120x80x15x8 1,2G+ 1,651+ Q 0,516 No Messages No Messages
r 306 RHS120x80x15x8 1,2G + 1,6S1 + Q 0,512 No Messages No Messages

Figure 4.70 Most critical frames for case 2

4.6.2 Deflection

The displacement representation of each free-form system model under the most
unfavorable conditions is given in table 4.71-72. The maximum deflection value under
the most critical load combination is approximately 63mm in both cases. Also, as
stated in Sischka (2000), “The maximum theoretical deflection is 142 mm.”
Deflectionf Check

f=63mm < L/300=29125/300=97,08mm,

The deflection value is appropriate.
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Figure 4.71 Deformed shape (G+0,5S1 unit: mm) Case 1
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Figure 4.72 Deformed shape (G+0,5S1 unit: mm) Case 2
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The free-form system model has been subjected to the load resistance factor design
(LRFD) method according to the AISC specifications. The section carrying capacities
related to bending, axial force, and shear strength have been checked.

The dominant effect on the elements is axial load, while the values of moments and
shear forces remain relatively low. The most unfavorable results, including unbalanced
(asymmetric) load combinations with snow loading, have been obtained for all models.
A diagram of the axial load and moment variations for the most unfavorable
combination and the sectional effects obtained from envelope combinations are

provided in Table 4.27-4.30.
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Case 2

Axial Force Diagram

.»ﬂ»!s‘b‘l‘b‘
VAT AT

vy
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WP ¥

Shear Force 2-2 Diagram

Shear Force 3-3 Diagram

Table 4.14 Internal Force Diagrams (1,2G + 1,0Q + 0,5S2 + 1,6Wp)

Case 1

Axial Force Diagram

Shear Force 2-2 Diagram

Shear Force 3-3 Diagram
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Table 4.15 Internal Force Diagrams (1,2G + 1,0Q + 0,552 + 1,6Wp)
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Ncompressure = ‘218,90 kN
Ntension = 253,51 kN
Muax, 22 = 1,57 kKNm

Mwax, 33 = 12,07 kKNm

Ncompressure =-21 8,48 kN
Ntension = 251,27 kN
MMax, 2.2 = 1,11 kNm

MMax, 3.3 = 1 1,95 kNm

Viax, 22 = 9,51 kN VMax, 22 = 9,54 kN

Viax, 33 = 1,56 kN Viiax, 33 = 1,84 kN

4.6.3 Buckling stability evaluation

The buckling factor determines the buckling load carrying capacity of a structural
system and is typically a critical criterion in structural design. Particularly for free-
form structures, which have more complex and geometric designs, these values are of
particular importance.

Determining the buckling factor is usually part of the structural analysis process, and
a specific value is typically dictated by design codes or industry standards. However,
as a general rule, it is accepted that the buckling factor should be greater than 1. A
buckling factor below 1 indicates that the structural system is insufficient and cannot
withstand the buckling load.

However, when determining a target buckling factor, the type of structural system,
materials used, expected loads, and other environmental conditions should be
considered. Particularly for structures with complex geometry like free-form
structures, a higher buckling factor may be targeted to provide a safer design and extra
buckling capacity.

Lastly, when determining a specific structural design and buckling factor target, it's
important to consult with a structural engineer or structural design professional.

In the analysis models, the most unfavorable load combinations are identified in table
4.16. The buckling load factors were determined by incorporating second-order effects
into the buckling analysis, which was carried out separately for these combinations.
The results of the buckling analysis, including the buckling load factors obtained for
both case scenarios, can be found in table 4.17-18. As stated in Sischka (2000), “The
first eigen frequency is at approximately 1 Hz, the overall buckling factor

approximately 2.9 for factored loads.” The minimum buckling factor for Case 1 is
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1.22, while for Case 2, it is 3.22. In conclusion, the buckling factor derived from the

Case 2 analysis closely aligns with the actual value in the real model.

