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1
Introduction

The current building industry is fragmented. Each company has own scope of expertise, which con-
tributes to building projects. This fragmentation is also visible in the steel structure design of the utility
building industry. In this industry, the structural engineers design the structure and steel contractors
design the joints.

A tender is put out by a client. Multiple parties consisting of an architecture firm, an engineering
firm, and a contractor team up together to create the preliminary design for the building. They work
closely together in a building information model to create an integrated design of all represented dis-
ciplines, see figure 1.1. During this process, the engineering firm is responsible for designing the steel
structure. They will design a steel structure that fits together with all other facets of the building. For
example, the climate system, the architectural detailing etc... In this design, engineers often optimise
weight in order to save material, under the assumption to lower the building costs. In this design, the
joints have a coarse level of detail, and will be assumed either rigid or hinged.

When the tender is won, the contractor will look for a steel contractor who will produce and build
the steel structure at the right price. The selected steel contractor will design in detail all the joints of
the steel structure, which is designed by the engineering firm. The steel contractor will design these
joints in the most beneficial way for his production process. Cross-sections selected by the engineer
during weight optimisation can create slender structures. This can have an impact on the joints to be
designed, and can create the need for more complex joints with many plates and stiffeners in order
to provide sufficient structural resistance in the joint [1]. Consequently, this might result in a higher
costs. On the contrary, the costs can be lower when the impact of the joints have been considered at
an early phase of the project.

Engineer Steel contractorContractor

Architect

Client

BIM

(a) Current work flow

Engineer Steel contractorContractor

Architect

Client

BIM

(b) Work flow with computational tools

Figure 1.1: Current and suggested future workflow on the design of steel structures

Currently, designing the details takes place at a relatively late stage of the project . Mostly at a stage
when the general design decision is fixed and costs of changes are high, see figure 1.2. Considering, the
design of the joints at an early stage of the design process, and running an optimisation on the overall
cost-effectiveness of the structure, can possibly lead to a more optimal solution for each actor in the

1



2 1. Introduction

design process. Critical connections can be identified at this early stage where changes are still easily
made at a relatively low cost. Many alternative designs are still possible, see figure 1.2. Furthermore,
at this early stage, all possibilities as shape, typology and size optimisation are still applicable to the
project.

Time
Low

In�uence, Risk and Uncertainty

Cost of changes

High

D
eg

re
e

In�uence

(a) Degree of influence and costs

Time

In�uence

Low

Shape optimization

Topology optimization

Size optimization

High

D
eg

re
e

(b) Optimisation possibilities

Figure 1.2: Influence, Costs and Optimisation possibilities over project lifespan

In current engineering practice, the steel contractor designs often one governing joint, which is
copied to multiple similar locations of the steel structure. Standardising joints, is beneficial for reducing
time needed in designing the joint, and it reduces risks of human error during production and inspection.
Increased computational power that computers currently offer, allow engineers to create more complex
models. Engineers can create computational tools where joint design is integrated within the automated
optimisation process. This will create possibilities, to mass customise each joint based on the acting
forces. The introduction of welding robots in the production process of steel structures, will make it
possible to fully benefit of mass customisation, due to the lower probability of the risk of human error
[2]. Most important, the use of computational tools by the engineer will allow critical joints to be
identified early in the design process. This will decrease failure costs and increase project efficiency,
see figure 1.1.

Risks of not taking joints into account
Taking into account joint design in more detail at an early stadium of the project can prevent making
unnecessary extra costs. For example, if a tensile element is optimised and a beam with a specific
cross-sectional area is selected. At a later stage,a connection needs to be created [3, p.2]. In case of
a bolted connection, holes will be drilled to facilitate the bolted connection. The drilled hole will reduce
the net cross-sectional area, and can possibly lead to a too low capacity for the acting tensile force,
see figure 1.3.

Figure 1.3: Tensile member with holes for bolted connection

To resolve this problem at a later stage, a bigger section has to be selected. However, there is a
risk that this bigger section can be in conflict with other elements in the design. Another possibility will
be to weld an additional plate at the position of the drilled hole to increase the local cross-sectional
area. However, this can lead to extra cost for post-processing in engineering and production [4].
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Potential of taking joints into account
When joints are considered in more detail at an early phase of the design process, the aforementioned
risks can be avoided. Furthermore, there are other advantages that can be achieved. According to
Eurocode 3 [5], when a connection is considered to be semi-rigid, the rotational stiffness of the joint can
be taken into account. The rotational stiffness will influence the moment distribution and deflections
in the structure. This will give extra optimisation possibilities to save costs. With an iterative process,
an optimum between the optimal beam and the potentially optimal joint can be found, see figure 1.4.

Moment-distribution

Figure 1.4: Iterative process of taking into account rotational stiffness of connections

Production costs of steel structures
The costs of a structure is largely determined by production [6]. This includes the amount of man-
hours needed to produce a certain element. Rigid connections which contain many stiffeners, are
labour intensive, hence more expensive.. During the design stage, the engineer still has full control
on the design. He can steer for minimum production costs, and achieve the best balance between the
cost of the joints and the cost of the beams. A more complete design of the steel structure with a lower
risk of failure, may allow the steel contractor to produce the structure at a lower price. Consequently,
this will provide to offer the tender at a lower price, and can increase the probability of winning it.

1.1. Problem statement
At the early phase of steel structure design, engineers optimise often on weight and not on costs. This
can create the need for expensive complex joints, and result in higher total costs, compared to when
joint design has been considered at the early phase.

1.2. Scope
Steel structures can have two generic categories: the frame and the truss. Due to transport require-
ments, steel structures are manufactured in multiple prefabricated elements with bolted connections.
The frames are usually big structures, this results in the fact that frames have often many bolted con-
nections. However, trusses can be manufactured as one prefabricated element if the dimensions are
within the transport limitations. This means that welded connections can be used. Welded connections
are less complex than bolted connections, because bolted connections have much more parameters.
Besides the welds, assumptions need to be made about the type of bolts, number of bolts, the bolt
configuration and the thickness of the end-plate. Therefore, the first step to consider is to investigate
the inclusion of welded connections at an early stage of the design process. Due to limited time of this
research, not all types of steel structures will be analysed. For this reason, my research will focus on
trusses with welded connections that fit the transport dimensions.
In addition, trusses have many parameters that influence the geometric properties and consequently
the number of joints. For example the span, the height, the number of truss-segments, truss-typology
etc. All these parameters can give insight in the preferable way to optimise production costs instead
of solely optimising minimum weight.
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Vierendeel 2 unique connections

5 unique connections

5 unique connections

3 unique connections

4 unique connections

Corner node

Corner node, 1 diagonal

Middle node

Middle node, 1 diagonal

Middle node, 2 diagonals

Middle node, 2 diagonals
No vertical

Pratt truss

Howe truss

Warren truss

Warren truss
With verticals

Figure 1.5: Number of unique connections for different truss typologies

Truss Frame
Connections Welded Bolted

Joint assumptions Hinged Rigid

Table 1.1: Comparison Truss & Frame

In this research, prefabricated steel trusses with welded connections will be analysed. The types of
trusses in the scope of this research are the Pratt and Warren truss. Both contain all joint configurations
present in the five trusses in figure 1.5. Therefore, the methodology resulting from this research will
be possible to apply to the other truss typologies.

In this research, cost-estimates are solely based on production costs. Cost for transport and site
assembly will be excluded. Trusses will be designed as large as possible, within the transport limitations.
The construction time is influenced by the amount of elements and not by their weight. However, the
maximum size of these elements will always be limited by the transport dimensions. The goal of the
cost-estimate is to give insight of how geometric variations in trusses influence production cost.

Only welded connections will be analysed in this research, with an emphasis on fillet welds. I-
sections, Cold-formed Squared Hollow Sections, and Cold-formed Rectangular Hollow Sections, with
steel grades of S235, S275, S355, will be analysed in this research. Higher steel grades, Circular Hollow
Sections, and Hot-formed Hollow Sections are excluded because prices are not available on the online
price-list, and can only be requested by an offer. This means that the offer-price will be dependent on
the quantity purchased and the customer-supplier relationship. However, the methodology followed in
this research will also apply to all steel grades and hollow sections when correct unit-price parameters
for cost-estimation are provided.

1.3. Research question
In summary, taking into account joint design in the design process of trusses with welded connections
can lead to complete optimised and cost-effective designs. This leads to the following question:

”How can engineers optimise the production costs of steel trusses with welded connections?”
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1.4. Objective
The objective of this research is to optimise production costs of trusses with welded connections. Cost
estimates created by the cost model will provide insight in cost preferences among variants.

1.5. Methodology
Creating a cost model A cost-model will be developed to optimise production costs of steel struc-
tures. The approach of this research will be as follows:

• Researching various available costing models.

• Analyzing price-lists provided by steel traders.

• Consulting steel contractors for advice and input.

Prices of material, sawing, and sandblasting in the cost-model are based on steel trader price-lists.
These price-lists are available online. This makes it helpful for comparison purposes. However, these
prices do not represent the prices that steel contractors pay. They usually receive discounts, based
on quantities purchased and customer-supplier relationship. Hence, calculated costs in the cost-model
can be overestimated compared to real-life situations.

Creating an optimisation model Instead of manually designing and comparing a set of trusses ,
a parametric model will be developed. This parametric model will increase data production and make
it easy to analyse thousands of trusses. The influence of every parameter on the total production cost
can be investigated. This can lead to more insight of the aspects influencing production costs.

Figure 1.6: Increasing data production by using a parametric model

To achieve optimal cost-effective solutions, different parameters will altered to reach the optimal
solution. This parametric model will both analyse the main bearing structure and the detail analysis of
each joint. An automated workflow will be set up to perform the following basic tasks:

1 Generate geometry
2 Evaluate forces in structure
3 Draw detailing
4 Analyse connections
5 Calculate prices
6 Store results

Various software packages have been analysed to perform each individual step in the optimisation
workflow. For this research, a workflow will be set up using Grasshopper, Karamba3D, IDEA Statica
Connection and additional C#-programming scripts.

Grasshopper is a visual programming plug-in for Rhinoceros, a 3D computer aided design applica-
tion, in which parametric geometry can be created. Karamba3D is a plug-in for Grasshopper where
structural analysis can be performed on the parametric geometry created in Grasshopper. IDEA Statica
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Create Geometry

Store Results

Analyse Structure Framework Analyse Connections

Figure 1.7: Selected Methodology for research

Connection is a finite element method based structural analysis package, designed to perform struc-
tural analysis of steel connections and joints.

This combination is selected because both Grasshopper and Karamba3D work in the same environ-
ment. This allows for a seamless data transfer and prevents the necessity of a script for communication
between the programs. However, IDEA Statica Connection is a stand-alone software package written
in the .NET-programming framework. The framework uses C#-programming language. Therefore, a
communication link has to be set up in order to include IDEA in the automated workflow. This will be
possible through an Application Programming Interface (API). An API is a set of definitions that can
be used in scripts to automate workflows. The API works as an interface which makes it possible to
access information and functionalities of the particular software package.

