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Abstract

Gridshells, also called lattice shells or reticulated shells, are lightweight spatial structures.
Their organic shape, column-free space, free-form surface and maximised transparency have
provided limitless design freedom for architects and structural engineers. The design and
manufacturing of structural connections (nodes) have been the bottle neck in the design and
construction of gridshells, which is due to their complicated geometries and the three-
dimensional loading conditions applying on these nodes. The invention of additive
manufacturing (AM) provides the possibility of optimising the nodes by using topology
optimisation (TO) algorithms. Instead of rationalising the geometry of the nodes to provide
simplified connections for conventional production system, custom-designed connections can
be achieved with lower weight and higher accuracy using combination of TO and AM. As a
consequence, the optimised nodes help reduce the structure size and foundation requirements
which leads to saving in the material cost. Furthermore, other features also make the newly
designed nodes promising, such as the aesthetical features, high stiffness, high precision and

less labour.

In this study, Bi-directional Evolutionary Structural Optimisation (BESO) techniques are used to
minimise the weight and the printing time required for each node. Firstly, the effect of general load
cases on the optimised topology of structural node is studied by comparing the optimised results for
the nodes under different individual load cases and combined load cases. Furthermore, the effect of
the size of the design-domain on the final weight and topology of a node designed by BESO is
examined by using different initial sizes. In addition, various smoothing methods for the final
geometry are explored and compared with each other. The challenges of using AM in manufacturing

nodes are also investigated through 3D printing individual optimised nodes and the optimised



nodes for a case study of a prototype gridshell structure. Besides, comparisons made between

optimised nodes and conventional nodes show the efficiency of the optimised nodes.

An innovative experimental setup for quasi-static test of nodes under dominant design loads
is also proposed in this study. Two nodes are designed and manufactured using BESO and
AM to test by a test rig designed based on the proposed setup. In addition, a 3D finite element

analysis is conducted, and the numerical model is validated against the test results.
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Chapter 1: Introduction

1.1. Background

Gridshell structures, which are also known as lattice structures, are widely used in civil
infrastructure including large-scale commercial buildings and stadia. In the design and
manufacturing of gridshell structures, structural connections (nodes) have been reported as a
bottleneck [1]. Basically, most of geometrical and topological information of gridshell
structures is stored in their nodes in the form of geometry. Therefore, it is often required to
generate a bespoke shape with complex geometry for each node. Besides, the limitations of
conventional manufacturing methods necessitate a certain level of simplicity for the nodes to
be manufactured through these methods. To consider the simplicity required by
manufacturing methods and the complexity resulted from external geometrical constraints,
node designs are often structurally inefficient. Furthermore, the standard design codes and
conventional design methods are usually not applicable to these nodes due to complex

internal force fields.

The newly developed design algorithms, such as the structural optimisation algorithm, have
effectively responded to the demand for efficient structural design for complex nodes. The
form-finding algorithms, structural optimisation algorithms and powerful simulation
packages are helping designers to virtually realise their ideas. Although these methods and
algorithms produce structurally optimal designs, the geometries of these designs are too
complex to be fabricated using conventional manufacturing methods. Newly developed
additive manufacturing (AM) technologies are able to realise the most complex geometries.
Although the cost of AM is higher than conventional methods, the structural optimisation
methods decrease the node volumes in design, and hence the total cost of additive

manufacturing.



Chapter 1 3

Structural nodes can be considered as one of the most important elements in a gridshell
structure due to their vital role in load transferring process. They are critical links in design
and construction of structures, due to the geometrical and topological complexity, as well as a
great amount of forces transferred through the small volume [2]. Therefore, it is desirable to

optimise the designs of structural nodes.

Structural optimisation can be classified into three main types: size optimisation, shape
optimisation and topology optimisation. In size optimisation, the optimal design would be
obtained by changing the size variables of the structure, such as the cross-sectional
dimensions of trusses and frames and the thicknesses of plates. This is the easiest and earliest
approach for improving structural performance. In shape optimisation, which is mainly used
in continuum structures, the variables are the parameters defining the boundaries of a
structure. In topology optimisation, the variables are the structural elements. In discrete
structures, such as trusses and frames, topology optimisation will find the optimal
connectivity by adding or removing bars/beams between predefined nodes. In continuum
structures, determining the best locations of cavities will lead to the optimal design. Topology
optimisation for continuum structures is considered to be the most technically challenging
and economically rewarding structural optimisation method [3]. At present, this method has

been extensively used in the automotive and aerospace industries for component designs.

The conventional manufacturing method in construction, including cutting and welding
separate parts, is not able to realise the complex designs of structural nodes. The
manufacturing processes include machining/subtractive process and casting/formative
process. In machining/subtractive process, the part is produced by material removal. While in
casting/formative process, the part is produced by a mould. Both processes require a high
degree post-processing of design results. To ensure a feasible design, several significant

manufacturing constraints must be taken into account during the design stage when using
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these methods. For example, the need for tool access in the case of machining, and the need
for part removal from a mould in the case of casting. These constraints limit the physical
realisation of the optimal topology, and a compromise has to be made between optimality and
ease of manufacture. Usually, these constraints are either included in the actual optimisation
by limiting the topology to feasible designs, or considered by subsequent simplification of the
unconstrained design. The former is normally preferable, but not all constraints can be

included easily in the optimisation process [4].

By contrast, additive manufacturing technologies open the possibility to overcome limitations
currently encountered by conventional manufacturing techniques, and enable the solid free-
form manufacture of complex geometries. AM technologies are usually working on a layer-
by-layer approach. They are a further development from rapid prototyping (RP), and are
becoming more versatile, stable, accurate and economical at a steady pace, aimed at
producing end-use parts rather than prototypes. In recent years, significant efforts have been
made to process metals, and several commercial metal processes are now available for

producing end-use parts.

1.2. Motivation of the thesis

The main objective of structural design is to develop load carrying systems that can
economically satisfy structural safety and performance requirements. From the economical
point of view, it is desirable to reduce the number of steps involved in a product
manufacturing. Besides, the economic considerations also include the reductions in
construction materials and labour intensity. Gridshell structures could perfectly cope with the
aforementioned constraints and satisfy the requirements of canopy and facade type structures
due to aesthetical advantages and environmental compatibility. Besides, these structures are

easy to be assembled and disassembled due to the use of prefabricated customised nodes and
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elements. Many nodes in gridshell structures are unique in shape and design. Manufacturing
these nodes using conventional methods is usually very challenging and labour intensive.
Besides, the structural behaviour of a gridshell is very sensitive to the node imperfection
especially in steel structures. By exploring and solving challenges in design and construction
of gridshell structures with topologically optimised and additively manufactured nodes,

insights into the new opportunities and design freedom will be obtained.

The application of structural optimisation techniques to find the best material distribution
within the design domain has significant positive environmental impacts, such as the

reductions of construction material and wastes.

1.3. Scope and aims of the thesis

This study aims to explore the potential of using topology optimisation and additive
manufacturing in the design and manufacture of structural nodes for gridshell structures,

especially steel gridshells.

The main research objectives to this study are as follows.

1. Investigating the main structural behaviour of the nodes of gridshell structures, and
studying key parameters in the design of nodes.

2. Exploring the challenges and opportunities in using topology optimisation for the
node design and additive manufacturing for fabricated the topologically optimised
nodes.

3. Comparing the structural performance of the newly designed nodes with conventional
ones.

4. Developing a new method for carrying out the experiments on the topologically

optimised nodes.
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1.4. Thesis outline

To achieve the research objectives this thesis is structured as follows.

Chapter 2 provides a detailed literature review of the topology optimisation, gridshell

structures and additive manufacturing.

In Chapter 3, the structural behaviour of the nodes of gridshell structures as well as the
challenges in design, preparation and fabrication of them is studied. A number of nodes with
different loading conditions are designed using the bi-directional evolutionary structural
optimisation (BESO) method. Besides, a study on the suitable predefined size for the design
domain is carried out. Some of the designed nodes are manufactured by additive

manufacturing (AM) method.

In Chapter 4, two free-form nodes designed by transitional sections and BESO for gridshell
structures are compared with two conventional nodes [5, 6]. Laplacian smoothing algorithm
is used for both new nodes to minimise stress concentration in sharp edges. The mechanical
performances of the nodes are assessed by finite element modelling and a comparison

between the new and conventionally designed nodes is conducted.

In Chapter 5, an innovative approach for designing inexpensive and available test setup for
testing the nodes of gridshell structures is proposed. Two types of nodes are designed,
fabricated and tested by using a customised test rig which is designed based on the proposed
concept. The results of the experiments are compared with the results of the numerical

simulations under the similar conditions.

Chapter 6 summaries the major findings of this study followed by recommendations for

future research directions [4].
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Chapter 2: Literature

In this chapter, a literature review is carried out in three sections based on the aims outlined
in chapter 1. To optimise connections in gridshell structures, firstly a review on gridshell
structures is conducted, covering their history, their structural principle and their structural
connections. The second section is on topology optimisation as one of the structural
optimisation approaches. The history and different methods of topology optimisation are
reviewed. Manufacturing methods are reviewed in the third section, covering casting,

computer numerical control (CNC), and additive manufacturing.

2.1. Gridshells

A gridshell structure consists of one layer grid of beam members forming a shell geometry.
As the structural behaviour of a gridshell is similar to that of a shell structure, it is beneficial
to start the review with shell structures in order to obtain a better understanding of gridshell

structures.

Various classifications can be used for structures based on selection criteria, such as different
shapes, functions and materials [1]. By using geometrical approach, the shape of a shell
structure can be defined as a curved surface, while the thickness (dimension in the direction
perpendicular to the surface) is very small compared to the in-plane dimensions of the shell
structure. A surface can be double curved, such as a dome and a cooling tower, or single

curved like a cylinder.

2.1.1. History

The inspiration in the structural design process comes from nature where right angles and
straight lines are not being used frequently [2]. However, in engineering practice, human

beings have been constantly using straight lines, orthogonal connections and as much
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repetition of elements as possible in structural design. The lack of technology, knowledge,
production capability and resources may cause high degree of simplification in design and
construction of engineering structures. Nowadays, with the development of new technologies,
exceptions from rectilinear designs have become more frequent, and more accurate structural

systems with more complexity have been proposed [2].

The first structures, in which humans tried to convert the out-of-plane forces into in-plane
forces and then transfer through abutment, are arched structures. These structures are often
built with materials strong in compression but relatively weak in tension, like masonry and
concrete [3]. Beehive tombs used for burial rituals in Spain and Portugal are the first shell
type structures, which can be dated back to 3000 AD (Figure 2-1a), followed by beehive
houses in Ireland and Scotland from 2000 AD (Figure 2-1b). Both types of structures were

built by piling up blocks of stone.

FPriests and priestesses
bring offerings of food

and wine. ‘Y(‘ﬂ

p et

il

The doorway is decorated The king's body
with carved green and is surrounded by
red stones. Ireasure.

Mursicians

Figure 2-1: a) Beehive tombs, 3000 AD [4],b) beehive houses in Ireland, 2000 AD [5].
The Persian monument Taq-iKisra built in 540AD (shown in Figure 2-2) is one of the best

examples of an arch structure made of bricks without centring (supporting structure) [6]. Its

central arch-dome is 37 m high and the span is 26m.
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Figure 2-2: Taq-lKlsra Persian monument 540 AD [7].

In Roman period, the construction of arches for aqueducts and amphitheatres brought the
Romans the knowledge of transferring out-of-plane forces into normal forces and transferred
to the foundation. The oldest known concrete shell structure - the Roman Pantheon (Figure
2-3) was constructed using this concept in 125 AC. With a span of 43 m, it was an incredible

piece of engineering at that time.
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Another example is the Hagia Sophia dome (Figure 2-4) in Istanbul. With its 32m span, the
Hagia Sophia dome is still an impressive structure today. The Hagia Sophia dome is
supported by four large columns instead of a solid base as in the Roman Pantheon [9]. Started
in the 6th century, hemi domes, abutments and pendentives have often been used as supports,

which are different from the Roman Pantheon.
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Figure 2-4: Interior of the Hagia Sophia, 6th century [10].

With the introduction of reinforcements (e.g. steel reinforcing bars) to concrete in the 19th
century, concrete structures were not only strong in compression, but also could sustain much
higher tensile force, leading to further development of curved structures - shells. Casting
method in construction has enabled the transformation of flat slabs into shell structures with
an even force distribution. But formwork and scaffold represent around 50% of the total cost

of a shell structure, even when the shuttering has been reused several times [3].

A successful attempt to replicate a nature structure in an exact manner is achieved by
combining the grid systems and double-curved shells to make a creative structural system
called gridshell structure. By dividing the whole structure into simple elements using a grid
system, the construction issues, such as difficulties in erecting the entire arch structure, are
avoided. Besides, a gridshell has the advantage of using the daylight sources comparing with

a closed concrete shell. The first gridshell structure was pioneered by Schwedler, who in
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1863 built a steel cupola (Figure 2-5) as the roof of a gas holder for the Imperial Continental
Gas Association in Berlin. The structural system was able to span a distance of 25-40m [11].
In 1897, a Russian engineer Shukhov constructed a steel mill 150km southwest of Nizhny
Novgorod [12]. This building had five doubly curved gridshells, covering an area of
70mx24m (Figure 2-6). Although Shukhov introduced the doubly curved gridshell, he did not
make full use of the structural advantage of the double curvature as he neglected the positive

impact of the curvature in the cross-direction.

5\1\

Figure 2-5: Schwedler cupola, J. W. Schwedler, Berlin, 1863 [13].
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construction [14].

A good example that demonstrates the fusion of a grid structure and a continuum shell is
Torroja’s Fronton Recoletos, built in Madrid in 1935 (Figure 2-7), where the roof was made

as a combination of a concrete shell and a triangular gridshell.
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Figure 2-7: Recoletos, Eduardo Torroja, Madrid, Spain,1935 [15].

An excellent example of the gridshell in reinforced concrete structures is the Palazzetto dello
Sport designed by Pier Luigi Nervi, which is an indoor arena located in Piazza Apollodoro

in Rome (Figure 2-8).

Figure 2-8: Palazzetto dello Sport, Pier Luigi Nervi, Rome, Italy,1935 [16].

In 1975, a double-curved wooden shell structure (called Multihalle) was built in Mannheim
(Figure 2-9) [17]. In contrast to Shukhovs gridshell in Vyksa, the Multihalle made perfectly

use of its double curvature. This was achieved by Otto using scale models during the form-
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finding process [18]. Otto developed models with different forms and shapes to study the
behaviour of the grid in a structure. Small load representing the weight of the structure was
applied (Figure 2-10). In contrast to steel gridshells, wooden gridshells can be firstly
assembled to a flat structure on the ground, and then form their three-dimensional shapes by
pushing the boundaries into the exact support locations [19]. This type of gridshell is called
active bending gridshell. The gridshell considered in this study is a single-layer lattice frame
in which the members are initially made to fit the final form of the structure, and there is no

active bending moment in the members.

Having found the desired shape for Multihalle, Otto studied the behaviour of the gridshell
using finite element method (FEM). FEM enables the visualisation of stresses and
displacements in structures for a wide range of static and dynamic analyses, making the
design and analysis of complex structures possible. To remove the restrictions in
construction, structural members can be prefabricated using computer numerical controlled
(CNC) machines. Thus, all members can be designed to be unique, leading to a free-form
gridshell structure. Today, free-form gridshells are very popular as they create attractive
(public) spaces. Queen Elizabeth II Great Court (Figure 2-11) which covers the court of the
British Museum in London and the Kogod Courtyard (Figure 2-12) in the Smithsonian

American Art Museum in Washington are two great examples of gridshell structures.

After more than one century of development, gridshell structures have been evolved in many
aspects, including construction material, grid pattern, structural analysis method, structural

form-finding method, manufacturing method and connection details.
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Figure 2-10: Hanging scale model of the Mannheim Multihalle [17].
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Figure 2-11: Queen Elizabeth II Great Court, British Museum, London [20].

Figure 2-12: Smithsonian American Art Museum, Washington [21].
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2.1.2. Structural principle

The structural behaviour of shells is heavily dependent on their geometries. Free-form
gridshells often consist of different kinds of shell surfaces. The best way to classify shell
surfaces is based on the definition of Gaussian curvature for that surface. The Gaussian
curvature at any point is defined as the multiplication of the minimum and maximum
curvatures of the curves fit to the shell surface at that point. These curvatures are called
principle curvatures k1 and k2. The Gaussian curvature is defined as: Kg=k1xxk2. Shell surfaces

can be classified using the Gaussian curvature as follows [22]:
e anticlastic surface: k< 0,principal curvatures have opposite signs;
e synclastic surface: kg> 0,principal curvatures have the same sign;
e monoclastic surface: kg = 0,at least one of the principal curvatures is zero, resulting in

a cylindrical surface or a plane when both «i1 and k2 are zero.

Different types of Gaussian curvature are shown in Figure 2-13.

Negative curvature Zero curvature Positive curvature

Figure 2-13: Different types of Gaussian curvature.

Shell structures derive their strength from its double curvature. In the experiment (Figure
2-14) conducted by Chilton and Isler [3], a curved plastic element was shown to resist more

than 30 times greater load than the flat element.
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Figure 2-14: Comparison between a plastic double-curved shell and a plastic flat beam over
the same span [3].

In the stiffness matrix of a structural member, the axial stiffness is the biggest. By using
double curvature in gridshell structures, the axial stiffness of members would spread in other
locations of the assembled stiffness matrix [23]. Although all modes of structural actions that
are available to beams, struts, arches, cables and plates are involved in shell structures,
membrane action prevalently occurs in shell structures [24]. Doubly-curved shells mainly
transfer the applied loads to the abutments by membrane internal forces (Figure 2-15).
Therefore, the internal force in gridshell structural members is dominated by membrane

force.