[ Load Case Data - Buckling %
Load Case Name Notes Load Case Type
[Bucking 1 Set Def Name Wodify/Show Bucking | Design
Stiffness to Use Mass Source
() Zero Initial Conditions - Unstressed State T AR
@) Stiffness at End of Nonlinear Case B1 a2

mportant Note: Loa om the Nonlinear Case are NOT included in the current

Loads Applied

Load Type Load Name Scale Factor
Load Pattern ~
Load Pattern
Load Pattern (L
Load Pattern 5
Load Pattern W 186 Wodify
Delete
Other Parameters
Number of Buckling Modes I:l
Eigenvalue Convergence Tolerance 1,000E-09 Cancel

Figure 4.73 Definition made in the program for buckling

Table 4.16 Most critical load combination for bucklin

No Combination

Bucking 1 1,2G +1,0Q + 0,551 + 1,6Ws
Bucking 2 1,2G +1,0Q + 0,552 + 1,6Wp
Bucking 3 1,2G+1,0Q + 0,582 + 1,6Wp
Bucking 4 1,2G +1,0Q + 0,552 + 1,6Ws
Bucking 5 1,2G+1,6S1+Q

Bucking 6 12G+ 1,652+ Q

Bucking 7 0,9G + 1,6Wp

Bucking 8 0,9G + 1,6Ws

Table 4.17 Buckling Factors for Case 1

OutputCase StepType | StepNum | ScaleFactor
Text Text Unitless Unitless

Buckling 1 Mode 1 4,08
Buckling 2 Mode 1 1,54
Buckling 3 Mode 1 1,38
Buckling 4 Mode 1 4,33
Buckling 5 Mode 1 1,22
Buckling 6 Mode 1 1,73
Buckling 7 Mode 1 1,73
Buckling 8 Mode 1 -6,09
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Table 4.18 Buckling Factors for Case2
OutputCase  StepType StepNum  ScaleFactor

Text Text Unitless Unitless
Buckling 1 Mode 1 14,27
Buckling 2 Mode 1 7,47
Buckling 3 Mode 1 7,04
Buckling 4 Mode 1 14,91
Buckling 5 Mode 1 3,22
Buckling 6 Mode 1 3,65
Buckling 7 Mode 1 -7,07
Buckling 8 Mode 1 -12,66

4.6.4 Natural frequencies

As stated in Sischka (2000), “The first eigen frequency is at approximately 1 Hz, the
overall buckling factor approximately 2.9 for factored loads.”

Figures 4.74-75 display the lowest eigenfrequencies computed for the described finite
element (FE) model. Presented frequencies are higher than the design criteria lower

limit of 1.0Hz.
[ Dsfarimed Shape (Morkal] - Mude 1 1= 03 1= 333828 |

Figure 4.74 1st natural frequency at 3.33 Hz for case 1
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Figure 4.75 1st natural frequency at 3.38 Hz for case 2

4.6.5 Frames’ forces
Frame forces for the free-form system are provided in Annex 2
4.6.6 Support reactions

The most critical support reaction responses are provided in figure 4.76-4.77. These

figures contain data relevant to the various support reactions occurring within the
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structure, providing a deeper understanding of the system's stability under different
load conditions.

Tables for the support reactions in the free-form system are provided in Annex 1.

Figure 4.76 Maximum Reaction Forces for case 1
Load combination: 1,2G + 1,0Q + 0,5S2 + 1,6Wp

Figure 4.77 Maximum Reaction Forces for case 2
Load combination: 1,2G + 1,0Q + 0,552 + 1,6 Wp
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4.6.7 Weight of the structure

The table of steel tonnages for the structure is shown in table 4.15. This table presents

comprehensive data on the amount of steel used in various parts of the structure.

Table 4.19 Material List - By Section Property

Object Num Total Total
Section Type Pieces Length Weight
Text Text Unitless m KN
RHS120x80x15x8 Frame 5178,00 10772,80 3184,18

4.7 Node Analysis

Prior to proceeding with the computations, it is pertinent to deliberate upon the merits

and demerits associated with both welded and bolted node points:

Welded Node Points

Provides high structural
integrity and load capacity by
transforming parts into a
single continuous element.

Offers a continuous, seamless
look, contributing to the
aesthetics of free-form
structures.

Represents a more complex
process that requires skill.
Mistakes often involve serious
rework or component
replacement.

May lead to higher costs and
time, especially when
complex geometries are
involved.

Maintenance of welded
connections is generally more
difficult and often involves
more time and costs.
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Bolted Node Points

Are robust, but may not
provide the same structural
continuity as welded
connections. There is a risk of
bolts loosening over time.

The mechanical aesthetic can
sometimes contribute to the
desired design intent but
generally doesn't offer as
seamless a look as welded
connections.

Represents a simpler and
faster process, requiring less
expertise. Mistakes or
adjustments can be easily
remedied by replacing or
adjusting bolts.

Provides advantages of lower
costs and time, especially in
large-scale projects.