IDEA Statica Connections is selected in the optimization work-flow because it combines Euro-code’s
analytic calculations, with finite elements analysis. This will increase the accuracy of the results and
allow the possibility to analyse unusual joints which cannot be analysed by solely using Euro-code’s
analytic calculation methods.

Grasshopper will be used to create a parametric wire-frame that will define the geometry of the
steel structure. When the geometry is defined, supports and loads will be added. Based on the loads,
cross-section profiles will be selected for the elements. This will be performed by using size optimisation
available in Karamba3D. The next step will be drawing of the detailing. This will be performed in the
Grasshopper environment by creating custom Grasshopper-components in C#-programming language.
This custom component will also serve as a communication link to IDEA Statica Connection to send all
needed information for the analysis of each joint. Afterwards, results of the analysis of the joints will
be sent back to Grasshopper. The results will be used to generate a total price of the steel truss. With
this optimisation model, data will be generated by ”brutal force”, evaluating every possible combination
according the parameters ranges, and storing results in an Excel spreadsheet.

1.6. Report structure
The main research question will be broken down into different sub-questions These sub-questions will
be separately answered in the following chapters . Table 1.2 lists the questions which will be tackled.

In chapters 2 and 3, literature research will be performed. In chapter 4 the optimisation criteria for
the model will be determined. These optimisation criteria, are costs and constructability aspects. In
chapters 5 and 6, the assumptions and formulas needed for the structural analysis of the truss will be
discussed. Chapter 7 defines how the optimisation criteria and the structural analysis methods will be
used in the optimisation model. In chapter 8 analyses will be performed by the use of the optimisation
model. Further possibilities of using the optimisation model will be discussed in chapter 9. In the last
chapter the research question will be answered and conclusions will be drawn, followed by discussion
and recommendations.
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Table 1.2: Overview of research questions within the report structure

Chapter Sub-question

2
What is the current edge of technology in optimisation processes
of steel trusses where joint design is included?

2 What is the current edge of technology in production processes of steel structures?
3 What kind of cost-models for steel structures are used in the literature?
4 What criteria determine the constructability of a truss?

4
What is an appropriate cost-model to determine costs of trusses,
what costs-components are included and how are these costs determined?

5 What assumptions need to be made for the structural analyses of the trusses?
6 What determines the volume and strength of welds?
7 How does the optimisation model work?
8 How can cost-effective design be achieved within trusses?

8
Will optimising on production costs lead to significant different results compared
to optimising solely on weight?

9 What are further application possibilities of the methodology used in this research?





2
State of the Art

2.1. Introduction
In this chapter will be discussed what the current state of the art is in the engineering of steel trusses
where joint design is included. Furthermore, the state of the art of the production process of steel
structures will be researched.

2.2. State of the Art in Engineering of steel trusses including
joint design

Analytic analysis of Hollow Section joints In the literature several researches on the optimisation
of hollow section steel trusses including joint design can be found. These optimisations are in most
cases performed by the use of a MatLab optimisation script, where the joints of these trusses are
calculated by the design codes found in NEN-EN 1993-1-8, chapter 7[7][8, p.11][9, p.20][4, p.55].
In this code the joints are checked on chord face failure, punching failure and brace failure. These
calculations are based on experimental results. The reports where trusses are optimised including joint
design emphasize the optimisation algorithm to perform optimisation.

Weld volume calculation Mela et al. [10] and Helminen [8, p.37] perform optimisation on cost-
effectiveness of trusses. Noticeable in the optimisation process of these researches is how welding
volume is determined. Here, the welding length is multiplied by the throat thickness to the power
of two. In section 6.2, it will be explained why this approach is optimistic when analyzing welding
volume. Furthermore these researches do not take in to consideration the adjusted welding length due
to interference with other elements. How welding volume can exactly be calculated will be discussed
in 4.2.1.

Finite Element Method analysis Jankowski [11] performed research on the analysis of a truss with
cold-formed section and positive eccentricity nodes. In his analysis, the complete truss is modelled in
a finite element analysis program, including the joints.

2.3. State of the Art in production of steel structures
In the production industry of steel structures robots, are gradually being implemented. Currently, most
steel contractors have a fully automated sawing and drilling line for both plates as beams[12][13][14],
figure 2.2. But new robots make it also possible to fully assemble and weld plates and stiffeners to
beams, figure 2.1. These new robots are the final piece in creating a fully automated production pro-
cess and will create new possibilities.

In the current situation, assembling and welding is mostly performed manually. Here, standardiza-
tion of elements and connections is preferred. Causing that workers perform the same task multiple
times, which reduces the risk of human error. When robots will perform assembly and welding these

9
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risks may be minimized. This can create possibilities of mass customizing the steel structures. Where,
each beam member, each joint and each weld is optimised for their specific situation within the steel
structure. In the case of automated assembling and welding this could create savings in the amount
of material needed without increasing the risk of deficiencies during production.

(a) The Fabricator, Voortman Machinery (b) Beam Stiffener Assembly line - Kranendonk

Figure 2.1: Automatic assembling and welding machines

Several companies in the Netherlands are gradually implementing these machines. Currently there
are three companies that own an automated assembling and welding machine and one that owns a
machine which welds automatically (BalkenLasMachine). In figure 2.4.

Beside, minor differences they all perform in equal manner. Bare sections are placed on the supply
rack. Plates that need to be welded are placed on the table. A magnetic arm recognizes the plates
with a camera recognition and picks it up. The plate is placed at the right location and tack welds are
made. The magnetic arm will move to pick up the next plate and a welding robot arm will make the
full end weld. The robot has a rotating element, this facilitates that plates can be welded at all sides
of the section. When the section is finished it is placed at another rack.

Due to high investment-cost, these machines are only interesting for companies who have an an-
nual production volume above 20.000 tons of steel [15].

Table 2.1: Advantages and Disadvantages of automated assembling and welding [15] [16, 27]

Advantages Disadvantages
Higher speed, arc on time 50% instead of 20% Complex joints cannot be made
Increase capacity, due to non-stop steel fabrication Takes up a lot of space in factory
Reduce man-hours, due to full automation Physical limitation of welding torch, tight angles.
Eliminate errors, caused by human interference Max beam length
Consistent high quality welds, due to highly accurate Panasonic welding robots Still lot of ’Child diseases’

High investment costs
Currently not applicable for trusses

Cost estimation of automated assembling and welding
Performing a production cost estimation with these robots can be challenging, because of a high level
of indirect cost, which need to be considered, see figure 2.3. Indirect costs are for example: the
investment cost (with interest), depreciation period, maintenance, operating and program costs. Each
digital drawing needs to be checked by a programmer before it is sent to the machine.

The use of a robot to weld plates and stiffeners can have an impact on the design of steel structures.
However, these robots will not be in the scope of this this research project because they are not yet
used for the production of trusses with welded connections, and because of the error-prone of the cost
estimation assumption, due to the high percentage of indirect costs.



2.3. State of the Art in production of steel structures 11

Sorting

B00

A00 A01 A02 A03 A04

B01 B02 B03

A08

A09

A10

A05

A07

A06

Figure 2.2: Fabrication process of beams for both manual and automated assembling and welding

Manual Automated

%-indirect

%-direct
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2.4. Conclusion
Research on the optimisation of trusses where joints are included is limited. The research found is
based on trusses with hollow sections, here empirical design methods of Eurocode are used to calcu-
late the resistance of the joint. In other researches, a complete truss is modelled in a finite element
program, which can create more accurate results. But it can be less suitable to use for parametric mass
calculation. No research was found where software packages are combined to perform both structural
analysis and detail engineering in one optimisation model.

In the production industry of steel structures, new robots are gradually being implemented. These
are automated assembling and welding robots. These robots are currently limited in capabilities and
cannot assemble and weld trusses. Besides, the high level of indirect costs of these robots. Costs like
depreciation , programming , maintenance etc. makes it difficult to find trust-worthy values of how
they influence the total production cost of a steel structure. For these reasons only manual assembling
and welding will be considered in this research.



3
Costs of Steel Structures

This chapter will discuss the factors which influence the costs of steel structures . These factors will be
discussed briefly. In addition, a literature analysis of cost-models used for cost optimisations of steel
structures will be presented.

3.1. 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 and stable. Consequently, sufficiently safe for the specific situation. When designing struc-
tures, safety factors are considered to generate extra safety in the structure . These factors lead to a
higher use of material to provide this level of safety.

When the primary goal is fulfilled, the engineer can make decisions with a certain focus, depending
on their preferences . Choices made within the engineering process can be based on either economic
or safety considerations. Focusing on safety may lead to higher use of material which can increase
the robustness of the structure. On the other hand focusing on economic considerations may lead
to savings in material, which can create a lower building cost. But this may decrease the level of
robustness of the structure. In figure 3.1 this balance between economic and safety considerations is
displayed.

Economy Safety

Too expensiveToo unsafe

Figure 3.1: Engineers decision making

In current engineering, structures are generally not optimised on cost but on total weight[1]. Re-
ducing weight and therefore the material to an absolute minimum will not necessarily lead to minimum
cost design, due to the increased complexity of joints. In order for the engineer to come up with ”the
most cost-effective solution of making a safe enough structure” insight is required in the cost conse-
quences during decision making in the design process. This insight can be acquired by the use of a
cost-model during the design process. Design consideration can be based on costs.

Direct and indirect costs
Costs can be divided into two categories: direct costs and indirect costs. Direct costs are defined as
costs which can be accurately be traced to a cost object with relatively little effort. Costs which cannot
be accurately attributed to a specific cost objects are called indirect costs [17]. In table 3.1 below
examples of direct and indirect cost are listed.

13
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Table 3.1: Direct and Indirect costs

Direct costs Indirect costs
Material (steel, welding material) Power consumption

Labourer wages Supervisors salary
Paint/Coating Factory manager’s salary
Transport Factory depreciation

Machine depreciation
Machine maintenance

Replacement of worn out drills and saws

Breakdown costs of steel structures
The cost of building a steel structure 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 [6]. However in this research the focus is to research how geometric variations affect direct
costs. There are three components, which highly affect by the geometric properties of the prefabricated
steel components of steel structures. These components are: fabrication, transport and site assembly,
figure 3.2.

Figure 3.2: Cost dependent factors in steel structures that are design dependent

Fabrication Direct costs of fabrication are determined by the geometrical properties of the design.
For example the number of elements and the number of connections that need to be made. In chapter
4.3, I will further elaborate on how to estimate these costs.

Transport Transport influences the maximum dimensions of prefabricated parts. Transport is either
carried by trailers or by boat. In most cases, steel structures are transported by trailer, because most
steel contractors have continuous permits to transport by trailer[12][14]. The maximum dimensions
of this continuous permits are displayed in figure 3.3. Bigger dimensions are possible, but demand
additional and possibly more strict permits. When steering towards cost-effective design, it could be
beneficial to keep prefabricated elements within the transport dimensions of the continuous permit.

