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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.

15



25/00

62.50

A

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.

30



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

36



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 cost, but also to enhance the sustainability of the design by lowering the embodied carbon and
resource consumption.

While structural performance and safety are fundamental, designing large-span steel trusses also re-
quires consideration of cost-effectiveness and constructability. In early stage of engineering, designs
are optimised solely for minimum weight, assuming that the lightest structure will be the cheapest.
This is often not the case with reality. Minimum-weight designs can require slender members and
complex connections with intricate detailing that drive up fabrication and assembly costs. Therefore,
optimising only for weight may result in non-economic solutions. A more holistic cost model is re-
quired, one that includes connection complexity and material selection to support informed decision
making during the early stages of design.

This chapter discusses how different cost components contribute to the total structural cost.

5.2 Direct and Indirect cost

Costs of steel truss from production to site can be divided into two categories: direct costs and indirect
costs. Direct costs are those which can be clearly attributed to the cost object. Costs which are not
directly linked to any one part of the project but are necessary for the overall project execution are
called indirect cost. To better understand how this classification applies in the context of steel trusses,
interviews were conducted with industry experts. Based on these discussions, the following table was
created.
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Direct Cost Indirect Cost
Labour/Fabrication Engineering
Material Administration
Connection Electricity
Transport Machine maintenance

Table 5.1: Examples of Direct and Indirect costs

In this project, the main focus would be the direct cost. Indirect costs are factored in through defined
tariffs or fixed overhead percentages and are not sensitive to changes in structural geometry. Hence
Indirect costs are not included in the cost model developed in this study.

5.3 Breakdown of Direct costs

The cost of a steel truss can be broken down into several components. The total cost is determined
by the engineering, material needed, fabrication, fire protection, transport and construction at site.
However, the focus here is on material, fabrication, connection, and transport cost.

Material > Fabrication > Connection > Transportatior>

Figure 5.1: Direct Costs

Each component corresponds to a different aspect of project expenditure and is explained in detail
below.

5.3.1 Material cost

Material cost represents the most fundamental and influential component in the overall cost of a
steel truss. This cost is calculated by multiplying the total weight of the truss by the unit price of
steel, expressed in euros per kg. However, this unit price is not a fixed value. It varies significantly
depending on the steel grade (e.g.S235 vs S355) and the type of profile used (e.g. I beams, round
tubes, rectangular tubes etc.) and the supply source (stock vs mill orders).

In general, higher strength steels such as S355 are more expensive than standard grades like S235 with
a typical price difference ranging from 30 to 80 euros per tonne depending on the source. Rectangular
hollow sections also tend to cost 5-10% more than round tubes. These variations shows the importance
of selecting steel grade and geometry strategically in design.

According to the feedback from cost estimators in the industries, material cost is also the more reliable
and widely used cost indicator in practice. Optimizing weight becomes not only structural or envir-
onmental but also an economic priority and the experts confirms that material weight is the primary
cost driver in steel truss pricing.

5.3.2 Fabrication cost

Fabrication cost covers the workshop labour and overhead associated with workshop labour, and
operations required to process steel components including cutting, drilling, coating and assembly
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preparation. These activities involve both manual labour and machine work, and their complexity can
vary widely depending on the number of elements, precision of cuts and welding requirements.

In practice, fabrication cost is typically estimated using an approximate rate per kilogram of steel
rather than modelling each process step individually. This simplification reflects industry norms,
where a fabrication rate (euro/kg) is used to convert total weight into cost. The rate can change
between 1-2 euros per kg, depending on the project type, detail level, and market conditions.

Industry experts suggested that fabrication, primarily consisting of welding and labour, is often ap-
proximated as 25-30 percentage of material cost when detailed rates are not available. However a
large part of fabrication effort, particularly welding and preparation is often captured within connec-
tion related cost estimations and hence not modelled as a separate component in this study.

5.3.3 Connection cost

In steel trusses, there can be bolted or welded connections and they ensure structural continuity and
force transfer across elements. Rather than being priced per bolt or gusset plate, connection cost is
often estimated as a percentage of the total material cost, due to the difficulty of precisely itemizing
each joint. Connection cost can be modelled as a percentage ranging from 3 to 6 of total material
cost, depending on the joint complexity.

* Simple connections: Pin or hinge joints which involve fewer plates, smaller welds, or simple
bolted arrangement. This can be the lower bound of the percentage range(3%)

* Complex connections: Fixed or moment resisting joints which involve multiple gusset plates,
intricate welding at various angles, high number of bolts can be near the upper bound (6%),
showing higher labour and preparation efforts.

5.3.4 Transportation Cost

Transport considerations primarily relate to the segmentation strategy of steel trusses and the ability to
transport fabricated segments within standard truck size limits. The figure 5.2 illustrates the maximum
standard transport dimensions for road transport with a permit in the Netherlands. These dimensions
serve as a critical constraint during the design phase, influencing how the truss is broken down and
assembled, but not necessarily impacting the monetary cost significantly.

3.5m

Figure 5.2: Maximum transport dimensions for road transport with a standard permit in the Netherlands

Although transportation logistics must be considered in structural planning, feedback from expert in-
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terviews indicated that the actual cost of transportation, often ranging between 2-5 euro/km depending
on distance and logistic requirement, is not a major driver of structural cost. Hence, transportation
cost itself is not included in the rest of this study.

5.4 Conclusion

Expert interviews and literature consistently highlight that the cost of a steel truss is primarily gov-
erned by its weight. Since material weight directly correlates with material cost, optimizing the truss
for minimum weight inherently leads to a cost-effective design. Therefore, performing a separate
cost optimization is unnecessary and minimizing weight effectively achieves the same goal of redu-
cing cost.
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Chapter 6

Case study: The Pier

In this chapter, the performed case study is presented. The goal of the case study is to apply parametric
design and optimisation techniques to a structure intended to be realised in practice. Additionally, the
segmentation strategies discussed in chapter 4 will be applied to the structure. The case study is
done in collaboration with Haskoning. Section 6.1 provides the background, highlights key aspects
of interest and the specific goals in more detail. The remainder of the chapter focuses on the design
of the truss.

6.1 Introduction

The case study for this thesis focuses on the redevelopment of De Pier in Scheveningen, the Nether-
lands. The original pier, built in 1961, has reached the end of its service life after decades of corrosion
and fatigue damage, making reinforcement no longer economically viable. As a result, the municip-
ality and co-developer, Re:BORN Real Estate plan to redevelop the existing structure into a larger
commercial space [3].

Innovatie Elland 3
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Figure 6.1: The Pier

Figure 6.1 is the master plan for the entire redevelopment project. The design features a long strip
extending from the land out into the sea, connecting to three distinct islands. One island will house a
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luxury hotel overlooking the sea, another will provide commercial space, and the third will feature an
auditorium topped with a rooftop Ferris wheel. The redevelopment of the pier is designed to attract
visitors throughout the entire year.

The focus of this study is Island 3, a two-storey steel pavilion that forms a central part of the new
development. The structure must fulfil multiple architectural and functional requirements such as:

* Providing a column-free, reconfigurable hall on the ground floor for events such as theatre,
exhibitions, etc.

* Meeting rooms and enclosed spaces on the upper level.

* Acting as the primary support frame for the Ferris wheel, transferring both vertical and shear
loads.

* Ensuring unobstructed sea view through glass facade.

* Long central corridor connecting the emergency staircase for fire safety.

Figure 6.2: Island 3

Figure 6.2 shows the new architectural rendering of Island 3. To maintain a column-free multipurpose
space on the ground floor, a truss system will be used to support the imposed loads from the first-floor
meeting rooms and the rooftop Ferris wheel. This thesis specifically focuses on the design of this
truss. In line with their circular construction ambitions, Haskoning and Re:BORN Real Estate aim
to design truss members and connections which can be reused. This introduces additional structural
challenges, including the need for segmentation zones with low stress concentration and bolted joints
that allow future dismantling without using destructive methods.
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The following sections shows how the proposed optimisation and modelling workflow addresses these
complex, real-world constraints. The key objectives are to:

1. Map the design space by developing a parametric model using Grasshopper—Karamba3D.
2. Optimise truss cross-section using Karamba3D.

3. Develop a constructible segmentation strategy by identifying locations for bolted joints. These
joints are to be detailed and verified using IDEA Statica.

4. Quantify the embodied carbon of the steel structure.

5. Recommend a preferred design variant.

6.2 Load on Truss

The roof truss in Island 3 is subjected to a combination of permanent and variable loads that come
from both conventional building use and special features such as the over-roof Ferris wheel. These
loads are transferred through the roof diaphragm, hollow-core slabs, and secondary framing elements
into the truss chords and nodes. Table 6.1 lists the loads acting on the truss.

Action

Self-weight of the truss steelwork
Roof dead load

Imposed (live) load on roof

Live load on floor below

Dead Load on the floor below
Ferris-wheel loads

Table 6.1: Loads acting on the truss

Figure 6.3 depicts the uniformly distributed loads and point loads on the truss. Wind load is not
considered in the design as the truss is indoors.

A\ N
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Figure 6.3: Forces on truss

Figure 6.4 shows the components in the roof and floor contributing to the dead load.
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The following permanent and imposed loads were calculated for the roof and first floor based on
standard material densities and usage requirements as given in table 6.2 and table 6.3. Cross-section

class of the structure is CC3.

Figure 6.4: Detailing

Component Thickness x Density Load (kg/m?) Load (kN/m?)
Cement tiles 0.05m x 2100kg/m3 105 1.05
Insulation 0.25m x 25kg/m3 6.25 0.06

Bitumen layers - 8 0.08
Compression layer 0.05m x 2400kg/m3 120 1.20
Hollow-core slab d =200mm 308 3.08

Ceiling & electrical - 50 0.50

Total Permanent Load (PL) 5.97

Imposed Load (LL) Use class assumption - 5.00

Total Roof Load 10.97

Table 6.2: Roof load breakdown

Component Thickness x Density Load (kg/m?) Load (kN/m?)
Compression layer 0.05m x 2100kg/m3 105 1.05
Hollow-core slab d =200mm 308 3.08

Ceiling & electrical - 50 0.50

Total Permanent Load (PL) 4.63

Imposed Load (LL) Use class assumption - 5.00

Total First Floor Load 9.63

The Ferris wheel has four supports on each side and it carries vertical and horizontal forces as shown
in figure 6.5. The vertical and horizontal loads in SLS and ULS are shown in table 6.4 and table 6.5.

All units are in kN.

Table 6.3: First floor load breakdown
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Figure 6.5: Ferris wheel

Vertical load F1 F2 F3 F4
Own weight G|, 20 100 100 20
Live load @, 10 50 50 10
Wind W, -360 360 =360 360
SLS total -330 510 =210 390
ULS total -553.5 | 796.5 | -391.5 | 634.5

Table 6.4: Ferris-wheel vertical support reactions

Horizontal load | F1 | F2 | F3 | F4
Wind H,, 100 O | O | 100
SLS 100 O | O | 100
ULS 165 0 | 0 | 165

Table 6.5: Ferris-wheel horizontal support reactions

6.3 Floor layout and load distribution

In this section, two floor layout alternatives with different span directions were developed for com-
parison. The figure 6.6 and figure 6.9 illustrates trusses positioned along the shorter span (18m) of the
structure. Based on this truss configuration, two different floor plans were created, each varying in
beam placement, span direction, and span length. In this design, hollow-core slabs are used for floor-
ing due to their reduced self-weight, which results from the longitudinal voids cast into the slab; this
reduction in weight allows for longer spans and decreased material consumption compared to solid
slabs. The feasibility of each plan was evaluated based on the availability of prefabricated hollow
core slabs using tools available online by VBI, a supplier of prefabricated floors.