Figure 2-15: Force distribution in shell.
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2.1.3. Nodes in gridshell structures

In the early days, limited options were available for designing and constructing gridshells due
to the limitations of fabrication, e.g. the number of members with different lengths and nodes
with different angles had to be minimised [25]. The development of computer aided
manufacturing (CAM) removed many of the manufacturing restrictions. Therefore, more
design configurations can be constructed for the gridshell structures. As for steel gridshells
with low flexibility, nodes are the most challenging parts in both design and construction
stages due to their unusual shapes and complicated stress fields. As nodes are responsible for
connecting beam members in gridshell and transfer loads between them, a lack of structural
performance in nodes would significantly affect the efficiency of the connected beams and

heavily influence the stability and load capacity of the whole structure.

On the other hand, to simplify the geometry of a gridshell system, the structure is divided into
numerous simple members (beams and plates) which make the structural connections (nodes)
topologically and geometrically complicated and bring challenges for conventional
manufacturing methods. Besides, to restrict the node imperfections, a high level of accuracy
and quality control during the manufacturing process is required. Many studies have been
carried out to investigate the sensitivities of global and local stabilities of a hybrid single
layer gridshell to a set of nodal imperfections [26-30]. In addition, customised node
production increases the construction cost as well as the possibility of human errors [31]. In
steel gridshells, low structural flexibility increases demand for higher accuracy in

construction, thus special instruments are needed for manufacturing and construction [25].

Additionally, the sharp edges which emerge from intersecting the prismatic beam members
would cause stress concentration in nodes. These sharp edges are usually results of a large
amount of welds during the conventional manufacturing process and lead to an increase in the

risk of fatigue failure under repeated loads [32, 33]. To avoid this problem, cast steel nodes
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are used. These nodes have excellent mechanical performance, beautiful appearance, smooth

transitions and flexible forms [34].

There are several types of stability failure in gridshells [35-38], including member buckling,
local instability, global instability and a combination of these. Although the overall stability
of a gridshell is sensitive to the stiffness of nodes [39-43], the complicated stress field makes

it almost impossible to develop a standard configuration and design procedure for nodes.

2.1.3.1. Node categories

In 2011, Fan et al. developed a joint classification system based on the stiffness and the

moment capacity of the joint as follow [44]:

1. Rigid: high strength and high bending stiffness;

2. Semi-rigid: moderate strength and moderate bending stiffness;
3. Pinned: low strength and/or low bending stiffness.

Two coefficients,o for stiffness and B for moment capacity, were defined for the joint

classification as

k M;,
=L P

eu
where El/L, represents the stiffness of the members connected to the joints, K is the flexural
stiffness of the joint, and M; ,M, are the moment capacity of the joint and the plastic

moment capacity of the member connected to the joint respectively. By taking both

coefficients a and B3 into account, the joint can be classified as
1. Rigid:ao.>0.5and > 5

2. Semi-rigid:a > 0.5 and 0.05 <B<S5, or 0.01<a<0.5 and 3 > 0.05
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3. Pinned:at < 0.01 or $ <0.05

As the applied loads are mainly transferred through in-plane actions, the main design loads
are axial loads from the connecting members. Other member forces are dependent on the grid
patterns. The designed node should not only be able to transfer the loads from the connected
members, but also be stiff enough to provide desirable stability for the whole structure. Other

important parameters in the node design for gridshell structures can be listed below:
- The sensitivity of the design configuration to the angle between elements
- The manufacturability of the designed nodes

- The tolerances of the manufactured nodes which are affected by both manufacturing method

and design configuration
- The cost of the nodes
- The weight of the nodes

- The appearance of the nodes

2.1.3.2. Conventional nodes

In practice, different node designs represent solutions to different connecting methods for
gridshell members. Depending on the connecting methods, the nodes can be categorised as

splice connectors (Figure 2-16) and end-face connectors (Figure 2-17) [45].
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Figure 2-16: Splice connectors of gridshell structures, (a) splice connector SBP-1,(b) splice
connector SBP-2,(c) splice connector SBP-3,(d) splice connector HEFI-1,(e) splice connector

POLO-1 [45].

Figure 2-17: End-face connectors of gridshell structures, (a) end-face connector SBP-4,(b)
end-face connector WABI-1,(c) end-face connector OCTA-1,(d) end-face connector MERO-
1,(e) end-face connector MERO-2,(f) end-face connector MERO-3,(g) end-face connector

MERO-4,(h) end-face connector MERO-4 [45].
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Figure 2-18 shows examples of end-face nodes of gridshell structures used in projects Palacia
de Comunicaciones (Figure 2-18a), Westfield shopping centre (Figure 2-18b) and Frankfurt

Hoch Vier (Figure 2-18c).

I N\
Figure 2-18: End-face nodes used in gridshell structures of real projects, (a) Palacia de

Comunicaciones,(b) Westfield shopping centre, and (c) Frankfurt Hoch Vier [46].

2.1.3.3. Unconventional nodes

The aerospace industry has been using the combination of additive manufacturing and
structural optimisation for many years. This is due to the fact that the amount of saving in the
fuel and consequently the cost of flight is highly dependent on the weight of the flying
device. An example of re-design of a structural component based on the topology

optimisation and additive manufacturing is shown in Figure 2-19.



Chapter 2 27

Figure 2-19: A small part which is re-designed by topology optimisation and fabricated by

additive manufacturing for Airbus A380 airliner [47].

The potential of using the combination of structural optimisation and additive manufacturing
in design and construction of nodes for gridshell structures was investigated by Van der
Linden in 2015 [46]. He re-designed three nodes of the gridshell structure of Ztoty Tarasy in
Warsaw, Poland (see Figure 2-20) by using the bi-directional evolutionary structural
optimisation (BESO) method, and reduced up to 70% weight of nodes from the original

design. The final designs for the nodes are shown in Figure 2-21.
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Figure 2-21: Three nodes of Ztote arasy roof designed using topology optimisation.

In 2015, Galijjard et al. [48] optimised the structural connections of a tensegrity structure to
explore the topology optimisation method and the opportunity provided by AM technology.
The structure consists of 1200 different nodes with attached cables from different angles and
positions (Figure 2-22). In the initial design, the mass of the node was reduced from 20kg to
15kg. In their later design, the design process was fine-tuned with a focus on the product
integration and the improved control of the optimisation process, leading to a further

reduction of the node mass to Skg (Figure 2-23).



Chapter 2 29

Figure 2-22: Rendering of tensegrity structure in The Hague. This design is not built as such.

Architect: ELV Architecten © Studio i2 [48].

Figure 2-23: Models of the traditional node (left) and the two new nodes, in the middle the
first node produced by AM in steel in 2014, at the right the latest optimisation also produced

by AM [48].
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In 2016, Prayudhi developed a prototype of a gridshell canopy with topology optimised and
additively manufactured nodes. The nodes were printed using binder jetting. He carried out a
case study by re-designing the structure of an outdoor canopy located at Baku International
Airport in Azerbaijan based on the combination of topology optimisation and additive
manufacturing [49]. The weight of the new design was reduced by 32%. A structural node

designed for this case study is shown in Figure 2-24.

Figure 2-24: Topologically optimised 3D printed node for case study of canopy in Baku

International Airport in Azerbaijan [49].

In 2019 Abdelwahab and Tsavdaridis investigated the application of structural optimisation

and additive manufacturing in the connections of reticulated structures [50].

2.2. Structural optimisation

The development of mathematical optimisation can be traced back to the introduction of
calculus of variations by Bernoulli, Euler and Lagrange between 17th and 18th centuries [51].
In contrast to the classical mathematical optimisation methods, which find solutions using
differential equations, the structural optimisation methods often use simplified algebraic
equations which are solved by an iterative numerical procedure. Structural optimisation is to
find the optimal structural design based on various constraints to achieve the best
performance for a structure [52]. It should be noted that modern shape optimisation of

continuum is based on variational principles.
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Structural optimisation of nodes in gridshell structures is important for a number of reasons.
Firstly, structural optimisation could reduce the weight of nodes which is critical to
gridshells, especially in large-span roofs. As mentioned before, geometrical and structural
complexities of the nodes may lead to heavy and inefficient node designs. Besides, by
reducing the nodal weight, the structural performance of the gridshell could be improved
which leads to less material cost and less environmental impact.

Topology optimisation

Topology optimisation is a structural optimisation method which treats different element
properties (e.g. stiffness, size, existence, etc.) as the variables in the optimisation algorithm to
seek for the optimal spatial order and connectivity of bars in discrete structures (i.e. trusses
and frames), or the optimal material layout in continuum structures. In a simple maximisation

problem, structural topology optimisation techniques often involve the following steps:
1. Selection of the initial design variables (material type, thickness of plate etc.).

2. Evaluation of the objective functions for the current setting of design variables.

3. Comparison between the current properties and the prescribed values.

4. Update the design variables and improve the objective function. Repeat steps 2 to 4 until

no further improvement can be achieved.

In order to update the design variables, various strategies can be employed, including the use
of the gradient of the objective function. It should be mentioned that the selection of initial
topology and the procedure of updating the design variables may result in a solution which is

a local optimum, and they may also affect the number of iterations.

The approaches used in topology optimisation for discrete structures (or grid-like structures)

and continuum structures are different [53]. Topology optimisation of continuum structures is
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the most powerful method among the structural optimisation methods, as it provides much

more freedom in the conceptual design to achieve novel and efficient structure [52].

In 1904, Michell introduced the theory of topology optimisation for developing truss-like
structures with minimum weight [54]. With the advent of digital computers and the
development of linear programming methods in 1950s, the idea of structural optimisation
started to gain momentum [55]. In the 1960s, topology optimisation was improved by the
introduction of the so-called ground structure (Dorn et al., 1964), in which mathematical
programming (MP) algorithms were used [55]. Significant improvement was made in its
theory and applications by solving a range of structural optimisation problems, including
adding features like section rotation, section type and minimum weight constraint, using
finite number of members, and multi-purpose structure subjected to multiple loads or moving
loads [56-58]. Other remarkable early works on topology optimisation of discrete structures
include the introduction of “optimal layout theory” by Prager (1969) [59] and the
maximisation of solid plates stiffness with volumetric constraints by Cheng and Olhoff [60].
The Prager-Shield theory of optimal plastic design [61] and the structural universe [62,
63]were used as the basic concepts in the optimal layout theory. In 1989, Rozvany proposed
continuum-based optimality criteria (COC) method for large system optimisation with stress
and displacement constraints [64]. Later, Zhou and Rozvany reformulated the COC to a
discretised continuum type optimality criteria (DCOC) method using the finite element
formulation [65, 66]. The COC/DCOC methods were then extended for solving natural
frequency, local buckling and system stability constraints. In 1988 Bendsoe and Kikuchi
proposed a methodology for optimal shape design in which a new topology is generated and
remeshing of the finite element approximation of the analysis problem is avoided [67]. The
development in the field followed another finite element based topology optimisation method

called “Evolutionary Structural Optimisation” [68].
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Two approaches, namely, macrostructure (geometry) approach and microstructure approach
were included in the continuum topology optimisation [54]. The macrostructure approach
uses solid isotropic materials (solid elements) while microstructure approach uses porous and

microstructural materials (lattice structure unit cells).
Evolutionary structural optimisation

In this study, the bi-directional evolutionary structural optimisation (BESO) technique is
employed to create optimal designs for structural nodes. The term evolutionary structural
optimisation (ESO) was firstly introduced by Xie and Steven (1993). ESO method seeks the
optimal design by systematically removing inefficient materials from the structure [68]. The
concept is simple and the residual shape is expected to evolve towards an optimum. In the
original version of ESO, the element stress is considered as the element removing criterion,
which obtains the optimisation by utilising inner and outer loops. The inner loop firstly
defines a threshold element stress as the rejection ratio (RR), and then gradually removes the
elements with stress lower than the threshold stress from the structure. Iterations continue
until no further elements with the stress lower than the threshold stress remain. In the outer
loop, the rejection ratio will be increased with a relatively small step called the evolutionary
ratio. Through this loop action, the stress distribution in the structure will become quasi-

uniform and a fully-stressed design is expected.

However, the ESO method is not without limitation. As the removed elements are not able to
be recovered, the step size has to be very small when removing material. Later, the bi-
directional ESO (BESO) was developed [69, 70] in order to allow elements to be added back
to the structure after removal. The concept of this method is to remove inefficient material
(elements) from the structure and simultaneously add material to the most needed locations of
the structure. Although the improvement of BESO over ESO is significant, it was claimed by

Zhou and Rozvany that both ESO and BESO were not able to guarantee an optimal design,
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and the rejection criterion in ESO might result in very high element rejections [71]. Rozvany
claimed that the earlier versions of ESO/BESO were not able to achieve final optimum
design, because the estimation of the sensitivity number for void element is highly inaccurate
[72, 73].

In order to better represent the element status, Zhu et al. proposed a method in 2007, in which
void elements are replaced by a microstructure with low density. In this method, where
elements need to be removed, they are replaced by soft material instead [74]. This method is
still unlikely to ensure a final optimum, as the evolution procedure is not able to converge
sometimes. In 2007,a new version of BESO was proposed by Huang and Xie [75], which
could achieve stable and convergent solutions. Later, they proposed a more advanced BESO
with the solid isotropic material with penalisation model (SIMP) [76], in which the effective
properties of microstructure of element were determined according to the power-law material
scheme [66, 77]. In this method, the optimisation for stiffness was carried out by replacing
inefficient elements with soft material (soft-kill method). When the material penalty exponent
(p) was set to a large value, the results were equivalent to the hard-kill method in which the

void elements were removed from the structure completely [75].
2.3. Manufacturing

The widespread use of cast iron as a building material began in the second half of the 18th
century. It was mainly used for the structural elements under compression due to its brittle
behaviour. The world’s first cast iron bridge was built in Coalbrookdale, England (1777—
1779). Due to the high compressive strength of iron, it required less material compared to
stone arch bridges of a similar scale. Also, a large number of supports and load carrying

building fagades in New York City were made of cast iron in the 19%century.
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However, with the development of steel production technologies, the use of standard rolled
steel members became more popular than cast structural elements, due to economic and

technical constraints [78].

The conventional manufacturing processes are adapted to the concept of ‘design for
production’, which include mechanical cutting operations, material removal techniques —
chipping off, forging, casting, stamping, engraving, turning, milling, drilling, grinding, etc.
This concept is deeply influenced by the predetermined sizes of the standard parts. In the case
of spatial structures, such as space truss and gridshells, the nodes are the conjunctions of a
number of members, and their forces are from different directions. The complexity of node
geometry is a serious challenge for conventional manufacturing methods. The development
of steel production technologies, e.g. welding and rolling techniques, has reduced the use of
casting methods in the construction of steel structures. However, in the last few years, the
flexibility of new, low-alloy and low-carbon materials for casting has caused a renewed
interest in casting in structural engineering. These new materials may meet all functional
requirements, such as strength, viscosity, weldability and corrosion resistance [78], and the
issues related to fatigue failure are eliminated in this method [32]. However, the node shape

could be too complicated to be fed into the mould.

2.3.1. Formative manufacturing (casting)

With the increased research in the field of metallurgy and mould technology, steel casting has
been successfully used for oil platforms over the past two decades. Cast steel components
have been used in the construction of steel structures since the advent of steel hollow profiles.
An overview of the applications of cast steel in roof structures, and pedestrian and traffic
bridges is available in [79-81]. The main advantages of using cast steel include the beautiful

and free-flowing forms, as well as the capacity of making complicated nodes with numerous
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members connecting from different directions. Cast steel allows adjusting the node shape and
wall thickness to the flow of forces from the connecting members. Another advantage of
using casting method is that the stress concentrations and notch effects could be limited as

sharp edges can be avoided in the cross-sections of casted nodes [78].

In the 1980s, advances in casting technology have led to a steady improvement in the
weldability [82-84], the material properties [85] and the toughness [86, 87] of cast steel. Cast
steel was mainly utilised in offshore structures, high-rise structures and bridges. Previously,
welded nodes were considered to be the weak point in the design of offshore structures due to
their low fatigue strength and poor welding, and the existence of secondary bending moments
[88]. These issues could be solved by using cast nodes. However, typical casting defects may
also exist, such as voids, gas bubbles, sand, slag and foam points, hot and cold cracks,

segregations and non-metallic inclusions[89].

To manufacture nodes through casting steel, a wooden model is split into two halves with
each half pressed into a box filled with sand and resin. The two boxes with negative
impressions of node halves are then joined together to form the entire cavity of the node
shape, which is used as a mould for casting steel. The cast steel nodes have smooth and
flexible shapes, and the connection welds are located outside the nodes for better

performance and easier inspection.

2.3.2. Subtractive Manufacturing (computer numerical control machines)

Subtractive manufacturing is a process by which the final shape of a 3D object is obtained by
successively and selectively cutting material away from a solid block. Normally, subtractive
manufacturing can be done by using a CNC Machine. However, as cylindrical cutters are

used for CNC milling, it is difficult to cut the entire internal square corners which are
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prevalent in the plastic injection moulding designs. Besides, CNC arm should have access to

the parts to be machined, which makes a wide range of 3D designs impossible.

As for designs that can be manufactured using subtracting manufacturing process, this
method is comparatively faster and cheaper with a high level of precision. Also, it is available
for a wide range of materials, and allows superior surface finishing. One of the major
disadvantages is the waste of material. However, some of the material could be recovered and

eventually recycled to reduce the overall waste.

2.3.3. Additive manufacturing (AM):

2.3.3.1. History of additive manufacturing

AM is a newly developed manufacturing method, in which objects are manufactured by
joining material usually layer-by-layer based on a 3D model data. This method is the opposite

of the subtractive manufacturing methodologies, such as traditional machining [90].