Site assembly Costs of site assembly are largely depended on the total building time. Longer
building time leads to higher costs, because of overhead, equipment rental, possible permits etc. During
site assembly, parts need to be hoisted to locations and assembled. Hoisting one small element is not
much quicker than hoisting a large element[18, p.25]. Therefore, when steering towards cost-effective
design, it could be beneficial to design prefabricated elements as large as possible, but constraint to
transport dimensions.

Influencers of costs
Costs of steel structures are greatly influenced by multiple factors. ”The cost associated with vari-
ous connection types, material procurement and the value adding processes of detailing, fabrication,
coating, transportation and erection are essentially process dependent.”[19]. Additionally costs are
dominantly based on supply and demand [20]. In general low supply and high demand will lead to
high prices and high supply and low demand leads to low prices. The status of supply and demand are
time dependant. To create cost-effective designs of steel structures will therefore also be highly time
dependant. The most cost-effective solution of today can be different within 5 years from now.
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MAX: 25 m
MAX: 3 m

MAX: 2 m

Figure 3.3: Maximum transport dimensions for road transport with a continues permit in the Netherlands

Market For the production of steel structures, there are three markets at present. The first market
is the production of steel market, they process raw material to make steel and eventually process the
steel product into steel sections. The second market is the traders who owns stocks of steel for selling
it. The third market is the steel contractors who process the beams in order to make them connectable
and usable in a steel structure. All of these markets influence prices based on competition, supply and
demand. In table 3.2 lists the biggest companies representing these market in the Netherlands.

Table 3.2: Biggest Steel producers, Steel Section Producers and Steel contractors in the Netherlands

Steel producer Steel traders Steel contractor
TATA Steel ArcelorMittal staalhandel ASK Romein
ArcelorMittal Deltastaal Hollandia structures

Thyssenkrup Voortman Steel group
Bressers Metaal Reijrink Staalconstructie
Geurt-Janssen Moeskops

Douma
MCB

Number of repetition The number of repetition in a design influences the cost of the production
process. It simulates serial production. Repetition will result in a learning process for the factory
workers [21]. More repetition will generate more efficiency in the process, because there will be lower
risk on errors. A higher efficiency in the process will lower average production time and consequently
costs.

Bulk Procurement of material Prices of material vary dependent on the volume procured. Buying
items in large volumes will allow procuring at lower price per unit. Buying small quantities will lead
to the maximum price. How this price per unit varies with volume is different per company, since it is
based on the customer-supplier relationship.

Price of labour Costs are predominantly determined by the amount of man-hours required. The
amount of man-hours is then multiplied by the hourly rate. This rate is highly dependent on the
prevailing economic conditions. Economic conditions vary over time and differ per country.
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In figure 3.4 the hourly rate is displayed over time. A trend can be seen here that the hourly rate
increases over time. This is mainly due to increasing economic prosperity since the second world war.
Furthermore, countries with a higher economic prosperity have higher hourly rates.

Figure 3.4: Trend relationship costs: man-hour vs material [22]

A metal welder with five years of experience will earn on average a monthly gross wage of €2200,-
per month in the Netherlands[23]. Wages in Western Europe, North America & Japan are more or
less the same. Eastern European countries have significantly lower wages. In the Czech republic a
metal welder with five years of experience will earn on average a monthly gross wage of €880,- [23].
Developing countries have the lowest wages. For example a metal welder with five years of experience
will earn on average a gross wage of €330,- per month [23].

Differences in wages are unfairly distributed among countries with different economic prosperity’s.
Wages in the Netherlands for metal welders are on average 700% higher than in China. A metal welder
in the Netherlands earns 700% of what a Chinese metal welder earn. For material, the price of steel
in the Netherlands is only 120% the price of steel in China [24]. When comparing this distribution in
wages with the distribution of material, the price of material can be assumed constant. Higher wages
influence the ratio between labour and material. This ratio implies that cost-effective structures will be
different per country. In highly prosperous countries it can be more economical to use more material
in a steel structure to prevent extra labour cost.

Execution class Costs of steel structures are dependent on the execution class. NEN-EN 1090-2
prescribes four different execution classes, that run from EXC1 to EXC4. Where EXC4 has the most strict
requirements. The execution class can be applied to the complete structure, a part of the structure or
a specific detail. The execution class has influence on the quality level of welds needs to be applied.
These are noted with the symbols B, C and D according to NEN-EN-ISO 5817. Where quality level B
has the highest level of requirements for the welded connection.

In this research, execution class 2 will be assumed, for the following reasons. The consequence
class of the structure in the case-study of this research is assumed to be CC2. In the case-study, only
static loading is present in the structure. Therefore the service-category is SC1. In this research steel-
grades S235, S275 and S355 are considered. Steel grades below S355 possess production category 1
and S355 or higher contain production category 2. However they both end in EXC2. In this case, weld
quality C is required.
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Table 3.3: Execution class based on Consequence Class, Service Category and Production Category

Consequence Class CC1 CC2 CC3
Service Category SC1 SC2 SC1 SC2 SC1 SC2

Production Category PC1 EXC1 EXC2 EXC2 EXC3 EXC3 EXC3
PC2 EXC2 EXC2 EXC2 EXC3 EXC3 EXC4

3.2. Cost models of skeletal steel structures
In this section, several methods for making cost-estimations are discussed. These methods have been
found in the literature. Most cost models are made to calculate the cost of a steel frame structure. A cost
model is used to quantify the financial consequences of the used joint typology. The overall conclusion
of the literature is that using semi-rigid connections is the most economical solution compared to rigid or
hinged connections. The methods discussed are arranged by the amount of complexity of the method.
Starting from least complex up to most complex.

3.2.1. Method 1: Weight concept
In the steel structure industry, cost estimations are mostly made based on total weight. Total weight
is multiplied by the average price per kilogram of steel [25]. In the cost estimation, a percentage is
added in order to include the cost of the joints. This percentage differs based on the complexity of the
joints, but can be in the range of 10 % for simple joints up to 50 % for complex joints, like fully fixed
moment-resisting joints.

€ = 𝑘𝑔 ∗ €፤፠,፬፭፞፞፥ ∗ (100% +%ፚ፝፝።፭።፨፧ፚ፥) (3.1)

Where the additional percentage for the cost of joints is kept constant. This cost-model can stimulate
designing a slender steel structure, because the model suggests that a lower total weight will generate
a lower total price. This suggestion can be misleading. It can ultimately cause that complex joints are
needed to provide sufficient structural capacity of the joint within the slender structure. Due to the
plates, stiffeners and haunches these complex joints are costly. This can cause that a design with a
low total weight can have a higher total cost.

3.2.2. Method 2: Percentage of beam weight based on rotational capacity
joint

The second method is a calculation method which goes a step further in calculating the costs. In
this paragraph two models are presented one uses the rotational stiffness of bolted connections to
calculate the costs. The other uses the fixity factor of bolted connections, see figure 3.3. In both
models costs are not expressed as a price, but as an amount of kilograms. With the used variable
(rotational stiffness or fixity factor), an estimate is made for the additional percentage that covers the
costs of the connection. The result of this cost-method is a total weight. This total weight can be
multiplied by a price per kilo to generate the total price.

Based on rotational stiffness [𝑆።]
Xu and Grierson [26] use the rotational stiffness of a joint to calculate the cost of the joint. The formula
used is displayed below. This method to make a cost estimate for frames with semi-rigid connections
has been used multiple times in the literature [27] [28].

𝑍(𝑥) =
፧፦

∑
።዆ኻ
𝑊። 𝐴።

፧፛፦

∑
።዆ኻ

ኼ

∑
።዆ኻ
(𝛽።፣ 𝑅።፣ + 𝛽ኺ።፣) +

፧፜፨

∑
።዆ኻ
(𝛽።𝑅። + 𝛽ኺኻ ) (3.2)
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Figure 3.5: Fixity factor[29]

Table 3.4: Symbols from equation 3.2

𝑛𝑚 Total number of members
𝑛𝑏𝑚 Total number of beams
𝑛𝑐𝑜 Total number of columns
𝑊። Weight coefficient
𝐴። Cross-sectional area

𝑅።&𝑅።፣ Connection rotational stiffness
𝑆። Estimated Rotational stiffness

𝛽ኺ።፣&𝛽ኺ። Cost of pinned ends = 0.125𝑊።𝐴።
𝛽።፣&𝛽። Cost semi-rigid ends = ኺ.ኼኼ኿ፖᑚፀᑚ

ፒᑚ

In this model a pinned connection will cost 12.5% of the weight of the attached member. The
first part of this cost formula 3.2 represents the weight of each element, the second part with the two
summations describes cost of hinged connections. In table 3.4 the 12.5% for pinned joints is seen.
The third part represents the additional cost for joints that possess rotational stiffness. This rotational
stiffness is constrained to be in the range of 226 kNm/rad and 568.000 kNm/rad. The cost estimate
of semi-rigid of this model first divided by the estimated rotational stiffness (𝑆፣) and then multiplied
with the connection rotational stiffness (𝑅።). The multiplication and division by probably an identical
number makes this formula seem self-contradictory.

Based on Fixity factor [𝛼]
The next model is based on the fixity factor. ”The fixity factor ͞ defines the stiffness of the connection
relative to the attached beam and is perhaps the most powerful and important concept for the analysis
of frames with semi rigid joints. It relates quite closely to how the structure will behave in the context
of the connection, far more so than the absolute value of 𝑆፣.”[29]. The fixity factor lies in a range from
0 to 1. A fixity factor of 0 resembles a fully rigid connection, a fixity factor of 1 resembles a hinged
connection.

Simões [29] bases his cost model on the following statement: ”Published data suggests that the
cost of a steel member with IPE section is increased by 20% if it has pin-jointed end connections,
and by 60% if its end-connections are bolted or welded.” Therefore, the cost of a beam including
connections should lie between 1.2 and 1.6. Since the relationship between costs and stiffness of a
particular joint is non-linear, a quadratic formula is set up with a set of V constants [29, p.534].

𝑍። = 𝑊።𝐴ኻ + ∑፤዆ኻ,ኼ(𝑉ኺ።፤ + 𝑉ኻ።፤𝛼ኻ።፤ + 𝑉ኼ።፤𝛼ኼ።፤) (3.3)

Using the boundary condition of the costs of pin joint connections (20%) and bolted or welded con-
nections (60%) will result in the formula found beneath.

𝑍። = 𝑊።𝐴ኻ + ∑፤዆ኻ,ኼ(0.2𝑊።𝐴። − 0.8𝑊።፤𝐴።፤𝛼ኼ።፤ − 1.6𝑊።፤𝐴።፤𝛼ኼ።፤) (3.4)

3.2.3. Method 3: Weld volume method
In this method the amount of welding material is used to make a cost estimate. Like method 2, this
cost estimate is not expressed in a price, but in kilograms. To convert labour into the cost estimation,
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the factor 𝑓 is used. This factor defines the ratio between 1 kg welding material (including labour and
anti-corrosion protection and 1 kg of steel (including labour). The factor 𝑓 is dependent on the country,
automation grade of the company and labour costs [22]. Furthermore, a constant for the welding is
defined. This constant converts the height of the haunch to an estimate of the total welding length.
Steenhuis et al. [30] assumes this factor to be 4.3.