Figures 6.6 and 6.9 shows the two floor layout options discussed in this section. The red lines repres-
ent the trusses, green lines indicate the beams, and yellow arrows show the direction of the hollow-
core slab spans. The trusses are positioned along the same grid lines as the supports of the Ferris
wheel. Each horizontal grid line is spaced 6.4 meters apart. The calculated loads for each floor plan
option are given below.
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Floor layout 1
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Figure 6.6: Floor plan 1
For calculating characteristic line loads,

Interior spacing s = 6.40 m, Edge half-spacing s/2 = 3.20 m

Characteristic line-loads

Support line b [m] | Gib [KN/m] | Qb [kKN/m]
Beam 1 (edge) 3.20 18.8 16.0
Truss 1 (interior) | 6.40 37.6 32.0
Beam 2 (interior) | 6.40 37.6 32.0
Beam 3 (interior) | 6.40 37.6 32.0
Truss 2 (interior) | 6.40 37.6 32.0
Beam 4 (edge) 3.20 18.8 16.0

Table 6.6: Line loads applied to beams and trusses.

Ultimate design line-loads

For ULS, the governing load combination is determined by the following formula [39];

wga = 16Gr +101Qk + Y 10i%0i Qi

where, 7o = 1.35  (partial safety factor for permanent actions)

Yo1 = 1.5  (partial safety factor for leading variable action)

vqgi = 1.5 (partial safety factor for accompanying variable actions)
Yo; = combination factor for accompanying variable actions

G = characteristic value of permanent action

(Qx1 = characteristic value of leading variable action

Qr: = characteristic value of accompanying variable actions
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The table 6.7 shows the uniformly distributed load on the beams and trusses.

Support line | 1.35Gib | 1.50 Qb | wgy [KN/m]
Beam 1 (edge) 254 24.0 494
Truss 1 50.8 48.0 98.8
Beam 2 50.8 48.0 98.8
Beam 3 50.8 48.0 98.8
Truss 2 50.8 48.0 98.8
Beam 4 (edge) 25.4 24.0 494

Table 6.7: Design line loads

Along with the line loads, the point load from Ferris wheel will be acting on the truss with values as
shown in table 6.4 and table 6.5. In this option, the hollow core slab floor spans 6.4 m. The availability
of pretensioned hollow core slabs for the required span is checked using VBI’s design tool and the
result is provided in the Appendix D. Beam positions between the trusses were determined based
on the maximum practical prefabrication span, helping to eliminate unfeasible solutions early in the
design process.

6.3.1 Beam Design for floor layout 1

For the beams marked in green in Figure 6.6, the applied line loads are 49.4 kN/m for edge beams
and 98.8 kN/m for internal beams, spanning a length of 18 meters. Standard I- and H-sections were
found to be inadequate for this application; therefore, a box beam section was designed to meet the
structural demands.

6.3.1.1 Edge Beam

Design data used for verification of edge beam in moment and shear is shown in table 6.8 and table
6.9. Detailed calculation is given in the Appendix G.

50 mm

350 mm

& 300 M) —>

Figure 6.7: Edge Beam
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Symbol Value

Iy 355 Nmm~2
I, 4.59 x 10° mm*
VMO 1.0

Mgy 2.24 x 10° Nmm
Mpy 4.33 x 10 Nmm
1= Mpa/ Mg 0.52

Table 6.8: Design data for moment verification (edge beam)

Symbol Value

fy 355 Nmm~2
Mo 1.0

VEa 484.2 kN
VRa 6.15 x 103 kN
A, 3.00 x 10* mm?
N =Vea/Vra 0.08

Table 6.9: Design data for shear verification (edge beam)

Deflection (SLS)

The calculated mid-span deflections are
dtor = 55.5 mm  (total load) Olive = 22.6 mm  (live load),

which are both within the allowable limits:

L L
ot < 250 =72 mm, Jlive < 300 = 60 mm.

Hence the edge beam satisfies the SLS deflection criteria. Detailed calculations are given in Ap-
pendix G.

6.3.1.2 Interior beam

Design data used for verification of the interior beam in moment, shear and deflection is shown in the
tables below. Detailed calculations are given in the Appendix G.

50 mm

&%0 mm

€— 300 —>

Figure 6.8: Interior beam
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Symbol Value
I, 6.75 x 10? mm?
Iy 355 Nmm~2
VMO 1.0
Mgq 4.26 x 109 Nmm
Mpq 5.78 x 10° Nmm
N =Mgq/Mpgq 0.74
Table 6.10: Design data for moment verification (interior beam)
Symbol Value
fy 355 Nmm~2
Y™Mo 1.0
Vi 928.8 kN
V&ka 7.21 x 103 kN
A, 3.52 x 104 mm?
N =Vea/Vra 0.13

Table 6.11: Design data for shear verification (interior beam)

Deflection (SLS). The calculated mid-span deflections are
dor = 71.6 mm  (total load), Jiive = 30.8 mm  (live load),

which are both within the allowable limits:

L
ot < 250 - 72 mm, Jlive < 300 - 60 mm.

Hence the interior beam satisfies the SLS deflection criteria. Detailed calculations are given in Ap-
pendix G.

Floor layout 2

£

Figure 6.9: Floor plan 2
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For calculating the ultimate design line load,

Interior spacing s = 6.40m, Edge half-spacing g =3.20m

Ultimate design line-load

Support line 1.35Grb (KN/m) | 1.50Qrb (KN/m) | wgq (KN/m)
Beam L (edge) 25.4 24.0 49.4
Truss 1 101.4 96.0 197.4
Truss 2 101.4 96.0 197.4
Beam R (edge) 254 24.0 49.4

Table 6.12: Design line loads

Along with the line loads, the point load from Ferris wheel will be acting on the truss with values as
shown in table 6.4 and table 6.5. In this option, the hollow core spans 19.2 m. Using the VBI tool, it
was understood that producing such a slab is not possible. Hence, this option is disregarded.

6.3.2 Truss to Floor connection
Figure 6.10 shows a how the steel truss is placed in the floor system. This is similar for the top and
bottom of the truss.

OO0 00

Figure 6.10: Truss to floor connection

6.4 'Truss topology alternatives

In this section, four truss topologies were developed considering both structural and architectural
constraints. These designs were modelled using Grasshopper and Karamba3D to optimise the cross-
sections and minimise the overall weight.

6.4.1 Truss topology 1

Truss Topology 1 adopts a Pratt truss configuration, split into two separate trusses by a 3.4 m corridor
that bisects the floor plan. This configuration was chosen to respect architectural requirements, while
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structurally aiming to keep the diagonals in tension and verticals in compression. The upper chord is
designed to resist compression, while the bottom chord resists tension forces under applied loads.

Figure 6.11 illustrates the basic Pratt truss geometry.

c e -
2 &

Figure 6.11: Truss topology 1

Figure 6.12 shows the parametric model in Grasshopper, indicating how the truss adapts to the pier’s
constraints. This simply supported truss has 40 members of steel S355.

Figure 6.12: Parametric model of Topology 1

All the loads are defined in one load combination, LCO, in Grasshopper as per section 6.2.
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Figure 6.13: Loads- Model 1

For constructability, standardisation of components is important. To reduce high variety of profiles,
a grouping strategy is used here. Grouping is based on expected similar stress levels. Upperchords,
bottomchord, verticals and diagonals are the 4 different groups and are given member ID’s as shown
in figure 6.14. So in total, the truss will always have a maximum of 4 different profiles. The downside
of this is that, because the load is not always uniform as in this case, due to points loads at different
nodes, some members will be under-utilised. Overall this scenario is better than having too many
varieties of profiles in the truss. The same grouping strategy is used in all models as shown in figure
6.14.
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Figure 6.14: Grouping members

52



6.4.2 Results

In Grasshopper, using componets called ModelView, BeamView, Deformation energy, Utilisation,
ElemQuery resutls from the analysis can be visualised. The resulting geometry is shown in figure 8.1.
There are only 4 distinct profiles as a result of the grouping of members.

Figure 6.15: Cross section- Model 1

Name ﬂ Material ﬂ Shape ﬂ A [m2] ﬂ Wply [m3] ﬂ Wplz [m3] ﬂ
HEA240 $355 | rolled 0,008 0,001 0,000
HEA260 §355 | rolled 0,009 0,001 0,000
HEA30O0 5355 I rolled 0,011 0,001 0,001
HEA360  S355 I rolled 0,014 0,002 0,001,

Figure 6.16: Cross section- Model 1

The figures 6.17 and 6.18 show the shear force diagram and bending moment diagram respectively.
The presence of significant shear force and bending moment in the bottom chord is due to the uni-
formly distributed load applied along the bottom chord members.

Figure 6.17: Shear force diagram (kN)
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Figure 6.18: Moment diagram (kNm)

The maximum bending moments occur at the midspan of the bottom chord, which is typical for
members subjected to UDL. Overall, the SFD and BMD validate the structural model and loading
configuration, with all members responding as anticipated under the given loading scenario.

Figure 6.19 visualises the deformation of the truss under applied load. This matches the expectations
based on the previously observed bending moment and shear force diagrams.

Figure 6.19: Deformation

Table 6.13 shows the maximum displacement of 2.96 cm, which is within acceptable serviceability
limits for a span of 18 meters, confirming the adequacy of the structural design under the applied
loads.

Result Value
Mass of truss (kg) 119514
Mass of beam (kg) 33444
Total weight of structural steel (kg) | 45395.4
Maximum displacement (cm) 2.96
Maximum utilization 0.9

Table 6.13: Results 1

6.4.3 Truss topology 2

Truss topology 2 adopts a similar Pratt truss configuration with a higher number of panels. This was
done to see the difference when the number of panels increases within a certain topology. The truss
is split into two parts by a 3.4 m corridor. Under applied load, the diagonals are designed to be in
tension and the verticals in compression.
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Figure 6.20: Truss topology 2

Figure 6.21 shows the parametric model in Grasshopper. This is a simply supported truss with 72
members of S355.

Figure 6.21: Parametric model of Topology 2

Loads are defined as per section 6.2 and it is the same as topology 1.
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Figure 6.22: Loads- Model 2

6.4.4 Results

The resulting geometry and cross-section from Grasshopper is given in figure 6.23. There are only 4
distinct profiles as a result of the grouping of members.

Figure 6.23: Cross section- Model 2

Name ﬂ Material ﬂ Shape ﬂ A [m2] ﬂ Wply [m3] ﬂ Wplz [m3] ﬂ
HEA240 $355 | rolled 0,008 0,001 0,000
HEA260 $355 | rolled 0,009 0,001 0,000
HEA3DO0 5355 | rolled 0,011 0,001 0,001
HEA360 $355 | rolled 0,014 0,002 0,001,

Figure 6.24: Cross section- Model 2

Figure 6.25 and 6.26 show the shear force diagram and bending moment diagram respectively. The
internal forces, moments and shear force values of each member are shown in Appendix G.
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Figure 6.25: Shear force diagram (kN)

Figure 6.26: Moment diagram (kNm)

The maximum bending moments occur at the midspan of the bottom chord, which is typical for mem-
bers subjected to UDL. Abrupt changes in the shear force diagram correspond to concentrated loads
in the nodes in the middle, confirming the proper transfer of loads through the structure. Overall, the
SFD and BMD validate the structural model and loading configuration, with all members responding
as anticipated under the given loading scenario.

Figure 6.27 visualises the deformation of the truss under applied load. This matches the expectations
based on the previously observed bending moment and shear force diagrams.