Maintenance and alterations
are generally easier and less
costly.



The most critical node point in the structure system can be observed in Figure 4.78.

Location  Assignments Loads

Identification

Label  [1714

Figure 4.78 Most critical node for both cases
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Table 4.20 Internal Force Diagrams (1,2G + 1,0Q + 0,5S2 + 1,6 Wp)

Case 1

Case 2

Axial Force Diagram

Axial Force Diagram

(7 Bl Farce Dlagran (1,25~ 100= 2552+ Lokl |

[ Beia s B 1,28+ 10 - )

Shear Force 2-2 Diagram

Shear Force 2-2 Diagram

| ShescFome X2 0hngeam (1,55 10+ 252~ Lbel |

{7 b Forca -2 Dimgeam FL.36 + L0+ G961+ 0 L

Shear Force 3-3 Diagram

Shear Force 3-3 Diagram

| b Foroa 5.3 Diagram [1.35 + 1,06 + (382 + LBl

[ Siwr Forca 13 Duguam (136 + 160+ GEG 1200 |
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Table 4.21 Internal Force Diagrams (1,2G + 1,0Q + 0,5S2 + 1,6 Wp)

Case 1

Case 2

Torsion Diagram

Torsion Diagram

[ B 1 Ve BT R

[ o Dhageen 1,25+ 1061 E35 Lol |

Moment 2-2 Diagram

Moment 2-2 Diagram

[ Mien 22 Degram (13~ 190 7 0,353 = 10

[T emrers 22 Dl 1155 7 180 WL~ Lm0 |

Moment 3-3 Diagram

7 Femmn T Bagnrm (.25 - 100 - LESLe AR |

139




Table 4.22 Element Joint Forces - Frames for Case 1

5077 1,2G+1,0Q+0,552+1,6Wp -62,69 -1,27 -0,04 -73,59 0,00 1091.,41
5102 1,2G+1,0Q + 0,582 + 1,6Wp  -69,60 0,21 0,03 -127,20 0,00 976,02
5131 1,2G+1,0Q0+0,552 + 1,6Wp 84,62 -0,48 0,01 86,27 0,00 389,44
5140 1,2G+1,0Q+0,552+1,6Wp 141,79 0,78 -0,02  -207,56 0,00 -60,45
5141 1,2G+1,0Q+0,552+1,6Wp 9598 0,30 0,04 206,54 0,00 280,52
5142 1,2G+1,0Q+0,552 +1,6Wp 135,03 -0,22 0,00 -194,59 0,00 180,33

Table 4.23 Element Joint Forces - Frames for Case 2

5077 1,2G+1,0Q0+0,582+1,6Wp  -65,72 -0,61 -0,04 -8,38 -5,51 973,89
5102 1,2G+1,0Q+0,582 +1,6Wp  -71,49  -0,34 0,01 -14,95 -6,67 905,99
5131 1,2G + 1,0Q + 0,552 + 1,6Wp 80,01 -0,44 0,15 170,04 18,66 427,56
5140 1,2G+1,0Q+0,582+1,6Wp 138,19 -0,30 -0,16 -157,89 11,61 320,25
5141 1,2G +1,0Q + 0,552 + 1,6Wp 91,93 0,82 0,33 165,51 36,73 411,60
5142 1,2G+1,0Q+0,582+1,6Wp 130,81 -0,15 -0,09 -165,05 -11,37 337,55

The CAD model of the structure was made with the Ansys SpaceClaim program.
4.7.1 Bolted node analysis

S355 steel grade is defined for each part of the model.

Figure 4.79 Designed structural node connecting to six members
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Figure 4.80 Frame Labels

The accuracy of results will depend on the mesh quality, so choosing a mesh size that

balances accuracy with computational effort is essential.

: Static Structural
Aeanlysi Sedting:
T 1,5

Figure 4.81 Mesh
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Figure 4.82 Boundary condition
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Figure 4.83 Assembling of structural node showing their internal structure
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Figure 4.86 Connection between node and profile
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ConnectionType | Body-Bady
Type General
No
Translation X Fixed
Translation ¥ Fixed
Translation 7 Fixed
Rotations Fix Al
Element APDL Name
(| Reference
Scoping Method | Geometry Selection
Applied By | Remote Attachment
Scope 1 Face
Body
Coordinate System | Reference Coordinate System
Behavior | rigia
Pinball Region | All
=/ Mobile
Scoping Method | Geometry Selection
Applied By | Remote Attachment
Scope 1 Face
Body
Initial Position Unchanged
Benavior Rigid
Pinball Region All