𝑘𝑔፭፨፭ፚ፥ = 𝑘𝑔፦ፚ፭፞፫።ፚ፥ + 𝑘𝑔፰፞፥፝።፧፠ (3.5)

𝑘𝑔፦ፚ፭፞፫።ፚ፥ = 𝐴 ∗ 𝐿፛፞ፚ፦ ∗ 𝜌 (3.6)

𝑘𝑔፰፞፥፝።፧፠ = 𝛼ኼ ∗ 4.3 ∗ ℎ፡ፚ፮፧፜፡ ∗ 𝑓 (3.7)

In table 3.5 a cost estimate is made for a rigid joint and a semi-rigid joint. In the table the semi-rigid
joint possesses bigger beam cross-section and a smaller haunch height.

Table 3.5: Calculation example welding volume method [30, p.10]

Cost category Rigid joint Semi-rigid joint
Savings when semi-
rigid joints are used

Column material (kg steel)
𝐴 ∗ 𝑙፜ ∗ 𝜌 171 ∗ 10ዅ4 ∗ 3.5 ∗ 7850 = 470𝑘𝑔 198 ∗ 10ዅ4 ∗ 3.5 ∗ 7850 = 544𝑘𝑔 −74𝑘𝑔
Weld material haunch (kg steel)
𝑎ኼ ∗ 4.3 ∗ ℎ፡ ∗ 𝜌 ∗ 𝑓 0.012ኼ ∗ 4.3 ∗ 0.75 ∗ 7850 ∗ 100 = 364𝑘𝑔 0.012ኼ ∗ 4.3 ∗ 0.35 ∗ 7850 ∗ 100 = 170𝑘𝑔 +194𝑘𝑔
Total +120𝑘𝑔

Welding beads
Welds with a throat thickness bigger than 6 mm will consists of several weld beads. Scherrenberg [31]
applied this concept for the cost calculation of steel portals. The number of weld beads per throat
thickness can be found in table 3.6. For the cost calculation of welding, which can be found in equation
3.8, Scherrenberg [31] assumes a welding speed of 4 meter per hour for one weld bead.

€፰፞፥፝።፧፠ = 𝐿𝑒𝑛𝑔𝑡ℎ፰፞፥፝ ∗ #፥ፚ፲፞፫፬ ∗ 𝑆𝑝𝑒𝑒𝑑፰፞፥፝።፧፠ ∗ 𝐻𝑜𝑢𝑟𝑙𝑦𝑟𝑎𝑡𝑒፥ፚ፛፨፮፫ (3.8)

Table 3.6: Number of welding beads per throat thickness

Throat thickness [a] Number of weld beads a2 𝑎ኼ per weld bead
6 mm 1 36 𝑚𝑚ኼ 36 𝑚𝑚ኼ
10 mm 3 100 𝑚𝑚ኼ 33 𝑚𝑚ኼ
12 mm 6 144 𝑚𝑚ኼ 24 𝑚𝑚ኼ
14 mm 9 196 𝑚𝑚ኼ 21.8 𝑚𝑚ኼ
16 mm 13 256 𝑚𝑚ኼ 19.7 𝑚𝑚ኼ
18 mm 18 324 𝑚𝑚ኼ 18 𝑚𝑚ኼ

In table 3.6 two columns have been added. Here the total area and the area per weld bead are
displayed. Form the right table can be concluded that the area per weld bead decreases when the
amount of welding layers increases.

In figure 3.6, the welding layers are illustrated. It can be clearly seen that the width of a weld bead
increases and the height decreases when multiple layers are being applied.
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Figure 3.6: Welding beads [on scale]

3.2.4. Method 4: Activity Based Costing
Activity based costing is based on the concept that not products but activities determine the costs.
In activity based costing the cost per activity are determined. The sum of the costs of all activities
required, generates the total cost. Since in this cost-model only activities are considered, it focuses on
direct costs. Indirect costs are not taken into account. Therefore it can be concluded that this model
is only applicable for processes where direct costs are a dominant contributor to total costs.
In the building industry, margins are relatively low, because competition in winning tenders is fierce,
and this often results in bidding a too low price in order to win the tender [32]. The Activity Based
Costing method is therefore a good method to estimate costs. In this paragraph, two models are
discussed where cost estimations is based on the Activity Based Costing method.

Multistage production costs
In this method performed by Bel Hadj Ali et al. [33] [34], multiple stages in the process up to completion
are considered:

• Material costs

• Fabrication costs

• Erection costs

• Foundation costs

The production costs are a summation of the superstructure costs (𝐶፬) and the foundation costs (𝐶ፅ).

𝐶 = 𝐶ፒ + 𝐶ፅ (3.9)

Here the superstructure costs can be split into the material, fabrication and erection costs.

𝐶፬ = 𝐶ፌፚ፭ + 𝐶ፅፚ፛ + 𝐶ፄ፫፞ (3.10)

Material costs are based on information gathered from suppliers of steel materials and components.
The fabrication costs are calculated by the time needed to fabricate the structural elements. This
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time needed is converted into a price by applying a cost per hour of workshop labour. The following
equation is used to calculate the amount of time required. Here two variables can be found, x is the
number of holes and n is the number of identical parts. It can be noted that 𝑡ኻ and 𝑡኿, which stands
for preparation and match marking, decreases when repetition takes place.

𝐶ፅፚ፛ = 𝑙𝑎𝑏𝑜𝑢𝑟፰፨፫፤፬፡፨፩ ∗ 𝑇(፧,፱) (3.11)

𝑇(፧,፱) =
፭Ꮃዄ፭Ꮇ
፧ + 𝑡ኽ ∗ 𝑥 + (𝑡ኼ + 𝑡ኽ) (3.12)

In table 3.7 the used values in time are stated. Note that in the execution of holes no variation is made
for different hole diameters. Furthermore, in the handling processes there is not a consistent time
difference between manual and mechanical handling. How welding is incorporated into the model is
not specified.

Table 3.7: Average time required for different elementary manufacturing operations [33]

Timing Category Description Manual/Automated Average value
𝑡ኻ Preparation Transfer and validation of program, changing of tools,.. n.a. 200s

𝑡ኼ Handling Part setting and clamping on the machine table
Manual

Mechanical (crane bracket)
40s
20s

𝑡ኽ Fabrication Execution of holes
Drilling
Punching

0.5-1 mm/s/hole
4s/hole

𝑡ኾ Handling Cleaning and setting of part on a palette
Manual

Mechanical (crane bracket)
10s
55s

𝑡኿ Match-Marking Chalk marking of the last part n.a. 20s

The erection cost is calculated by multiplying the total mass of the structure with a cost constant.
This cost constant includes unload, lift, place and connect of the components. The method of only
using the total weight can be justified since no welds have to be done on site for all the connections
and column bases considered in this study.

𝐶ፄ፫፞ = 𝑘ፄ፫፞𝑀ፒ፭፫ (3.13)

The foundation costs are calculated by multiplying the excavated volume by a cost constant. This
is summed up with the multiplication of the foundation volume by a cost constant.

𝐶ፅ = 𝑘ፄ፱𝑉ፄ፱ + 𝑘ፅ𝑉ፅ (3.14)

Bouwen met Staal
In 2012 Bouwen met Staal published [35] a model to make a cost-estimate for a simple steel structure.
The cost is calculated by using four main categories:

• Material

• Fabrication

• Painting/Coating

• Site Assembly

Material The costs of materials are determined by the price list of suppliers. In this model a net
cost price for material is determined by including a surtax for scrap metal and a discount per ton. This
discount is dependent on the amount of steel which is procured. This is also the case for tubes. For
tubes not a fixed rate per ton is used but a percentage. When S355 is used an additional surtax is
calculated. This surtax is lowered when the order is above 5000 kg.
In the formulas 3.15, 3.16 and 3.17 multiplication by a value of 1 or 0 can be found. These numbers
come from a presence matrix that determines which discounts and surtaxes are applicable for a certain
cross-section.
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Net costs for S355 with an order of more than 5000kg:

€፧፞፭ = (€ፆ፫፨፬፬ +
ፒ፮፫፭ፚ፱ᑊᑔᑣᑒᑡ፩፞፫፭፨፧

ኻኺኺኺ ∗ 1 − ፃ።፬፜፨፮፧፭፩፞፫፭፨፧
ኻኺኺኺ ∗ 1 + ፀ፝፝።፭።፨፧ፚ፥፩፫።፜፞ፒኽ኿኿(ጻ኿ኺኺኺ)

ኻኺኺኺ ∗ 1) ∗ (100% −%ፃ።፬፜፨፮፧፭፭፮፛፞፬ ∗ 0)
(3.15)

Net costs for S355 with an order of less than 5000kg:

€፧፞፭ = (€ፆ፫፨፬፬ +
ፒ፮፫፭ፚ፱ᑊᑔᑣᑒᑡ፩፞፫፭፨፧

ኻኺኺኺ ∗ 1 − ፃ።፬፜፨፮፧፭፩፞፫፭፨፧
ኻኺኺኺ ∗ 1 + ፀ፝፝።፭።፨፧ፚ፥፩፫።፜፞ፒኽ኿኿(ጺ኿ኺኺኺ)

ኻኺኺኺ ∗ 1) ∗ (100% −%ፃ።፬፜፨፮፧፭፭፮፛፞፬ ∗ 0)
(3.16)

Net costs for S235:

€፧፞፭ = (€ፆ፫፨፬፬ +
ፒ፮፫፭ፚ፱ᑊᑔᑣᑒᑡ፩፞፫፭፨፧

ኻኺኺኺ ∗ 1 − ፃ።፬፜፨፮፧፭፩፞፫፭፨፧
ኻኺኺኺ ∗ 1) ∗ (100% −%ፃ።፬፜፨፮፧፭፭፮፛፞፬ ∗ 0)

(3.17)

Fabrication This part represents all activities starting from receiving the bear beams up to delivery
at the building site, with painting and coating as the exemption. Considered processes are:

• Fabrication of connections

• Modification to the steel sections

• Detailing and drawing

• Transport

For the fabrication of connections and modification of steel sections, tables are defined that display
the amount of man-hour. The amount of man-hour is dependent on the weight per meter of the to be
connected beam. In figure 3.7 the amounts of man-hour of five different connections can be found.
Most of these connections show a linear relationship after a certain threshold level. The base-plate is
the only connection that has a non-linear relation. When the total amount of man-hours is defined, they
are multiplied by an hourly rate which includes the payment of the employee and the factory overhead
costs. This method is debatable since the span of the beam is not considered in the estimation of man-
hour. On the other hand, the beam is selected according to the maximum bending moment. Therefore
there is a relationship between specific bending moment and types of beams.
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Figure 3.7: Comparison of man-hour vs connection size

For detailing a certain €/𝑘𝑔 can be specified. For transport there is calculation key dependent on
the distance to the building site and the maximum truck load in tons.
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Painting/Coating For painting, a system of 1,2 or 3 layers can be chosen, with prices of €6,−,€10,−
or €16,− per 𝑚ኼ respectively.
For fire-resistant coating there are 3 different types specified depending on the 𝑇፜፫።፭።፜ፚ፥ of the element.
Elements with a lower 𝑇፜፫።፭።፜ፚ፥ need a thicker layer of coating, this will result in a higher price per 𝑚ኼ.