Figure 6.27: Deformation

Table 6.14 shows the maximum displacement of 2.98 cm, which is within acceptable serviceability
limits for a span of 18 meters, confirming the adequacy of the structural design under the applied
loads.
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Result Value
Mass of truss (kg) 15900.8
Mass of beam (kg) 33444
Total weight of structural steel (kg) | 49344.8
Maximum displacement (cm) 2.98
Maximum utilization 09

Table 6.14: Results 2

6.4.5 Truss topology 3

Truss topology 3 adopts a Warren truss configuration without verticals. This topology uses the min-
imum number of members. Under the applied load the topchord is in compression and bottom chord
is in tension. Figure 6.28 illustrates the geometry of the warren truss with a 3.4 meter corridor in the
middle.

Figure 6.29 shows the parametric model of the simply supported truss in Grasshopper.

Figure 6.29: Model 3

Loads are defined as per section 6.2.
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Figure 6.30: Loads- Model 3

6.4.6 Results

Members are grouped into 4 groups as mentioned earlier to limit number of different profiles. The
profiles for each member obtained after cross-section optimisation is shown in figure 6.31

Figure 6.31: Cross section- Model 3

Name ﬂ Material ﬂ Shape ﬂ A [m2] ﬂ Wply [m3] n Wplz [m3] ﬂ

HEAS50  S355 I rolled 0,021 0,005 0,001
HEA400  S355 I rolled 0,016 0,003 0,001
HEA360  S355 I rolled 0,014 0,002 0,001
HEA200  S355 I rolled 0,005 0,000 0,000,

Figure 6.32: Cross section- Model 3
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Figure 6.33 and 6.34 shows the shear force diagram and bending moment diagram respectively. The
internal forces, moments and shear force values of each member are shown in Appendix G.

Figure 6.33: Shear force diagram(kN)

Figure 6.34: Moment diagram (kNm)

Figure 6.35 visualises the deformation of the truss under applied load. Maximum displacement is 2,5
cm and is within acceptable serviceability limits for a span of 18 meters, confirming the adequacy of
the structural design under the applied loads.
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Figure 6.35: Deformation

Result Value
Mass of truss (kg) 15714
Mass of beam(kg) 33444
Total weight of structural steel(kg) 49158
Maximum displacement (cm) 2.5
Maximum utilization 0.9

6.4.7 Truss topology 4

Topology 4 spans the longer building direction, reducing the number of required trusses but increasing
individual span lengths. Figure 6.36 illustrates a typical Pratt truss topology. The truss is spanning
25.6 meters.
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Figure 6.36: Truss Topology 4

Figure 6.37 shows the floor span of this option. The red line represent the truss and beams are
represented in green lines. There is only 2 truss on either side of the corridor as the facade has beams
and columns to take up the load. Having a truss in the facade obstructs view hence not preferred in
this design. The direction of the hollowcore slabs are shown with the yellow arrow. Prefabricated HC
slab for a span of 7.3 meter is available according to calculations using VBI tool. Design checks for

the hollow core slab is given in the Appendix D.
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According to figure 6.37 a truss in lateral direction is also designed in Grasshopper and the self is

Hiveau 1
1100

Figure 6.37: Topology 4

added with the other trusses. Thus the truss layout is shown in figure 6.38.

6.4.7.1 Beam design

Beams (Span = 6.40 m) were sized using of cross—section-optimisation study carried out in Grasshop-
per using the Karamba3D. The design input was a uniformly distributed load of ¢ = 56.7 kN m ™" (see

Table 6.15).

Figure 6.38: Option D

Support line

b (m)

1.35Gib (KN/m)

1.50 Qxb (KN/m)

Beam

3.65

294

27.3

56.7

Table 6.15: Design line loads for beam
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Karamba iteratively assessed the cross-section catalogue and identified IPE 330 (S355) as the lightest
section that satisfies Eurocode requirements in bending, shear and deflection.

* Maximum bending moment (at mid-span): M. = 284.3 kN m
* Maximum shear force (at supports): Vi = 181.5 kN

e Maximum deflection: ;. = 14.7 mm

* Self-weight per beam: m = 179 kg

All utilisation ratios returned by the Karamba cross-section optimisation component are below unity,
confirming that the IPE 330 section meets the ultimate and serviceability limit-state criteria without
further modification.

Figure 6.39: Grasshopper model of beam

6.4.7.2 Loads on truss
The loads acting on the trusses are given in table below. For ULS, the governing load combination is
determined by the following formula;

WE4 = 1.35 Gkb +1.50 ka

Supportline | b (m) | 1.35Gb (KN/m) | 1.50 Qb (KN/m) | wgq (kKN/m)

Truss 1 5.35 43.1 40.13 83.3

Truss 2 5.35 43.1 40.13 83.3
Table 6.16: Design line loads for top chord

Support line | b (m) | 1.35Grb (KN/m) | 1.50 Q.0 (KN/m) | wgq (KN/m)

Truss 1 5.35 33.45 40.13 73.5

Truss 2 5.35 33.45 40.13 73.5

Table 6.17: Design line loads for bottom chord
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Figure 6.40: Loads- Model 4

Figure 6.41 shows the parametric model of the longer truss in Grasshopper and figure 6.42 shows the
typical welded connection for this truss.

Figure 6.41: Truss topology 4
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Figure 6.42: Typical welded connection
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6.4.8 Results

The profiles for topchord, bottom chord, diagonals and verticals are given in table 6.44

Figure 6.43: Cross section- Model 4

Name ﬂ Material ﬂ Shape = A [m2] = Wply [m3] ﬂ Wplz [m3] &

HEA450  S355 I rolled 0,018 0,003 0,001
HEA200  S355 I rolled 0,005 0,000 0,000
HEA340  S355 I rolled 0,013 0,002 0,001
HEA320  S355 I rolled 0,012 0,002 0,001,

Figure 6.44: Cross section- Model 4

Figure 6.45 and 6.46 show the shear force diagram and bending moment diagram, respectively.

Figure 6.45: Shear force diagram (kN)

Figure 6.46: Moment diagram (kNm)
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Figure 6.47 visualizes the deformation of the truss under load. Maximum displacement is 4.93 cm
which is within acceptable serviceability limits for a span of 25.6 meters.

Figure 6.47: Deformation

Result Value
Mass of trusses (kg) 30100.5
Total mass of beams (kg) 1790
Total weight of structural steel(kg) 31890.5
Maximum displacement (cm) 4.93
Maximum utilization 0.9

Using the same truss layout and topology, the members were redesigned with square hollow sections
to compare self-weight. The results are summarized in Table 6.18.

Result Value

Truss members (hollow sections) 32,455.25 kg
Beam IPE 330 1,790 kg
Total steel weight 34,245.25 kg

Table 6.18: Self-weight for hollow-section redesign
The total steel weight for the hollow-section option is higher than for the open-section scheme and
the cost for hollow steel sections in euro/kg is almost twice as compared to open sections. Higher
cost for hollow sections is due to extra processing steps, tighter tolerance and higher demand due to
application not just in civil construction. Hence the open-section design is preferable for this layout.

6.5 Segmentation and Connection

In this section, the segmentation strategies discussed in chapter 4 is applied to The Pier. The truss
for the Pier was designed to be divided into modular segments to facilitate transport and erection. At
each segment interface, a bolted splice connection is introduced.

Model 1 is used as an example to discuss the segmentation plan and design the connections. Figure
H.1 shows the numbers given to the members of model 1 in Grasshopper. Members 4, 5, 14 and
15 encloses the corridor and no diagonals are present in the corridor making it the ideal location to
segment the truss. In this location, only two members needs to be spliced for each truss and internal
forces are relatively low.
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Figure 6.48: Member Numbers

Connections are modelled using the software IDEA StatiCa, which employs the Component-Based
Finite Element Method (CBFEM) for the design of steel connections [40]. CBFEM builds on the
component method outlined in Eurocode 3 for joint design, combining it with finite element analysis.
In the component method, each part of the connection is modelled as a spring, and various design
formulas are used to determine their individual stiffness. These stiffness values are then combined
to calculate the overall stiffness of the joint [38]. CBFEM uses this approach to analyze the stress
distribution in individual components, such as bolts and plates [40].

In this section, stiffness analysis is not done as the truss is assumed to be entirely pinned and the
connection is designed for zero moment. Therefore component based design is not done; checks are
done for strength only.

Table 6.19 shows the axial forces in members extracted from structural analysis using Karamba3D.
The top chord is in compression and bottom chord in tension according to the table 6.19.

Members N [KN]

Beam4 -415.1
Beam5 -415.2
Beaml5 1648.5
Beaml14 1648.6

Table 6.19: Axial forces in selected members
Connection for the top chord

The topchord in the corridor is in axial compression and to simplify the connection, the truss is
segmented at the point of zero moment as shown in figure 6.49. Total length of the members 4 and
5 is 3.4 m. Point of zero moment is obtained at 2.4 from the left. Shear force and axial force at the
point is used to design the connection. The cross section is HEA260 and material S355 is used.

Figure 6.49: Segmentation point

Figure 6.50 shows for topchord 4 and 5 at the splice, a bolted flange plate connection is employed.
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-415,0

415,000

Figure 6.50: Splice connection for compression member

Structrual Configuration

* 8 x M20 8.8 bolts are used in the flanges and flange plates are 8 mm thick on top and bottom
flange.

* Web plate is 6 mm think and 8 x M20 8.8 bolts are used in web.

* Bolt assembly consists of bolt, washer, and nut and is simulated by a nonlinear spring based on
CBFEM method in IDEA StatiCa[40].

The section which is considered is for pure shear, and no bending moment. Theoretically, there is no
need for flange plates, only web is sufficient for the most optimum connection. But in a real life case,
there is chance that there could be a moment at this section, due to lateral load, accidental loads, etc.
therefore, flange plates are given so that they takes moment also.

Result

Strength analysis, strain checks of plates, together with code checks of components are performed by
elastic-plastic analysis. In this design the response of the joint to overall load is calculated. Design
checks based on EN1993-1.8 for bolts such as bearing resistance check, utilisation in tension, utilisa-
tion in shear, tension resistance check, punching resistance check, shear resistance check were done
by IDEA StatiCa and results and calculation is given in the appendix along with bearing and net
section check for the plates.

Connection for the bottom chord

The bottom chord in the corridor is in axial tension and to simplify the connection, the truss is seg-
mented at the point of zero moment as shown in figure 6.49 similar to top chord. The cross section is
HEA360 and material S355 is used.

Figure 6.51 shows the connection designed for the bottomchord member 14 and 15.
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Figure 6.51: Splice connection for tension member

Structrual Configuration

* 8 x M20 8.8 bolts are used in the flanges and flange plates are 15 mm thick on top and bottom
flange.

* Web plate is 10 mm think and 6 x M20 8.8 bolts are used in web.

* Bolt assembly consists of bolt, washer, and nut and is simulated by a nonlinear spring based on
CBFEM method in IDEA StatiCa[40].

Result

In this design, the response of the joint to overall load is calculated. Design checks based on EN1993-
1.8 for bolts such as bearing resistance check, utilisation in tension, utilisation in shear, tension res-
istance check, punching resistance check, shear resistance check are done by given in the appendix
along with bearing and net section check for the plates.
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Chapter 7

Findings

7.1 Optimisation workflow

The optimisation workflow was first tested on two problems: a 5 m simply-supported beam and a
50 meter Warren truss by running each model in Karamba3D, RFEM and manual Eurocode checks.
In both cases, the key response metrics (mass, stresses, deflection) differed by less than 1% and, for
the truss, the difference in mass was only 0.3% while maximal deflection differed by 0.02 cm, which
is inside allowable tolerances. The same Warren truss was then subjected to optimisaiton based on
genetic algorithm in Galapagos in which the height and width ratios acted as genomes to minimise
the weight of the truss. In additon to that, OptiCroSec (OCS) re-sized members in every fitness
evaluation; the algorithm converged to a minimum weight of 16842.7 kg, confirming that the nested
GA + OCS loop works.