Figure 4.87 Bolt connection definition

Coordinate System &
¥

Figure 4.88 Frame local axes

The displacements and stresses in the node will be checked for node calculations.
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Figure 4.89 von Mises stress contours of structural nodes
under loading condition Gmax = 237,34 MPa

Figure 4.90 von Mises stress contours of structural nodes
under loading condition Gmax = 237,34 MPa
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4.7.2 Welded node analysis

Figure 4.95 Designed structural node connecting to six members

D: Welded Hode

?;Es‘i.]f:dng; Frame 5140

Frame 5077

Frame 5131

Frame 5141

# Frame 5102 ‘/L
ks W

Frame 5142

Figure 4.96 Frame Labels

148



Figure 4.97 Mesh

D: Welded Hode
Tiee Suppert
i

Frame 3140

[ Feoed ot

Figure 4.98 Boundary condition

149



Ex mizhlusl Husle
- i

D: Welded Hode
TEA1YD
Tirrei 15

I FICTTpealinan bl

FEE Ul N

[E Fere moatnon

[ Fateoe 3o

[~ ]

[B Feren e ecin

[E] rstoeen 10K
FECTTV5 A0 H

= FUTAD R 15 D 20 K

[ Ferine o ngeon

| e S
Fris P AIm0 N

5 HOF 10 R

FEzve M

[F] Feiemez 15e

B e e

Wrioazan

[ rersetvz 4360

Figure 4.100 Applied forces (axial and shear forces)

150



D: Welded Hode
TS07T M

812 402
6728+ Flnra

B Pkl Husl

o

Inl'n

Figure 4.102 von Mises stress contours of structural nodes
under loading condition Gmax = 558,07 MPa

151



B Weldead Nude
Cquivalent Stoess 2
Tyne: Eqursslont uea-Mises) tress

a7

M

(=]

162,15
| REREL

RIEES

i

= E23T
55272

k)

6516

Figure 4.103 von Mises stress contours of structural nodes
under loading condition Gmax = 558,07 MPa

Equivalent Sirsss §
Toyne: Equivalenit (uar Mises) Sress

[ N
Time: 7 | Detai quivalent Stress 2° rw K

Crstom 1 AT

Mae: 558,07 || Seape o

Min: £,65116 |1+ Befinitian

Integration Paint Resuits

ST, | =] Rusults
501,57 Rain
L Tk

— €839

| 33209
= it

— a1

S EEFETY

= ROEE

BT
S5E72
7087

CLOH4E

Figure 4.104 von Mises stress contours max., min. and average results

152



Figure 4.105 Deformed shape of node
under loading condition fax = 0,79mm

Details of "Compenent13iSolid"
‘Graphics Properties ~
Material
Assignment Structural Steel
Monlinear Effects fes
Thermal Strain Effects Yes
Bounding Box
Length X 194,64 mm
Length ¥ 178,56 mm
Length Z 100, mm
Properties
Volume 1,2025e+006 mm*
Mass 94395 kg
Centroid X -194,12 mm
Centroid ¥ -1,4088e-015 mm
Centroid Z 20,89 mm
Moment of Inertia Ip1 | 23078 kg-mm*
Moment of Inertia Ip2 | 23078 kg mm*®
Moment of Inertia Ip3 | 30424 kg mm*® v

Figure 4.106 Mass of node

153



5. RESULTS, CONCLUSIONS, AND FUTURE WORK
5.1 Result and Conclusions

In recent years, single-layer free-form systems have gained popularity in architectural
design projects for constructing unique and original structures. These designs have
attracted significant local and international attention due to their impressive
appearance. The use of single-layer free-form systems allows for the realization of
creative and boundary-pushing designs while adding a different dimension to the
external appearance and functionality of the structures. Compared to traditional
methods, these systems can be constructed using less material, making them more
environmentally friendly and cost-effective.

This MSc thesis thoroughly examines the technical details of single-layer free-form
systems from architectural and engineering perspectives. The different connection
types, welded and bolted connections at the system's joints, are investigated. The
advantages and disadvantages of these connection types are discussed in detail. The
architecture of the Queen Elizabeth II Great Court British Museum serves as an
example in this thesis, and the single-layer free-form structure assumed to be
constructed in the Yesilkdy neighborhood, Bakirkdy district, Istanbul, is analyzed
using SAP2000. The critical joint obtained from this analysis is also analyzed as the
welded and bolted connection using ANSYS. The applied loads, including static,
snow, earthquake, and wind, are evaluated based on relevant codes.