Site Assembly The cost for site assembly is taken into account in this model as well. Input for the
cost calculation is the amount of building layers, workers, and equipment. Based on the number of
days needed for assembly, a price is generated.
This may be a too coarse approach, since the speed of site assembly is very much dependent on
weather conditions. In case of bad weather (cold, rainy, windy) the speed will be greatly influenced.

Feature-based Costing method for Skeletal Steel structures

Haapio [36] developed a method which gives the designer detailed information of the costs of man-
ufacturing, transport and erecting of a steel structure. Typical to this method is the inclusion of non-
productive time in the processes. Besides productive time, there is non-productive time as well. It is
the preparation works which are required to flawlessly execute the process.

3.3. Cost models for welding
Jármai and Farkas [37] made a model to estimate the cost for the manufacturing of welded THQ beams
or stiffened plates. In the model several welding technologies and several types of welding are con-
sidered. These can be found in table B.2 and B.3.

𝐾 = 𝐾ፌ + 𝐾፟ = 𝜅፦𝜌𝑉 + 𝜅፟∑
።
𝑇። (3.18)

In this model the cost ratio 𝜅፟/𝜅፦ is introduced. With 𝜅፦ = 0.5 − 1$/𝑘𝑔 and 𝜅፟ = 0 − 1$/𝑚𝑖𝑛. A
𝜅፟/𝜅፦ = 2.0 ratio means very high labour costs. 1.5 and 1.0 are average labour costs. And 0.5 means
the labour costs of developing countries.

ፊ
᎗ᑞ
= 𝜌𝑉 + ᎗ᑗ

᎗ᑞ
(𝑇ኻ + 𝑇ኼ + 𝑇ኼ + 𝑇ኽ + 𝑇ኾ + 𝑇኿ + 𝑇ዀ + 𝑇዁) (3.19)

”Difficulty factors” are introduced in this model to cope up with uncertainties. With the difficulty factor,
a differentiation for down-hand and in positional welding are made. Because down-hand welding is
physically less intensive, higher average welding speeds are found. For the difficulty factor, values of
1, 2 or 3 are used.

In table 3.8 the calculation keys per activity are defined. 𝑇ኻ is time needed for preparation prior to
welding. 𝑇ኼ+𝑇ኽ is the time needed for the actual welding. The number 1.3 comes from a simplification
of the separate 𝑇ኼ & 𝑇ኽ[37, p.117].

Only longitudinal welds are considered in this report. When end-plates are welded to a beam, a
weld along the radius of the beam’s flange web connection should also be made. Further research
should be done to find trustworthy values for the welding speeds of these quarter circular parts.
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Table 3.8: Time calculation per activity

Fabrication times for welding 𝑇ኻ = 𝐶ኻ𝜃፝√𝜅𝜌𝑉 ፂᎳ ዆ ኻ
᎕ᑕ ዆ ፝።፟፟።፜፮፥፭፲ ፟ፚ፜፭፨፫
᎗ ዆ ፧፮፦፛፞፫ ፨፟ ፬፭፫፮፜፭፮፫ፚ፥ ፞፥፞፦፞፧፭፬ ፚ፬፬፞፦፛፥፞፝

Fabrication times for welding 𝑇ኼ + 𝑇ኽ = 1.3∑𝐶ኼ።𝑎፧፰።𝐿፰። ፂᎴᑚ ዆ ፜፨፧፬፭ፚ፧፭ ፟፨፫ ፰፞፥፝።፧፠ ፭፞፜፡፧፨፥፨፠፲
ᎎᑟᑨᑚ ዆ ፭፡፫፨ፚ፭ ፭፡።፜፤፧፞፬፬ ፰፞፥፝

Time of flattening plates 𝑇ኾ = 𝜃፝፞(𝛼፞ + 𝑏፞𝑡ኽ +
ኻ

ᎎᑖ፭Ꮆ
)𝐴፩ ᎎᑖ ዆ ዃ.ኼ ∗ ኻኺᎽᎶ

ᑞᑚᑟ
ᑞᑞᎴ

፛ᑖ ዆ ኾ.ኻ኿ ∗ ኻኺᎽᎹ
ᑞᑚᑟ
ᑞᑞᎷ

᎕ᑕᑖ ዆ ፝።፟፟።፜፮፥፭፲፩ፚ፫ፚ፦፞፭፞፫
፭ ዆ ፩፥ፚ፭፞ ፭፡።፜፤፧፞፬፬
ፀᑡ ዆ ፚ፫፞ፚ ፨፟ ፭፡፞ ፩፥ፚ፭፞

Surface preparation time 𝑇኿ = 𝜃፝፞𝛼፬፩𝐴፬ ᎎᑤᑡ ዆ ኽ ∗ ኻኺᎽᎸ
ᑞᑚᑟ
ᑞᑞᎴ

᎕ᑕᑖ ዆ ፝።፟፟።፜፮፥፭፲፩ፚ፫ፚ፦፞፭፞፫
ፀᑤ ዆ ፬፮፫፟ፚ፜፞ ፚ፫፞ፚ

Painting time 𝑇ዀ = 𝜃፝፞(𝛼፠፜ + 𝛼፭፜)𝐴፬ ᎕ᑕᑖ ዆ ፝።፟፟።፜፮፥፭፲፩ፚ፫ፚ፦፞፭፞፫
ᎎᑘᑔ ዆ ኽ ∗ ኻኺᎽᎸ

ᑞᑚᑟ
ᑞᑞᎴ

ᎎᑥᑔ ዆ ኾ.ኻ኿ ∗ ኻኺᎽᎸ
ᑞᑚᑟ
ᑞᑞᎴ

Cutting and edging grinding times 𝑇዁ =∑
።
𝐶዁𝑡፧። 𝐿፜። ፋᑔᑚ ዆ ፜፮፭፭።፧፠ ፥፞፧፠፭፡

፭ᑚ ዆ ፭፡።፜፤፧፞፬፬

3.4. Reverse engineering
An effective method to analyse the costs of steel structures is finding a set of completed project where
the final price is known. By reverse engineering, costs of connections can be extracted. For this method
the market should be open to share the project documents.
These documents are considered as sensitive information, because they reveal the margins companies
use for profit calculation. The change of acquiring this information is expected to be low.
Another downside to reverse engineering is that you don’t know the amount of margin amount of the
final price. The contractor could have made a lot of profit or losses on the project.
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3.5. Discussion & Conclusion
In this chapter a set of methods for estimating costs are discussed. The methods differ in the time
needed to make an estimate which is accompanied with a certain precision and therefore reliability. In
general more elaborate costing models will generate more precise cost estimates, but they take longer
time.

Time Required

Precision

Method 1:
Weight concept

Method 4
Activity Based Costing

Method 2:
Rotational capacity

Method 3:
Weld volume method

Reverse Engineering

Figure 3.8: Reliability versus time per cost-estimation method

To make a good estimate of cost, it is important to have a certain level of detail in the model. The
cost-model needs to be generic in order to be applicable for multiple cost calculations. The activity
based cost models provide the needed level of detail. However in examples discussed a too elaborate
cost estimate is made. Factors which are very project-dependent, as transport and erection are in-
cluded. Also factors which are very factory-dependant, as non-productive time per production process
are included. The results can be untrustworthy when a general application is used. In conclusion, there
is a certain balance between making a cost model which is too elaborate and therefore too specific,
and a too general model and therefore untrustworthy model.

In the cost model of this research, I will only focus on the direct costs of the production of pre-
fabricated steel trusses. In this cost-model the costs for every needed process in the production are
determined. Per process, one unit price is used. This will help avoiding over-complication of the cost
model.

The size of these elements will be determined by the maximum transport dimensions. Transport,
erection and indirect costs will be excluded in this model, because they are project and company
dependent components.





4
Optimisation criteria of Trusses

4.1. Introduction
The optimal variant in an optimisation process is dependent on the optimization criteria. In the opti-
misation of trusses aspects, as constructablity and total production cost will be used to find optimal
variants. In this chapter, I will investigate the leading constructability criteria, and how the total pro-
duction cost will be assessed.

4.2. Constructability
In this section will discuss how trusses constructability can be analysed, and how this will affect cost-
effectiveness.

4.2.1. Production risks caused by design
To achieve cost-effective design in steel trusses, it is important to design the truss in such a way that
production risks are avoided. When a design is created in such a way that elements need to be an exact
fit, production-risks increases. In reality sizes of elements deviate because of tolerances, resulting in
elements being longer or shorter than expected. When this is the case, measures should be made. In
most cases, this will cause extra unwanted expenses.
Within trusses, the diagonals are the elements in the design most prone to geometric deviation[13][14][12].
This is especially the case when the joint is an overlap joint where the diagonals have double miter
ends, as displayed in figure 4.1. In figure 4.2 a flow of events is displayed. These events can happen
when a diagonal has deviating geometry. If these events need to take place, fabrication time of the
truss will be longer. This causes increased costs. However according to ISO5817 reference 617 some
deficiency is allowed. The code provides limits for the deficiency in millimeters. This limit is dependent
on the quality level, the plate thickness and the throat-thickness.

Strategies on preventing double miter connections in diagonals
Cost-effectiveness in the design of steel trusses can be achieved by minimizing the risk of deficiencies.
This can be done by designing the truss in such a manner that the joints will be gap joints, where
diagonals contain only single miter ends. In figure 4.1 two strategies are displayed for achieving single
miter ends in the diagonals. The first strategy is increasing the section height of the chord. This strategy
causes a big increase in total weight. The second strategy is introducing eccentricities in the nodes.
This will introduce bending moments. Bigger sections will be needed to carry the additional load. In
this case achieving a single miter connection works in two ways, because of the eccentricity and the
increased section height. In the third strategy, the overall geometry can be changed in such a way that
diagonals contain small angles and therefore are more likely to produce a single miter connection. A
fourth strategy is assuming a larger buckling length for the chords. This strategy is comparable with
the second, but calculating with a larger buckling length could cause that less buckling supports are
needed in the final design. This could result in less material needed, therefore lower costs.

27
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Figure 4.1: Risks and Measures for overlap joints of trusses
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Expressing risk into cost model
Including the risk of geometric deviation of elements in the cost-model is ambitious, wrong assumptions
for cost estimations can be easily made. Therefore taking into account this risk in terms of a certain
additional price will not be used in the cost-model of this research. However, this cost-model will give
insight in what the price-differences will be of a optimised truss overlap joints and a optimised truss with
gap-joints. The truss with gap-joints will probably have a higher price, because of a higher material
consumption. This price difference between the two trusses can give insight on the risk/reward of
using overlap joints in a truss structure. This can lead to a conclusion whether or not it will be desired
to exclude risk of geometric deviation.