For the Pier case study that follows, the geometric ratios are fixed by architectural constraints as
established in Chapter 6, so only the OCS optimiser is required. The earlier GA exercise therefore,
serves a different purpose: it identified that height and panel count changes influence the performance
and weight of the truss.

These validation exercises done in chapter 3 demonstrate that the Grasshopper — Karamba3D —
OCS chain produces results that are code compliant, giving confidence in all subsequent analyses for
the Pier redevelopment.

7.2 Pier truss design

By applying the methodology mentioned in chapter 3 with the height and width ratio fixed for The
Pier, weight of steel trusses were produced. Along with this beams were designed for each out option
so that the total structural steel weight can be calculated as shwon in the table 7.1.

Option | Mass [kg]
A 45395.4
B 49344 .8
C 49158
D 31890.5

Table 7.1: Weight comparison

Option D, is the lightest truss according to the results from Grasshopper (Karamba3D).
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Figure 7.1: Option D -lightest design

Embodied carbon calculation

Embodied carbon refers to the total greenhouse gas emissions (expressed in CO,-equivalents) asso-
ciated with the production, processing, transport, and assembly of construction materials before the
building or infrastructure is in use. In this study, the embodied carbon of steel truss options 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.

The calculation uses emission factors from the Dutch National Environmental Database (NMD), spe-
cifically for hot-rolled structural steel profiles (e.g., HEA sections in S355 grade). For each truss
option, the total mass of steel is determined using parametric modeling in Grasshopper. The embod-
ied carbon (GWP) is then calculated by multiplying the total steel mass by the emission factor:

GWP = Mass of steel [kg] x Emission factor [kg CO,-eq/kg]

The table 7.2 allow a direct comparison between different design alternatives based on their environ-
mental impact.

Myiee1 = 25106.5 kg (7.1)

EFNMD =1.51 kg COQ—CQ/kg (72)

GWP = Msteel x E Fymp (73)

=25106.5kg x 1.51 kg CO,—eq/kg (7.4)

=37911kg CO,—eq (7.5)

Option | Mass [kg] | EF [kg CO,-eq/kg] | GWP [kg CO,-eq]

A 45395.4 1.51 68546.5
B 49344.8 1.51 74510.6
C 49158 1.51 74228.5
D 31890.5 1.51 48154.6

Table 7.2: Embodied carbon results per design option (Dutch NMD factors).

Because a single cradle-to-gate factor was applied to all sections, any kilogram saved translates dir-
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ectly into 1.5 kg CO-eq. Weight optimisation is therefore an effective proxy for carbon reduction
in this study. Comparing the two extreme options, Option D and Option B, the former is not only
the lightest but also the lowest-carbon alternative. Choosing Option B would be almost double the
amount of steel and CO-eq with no compensating functional benefit; the excess stems mainly from
the box beams that were needed to control deflection on the 18 meter span.

7.3 Segmentation strategies for large span

The findings from chapter 4 are used to segment the truss in the pier and design an example con-
nection. Steel trusses often exceed standard transport dimensions and crane capacities. In the Neth-
erlands, road transport generally permits a maximum of , 23 m in length, 2 m in width and 3.5 m
in height under standard permit conditions. Site cranes typically have a 25-ton lifting limit. These
constraints are the number, size, and location of truss segments. The ambition to make steel struc-
tures reusable adds another layer of importance to segmentation. Splices must be demountable and
be reversible, favouring bolted rather than welded joints. So segmentation must be considered early
in the design process, and not as an afterthought.

Two primary segmentation approaches are discussed: Member-Level Segmentation and Node-Level
Segmentation. Member-level segmentation is only viable when cuts avoid peak force zones. For nodal
level segmentation, all members remain intact from node to node with their full section capacity, but
it concentrates multiple member forces into one joint region, which must be designed to transfer
all those forces between modules. This could result in a more complex or expensive connection.
These two options are used in different project based on the engineer’s and contractor’s discretion
and there is no definite right or wrong way. In the four case studies discussed in chapter 4, different
approaches are used. In Omnisport Apeldoorn, segmentation was required to meet truck length and
height limits. The solution was to segment near nodes, not mid-member, to limit cantilever deflection
and simplify transport. For Adam Tower Crown, the assembly of the segments on the site at 74 m
height was the difficult part. Splices were positioned where chord forces were lowest to simplify the
assembly. The 29 m Viereendel truss on two sides were built as continuous modules and two sides
were segmented into smaller bolted units. Here, logistics at height dictated segment size. In the case
study X, the length and width of the truss made it difficult to transport it on road and hence cutting
the truss vertically and horizontally was discussed. Case study Y involved a hot dipped galvanised
truss and the size of the galvanising tub and truck dimensions were the major concerns in this case.
Special member level segmentation with double columns was discussed to be implemented by taking
the temperature effects in galvanised truss into consideration.

In Section 6.5, segmentation was applied to an 18 m truss design for Island 3 of The Pier. The truss
was split in the corridor zone, where only two chords needed to be cut both at points of zero moment,
which reduces joint complexity.

Optimal segmentation balances internal force flow, transportation logistics, fabrication method, site
assembly, client demands and disassembly goals and is most often than not tailored to specific project
demands.

7.4 Cost optimisation

Cost optimisation was included in the methodology to see the tradeoff cost of material and connection
and fabrication has with weight of the structure. Through expert interviews, it could be found out that
the weight of the profiles is the main cost driver and practically a fraction of that cost is calculated as
cost of connection and fabrication. The detail calculation about the cost of connection and fabrication
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was not obtained during study.

7.5 Limitations

1. The "OptiCrosec" component in Karamba3D can only select from the discrete list of commer-
cially available profiles provided by the user. As a consequence, any cross-section outside that
catalogue remains unexplored.

2. At each iteration every member is resized independently to the first section in its family that
satisfies the target utilisation. Although this heuristic converges rapidly, it favours local rather
than global improvements and may overlook lighter configurations that require a temporary
increase in utilisation elsewhere. That means the routine halts once two consecutive analyses
return identical sections. It never revisits earlier decisions or explores alternative sizing paths,
so the final solution is near-optimal but not provably the minimum-mass arrangement.

3. OptiCroSec minimises weight subject to strength constraints only. Other pertinent objectives
like cost, embodied carbon, and fabrication complexity are excluded and may yield different
“best” solutions.

4. Limited data obtained on cost estimates of different type of connections, fabrication process
and handling, forced to conclude the result based on the weight of the structure only. A detailed
study might result in a different solution.
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Chapter 8

Conclusion and Recommendations

8.1 Conclusion

This thesis developed and validated a parametric workflow to optimise truss for The Pier Redevel-
opment in Scheveningen and was structured around three main objectives, each addressed through a
combination of parametric modeling, case study analysis, and expert interviews. The first objective:

Determine a material-efficient design for a large-span steel truss for The Pier Redevelopment
project.

This question is answered by generating a parametric model in Grasshopper (Karamba3D) and op-
timising cross-section to get a lightweight design. Among the four architecturally feasible layouts
studied, Option D: trusses spanning the long direction with short 6.4 m secondary beams, proved
the most efficient. The final design requires 31 t of structural steel and 48 t CO2-eq cradle-to-gate
(A1-A3). Compared to the heaviest alternative, Option B at 49.34 t, this represents a material sav-
ing of 18.35t ( 37 %) and a GWP reduction of 26.5 t CO2-eq ( 36 %). Even relative to the next
lightest alternative, Option A at 45.40 ¢, the saving is 14.4 t steel ( 32%). These results confirm that
rethinking the truss span direction and beam arrangement at the concept stage can deliver substantial,
measurable reductions in both material use and embodied carbon.

Figure 8.1: Final Truss Design

The primary reason for Option D’s advantage is the efficiency of its beam system. Short 6.4 m
interior beams can be sized to IPE 330 sections with a self-weight of 179 kg each, giving only 1.79
t total beam mass. In contrast, Options A—C use 18 m interior beams that require heavy box sections
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to satisfy serviceability limits, pushing beam mass to 33.44 t. Although the long-span trusses in
Option D are heavier ( 30.10 t) than those in short-span layouts, the 31.6 t reduction in beam mass
more than compensates, resulting in the lowest overall weight. The validation of the Grasshopper —
Karamba3D — OptiCroSec workflow helped ensure that the weight and GWP differences reported
here result from actual design changes rather than inaccuracies in the analysis, as it showed less than
1 % difference from RFEM and hand calculations.

To apply the knowledge gained from the segmentation study conducted using four different case
studies, truss option A was selected. Segmenting the truss into two pieces was the best strategy
identified for option A and therefore, segmentation was applied in the corridor span, where two splices
were placed in shear-dominant, zero-moment zones because force aligned segmentation improves
constructability and reduces joint complexity, with minimal excess material. Connection design and
verification for this were done using IDEA StatiCa.

The second objective:

How can segmentation strategies and connection methods for steel trusses balance constructab-
ility, transportation, and sustainability requirements?

This was answered through detailed case studies of projects done by Haskoning and interviews with
their structural engineers involved in these projects. The case studies demonstrated that segmentation
is most effective when treated as an integral part of the design process rather than an afterthought.
Two main strategies emerged, each suited to different constraints: member-level splices placed in
low-force or zero-moment regions, which simplify detailing and support disassembly, and node-level
segmentation, which avoids cutting members but concentrates forces into larger joints and is useful
when transport size or lifting capacity is the dominant limit. Across projects at Haskoning, designs
placed splices in shear-dominant, low-moment zones away from peak axial forces, kept the number
of field joints to a minimum, and located them where access for assembly is good.

Practical constraints such as the Dutch transport limit of approximately 23 m x 2 m x 3.5 m, typical
crane capacities of 25 t, and galvanizing bath limits were shown to directly influence segment size
and splice placement. The case studies also reinforced the benefits of standardising plate thicknesses
and bolt sizes to simplify procurement, assembly, and potential future disassembly. Minimising joint
numbers was consistently associated with lower risk, faster erection, and fewer tolerance issues, while
still meeting logistical and safety requirements.

The third objective:

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

Expert interviews confirmed that material weight is the dominant driver of total cost for steel trusses at
concept stage, meaning that changes in weight can be used as a good early indicator of cost changes.
Industry data indicates that fabrication and connections typically add only a small percentage to mater-
ial cost, while material grade and profile choices can cause differences in unit prices. While reducing
weight usually lowers total cost, this is not always the case. If the lighter design requires many more
joints or involves complex fabrication, the extra labour and materials for connections can offset the
savings, making it important to track joint numbers and detailing as well as weight. This study fo-
cused on direct costs and excluded indirect costs, which are relatively insensitive to geometry at this
stage. Due to limited detailed data on fabrication and joint costs, conclusions were primarily weight-
based, and future work should quantify process-level costs and enable multi-objective optimisation
for weight and cost.
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8.2 Recommendations

Recommendations for further research:

1. In cost optimisation of a structure, quantify costs for fabrication steps (sawing, drilling, weld-
ing, blasting, coating etc) to provide a more accurate total cost estimation beyond weight based
estimates.