The first additive manufacturing process emerged in 1987 based on stereolithography (SL).
Stereolithography is a process that solidifies thin layers of ultraviolet (UV) light-sensitive
liquid polymer using a laser. Then, different versions of stereolithography were
commercialised in Japan in 1988 and 1989 and in Germany in 1990.Later, three non-SL
technologies were developed in 1991, including fused deposition modeling (FDM), solid
ground curing (SGC) and laminated object manufacturing (LOM). In 1993, QuickCast was
introduced to produce investment-casting (lost wax casting) patterns, so that they could be
burnt out without fracturing the ceramic shell. In 1994, many new materials and material
deposition techniques were introduced for the additive-manufacturing, such as wax material
with an inkjet print head, paper lamination material with a knife to produce wood-like
models, laser-sintering technology, and so on. With the development of additive-

manufacturing materials and technologies, the low cost 3D printers appeared in 1996.
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AeroMet (MTS Systems Corp.) introduced laser additive-manufacturing (LAM) in 1997,
which worked with a high-power laser and powdered titanium alloys. In 2000, a 3D colour
printer was manufactured, which was based on the powder and binder technologies
developed by Aad van der Geest of the Netherlands. In 2000, new generations of additive-
manufacturing started. The speed of additive-manufacturing process was improved due to the
increase in the number of nozzles, improvement in the precision of additive-manufacturing
process, development of first metal printer and commercialisation of first 3D multi-colour
printer [91]. In 2002, Arcam commercialised powder bed fusion (PBF) technology by using
electron beam as energy source instead of laser beam, and launched the first production
model namely electron beam melting (EBM) [92]. In the new generations, this technology
has been adopted in wider applications, such as aircraft interiors (ULTEM 9085 for its FDM
900mc and 400mc machines from Stratasys, 2008), artistic designs (Shapeways, 2008),
dentistry (3D dental printers and its new DentaCast material from Solidscape, 2009),
aerospace (DuraForm FR 100 from 3D Systems, 2009), research and development (Dimatix
system targeted at the printed electronics market from Fujifilm Dimatix, 2009) and Military
(Optomec, 2010). By 2011, several industries had already adopted AM as their main
manufacturing method. In 2011, the applications of AM in medical industry experienced a
growth [91]. Although a few notable examples of AM metal parts have been made and
applied in military aircraft, the first AM part for commercial use was a flow-path sensor

housing for a GE-90 commercial engine used in Boeing 777 in 2015 [93].

3D printing with various materials is nowadays available to the public at an acceptable cost.
It has created a new market for 3D printed products, including sculptures, jewelleries,

figurines, and a wide range of other consumer oriented products.
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2.3.3.2. Benefits of Additive Manufacturing

Different from traditional manufacturing processes which involve cutting, milling and
grinding, AM build parts directly from computer models or from measurements of existing
components. Benefits of AM compared to the traditional methods include the potential to
vastly accelerate innovation, reduction of supply chains [94], minimisation of material and
energy usages, reductions of waste [91], cycle times and unit cost [95], repair of high-value
components [96], and manufacture of highly efficient structures [97]. All these advantages
make it possible to step away from the concept of ‘design for production’. Therefore,
structural designs could start from the performance of the desired product. This can create
new opportunities in the building industry, such as production of highly complex objects with
free shapes, optimisation and integration of functional features, reduction of processing steps,

high degree of design freedom and high degree of product customisation [98].

2.3.3.3. Computer Aided Design (CAD) model

The first step of manufacturing an object through additive manufacturing is to prepare the
geometry of the object in a suitable format. Then AM makes the geometry layer-by-layer
based on a Computer Aided Design (CAD) representation of the target geometry. The most
commonly used file format for 3D printing is Stereolithography (STL) format [98] which
contains a single color. VRML is another format which stands for “Virtual Reality Modeling
Language”. It is a newer 3D digital file type that includes colour [98]. In addition, enhanced
data representations are under development, such as the Additive Manufacturing Format
(AMF) [99]. The AM data is converted into a set of two-dimensional scanning paths [100]

that are sequentially processed by the AM process.
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2.3.3.4. Constraints

Despite having many advantages, additive manufacturing of steel nodes still has constraints,
including costly process and machine maintenance, limited dimensions, need of additional
support structure, and long production time. Moreover, metallic powders used for 3D printing
are quite expensive, and with limited choices. The AM produced metal is also found to be
brittle. In some specific AM methods, the design is restricted by the de-powdering process in
which slender members break on the shaking table [98]. Therefore, additional temporary

support members are needed in the design.

2.3.3.5. Metal systems

One of the most important recent developments in AM has been the proliferation of direct
metal processes, which is used for the direct production of metal parts. In most direct metal
systems, a point-wise method with metal powders as input is used. There are three different
types of direct metal processes, which are powder bed process, powder feed process and wire
feed process. In powder bed process, the powder spreading approach is similar to the
selective laser sintering (SLS) process, and an energy beam which is normally a high-power
laser or an electron beam is used for melting the metal powder(selective laser melting). Most
powder bed processes take place in a building space filled with an inert gas to form a
protective atmosphere. Therefore, reactive metal powders, such as aluminium and titanium,
can be applied. The selective laser melting (SLM) process is schematically shown in Figure

2-25.
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Figure 2-25: Schematic of selective laser melting system [101].

In powder feed process, powder is delivered through a nozzle placed above the part. Laser
beam is converged on the layer where the powder is going to be melted and joined to the AM
deposit. This approach allows the material to be added to an existing part. Therefore, it can be
used for the repair of expensive metal components, like chipped turbine blades and injection
mould tool inserts. The schematic of powder feed process is shown in Figure 2-26a. The
powder feed systems are capable of manufacturing larger object compared to the powder bed
units. Two types of systems are dominant in the market: 1. work piece remains stationary,
and deposition head moves; and 2. deposition head remains stationary, and the work piece is

moved [98].

The schematic of a wire feed unit is shown in Figure 2-26b. The feed stock is wire, and the
energy source for these units include electron beam, laser beam and plasma arc. Initially, a
single line of material is deposited and then subsequent lines of material are placed on it to
develop a three dimensional structure. In general, wire feed systems are well suited for high
deposition rate processing and have large build volumes, however, the fabricated product
usually requires more extensive machining than the powder bed or powder fed systems do

[98].
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Figure 2-26: Schematics of a) metal powder feed system and b) metal wire feed system [102].

2.3.3.6. Materials

Generally, any metal that can be welded is considered to be a good candidate for powder bed
fusion (PBF) processing. To use a PBF process for the creation of complex metal
components, four common approaches can be used: full melting, liquid phase sintering
(LPS), indirect processing and pattern methods. In the full melting and LPS (with metal
powders) approaches, a metal part is typically usable when it comes out of the machine. In
the indirect processing approach, a polymer coated metallic powder or a mixture of metallic
and polymer powders is used for part construction. In pattern methods, the metal part is
created using the mould obtained from either investment casting patterns or sand-casting
moulds. In the case of investment casting, polystyrene or wax-based powders are used in the
machine, and subsequently invested in ceramic during post-processing. Finally, they are
melted out during casting. In the case of sand-casting moulds, mixtures of sand and a
thermosetting binder are directly processed in the machine to form a sand-casting core, cavity
or insert. These moulds are then assembled and molten metal is cast into the mould, forming

a metal part [98].
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2.4. Knowledge gap in designing and manufacturing nodes for gridshell structures

The structural behaviour of gridshell structures is influenced by their double curvature and
grid system. In most cases, the dominant internal force of a beam member is axial force. The
structural nodes which are the most complex members in gridshell structures due to their
complex geometries and internal forces are in the focus of the researchers to be designed and

manufactured more efficiently.

In this chapter, a literature review is carried out on studies which designed and produced
complex geometries for structural nodes in tensegrity structures [48] and gridshell structures
[46, 49] using a combination of structural optimisation and additive manufacturing methods.
However, in the previous studies, the effects of a number of influencing factors, such as the
loading type and the initial node size, on the final node design have not been investigated.
Besides, the structural performance of the new nodes is not compared with the conventional
node. Furthermore, in the previous studies, there is no experimental validation for the design

results. All these issues will be addressed in this thesis for the new node design.
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Chapter 3: Topology optimisation and advanced manufacturing of structural nodes

For many years, engineers and architects have been working collaboratively to simplify and
rationalise complex freeform structures into practical and cost-acceptable modules. With
ingenuity and innovation through geometrical rationalisation, various forms can be found
using just a handful of intersecting geometries, such as torus, sphere and cone, and assembled
through simple manufacturing processes and standard connections, which can be applied in
large engineering constructions [1]. For long span roofs (e.g. sports stadium roofs), about 15-
40% of the self-weight is from their connections. The ability to optimise these connections
based on the exact loading conditions could significantly reduce the overall weight of a

structure, leading to saving in the material cost and reduced requirements for foundations.

When there are a large number of complex structural connections, it is usually required to
simplify the node configurations for manufacturing through traditionally manufacturing
methods. However, using additive manufacturing (AM) makes it possible to manufacture
complex connections. Furthermore, with the use of innovative algorithms, we can optimise
parts for specific load cases and criteria. In this study, the Bi-directional Evolutionary
Structural Optimisation (BESO) technique [1, 2] is used to minimise the weight and the
printing time required for each node. In the BESO method, a structure is optimised by
iteratively removing inefficient elements and adding elements where needed [3,4]. In each
iteration, all elements are sorted based on their share in the global stiffness of the structure
(called sensitivity number). Then a specific percentage of the elements with smallest
sensitivity number are turned off and a specific percentage of previously deleted elements
with higher sensitivity numbers are added to the model. Then the stiffness matrix of the
structure is reconstructed and analysed again. This iterative process results in an efficient
topology for the structure. In this study, the BESO code is linked to ABAQUS which is used

as a structural analysis engine for optimising the node stiffness.
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Although AM is very expensive compared to the conventional manufacturing methods in the
construction industry, the ability to fabricate complicated geometries with high accuracy is
the advantage of this new manufacturing method over the conventional ones. The price of an
additively manufactured member is proportional to the weight. Thus, a reasonable strategy to
make AM feasible in construction of structures is to change the conventional trade-off
between the weight of a member and its complexity and manufacturability. The structural
connections of free-form gridshells which are the smallest and most complicated members of
these structures are investigated in this study. In this chapter, the effect of general load cases
on the optimised topology of structural node is studied. Besides, the effect of the size of the

design domain on the topology and volume of the optimisation result is investigated.

The process of adding and removing elements in BESO is applied to a predefined domain,
called the design domain. The parts outside the design domain remain unchanged during the
BESO process, which are called non-design domain. In the structural model, the central part
of the node is considered as the design domain and the other parts form the non-design

domain.

3.1. Introduction

In the node optimisation process, the objective is to achieve the stiffest node with the least
amount of material, because the stiffness of a node has a significant effect on the structural
performance of the whole structure. One of the aims for topology optimization is searching
for the stiffest structure with a given volume of material. In BESO method, elements are
treated as design variables. A structure is optimised by removing and adding elements. Thus,

the optimisation problem with volume constraint is stated as:

Minimize C=—f'u (1a)

1
2
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N
Subjectto: V' =>V,x, =0 (1b)

i=1
X =0 or 1 (10

where f and u are the applied load and displacement vectors, and C is known as the mean
compliance. Vi is the volume of an individual element, and V* the prescribed total structural
volume. N is the total number of elements in the system. The binary design variable Xi
declares the absence (0) or presence (1) of an element [3]. A flowchart of the BESO method

is given in Figure 3-1.

(" START

\ Define design domain, loads, boundary conditions and FE mesh \

\ Define BESO parameters: V¥, ER and AR« \

| Carry out FEA and calculate elemental sensitivity numbers <

‘ Calculate nodal sensitivity numbers ‘

‘F iltering sensitivity numbers ‘

- — NO NO
‘ Averaging sensitivity numbers ‘

‘ Calculate the target volume for the next design ‘

s volume
constraint
satisfied ?

_ Construct a new design

Figure 3-1: Flowchart of the BESO method [3].

Furthermore, the stress level in the node is used to determine the volume of the final design.
In the progressive design, the node volume is reduced step-by-step and the stress is checked

in each step.

This chapter aims to investigate the effect of different loading types on the topology of the

designed nodes. The studied nodes are considered as simple as possible in terms of geometry
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and topology. Therefore, the planar nodes are assumed, and the out-of-plane parameters in

defining the nodes are excluded from the study.

In this chapter, four symmetrical nodes with different connectivity numbers are considered.
The three-way node is optimised under five different general load cases, including axial load,
out-of-plane bending, in-plane bending and torsion. The optimisation results are compared to
investigate the effect of loading condition. The other three nodes are optimised for the same
axial load, and the results are also compared. The optimisation is conducted based on the
assumption that the material is isotropic and linear elastic. The optimised results for the nodes
under different individual load cases are compared with the results for the nodes under
combined load cases. Furthermore, the effect of the size of the design-domain on the final
weight and topology of a node designed by BESO is examined by using different initial sizes.
In addition, various smoothing methods for the final geometry produced by BESO are
explored and compared with each other. The challenges of using AM in manufacturing nodes
are also investigated. Finally, the case study of the design and manufacturing procedure of a

prototype gridshell structure is demonstrated.

3.2. Loading and geometrical conditions

3.2.1. Geometrical design of initial model

Two approaches have been proposed and investigated to design the general geometry of the
nodes with different topological and geometrical conditions in a gridshell structure. The first
approach is to use a spherical shape in the middle of the node, which can easily accommodate

any directions of the connecting beams in space (Figure 3-2).
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Figure 3-2: Spherical design domain with three different non-designable connecting
components.

Although the use of spherical shape as the central part of a node provides maximum capacity
for taking the out-of-plane rotations of the connected beams, only a small portion of this
capacity is needed in a gridshell structure due to the limited out-of-plane angles. On the other
hand, the combination of the spherical design domain and non-designable connecting
components produces a complicated geometry, leading to difficulties in generating a
consistent overall mesh for the combined shape. Besides, the sharp edges of the non-
designable connecting components will usually remain exposed after the adjacent elements in

the design domain are removed by BESO.
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The second approach is to use a polygonal shape as a generic node configuration. The
concept of this approach is to generate an irregular volume enclosed by a series of planar
surfaces, including the end faces of the connected beams, bisector planes and top and bottom
planes. The schematic diagram of an initial design domain using this approach is shown in

Figure 3-3.

Figure 3-3: Polygonal design domain for a node.

To modify this approach and achieve smaller initial design domain, individual radii can be

used for different connecting faces instead of a single radius for all connecting faces.

By using this polygonal configuration, it is easy and straightforward to generate a consistent
mesh for both design domain and non-design parts. Figure 3-4 shows the initial model of a

three-way node with a polygonal design domain in an unsymmetrical geometrical condition.



Chapter 3 56

Non-design
domain

Design domain

Figure 3-4: Node's model based on polygonal design domain.

Some parts of the node, which serve as the load transferring medium between the connected
beam members and the design domain, are considered as the non-design domain. These
connecting components need to remain unchanged during the design process. The connecting
components which are normally designed by conventional design methods should be capable
of transferring all types of loads. Various types of connecting components are used in this
study to investigate the effect of non-design domain on the results of topology optimisation.
It is found that the dominant loads, including axial load, out-of-plane bending and in-plane
bending, can be transferred more effectively by using the connecting components consisting
of four regions at four corners of the connecting face. Therefore, four eye connections are

used in each connecting face in the model shown in Figure 3-4.

3.2.2. Load cases

Generic load cases for nodes are selected based on six basic load components at the

connection between each beam and the node and the equilibrium of the node. The six load
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components are axial (F1), out-of-plane bending (M33), torsion (M11), in-plane bending
(M22), in-plane shear (V3) and out-of-plane shear (V2). The number of members connected
to the node (connectivity number of the node) is important in solving the equilibrium
equation of the node. For example, to generate the axial load case (F1) for a three-way node,
three equilibrium equations with three variables representing axial forces in space need to be
satisfied. Therefore, the three-way node is deterministic for axial load case. This means any
three-way node with any geometrical condition can be subjected to only one combination of
axial loads. In the case of shear load, due to the eccentricity of the shear loads, six
equilibrium equations have only three variables, resulting in all variables equal to zero. Such
a load case is not possible for a three-way node. Therefore, for any node in space, the generic
load case can have no, one or infinitive options which would satisfy the equilibrium

equations. The load cases for three, four, five and six-way nodes are shown in Table 3-1.

Table 3-1: Possible load cases in each node.

Planar
Load cases Three-way Four-way Five-way Six-way
node node node node
[?1):( El One solution infinite infinite infinite
Out-of-plane bending One solution infinite infinite infinite
(M33)
Torsion One solution infinit infinit infinit
M11) e © e
In-plane bending P P s e
(M22) infinite infinite infinite infinite
In-plane shear . . P e
V3) No solution One solution infinite infinite
Out-of—(%e;;e shear No solution | One solution infinite infinite
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The number of possible generic load cases increases when the number of the connected
members increases. As an example, the possible load cases for planar three-way node and

planar four-way node are schematically shown in Figure 3-5 and 3-5 respectively.

-~ - - -
. - \ \ S e
\3\ 2 ’, 2 2 N 2 A 2 2 ey
1 1 1 1 1
| — “
Load case 1 Load case 2 Load case 3 Load case 4 Load case 5
(Axial) (Out-of-plane bending) (In-plane bending) (In-plane bending) (Torsion)
Figure 3-5: Possible load case categories for planar three-way node.
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Load case 1 Load case 2 Load case 3 Load case 4
(Axial) (Axial) (Torsion) (Torsion)
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- 1I | 4 . (T4
I 2 2 Ir 2
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Load case 5 Load case 6 Load case 7 Load case 8
(Out-of-plane bending) (Out-of-plane bending) (In-plane bending) (In-plane bending)
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N 2 _ 2 _ 4 - 4 T N
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Load case 9 Load case 10 Load case 11 Load case 12
(In-plane bending) (In-plane bending) (Out-of-plane shear) (In-plane shear)

Figure 3-6: Possible load case categories for planar four-way node.
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3.3. Design of geometrically simple nodes for basic load cases

To design a node for generic loads, the simplest symmetric 3-way node is topologically
optimised using BESO under five different generic load cases as shown in Figure 3-5. The
load cases include one axial loading, one out-of-plane bending, two in-plane bending and one
torsion. The dimensions and other details of the symmetric 3-way node designed based on the

aforementioned five generic load cases are shown in Figure 3-7.