Analysis on double and single miter diagonals
The problem whether a connection has a double or single miter end can be solved mathematically. Here,
the height of the diagonal is projected on the edge of the vertical (Post) and the horizontal (Chord),
see figure 4.5. All parameters needed to solve the problem are listed in table 4.1. To accommodate
all double miter connection situations possible in the scope of this research, there is also an angle of
inclination for the vertical (𝜙) and an eccentricity (𝜀) included in the list. The mathematical model
produces two lines. If one of these two has a value of zero, the connection is single miter, see table
4.2. The complete derivation can be found in appendix A.

Table 4.1: Parameters

Parameter Symbol Range
Half Height Vertical 𝑎 0 < 𝑎
Half Height Horizontal 𝑏 0 < 𝑏
Half Height Diagonal ℎ 0 < ℎ
Angle of ℎ 𝜃 0∘ < 𝜃 < 90∘
Angle of 𝑎 𝜙 90∘ ≤ 𝜙 < 180∘
Eccentricity 𝜀 0 < 𝜀

Table 4.2: Decision tree for determining length of horizontal and diagonal segment

Position Weld First decision Second decision Length
Horizontal segment If 𝑃 ≥ 𝐴 𝑙 = 2| ፡

ዷይዲ᎕ |

𝑥⃗ = [𝑄𝑏] , 𝑦⃗ = [
𝑃
𝑏] , 𝑧 = [

𝐴
𝑏] If 𝑃 < 𝐴 If 𝑄 > 𝐴 𝑙 = √ (ዷይዲ᎕ ዧዳዷᎫ፛ዅዷይዲ᎕ ዷይዲᎫ᎒ዅዧዳዷ᎕ ዷይዲᎫ፛ዄዷይዲ᎕ፚዄዷይዲᎫ፡)Ꮄ

ዷይዲ᎕Ꮄ ዷይዲᎫᎴ

If 𝑄 ≤ 𝐴 𝑙 = 0

Diagonal segment If 𝐷 ≤ 𝐴 & 𝐸 ≥ 𝑏 𝑙 = 2 ∗ √− ፡Ꮄ
(ኼ ዧዳዷᎫᎴዅኻ) ዧዳዷ᎕Ꮄዄኼዷይዲ᎕ ዧዳዷ᎕ ዧዳዷᎫ ዷይዲᎫዅዧዳዷᎫᎴ

𝑥⃗ = [𝐷𝐸] , 𝑦⃗ = [
𝐻
𝐼 ] , 𝑧 = [

𝐴
𝑏] If 𝐸 < 𝑏 If 𝐼 > 𝑏 𝑙 = √− (ዷይዲ᎕ ዧዳዷᎫ፛ዅዷይዲ᎕ ዷይዲᎫ᎒ዅዧዳዷ᎕ ዷይዲᎫ፛ዄዷይዲ᎕∗ፚዄዷይዲᎫ፡)Ꮄ

ዷይዲᎫᎴ(ኼ ዷይዲ᎕ ዧዳዷ᎕ ዧዳዷᎫ ዷይዲᎫዄኼዧዳዷ᎕Ꮄ ዧዳዷᎫᎴዅዧዳዷ᎕ᎴዅዧዳዷᎫᎴ)
If 𝐼 ≤ 𝑏 𝑙 = 0

Figure 4.3 displays how the total length varies over a different angle. For this graph 𝑎,𝑏 and ℎ are
assumed as 1. The graph shows that an angle of 45 degrees is the most desirable when a minimum
length needs to be achieved. This can be desirable in case of welding volume optimisation. However
these double miter connections increase risks of failure in production.

Analysis on single miter end connections
The equations in 4.2 can also be useful to investigate when single miter connections occurs. This
can be investigated in the same two strategies as discussed in figure 4.1. Rewriting the equation in
terms of height of the chord 𝑏 or eccentricity 𝜀 could provide valuable information on how single miter
connections can be achieved. For this analysis 𝜙 = 90∘ for simplification purposes.

The ideal situation for production is when the diagonal is only connected to the chord. In mathe-
matical expression this happens when greater than the x-coordinate of 𝑧, or 𝑃 > 𝐴.
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Figure 4.4: Height ratio chord for single miter connection

Increasing chord-size In equation 4.1 this situation is expressed in 𝑏, the half height of the hori-
zontal (chord). In this equation 𝜀 is set to zero. With this expression the additional height needed in
the chord to produce a single miter connection can be calculated.

The behaviour of this equation is visualized in figure 4.4. Here, 𝑎 and ℎ are assumed to be equal.
The graphs show the multiplication factor needed for the chord to obtain a single miter connection.
In 4.4c the range of the graph is adjusted to 30∘ to 60∘, because the minimum angle between two
members according to NEN-EN 1993-1-8, art 7.1.2(3) is 30∘. The graphs shows that a low angle 𝜃
correlates to low ratios of increasing the chord. The minimum increase ratio according to Euro-Code’s
range boundaries is 1.73 for an angle of 30∘. From this we can conclude that it could be beneficial to
create a truss in such a way that diagonals will contain low angles towards the chord. However this
will influence structural performance and therefore the size optimisation of the elements.

for 𝑃 > 𝐴 then 𝑏 > ፚ∗፬።፧᎕ዄ፡
ዧዳዷ᎕ (4.1)

Introducing eccentricity Equation 4.2 shows what value 𝜀 has to be, in order to generate a single
miter connection. Compared to the equation for the required size of 𝑏, this equation will be less useful.
This is because the eccentricity introduces a bending moment that will cause that a bigger chord section
is chosen in the optimisation of elements. A bigger chord section may need a smaller eccentricity to
obtain a single miter connection. Therefore achieving just the right amount of eccentricity to obtain a
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(a) Single Miter Left (b) Double Miter

(c) Single Miter Right (d) Single Miter Eccentricity

Figure 4.5: Situation drawing for single or double miter connections

single miter connection is a non-linear problem. Furthermore creating eccentricities where the segment-
size in a truss is constant will also cause an inclination of the angle 𝜃, this adds an additional dimension
to the non-linear process. However through iteration the minimum needed eccentricity can be found. In
the iterative process equation 4.2 could be used to achieve together with the appropriate convergence
criterion.

for 𝑃 > 𝐴 then 𝜀 > ዷይዲ᎕∗ፚዅዧዳዷ᎕∗፛ዄ፡
ዷይዲ᎕ (4.2)

4.2.2. Human error and Standardization
When designing structures, the risks of human error have to be taken into consideration. In case
of welding there is preference to give as many welds as possible equal throat-thicknesses, making
them standardized. This decreases the risk of human error and lowers the risk that too small throat-
thicknesses are applied in welds of a connection.

Furthermore there is also a boundary on the level of precision that can be obtained during welding.
A weld size of e.g. 7.5 mm be put on a drawing, since this level of precision is unrealistic for human
welders. The size of a weld on a drawing is always an integer. This is a rounded up number from
calculation, causing an structural over capacity in the weld instead of an under capacity.

These two factors limit the level of optimisation that is realistically possible in terms of production.
When automated assembling and welding will become the standard in the steel structure production
industry, it can be possible cause that these two factors do not need to be considered anymore. This
will opens up the possibilities for the optimisation of the welding volume.
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4.3. Production cost
For the cost analysis of steel trusses with welded connections, a cost model has to be set up. This
section will discus how this cost-model will work and within the optimisation model.

As concluded in previous chapter, the cost-model for this research is build up according to the Ac-
tivity Based Costing Method. The activities considered are only the manufacturing activities, see figure
4.6. Transport to the building site is not considered. Erection time is excluded, and cost of foundation
is excluded as well. Since production costs are very dependent on several factors. For example, the
efficiency of the producer and the current economic prosperity of the country. It is important to make
an adjustable cost-model. Here, users can change the parameters according to the deployment rates
and process speeds of their own production process. Therefore, it is important to clearly quantify the
static amounts used in the cost estimation.
These static amounts are: the surface sawing to be made, the volume of welds to be made, the sur-
face area of surface treatment and painting. However, in this cost-model, assumptions will be made to
transform these static amounts to actual prices. To simplify the cost model discounts on procurement
and surtax on scrap[35] will be excluded from the cost model.

4.3.1. Goal of cost-model
The goal of the cost-model is to generate a costs-estimate for the production costs of a truss with
welded connections. The cost-model will be implemented in a parametric model in order to optimise
trusses based on production price. The cost-model will display an estimated total production cost of the
structure. With this, cost research can be performed on the ratio of prices variation between different
truss-variants.

Joints in steel structures consist of several components. These components will be used as input
for the cost-model. Examples of these components are the welding volume needed in the joint, the
area of sawing needed and the size and thickness of plate material needed for stiffening.

Sorting
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Figure 4.6: Fabrication process of trusses

4.3.2. Fabrication process
During production, bare beams are being processed to make them use able and connectable for on
the building site. Multiple activities take place during the fabrication process. The activities considered
can be seen in figure 4.6. These activities will be discussed in the following sections. Here all activities
have been numbered. All these activity are given a certain code. Processes for the beam start from
A00 to A04 and for plates start from B00 to B03. During Assembling and welding these tow process
come together.

A00. Material
A comparison has been made for five different dutch steel traders to gain knowledge about current
steel prices. The names of the steel traders have been kept anonymous and are named steel trader
1[38], 2 [39], 3 [40], 4 [41] and 5 [42]. These steel traders were selected because they have a price
list available in excel-format on their website. The use of excel files makes it possible to process the
data relatively easy for the research purposes. Furthermore, it should be noted that these price lists
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date from January 2018.
Hot formed hollow sections and sections with steel grade S460 are excluded from this research, be-
cause prices are not available in the price list on websites, and should be requested. The requested
price is dependant on bulk procurement and the client costumer relation. Therefore, these requested
prices between different steel traders are less useful for price comparison.

Rolled Long Steel In figure C.1 the gross prices per kg for long steel with a S235 steel quality are
compared. The lines in the graphs show almost a horizontal relationship. The different steel traders
differ from one another, but all lines follow the same slight inclination. For each graph, an extra line
is added to shows the average value. All lines that display the average price lie on the horizontal axis
with a price of approximately €1,40 per kilogram. Therefore a price of €1.40 for Long steel sections is
assumed.
Only steel trader 1 of the five steel traders includes S355 in their product list of long steel [38]. The in-
crease in price for these sections is 10% compared to S235. For S275 long steel no data could be found.

Hollow sections In figure C.2, C.3 and C.4 the gross price ranges for cold formed Square Hollow
Section (SHS) and Rectangular Hollow Section beams (RHS) of three steel traders 1, 3 and 4 are dis-
played. These three steel traders are selected because there price list for hollow sections includes
prices for S235, S275 and S355 steel quality’s .
The prices of the different steel traders are not combined in one figure since these steel traders do not
offer exactly the same supply of SHS and RHS beams. The horizontal axis displays the cross sectional
area of the beam. This is done in order to simplify the comparison, because it filters the geometric
parameters of height, width, and plate thickness. Secondly it overcomes the name difference that steel
trades can have between one another.
In figure C.2, C.3 and C.4 can be seen that there is no significant difference in price per kilogram be-
tween RHS and SHS sections. However, a difference between the different steel grades can be seen.
In addition, the figure shows that there is a relationship between the steel grade and the cross sec-
tional area. All three figures show that smaller sections contain lower steel grades and bigger sections
contain higher steel grades.

