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Abstract

This thesis presents a material-efficient steel roof truss design for the redevelopment of The Pier
in Scheveningen. A parametric workflow integrating Rhino-Grasshopper, Karamba3D structural
analysis, and OptiCroSec cross-section optimisation is developed to minimise total structural steel
weight. Four architecturally compatible truss alternatives are explored, resulting in the selection of
a Pratt truss with a total steel mass of 31 tonnes. This configuration corresponds to approximately
48 tonnes of embodied carbon (CO2-eq, lifecycle stages A1-A3) and achieves a 27% mass reduction
compared to the heaviest considered alternative. Insights from four Haskoning case studies informed
a practical two-segment truss segmentation strategy, with splice plates strategically located in the
shear-dominant zones. This segmentation approach limits individual segment weights to 11.3 tonnes,
complying with Dutch transport restrictions (maximum dimensions of 23 m x 3.5 m x 2 m x 32 t).

Validation of the optimisation and segmentation methodology was performed using RFEM analysis
and Eurocode-based hand calculations, demonstrating deviations below 1% for mass and deflection
criteria. Interviews conducted with Dutch steel fabricators underscored steel member self-weight as
the primary driver of fabrication costs, reinforcing the validity of the weight-focused optimisation
objective.

The study demonstrates the effectiveness of integrating parametric geometry optimisation, cross-
sectional sizing, and transport-driven segmentation strategies. The resulting design approach achieves
substantial reductions in material use and embodied carbon emissions while ensuring practical con-
structability and compliance with structural codes.
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Chapter 1

Introduction

Steel trusses have long been in use to support structures like halls, bridges, railway stations, termin-
als, hangers, etc. Design of a truss in the traditional way begins with a preferred topology, member
profiles, and iterate until code checks pass. The engineering industry is continuously seeking better
ways of design where alternate layouts and joint positions can be checked and lighter, cheaper, lower
carbon solutions can be generated. The concept of advanced parametric design has risen in promin-
ence since early 21st century [1]. Parametric modelling, or parametric design, involves developing
models guided by pre-programmed rules or algorithms, commonly referred to as "parameters." [1].
The use of internal logic arguments in parametric design software paved the way for a lot of flexible
design options in the early design stage, rather than by being manually manipulated, which resulted
in design speed increasing significantly.

Figure 1.1: Parametric Trusses [2]

This research examines truss design through the lens of parametric design and optimisation to obtain
lighter and cheaper designs. When designing large span trusses, considerations such as segmentation
for ease of transport and on-site handling become essential. This thesis investigates the parametrisa-
tion of a single span truss using a case study, conducted in collaboration with Haskoning, supports
this research.

Creating large, visually striking indoor open spaces has become essential to attract the public, enhance
experiences, and increase commercial opportunities in buildings. Large indoor open spaces can be
adapted for various types of events, and this flexibility makes them valuable to attract visitors year-
round. This is particularly relevant in the redevelopment of De Pier in Scheveningen, Netherlands,



where ReBorn Real Estate, co-owner of the project, plans to replace the ageing structure with a new
one that meets the demands for year-round use and enhanced visitor experiences [3]. Haskoning,
as engineering consultants for the new design, aims to achieve material and cost-efficient trusses
that balance structural performance and environmental impact and simplify construction logistics.
Meeting these challenges requires systematic optimisation techniques, which will be addressed in
this research.

Figure 1.2: The Pier [4]

1.1 Research objectives

This research aims to optimise the design of steel trusses for large-span, column-free structures by
balancing key objectives such as material, cost efficiency and practical implementation requirements,
including segmentation strategies. This thesis is structured around three main objectives and they are;

Objective 1:

Determine a material-efficient design for a large-span steel truss for The Pier Redevelopment project.
Supporting sub questions:
1. How to optimise the weight of the truss for the Pier using parametric design tools?

2. How much embodied carbon can be reduced through structural optimisation of steel trusses for
The Pier?

3. Determine the best segmentation strategy for truss in The Pier and design connection for the
same.

Objective 2

Study segmentation strategies and connection methods for steel trusses to balance constructability,
and transportation requirements.

Supporting sub questions:
1. Identify different segmentation strategies and connection designs used for real projects and how

they satisfy constructability and transportation requirements.

2



Objective 3

To integrate direct cost modelling into parametric truss design for improved decision-making on
trade-offs between weight and total cost.

Supporting sub question:

1. What are the direct costs in steel truss construction, and how can they be integrated into a
parametric cost model to assess trade-offs between weight and total cost?

1.2 Research scope

This study focuses on optimising the design of steel trusses specifically for large-span, column-free
structures, with multiple objectives including material efficiency and cost efficiency. Maximum de-
flection and utilisation are constrained in the design process. The primary material considered is S355
hot-rolled steel sections; other materials or hybrid solutions are not included in the scope. The re-
search incorporates practical aspects such as segmentation for on-site assembly, as well as connection
details to allow easy disassembly and potential reuse of the trusses. This integrated approach ensures
alignment with both academic goals and real-world implementation needs.

However, aspects related to corrosion resistance and long-term durability of the trusses for The Pier
are excluded from this research in order to keep the project manageable within the set timeframe.
While the effects of galvanising are acknowledged, they are not analysed in detail. For connection
detailing, only conventional bolted plate connections are considered to prioritise future reuse; friction-
grip, post-tensioned, or slip-critical joints fall outside the scope of this study.

1.3 Methodology

To achieve the research objectives, the project is structured into different parts. This section outlines
the research methods and tools used to achieve the thesis objectives within the given time frame. The
methodology integrates parametric modelling, optimisation and structural analysis within a case study
to explore optimal steel truss designs. The validation of methodology is also addressed in this section
along with practical considerations such as segmentation, connections for disassembly.

1.3.1 Part1l

The first part focuses on building a strong foundation for the research through literature review,
parametric modeling, preliminary structural analysis and cross-section and weight optimisation for
a standard truss. This is to validate the methodology used to answer research objective one. The
results from the analysis will be checked against other method to confirm this methodology works
accurately.

Parametric . -
Literature study »model (Standard Eros_s-_sec_tlon * Stmctn._lal - \'_Ue[ght_
Truss) optimisation Analysis Optimisation

Figure 1.3: Methodology Workflow

Literature Review:

A comprehensive literature study is conducted to understand the current state-of-the-art in steel truss
optimisation and segmentation strategies. This includes an investigation of constructability and sus-



tainability aspects, along with existing methods in optimisation. The findings of this study are presen-
ted in Chapter 2.

Parametric Model Development:

In chapter 3, a parametric truss model is developed using Grasshopper, a plugin for Rhino 8. The
initial geometry, boundary conditions, load cases and cross section and material to the truss elements
are assigned. A key step in this process is determining which truss design parameters will be variables
and which will remain fixed, ensuring an effective optimisation strategy.

Preliminary Structural Analysis:

Once the initial geometry is established, structural analysis is performed using the Karamba3D plugin
in Grasshopper. This analysis helps in understanding the behaviour of the truss under various load
combinations, setting the foundation for optimisation later. The standard truss model will also be
analysed using RFEM to ensure the model works properly. A comparison of the values obtained for
max axial force, max deflection, stress in critical members, etc is done for each method.