Figure 3-7: The dimensions (in millimetre) and other details of the 3-way node designed by
BESO for generic load cases.

As shown in Figure3-6, loads are applied as surface tractions on the protruding parts of the
connecting plates. The BESO optimisation results for the 3-way node under five different

generic load cases are shown in Figure 3-8 to 3-11.
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Figure 3-8: Symmetric 3-way node structurally optimised by BESO for axial forces
(load case 1).



Chapter 3 61

Figure 3-9: Symmetric 3-way node structurally optimised by BESO for out-of-plane bending
(load case 2).
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Figure 3-10: Symmetric 3-way node structurally optimised by BESO for in-plane bending
between two members (load case 3).
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Figure 3-11: Symmetric 3-way node structurally optimised by BESO for in-plane bending
among three members (load case 4).
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Figure 3-12: Symmetric 3-way node structurally optimised by BESO for torsion moments
(load case 5)

The BESO design is dependent on the directions of the loads. When the load is normal to the

surface, the generated structural members would for man angle with the loaded surface.
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When the applied load is tangent to the surface, the members are generated on the surface. In
first four load cases, the applied loads consist of combinations of inward and outward normal
loads, which lead to the optimised structures having members inside the design domain. In
the last load case generated by the shear surface tractions perpendicular to the normal

direction, the members are formed on the surface of the design domain.

Also by comparing the BESO design for axial forces (axial node) in Figure 3-8 with the
BESO design for out-of-plane bending (bending node) in Figure 3-9, it can be clearly
observed that the optimised planar topologies for both nodes on top and bottom planes are
almost identical in geometry. The planar structures in the axial node are aligned with the
applied loads whereas in the bending node they are formed in planes different from the planes
of the applied loads. The distance between planar substructures in bending node is larger than
that in axial node. Additionally, a strengthened part at the connection between the design
domain and non-design domain is visible in Figure 3-9. The similarities in the topology and
geometry of the planar structures in axial and out-of-plane bending nodes can be explained by
the similarity in the load arrangement. In the axial node, the directions of applied loads on the
top and bottom planes are the same, and the generated planar structures are performing
separately, therefore they are aligned with their attributed applied loads. But, in the bending
node, the different load directions on the top and bottom planes would increase the distance
between the identical planar structures. It is obvious that increasing the distance of the planar
structures would increase the coupling of their axial loads and consequently increase the
flexural capacity of the node with the same axial capacity of the planar structures. Therefore,
increasing the distance of the planar structures could enhance the flexural stiffness of the
node which aligns with the objective of the BESO structural optimisation for bending node.
Coupling is performed by the in-plane action of the non-design connecting plates, and the

shear and bending deformations of these plates are involved in the calculation of the flexural
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stiffness of the node. Unlike planar structures, the in-plane stiffness of the connecting plates
decreases with the increase in the distance between the planar structures (Figure 3-13).
Therefore, the final distance between the planar structures is obtained from the balance

between the stiffness of the planar structures and the stiffness of the non-design connecting

plates.
F
Iy M - F
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Figure 3-13: Schematic deflection of the non-design connecting plate in bending node.

A similar topology is generated for the in-plane bending between two sides of the node
(Figure 3-10). In this node, instead of planar structures, two parallel straight members are
generated in each plane to transfer the moment through the node. The parallel straight
members are connected at both ends by a truss-like structure to enable the coupling action. As
expected, the non-design parts in the third side are disconnected from the structure because

they are not subjected to any loading.

Figure 3-11 shows the BESO design for two in-plane bending moments acting in the same
direction, which are transferred from the second and third sides to the first side of the node.
The final topology is made of two similar structural systems for each of the in-plane bending

moments.

Figure 3-12 shows the BESO design for torsion moments applied to three sides of the node.
As can be seen from the figure, the structural members are generated on the surface of the

design domain, and the material inside the design domain is removed.
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To study the effect of the number of the connected nodes on the structural optimisation
results, BESO designs are carried out for 4-way, 5-way and 6-way nodes subjected to the

axial load case. The dimensions and details of the nodes are shown in Figure 3-14.

50 50

(b)

Figure 3-14: The dimensions (in millimetre) and other details of (a) 4-way, (b) 5-way and (c)
6-way nodes designed by BESO for generic load cases (dimensions are in millimetre)

Similar to the 3-way node, loads are applied as surface tractions on the protruding parts at the
outer faces of the connecting plates. The optimised designs of the nodes under axial loads are

shown in Figure 3-15 to Figure 3-17.
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Figure 3-15: Symmetric 4-way node structurally optimised by BESO for axial loads.
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Figure 3-16: Symmetric 5-way node structurally optimised by BESO for axial loads.
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Figure 3-17: Symmetric 6-way node structurally optimised by BESO for axial loads.

Similar to the design for the 3-way node under axial load, the optimised structure consists of
two planar substructures in the loading plan. The topologies of the planar substructures for 3-
way, 4-way and 5-way nodes are similar, consisting of a truss-like structure with three types
of straight members as shown in Figure 3-18. The first type members start from the place of
loading and penetrate into the design domain in the direction of the applied load (blue lines in
Figure 3-18). The second type members connect the first type members on the neighbouring
faces at a certain depth of penetration (red lines in Figure 3-18). The axial force, which is
transferred through member type one to member type two, generates a component

perpendicular to member type one. To balance the perpendicular component of the internal
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forces at the conjunction of the first two sets of members, the third set connects the members

of the first type together (black lines in Figure 3-18).

Figure 3-18: Similar members generated by BESO for axial loads in 3-way, 4-way and 5-way
nodes.

In the planar substructure of the 6-way node (Figure 3-17), the first set of members are the
same as the previous nodes. But the connection of these members to the neighbouring ones is
through arch members which are supported by a disk at the centre part of the node. Actually
the results of BESO process can be interpreted as the best selected topology among a large
number of options as there are many parameters affecting the results. In other words, there
might be other topologies rather than the truss-like structure (first three nodes) and the
topology with disk (six-way node), which are not selected because of inefficiency. As for the
truss-like structure for the first three nodes, the reduction in the length of first type members
can be explained as a trade-off between volumes and stiffness, depending on their internal
forces and directions. As the connectivity number of the node increases, the angles of the
imposed forces decrease, thus the internal forces of the members of set two in truss-like
topology increase. Therefore, these members become inefficient in transferring the imposed

forces.

Effect of the non-design domain shape on BESO results

In this section, the effect of the non-design domain shape on the final design by BESO is

investigated using two axial nodes with different connection details. The first node has three
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symmetrical cleat plates connected to a spherical design domain. The initial shape and the

final design of the node are shown in Figure 3-19.

Figure 3-19: Symmetric 3-way node with three cleat plate connections structurally optimised
by BESO for axial loads.

Unlike the other axial nodes that have been designed previously, structural members of this
node are generated in one layer, with three concentric components connected at the centre of

the node.

The second node has six eye connections attached to a spherical design domain. The initial

shape and the final design of the second node are shown in Figure 3-20.

N X\

Figure 3-20: Symmetric 3-way node with 6 eye connections structurally optimised by BESO
for axial loads.
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As shown in the result, the final design of this node is not symmetrical, because the applied
forces are not exactly symmetrical due to the small differences introduced by rounding up the
load components. This optimisation process is then repeated from the initial step by applying

more accurate forces. The result of the second run is shown in Figure 3-21.
—— }:: e

Figure 3-21: Symmetric 3-way node with 6 eye connections structurally optimised by BESO
using more accurate forces.

The comparison of the BESO designs for this node and the node shown in Figure 3-20 shows
that the topology of the BESO design is very sensitive to the initial conditions defined for the
node. In addition, another design is carried out for a spherical node with six eye connections

under out-of-plane bending moments. The result is shown in Figure 3-22.

Figure 3-22: Symmetric 3-way node with 6 eye connections structurally optimised by BESO
for out-of-plane bending.
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As expected, a truss-like structure is formed at each branch to connect the planar

substructures and transfer the loads between the loading plane and the substructure plane.

3.4. Design of geometrically complex nodes for general load cases

Having gained insight into the structural behaviour of nodes obtained for the basic load cases,
more complex load cases are studied in this section, which can be achieved in two steps. The
first step is to design the nodal connections of the prototype of a gridshell structure based on
the nodal forces obtained from the analysis of the whole structure. The second step is to

design nodes for arbitrary load cases.

3.4.1. Node design for a prototype canopy

As a part of this study, a series of structural nodes of a gridshell canopy prototype are

designed using BESO and then 3D printed (Figure 3-23).

Figure 3-23: A scaled prototype of a gridshell structure designed, manufactured and exhibited
during the Engineers Australia Convention in 2014.
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A prototype consisting of 137 nodes and 205 beam members is constructed. The design of the
nodes is performed based on the nodal forces (Figure 3-24) obtained from the analysis of the
whole structure. The analysis and design of the whole structure, in which only self-weight
and nominal horizontal loads are considered for the load combination, is carried out by Arup

Company [5] in GSA.

node design domain

node design action

Figure 3-24: Nodal forces from connected members.

Connection detail

In this project, beams are connected to the nodes through an eye-connection. Details of this
eye-connection are illustrated in Figure 3-25. Two eye connection plates labelled PL-A in
Figure 3-25 are directly connected to the design domain to transfer the loads from beam

members.
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PL-A  bolts

bolts

Figure 3-25: Details of beam to node connections in a full-scale gridshell structure
(dimensions are in millimetre).

76
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Figure 3-26: Nodes designed by BESO and 3D printed in plastic for the scaled prototype of a
gridshell structure.

A number of designed nodes are shown in Figure 3-26.Although the nodes are designed using
BESO and supposed to be the most efficient structural connections for the imposed loads,
their topologies and geometries do not demonstrate the structural efficiency at the first
glance. The reason is that, unlike the traditional design routines in which multiple load cases

from different loading scenarios are considered in the design procedure, only one load case is
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used in this project. Structural optimisation in this study results in a specific topology which

is efficient on for the predefined loading conditions.

3.4.2. Design of nodes for arbitrary load conditions

To design nodes for arbitrary load conditions, the BESO design for out-of-plane bending is
firstly compared with the design for out-of-plane shear. The dimensions of the initial model

used for both designed nodes are shown in Figure 3-25 and the design loads are shown in

CE W CE @

N s

Figure 3-27.

a) b)

Figure 3-27: Boundary and loading conditions of a symmetrical three-way node subjected to
a) symmetrical out-of-plane bending moments and b) combination of out-of-plane shear
forces and bending moments.
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The symmetrical bending moments in the first case are simulated by applying two equal push
and pull forces at the end of the connected beam members. The second loading case is
simulated by applying two vertical loads equally at the ends of two connected beam members
and fixing the third connected member. The control parameter is the maximum volume
removal ratio, also known as volume fraction. Technically speaking, the decision of a suitable
volume fraction to be set at the start of BESO design process is a matter of trial-and-error as
it depends on two factors. The first is that the stress level of the final solution should not
exceed the allowable value. The second factor is that the slenderness of the elements should
meet both buckling and 3D printing requirements. The suitable volume fraction is selected in
a way that both stress level criterion and slenderness criterion are satisfied. In case 1, iteration
57 is selected as the final solution. In case 2, iteration 41 is selected as the final solution.
Figure 3-28 shows the results of the BESO design for out-of-plane bending and combination

of out-of-plane shear force and bending moment.

a)

b)

Figure 3-28: Results of BESO design of a symmetrical three-way node subjected to a)
symmetrical out-of-plane bending moment and b) combination of out-of-plane shear force
and bending moment.
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In the final topology of the bending node, a truss-like structure is formed between the planar
substructures as the non-design connection is weakened in the middle. In both designs, a
triangular topology is formed at two levels as a result of the presence of out-of-plane bending.
The triangle in the first node (bending node) is symmetrical due to the uniform bending
moment. This is not the case in the second node (shear node) as the bending stress varies
throughout the design domain. The same reason also applies to the different planarity of the
substructures in the two nodes. Besides, compared to the bending node, the final structural
members of the shear node are generated closer to the surface of the design domain, which is
due to the eccentricity of the imposed shear load similar to the node designed for torsion in
the previous section. In the shear node, two vertical planar parts are generated between top
and bottom substructures which are responsible for transferring the shear force from the two
sides subjected to shear forces to the side under the combination of shear force and bending

moment.

Figure 3-29 shows the stress contours obtained from the structural analysis for both cases. It

can be seen that, in both cases, the stress is distributed uniformly in the designed domain.

von Mises stress (MPa)
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Figure 3-29- Stress contours of optimised nodes under bending and shear loads.
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Figure 3-30 shows the BESO design for the 3-way node subjected to two out-of-plane shear
loads. Compared to the node shown in Figure 3-22, a similar truss-like structure is also

formed at the two sides with shear loads.

Figure 3-30: Symmetric 3-way node with 6 eye connections structurally optimised by BESO
for out-of-plane shear force.

To explore more complicated loading situations, a number of nodes are designed for arbitrary

geometrical and loading conditions. The results are shown in Figure 3-31.
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Figure 3-31: BESO design of nodes with three, four and five connecting members subjected
to arbitrary loads.

The evolution of BESO design for a 3-way node is shown in Figure 3-32.

Figure 3-32: The evolution of BESO design for an arbitrary 3-way node subjected to an
arbitrary load case.

As can be seen from the arbitrary designs, the optimum topology is topologically and
geometrically complex and does not follow any obvious trend to be classified in a
conventional design method. In other words, these topologies are not obtainable from

conventional methods.

3.5. Effect of design domain size

The effect of design domain size on the BESO design is investigated in this section. Four
nodes with three connected beams and different design domain sizes are optimised using
BESO for similar out-of-plane shear forces. The dimensions of the nodes and the locations of

shear loads are shown in Figure 3-33.
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Figure 3-33: 3-way nodes with different design domain sizes subjected out-of-plane shear
forces.

The results of the BESO design for different design domain sizes are shown in Figure 3-34.
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Figure 3-34: The results of BESO design for different design domain sizes.

The volume fraction for each of these structures is set in a way that the stress level of the
final design is smaller than the allowable stress level (240MPa). With the increase in the
design domain size, more details can be found in the topology obtained by the BESO design.
The comparison of these nodes shows that decreasing the size of the design domain would
decrease the volume of designed structure (Vop), and consequently reduce the manufacturing
cost of the node. The minimum size of the design domain is constrained by the space which is
needed for connecting members not to intersect the neighbour connecting members. This
space depends on the geometrical and topological properties of the node as well as the size of

the member section.
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3.6. Smoothing

The surface of the BESO model is always jagged as a result of removing elements from the
initial mesh of the design domain (Figure 3-35). There are two disadvantages for the rough
surface design. The first disadvantage is the stress concentration at the sharp edges of the
BESO design, which would lead to inefficiency of the design. The second disadvantage of
having a jagged surface is that it is difficult to be 3D printed as there are too many
unprintable sharp corners. Therefore, the rough surface in the BESO model needs be
smoothed. For this purpose, two different methods are used in this study, namely the

Laplacian smoothing algorithm and the Non-Uniform Rational Basis Spline (NURBS).

Figure 3-35: The jagged surface of BESO model.
Laplacian smoothing algorithm

The Laplacian smoothing algorithm is a mesh based smoothing method which iteratively
modifies the locations of the surface nodes based on the weighted average of the
neighbouring surface nodes in a finite element model [6]. In this method, a hollow surface

model is firstly generated. Then for each node, a movement vector is calculated. The
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movement vector is attained from averaging the vectors connecting the node with its
neighbours.

The movement vector for one point of the mesh is illustrated in Figure 3-36.

Ni = {krlsms"}
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Figure 3-36: The movement of point p, in an iteration of Laplacian smoothing algorithm.

The amount of the movement can be formulated as Equation (2).

Movement vector ~ Ap, = ﬁ(z P; ) -p 2)
i| \_jeNi

Then the nodes are moved along their movement vectors normalised by a suitable small
factor. By iterating this process for a certain number, the final surface is smoothed. A
comparison between the unsmoothed and smoothed structural nodes subjected to bending and

shear forces (designed in 3.4.2) is shown in Figure 3-37.
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Figure 3-37: Smoothing by Laplacian algorithm.

Figure 3-38 and Figure 3-39 show two topologically and geometrically complex nodes which
are designed by BESO and smoothed by Laplacian smoothing algorithm. In fact, the
Laplacian smoothing algorithm is not related to the complexity of the topology and geometry
of the designed node. Therefore, increasing the complexity of the model does not affect the

smoothing performance.
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Figure 3-38: Smoothing by Laplacian algorithm.

o

Figure 3-39: Smoothing by Laplacian algorithm.
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Figure 3-40 shows unsmoothed and smoothed models of the evolution of the BESO design

for a non-symmetrical three-way node designed by BESO under an arbitrary load condition.

Figure 3-40: Smoothing different iterations of a node by Laplacian algorithm.

As can be seen in these samples, the size of some structural members is significantly
decreased in the smoothed model compared to its original design. The reduction in size is
dependent on the initial size of the member and the number of smoothing iterations. To have

a better understanding of the changes in the cross-sectional area with the changing member
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size, seven members with element number from 1 to 49 are modelled. Different iterations of
Laplacian smoothing algorithm are applied to these models. Details of the seven models are

shown in Figure 3-41.
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Figure 3-41: Smoothing members with different sizes and iterations of Laplacian smoothing
algorithm.