To gain more insight in the price range of every steel grade per steel trader, a box plot is made.
In figure C.5 these box plots can be found. All three box plots show an increase in price from S235
to S275, S355. The box in the box plot represents 50% of the data. The top and bottom whiskers of
the plot represent the maximum and minimum value. Because the price list contains extreme values
that do not follow the expected price relationship. This extreme is the highest for steel-grade S275
at Steel trader 2. The box plot is a useful graphic tool to exclude those inconsistencies when drawing
conclusions.
In table 4.3 the average price increase of the data set from S235 to S275 and from S235 to S355 are
displayed for the three steel traders. This table shows that S275 is on average 5% more expensive
than S235 and S355 is approximately 20% more expensive.
In figure C.5 the average price of the complete data set is given. For the price calculation of steel
structures a conservative price of €3.70 per kilo is assumed for S235 hollow sections. This assumed
price increases with 5% for S275 and 20% for S355.
However the price per kilo for hollow sections in this section are based on gross price list. In the case of
hollow sections discounts of 50% are common when ordering bulks above 1000 kg. This is significantly
different for long steel products where the price in the price-list is a realistic indication of the actual
price.

Trade lengths Long steel has a great variation of trading lengths, starting from 8 meters up to
24 meters with a step-size of 1 meter. This means that precise lengths can be ordered, which could
minimize waste when beams are cut to the precise length. However hollow sections are not available in
a great variety of lengths. Common trade length for hollow sections are 6, 12, 15 and 18 meters. This
can influence an optimal cost-effective design. For instance, when a design requires hollow section
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Table 4.3: Difference in per cent between steel grades per steel trader

Steel trader 1 S235 3.31 100%
S275 3.41 103%
S355 3.92 118%

Steel trader 3 S235 4.15 100%
S275 4.29 103%
S355 4.95 119%

Steel trader 4 S235 2.88 100%
S275 3.11 108%
S355 3.39 118%

members with a length of 6.1 meters, it means that a trade length of 12 meters needs to be ordered,
where 5.9 meters will be sawn off and possibly will end up as waste.

A01. Sawing
From the identical set of data as in the previous paragraph, the costs of sawing per section for long steel
and hollow sections have been analysed. The graphic results can be found in figures C.8, C.9 and C.3.
It should be noted that these cutting prices are prices determined by the steel trader and therefore do
not give exact insight into the costs that a steel contractor would make when cutting beams themselves.

Rolled Long steel In figure C.8 the average price range of rolled long steel is displayed for all
five previously mentioned steel traders. The horizontal axis displays the cross sectional area of the
beam and the vertical axis displays the price per 𝑚ኼ. This is a self made price that is converted from
the cutting price per section in the price list. Converting this price in this manner makes comparison
possible.
All different types of long steel section display approximately an equal relationship. Here, the small
sections are relatively expensive put this high price quickly evens out to a constant when the cross
sectional area increases. A probable cause for the higher price for small sections is the fact that a
significantly bigger amount of individual cuts needs to be made to cover the same cross sectional area
of 1𝑚ኼ. This increases handling time and therefore costs.
In figure C.8 an overall horizontal relation can be found for all types of long steel with a cross sectional
area starting from 5∗10ኽ𝑚𝑚ኼ. Sections with a cross sectional area below this value are relatively small
and therefore less prone to be chosen in a structure. Sections with a cross sectional area of less than
5 ∗ 10ኽ𝑚𝑚ኼ are sections up to HEA180, HEB140, IPE270, UPN260 and not a single HEM.
To simplify the cost estimate of sawing, one value will be considered. This value will be the average
price in the horizontal part of the graph. The average price in this horizontal part is €5875 per 𝑚ኼ.

Hollow sections In figure C.9 and C.3 the sawing costs of hollow sections are displayed. There is a
big difference in the cost to cross-sectional area relationship between the two graphs. In C.9 all value
lie around the price of €10.000 per 𝑚ኼ, which is almost twice as expensive than the cutting price per
𝑚ኼ of long steel.
Figure C.3 shows a non-linear relation. It should be noted that this graph contains a small data-set.
When calculating the average value of this data set the result is €9398 per 𝑚2.
The sales-department of steel trader 1 states that the difference between the cutting price of long steel
and hollow sections is because they do not saw the hollow sections themselves. The steel producer
cuts them on size, and ships them on size to the steel trader.
Expertise at Oostingh ASK Romein states that there is no difference in sawing costs per 𝑚ኼ between
long steel and hollow sections[43]. Assuming a higher sawing rate for hollow sections compared to
long steel will penalize the use of hollow sections when optimising production costs, this penalty is
undesirable since it does not represent the production costs that steel contractors make and will affect
optimisation. In order to prevent penalizing the use of hollow sections in terms of sawing costs, the
same rate for sawing of long steel will be assumed for sawing hollow sections.



4.3. Production cost 35

Figure 4.7: Long steel I-sections with a total of 1 (right-angled), 2 (single miter) or 3 (double miter) sawing cuts

Number of cutting planes There are three types of sawing cuts that can be made: right angled
cuts, single miter cuts and double miter cuts. For right angled connections the beams will be sawn by
one plane. In the case where a beam is connected under an angle, for example in a diagonal, cuts
need to be made in multiple planes. Steel traders multiply the sawing price by the amount of sawing
cuts [38][40].
The total sawing price assumed in this research will be the sawing cost multiplied with the amount of
sawing cuts for an element. An element has two sides that can either have ”No cut”, ”Right angled
cut”, ”Single miter cut”, ”Double miter cut”, see figure 4.7. There will be ”No cut” on cases where a
beam consist out of multiple elements. In case that a element has a total of more than one sawing
cuts, there will be one sawing cut deducted. This will create a more realistic price estimation, because
the right angled end cut of one element also serve as the right angled start cut of the next to be sawn
element in the sawing process.

Table 4.4: Cost multiplication factors per type of Sawing-cut

Type of cut Sawing cuts needed
No cut 0
Right angled cut 1
Single miter cut 2
Double miter cut 3

A02. Surface Treatment
Steel ordered from a steel trader can also be shot-blasted and primed if desired. The price lists of the
five steel traders provide prices for this as well.

In figure C.11 the average price for only shot-blasting and both shot-blasting and priming are
displayed. On the horizontal axis the weight per meter is displayed and the vertical axis shows the
average price per 𝑚ኼ

In these graphs HEM-sections show a higher price than the rest of the long steel sections. The
average price for shot-blasting of all long steel sections is €4.85 per 𝑚ኼ.

The lower graph of C.11 displays the average prices of shot-blasting and priming combined. This
graph shows comparable results to the graph where only the price of shot-blasting is displayed. The
average increase in price when including priming, lies 18% higher than only shot-blasting.

A03. Numbering
Beams and plates are being numbered in the factory. Bel Hadj Ali et al. [33] assumes 20 seconds for
chalk marking the parts. Therefore 0.33 minutes is assumed in the cost model.

A04. Drilling
Bel Hadj Ali et al. [33] also specified time for drilling which is a range of 0.5 to 1 mm/s/hole. The
amount of millimeters is the thickness of the plate that is being drilled. The diameter does not seem
to make a difference since it is not specified. In the model of this research a speed of 0.5 mm/s/hole
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is selected, since this is the most conservative value. In the cost-model no distinction will be made
between drilling in plates and drilling in beam sections.

A05. Internal transport
Expertise at Bouwen met Staal states that most costs in the production process are made by internal
transport [44]. Internal transport can be defined as the movement when a beam needs to be trans-
ported from one assembly line to another. The number of internal transports and its efficiency is factory
dependent [12][13][14]. It depends highly on the logistics layout of the factory and the number of
cranes available for lifting the heavy beams.

In figure 4.8 and 4.9 two possible lay outs of a steel structure production facility are displayed. In
both lay outs a sawing street for beams and a cutting line for plates can be seen. The difference can be
found in the logistics of assembling and welding. In most production facilities, assembling and welding
is a linear process[12][14]. The facility has multiple lines with a working table for assembling and
another working table for welding. A crane is needed to hoist the beam from the assembling working
table to the welding working table. This linear process can often be considered when space is limited.
To prevent congestion in the production process. Both assembler and welder need to complete their
work in the same time.

Sorting

Figure 4.8: Linear process of assembling and welding

To prevent transport between assembling and welding a different lay out can be selected. This
process works in an almost a circular pattern. Where workers rotate around the working tables. To
prevent bottle necks in the process, multiple working tables are needed. This allows a continuous
availability of work. The circular process is more efficient than the linear process because less hoisting
is required. The circular process can only be applied when there is sufficient space available for a large
number of working tables.

Both processes can be easily implemented in the cost-model. In case of the linear process, three
hoists are assumed, one from the sawing street to the working table, one in between welding and
assembling, and the last one from the welding table to the paint-shop. In case of a circular process,
only 2 hoists have to be considered.
Because a linear process for assembling and welding is more common, it will also be used in the cost
model of this research. Therefore three hoist in the fabrication process are assumed. The average
time for a hoist will be 15 minutes per beam which is based on expertise at ASK Romein [12].



4.3. Production cost 37

Sorting

Figure 4.9: Circular process of assembling and welding

B00. Material Plate
The plates and stiffeners will be cut out of plates. These plates can either be hot formed (S235 and
S355) or cold formed (DC01). To calculate cost, the price list of the previously mentioned five steel
traders have been analysed [38][39][40][41][42].

In figure C.6 and C.7 the analysed data steel plate prices is displayed in graphs. Figure C.6 shows
the average price per steel trader and the number of data entry’s. This shows that steel trader 1, 2
and 3 have a more elaborate data set. Steel trader 4 and 5 possess relative high prices with their small
data set.

The total average of S235 is €1.33 per kilogram. The average price of S355 is €1.30 per kilogram.
Since steel trader 1 is the only steel trader that provides online prices for S355 plate steel, a conclusion
that S355 is cheaper than S235 cannot be made. However, within steel trader 1 the average price
between S235 and S355 are alike. Therefore. an assumption can be made that the price of S235 plate
steel equals the price of S355 plate steel.
In figure C.6 the average price of cold formed steel plates (DC01) can be found as well. At every steel
trader this price is higher than hot formed plate steel. On average the price of cold formed steel plates
is 10 % higher than hot formed steel plates.

In figure C.7 the price relationship for varying thicknesses and total plate area are displayed per
steel strength. All these graphs show a horizontal relationship. Therefore, we can conclude that neither
the thickness nor the total area of a plate influences the price. However, the graph of S355 shows a
non-horizontal relation. But considering the size of this data set and it only has a single resource, no
conclusion can be drawn for thickness price relationship of this steel grade.

During cutting, a considerable amount of cutting waste is made, see figure 4.10. Experts at Reijrink
Staal bv state that this cutting loss lies on average between 20 and 25% of the desired total weight of
cut out plates, see figure 4.10.