Cross-section and weight optimisation:

Cross-section optimisation will be done using Karamba3D by selecting the most efficient cross-
section from the given list of cross-sections for each element within Grasshopper. To minimize the
structural weight of the truss, the Galapagos plugin in Grasshopper is used. Galapagos evaluates each
design based on its fitness by selectively breeding and mutating better performing solutions until it
converges on an optimal or near-optimal configuration.

Rhino 8, Grasshopper and all plugins needed for this thesis are made available using the professional
license from Haskoning.

1.3.2 Part2

In the second part the focus will shift towards the case study which is presented in chapter 6.

) Parametric .
Truss Design Cross-section

4 —» model (Case —» A e
Alternatives study) optimisation

Embodied Total steel weight Segmentation
Carbon -— 0 ?:afcufatmg —{ and connection
Calculation design

Figure 1.4: Steps for truss design for The Pier

Truss design alternatives

A set of concept-level roof-truss layouts will first be drafted, exploring different directions of span,
topology, truss spacing and beam arrangements. Each concept will be checked for basic structural de-
mand and practical buildability. Line-loads and Ferris-wheel reactions are estimated, and the resulting
hollow-core slab spans are verified against supplier limits with the VBI tool. VBI tool is available on-
line through the website of the supplier VBI. Concepts that push past manufacturability, clearance or
code constraints, such as schemes needing slab lengths that the supplier cannot provide are discarded
at this stage. Only the options that remain feasible are carried forward for the detailed parametric
modelling that follows.

Parametric Modelling and Cross-section Optimisation:

Parametric models of feasible design alternatives will be developed in Grasshopper using the bound-
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ary conditions and load case from the case study. Structural analysis is done using Karamba 3D once
the geometry is established within cross-section optimisation as described in Part 1. The methodology
explained in part 1 is replicated except for using Galapagos. Galapagos plugin is not necessary for
the case study.

Calculating Total Steel Weight and Embodied Carbon Saving:

The total steel weight including the trusses and beams in the configuration, is calculated. Embodied
carbon for each option is assessed by calculating the Global Warming Potential (GWP) from cradle-
to-gate, i.e., covering production stages A1-A3 as defined by EN 15804 [5]. The calculation uses
emission factors from the Dutch National Environmental Database (NMD). Different designs will be
compared using GWP values to find the alternative with minimal environmental impact. The results
are analysed to determine the most efficient truss design. The final selection is based on material
efficiency and embodied carbon savings. The research concludes with the recommendation of an
optimal or near optimal truss configuration

Segmentation and Connection Design

Location for the segmentation for a design option will be done and connection is designed and verified
using IDEA StatiCa. The software is available through Haskoning’s professional license.

1.3.3 Part3

Part 3 is focused on qualitative research on the different practical implications of a project. This
qualitative research is done mainly based on interviews with experts and literature.

Segmentation of Truss

To understand how a large span truss can be transported, erected and taken apart for future reuse, a
dedicated segmentation study will be performed in chapter 4. Two complementary strategies will be
explored:

* Member-level segmentation
* Node-level segmentation

Projects done by Haskoning which has critical truss segmentation, are treated as case studies to un-
derstand complex real world situations and how they were dealt with.

Cost optimisation

Chapter 5 explores the costs involved in steel truss construction, including material, fabrication, con-
nection, and transportation costs through expert interviews.

This structured methodology ensures a logical workflow, progressing from theoretical study to prac-
tical implementation and optimisation, ultimately delivering an efficient steel truss design.



Chapter 2

Literature

2.1 Introduction

This chapter reviews the existing body of knowledge relevant to the optimisation of large-span steel
trusses and practical considerations. It examines key structural principles, different optimisation
strategies, circular design principles etc. The chapter begins by explaining fundamental truss con-
cepts and then explores various optimisation approaches, and other topics which are made use of
in the thesis later on. This establishes the theoretical foundation for the methodology and model
development in later chapters.

2.2 Steel Truss

In mechanics, a truss can be considered as a structure with two force (either tension or compression)
members who are forming triangular units[6]. They are arranged in triangular formations, and the
forces are applied only at both the end points. In a truss structure, adjacent members are connected
at joints known as connections. These joints are assumed to transfer only axial forces, meaning
that bending and torsional moments are typically neglected, as the joints are considered to have no
rotational freedom [6]. The chord members include the top (or upper) chord and the bottom (or
lower) chord. They function similarly to the flanges of a beam, resisting the tensile and compressive
forces that result from bending moments[7]. The web members, consisting of diagonal and vertical
elements, serve distinct roles: diagonals primarily carry shear forces within the truss, while verticals
contribute both to shear resistance and to supporting loads, effectively shortening the span of the
chord members. The figure below shows the different truss elements in a standard Howe truss.

Figure 2.1: Truss Elements [8]

There are different types of trusses, Warren truss, Pratt truss, and Howe truss are some of the common
ones. Figure below shows different truss topologies.
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Figure 2.2: Different Truss Topologies [8]

2.3 Constructability

In this context, constructability refers to the processes involved in producing, transporting, and in-
stalling the trusses used in the case study project. The consistency in the size and shape of truss
elements directly affects production complexity by minimizing the need for custom fabrication and
assembly [9]. Pasquire et al. [10] define standardisation as "the extensive use of components, methods
or processes with regularity, repetition and a successful history." Wong et al. [11], [12] further explain
that standardisation can be reflected in the repeated use of grids, component sizes, and connection de-
tails. To reduce the high variety of profiles in truss design, grouping strategies are often applied [13],
[14]. Elements are grouped based on similar mechanical properties and comparable stress levels, as
illustrated in the figure below. Among the various grouping methods—such as neural networks, fully
stressed design, cardinality constraints, and direct adaptation of the objective function using penalty
terms [9],the method based on cardinality constraints typically yields the lightest solution. However,
this approach involves solving a large-scale optimisation problem, which increases computational
cost and can introduce greater variability in the results [15].

Upper chord and external vertical structs
e Lvwer chord
— Internal vertical structs
Upward-downward diagonals

Downward-Upward Diagonals

Figure 2.3: Grouping based on similar mechanical properties [9]
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st group 2ned group Ard group

Figure 2.4: Grouping based on similar stress levels [9]
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The truss installation considers the assembly of the truss, which is influenced by member size and
the method of connecting the members. Transporting the members to the site is also a challenge,
depending on truck size, availability, and cost. To minimize transportation emissions, the required
transport movements should be reduced. As sustainability is a key interest of this project, ensuring
easy disassembly is important for the potential reuse of truss members in the future. Reusing structural
elements is more sustainable than recycling them[16]. Considering these practical concerns, truss
elements need to be segmented as efficiently as possible.

2.4 Steel Connections
The performance of joints plays a critical role in ensuring the safety, stability and durability of a
structure. The behaviour of structural joints is typically characterised by three main properties:

* Stiffness: The resistance of the joint to deformation under load. Higher stiffness means the
joint deforms less under a given force.