The area reduction ratios for these members with different iterations of smoothing are shown

in Figure 3-42. Based on this diagram, to limit the area reduction ratio to 10% in five loops of
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smoothing, the number of elements in the cross-section of a structural member should be

more than 50 approximately (when a mesh of uniform element size is used).
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Figure 3-42: The area reduction ratio for members with different cross-section size smoothed
by different iterations of Laplacian smoothing.

Non-uniform rational Basis spline (NURBS)

Non-uniform rational Basis spline (NURBS) is a mathematical model commonly used in
computer graphics for generating and representing curves and surfaces. It offers great
flexibility and precision for handling both analytic (surfaces defined by common
mathematical formulae) and modelled shapes. The surface is controlled by a series of control
points and a polysurface. A part of a polysurface, which is used to control the NURBS
surface, is shown in Figure 3-43. Blue points and yellow lines are the control points and their
connectivity respectively. In this study, EVOLVE 2016 [7] is used to smooth nodes using

NURBS surfaces.
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Figure 3-43: Red part: polysurface of control points for smoothing the node; gray part:)
Nurbified polysurface as the smoothed geometry for the node.

This NURBS smoothing procedure in Evolve 2016 is performed manually section-by-section.
Non-design parts are modelled separately by normal solid objects and merged with the

smoothed design part. The final surface of the smooth node is shown in Figure 3-44.
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Figure 3-44: Different perspectives of the smoothed shear node using EVOLVE 2016.

The final result using NURBS surfaces leads to a perfectly smoothed surface which is
suitable for 3D printing purposes. A rendered view of the smoothed shear node is shown in

Figure 3-45.

Figure 3-45: A rendered view of the shear node smoothed using EVOLVE 2016.
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A comparison of the shear nodes smoothed by NURBS surfaces and Laplacian smoothing
algorithm is given in Figure 3-46. It is seen clearly that the NURBS surface is smoother than
that obtained from the Laplacian smoothing algorithm. Besides, no cross-sectional area

reduction occurs in the members smoothed by the NURBS method.

Figure 3-46: Comparison of shear nodes smoothed by Laplacian smoothing algorithm (left)
and NURBS surfaces (right).

3.7. Manufacturing:

In this study, two additive manufacturing methods, namely Selective Laser Melting (SLM)
and Binder Jet method, are used to manufacture the designed nodes and find out the

challenges in 3D printing nodes.

In the Binder Jet method, a binder is selectively deposited onto the powder bed, bonding
these areas together to form a fragile and porous part one layer at a time. Then a solid and
strong part will be made by flowing bronze into the pores in an infiltration process [8]. The
challenges of this method are related to removing the unused powder from the fragile and
porous part. In the de-powdering process, slender structural members of the 3D printed object

are susceptible to failure due to the mechanical vibrations. Some comments that received
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from the manufacturer about the additive manufacturing problems of bending node are shown

in Figure 3-47 to Figure 3-48.

Figure 3-47: Slender members of the bending node need to be strengthened in order to avoid
breaking during de-powdering in the Binder Jet method.
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Figure 3-48: Additional members need to be added to the model in order to avoid breaking
during de-powdering in the Binder Jet method.
Similar comments are received for a five-way node as shown in Figure 3-49.
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Figure 3-49: Weaknesses points of the models for 3D printing with the Binder Jet method
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Figure 3-50: In-plane bending node successfully 3D printed by the Binder Jet method.

A successfully manufactured node using the Binder Jet method is shown in Figure 3-50. The

contours of printing layers can be seen on the surface of the model.

In the SLM method a high power-density laser is used to melt and fuse metallic powders

together. Additive manufacturing process in SLM can be summarised in Figure 3-51.

Post processing of the print

Prcpam“c‘“ of Remova] of support Cleaning/polishing/
suppon Pnntmg SUpP 1_g/’p Shing

material applying finishes
material

Figure 3-51: SLM additive manufacturing process.

Preparation

In this step, a lattice structure as supporting material is designed to be printed with the object.
The supporting material provides temporary support for overhanging material during the
printing process. In SLM printing method, the structure must be laid up on a layer below. As

such, if the optimised form includes negative angles, large irregular openings or hanging
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structure, additional support material will be required for a successful print as shown in

Figure 3-53.

Additive Manufacture
Generating Support and Machine Paths

Figure 3-52: Additional support material for printing node using SLM method.

Although commercial software is available to generate the support material within the model,
there is still a lot of manual work required from a competently trained AM printing
technician. Minimising support structure could speed up the printing and save post-
processing time, and hence significantly increase the economy of the product. Figure 3-53

shows the designs of support materials for 3D printing in two different directions.
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Figure 3-53: Designs of additional support material for printing node using the SLM method.
Printing

In this study, a selective laser melting machine in the Advanced Manufacturing Precinct
(AMP) at RMIT University is utilised to print metal node using alloy powders. The metal
powder is deposited in fine layers, and then a high intensity laser selectively melts the powder
which forms the piece being printed. The process is repeating layer-by-layer until the final
piece is “printed”.

Post processing

The final piece needs to be cut from the base plate. The support structure also needs to be
removed and the surface smoothed, which adds time and cost to the process. Thus the

optimisation of the support structure is an important step for achieving a cost effective

solution.
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Figure 3-54: Post-processing of a printed metal node.

3.8. Conclusions

In this chapter, a number of nodes are designed for various loading and boundary conditions
to obtain a better understanding of the structural behaviour of nodes. The configuration of the
node is different for basic load cases which are perpendicular to the node surface (axial, out-
of-plane and in-plane bending) is different from the basic load cases which are tangent to the
node's surface. Considering the double-layer connection system for the nodes (top and bottom
bolts) which provides adequate out of plane resistance and stiffness for the nodes, the
configuration of the BESO design consist of two separate top and bottom parts. In load cases

where the direction of applied loads in top and bottom parts are the same (axial, in-plane
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bending), the substructures are separated. But, in load cases where the top and bottom loads
are reverse (out-of-plane bending), a connection forms between top and bottom substructures.
In torsion load case the BESO design is a spherical lattice. A case study of a gridshell
structures with topologically optimised and additively manufactured nodes is described. The
challenges of smoothing and additive manufacturing of nodes are investigated. The Laplacian
smoothing algorithm is very simple to apply regardless of the complexity level of the node.
But the resolution of result depends on the mesh size of the node. Besides, the member sizes
are node accurate after Laplacian smoothing. In contrast, using NURBS surfaces for
smoothing, results in a very smoothed and accurate geometry, but the hardship of manual
process of applying this method highly depends on the complexity of the topology and

geometry of the node.

Manufacturing a number of the nodes using different additive manufacturing methods
showed that unlike the conception which is induced by the definition of AM as an automatic
manufacturing method, in most of the time, manual process is involved in both design and
manufacturing steps. In design step, providing the reinforcement for specific loads involved
in AM process should be considered. In manufacturing step, post processing of the nodes

surface should be carried out.
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CHAPTER 4

COMPARISON BETWEEN NEW DESIGN AND CONVENTIONAL

DESIGN OF NODES FOR GRIDSHELL STRUCTURE



Chapter 4 105

Chapter 4: Comparison between new and conventional designs of nodes for gridshell

structure

An important question in optimising structural design is how efficient it is compared to the
conventional designs. In this chapter, two new design approaches are presented to design
structural nodes of complex shapes for gridshell structures, seeking improved structural
performance and design efficiency. One of the new approaches is to use the transitional
section method, in which the NURBS surfaces are utilised to connect beam members with
each other, assuming that additive manufacturing (AM) method is employed for the
fabrication. Two versions of nodes are generated using this method: one with sharp edges,
and the other with rounded edges obtained from the Laplacian smoothing algorithm. The
second approach adopted in this study for node design is the topology optimisation using the
bi-directional evolutionary structural optimisation (BESO) method. By using the BESO
algorithm, a node with complex geometry can be automatically generated and manufactured
through AM. In this study, various loading conditions are considered in the analysis and
optimisation design processes. Detailed design methodologies are firstly introduced, and then
the structural performances of the new designs are compared with those of conventionally
designed nodes. Finite element analyses are conducted to evaluate the stress distribution,
maximum stress and mean compliance of different node designs. The results show that the
maximum von Mises stresses of the newly designed nodes are significantly lower than those
of the conventional nodes. The BESO designed node is shown to be the most efficient due to
the highest stiffness, lowest structural volume and lowest maximum stress among all four
nodes. The newly designed nodes also have more uniform stress distributions, as well as
higher tolerance to a broad range of loading conditions. Moreover, the results show that the
application of Laplacian smoothing in node design could effectively reduce the stress

concentration. Prototypes of the newly designed nodes are successfully fabricated by additive
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manufacturing, which enables the rapid and precise manufacturing of customized nodes

designed to suit specific loading and boundary conditions.

4.1. Introduction

Gridshells, also called lattice shells or reticulated shells, are created by combining the

geometry of shell and topology of a grid.

Figure 4-1 shows six different grid types which are used in gridshell structures. Depending on
the grid system, the number of connecting beam members in nodes varies. For example, the
majority of nodes in grid type (a) in Figure 4-1 are three-way nodes, while the numbers of the
connecting beam members for most of the nodes are four in grid types (b) and (¢) and six in
grid type (d). Most of the nodes in grid type (e) (which is also known as Voronoi grid system)

are three-way nodes. There are equal numbers of eight-way nodes and four-way nodes in grid

type (f).

(a) (b) (c)

(d) (e) (N

Figure 4-1: Different grid systems in gridshell structures
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Geometric non-linearity in gridshell structures may lead to global instability, which is
strongly influenced by both the geometric parameters and the joint rigidity [4-8]. It has been
reported that, similar to continuous shells, gridshells could collapse in buckling mechanism
which is sensitive to imperfections and the stiffness of structural members and nodes [9-13].
Many node configurations have been developed to connect members of gridshell structures
[14-16]. However, most of them have limitations in moment capacity, stiffness and
manufacturability which would affect the curvature of the gridshell surface [14]. In addition,

the cost of manufacturing is a major issue [9-13].

Manufacturing of a large number of customised nodes with complex geometries is a big
challenge in conventional manufacturing methods because these methods usually involve
cutting and welding individual parts. It has been reported that structural node is one of the
most costly parts in constructing 3D structures [14-17]. Also, in conventionally manufactured
nodes, a large amount of welds and stress concentrations in sharp edges and connections
increase the risk of fatigue failure under repeated loads. Therefore, in cases where complex
nodes are exposed to repetitive loads, the transitional sections are used to generate a
smoothed geometry and reduce the stress concentration. Besides, the complex form of node is
manufactured by casting to avoid welding [18-20]. Laplacian smoothing, a mesh optimisation
algorithm [21], is an effective design tool to transform the sharp edges to rounded
connections. In Laplacian smoothing, nodes of the mesh are iteratively moved to the
geometric centre by weighting the contribution of each neighbouring node in an averaging
function [21-23]. Unfortunately, these smoothed nodes with transitional features cannot be
precisely fabricated using the conventional manufacturing technologies. However, this can be
achieved with high efficiency and accuracy by newly developed additive manufacturing
(AM) technologies [24-27]. In this chapter, two different approaches are utilised to design

structural nodes for gridshell structures, aimed at finding general ways for designing complex
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structural nodes of better mechanical performance. These nodes are more likely to be
fabricated through additive manufacturing as they are expected to be lighter than
conventional nodes. The first approach is the transitional section design, which connects a
simple node centre to the members by transitional volumes. The second approach is the bi-
directional evolutionary structural optimisation (BESO) method, which seeks the best
performance of the entire node whilst satisfy various constraints [28]. In this chapter, a
typical six-way arbitrary node is extensively studied by using different design methods. The
node is supposed to connect six rectangular hollow section steel beams. To make the study
more general, all possible rotations of the connecting beams are defined, which brings the
most general geometrical complexity for the node. To minimise the stress concentration in
sharp edges, Laplacian smoothing algorithm is used to obtain the final topologies in both
design approaches. Conventional concepts of structural node design which are used in Sun
Valley project of the Expo 2010 Shanghai (Sun Valley node) [29] and Westfield Shopping
Centre in London by Seele company (Seele node) [30] are utilised to design two nodes with
similar geometrical, connectivity and topological conditions. The mechanical performances
of the new and conventional nodes are assessed by finite element modelling and compared
with each other. The volumes, stiffness and the maximum von Mises stresses of the newly
designed nodes and the Sun Valley and Seele nodes are investigated. Prototypes of the newly
designed transitional node and the BESO node are precisely fabricated by additive

manufacturing.

4.2. Design of structural nodes for gridshell structures

4.2.1. Loading conditions

As discussed before, the internal forces in gridshell structures are mostly in-plane as a result

of double curvature of the structure. In case of triangular grid, in which most of the nodes are
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six-way nodes, the in-plane internal forces are mainly the axial loads acting in the beam
members, and these axial loads usually govern the design process of the nodes. Therefore, the
six-way transitional node is predominantly subjected to axial loads along the directions of the

six connecting beams, i.e., P, to p, as shown in Figure 4-2. It should be noted that these

loads are aligned with the centre line of the members. Therefore, they are not in the same
plane. The direction of each of these loads in space is defined by three angles «, £ and y as
shown in Figure 4-3. Considering the equilibrium equations of the node, the following

equations should be satisfied by the applied loads

ZFX:ipixAixcos(ai)xcos(ﬁi):O (la)
2F = Zél pi x A xsin(e;) xcos(f5) =0 (1b)
DR =2 pix A xsin() =0 (c)

where pi is the pressure applied on the end surface of member i, Ai is the cross-sectional arca
of member i, and ai and /i are the directional angles of member i. The number of variables is
six and the number of equations is three. This means there are infinite answers for the

equations. But, for the design purpose, 25 answers are generated randomly and sorted based

6
on the sum of the squared stresses, S = Z:(pi )2 . Top five load cases (LC1 to LCs) are selected

i=1

to study the structural responses of the designed nodes.

Table 4-1 lists the five different load cases which are used for all the designs and numerical

simulations in this study.
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Figure 4-2: Loading and boundary conditions of a transitional node.

V4
Y

Figure 4-3: The spatial position of a member determined by three rotation angles in Cartesian
coordinate.
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Table 4-1: Summary of the five different load cases in this study.

Directional axial pressure on members (MPa)"

Load cases
P, P, P; P, Ps Ps
LC1 60 -60 -47 60 -34.375  -55.9
LC2 20.7 20.7 -60 20.7 41.9 -58.9
LCs -27.1 68.6 -243  -26.1 68.6 -15.1
LC4 60 -35.65 60 -18.45 60 -23.75
LCs -48 14.72 442 -7.6 -48 48

*Negative pressure values indicate tensile load.

4.2.2. Transitional section design

Structural nodes in gridshell structures are usually connecting beams coming from different
directions with different sectional rotations. The technology used for manufacturing the nodes
determines the level of simplicity needed for the node geometry and the node design concept.
This is because a more advanced manufacturing technology enables the designer to utilise
more complicated node geometries. In conventional manufacturing methods, the compatible
design concept usually imposes high degree of constraints to the geometry of the node. These
constraints make the geometrical properties of the node dependent on the geometrical and
topological conditions of the structure rather than the structural requirements. Thus, the
conventional nodes in gridshell structures are usually structurally overdesigned. In the
transitional design approach applied to the node design in this section, the geometrical
parameters of the node are more affected by the structural requirements compared to the
conventional design approaches. This approach contains two successive stages. The first
stage is the design of the centre part of the node, assuming a flat situation for the connecting
beams, i.e. all beam members are laid in the plane of the node and have no rotation in section.
In the second stage, the beam members and the centre part are connected using transitional
volumes. As shown in Figure 4-4, the transitional volume contains curved transitional side

surfaces and two flat ends. The flat ends are connected to the member at one end and the
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centre part of the node at the other as shown in Figure 4-5. The side surfaces are generated
using b-spline curves. This arrangement creates a smooth transition of the volume. The node

designed by this method is named transitional node in this chapter.

Figure 4-4: An illustration of a transitional volume with two rectangular end sections of

different sizes in a twisted angle.

Figure 4-5: A transitional volume connecting a beam member to the centre part of a node.
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The geometrical design parameters of the nodes in gridshell structures are categorised into
two groups, including beam section parameters and beam orientation parameters. To define
the geometrical design parameters related to the orientation of the beam, it is easier to use
local axis of the node. The vector normal to the structure surface at the location of node is
used as the third local axis (z). The tangent plane to the shell at the location of the node is
called the node’s plane. The projection of longitudinal axis of one of the connecting beams on
the node’s plane is considered as the first local axis (x). The second local axis (y) is the

external product of the third local axis (z) and the first local axis (x).

Beam orientation parameters are defined based on the node’s local axes and include three
angles «, £, ¥ and a distance d, as shown in Figure 4-3, where « is the angle between the X
axis and the projection of the member on the X-y plane, £ is the angle between the member
direction and the X-y plane, yis the rotation angle of the beam member along its own centre

line, and d is the distance from the centre point of the node to the end section of the beam

member.

Beam section parameters for designing the six-way node are illustrated in Figure 4-6(a),
including the width of the beam section (b), the height of the beam section (h), the web
thickness of the beam section (tw) and the flange thickness of the beam section (tf). The
geometric parameters for designing the centre part of the transitional node are illustrated in
Figure 4-6(b)-(c), including the flange thicknesses of the centre part (trn and tr2), heights of

top and bottom flanges of the centre part (h1, h,, h2 and h, ) and web thicknesses of the centre

part (tw1 and tw2). Figure 4-6(d) illustrates a node generated using the transitional section
design method, which connects six rectangular steel tubes. The six-way nodes studied in this
chapter are all generated according to the geometric parameters listed in Table 4-2, which
also defines the directions of loads. The parameters for designing the central part of the

transitional node are listed in Table 4-3. The volume of the designed transitional node is
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6328cm’, i.e., 49.67 kg for steel node when the density is 7850 kg/m>. Figure 4-7(a) shows
the original transitional node designed for further structural analyses with unsmoothed edges

and connections.
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Figure 4-6: (a) The cross-section of the steel rectangular tube member; (b) top view of the
node and its internal structure; (c) view on A-A section of the node showing the internal
structure of the centre part and the transitional volume of the node; (d) a designed node

connecting to six rectangular tube members by the transitional section design approach.