2. Automate joint checks with the Rhino/Grasshopper plug-in for IDEA StatiCa so that GH script
can also generate connection geometry, run bulk calculations and pull stiffness or utilisation
results back into the optimisation loop without manual export-import cycles. The plug-in is
still a preview tool and IDEA warns that version-to-version compatibility is not guaranteed
[41].

3. Adopt multi-objective optimisation that evaluates weight and cost and produce a Pareto front to
evaluate the tradeoffs.

Recommendations for case study: The Pier

1. Extend optimisation loop to more load cases from Eurocode, such as wind actions, accidental
actions, and dynamic service loads. Verify governing combinations using EN 1990 Annex A1l
[39].

2. Integrate durability, corrosion, ease of disassembly, component re-use and recyclability in the
design. Designing for a second life rather than end-of-life recycling will align the truss with
circular-economy standards.

3. Evaluate erection strategy such as lifting sequence, crane selection, temporary works and on-site
cycle time as these logistics factors will reveal module sizes and splice locations that minimise
construction risk, programme duration and embodied carbon from site activities.

4. Model hot-finished CHS, SHS and RHS hollow structural sections, applying EN 1993-1-1
section-class checks and ISO 14346 fatigue limits while verifying joints in IDEA StatiCa so
weld-access solutions are tested, thereby demonstrating whether hollow sections deliver their
torsional and buckling advantages without compromising constructability.
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Appendix A

Grasshopper Scripts

A.1 Simply supported beam

Figure A.1: Grasshopper script for Beam Model
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A.2 Standard truss

Figure A.2: Grasshopper script for Truss Model-1

Analysis o
Create model |

Figure A.3: Grasshopper script for Truss Model-2
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Figure A.4: Grasshopper script for Truss Model-3

A.3 Truss for the Pier- Model 1

The grid sizes are based on the design of the Pier from Haskoning. The same grid is used for the first
3 models.

i fGrid | | | | £

|
GridBySizes

R e b e

GridDisplay

Figure A.5: Grid
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Figure A.7: Creating model
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Figure A.8: Cross section optimisaiton
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Figure A.9: Results

A.4 Truss for the Pier- Model 2

Figure A.10: Variables for model 2
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Figure A.11: Creating model 2

Cross-section Optimisation

Figure A.12: Cross-section optimisation and results

A.5 Truss for the Pier- Model 3

Figure A.13: Variables for model 3
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Cross-section Optimisation

Figure A.15: Cross-section optimisation and results

A.6 Truss for the Pier- Model 4

Figure A.16: Variables for model 4
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Figure A.18: Cross-section optimisation and results
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Appendix B

Standard Truss- Utilisation checks

B.1 Example Calculation

The section properties, reduction factors, and interaction parameters were extracted from Karamba3D’s

cross-section check panel.

Symbol Description Value
crosec-class - 4

Nra Plastic axial resistance 5105.45 kN
M, ra Plastic major—axis moment resistance 1004.40 kN m
M, ra Plastic minor—axis moment resistance 100.77 kN m
Nery Euler critical load (about ) 12214.00 kN
Ner - Euler critical load (about z) 449.28 KN
M., Lateral—torsional critical moment 277.50kNm
Py Moment—gradient factor 1.0
Crny, Cz, Cor Burocode C,—factors (uniform moment) 0.9

Xy Buckling reduction factor (about y) 0.8578
X Buckling reduction factor (about z) 0.0729
X LT,mod LT-buckling reduction factor 0.2484
kyy Interaction factor for M, 1.0035
k.. Interaction factor for M, 1.0603

Table B.1: Values exported from Karamba®

Axial buckling about the y—axis

3 Nyl Rk 5105
M=y =\ 1557 = 0-65
! Neryy 12214
1 - _
¢ = 5[1 +a(A, - 0.2) + /\32,], a =0.21 (curve a)

1
Xy = ————~0.86

o PN

Axial buckling about the z—axis
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5 / 5105
A, = =3.
449.28 357

a =0.49 (curve ¢)

Xz~ 0.073

Lateral torsional buckling of major-axis bending

_ M, re \/1004.4
Nop = PRk _ -1.90
Lr \/Mcr 277 5

arr =0.34 (curve b)

xrr ~ 0.25

Design actions adopted Assume the global analysis delivers the following design effects (at the same
sample point):

Ngg = 1500kN, M, pq=65kNm, M. pq=7kNm.

Shear forces are below half their design resistance, hence no moment—shear interaction is necessary
(EC3, 6.2.8).

Eurocode 3 unity check

(clause 6.3.3, Method 1)
N, M, M,

n=—2 vk, e (B.1)

Xprl,Rd X LT,mod My,Rd Mz,Rd

1500 65 7

- 1.0035 1.0603—— B.2
0.8578 x 5105.45 0.2484x 1004.4 100.77 (B-2)
=0.343 +0.362 + 0.106 (B.3)
=[0.68<1.0 (OK) \ (B.4)
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Appendix C

List of Cross-Sections

The list of cross-sections the cross-section optimizer can choose from is shown below. Only cross-
sections with the same family attribute as the initial cross-section can be chosen. Only open sections
are shown in the table, optimiser is looking through 3623 cross sections, including Hollow sections,
large flats, ropes etc.
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IPE | HEAA | HEA | HEB | HEM | HL HD HP I
80 100 | 100 | 100 100 | 920x344 | 260x54.1 | 200x43 80
100 120 | 120 | 120 120 | 920x368 | 260x68.2 | 200x53 | 100
120 140 | 140 | 140 140 | 920x390 | 260x93.0 | 220x57 | 120
140 160 | 160 | 160 160 | 920x420 | 260x114 | 260x75 | 140
160 180 | 180 | 180 180 | 920x449 | 260x142 | 260x87 | 160
180 200 | 200 | 200 | 200 | 920x491 | 260x172 | 305x79 | 180
200 220 | 220 | 220 | 220 | 920x537 | 320x74.2 | 305x88 | 200
220 240 | 240 | 240 | 240 | 920x588 | 260x225 | 320x88 | 220
240 260 | 260 | 260 | 260 | I000AA | 320x97.6 | 305x95 | 240
270 280 | 280 | 280 | 280 | 920x656 | 320x127 | 320x103 | 260
300 300 | 300 | 300 | 300 | 1000A 320x158 | 305x110 | 280
330 320 | 320 | 320 | 320 |920x725 | 260x299 | 320x117 | 300
360 340 | 340 | 340 | 340 | 1000B 320x198 | 305x126 | 320
400 360 | 360 | 360 | 360 | 1000M 360x134 | 305x149 | 340
450 400 | 400 | 400 | 400 | 920x787 | 320x245 | 320x147 | 360
500 450 | 450 | 450 | 450 | 1000x443 | 360x147 | 305x180 | 380
550 500 | 500 | 500 | 500 | 1000x483 | 360x162 | 305x186 | 400
600 550 | 550 | 550 | 550 | 1000x539 | 360x179 | 320x184 | 425
650 600 | 600 | 600 | 600 | 1000x554 | 360x196 | 305x223 | 450
700 650 | 650 | 650 | 650 | 1000x591 | 400x216 | 360x109 | 475
800 700 | 700 | 700 | 700 | 920x970 | 320x300 | 400x122 | 500
900 800 | 800 | 800 | 800 | 1000x642 | 400x237 | 360x133 | 550
1000 900 | 900 | 900 | 900 | 920x1077 | 400x262 | 400x140 | 600
1000x748 | 400x287 | 400x158
920x1194 | 400x314 | 360x152
1100A 400x347 | 400x176
1000x883 | 400x382 | 360x174
920x1269 | 400x421 | 360x180
920x1377 | 400x463 | 400x194
1100B 400x509 | 400x213
1100M 400x551 | 400x231
1000x976 | 400x592
1100R 400x634
400x677
400x744
400x818
400x900
400x990
400x1086
400x1202
400x1299

Table C.1: List of Cross- Sections
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Appendix D

Hollowcore Slab Calculation

For floor layout 1, online tool from VBI is used to check if floor span is feasible. This tool gives a
report after doing the necessary checks. The report in Dutch is given in figure D.1. Some important
parts are translated to English is shown in table D.1,

Check Demand | Capacity | Unit | Utilisation
Deflection — immediate (additional) 6 13 mm 0.46
Deflection — long-term (total) 6 26 mm 0.23
Bending moment — Service (SLS) 98.81 112.06 kN-m 0.88
Bending moment — Due to camber 53.93 103.80 kN-m 0.52
Bending moment — Fire (60 min) 53.93 64.92 kN-m 0.83
Bending moment — Characteristic 65.88 103.80 kN-m 0.64
Shear force — Service (max) 58.72 100.58 kN 0.59
Shear force — Fire (60 min) 34.03 39.65 kN 0.86
Crack width (bottom fibre) 0.000 0.339 mm 0.00
Compression-layer shear 0.165 0.309 N/mm? 0.53

Table D.1: Hollow-core slab verification (A200, 6400 mm x 1200 mm)
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ProjectNr. Element Elementtyp Lengte Breedte Belastingsfase Datum Berekend Wapening

- Kanaalplaat 1 A200 6400 mm 1200 mm Gebruik 07-05-2025 S6D2-D2
Algemeen
Gevolgklasse CC3
Ontwerplavensduur 50 jaar
Milieuklasse ondar X1
XX Constructieklasse s1
Brandwarandheid B0 minuten
Sterkleklasse C45/55
Betondekking onderzijde 26 mm
Belastingen
Belastingcategorie c
W-factoren W.o040 Y070 060
Eigen Gewicht 308 i
Druklaag 125 wnim®
Alwerking 170 wnim®
Opgelegd 500 kNim®
Verpl. Scheidingswanden 000 pnim?
Druklaag
E400 Samengeslelde doorsnede  constructiefl
o ‘ n;‘ Dikte {L-M-R) 50 - 50 - 50 mm
s ol Kwaliteit c20/25
45 E310 45 Basis wapeningsnel # 25-150 mm
Montagejuk Geen
Doorbuiging Optr. Toel. Eenh. Momenten Positief Pos. Optr. Toel. Eenh. Opleggingen X B
Veld bijkomend B 13 mm Gebruik 3200 9681 112.06 KNm
o Fap PEFManent 228 228 KN
Veld otaal (] 26 mm Scheurmoment (doorbuiging) 3200 5393 103.80 KNm E {abel 189 189 KN
Brand 3200 5393 G492 kNm rep Variabal - ’
Karakleristiek 3200 6588 10380 kNm  Mietbedoeideinkimom.  nee  nee
Druklaag loopt tot Wand Wand
. Opleglengte {a 20 890 mm
Scheurbeheersing Pos.  Optr.  Tosl Eeah ~ DPiegienge(a)
Scheurwijdte ondar 3200 0.000 0.339 mm
Dwarskrachten Pos. Optr. Toel. Eenh.
Gebruik 181 (BD) 5872 100.52 kN
Gebruik 6219 (B340) -58.72 -100.58 kN
Gebruik 1248 aver 77.09 kN
Gebruik 5151 -3785 -T7.02 kN
Brand B0 34.03 3985 kN
Brand 6340 -34.03 -3065 kN
Afschuiving Druklaag 60 0.165 0,309 pjmm?®
Afechuiving Druklaag B340 0.165 0.3029 wimm?