 Strength: The maximum load the joint can carry before failure.

* Ductility: The ability of the joint to undergo significant deformation before failure. This prop-
erty is crucial for absorbing energy and avoiding brittle failure.

. stiffness
& . —.y ()

deformation capacity

E

rotation capacity

Figure 2.5: Joint behavior[17]

For the design of joints in steel truss, there are pinned connections which allow rotation without
resisting moments but can effectively transfer axial forces. Rigid connections resist both moments
and forces. Semi-rigid connections which provide partial moment resistance and allow limited ro-
tation[18]. Typically, trusses are designed based on the assumption that members carry only axial
forces and therefore have pinned connections.

1. Welded Connections
2. Bolted Connections
3. Hybrid Connections — Factory-welded components assembled with bolts on-site.

Welded joints allow connections at various angles but have drawbacks like high welding effort,
alignment difficulties, residual stresses, and the inability to disassemble [18]. Bolted connections,
primarily resist axial tension or compression. The design of bolted connections is following specific
guidelines for bolt spacing, edge distances, and allowable hole sizes from Eurocode to ensure safety
and performance. However, errors in assembly or accidental damage can introduce bending moments,
potentially leading to bolt failure[18]. Design errors can lead to higher material usage, construction
challenges, and inefficient performance. To ensure structural safety, the load-bearing capacity of node
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connections must exceed that of the most stressed member in tension. This creates a reserve capacity,
allowing stress redistribution in case of an element failure, preventing catastrophic collapse. If a node
1s weaker than its most stressed member, excessive steel usage occurs without improving safety[18].

2.5 Optimisation approaches for steel trusses

Since the optimisation of steel truss designs for large-span, column-free structures involves iterative
evaluations of numerous design alternatives, it can be computationally demanding. Single-objective
optimization methods focuse on minimising or maximising a single criterion such as weight or cost
which often overlooked critical performance metrics like stability and deflection[19]. From the study
by [20], multi-objective optimization approaches, such as Genetic Algorithms (GA), allow for the
simultaneous consideration of these conflicting objectives and constraints, providing a set of optimal
solutions known as the Pareto front. Each solution on the Pareto front represents a trade-off among
the objectives, offering comprehensive and practical solutions[20]. While parametric modelling tools
like Grasshopper and its plugins facilitate streamlining the optimization workflows, achieving conver-
gence to globally optimal solutions remain a challenge due to the computational intensity of complex
load scenarios and the constraints imposed by environmental and architectural requirements[21].

In the context of this thesis, single objective optimisation is used, where the goal is to minimize the
volume of materials used while still maintaining structural equilibrium and strength. This can be
accomplished by adjusting material properties, member sizes, or the geometry of the truss. Truss
optimization can generally be categorized into three types: size, shape, and topology optimization
[22]. Size optimization involves modifying the cross-sectional areas of the members. Shape optimiz-
ation refers to adjusting the coordinates of the nodes to improve performance. Topology optimization
changes the configuration of how members are connected to the nodes, potentially altering the overall
layout of the structure [23].

2.5.1 Topology and Geometry optimisation

In structural optimization, topology and geometry are two key aspects that define the efficiency and
performance of a truss.

1. Topology Optimization: Determines which members should exist in the truss and how they
are connected[24]. It involved the addition and removal or elements and nodes. There are
several methods in topology optimisation. One example is ground structure method [25]. It
starts with an initial dense ground structure and removes unnecessary elements while main-
taining structural performance. Thereby eliminating redundant members to minimize material
use and ensuring the best load path for force transmission[25]. Constraints considered in this
approach are maximum stress and strain limits, deflection limitations, load-carrying capacity
and stability[25].

2. Geometry Optimization: Focuses on the placement of nodes (joints) in the structure to minimize
forces, displacements, and material use[24].

Simultaneous optimization of both geometry and topology, as discussed in, can lead to more
efficient and lightweight designs compared to optimizing them separately[26]. If topology is
fixed before adjusting geometry, the structure might be over-constrained and inefficient. If
geometry is optimized first, the topology may still contain redundant members.

2.5.2 Genetic algorithm

According to [27], Genetic Algorithm (GA) is an evolutionary optimisation technique inspired by
natural selection, widely used for solving complex and non-linear problems. It begins by gener-
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ating a population of potential solutions, represented as chromosomes encoding candidate designs.
These individuals are evaluated using a fitness function that measures their performance against the
optimization objectives. Superior solutions are more likely to propagate to subsequent generations
through selection methods like the roulette wheel ensuring that advantageous traits are prioritized.
New solutions (offspring) are generated using crossover, which recombines genetic material from
parent solutions, and mutation, which introduces random changes to maintain diversity and avoid
premature convergence[20]. Elitist strategies ensure the best-performing individuals survive in the
next generation, retaining optimal traits[27]. This iterative process continues until stopping criteria,
such as a maximum number of generations or achieving a satisfactory fitness level, are met.

( Intial Population |
¥
| Fitness Evaluation (FEA) |
¥
l' i Z .:T_ermlnatior;?_- ' B YES l
[_ Fltnessfcallng ] ) Optlmized" éolutlnn(s} |
i)
[ Roulette Selection |
, I L
Elitist ] [ 2-point Crossover ] | Uniform Mutation
; 'I-'
| New Population .
\ | ’

Figure 2.6: GA workflow[27]

2.5.3 Weight optimisation- Galapagos

To minimize the structural weight of the truss, the Galapagos plugin in Grasshopper[28] is used to
perform genetic algorithm-based optimization. Galapagos is an evolutionary solver[29] and Evolu-
tionary Solvers are a class of optimization algorithms inspired by the principles of natural evolution
and genetics. These solvers operate through mechanisms such as selection, mutation, and crossover to
evolve a population of potential solutions over successive generations. Rather than attempting to solve
a problem in a single step, evolutionary solvers iteratively refine solutions, making them particularly
effective for tackling complex, ill-defined, or highly nonlinear problems[30].

The core of an Evolutionary Solver’s operation can be understood through the concept of a Fitness
Landscape, a visual and conceptual model used to represent how different combinations of variables
(or genes) affect the performance (or fitness) of a solution.

In the simplified example illustrated below, the model uses two genes, Gene A and Gene B, which
represent two independent variables that can change. As these genes are varied, the overall fitness of
the solution changes, and this change is represented by the height on the 3D surface: the higher the
point, the better the solution. The job of the Evolutionary Solver is to explore this landscape and find
the highest peak, which corresponds to the optimal or best solution.
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Figure 2.7: Solution space[30]

Each unique combination of Gene A and Gene B corresponds to a specific location on this landscape.
For more complex problems involving many genes (e.g., 12 or more), the fitness landscape exists in
a high-dimensional space that is difficult to visualize but follows the same conceptual structure.

The Evolutionary Solver begins without any prior knowledge of the shape or peaks of this landscape.
It starts by generating an initial population of random solutions, referred to as genomes, each contain-
ing values for all genes. These genomes are then evaluated for fitness, and through iterative processes
of selection, mutation, and recombination, the solver evolves the population toward better solutions
over time.