Table 4-2: Geometric design parameters of case study node.

) Distance of the member Geometric parameters of the
Rotation angles
Member (degrees) from the centre member
(mm) (mm)
a Yo v d b h t tw
L1 0 6 8 195.712 80 180 25 16
L2 50 8 4 199.272 80 180 16 10
L3 130 1 7 198.155 80 180 16 10
La 175 7 9 208.345 80 180 25 16
Ls 220 2 4 199.771 80 180 16 10
Ls 290 10 3 173.877 80 180 16 10

Table 4-3: Geometric design parameters of the centre part of the transitional node.

Parameters tm twe hi ha h h t t
Values (mm) 13 10 &89 496 98 58.6 25 16

To apply the transitional section method for the node design, AM is used for manufacturing
the nodes. This allows us to use curves in design so that the stress concentration can be
reduced. In the design using transitional section method, the sharp edges of the node may
lead to stress concentration. In this study, to eliminate the stress concentration, Laplacian
smoothing algorithm with five iterations is implemented to round the edges and connections.
The volume of the smoothed transitional node is 6476 cm?, which is slightly higher than that
of the unsmoothed one. The final shape of the smoothed transitional node is shown in Figure

4-7(b).
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(a) (b)

Figure 4-7: Shapes of the designed transitional nodes: (a) unsmoothed transitional node; (b)

smoothed transitional node by Laplacian smoothing algorithm.

4.2.3. BESO design

In this chapter, topology optimisation is used to search for the stiffest structure with a given
volume of material. In the BESO method, a structure is optimised by removing inefficient
elements and adding elements where needed [28]. In this study, the BESO code is linked to

ABAQUS which is used as a structural analysis engine for optimising the node stiffness.

The process of adding and removing elements in BESO is applied to a predefined domain,
called the design domain. In the first step, the transitional node is considered as the design
domain for BESO. The results of BESO design show that more material is removed from
regions with lower strain energy density in the design domain, and the regions with higher
strain energy density remain unchanged or strengthened. In the BESO design process,
parameters maximum volume fraction, evolutionary rate and admission ratio, are set to 50%,
2%, and 2% respectively. The filter radius, which is the parameter to control the physical size
of the members in BESO design, is set to 10 mm. The results of BESO design are strongly

dependent on the loading conditions of the node (Figure 4-8).
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(d)

Figure 4-8: The results of BESO for transitional node under different loading conditions : (a)
LCi, (b) LC2, (¢) LCs, (d) LCa, and (e) LCs.

To accommodate a combination of different loading conditions, BESO needs to solve the
problem for multiple load cases. The objective function in the optimisation process for the
multiple load cases is defined by a weighted average of the stiffness of the nodes with the

same weight for all studied load cases.

The results of BESO for transitional node under a combination five load cases LCi to LCs are
smoothed with three (L3), four (L4) and five (Ls) Laplacian iterations and shown in Figure
4-9. It can be seen that the Laplacian smoothing process increases the slenderness of the
slender members more than the other members. To avoid this problem, sufficiently large

filter radius should be selected in the BESO process to avoid excessively slender members.
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Figure 4-9: The smoothed geometry of the BESO results for transitional node under load
combinations LCi to LCs with three (L3), four (L4) and five (Ls) iterations of Laplacian

smoothing.



Chapter 4 119

Generally speaking, it is preferable that the final design do not touch the boundaries of the
design domain. Otherwise the efficiency of the design is affected by the limitations of the
design domain. Therefore, when transitional node is used as initial model, the BESO design
process is significantly limited because the transitional node is hollow and no element can be
added to the inside region. Therefore, in the next step, the design domain is expanded from
the hollow node to a solid volume between the connecting members. Figure 4-10 (a) shows
the new initial model with solid design domain. The solid design domain is enclosed between
the end faces of the members and top and bottom planes. The distances to the top and bottom
planes from the centre of the node are 180mm. In this arrangement, a total of 193,257
hexahedral solid elements (C3D8) with an average size of 7 mm are used to mesh the initial
model. In the optimisation process, the maximum volume constraint is the volume of the
material to be removed. Once the maximum is reached, the BESO stops removing more
material and keeps iterating to find the stiffest structure. To obtain a designed node with a
similar volume as the transitional node, the maximum volume fraction is set to 95.5% in the
BESO process. In the design process, two parameters, evolutionary rate and admission ratio,
which are the ratios of material removed and added to the model in each iteration, are set to
2%. In addition, the filter radius, which is the parameter to control the physical size of the
members in BESO design, is set to 15 mm. Figure 4-10 (b) shows the result of the BESO

process at iteration 135 with the node volume of 8194cm?.
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(b)

Figure 4-10: (a) The initial node model with a solid polyhedral design domain, (b) BESO

result for multiple load cases at iteration 135.

Laplacian smoothing algorithm is used to smooth the final result obtained from the BESO
design. As non-design domain remains unchanged, only design domain is smoothed. As
shown in Figure 4-11, by applying the Laplacian smoothing algorithm to the design domain,
the interfaces between the design domain and non-design domain are subjected to change.
Therefore, the physical contact between the design domain and non-design domain is
disconnected after smoothing. In the first attempt to deal with this deficiency, the nodes of
the connected faces of the design domain are moved back to the original positions. As shown

in Figure 4-12, the resulting model has sharp edges in the connecting region between the
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design and non-design domains and shows a non-smooth transition of the geometry in this

region.

Figure 4-11- Smoothing of the BESO result when the nodes in the connecting faces of the

design domain are allowed to moving during the smoothing process.

Figure 4-12- Smoothing of the BESO result when the connected faces of the design domain

are moved back to the original positions.

To obtain geometry with better smoothness in the connecting region, instead of pushing the
nodes back to their original locations, the nodes are constrained to the connecting face during
the smoothing procedure. Figure 4-13 shows the result of the new smoothing procedure with
nodes constrained to the connecting faces for the BESO design at iteration 173 (V=6881cm?).
It is clear in the figure that there is a sudden change and sharp edge in the connecting region

when moving from the design domain to the non-design domain.
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Figure 4-13: Smoothing of the BESO result when the nodes in the connecting faces of design

domain are allowed to move in the plane of the connecting face only.

Another issue needs to be resolved in the current design is that the node is divided into two
separate parts at the top and the bottom. In practice, it is difficult to control the exact
positions of the two separate parts. Therefore, a small non-design part, which connects the
two parts, is introduced in the current design to improve the feasibility in construction. The
new design domain is generated by considering two parts, individually serving a specific
duty. A solid part is defined in the middle of the design domain to give the BESO enough
freedom for design. Also, transitional parts are defined at the connecting regions between the
solid part and non-design domain with a transitional adaptive connection to non-design
domain. The transitional parts avoid sharp edges that occur in previous designs. Figure
4-14(a) shows the new initial model for the BESO process, which has three different parts:
non-design domain, transitional design domain and main design domain. The non-design
domain contains six rectangular 10mm thick frames and keeps the connection between upper

and lower parts of the designed node. The transitional design domain consists of six frames
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with 30 mm depth, three times the thickness of the non-design domain. The main design
domain is a solid space enclosed by six transitional volumes. In this arrangement, a total of
241,752 hexahedral solid elements (C3DS8) with an average size of 5 mm are used to mesh
the initial model. In the design process, the maximum volume fraction, evolutionary rate, and
admission ratio are set to 72%, 2%, and 2% respectively. In addition, the filter radius, is set to

10 mm.

The optimised node is shown in Figure 4-14(b), which consists of two separated plate-like
parts at the top and the bottom as expected. The plate-like parts are connecting the members
through the non-designable rectangular frames. To obtain a suitable geometry for the
construction purpose and remove the sharp edges, Laplacian smoothing algorithm is applied,
and the final shape of the smoothed node is shown in Figure 4-14(c), which is considered as
the final BESO design. The volume of the BESO designed node (BESO node) is 6298 c¢cm’
(or 49.44 kg if it is made of steel), which is slightly smaller than the transitional node

6328cm?). In the BESO design, the mean compliance of the structure is optimised.
g p P
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Figure 4-14: (a) The initial model for the BESO process; (b) the obtained unsmoothed

topology of the BESO node; (¢) the final smoothed topology of the BESO node.

4.2.4. Conventional designs

In timber gridshells, the structure is flexible as wood is a relatively soft material. Therefore,
the initial deformations caused by manufacturing errors might not lead to much initial
internal force in members. But in steel gridshells, the initial stresses caused by manufacturing
errors are much higher. To avoid the high stresses, the manufacturing accuracy is of

significant importance. Since the conventional manufacturing methods have limitations in
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realising complicated shapes, it is challenging to fabricate a large number of three
dimensional (3D) customised nodes with complex shapes. Besides, by using a design concept
based on the conventional manufacturing methods, it is very difficult to create nodes with a

large number of design parameters when the nodes are subjected to complicated spatial loads.

Although beam section parameters, such as the width of the member (b), the height of the
member (h), the web thickness of the member (tw) and the flange thickness of the member
(tr), are independent on the method of manufacturing the section, different section
manufacturing methods affect the conventional design concept of the node. Figure 4-15

shows two different methods of manufacturing a welded rectangular hollow section (WRHS).

. B
i

(a) WRHS1 (b) WRHS2

Figure 4-15- Beam section parameters of connecting beams

Two conventionally designed structural nodes selected from two well-known real projects are
compared herein. One node is used in the Sun Valley pavilion of the Expo 2010 Shanghai
(Sun Valley node), in which the beam member section is of type welded rectangular hollow
section type 1 (WRHS1). The other is used in Westfield shopping centre roof in London by
Seele company (Seele node), in which the beam member section is of type welded
rectangular hollow section type 2 (WRHS2). The Sun Valley pavilion and Westfield

shopping centre roof in London are shown in Figure 4-16. Although the design concept of the
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two nodes are similar, both being rigid nodes under both axial loads and bending moments by
forming an enclosed geometry, the structural details and design procedures are different. The
Sun Valley node is a simpler node, because it only requires a three-axis cutting technology in

the manufacturing stage, while the Seele node needs a five-axis cutting technology.

Figure 4-16: Sun Vally pavilion in Expo 2010 Shanghai [29] (left) and Westfield shopping

centre roof in London [30] (right).

The overall design concept of the studied nodes is to connect six pieces of the connecting
beams to a central part and provide end plates with suitable bolt holes at the end of each
piece. The beam pieces are made of welded rectangular hollow section type 1 (WRHS1) in
Sun Valley node and welded rectangular hollow section type 2 (WRHS2) in Seele node
shown in Figure 4-15. As discussed before, the primary load cases in the gridshell structures
are axial loads and out-of-plane bending. The major part of these loads is being transferred
through the flanges of the beam section; therefore, the flanges are fully connected through top

and bottom plates (called continuity plates herein) at the central part of the node. The

geometry of the node is firstly designed, and then checked based on the applied loads.

The volume of the final design of Sun Valley node is 6877 cm3, or 53.98 kg if made of steel.
The volume of the final design of the Seele node is 6441 cm3, or 50.56 kg if made of steel.
For comparison, the internal structures of these two conventional nodes and the transitional

node proposed in this chapter are illustrated in Figure 4-17.
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Figure 4-17: Internal structures and assembling of different types of nodes: (a) Sun Valley

node; (b) Seele node; (¢) transitional node.
Sun Valley node

In Sun Valley node, the core part of the node is composed of two parallel top and bottom
continuity plates and a reinforcing plate in the centre. The dimensions and positions of the
continuity plates are shown in Figure 4-18. To calculate the coordinates of the vertices of the
hexagonal top and bottom plates, the dimensions of the flanges and the bounding sides of
each connecting beam (Figure 4-18 (a)) are firstly calculated. Then the coordinates of vertices
of the polygon for the top and bottom plates (Figure 4-18 (b)] are calculated from intersecting

the bounding sides of the adjacent beams.

To calculate the thicknesses and positions of the top and bottom plates, the sides of the
polygons are extruded vertically and the surfaces are intersected with the flanges (Figure 4-18
(c)). The maximum and minimum heights of intersection faces are used to determine the

thicknesses and heights of the top and bottom plates (Figure 4-18 (d)).
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3 Continuity

Figure 4-18- Geometries of the Sun Valley node.

The shape of the top and bottom continuity plates is prismatic. Therefore, the manufacturing
can be easily carried out by using automatic 3-axis laser cutting technology or 3-axis water

jet cutting technology. All flanges of the six beam pieces are welded to the faces of the
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continuity plates. The distance between the top and bottom continuity plates determines the
height of the reinforcing plate. The webs of the two members with the maximum internal
forces are extended and welded to the reinforcing plate. The webs of the other four members
are only welded to the neighbouring members to form an enclosed node [29]. Sufficient
length for each connecting beam piece will be provided based on the end plate connection

requirements. The 3D view of the Sun Valley node is given in Figure 4-17(a).

Seele node

In the Seele node, similar to the Sun Valley node, the flanges are connected through top and
bottom plates, and the webs are welded together to form an enclosed node [30]. However, as
a different section manufacturing method is used for the beam pieces in which the webs are
continued over the flanges (Figure 4-15 (b)), the webs penetrate into the top and bottom
continuity plates. Therefore, the continuity plates are not hexagonal shapes any more. The
geometrical design of these nodes starts with intersecting the webs of the beam pieces as

shown in Figure 4-19.




Chapter 4 130

Figure 4-19: Intersecting the webs of the connecting beam pieces in Seele node.

The top and bottom flange faces of the connecting beam pieces are set back to provide a
certain depth of groove in top and bottom continuity plates for beam webs (Figure 4-20). In

this study, the minimum depth is considered to be 20mm.

"

Vs Vs

TR

Figure 4-20: Set back of the flanges of the beam pieces.
Eventually, the thicknesses and positions of the top and bottom plates are determined from
the maximum and the minimum heights of the intersected faces of the flanges of the beam

pieces.

Figure 4-21: Top and bottom continuity plates of Seele node.

The faces of the grooves in top and bottom plates are not vertical in this design, and the shape

of the plates is not prismatic anymore. Therefore, manufacturing of the plates is more
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complicated and needs more advanced technologies, such as the 5-axis cutting facilities and

precise quality control tools as shown in Figure 4-22.

Figure 4-22: Final check of geometry for Seele nodes [30].

4.3. Finite element modelling

To validate the effectiveness of the new designs from using the transitional section method
and the BESO approach, finite element modelling is performed to evaluate the mechanical
properties of the new nodes, and they are compared to the conventionally designed nodes.
Here a series of finite element models are created for modelling the five different types of
nodes, including unsmoothed transitional node, smoothed transitional node, smoothed BESO
node, Sun Valley node and Seele node. The commercial software package Abaqus Standard

is employed for the quasi-static analysis. Linear elastic material model for steel is used with
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Young’s modulus of 210.83 GPa and Poisson’s ratio of 0.3. Hypermesh v11.0 is used to
generate the mesh for different nodes. Hexahedral elements (C3DS8) are used for manually
meshing the transitional and BESO nodes due to the complex geometries, while a
combination of hexahedral elements (C3DS8) and tetrahedral elements (C3D4) is used for
automatic meshing Sun Valley and Seele nodes. The information of the finite element meshes
for different nodes are summarised in Table 4-4. The average element size of all nodes is 5
mm. In the numerical simulations, one of the six members is fixed at its end and the loads are
applied on other five members as a pressure at the end of each member. The mean
compliance and the maximum von Mises stress in each model is used for assessing and

comparing the mechanical performance.

Table 4-4: Meshing method of nodes.

Meshing Mesh size  Number of elements

Model name method (mm) C3D8 C3D4
Unsmoothed transitionalnode Manually 5 51,190 0
Smoothed transitionalnode =~ Manually 5 51,190 0
BESO node Manually 5 78,331 0
Sun Valley Automatic 5 53,030 656,167
Seele Automatic 5 51,219 698,001

4.4. Results and discussion

The von Mises contours obtained for the four different types of structural nodes (transitional
nodes, BESO node, Sun Valley node and Seele node) under five loading cases from LCi to
LCs are illustrated in Figure 4-23 to Figure 4-27. Smoothed and unsmoothed transitional
nodes are also compared to demonstrate the effect of the smoothing algorithm. The results
show that, for Sun Valley and Seele node, the centre parts of the node have evidently lower
stress levels with a clear boundary between the members and the cores in all five loading

cases. Also, stress concentration can be found around corners and connections of different
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sections. While for the new designs, i.e. transitional and BESO nodes, the stress distributions
are much more uniform without clear stress changes between the members and the centre
parts. For transitional node, the application of smoothing algorithm reduces the stress level at

the edges and connections between different sections.
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Figure 4-23: von Mises stress contours of new and conventional nodes under the same

loading condition, LCi.
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Figure 4-24: von Mises stress contours of newly designed and conventional nodes under the

same loading condition, LC>.
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Figure 4-25: von Mises stress contours of newly designed and conventional nodes under the

same loading condition, LCs.
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Figure 4-26: von Mises stress contours of newly designed and conventional nodes under the

same loading condition, LCa.
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Figure 4-27: von Mises stress contours of newly designed and conventional nodes under the

same loading condition, LCs.
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Table 4-5: The mean compliance, maximum von Mises stresses and volumes of different

nodes.