Figure D.1: VBI-1

For floor layout 3, the summary of checks for HC slab is shown in the table D.2. The original report
in Dutch is given in figure D.2

Check Demand | Capacity | Unit | Utilisation
Deflection — immediate (additional) 6 13 mm 0.46
Deflection — long-term (total) 6 29 mm 0.21
Bending moment — Service (SLS) 98.81 112.08 kN-m 0.88
Bending moment — Due to camber 53.93 103.80 kN-m 0.52
Bending moment — Fire (60 min) 53.93 64.92 kN-m 0.83
Bending moment — Characteristic 65.88 103.80 kN-m 0.64
Shear force — Service (max) 58.72 100.59 kN 0.59
Shear force — Fire (60 min) 34.03 39.65 kN 0.86
Crack width (bottom fibre) 0.000 0.339 mm 0.00
Compression-layer shear 0.165 0.309 N/mm? 0.54

Table D.2: Verification summary for hollow-core slab layout 3 (A200, 6.40 m x 1.20 m)
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ProjectNr. Element Elementtyp Lengte Breedte Belastingsfase Datum Berekend Wapening

- Kanaalplaat 1 A260 8300 mm 1200 mm Gebruik 14-05-2025 S10-D4
Algemeen
Gevolgklasse CC3
Ontwerplevensduur 50 jaar
Milieuklasse onder Xc1
XXConstructieklasse 51
Brandwerendheid 60 minuten
Sterkteklasse CA45/55
Betondekking onderziide 40 mm
Belastingen
Belastingcategorie C
i-factoren Wo: 040 W-0T70 Y060
Eigen Gewicht 383 pm?
Afwerking 500 nym?
Opgetegd 175 wm?
Werpl. Scheidingswanden 000 pim?
Opleggingen A B
Frep permanent 435 435 EN
0, 50 Fygp variabel 86 BB kN
'I\ 1% Niet bedoelde inkl.mom. nee nee
i a5 Opleglengte (a) 90 90 mm
45 gz 45
Doorbuiging Optr. Toel. Eenh. Momenten Positief Pos. Optr. Toel. Eenh.
Veld bijkomend 14 17 mm Gebruik 4150 147.04 17038 kNm
Veld totaal 21 33 mm Scheurmoment (doorbuiging) 4150 8988 12771 kNm
Brand 4150 9989 14014 kNm
Karakteristiek 4150 106.97  127.71 kNm
Scheurbeheersing Pos. Optr. Toel. Eenh.
Scheurwijdte onder 4150 0.000 0522 mm
Dwarskrachten Pos. Optr. Toel. Eenh.
Gebruik 183 (80) B9.06 13017 kN
Gebruik 8107 (8240) 6906 -130.17 kN
Gebruik 1557 4525 10266 kN
Gebruik 6743 4525 -10266 kM
Brand 60 48.49 54.96 kN
Brand 8240 -48.49 54968 kN

Figure D.2: VBI-3
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Appendix E

Cost data and Assumptions

The detailed information from the interviews is included here to keep things transparent and for
possible use in future stages of the project.

* Excluded from the model: explicit welding and fabrication terms, detail-specific surcharges
and transport.

Welding costs depend on length, thickness and complexity. More complex structures require multiple
welding passes, thicker welds or special detailing. A practical welding speed is 350 mm min~!.
Connections (bolts or plates) are not priced individually at first, because the full amount of work
involved (number of bolts and plates) is not known at the design stage. However, with many repeated
joints (as in trusses) costs can be rationalised.

There is no fixed price per bolt; instead, a percentage of material cost is used (weight, bolt type,
complexity, galvanisation). Extra gusset plates add roughly 2.5 € kg~!. Increasing the number of
connections from 10 to 20 raises cost by about 40 %; the relationship is not linear. The single largest
cost driver remains the weight of steel.

Fillet size Welding rate Labour cost
(m/h) (€/m)
General (350mm/min) 21 34
Smm 7 10.3
6—-8mm 2.3 31.3
8—10mm 1.2 60.0

Table E.1: Welding productivity and labour cost (labour rate = 72 €/h)
Connection cost is described in Chapter 3 as 3—6 % of material cost, where the exact figure depends
on joint complexity. Table A.2 records the modifiers suggested by interviewees; they remain valid
background data.

Item / Condition Typical figure

Bolts & plates (fabrication & galvanising) 3-6 % of material cost
Extra gusset-plate supply 25 €kg!

Truss with diagonal bracing +50 % labour cost
Doubling connections (10 — 20 joints) +40 % total cost

One simple detail (rule-of-thumb) 150 € each

Table E.2: Connection and complexity cost modifiers
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E.1 Cost Estimation Interview Summaries

Interview summary from cost estimator 1 from steel contracting company A is given below.

1. What are the direct and indirect costs considered when quoting the total price? The pri-
cing is usually for the main structure. Direct costs- labour, material, steel profiles, engineering,
mounting and welding. Indirect costs- administration and supporting staff and general over-
head. Indirect costs are factored in through calculated tariffs and are applied per hour or per
unit depending on the task. For e.g., welding labour is estimated around 10 hours per ton of
steel. Additional work like painting or coating and higher execution class requirements (which
demand more testing and or inspection) are also considered.

2. Welded or bolted connection cost? Welding costs depend on length, thickness and complex-
ity. More complex structures require multiple welding passes, thicker welds or special detailing.
Welding speed estimates 350 mm per minute. Connections (bolts or plates) aren’t priced in-
dividually at first, because the full amount of work involved (number of bolts and plates) isn’t
known at the design stage. However, when repeated many times like in trusses it becomes easier
to estimate.

3. Different steel profiles sizes and prices Steel prices vary by size, weight and profile type.
Steel prices vary depending on the grade with price differences reaching up to 0.05 euro per kg
between grades. For e.g. If you are buying a beam that weights 100 kg and the better steel grade
is 0.05 euro more expensive per kilogram, that adds 5 euro to the cost. Because steel prices are
fluctuating, they usually get prices from the supplier quotes and they extract specific profiles
and calculate the cost based on the weight and type of material. They don’t maintain a fixed
list or prices because the price from the supplier fluctuates daily or weekly. Prices are typically
confirmed shortly before the purchase of project execution. Profiles and materials used in less
frequent production runs are pricier due to limited availability.

4. Transportation and logistics cost Transportation depends on segment sizes, truck types and
permits. Road transport for trusses might need segmentation if the sizes exceed standard truck
dimensions.

5. Production process and labour cost Unique connections require manual labour and more
engineering effort. This means that standardised components are more efficient but custom
designs increase cost and effort. Labour costs are estimated based on the weight and type of
work. 10-12 hours per ton for repeated elements. The weld length and size and number of bolts
and complexity of joints all contribute.

Interview summary from cost estimator 1 from steel contracting company B is given below.

1. What are the direct and indirect costs considered when quoting the total price? Direct
costs: Steel purchase, engineering, fabrication, coating/galvanising, transport, site erection and
installation. Indirect costs are minimal and include slight (1-5%) profit margin and risk buffer.
These are included in hourly rates and depend on annual utilisation.

2. Welded or bolted connection cost? Costs are calculated based on welding time and weld size.
Smm: 7m/hr 6-8mm: 2.3m/hr 8-10mm: 1.2m/hr Welding cost is about 72 euro/hr. Prep time
is 2 times the welding time but becomes stable for bigger welds. There is no fixed price per
bolt. Instead use a percentage of material cost based on weight of the structure, bolt types,
complexity and galvanisation. Estimated range: 3-6%. Cost impact on bolt sizes is not sep-
arately calculated. It is baked into the percentage estimation. Material+ making cost of steel
gusset plates: 2,5/kg. More plates = more welding and composition/welding time, thus higher
cost. More cost for detailed geometry because of detailed engineering and special beams. Truss
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with diagonal reinforcements can increase labour cost by 50% Cannot calculate the cost of one
detail. Cost of one easy detail is 150 euros approx. But not possible to zoom in and calculate
in more detail. They provide a complete work price for the entire structure. This estimation
includes all steps like engineering and fabrication, they do not separate this. The cost of increas-
ing the number of connections in a truss from 10- 20 is not linear, or not a simple doubling.
Instead, the increase is about 40%. so, the cost rises but not proportionally. The biggest cost
driver remains the weight of the steel. It is too complex to input all these into software because
there is not fixed pricing model that works universally. They rely on experience and overall
estimation, especially since you only know the costs at the end of the project.

. Different steel profiles sizes and prices S355 from mills: 30 euro /ton more than S235 S355
from stock: 60-80 euro/ton more than S235 Mill orders start from 10 tons with a 6-10-week
lead time. Emphasis on steel weight because it has more impact on cost than connections. The
heavier the structure the more costly it becomes. It is important to look after the total setup and
how things fit and are built together. The standard design for easy trusses includes: rectangular
cold formed tubes in specific arrangements like upper, bottom, diagonal and vertical chords.
Cost depends heavily on the profile and weight. Price list in not available. But for rectangular
tubes cost is 5-10% more than round tubes. In some cases, the price difference can reach up to
30% depending on the profile and the market.

. Transportation and logistics cost General permit allows segments up to 3.5m x 23m. Spe-
cial permits, guidance vehicles etc add cost. Steel transport per km ranges form 2-5 euro/km.
Standard truck size is 3.5m x 23m.
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Appendix F

Case Study: Interview summary

Interview summary from the conversation with a structural Engineer about segmentation strategies
of truss in different projects is given below.

F.1 Case study 1: Omnisport Apeldoorn

(a) Can you give an overview of the project?

The project is the Omni Sport Apeldoorn, a large indoor cycling arena with a curved roof
and trusses spanning over 100 meters. Each truss varied in length, some reaching up to 85
meters.

(b) How are such large trusses segmented for transport and assembly?

Such trusses are fabricated in workshops and then cut into smaller, transportable seg-
ments. The typical transportable length is between 30 and 40 meters, depending on road
limitations and permit types. In the Omni Sport project, each truss was divided into three
segments that were bolted together on-site. Transport height also plays a role. While
S-meter-high trusses can be transported vertically, this may require special permits or
nighttime transport.

(c) What factors determine where the cuts are made in the trusses?

The location of cuts depends on structural logic and practical concerns. Cuts are usually
placed to avoid vertical members and are made through chords and diagonals instead. This
avoids weakening the structure at high-stress points. Compression areas like the top chord
can have simpler connections, while tension areas like the bottom chord need more robust
bolted connections, sometimes involving over 30 bolts in a single splice.

(d) When do you choose welded connections instead of bolted ones?

Welded connections are often chosen for their cleaner appearance and structural perform-
ance, especially in areas under compression. However, welding on construction sites can
be unreliable because of environmental factors like temperature and humidity. As a result,
bolted connections are usually preferred for on-site work. Many projects use a combina-
tion of both, welding in the workshop and bolting on-site.

(e) Are there any examples where the connection strategy was adapted to suit the pro-
ject?

Yes, in one case, diagonals sticking out from a truss raised concerns during transport, so
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the connection was adapted with a double-bolted joint to prevent damage.

What are some challenges when working with circular hollow sections (CHS)? CHS
members are more difficult to bolt than traditional I-beams because of their curved sur-
faces. While flange plates can be added for bolting, these connections can be bulky and
limit the number of bolts. In contrast, I-beams have flat surfaces that make it much easier
to use bolted plates. It’s also easier to design clean connections in compression than in
tension, since tension forces tend to pull connections apart, requiring extra reinforcement.

F.2 Case Study 2- Adam Tower

Interview summary from conversation with a Structural engineer about the A’DAM Tower pro-
ject is given below.

(a)

(b)

(©

(d)

(e)

Can you describe the project and the design challenges involved?

The A’DAM Tower project involved extending an existing high-rise building by adding
three new stories on top. The new structure was rotated 45 degrees relative to the existing
tower, creating a complex loading situation. The design had to transfer all major loads to
just four corner points of the original core structure, since those were the only locations
capable of bearing significant additional weight. Due to space constraints and the desire
to maintain an open, panoramic "Skydeck" viewing area, traditional bracing systems were
ruled out, and a different approach altogether was needed.