After the initial population of random genomes is generated and evaluated, each genome’s fitness is
measured based on its position on the fitness landscape (as indicated by the red dots in the image
below). The higher the position (i.e., elevation), the better the fitness. Using these fitness values,
the solver ranks the genomes from best to worst. The poorly performing genomes (those in the
low-lying areas) are discarded, while the better-performing genomes are retained for the next step.
However, selecting only the best genome is not enough, since it’s unlikely that any individual from
the first random generation has already found the optimal solution. Instead, the solver breeds the
better-performing genomes with each other. This recombination of genes creates a new generation of
genomes, each potentially exploring new areas of the fitness landscape.

Figure 2.8: Solution space[30]

This breeding process allows the solver to explore intermediate spaces between high-performing re-
gions, leading to potentially better solutions over time. As generations progress, the population shifts
toward higher fitness regions, ideally converging at or near the global optimum.
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Chapter 3

Validation of Workflow

This chapter explains the workflow between parametric design, structural analysis, and optimisation
using Grasshopper. To explain the process, a simply supported beam and warren truss with verticals is
used and details about the structural analysis and optimisation are provided in the following sections.

3.1 Validation of Workflow with a Simply Supported Beam

A simply supported beam is used to validate the workflow mentioned in the methodology. This
involved:

1. Defining a simply supported beam geometry and load case.

2. Conducting structural analysis using three different methods:
* Grasshopper with Karamba3D, a parametric structural analysis plugin.
* RFEM, a widely used structural analysis software in industry.

* Hand calculation as per EN 1993-1-1.

Koramba

Structural Analysis

.'/-l l-\'.
i
— —
RFEN — Compare Results
Structural Analysi
Parametric Model st antna L 7

Structural Analysis
as per EN 1993-1-1

-

Figure 3.1: Workflow

The beam is modelled as an IPE100 section made of steel S355 in Grasshopper. It is simply supported
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with a pinned bearing at x = 0 and a roller bearing at x = 5 allowing longitudinal movement. A 2 kN
downward point load is applied at mid-span. Self weight is neglected. Structural analysis of the
beam is done using the ’analyse’ component of Karamba3D. This component gives the reactions,
axial forces, bending moment, shear force, max deflection, mass, and stress values of the beam. A
screenshot of the beam geometry is shown in figure 3.2, and values of each output are discussed in
table 5.1.

Figure 3.2: Karamba3D Model

An identical model was created in RFEM with similar support and loading conditions and structural
analysis was performed. The results obtained are discussed in the following sections. The figure 3.3
below shows the beam model in RFEM.

Figure 3.3: RFEM Model

Results
Parameter Karamba3D | RFEM | Hand Calculation
Max. Axial Force 0 0 0
Max. Bending moment 2 2.5 2.5
Shear force 1 1 1
Max Deflection (mm) 13 14.5 15
Material usage kg 40.5 40 40
Max stress N/mm”"2 73.1 73.1 73.5

Table 3.1: Results-Beam

Table 5.1 shows the comparison of results after doing analysis in the three methods and it shows a
high level of agreement between Karamba3D, RFEM, and hand calculation results. Key parameters
such as axial force, shear force, material usage, and maximum stress show negligible differences,
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confirming the accuracy and validity of the Grasshopper-Karamba3D model. Minor deviations in
bending moment and deflection are expected due to differences in mesh refinement, tolerance setting,
interpolation functions, solver precision and assumptions[31][32]. The formulas used for hand calcu-
lations are based on Euler-Bernoulli beam theory, which assumes small deformations, neglects shear
deformation, and idealises supports as perfectly pinned or fixed. It also assumes uniform, linearly
elastic material properties throughout the beam[33]. Karamaba3D uses Timoshenko beam theory
which allows the beam to rotate due to shear and allow a bending curve[31][28]. 1-2 mm difference
in deflection or 0.5 kNm in bending moment is not significant in practical design.

This comparative approach helped ensure a correct understanding of structural theory application and
provided baseline validation, confirming that results obtained from Grasshopper/Karamba3D, RFEM,
and hand calculations align closely.

3.2 Validation of workflow with a Warren truss with verticals

3.2.1 Parametric Design and Structural analysis using Grasshopper

Once the analysis methodology was validated using the beam model. A standard truss geometry
was defined in Grasshopper, enabling easy adjustments to its form and dimensions through simple
parametric changes. For a truss, the most important parameters are truss span, height, depth, number
of panels, truss topology, and member sizes [34]. According to the specific needs of the project some
of these parameters are kept fixed or variable. To demonstrate the workflow for structural analysis,
weight and cost optimisation, in this research the span and topology of the truss is kept fixed.

The varying parameters will be height and depth of the truss, number of panels and member sizes[35].
These parameters are adjusted to minimise weight and cost while controlling deflection and ensuring
stability. Member sizes are a key variable as optimizing member cross-sectional areas directly reduces
structural weight by eliminating excess material, as each member is sized just enough to carry its
forces. The truss height (depth) is another key variable: a deeper truss generally increases stiffness,
which lowers deflections for a given load, allowing the use of smaller member sections (hence weight
savings) up to an optimal point[23]. Height ratio H is defined in grasshopper using

_ Length of the truss curve
~ Height of the truss

The number of panels is defined as width ratio D

_ Length of a single truss
~ Height of the truss

Within Grasshopper, various loading scenarios were applied, and boundary conditions were clearly
defined. Using Karamba3D, a structural analysis was performed directly within the parametric model.
Grasshopper script that shows the loading and support conditions are provided in the Appendix A.
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Figure 3.4: Truss model in Karamba3D

Figure 3.4 shows the geometry of the truss which is analysed. Four different profiles were assigned
manually to topchord, bottomchord, truss diagonals and verticals.

3.2.2 Structural Analysis using RFEM

To verify the validity and reliability of Karamba3D’s analysis, the truss geometry, including loads
and boundary conditions, was recreated in RFEM as shown in 3.5. RFEM was chosen as it is widely
accepted in industry practice and serves as a reliable benchmark for result verification[32]. Analysing
the model in RFEM confirmed the consistency of results between Karamba3D and RFEM, which is
discussed in table 3.4.

Figure 3.5: RFEM Model

3.2.3 Structural Analysis as per EN 1993-1-1

EN 1993-1-1 provides the design rules for steel structures[36]. Axial forces, stresses, and deflections
were determined as shown below.
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Figure 3.6: Internal Force

Maximum Displacement calculation

Member Count N (KN) n (unit1kN) L (@m) A (cm?) J\;ZL (m)
Top chord outer 2 -37.4 -0.25 12.5 178 0.0000328
Top chord inner 2 -25.0 -0.50 12.5 178 0.0000881
Vertical outer 2 -37.4 -0.50 12.5 156 0.0000713
Vertical middle 1 -25.0 -0.50 12.5 156 0.0000478
Bottom chord 3 18.7 0.50 12.5 62.6 0.0003030
Outer diagonals 2 52.9 0.25 17.68 72.7 0.0002540
Inner diagonals 2 17.69 -0.25 17.68 72.7 -0.000107

Y. (all members) 0.00249m = 0.249¢cm

Table 3.2: Vertical displacement of the truss using virtual-work (E = 21000kN/cm?).