Two different case analyses are carried out for the single-layer free-form system. In
the first case, the moment in the weak direction (2-2 direction) is released, assuming
the structure does not resist moments in the weak direction. This case is analyzed with
bolted connections at the joints. In the second case, the structure is assumed to transfer
all forces, and the analysis is conducted with welded connections at the joints.

Based on the analysis results, the following findings are obtained:

e The joint reactions yield approximately the same results for both cases.

e The critical buckling value for the first case is 1.22, while 3.65 for the second
case. It indicates that the welded connection provides more stability in terms
of torsion compared to the bolted connection.

e The modal analysis results for the first and the second cases are 3.32 Hz and

3.38 Hz. Similar results are obtained in terms of mode shapes for both cases.
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e In terms of deflection, the same deflection value is obtained for both cases
under the G+0.5S1 load combination. This result implies that the release of
moments in the weak direction does not affect the moment of inertia in the
strong direction.

e The joint analysis reveals that the maximum stress value in the welded
connection is approximately 60% higher than that in the bolted connection,
while the maximum deflection value in the bolted connection is approximately
65% higher than that in the welded connection.

e The stress ratio of the profiles is in the range of 0.70, and while this stress ratio
could potentially be increased, it would risk reducing the buckling factor to
inadequate levels.

e In a welded system, transporting the elements that have been welded in the
factory to the construction site poses a significant logistical challenge due to
the irregular and often large-scale nature of these elements. Conversely, bolted
systems, which tend to have a more regular shape, offer greater ease of
transport due to their modularity, making them more advantageous from a
logistical perspective.

In conclusion, it is observed that the load combinations causing the most critical
torsion factors in the model involve asymmetric loads, which highlights their
importance in the design stage. When considering the differences between the bolted
and welded connections, the most significant variation is observed in the torsion factor.
The welded connection shows more stable behavior in terms of torsion. However, there
are advantages and disadvantages associated with each connection type.

Welded connections offer a strong and secure connection but may require high
temperatures and specialized equipment, and their recyclability and reassembly can be
challenging. On the other hand, bolted connections allow easy and quick assembly,
disassembly, maintenance, and repair and provide an aesthetically pleasing
appearance.

Different profile types can be explored for future studies to obtain different results.
The impact of different profile types on joint connection design can be investigated.
Additionally, the effect of different joint connection designs on the overall structure
can be studied. Lastly, further research can focus on optimizing joint connection
designs and their impact on the structure.
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Annex 1: Joint Reactions

Joint QOutputCase F1 F2 F3 M1 M2 M3
Text Text KN KN KN KN-cm | KN-cm | KN-cm
R20 [12G+ 1,652 +08Wp 293,66 | 160,61 | 25943 | 46786 64,26 112,14

R5 [12G+16S1+Q 96,90 | -46691 | 447,61 | -11486 | 63239 |-580,91
R18 |1,2G+1,0Q + 0,582 + 1,6Wp 41,64 7,96 5361 |3358,82| -15,65 |-11197
R18 |12G+ 1,682+ Q 1,58 422,74 | 462,53 | -854,58 -0,56 2743
R1 [1,2G+1,0Q +0,5Qr + 1,6Wp -0,81 22476 | -258,67 |-2266,96| -1146 297
R1 |12G+1,0Q +0,5S2 + 1,6Wp -1,73 22881 |-265,37| -2163,87 | -841 -0,16
R37 [12G+1,0Q +0,5Qr + 1,6Wp -7,73 | -20697 | -4,02 -822,16 | -486,93 | 617,83
R50 [12G+1,0Q +0,5S1 + 1,6Ws | -2422 55,75 38,03 -66,49 |[-4290,16| -26,24
R4 [12G+16S1+Q -92,17 |-475,33 | 452,58 -97,09 | -627,35 | 592,30
R49 |12G+1,6S1+Q -18149 | -243 140,10 | -146,71 | 1974,31 | 101,74
R16 [12G+1,0Q +0,582+ 1,6Wp |-283,80 | 52,15 19538 | 64285 323,53 | -29,10
Annex 1 : Joint reactions for Case 1
Joint QutputCase F1 F2 F3 M1 M2 M3
Text Text KN KN KN KN-cm | KN-cm | KN-cm
R4 |12G+1,651+Q -9430 (-467,26 | 44748 -78,96 -598,60 | 625,43
R16 |12G+1,0Q + 0,582 + 1,6Wp [-281,98 | 5551 197,72 738,64 406,83 75,77
R49 112G + 1,651 +Q -181,01 | -2,13 140,12 | -174,68 | 1973,92 | 7246
R20 |1,2G + 1,652 + 0,8Wp 286,67 | 162,66 | 260,16 515,53 118,60 4478
R1 [12G+1,0Q +0,5Qr+ 1,6Wp [ -0,13 22861 | -26231 |-2296,58 -8,12 12,66
R1 [12G+1,0Q +0,5S2 + 1,6Wp -1,28 23190 |-267,99 | -2188,75 -8,82 11,64
R18 |12G+ 1,652 +Q 062 | 420,18 | 458,53 | -871,85 -6,69 9,07
R18 |1,2G + 1,0Q + 0,582 + 1,6Wp | 44,31 4,46 51,51 | 3393,53 31,60 -54,11
R50 [1,2G+1,0Q + 0,551 + 1,6Ws | -2587 55,55 37,76 -219,88 |-4272,78 | -125,57
R5 |12G+1,651+Q 9528 | -466,57 | 446,91 -77,04 602,31 |-609,16