What structural solution was used for the new upper floors?

The team decided on a Vierendeel truss system. While less efficient when structurally
compared to traditional triangulated trusses, this method eliminated the need for diagonal
bracing and allowed for open, unobstructed space inside the Skydeck. This was especially
important for architectural reasons, since the top floor was designed to function as an
observation area with 360° views. The design relied on rigid connections at the nodes,
which required more material and stronger columns, but offered the visual openness the
client and architect wanted.

How were lateral loads like wind addressed without traditional bracing?

The Vierendeel structure itself provided some lateral stability, but additional wind bracing
was added to make the structure fully non-sway. These braces were integrated into the
remaining core wall elements, such as elevator shafts and stair walls, minimizing the visual
impact and maintaining architectural freedom. In some cases, the architect even altered
the floor layout to accommodate optimal bracing placement.

What was the size and segmentation strategy for the trusses?

The trusses were around 30 meters in length and required segmentation for practical as-
sembly. Here, the four main Vierendeel trusses formed the structure, supported by the
four main corner columns. Although the spans could technically be transported in one
piece, limitations in crane capacity at 74 meters of height made segmentation necessary.
Two of the main trusses were fabricated in multiple parts with bolted connections and in-
termediate support columns. Continuous trusses were also divided based on internal force
diagrams to ease transport and reduce on-site hoisting time.

What were the erection and hoisting considerations?

Hoisting capacity and scheduling played a key role in the strategy. There was only one
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crane in Europe capable of the required lifting height and load, and it had to be reserved
two years in advance. To minimize the number of hoisting operations, the steel supplier
proposed assembling large sections on the ground, including the composite deck and scaf-
folding, and hoisting them into place as complete modules. This allowed faster installation
and safer working conditions at height.

Can you describe the connection details and joint types?

The segmented trusses were connected with a combination of bolted tension and com-
pression joints. For example, the bottom chord connections were in compression, while
the top chord connections were in tension. Special plates were added at joint locations to
ensure proper alignment and load transfer. Some connections were intentionally placed at
areas with low internal force in order to reduce structural stress and simplify assembly.

F.3 Case study 3: X

(a)

(b)

(©

(d)

(e)

Can you describe the project?

The project involved a facility, which included a 46-meter-span steel truss with a height of
approximately 4 meters. The building required a column-free interior space, meaning the
truss had to span the full width between supports. Due to its size and height, the full truss
could not be transported to the construction site as one piece and had to be segmented.

What was the segmentation and assembly strategy?

The truss was designed to be fabricated in four segments, transported to the site, welded
together on the ground, and then hoisted into place as a single, fully welded unit. The cuts
were planned near the ends of the truss rather than the center to avoid high internal forces
during assembly. It was also mentioned that the exact cut locations were not fixed by the
structural designer but were typically proposed by the steel contractor based on practical
factors.

Were there any complications with regards to cutting and fitting the members?

Yes, some cuts involved diagonals that extended through multiple segments, which in-
troduced challenges in aligning and welding the pieces accurately on site. Cantilevering
parts of the truss before final assembly could also result in deflections that complicate
alignment.

How were decisions made about bolted vs. welded connections?

In this project, all visible connections were required to be welded due to architectural
preferences. This ruled out bolted joints even though they might have simplified trans-
port and assembly. It was noted that in other scenarios, engineers may compare different
connection options: one favoring the architect, one the contractor, and one the structural
engineer and weigh trade-offs like cost, feasibility, and appearance.

Why was segmentation necessary in this project?

The primary driver for segmentation was transportation limits. The truss was too long
and too tall to be transported vertically or flat. While transporting it diagonally on a
truck is theoretically possible, it requires custom supports and limits the number of trusses
per truck. The strutcural engineer emphasized that segmentation was the most practical
solution, especially given the number of trusses and the logistics of transporting them to
site.
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F4 Case Study4:Y

(a)

(b)

(©

(d)

(e)

()

Can you describe the project and its structural challenges?

The project involves a very large steel truss, approximately 100 meters long, that must be
prefabricated, galvanized, and transported to site. The primary challenge was reconciling
the size of the truss with the physical limitations of the galvanizing process and trans-
port. The hot-dip galvanizing bath available was only about 23-25 meters long, making
it impossible to dip the full truss in one piece. Additionally, transportation by road posed
further limits on segment length and orientation.

What was the segmentation and assembly strategy?

To address these constraints, the truss will be cut into several smaller segments. Each
segment will be fabricated with a double-column configuration and end plates at both the
top and bottom chords to allow for bolted connections. This modular system allows for
easier galvanizing and transport while maintaining structural integrity. The current plan is
to assemble the segments on-site using bolts, minimizing field welding.

Were there any complications related to cutting and fitting the members?

Yes, segmenting such a large structure introduces alignment challenges, particularly at
joints where diagonal or vertical members meet the chords. The engineer acknowledged
that too many on-site connections can become labor-intensive and reduce quality. There-
fore, they are aiming to reduce the total number of field connections wherever possible
and keep them consistent to avoid overly complex detailing.

How were decisions made about bolted vs. welded connections?

In this case, bolted connections were preferred over welding due to ease of assembly and
reduced on-site work. The double-column and end plate system allows for modularity and
cleaner joins. Welding would have required more specialized site work and introduced
quality control issues, especially given the size and location of the joints.

What role do eccentricities and member alignment play in truss detailing?

The team is using a symmetrical detailing strategy to ensure that member centerlines align
cleanly at joints, reducing eccentricities and simplifying load transfer. They also emphas-
ized that aligning and assembling connections off-site, wherever possible, improves struc-
tural stability during transport and avoids complications from irregular or angled member
cuts.

Why was segmentation necessary in this project?

Segmentation was driven by two main constraints: the limited size of the galvanizing bath
and the transport restrictions of standard trucks. Transporting the full truss in one piece
was not feasible due to road size limits and clearance requirements. The current solution
involves stacking segments diagonally on trucks to make full use of permitted envelope
dimensions while keeping each piece within galvanizing limits.
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Appendix G

Box Beam Design

Bending resistance (ULS)

Symbol Value
fy 355 Nmm~2
YMo 1.0

Mgy | 4.26 x 109 Nmm
Wiy 1.63 x 107 mm?3

Table G.1: Design data — bending (ULS)

_ qursL?

MEd ] )

qurs = 1.35(37.6 + 4.71) + 1.5(32) = 105.1 KN m™*

W, 1.63 x 107 x 3
Mpa = sty _ 707X 5 78 10° N mm = 5.78 MN m

YMo 1.0
4.26
| Mpg=426MNm < Mpy=578MNm| 7= =g #0.74 (OK)
Shear resistance (ULS)
Symbol Value

fy 355 Nmm~2
VMo 1.0

VEd 928.8 kN

A, 2t, H =2(20)(880) = 3.52 x 10* mm?

Table G.2: Design data — shear (ULS)

A, f,  3.52x10%x 355

VRa = =721 x10°N=7.21 x 10> kN = 7.21 MN
V39Mm0 V3
0.93
[Vea=0.93MN < Vig=721MN| 7= 51 013 (OK)

Total-load deflection (SLS)
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Symbol Value
Q 37.6+32+4.71=7431kNm™
L 18.0m
E 210 GPa
I 6.75 x 102 mm?

Table G.3: Serviceability data — total load

4 4
5 QL 5 T3l (18000)" . o P .
384 E1 384210000 x 6.75 x 109 250

Oact = 71.6 mm < Oyiow = 72mm| — OK

Live-load deflection

5 qL*

act = ETEE) =32 kN -
‘T3R5 ET ¢=32kNm

5 32 (18000)¢ L
Bt = 230.8mm, Oy = —— = 60
'~ 385210000 x 6.75 x 10° fm llow = 350 = Y MM

Oact =30.8mm < Oy =60mm| =— OK

Weight of the edge beam = 4.39 kN/m

Key section properties (for interior beam)

Outer size: B x H = 300 x 880 mm, web thickness t,, = 20 mm, flange thickness ¢y = 50 mm

BH? - (B -2t,)(H -2ty)3
12
Wiy = 1.63 x 10" mm?®

A=BH - (B-2t,)(H -2t;) = 61200 mm?
Weeam = Apg = 4.71 kKN m™

I= =6.75 x 10° mm*

Moment, shear and deflection checks are verified for the interior beam with section properties
as mentioned above and the weight of the interior beam = 4.71 kN/m
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Appendix H

Detailed Result of Case Study Option 1

H.1 Option A

Figure H.1: Option A

Utilisaiton Check: Example Calculation for member number 4

The section properties, reduction factors, and interaction parameters were extracted from Kara-
mba3D’s cross-section check panel.
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Symbol Description Value
crosec-class - 3
Nry Plastic axial resistance 2841.38 kN
M, ra Plastic major—axis moment resistance 248.13 kN m
M, ra Plastic minor—axis moment resistance -83.60 kN m
Nery Euler critical load (about y) 18 736.03 kN
N - Euler critical load (about z) 6576.44 kN
M, Lateral—torsional critical moment 935.31 kN m
Wy Moment-gradient factor 0.0204
Ciys Cmz, Courr | Eurocode Cy,—factors (uniform moment) 0.9
Xy Buckling reduction factor (about ) 0.9305
Xz Buckling reduction factor (about z) 0.7515
X LT,mod LT-buckling reduction factor 1
kyy Interaction factor for M, 0.933
k.. Interaction factor for M, 0.969

Table H.1: Values exported from Karamba®

(a) Non-dimensional slenderness

- [N, ri [2841.38 - 2841.38
A\, = L= - =0.389 )\, = =0.657,
v Nery 18736.03 \ 6576.44

(b) Buckling reduction factors

Xy =0.9305 (curve a;a = 0.21), X-=0.7515 (curve c; o = 0.49), xzr = 1.000
1

VeSS

(c) Interaction factors (EC 3 Annex B.3, symmetrical I-section)

obtained with ¢ = J[1 +a(X-0.2) + X2], x =

kyy =0.933, k. =0.969

with kyy = ko, = 1+ /3( Neg  _ no) . B=0.6, ng = 0.20.