Member group N (kN) A (cm?) o (kN cm™2) Nature

Top-chord outer -37.4 178 -0.210 C
Top-chord inner -25.0 178 -0.140 C
Vertical outer -37.4 156 -0.240 C
Vertical middle  -25.0 156 -0.160 C
Bottom chord 18.7 62.6 0.299 T
Outer diagonals 52.9 2.7 0.728 T
Inner diagonals 17.69 2.7 0.243 T

Table 3.3: Axial stresses in truss members

Results

The table 3.4 shows a comparison of structural analysis results for the truss, obtained using Kara-
mba3D, RFEM, and hand calculation. The near-identical values across all three methods demonstrate
the reliability and accuracy of the Karamba3D model, confirming its effectiveness for structural ana-
lysis of the truss system.
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Parameter Karamba3D | RFEM | Hand Calculation
Mass (kg) 17370.5 17310 17370
MaxDisp (cm) 0.23 0.25 0.25
Max stress (kN/cm?) 0.728 0.728 0.728
Max Bending moment -1.21 -1.3 -
Max axial force (kN) 52.9 53 52.9
Shear force 0 0 0

Table 3.4: Results - Truss

3.2.4 Cross-Section Optimisation

Cross-section optimisation is a type of size optimisation and it only changes the size of the cross-
section of each structural member. This is implemented in Grasshopper using a Karamba3D com-
ponent called *OptiCroSec’ (OCS), which aims to find the optimal cross-section of each structural
member within a given range[28]. The input parameters for this component are specified in the table
below.

Parameter | Value | Description

MaxUtil 0.7 | Maximum utilization ratio

MaxDisp h/250 | Maximum displacement (cm)

ULSIter 5 Maximum number of iterations for ULS calculation
Displter 5 Maximum number of iterations for displacement
nSamples 3 Number of sample points for cross-section design
Elast True | Elastic cross-section design

Y10 1 Material safety factor

Y1 1 Material safety factor for buckling

Table 3.5: Input parameters used for cross-section optimisation

Utilisation is defined as the unity check of steel members and the calculation done using the proced-
ure described in EN 1993-1-1. The check is performed in ULS, whereas the deformation check is
performed in SLS[28]. The maximum deformation is set to h/250 [36].

The cross-section family from which selections can be made is defined by specifying a range of cross-
sections. Karamba3D offers a useful tool for this: the Cross Section Range Selector. This component
allows for selecting cross-sections based on shape and maximum dimensions. Alternatively, it is
possible to input a custom list of cross-sections, ideally sorted by their efficiency[37]. To conserve
material, it is best to sort the list by cross-section weight. When a specific family of profiles is selected
(e.g., I-shaped profiles), this sorting, usually from smallest to largest height, is done automatically
[28]. The list of cross sections used is shown in the Appendix C.

Optimisation Procedure

Firstly the initial geometry with given sections is analysed. This outputs the section forces in all
elements. Subsequently, the smallest cross-section within a cross-section family, which satisfies the
boundary condition for utilisation, is chosen for each member. This process is an iterative process
which stops when the cross-sections do not change anymore or when the maximum number of iter-
ations has been reached. This component always tries to satisfy the utilisation boundary condition
first. It is not possible within this component to consider the displacement condition first[28],[37].

To calculate the Utilisation, Karamba3D runs finite element analysis with the sections to get N, Vy,
Vz, Mt, My, Mz at n sample points along every member. At each sample point, method 2 of An-
nex B Eurocode 3 is implemented including buckling, LTB, interaction factors, kyy, kzz etc [36].
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The internal calculations inside Karamba’s OCS component utilises the interaction equation of axial
compression and biaxial bending from Eurocode 3[36].

Verification is done according to the following interaction equation (Eurocode 3, Clause 6.3.3, Method
1, Equation 6.61)[36]:

M M,
Ngg ke y,Ed t ko Ed

= Yy
Xy Vpi,Rd XMy rd M, ra

" <1.0 3.1)

Here:

Ngq is the design axial force,

* M, gq, M, gq are design moments about the major and minor axes,

* Xy, Xrr are buckling reduction factors for axial and lateral-torsional instability,
* kyy, k.. are interaction factors (amplifying bending effect under compression),
* Npira;s My ra, M ra are the plastic resistances of the section.

This equation is applied to all elements that may experience a combination of compression and bend-
ing. In an ideal truss, the moment terms simply evaluate to zero, making the axial term dominant.

The following equations are utilised to verify cross-sections in Karamba3D.

1. Cross-Section Capacities: Using section properties, the plastic resistances are computed:

A W, Wi
Npira = fy7 My g = —22222 fy, M, g = —2222 Iy

YMo YMo0 YMo

2. Buckling Parameters: Euler critical loads N, ,, N, . and critical moment M., for lateral-
torsional buckling are calculated based on geometry and effective lengths

3. Non-Dimensional Slenderness:

Y Nle Y Nle N Mle
A = L )\Z = L )\ = L
Y V Ncr,y 7 V Ncr,z ’ rr Mcr

4. Buckling Reduction Factors:
1

The imperfection factor o depends on the buckling curve (a, b, ¢, or d) and is taken from EC3
Table 6.1[36]. Karamba3D caps all moment gradient coefficients C,,,, Cp,., Crrr < 0.9 by
default for conservative design.

p==[1+a(A-02)+X], «x

N | —

5. Interaction Factors:

kw=ku=1+ﬂ(;%d—nﬂ

pl,Rd

where § and n are coefficients depending on cross-section type, taken from EC3 Annex B,
Table B.3 [36].

6. Utilisation Evaluation: The utilisation 7 is calculated at each sample point on each member
using the interaction equation. The maximum utilisation along the element defines U, ..
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7. Section Upgrade: If U,,,, > MaxUt1i1, the constraint given, the element is assigned the next
larger cross-section from its family list.

8. Convergence: The iteration stops when all elements satisfy U,,,, < MaxUtil, or if the sec-
tion list is exhausted, or a maximum iteration count is reached. In the example Warren Truss
optimisation according to table 3.5 convergence was reached within 5 iterations. Final section
assignments, utilizations, and details are then output.

The “Details” output in Karamba3D includes cross-section capacities, buckling parameters, and EC3
factors but not the actual design forces Ng4, M, g4, M. ga. These design actions are computed live
within each loop iteration based on the current FE results. An example calculation with section
properties, reduction factors, and interaction parameter extracted from Karamba3D and design forces
assumed are shown in Appendix B.

3.2.5 Weight Optimisation

To minimize the structural weight of the truss, the Galapagos plugin in Grasshopper is used.

Genomes (Design variables): These are the input parameters that Galapagos will modify to find an
optimal solution. Here the genomes are;

* Truss height ratio (h)
¢ Truss width ratio (d)

The Fitness (objective function): This is the value that needs to be minimised: total weight of the
structure (W).