Annex 2 : Joint reactions for Case 2
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Annex 2: Frame Forces

Frame | Station OutputCase P V2 V3 T M2 M3
Text cm Text KN KN KN KN-cm | KN-cm | KN-cm
149 0,00 12G+1,0Q +0,5S1 + 1,L6Ws | -1,65 26,59 027 103,80 0,00 |[3016,54
124 105,57 1,2G+ 1,651 +Q -20376 | -17,97 0,19 36,66 0,00 1668,00
332 0,00 1,2G+ 1,651 +Q -9,54 6,42 2,86 -5,01 202,03 723,87
333 115,22 1,2G+ 1,651 +Q -8,72 -6,24 -2,90 5,00 204,52 | 72145
339 0,00 12G + 1,651 +Q -323,82 3,03 -0,90 43,13 0,00 130,00
339 271,40 | 12G+1,0Q +0,5Qr + 1,6Wp | 181,12 191 0,60 -20,90 0,00 -112,08
349 172,43 12G+ 1,651 +Q -99,12 0,02 0,10 -117.96 | 231,88 | -249,18
352 174,68 12G+ 1,651 +Q -99,00 0,02 -0,10 116,84 | -237,70 | -253,03
1323 21504 | 12G+1,0Q +0,582 + 1,6Ws | 3872 -0,77 -0,43 264,78 0,00 "
1264 18532 | 12G+1,0Q + 0,582 + 1,6Ws | -29,15 -0,19 -040 |-277,99 0,00 -836,94
570 161,02 | 12G+1,0Q +0,581 + 1,6Ws | -2,19 2,87 -0,22 -74,94 0,00 |-1205,65
Annex 3: Frame forces for Case 1
Frame | Station OutputCase P V2 V3 T M2 M3

Text cm Text KN KN KN KN-cm | KN-cm | KN-cm
149 0,00 12G+1,0Q +0,5S1 + 1,L6Ws | -4,89 25,40 -0,02 155,40 -14,86 |2907,54
124 105,57 1,2G + 1,651 + Q -203,54 | -18,13 1,25 71,52 -66,71 | 1661,61
333 115,22 1,2G+ 1,651 +Q -943 -6,50 -3,43 6,63 221,50 | 723.80
332 0,00 1,2G + 1,651 +Q -10,86 6,47 3,43 -7,10 22146 | 718,96
339 0,00 12G+ 1,651 +Q -322,32 248 -1,07 37,52 -73,24 77,65
349 344,87 12G+ 1,651 +Q -97,05 -1,49 2,00 -120,63 | -148,99 | -104,31
339 271,40 | 1,2G+1,0Q +0,5Qr + 1,6Wp | 179,12 231 0,52 -13,84 -2523 | -217,19
1323 21504 |12G+1,0Q +0,582+ 1,6Ws | 3749 -1,59 -041 257,52 15,11 -525,52
1264 18532 | 12G+1,0Q + 0,582 + 1,6Ws | -29,83 -0,71 -057 |-263,24 | 32,11 -804,56
570 161,02 | 12G+1,0Q +0,581 +1,6Ws | -631 3,76 -0,32 -72,48 15,57 |-1238,36

Annex 4 : Frame forces for Case 2
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