Mean compliance (N-m)

Maximum stress (MPa)

Nodes C C Volume
LCi LC2 LCs LCs LCs LCi LC: LC: (cm’)
Unsmoothed 53 30 33 38 23
transitional node 3 3 8 9 6 169184 165 174 160 6328
Smoothed 50 28 31 36 22
transitional node 2 2 7 6 0 146 146 147 154 133 6476
49 25 28 3.1 1.8
BESO node 3 5 3 0 3 177 159 160 153 117 6298
Sun Valley node Séz 3; 3(')6 4(')0 232 778 420 611 603 428 6876
51 26 30 35 21
Seele node 3 2 7 3 3 351 231 213 289 216 6441
E 1000 “ Sun Valley node
E 200 Seele node
£ 800 ® Unsmoothed transitional node
2 7 ® Smoothed transitional node
= 700 # BESO node
g 600 v :
= 500 Z
g 400 %
241 N g
= : f - v
g 200 | 7 7
KRR R
= 0 % 7 % 7 %
LC; 15 LC, LC, LC,
Load cases
(a)
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S o= bd b LA O =] 00 D

NIRRT RN
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Figure 4-28: The maximum von Mises stresses and the mean compliances of different nodes

under different loading cases LCi to LCs, (a) von Mises stress; (b) mean compliance.

In the following sections, the nodes are compared in three areas, including (a) volume and

weight, (b) maximum von Mises stress and (¢) mean compliance and stiffness.

Volume and weight

In order to have a meaningful comparison of the structural behaviour, the new nodes are
designed to have similar weight as the conventional nodes. As listed in Table 4-5, Sun Valley
node has the highest structural volume of 6876 cm?, which is approximately 7% higher than
the Seele node (6441 cm?®), approximately 6% higher than the smoothed transitional node
(6476 cm®) and 9% higher than the BESO node (6298 cm?). It is important to note that the
volumes and weights of the conventionally designed nodes are dependent only on the
geometrical parameters of these nodes. Therefore, it is not possible to design a lighter node

for less critical loading conditions by using the conventional design methods.

Maximum von Mises stress

Figure 4-28(a) shows the maximum von Mises stresses for the four types of structural nodes.
Detailed data are listed in Table 4-5. Overall, the maximum stresses of the newly designed
transitional and BESO nodes are significantly lower than those of the Sun Valley node (56%
to 81% lower) and the Seele node (20% to 58% lower) for all loading cases. For the first
three loading cases LCi, LC2 and LCs, the smoothed transitional node has the lowest stress
level, while for the other two loading cases LC4 and LCs, BESO node has slightly lower stress
level. In spite of having the maximum amount of material among all five nodes, the Sun

Valley node has the highest von Mises stress level in all loading cases.

In addition, compared to the unsmoothed transitional node, the maximum stresses of the

smoothed transitional node in all loading cases are reduced by 10.9% to 20.7%. Therefore,
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the Laplacian smoothing algorithm is able to effectively decrease the stress concentrations of

the node.

Mean compliance and stiffness

Figure 4-28(b) illustrates the structural mean compliance of different nodes for various
loading cases. It shows that the Sun Valley node has the highest mean compliance in loading
cases LC2, LCs and LCs, followed by the unsmoothed transitional node, the smoothed
transitional node and the Seele node. The BESO node has the lowest mean compliance in all
loading cases. In the cases LC1 and LCs, the unsmoothed transitional node has the highest

mean compliance, slightly higher than the Sun Valley node.

Discussion

Conventional nodes: The results indicate that the Seele node is stiffer, lighter and has lower
maximum stress compared to the Sun Valley node. It shows that, in conventional designs, the
concept of penetrating webs into top and bottom continuity plates results in a more integrated
structure, rather than the concept of connecting flanges to the continuity plates. Also,

extending webs of the beams with the main loads is not effective in transferring loads.

The best mechanical performance: The new design approaches have reduced the maximum
stress as compared to the Sun Valley and Seele nodes. Also, the BESO node has smaller
maximum stress and smaller mean compliance compared to the transitional node, despite the

smaller volume. Therefore, the BESO node has the best overall mechanical performance.

Uniform design: It should be mentioned that, in all loading cases, the maximum stress of the
newly designed transitional and BESO nodes vary in a relatively smaller range compared to
the maximum stresses of the conventionally designed nodes, indicating that they are more

uniformly designed for different loading conditions.
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The design guide: The stiffest BESO node consists of only two separated layers without any
internal structures between them. This indicates that the material between the two layers is
inefficient and can be removed during optimisation for pure axial loading conditions.
Besides, comparing the Seele node with a hollow box structure to the transitional nodes with
excessive internal walls, the Seele node is stiffer than the transitional nodes. This indicates
that the internal walls have little contribution to the node performance when the nodes are
axially loaded. Considering the fact that the out-of-plane bending consists of a couple of
tension and compression loads, it is predictable that the internal walls are not efficient
structural members for the out-of-plane bending either. Therefore, the hollow box

configuration can be assumed as the best structural configuration for the nodes.

Aesthetical features: The gridshell structures are single layer structures with maximum
exposure of their components compared to other structural types. To achieve beautiful
landscape, it would be desirable to use members with organic shapes in structures. The newly
designed nodes, especially the BESO node, are ranked much higher than the conventional

nodes.

Fatigue: Gridshell structures are usually exposed to repeating loads, leading to fatigue stress
in the structural members. The conventional design methods involve large amounts of cutting
and welding of different parts as well as sharp edges, which increase the probability of
defects and fatigue failure. The new design methods are generating the best geometry for

fatigue resistance, as the sharp edges and the abrupt changes are avoided.

Manufacturing: The newly designed transitional node and the BESO node can be rapidly
and precisely fabricated by using additive manufacturing. Figure 4-29(a) shows the prototype
of the unsmoothed transitional node 3D printed in stainless steel, and Figure 4-29(b) shows
the prototype of the BESO node printed in nylon material (to save the printing cost). The Sun

Valley node can be manufactured in conventional manufacturing process by using 3-axis



Chapter 4 140

laser cutting tool or 3-axis water jet tool. To manufacture the Seele node through the
conventional methods, it is essential to use the 5-axis laser cutting tool or 5-axis water jet
cutting tool due to the angled planes in design. In both conventionally designed nodes, large
amount of welding, precise controlling and post-process machining of the surface are needed.
On the other hand, the manufacturing process of the newly designed nodes is automatic;
therefore, no significant post-processing, such as machining rough surfaces, is needed.

However, the cost for 3D metal printing is still quite high nowadays.

Although a comprehensive comparison of the manufacturing intense and cost between the
newly designed and the conventionally designed nodes is not possible as these factors are
dominated by the market, a simplistic comparison of the unit price ratio in the two
manufacturing methods, i.e. the additive manufacturing and the conventional manufacturing,
is available. It has been advised by the industry references that this unit price ratio is about
five. Based on this simplistic comparison, the newly designed nodes should weigh at most
20% of the conventional node to be practical and effective at this moment. This ratio is
getting lower and lower with the rapid development of additive manufacturing technologies.
Furthermore, other features also make the newly designed nodes promising, such as the
aesthetical features, high stiffness, reduced structure size, reduced foundation requirement,
high precision and less labour. It should be noted that, in this research, the five loading cases
under consideration are representing the situation of a fully loaded node in a gridshell
structure, which may be a rare case. If real loading conditions are taken into account in the
design procedures, much lighter nodes will be generated using the new design methods,
whereas the conventionally designed nodes may have little change in the weight, as they are

designed based on the geometrical considerations only.
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Figure 4-29- Manufactured samples of structural nodes: (a) unsmoothed transitional node
with the end of each member prepared for bolt-connection additively manufactured in
stainless steel; (b) BESO node additively manufactured in nylon material; (c) Sun Valley
node conventionally manufactured for Expo 2010 Shanghai [29]; (d) Seele node

conventionally manufactured for Westfield shopping centre roof in London [30].

4.5. Conclusions

In this chapter, two new designs of structural nodes for gridshell structures are introduced.
The new designs are based on the transitional section method and the topology optimisation
approach respectively. These new nodes are subjected to complicated axial tension and

compression loads in six spatial directions defined by geometric parameters of the nodes.
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Laplacian smoothing algorithm is applied to the new designs to generate a more practical
geometry with less stress concentrations and better structural performance. A series of finite
element modelling is conducted to evaluate the mechanical properties of these nodes in the
elastic range. Prototypes of the newly designed nodes are additively manufactured using
stainless steel and nylon materials. In addition, the conventionally designed nodes used in
Sun Valley and Westfield shopping centre roof are studied under identical loading conditions

for comparison.

The new design approaches have reduced the maximum stress compared to the Sun Valley
and Seele nodes. The BESO node is demonstrated to be the most efficient, evidenced by the
low von Mises stress, the highest stiffness and the smallest amount of material consumption.
The newly designed nodes also have more uniform stress distributions. Furthermore,
compared to the conventional nodes, the transitional and BESO nodes are more purposely
designed based on specific loading and boundary conditions. The results also show that the

Laplacian smoothing algorithm is effective in reducing the stress concentration in structural

nodes.
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CHAPTER 5

EXPERIMENTAL AND NUMERICAL STUDIES ON THE NODES FOR

GRIDSHELL STRUCTURES
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Chapter 5: Experimental and Numerical Studies of Nodes for Gridshell Structures

As discussed in previous chapters, design and manufacturing of nodes for gridshell structures
are not easy to achieve due to their complex geometry and loading conditions. Besides, the
validation of node design is challenging because it is difficult to apply the design loads in a
laboratory test. In this chapter, an innovative experimental setup for quasi-static test of nodes
under dominant design loads is proposed. Two different symmetrical three-way nodes are
designed using bi-directional evolutionary structural optimisation (BESO) for pure axial
loads and pure out-of-plane bending moments respectively, and then manufactured using
additive manufacturing (AM). A test rig is designed in this study and manufactured for the
node testing under design loads. In addition, a 3D finite element analysis is conducted, and
the numerical model is validated against the test results. It is found that the bolt tolerances

should be considered in the design of the test setup.
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5.1. Introduction

Structural node is one of the most critical components in a gridshell structure, which is
responsible for transferring loads in the system. Also, the node stiffness could significantly
affect the behaviour of the gridshell structure [1-7]. Therefore, it is very important to evaluate
the effectiveness of the node design concept. However, it is usually difficult to simulate the
complex geometrical, topological and loading conditions of a node in experiment. In most

cases, the node conditions are highly simplified in the experimental tests.

Several approaches have been used in the design of test setup for structural nodes. The first
approach is to simplify the geometry, topology and loading conditions of the test specimen.
In the experimental study carried out by Lopez et al. [8] on nodes for single layer structures,
the nodes were simplified as 2-way nodes, and only the out-of-plane bending moment was
applied. The effect of combination of different parameters on the improvements of joint
stiffness and rotational capacity was investigated [8]. Conventional four-point bending tests
were conducted with mobile supports as shown in Figure 5-1a. The specimens for the four-
point bending test are shown in Figure 5-1b. The experimental results presented only the

bending behaviour and the rotational stiffness of the joints.

Figure 5-1: (a) Four-point bending test of the joint system, (b) specimens for the four-point bending
test.
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The second approach is to test the node when it is assembled in a structure by applying load
on the structure. Although, in this method, the node is subjected to the internal loads from the
connected members, which is similar to real life situation, the applied loads are usually
different from the design loads. Besides, to test one node, other nodes and members in the
structure might be damaged during the tests. This approach was used by Lopez et al. [1] in
the numerical and experimental investigations of the influence of joint rigidity on the global
behaviour of single-layer latticed dome structure. In their study, to validate the numerical
analysis, two experimental tests were conducted. The first was on a simple structure with
only one free node (Figure 5-2a) and the second was on a complete single-layer dome with
seven meters span (Figure 5-2b). During the tests, the load was applied on the central node

and the vertical displacement was measured.

Figure 5-2: Experimental test on (a) a simple
structure with only one free node, (b) complete
single-layer dome [1].

Huihuan et al. [9] conducted experimental and numerical studies to investigate the influence
of joint rigidity on the mechanical performances of squared plan-form single-layer structures.
Limin et al. [10, 11] constructed a model of substructures to investigate the anti-progressive
collapse mechanism of long-span single-layer spatial grid structures. Eight full-scale

specimens were considered in their studies. Figure 5-3 shows the designed test setup in their
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study consisted of a self-balanced spatial support system and a vertical reaction frame used to

apply an upward load.

Virtical reiction [rume
’

Figure 5-3: Test setup used in Limin et al. study [10].

The third approach is designed to be capable of covering all dominant loading and
geometrical conditions of the node. In the full scale laboratory test conducted in Zhejiang
University [12], loading devices were aligned with the directions of the design loads. In this
test setup, a big spherical frame was needed to support the loading devices pointing to the
node from different directions in space as shown in Figure 5-4. Although this test rig is

versatile, it is very expensive and difficult to construct.
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In this study, an innovative test setup is designed, which is more flexible compared to the first

two approaches, and is cheaper and easy to set up compared to the full scale loading device.

5.2. The design concept of test setup

The new test setup developed in this study is general, easily accessible and able to simulate

the dominant loading conditions of the node of gridshell structure.

The idea of the test setup introduced in this section is to design a mechanism to distribute the
applied vertical load to the connecting faces of the node. The distributed loads could properly
simulate the design loads in the test. In the proposed test rig, pin connections are used, which
would have minimum friction and reduce the influence on the rotational freedom. As
discussed in previous chapters, due to membrane action of gridshell structures, the dominant
load case in these structures is the axial load. Although out-of-plane bending and in-plane
bending components are also affecting the design of the members, they are not as significant
as the axial load. Shear forces and torsion moment are usually neglected as they are very
small. Therefore, the axial load, out-of-plane bending moment and in-plane bending moment

are considered in the designed test setup in this section.

To consider out-of-plane bending moments and in-plane bending moments, eccentricities of

the axial loads are applied at each connecting face of the node (Figure 5-5).

Connecting face

Figure 5-5: Application of out-of-plane bending moments and in-plane bending moments.
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The concept of the test setup is based on the simple operation of changing the direction of the
applied loads to the desired direction (vertical direction) by using a rotating part. This
operation is schematically shown in Figure 5-6. As can be seen in Figure 5-6, two pairs of
residual loads (dashed vectors) are generated in the reverse direction of the applied loads.

These residual loads are combined and transferred to the ground through a pin support.

Pair of dezign load | Pair of applied
|

4

V load

Pin support

Figure 5-6: Schematic of changing the direction of the applied loads using a rotating part.

When all loads are in vertical direction, the resultant of the loads can be used as the only

controlling load in the test setup (Figure 5-7).
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Figure 5-7: Using a beam to combine two vertical loads.

The design procedure of the new test setup is defined in a few steps. The arbitrary geometry
conditions used for the nodes in Chapter 4: is selected to demonstrate the test rig design
procedures. The perspective of a transitional node which is designed in Chapter 4: is shown

in Figure 5-8.

Figure 5-8: 3D node designed based on arbitrary geometrical parameters shown in Table 4-2.

It should be noted that the procedures discussed here are for test rig design under individual
load case. The first step is to apply the axial component of the load case to the centre of the

connecting face. The direction of this axial component crosses the centre point of the node

(Figure 5-9).
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Figure 5-9: Axial loads applied concentrically on the node.

The next step is to apply the eccentricity calculated from the bending moments as shown in
Figure 5-5. In this example, constant eccentricities of 30 millimetres are applied to the axial

loads in both directions (Figure 5-10).

Figure 5-10: Eccentric axial loads applied on the node.
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The vertical planes crossing through the point of the applied eccentric axial loads are needed
to define the rotating plates in it. To define these planes on the connecting faces, z-vector and
the vector of axial load are used. In this step, the position of the bolt hole for eye connection
can be found by aligning the predesigned cleat plates to the lines obtained from intersecting

vertical planes and connecting faces (Figure 5-11).

Figure 5-11: Definition of vertical planes.

The force applied vertically on each face can be calculated based on the dimensions of the

plate used as the rotating part (Figure 5-12).

Pin connection

Rotating part

Pin support

Dy

Figure 5-12: Solid plates used as rotating parts for changing the directions and magnitude of
the applied vertical loads.
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After determining the magnitude and location of all vertical forces, resultant force can be
calculated. The process of calculating the location of the resultant force is shown in Figure

5-13. The vertical load F can be applied by using a support frame and a hydraulic jack.

Figure 5-13: Generation of axial loads and bending moment loads.

5.3. Case study

In this study, a test rig is designed and manufactured to test nodes designed by BESO. The
test rig evolved during a design process. The first test rig is proposed for testing symmetrical
three-way node (Figure 5-14a) designed for two out-of-plane shear loads (Figure 5-14b). As
shown in Figure 5-14c, the upper and lower parts of the test rig are clamped in the hydraulic

jack and a tension is applied to the system.
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Figure 5-14: Test rig designed to test the shear node.

The advantage of this test rig is that it can be adapted to the conventional testing machines to
test small size nodes. However, it cannot be applied to full scale node test. Besides, the test
rig is customised for only one node and one loading case. Also, the lower part is made of

plates intersecting with the angles of the node’s connecting faces, which can be challenging

in manufacturing.
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Figure 5-15: Test rig designed to test the bending node.

A similar test rig is designed for testing the node designed for out-of-plane bending (Figure
5-15). In this test rig, the out-of-plane bending on each connecting member is generated by
applying two vertical forces in the opposite directions and with a certain eccentricity. This
concept is later used in the design of a general test setup. In this design, the upper and lower
parts of the test rig are still complicated to be manufactured. To design a simpler test rig for
bending node, the concept of the coupled vertical loads is used with a simpler top and bottom

parts as shown in Figure 5-16.
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Figure 5-16: Test rigs designed for bending node.

In the third design version, designs for bending node test and shear node test are combined. In
this test setup, different configurations of bolts and members are used to simulate different
loading conditions for shear and bending nodes. Therefore, in this design, one end of the test
rig is connected to the abutment, and the other two ends are connected to the loading device.

The design is shown in Figure 5-17.

Bending Shear test
Figure 5-17: Test rig designed for both bending node and shear node.