Problem Statement in Galapagos

Given a truss whose geometry parameters,

g = (h7 d)

are variables and whose members must be selected from a discrete catalogue, galapagos find the
geometry that produces the global minimum self-weight.

Galapagos supplies the stochastic search on g while Karamba’s Optimize Cross Section (OCS) is
executed inside every Galapagos evaluation to deterministically choose the lightest feasible profile
for each element-group.

The nested loop explaining how OCS is integrated with Galapagos is shown in the flow chart 3.7.
The optimisation process starts with an initial geometry with an inital height and width ratio, which
is assigned with adequate steel profiles that satisfy the design checks and constraints. The total mass
of this model is then minimised by varying the height and depth ratio using Galapagos, and the loop
is exited when the best fitness value is attained.
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Figure 3.7: Optimisation loop

Variables inside Galapagos

g Geometry (genes): g = (h,d)

X(g) Nodal coordinates generated from g

L.(g) Length of element e for geometry g

A(g) Lightest catalogue area chosen by OCS for element e under
geometry g

p Material density

Objective function

MinW(g) = ipAe(g) L{g) M

Equation (1) turns the full optimisation problem into the search for the two geometric genes g = (h, d).
Because the OCS component deterministically upgrades any overstressed member before the weight
is measured, every candidate that reaches the Galapagos solver is already ULS and SLS compliant.
The fitness landscape seen by the genetic algorithm is therefore continuous, low dimensional, and
penalty free. The nested loop with OCS and weight optimisation thus delivers a geometry—section
combination that is globally minimum within the chosen catalogue and design space.

Solver Result: When the solver is started, Galapagos will generate an initial population of solutions
and evaluate their fitness. After selecting the best ones, it combines their “’genes” (design variables),
mutates them slightly, and create a new generation. This is repeated until it finds the best solution
or reaches a stopping point. Galapagos stores the best solution it found and updates the Grasshopper
sliders accordingly. The resulting chart from Galapagos solver is given in figure 3.8.
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Figure 3.8: Solver result

The Galapagos optimisation run shown above illustrates the evolutionary progress in minimizing
the total structural weight of the truss. The chart shows the fitness evolution over generations with
the number of generations in the x- axis and fitness value (truss weight in kg) in the y-axis. Over
50 generations, the algorithm explored a broad range of input combinations (genomes), gradually
improving fitness values. The chart reveals a convergence trend, where the best solution stabilises
around a minimum fitness value of 16842.7.

The figure 3.9 shows the optimisation result with updated profiles, height ratio and width ratio.

Figure 3.9: Optimised truss design
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Chapter 4

Segmentation of Trusses

4.1 Introduction

Large-span steel trusses often need to be segmented into smaller modules for practical reasons such
as transportation, on-site erection, handling, and potential future reuse. Segmentation refers to di-
viding a truss into smaller sections or members that are connected during erection. This section
discusses segmentation strategies for steel trusses, comparing member-level segmentation (splicing
within members), node-level segmentation (splitting the truss at joints) and case studies where some
of these segmentation strategies are used. Key considerations include structural performance of each
strategy, the types of connections used, and the practical benefits and limitations.

For very large trusses, a common practice is to fabricate partial assemblies (modules) in the shop
which are then connected on site. Modern steel construction practice favors bolted site splices over
field welding for connecting these truss segments, due to speed and reliability of bolting. Welded
splices on site are less common (used mainly if exposed bolted connection is not preferred for ar-
chitectural reasons) because they require more on-site work and inspection. Bolted splices, however,
must be designed to carry significant forces. In section 4.2 a standard Warren truss with verticals is
used as an example to explain common segmentation strategies.

Two fundamental strategies can be identified for how the truss is broken into segments:

* Member-level segmentation, where individual members (chords or web members) are cut and
spliced within their length.

* Node-level segmentation, where the break occurs through the nodes (joints), dividing the truss
into modules that connect at those node interfaces.

Each approach has distinct structural implications and connection requirements.

4.2 Member Level Segmentation

Cutting a major truss member, such as a top or bottom chord into shorter segments introduces splices
at locations that were originally continuous. Structurally, these splices become critical sections, as
they must safely transfer the axial forces present in the member. If a splice is introduced in a region
with high internal force, it must be designed with sufficient strength and stiffness, and may even
govern the overall design of the member.
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Figure 4.1: Truss spliced at midspan of members

For example, in a simply supported roof truss subjected to uniform loading, splicing the bottom chord
at mid-span places the splice at the location of maximum tension force. Similarly, a splice in the
top chord near mid-span would be subject to high compressive forces assuming no lateral loads are
present.

If the chord is an open section (like an I-beam or channel), plates can be bolted on either side to
connect the two pieces. Design of the splice itself follows standard connection design rules. For
bolted splices, the Eurocode (EN 1993-1-8) provides formulas for bolt shear, bolt bearing, and plate
tension resistance and other relevant design checks[38].

In the case of a tension member, the net section and the strength of the connectors must meet or exceed
the design axial force Np, (factored axial force). For a tension member, when plates are added to the
bolt, the tension forces are pulling the plates away. So the plates needs to be thicker for the force flow
to go through the bolts. Tension splices often use cover plates on either side of the member or flanges,
with enough bolts to ensure the splice’s capacity exceeds the member’s design force.

Figure 4.2: Connection for tension members

In compression members, there is an advantage in the members pushing the plates but this could
also result in buckling of the members. Therefore, additional considerations such as alignment and
buckling must be addressed. Eurocode 3 [36] specifies that the bracing system must be capable of
resisting a lateral force at the splice equal to approximately 1% of the compression force, to account
for initial imperfections. This is quantified as:

_ a/mNEd
Y100

where a,, is the imperfection factor (typically taken as 0.5), resulting in a lateral bracing force re-
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quirement of approximately 0.5% of Ngg.

Compression splices may use milled flat ends in bearing or preloaded bolts to ensure continuity.
The structural implication of a mid-member splice, if properly designed and executed, is minimal
reduction in strength but a possible small increase in deformation if slip occurs. If ordinary (non-slip-
critical) bolts are used, the truss may experience a one-time slip at each splice under initial loading,

which can increase deflections.
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Figure 4.3: Connection for compression members

In some cases spliced members are also welded together on-site. For round hollow section, a full-
penetration butt weld splice might be used at mid-member. However, welded splices are not demount-
able and is not suitable when segmentation is done for future reuse.

Figure 4.4: Full penetration butt weld connection

Beyond internal forces, other practical aspects influence the decision to splice a member. Segmenting
members is only feasible if other joints along the truss are also bolted in certain situations.