Npi,Rd

(d) Utilisation equation

NEd My,Ed Mz,Ed
nN=———+ky——7—— + k,————
Xy IVpi Rd X My pi Rd XrT M i Rd
415.11 74.70
= + 0933 x ————— + 0969 x ———
0.9305 x 2841.38 1.00 x 248.13 1.00 x 83.60

=0.438 < 1.00 v

Member 4 (upper chord) satisfies the combined axial compression, major-axis bending, and lat-
eral-torsional instability requirements of EN 1993-1-1 with a maximum interaction utilisation
of Mmax = 0.44.
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Appendix I

Connection Design

I.1 Connection on Top chord

- 4150

Figure 1.1: Connection for splice on top chord

Name Material
HEA260 | S 355

Table 1.1: Cross-sections present in the splice

Name / Grade | d [mm] | f, [MPa] | f, [MPa] | A, .5 [mm?]
M208.8 20 640 800 314

Table 1.2: Bolt data used in the design

Name N [kN] | V, [KN] | V [KN] | M, [KNm] | M, [KNm] | M, [KNm]
LE1 B1/End | -415.0 0.0 121.4 0.0 0.0 0.0
LE1 B2/End | -415.0 0.0 121.4 0.0 0.0 0.0

Table 1.3: Member-end forces applied to the splice
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Plates

0 E
Mame to Loads =0 -
[mm] [MPa] (%]
B1-bfl 1 125 LE1 258 4 0.0 356 OK
B1-tfl 1 125 LE1 175.3 0.0 354 OK
Bl-w 1 7.5 LE1 355.1 0.0 354 OK
B2-bfl 1 125 LE1 1735 0.0 382 OK
B2-tfl 1 125 LE1 258.2 0.0 355 OK
B2-w 1 7.5 LE1 355.1 0.0 382 OK
SPL1a 8.0 LE1 3140 0.0 355 OK
SPL1b 80 LE1 3269 0.0 354 OK
SPL1c 8.0 LE1 326.4 0.0 348 OK
SPL2a 80 LE1 3155 0.0 56 OK
SPL2b 8.0 LE1 326.8 0.0 352 OK
SPL2c 8.0 LE1 326.4 0.0 354 OK
SPL3a 60 LE1 2082 0.0 127 | OK
SPL3b 6.0 LE1 208.4 0.0 127 | OK
Figure 1.2: Check for plate
Design data
f i
Material ¥ d
[MPa] [%]
S 355 355.0
Figure 1.3: Design data
where,
t, : plate thickness
Ogq © equivalent stress
ep ¢ plastic strain
OcEd - contact stress
fy © yield strength
€lim ¢ limit of plastic strain
. . 355 MPa
Design yield strength: fyd = Ju = 355 MPa
Mo 1.00
Strength check: opa < fya = plate remains in the elastic range (Status: OK)
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Bolts

Fiag [ F F Ut | UG |0
Shape hom  Grade  Loads i ‘Ed bl E‘%’:i [‘;:sl m‘f]ﬁ Detailing  Status
B1  M2088-1 LE1 225 192 2357 160 204 318 OK oK
B2 M2088-1 LE1 29 191 2450 21 203 218 OK OK
B3  M2088-1 LE1 226 102 2357 160 204 318 OK oK
£4 £f B+ mo088-1 |LET 20 101 2450 20 203 218 OK oK
£ £ £f B Mo088-1 LET 234 186 2357 166 198 316 OK oK
BE  M2088-1 LE1 28 198 2450 20 210 224 OK oK
B7 M2088-1 LE1 234 186 2357 166 198 317 OK oK
B8  M2088-1 LE1 29 198 2450 20 210 225 OK oK
BS  M2088-1 LE1 235 186 2357 166 198 317 OK oK
B10 M2088-1 LE1 29 198 2450 20 210 225 OK oK
B11 M2088-1 LE1 234 186 2357 166 198 316 OK oK
28 P [p12 [m088-1 | LET 28 198 2450 20 210 224 OK oK
42400 450% B3 mM2088-1  LE 226 192 2357 160 204 318 OK oK
B4 M2088-1 LE1 28 191 2450 20 203 218 OK oK
B15S M2088-1  LE1 227 192 2357 161 204 319 OK oK
B16 M2088-1  LE1 29 191 2450 21 203 218 OK oK
B17 M2088-2  LE1 20 125 690 20 181 147 OK oK
B18 M2088-2  LE1 10 66 1470 07 00 75 OK oK
. B10 M2088-2  LE1 46 250 1470 32 353 200 OK oK
NLTLgE B20 M2088-2  LE1 30 235 1470 21 320 265 OK oK

£049 232 B21 M2088-2  LEf 46 259 1470 32 353 299 OK OK
B22 M2088-2  LE 30 235 1470 21 320 265 OK OK
B23 M2088-2  LEf 29 125 690 20 181 147 OK OK
B24 M2088-2  LEf 10 66 1470 07 90 75 OK OK
Design data
F B F
Grade t.Rd p.Rd v.Rd
[kN] [kN] [kN]
M20 8.8 - 1 141.1 187.8 94 1
M20 8.8 - 2 141.1 140.8 94 1
Figure 1.4: Check for Bolt
where,

F; gq : tension force
F, gq : resultant of bolt shear forces V,, and V. in the shear planes
Fyra : plate bearing resistance (EN 1993-1-8, Table 3.4)

U, : utilisation in tension
U, : utilisation in shear
U,s : combined utilisation for tension+shear (EN 1993-1-8, Table 3.4)

1. Tension resistance check (EN 1993-1-8, Tab 3.4)

A . MPa x 24 2
k?fub 5 _ 0.90 x 800 a x 245 mm =141.1kN > Ft,Ed:22'5kN = OK

Fypa = >
BRE T e 1.25
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Where:

* F; ra: bolt tension resistance (EN 1993-1-8, Table 3.4)
ko = 0.90 — factor for non-preloaded bolts

* fup = 800 MPa — ultimate tensile strength of bolt

» A, =245 mm? — tensile-stress area of bolt

* Y2 = 1.25 — partial safety factor for bolts in tension

2. Punching (pull-through) resistance check

0.6d,,t, fu ) 2 490 MP
i = pf :06 x 32mm x 8mm x 490 a=187.8kN > Fypa=22.5kN —> OK

B

p

Where:

* B, ra: punching shear resistance (EN 1993-1-8, Table 3.4)

d,,, = 32 mm — mean across-flats dimension of bolt head/nut
* ¢, = 8 mm — plate thickness under bolt head/nut
e f. =490 MPa — ultimate plate strength
* yae = 1.25 — safety factor

3. Shear resistance check

By, fup As 1.00 % 0.60 x 800 MPa x 245 mm?

Fde: =94.1kN > Fv,Ed: 19.2 kN — OK

Y2 1.25
Where:
* F,ra: bolt shear resistance (EN 1993-1-8, Table 3.4)/3, = 1.00 — packing reduction
factor

* «, = 0.60 — shear-stress reduction factor
* fub, As,var2 —as in Check 1

4. Bearing resistance check

krapdt fu 2.50 x 0.96 x 20 x 13 x 490
Py = 200000 250 ;25X “2 9357KN > Fhp.=37T.0kN = OK
Ym2 .

Where:

k1 = 2.50 — edge/spacing factor (ki = min{2.8 e2/dy — 1.7, 1.4ps/dy - 1.7, 2.5})
ay = 0.96 — end-distance factor (ab =min{e1/(3do), p1/(3do) + 1 fu/ fub, 1})

d = 20 mm — nominal bolt diameter

t = 13 mm — plate thickness in bearing

* Remaining symbols as defined above

5. Utilisation in tension

Fi 54 22.5

U, = = =0.16 <1.0 OK
' min(Fps, Byga) 1411 —
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6. Utilisation in shear

19.2 37.0
= e = . < .
ma 911 235 ) 0.20 <1.0 == OK

Foga Fykd )

Us; =ma ,
Fori Iy ra

7. Interaction of tension and shear (EN 1993-1-8, Tab 3.4)

Fopa  Fipa_192 225
Fora Fipa 941 1411

Uy, = =032 <1.0 = OK

I.2 Connection on Bottom Chord

-2 —
1645,0
e

Figure 1.5: Splice connection for tension member

Name Material
HEA360 | S 355
Table 1.4: Cross-section present in the splice
Name Diameter [mm] | f, [MPa] | f, [MPa] | Gross area [mm?]
M208.8 20 640.0 800.0 314
Table 1.5: Bolt properties adopted in the design
Name | Member | NV [kN] | V, [KN] | V, [kN] | M, [KNm] | M, [KNm] | A/, [KNm]
LE1 B1/End | 1648.0 0.0 | -202.0 0.0 0.0 0.0
LE1 B2/End | 1648.0 0.0 | -202.0 0.0 0.0 0.0

Table 1.6: Member-end forces applied to the splice (equilibrium check)
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Plates

Name

B1-bfl 1
B1-tfl 1
B1-w 1
B2-bfl 1
B2-1fl 1
B2-w 1
SPL1a
SPL1b
SPL1c
SPL2a
SPL2b
SPL2c
SPL3a
SPL3b

[mm]

Design data

S 355

where,

Material

t, : plate thickness

Ogd : equivalent stress

ep - plastic strain

OcEa : contact stress

fy + yield strength

€lim © limit of plastic strain

Design yield strength:

Strength check:

Loads [;:';]
17.5 LE1 355.3
17.5 LE1 341.0
10.0 LE1 356.8
17.5 LE1 3411
17.5 LE1 355.3
10.0 LE1 356.8
15.0 LE1 308.2
15.0 LE1 3442
15.0 LE1 3435
15.0 LE1 309.2
15.0 LE1 3414
15.0 LE1 3421
10.0 LE1 288.5
10.0 LE1 288.6
Figure 1.6: Check for plate
fy
[MPa]
Figure 1.7: Design data
foa= v 3MPR_ oo b
Mo 1.00
Ord < fyd
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0.1
0.1
0.9
0.1
0.1
0.9
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

44.2
23.4
44.2
23.3
43.8
43.8
59.1
38.3
39.3
60.5
50.5
50.3
28.4
28.4

Elim
[%]

OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK

= plate remains in the elastic range (Status: OK)
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Bolts

Shape

24 £
48 14

£

A
_gﬁ-_gf.- _r}g_#ﬂ

Design data

M20 8.8 -1
M208.8 -2

ltem

B1
B2
B3
B4
B5
B6
B7
B8
B9
B10
B11
B12
B13
B14
B15
B16
B33
B34
B35
B36
B37
B38
B39
B40

Grade

Grade

M208.8-1
M208.8-1
M208.8-1
M208.8-1
M208.8-1
M208.8-1
M208.8-1
M208.8-1
M208.8-1
M208.8-1
M208.8-1
M208.8-1
M208.8-1
M208.8-1
M208.8-1
M208.8-1
M208.8-2
M208.8-2
M208.8-2
M208.8-2
M208.8-2
M208.6-2
M208.6-2
M208.8-2

Loads

LE1
LE1
LE1
LE1
LE1
LE1
LE1
LE1
LE1
LE1
LE1
LE1
LE1
LE1
LE1
LE1
LE1
LE1
LE1
LE1
LE1
LE1
LE1
LE1

FiEa
[kN]

16.1
171
15.5
171
12.6
17.6
12.8
17.6
12.2
17.7
121
17.6
15.7
171
16.1
17.0

34
10.8

4.6
13.4

45
13.4

3.6
10.8

FiRd
[kN]

Fyv.Ed
[kN]

78.4
76.0
78.3
76.0
76.9
7.4
76.9
77.4
76.9
7.4
76.9
77.4
78.3
75.9
78.3
75.9
47.8
47.2
61.4
59.9
61.4
59.9
47.8
47.2

141.1
141.1

Fb,Rd
[kN]

259.8
226.1
259.8
2261
259.8
226.1
259.8
2261
259.8
226.1
259.8
226.1
259.8
2261
259.8
2261
148.5
129.2
148.5
129.2
148.5
129.2
148.5
129.2

Figure 1.8: Check for bolts
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Ut,
[%]

11.4
12.1
11.0
12.1
9.0
125
9.1
125
8.7
125
85
12.5
11.1
12.1
11.4
12.1
2.4
76
3.3
9.5
3.2
9.5
2.5
76

By Rd
[kN]

Uts
[%]

83.3
80.7
83.3
80.8
818
823
81.8
823
81.7
g2.2
81.7
82.3
83.2
80.7
83.3
80.7
64.3
73.1
82.8
92.7
82.7
92.8
64.4
73.1

Utys
[%]

91.4
89.4
91.1
89.4
88.2
91.2
88.2
91.2
87.9
91.2
87.8
91.2
91.2
89.4
91.4
89.3
52.5
55.6
67.7
70.4
67.5
70.5
52.6
55.6

3521
234.7

Detailing

OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK

[KN]

Status

OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK

94.1
94.1
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