With a small change in the direction of the applied load, it is re-designed to fit to the

application of hydraulic jack (Figure 5-18).
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& &

Bending Shear test

Figure 5-18: Test rig designed for both bending and shear experiment using one hydraulic
jack.

The structural system and the internal force diagrams of different configurations of the test
rig are shown in Figure 5-19. In shear test configuration, the node face connected to the
foundation provides a fixed boundary condition, and the system behaves like a cantilever. In
the case of bending configuration, the couples of vertical forces are provided at all three ends.

However, as it is shown in Figure 5-19, the test rig is unstable to the horizontal movement.

T =

Shear dlagram — e “
Bcnding diagram '“ “:
Bending configuration Shear configuration

Figure 5-19: Structural system and internal force diagrams for bending node and shear node
using one hydraulic jack.
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Figure 5-20: Bending configuration of the test rig.

To solve the instability problem of the test rig, the bending configuration of the test rig is
modified, as shown in Figure 5-20. The modified test rig is consisted of three parts, including
rigid rotating plates, support plates, and condition plates. The rigid rotating plates are used to
change the direction of the applied loads. The support plates are connected to the ground to
provide support for the node. The condition plates are employed to simulate the boundary

conditions of the node.

In the next version, by determining the appropriate sizes for plates and the appropriate bolt
holes in each plate, the test rig is designed for four different tests including bending, shear,
compression and tension. The proposed test rig can be used to apply different loads to a
three-way node by minimal changes in the configurations of bolts and plates. Different

configurations of the final design for the test rig are shown in Figure 5-21 to Figure 5-24.
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Figure 5-21: The configuration of test rig for shear test.

Figure 5-22: The configuration of test rig for compression test.
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Schematic mechamism of test ng

Hing connection

Configuration for bending test

Figure 5-23: The configuration of test rig for bending test.

Tension+bending

Dummycompression node

lII

Schematic mechanism of test rig

Designed node

Configuration for tension test

Figure 5-24: The configuration of test rig for tension test.



Chapter 5 162

This test rig is manufactured and assembled for bending and axial node tests. Figure 5-25

shows the render and picture of the assembled test rig for axial test.

Figure 5-25: The render and picture of the assembled test rig for axial test.
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5.3.1. BESO design

Figure 5-26: Dimensions of the initial geometry of the node for experimental study.

In this section, BESO design is carried out for axial loads. The dimensions of the node to be

designed are shown in Figure 5-26. The result of BESO design is shown in Figure 5-27.

Figure 5-27: BESO design for axial load.
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As it can be seen in Figure 5-27, the stress level in most parts of the non-design domain of the
node is lower than that in the design domain. Therefore, the non-design domain is changed to
a smaller part which is connecting top and bottom parts of the node. By reducing the volume
of the non-design domain, the weight and cost of the node is reduced. The new non-design

domain is shown in Figure 5-28.

Figure 5-28: BESO design for axial load with a smaller non-design domain.

The BESO design for bending moment is also carried out and the result is shown in Figure

5-29. In this design, the non-design domain consists of small rings around the bolt hole.
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Figure 5-29: BESO design for bending moment.
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Figure 5-30 shows the rendered perspective views of the nodes designed for symmetrical

axial force and bending moment.

Bending Axtial
Figure 5-30: Perspective render of BESO design for bending node and axial node.

5.3.2. Material test

The nodes are 3D printed using stainless steel. A series of tensile tests are carried out on dog-
bone samples to obtain the stress-strain curve of the stainless steel. The dog-bone samples are

also 3D printed. The results of the tensile tests are shown in Figure 5-31.
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Figure 5-31: The results of tensile tests on 3D printed dog-bone samples.

The stress-strain curve used for non-linear simulations is calculated based on the average of
the test results. Figure 5-32 shows the strain-stress curve of the tensile test of the 3D printed

stainless steel sample MODEL?2 and the simplified curve for the simulations.
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Figure 5-32: The simplified strain-stress curve for non-linear simulations.

5.3.3. Numerical simulation

Since BESO design is carried out based on linear analysis, the BESO results for both tension
and compression lead to an identical geometry called axial node. However, the non-linear
behaviours of the axial node under tension and compression are different due to the buckling
of the slender members in compression. In this study, non-linear finite element analysis of
structural nodes is carried out using Abaqus to study the behaviours of the symmetrical three-

way nodes under symmetrical tension, compression and bending moments.

To apply loads, the joints which are on the internal surface of the bolt hole are constrained to
a reference points. The loads are applied to these reference points. In axial node, the reference
point is defined at the centre of the bolt hole. One set of the constrained joints and their

attributed reference point is shown in Figure 5-33.
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Figure 5-33: Constraint definition for a bolt hole in axial node.

In the numerical model of bending node, the reference point is defined at the centres of the

four bolt holes of each face as shown in Figure 5-34.

Figure 5-34: Constraint definition for bolt holes of one side of bending node.

The loading condition is simulated by applying displacements to the reference points. In axial

nodes, translational displacements in the direction of the connected beam members are
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applied to the reference points. In the bending node, out-of plane rotations are applied to the

reference points. The applied displacements are shown in Figure 5-35.

lension node Compression node Bending node

Figure 5-35: The loading conditions of axial and bending nodes.

Figure 5-36: Failure of the node under outward axial loads (tension).

The failure mode of the axial node under the symmetrical tension load is shown in Figure
5-36. The force-displacement curve obtained from numerical model for a typical reference
point of the tension node is shown in Figure 5-37. As can be seen in the figure, the maximum
force applied to one bolt hole is SkN. The failure of the node occurs in the member type three

of the axial node as introduced in Chapter 3. To find the ratio of the internal force of the
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failed member to the applied load, the equilibrium equation can be solved for the connection

of the three types of members in the node. Figure 5-38 shows the internal forces of the

members.
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Figure 5-37: Force-displacement curve for tension node.

Figure 5-38: Applied load and internal forces of the members of tension node.

Considering the angle between member type one and the applied load, the internal force of

member type one is equal to the applied force. Therefore, the equilibrium equations can be

solved as follows:

> F,=-T+Acos30)=0 = A=

T
cos(30)
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T sin(30)

Y F,=-F+Asin30)=0 = F-=
cos(30)

=T xtan(30) =0.577x T

Therefore, the maximum internal force in the member type 3 which causes tensile failure of
the member is equal to 2.89kN. The maximum tensile stress of the member is calculated by

dividing the maximum tension of this member by the area of its cross section as:

o = - 28N _ sismpa

Area  5.3mm?>

which is matching to the maximum tensile stress of 586MPa as shown in Figure 5-32.

The failure mode of the axial node under the symmetrical compression load is shown in

Figure 5-39.
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Figure 5-39: Failure of the node under inward axial loads (compression).

The axial node is failed under compression due to the global buckling of the planar

substructures. The force-displacement curve of the axial node is shown in Figure 5-40
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Figure 5-40: Force-displacement curve for compression node.

The applied maximum compression load is 2.63kN. The capacity of the axial node is

decreased by 49% in compression compared to the tension capacity of the node.
y p p pacity

The failure mode of the bending node under the symmetrical out-of-plane bending moment is

shown in Figure 5-41.

Figure 5-41: Failure of the node under out-of-plane bending moment.

The bending node is failed in buckling on the compression side. The moment-rotation curve

of the node obtained from non-linear analysis is shown in Figure 5-42.
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Figure 5-42: Moment-rotation curve for compression node.

As discussed in Chapter 3, the topology of planar substructures in both axial and bending
nodes is similar, which is because in linear analysis the behaviour of bending moment is a
precise combination of axial behaviour of tension substructure and compression substructure.
But in non-linear analysis as shown in Figure 5-41, there are differences between the failure
modes of substructures in bending node and their attributed node. The compression
substructure of bending node is buckled in a different direction compared to the substructures
in compression node which are buckled inside the node. Besides, both tension and
compression substructures are subjected to the rotation of the bending node. Also, the tension

substructure in bending node does not fail.

5.3.4. Estimation of load cell force

To measure the applied load by hydraulic jack, a load cell is used on top of the hydraulic
jack. To select a proper load cell, the capacity of the load cell is estimated by calculating the
maximum applied load of each node. The details of loads and dimensions of test rig of each

node are shown in Figure 5-43 to Figure 5-45.
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Figure 5-43: Dimensions and forces in test setup for tension node.

Figure 5-44: Dimensions and forces in test setup for compression node.
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F=0.79kN

Figure 5-45: Dimensions and forces in test setup for bending node.
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5.3.5. Manufacturing

The nodes are manufactured using binder jet method. In manufacturing process, as the
slender members are broken in de-powdering step, temporary reinforcing members are added
to the model. These members are removed from the nodes before testing. The 3D printed

nodes are shown in Figure 5-46.
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Figure 5-46: An axial 3D printed node used for experiment.

5.3.6. Experiments

Four axial nodes and one bending node are tested using the designed test rig which is
demonstrated in section 5.2. After assembling the test rig and placing the node in it, an initial

rotation in the rigid rotating plate is observed as shown in Figure 5-47.
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»
Figure 5-47: The initial rigi rotation in the assembled test setup for axial node.
The reason of this initial rotation is that the difference between the diameter of the bolt and
the diameter of the hole is not considered in the design process of the test setup, which may

cause initial movement and rotation of the plates (Figure 5-48).

Figure 5-48: Test setup, a) before movement, b) after movement.
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To include the initial movement in the simulation, two steps are considered. The first step is
to simulate the movement of the node and plates before the surfaces of all bolts and holes are
contacted tightly as shown in Figure 5-48b. The second step is to simulate the deformation of

the node to failure. The predicted failure mode of the axial node is shown in Figure 5-49.

Figure 5-49: Failure mode of the axial node, a) non-linear simulation, b) experiment.

Figure 5-50 shows the force-displacement curve at the connection of the node to one of the
rotating parts of the test rig. As can be seen clearly from the curve, the maximum applied
load is equal to 8kN. The failure of the node under axial load occurs at the displacement of

3.2mm where node is deformed about 0.2mm at the location of the applied load.
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Figure 5-50: Force-displacement curve for compression node.

Figure 5-51: Four axial nodes are tested by using the proposed test rig.

Figure 5-51 shows the four axial nodes tested using the test rig. The maximum applied loads
measured by the load cell for nodes N1, N2, N3, and N4 are 4.65kN, 5.72kN, 5.31kN, and
5.40kN respectively. By using the dimensions and the assembled configuration of the axial
test rig shown in Figure 5-44, the maximum axial loads applied to the nodes by each of both

rotating parts (Figure 5-12) of the test rig are equal to 6.35kN, 7.81kN, 7.25kN, and 7.38kN.



Chapter 5 179

Figure 5-52: The deformation of the bending node simulated in Abaqus.

Figure 5-53 shows the moment-rotation diagram at the connection of the node to one of the

rotating parts of the test rig. As can be seen, the maximum applied moment is equal to

0.13kN.m.
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Figure 5-53: Force-displacement curve for compression node.



Chapter 5 180

Figure 5-54 shows the failure of the bending node in experiment which is carried out using
the proposed test rig. The deformed shape of the node in the non-linear simulation is shown

in Figure 5-52.

Figure 5-54: One bending node is tested by using the proposed test rig.

The maximum applied load measured by the load cell for node M1 is equal to 1.18kN. By
using the dimensions and assembled configuration of the bending test rig shown in Figure
5-45, the maximum bending moment applied to the node on each face is equal to 0.19kNm

which is larger than 0.13kNm measured from non-linear analysis.

5.4. Discussion and conclusions

The proposed concept for test setup is based on changing direction of a vertical applied load
to the desired direction by using the in-plane rotation of plate with specific dimensions and
alignment. In the case study, a customised test rig is designed to test different types of nodes.
The neglect of the differences in bolt diameter and hole diameter would cause a deviation of

the real loading condition from the design condition. The node deformations obtained from
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the numerical simulations agree very well with the experimental data. The maximum loads

applied to the nodes are also close to the numerical predictions.
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Chapter 6: Conclusions and Future Research

6.1. Conclusions

In gridshell structures, structural nodes connect the members coming from different
directions. The direction and position of the connecting faces of the nodes should be adjusted
to fit the requirements of the connecting members. This is applied as constraints in the
geometrical design of nodes, so that most geometrical and topological information of the
structure (e.g. number, position and direction of the connecting members) are stored in the
final geometry of the nodes stores. As nodes connect beam members in gridshell and transfer
loads between them, the structural efficiency of nodes would affect the performances of the
connected beams and the stability and load capacity of the whole structure. In the past, the
application of gridshell structures was limited due to the lack of advanced manufacturing
technologies, high cost and difficulties in structural node design. With the development of
new design algorithm, such as the structural optimisation algorithm, it is possible to obtain
efficient node design with lighter weight. However, the geometries of these designs are
normally too complex to be fabricated using conventional manufacturing methods. In
recently years, with the development of Computer Aided Manufacturing (CAM), many
manufacturing restrictions, such as labour intensity involved in manufacturing with strict
tolerance and restrictions in mass production of customised items, have been removed. Thus,
more complex design configurations are conceivable to be constructed for gridshell
structures. The newly developed additive manufacturing (AM) technique is able to realise the
most complex node geometries with a high level of accuracy and quality control during the
manufacturing process. In this research, the behaviour of gridshell structures designed using
topology optimisation method and fabricated with the new manufacturing methods has been

extensively investigated. The general configurations of the nodes for different load cases
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have been developed. The challenges of smoothing node design and additive manufacturing
of nodes are investigated. By comparing the new design with the conventional designs, the
efficiency and effectiveness of the new design methods have been demonstrated. An

innovative experimental setup has also been proposed and validated.

In the first stage, the effects of a number of parameters, such as the loading type and the
initial node size, on the final node design have been investigated. The comparison of the
designed nodes with different initial design domain sizes under the same loading condition
shows that the decrease in the design domain size would lead to the decrease of the volume of
the designed structure, and consequently reduce the manufacturing cost. Therefore, the best
design domain size for structural node depends on its specific geometrical conditions as well
as the initial design domain size. In this study, Bi-directional evolutionary structural
optimisation (BESO) has been used to optimise design for more than 20 different nodes with
various initial geometries and loading conditions. Based on the designed nodes, it can be
concluded that, in an efficient node topology, a top layer and a bottom layer have always
been generated for the node. In order to prevent stress concentration at the sharp edges in the
BESO design, two different smoothing methods have been employed, including the
Laplacian smoothing algorithm and the Non-Uniform Rational Basis Spline (NURBS). A
case study of the smart project has also been presented and finally, the challenges in the

design, smoothing and additive manufacturing of nodes have been investigated.

In the second stage, complex structural nodes have been designed by employing two different
methods, i.e. the transitional section method and the topology optimisation method. In the
first method, a simple node centre is connected to the members using parts with varying cross
sections. The second approach is the bi-directional evolutionary structural optimisation

(BESO) method. A comparative study between the new node designs and the conventional
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node designs have also been carried out under identical loading conditions. In order to
evaluate the structural performances of these nodes, a series of finite element analysis have
been conducted on a typical six-way arbitrary node. Compared to the conventional nodes, the
transitional and BESO nodes have shown reduction in the maximum stress and more uniform
stress distributions. Moreover, the new nodes are more purposely designed based on different
load cases. Besides, the comparative study has demonstrated that the BESO node has the least

amount of von Mises stress, the highest stiffness and the smallest volume of material.

Finally, an experimental setup has been proposed for quasi-static test of nodes under different
loading conditions. The proposed test setup is general, easy to establish and able to simulate
the dominant loading conditions of the node. The test rig made in this study can apply
different loads onto a three-way node with minimal changes in the configuration of bolts and
plates, including compression force, tensile force, shear force and bending moment. Two
types of symmetrical three-way nodes designed by BESO for pure axial loads and pure out-
of-plane bending moments have been tested using the new test setup. A series of non-linear
numerical analysis have also been carried out and validated using the test results. The finite
element model has been demonstrated to be able to predict the structural behaviours of the
nodes with high accuracy. Also, the tests results show that the effect of bolt tolerance on the

testing results is significant and it should be considered in the design of test setup.

6.2. Future Research

As the most critical components of gridshell structures, structural nodes with higher
efficiency can be designed using topology optimisation algorithms and manufactured with the
help of additive manufacturing. In this study, the objective function of the structural

optimisation is the stiffness of the node, and the stress is checked in each iteration. As the
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stress level is usually used as the design criterion, it would also be interesting to investigate

the effectiveness of using topology optimisation for stress in the design of nodes.

In the node design, both stress level introduced by the applied load and deflection caused by
out-of-plane bending are important. To further optimise the design and improve the
performance, it will be beneficial to compare the optimised results obtained from the
objective function with only strength as variable and that with a combination of strength and

stiffness.

The BESO design is time dependent. When the size of the design domain increases, the
number of elements in the model increases, leading to the increase in the time of BESO
design. It is usually hard to find the minimum size of the design domain that provides enough
freedom for BESO design. A suggestion for solving this problem is to select a large design
domain and fill it with big elements. The inefficient elements can be removed from the design
domain by applying BESO. The remained design domain is then divided into smaller

elements to be used as design domain for the next round of BESO design.

With regard to the failure mode of the nodes observed in the non-linear simulations and
experimental tests, it is suggested to include the material non-linearity and buckling in the

design process.

The result of BESO node design is highly influenced by the loading conditions, while the
conventional design is more constrained to the geometrical conditions. Therefore, to obtain a
better understanding of the efficiency of the BESO design, a comparison between BESO and
conventional designs for different nodes from different locations of a gridshell structure with

different curvatures can be beneficial.
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In the test setup concept proposed in this study, the connection details need to be
reconsidered so that it can transfer loads in both directions, enable tests to be conducted under

displacement control, and allow cyclic loading tests.

Lastly, in this study, a manual hydraulic jack has been used to apply loads to the test rig.
Therefore, the applied load function could not be controlled. The configuration of the test rig
can be easily modified in the future to accommodate computer controlled hydraulic jack for a

better control over the applied load function.