For instance, trusses used in outdoor or harsh environments are typically hot-dip galvanized (HDG) to
protect against corrosion and extend durability. In such cases, temperature effects during galvanizing
can lead to deformation and internal stresses. If a splice is placed at mid-span while other joints are
welded, the cantilevering portion of the cut member can deflect significantly due to the temperature
effects and change in stresses introduced during galvanizing. This deflection can make it very difficult
to properly install the connection. The length of the cantilevered portion plays a critical role in this
behaviour. As aresult, structural engineers must carefully consider the thermal and mechanical effects
of the galvanizing process when determining where to segment the truss. In addition to this, during
transport, trusses segmented at mid-span require special handling. Temporary vertical bracing must
be provided to stabilize the cantilevering portion and prevent bending or damage. If the cantilevered
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segment is relatively short, this can be managed effectively with added vertical support, making the
installation of a bolted connection at mid-span more practical. An example of this is shown in figure
4.5.

———— — — ——
———— —— ———

|
| |'
| |

Figure 4.5: Hot dipped galavanised truss spliced through member

Here, the cut is made close to the adjacent joint so that the length of the cantilevering part is minimum
and an end plate connection is made at the cut. The rest of the joints can be welded in this case. A
case study utilising this method is discussed in the following section.

For trusses that are installed indoors, where environmental exposure is minimal, HDG is not done and
either welded or bolted connections may be used, depending on project needs. However, even in such
cases, transportation and handling must be carefully planned.

Cutting members at the midspan with higher internal force and axial stress are more crucial because
it demands more joint strength. This will require more plates, bolts, and complex configurations at
the joint. Segmenting members with less internal forces will be usually a more robust design. The
decision must be tailored to the specific project requirements, site conditions, and the available lifting
and handling equipment.

4.3 Nodal Level Segmentation

In this section, nodal level segmentation is discussed. When segmented at the nodes, each module of
the truss is essentially an assembly of members that ends at a node. Structurally, this means the global
geometry of the truss is divided, but each module may be a stable sub-truss on its own (especially if
it includes at least one complete triangle of the web system for stiffness). When the modules are
connected at the node, the forces transfer from one module to the other where each segment remains,
similar to a monolithic truss. One structural advantage here is that all members remain intact from
node to node, with their full section capacity.

Node-level segmentation, therefore, can maintain the original force path more directly, but it con-
centrates multiple member forces into one joint region, which must be designed to transfer all those
forces between modules.

Figure 4.6 and 4.7 shows two node-level segmentation strategies for a truss structure.
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Figure 4.6: Nodal-level segmentation of truss 1

Figure 4.7: Nodal-level segmentation of truss 2

When a truss is segmented at a node, the node itself must be reconstituted with bolts or other con-
nectors. A typical approach is to use gusset plates or cover plates that overlap the interface. For
instance, if the top chord is split at a node, a cover plate can span across the two chord ends, bolting
to each, effectively creating a moment-resisting splice at that location. Similarly, the diagonal and
vertical web members that frame into the node can be bolted to a shared gusset plate so that when
two halves of the truss are brought together, the gusset ties them together. If the original truss design
assumed pin-jointed connections, the node splice can be designed as a pin as well. Figure 4.8 shows
an example nodal connection.
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Figure 4.8: Gusset plate connection
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4.4 Case study: Omnisport Apeldoorn

This section discusses a case study which utilises one of the above mentioned segmentation strategies.
Omnisport Apeldoorn is a multifunctional sports facility designed by Haskoning that houses primarily
a cycling track, an athletic track and top sports hall. In addition to this, conferences, public events,
meetings and other business events are also held at this large open space. The roof structure is made
of steel trusses. All information in this section is obtained from interviewing structural engineers at
Haskoning who was part of this project. The images and drawings are from the web and Haskoning
project archives. The figure 4.9 shows the sports facility in the completed stage in 2007.

Figure 4.9: Omnipost Apeldoorn Overview

In the figure 4.10, trusses of different lengths are visible. The longest truss is 105 meter long and the
depth of all the trusses are 5 meters.

Figure 4.10: Omnipost Apeldoorn: Structure

The longest truss is used here as an example to explain the segmentation process.
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Figure 4.11: Omnipost Apeldoorn: Longest truss

The transportation of these large span trusses were difficult using standard or special use trucks.
Trucks have limitations on the height of the truss as well. The height of the truss under discussion is
5Sm, which makes it difficult to transport vertically or horizontally. In such cases the trusses are kept

at an angle to have clearance over bridges or viaducts. Special supports are required to transport a
truss diagonally in a truck.

Due to transportation limitations, these trusses has to be cut at one or more places to achieve the
transportable length. These trusses were cut at 3 points along the length of the truss and they were
bolted at these locations. The rest of the connections are all welded connections which gives a cleaner

connection because this avoids force transfer through plates and bolts. This made the onsite handling
and hoisting easier.
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Figure 4.12: Omnisport Apeldoorn: Segmentation zone

In the figure 4.12 it is clear that the cut made in the top chord, is not in the middle, but closer to a
node. This is done to reduce the length of the overhanging part of the member on both sides. Bottom
chord is also spliced in a similar manner. The diagonal is slender compared to other members, so to

avoid the risk of damage to the diagonal member it is transported separately and bolted on site as seen
in the figure 4.12.
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Figure 4.14: Splice detail (close-up)

The connection made at the cut is shown in the figure 4.14. The two separate members are connected
using additional plates and bolts. The top chord is in compression, which means the sections can be
connected using plates between them and bolted together. For tension members, the connection has
to be stronger as the members are pulling away from each other. Thick additional plates of 30 mm
are used on the top, and bottom flanges as well as on the web and bolted. For this truss, open sections
are used.

4.5 Case study: Adam Tower

Segmentation of truss is not always done because of transport constraints. The case study discussed
in this section have constraints regarding erection. The Adam Tower in Amsterdam is a well known
attraction with a revolving structure at the top. The existing structure was modified and 3 more
stories were added on top as a new crown with a sky deck. Haskoning was the structural engineering
consultant for the project and all information regarding the project was collected from Structural
engineers at Haskoning who were involved in the project and other information available on the web.

The client required completely column free 360 degree views in the revolving restaurant, and open
rectangular bays to avoid obstructing the windows and to have shallow floor depths. This project is
a good example of adaptive reuse. The original structure consisted of a 22 storey concrete structure.
The challenge at Haskoning’s hands was the new steel crown structure on top of the original roof
which had to be supported on just four points which were the corners of the existing concrete core
and had to be rotated 45 degrees relative to the original tower. Here high-strength steel was used for
the trusses (S460) which was critical in keeping the floor depths reasonable.
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Figure 4.15: Adam Tower

Conventional trusses with bracing would obstruct the view and would limit the floor space availability,
hence the decision to use Vierendeel type of trusses of 29 meters were made. Vierendeel is a square
ring of rigid-jointed steel beams without diagonals. This choice resulted in heavier members and
stiffer connections. The new crown overhangs the original facade by 1.5 meters and the crown is a
32m x 32m square ring. The load-bearing scheme relies on the four Vierendeel trusses that span from
the reinforced concrete core corners to the crown corners and the four perimeter Vierendeel truss on
the cantilever part.
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Figure 4.16: Adam Tower: Crown
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The ring itself resists some lateral load, but extra K-bracing was placed only inside the small core
extension (around lifts/stairs) so that the public floors remain unobstructed. The global frame is
therefore “non-sway”.
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Figure 4.17: Elevation highlighting the K bracing

Segmentation of Vierendeel frames:

For ease of fabrication, erection and on-site assembly, the team opted for two sides of the Vierendeel
ring to be fabricated as continuous beams, while the remaining two sides were segmented into several
bolted pieces. This segmentation strategy was mainly driven by the need to manage lifting logistics
at a 74 meters height. The segmented beams incorporated short erection columns and featured splice
connections, designed as simple compression-and-tension couples at the bottom and top chords re-
spectively. This detail ensured the site connections were straightforward and could be executed safely
and efficiently at height.

Erection Strategy:

As quoted by structural engineer at Haskoning, "Constructing the crown at 74 meters above ground
level posed significant logistical challenges, particularly given that only one crane in Europe at the
time was capable of making lifts at that height." To minimize hoist movements and reduce the risk and
duration of work, pre-assembling large modules at ground level was done. Each module combined a
central segment with two side segments, and came complete with metal-deck floors, edge scaffolds,
and safety nets. This modular strategy meant that instead of lifting and assembling hundreds of small
members piece-by-piece at height, the crown could be erected using just a few large, pre-decked
picks. Additional field splices were introduced at low-moment points to further facilitate this process,
making the connections both manageable and safe.
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Figure 4.18: Erection
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Figure 4.19: Adam Tower: Connection Detail

The Adam Tower crown shows how structural design can meet demanding architectural and logistical
requirements simultaneously. The segmentation of the Vierendeel frames, the splice detailing, and the
modular erection strategy collectively ensured that the new addition could be safely and efficiently
installed on top of the existing structure, despite height and crane limitations.

4.6 Case Study: X

Case study X is a project with a truss design and segmentation strategy that is different from the
ones discussed earlier. The project is still in the early design stage, therefore, different alternatives
are also discussed. Due to confidentiality agreements with Haskoning, this project is presented here
anonymously. All technical information has been sourced from a structural engineer at Haskoning.

The structure under discussion features a truss with a span of 46 meters and a height of 4 meters. It
serves as a roof over a column free space. The truss system accommodates a low roof connected to
the bottom chord and a high roof connected to the top chord. Figure ?? shows the drawing of the
truss.
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Figure 4.20: Case Study X: Section Drawing

Due to its dimensions,the transportation of the truss using standard permit trucks is not feasible,
necessitating segmentation both vertically and horizontally. The segmentation line is marked in red
in the figure 4.20.

However, segmenting the truss introduces structural complexities, particularly in this case, the diag-
onals are cut into 3 different pieces. These joints are often difficult to align accurately on site, because
of bending of the cantilevering part or damage due to transportation and handling. As the cut is made
in the middle of the truss, the section may carry significant internal forces. A simply supported truss

design makes mid-span cuts particularly unfavourable due to high bending and shear forces present
at those locations.

An alternative strategy proposed involves avoiding cuts in the top or bottom chords and segmenting
at the nodes. However, this option is not preferred because the vertical members are hollow sections
and bolted connections are difficult to execute along with the transverse beam present which has to be
welded on site. The connection design proposed at present is given in figure 4.21 where the transverse
beam can be visualised better.
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Figure 4.21: Case Study X: Connection Detail

From figure 4.21 it is clear that there is no eccentricity in the line of action of the members at the
joint. The design specifically avoids moment connections and eccentricities at joints because these
connections are intended to be axial to suit the large span and substantial forces involved.
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For the alternatives with no cut horizontally, transportation of the 4m deep truss can be tackled by
positioning the truss diagonally on the truck, but this requires precision and a custom truck support
system. Therefore, transporting a segment diagonally is often a last resort. In contrast, if a cut is
made horizontally, multiple trusses can be stacked and transported together. Trusses may be stacked
in small numbers, typically two or three per truck depending on their dimensions and orientation.
This method allows for more efficient use of transport resources.

The final decision on segmentation and transport strategy depends heavily on the number of trusses
involved. For a single truss, transport and assembly considerations differ from projects involving 20
or more trusses. In projects with higher truss quantities, it becomes critical to evaluate how each
truss is transported and what operations are performed at the factory versus on-site. This broader
perspective on workflow can lead to optimisation in labor, transport, and construction sequencing.

4.7 Case study: Y

Case Study Y involves a unique structural project that required the design and construction of a truss
system within a 300 m x 150 m building. This project stands out from previously discussed cases
due to the implementation of hot-dip galvanisation (HDG) for fire resistance. Due to confidentiality
agreements with Haskoning, this project is presented anonymously. All technical information has
been sourced from a structural engineer at Haskoning.

The building features a parking facility on the ground and first floor and a sporting facility on the
second floor. The trusses span from the first-floor parking level to the second floor. Due to the
requirement for large spans in the parking area with minimal vertical supports, trusses were used
to support both the roof and the floor above. The largest truss in this structure is 106.4 meters in
length and 4 meters in depth. To meet the fire safety requirements specified by the client, the trusses
were designed to provide 90 minutes of fire resistance. As a result, hot-dip galvanisation (HDG)
was selected as the protection method to ensure both durability and compliance with fire resistance
standards.

Figure 4.22: Case Study Y

The constraints for realising a 106.4 meter truss for this project were;

Galvanising Tub Limitation
* The steel manufacturer has a galvanising tub of limited size (approx. 25 meters).
* The truss could not be dipped in one piece due to its length (106.4 meters).

* If segmented at the middle of a member, the cantilevering parts deform during HDG process
due to temperature effects.

* Maintaining structural integrity and alignment during and after galvanisation was a critical con-
cern.
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Transport Limitations

* The 4-meter depth of the truss made it impossible to transport in a horizontal orientation on
standard trucks.

* The full-length truss (106.4 meters) exceeded the legal transportation limits and could not be
transported as a single unit.

To find a solution for these constraints, the trusses were segmented into lengths of 15.2 meters to fit
within the galvanising tub and simplify handling. Cuts were made at the node points of the trusses,
allowing for effective reassembly and maintaining structural integrity. A connection similar to figure
4.23 as discussed in the previous section was introduced. End-plate connections were used at both
the top and bottom chords to enable secure and precise on-site assembly. Double columns were
introduced to stabilise the segmented trusses during both the galvanising process and transportation.
The trusses were transported diagonally within the trucks using specially designed support systems to
accommodate the 4-meter depth. An innovative support system has to be developed to allow multiple
trusses to be transported diagonally within a single truck, improving transportation efficiency and
reducing cost.

Figure 4.23: Case Study Y: Segmentation plan
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Chapter 5

Cost Optimisation

5.1 Introduction

The primary goal of structural engineering is to design a structure that complies with the functional
demands of the client and has sufficient structural performance. The structure should be sufficiently
strong, stiff, stable and safe for the specific situation. When designing structures, safety factors are
considered to generate extra safety in the structure . These factors lead to a higher use of material,
hence, more cost to provide this level of safety. However, in response to growing environmental and
economic concerns, engineers increasingly seek to reduce material usage wherever possible. Optim-
ising the weight of the structure is therefore often pursued not only to improve material efficiency and
reduce 