For S235 and S335 a price of €1.30 per kilo will be assumed, with 25% of cutting waste. For cold
formed plates an additional 10% will be added.

B01. Drilling
See A04.
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Figure 4.10: Cutting waste plate cutting at steel contractor

B02. Plate cutting
Jármai and Farkas [37, p.123] specified multiple cutting technologies in their report. All cutting tech-
nologies have a different speed, these values can be found in table B.3 The slowest of these cutting
technologies is Acetylene (normal speed), which has a time of 𝑇 = 1.1388 ∗ 𝑡ኺ.ኼ኿ ∗ 𝐿 for 𝑡 = 2 − 15𝑚𝑚
and 𝑇 = 0.8529 ∗ 𝑡ኺ.ኽዀኾ ∗ 𝐿 for 𝑡 = 10−40𝑚𝑚. According to the conservative approach of this research
this speed for plate cutting will be chosen.

B03. Numbering
See A3.

B04. Sorting
As in Bel Hadj Ali et al. [33] 0.33 minutes is assumed for the sorting of plates and stiffeners.

A06. Assembling
A time of 5 minutes per element is assumed. This includes preparation, positioning and tack welding.

A07. Internal transport
See A5.

A08. Welding
The welding costs are dependent on multiple factors. Neessen [45] made a formula to determine the
costs of welding, this formula can be found in appendix B.1. In order to use this formula a lot of in-
formation needs to be known. For example the welding technology, welding treat, protection gas, the
efficiency of the welder, welding position etc. All these factors are process and company dependent.
Including all these factors for welding in this cost research could increase the occurrence of errors in
price calculation.

In this cost-model all welds are assumed to be welded in down-hand position by MAG welding,
which is a commonly used welding technique by steel contractors [13].
To simplify the cost of welding, one rate is selected. This rate will include all the contributors of costs.
This will make it more easy to adjust the rate and to research influences of different assumed welding
cost rates on the optimisation process of steel structures.
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Oudshoorn [43] analysed the speed of welding per throat-thickness. Results can be found in table B.5.
The average of this table is a welding-speed of 150 cm3/hour. Reijrink [14] calculates with 1 to 1.2
kg of welding volume per hour. van Dijk [13] assumes a speed of 6 meter per hour for a weld with a
surface area of 25 mm2. Scherrenberg [31] assumes a speed of 4 meter per hour per weld, with an
surface area of 25 m2. Mela et al. [10] assumes 100 euro/kg. Steenhuis et al. [30] assumes 1 kg of
welding to cost 100 times the price of a kilo of steel.

In table 4.5 the statements of the resources have been translated to cm3/hour for comparison purposes.
To convert Mela et al. [10] and Steenhuis et al. [30] to a volume per hour, the assumed deployment
rate of a welder in this research of 60,- per hour is used.

Table 4.5: Comparison of welding speeds per resource

Resource Resource-type Statement Statement in cm3/hour
Oosting ASK Romein Steel-contractor Average table B.5 150
Reijrink Staalconstructies Steel-contractor 1 to 1.2 kg/hour [14] 128 to 152
Voortman Steel group Steel-contractor 6 meter (a5 weld) per hour [13] 125
Scherrenberg Graduate student 4 meter per hour per welding bead[31] 100
Mela Literature 100 euro/kg [10] 75
Steenhuis Literature 140 euro/kg [30] 55

In table 4.5 big differences can be seen in the assumed welding speed. In general, the literature
presents relatively slow speeds and the steel-contractors present relatively high speeds. In this re-
search a welding speed of 100 𝑐𝑚ኽ/ℎ𝑜𝑢𝑟 is assumed, this is more or less the average of table 4.5.
This speed is multiplied by the hourly rate of a welder to calculate the costs. With respect to the steel
contractors the assumed speed in this research is relatively slow. However, material sawing and paint-
ing prices are determined by analyzing price-lists of steel-traders instead of steel contractors. Since
these costs are higher than the costs that steel contractors make themselves [43] it will justify using a
slower welding speed, that will keep a realistic balance between assumed prices per process.

A09. Internal transport
See A5.

A10. Coating
In paragraph 3.2.4 several options for painting and coating are discussed. Coating against fire-
protection are relatively expensive and will consume a high percentage of the fabricating costs. Since
in this study the fire-safety of a structure is not part of the scope, a three-layered paint-job on four
sides is assumed. Bouwen met Staal [35] assumes €16,−/𝑚ኼ for a three layered paint job. Mela et al.
[10] assumes €20,−/𝑚ኼ, with no specification about the number of layers.

In this cost-model a price of €16,−/𝑚ኼ is assumed for painting. In the total to be painted, also the
area of stiffeners and plates are taken into account.
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Hourly rates
The times of processes are multiplied by an hourly deployment rate in order to generate a price. The
deployment rate is not a salary but a rate that external parties would pay for labour. In this cost model
a distinction is made between a factory worker and a welder. The rate of a welder is higher since this
rate includes equipment being used and depreciation. For the factory worker in the Netherlands we
assume a deployment-rate of €40,- and for the welder in the Netherlands we assume a deployment-rate
of €60,- [23].

Summary
In table 4.6 a summary can be found of the calculation key per fabrication activity.

Code Name process Input for generating price Resource
A00 Material Beam Long steel (S235): €1.40/kg Steel trader research

Long steel (S355): €1.40 (+10%)/kg
Hollow section (S235): €3.70/kg
Hollow section (S275): €3.70 (+5%)/kg
Hollow section (S355): €3.70 (+20%)/kg
Discount Hollow sections: up to 50%

A01 Sawing €5875 /𝑚ኼ Steel trader research
𝑇𝑜𝑡𝑎𝑙 = 𝑝𝑟𝑖𝑐𝑒 ∗ #፜፮፭፬

A02 Surface Treatment Shot-blasting: €4.85/𝑚ኼ Steel trader research
Shot-blasting & Priming: €4.85 (+18%)/𝑚ኼ

A03 Numbering 0.33 min per unit Bel Hadj Ali et al. [33]
A04 Drilling 0.5 mm/min/hole Bel Hadj Ali et al. [33]
A05 Internal transport 15 min per beam Company visit [12]
B00 Material Plate S235: €1.30/kg Steel trader research

S355: €1.30/kg
DC01: €1.30 (+10%)/kg

B01 Drilling 0.5 mm/min/hole Bel Hadj Ali et al. [33]
B02 Cutting 𝑇 = 1.1388 ∗ 𝑡ኺ.ኼ኿ ∗ 𝐿 Jármai and Farkas [37]
B03 Numbering 0.33 min per unit Bel Hadj Ali et al. [33]
B04 Sorting 0.66 min per unit Own assumption
A06 Assembling 5 min per unit Own assumption
A07 Internal transport 15 min per beam Company visit [12]
A08 Welding 100 𝑐𝑚ኽ/ℎ𝑜𝑢𝑟 Jármai and Farkas [37]

Minimum throat thickness: a = 4mm
A09 Internal transport 15 min per beam Company visit [12]
A10 Coating 16€/𝑚ኼ/type beam Bouwen met Staal [35]

Table 4.6: Summary of Input fabrication process

Hourly deployment-rate Factory worker €40,-
Hourly deployment-rate Welder €60,-

Table 4.7: Assumed hourly rates

The cost-model created in this chapter is tested by applying it on a simple case presented in appendix
D. Here a singular beam with two connections is analysed. Four different typologies of connections are
used. Results of this small case-study show that the biggest contributors to the total production costs
are: total weight, coating and welding volume.
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4.4. Conclusion
Constructability The constructability of trusses can be increased by minimizing the risks in produc-
tion. In case of double miter connections, there is a high risk on deficiencies in the dimensions of the
diagonals. Since the diagonals need to be a perfect fit. This risk can be minimized, by minimizing the
amount of double miter connections in the truss-design.

Cost-model The cost-model in this research is created by analyzing price-sheets of steel-traders.
These prices are gross prices where discounts are not assumed. Therefore these prices do not represent
the costs that steel-contractors make. Since the costs that steel-contractor make differ per company
and is sensitive information which is difficult to obtain, price-sheets of steel traders are the only resource
that possess the required level of objectivity needed for comparison purposes. These price-sheets do
give insight in the ratio differences between prices, which can be useful while optimising trusses on
productions costs.

In appendix D a small case-study is performed on the cost model. From the results, we can conclude
that weight, coating and welding volume are big contributors to the total costs. This is a conclusion
drawn caused by the assumptions made in the cost model, but literature show equal distributions
[36],[46].

The method of taking only production costs into consideration, allows you to work with a set of
fixed, and therefore, thrust-worthy numbers. This is the welding volume, the cutting area, the sawing
area, and the weight of plates and beams etc. To optimise on production costs these numbers have
to be converted into a price. Finding a right value that can convert these numbers into price rates is
difficult, since this is dependant on many factors. These costs differ per company, differ over time and
differ per country.

In this research, it is selected to use only one unit-rate per process, because it improves controlla-
bility and adjust ability of the cost-model. When certain processes contain a wrong unit-rate, it can be
easily adjusted to will provide insight into the influence of that unit-rate on the total production cost.
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Structural Analysis of Trusses

5.1. Introduction
In this chapter the assumptions and boundary conditions made to perform the structural analyses of
trusses will be discussed.

5.2. Assumed loads in research
A set of assumptions are made to define the loads that will act on the truss structure. In this section,
these loads will be defined.
For the cases, it is assumed that the truss structure will carry the roof of a storage facility located in
Delft, the Netherlands. The storage facility will be occupied by workers, therefore consequence class
II is assumed. However it should be noted that the model for optimising trusses is flexible and easy to
adjust to other situations.

Table 5.1: Assumptions for load derivations

Parameter Description
Structure Flat roof with sharp eaves
Consequence Class II
Wind Zone II, rural
Category H (non-accessible roof)
Length truss 25 m
Depth structure 60 m
Center-to-center distance 10 m
Roof height 10 m
SLS max vertical deflection roof 𝐿/250

Permanent loads
Permanent load G Self weight will be a variable since this load is dependent on the cross-sections
selected in the optimisation process.

Permanent load P The permanent loads will consist of the steel-weight of the truss and the weight
of roof cladding. For roof cladding and insulation, a permanent load of 0.15𝑘𝑁/𝑚ኼ is assumed. In this
structure, it is assumed that a secondary beam lays on top of the structure with a center to center
distance of 7 meters. The highest occurring load, which is the wind load of -0.85 𝑘𝑁/𝑚ኼ, is used
together with the maximum deflection requirement of 40 mm to choose the appropriate secondary
beam. For these secondary beams HEB240 are selected, resulting in an additional permanent load of
0.12𝑘𝑁/𝑚ኼ on the truss. In conclusion, the total permanent load is 0.27𝑘𝑁/𝑚ኼ.

43
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Table 5.2: ፂᑡᑖ,ᎳᎲ per zone

Flat roofs 𝐶፩፞&𝐶፟ per zone
type F G H I
sharp eaves 𝐶፩፞ -1.8 -1.2 -0.7 +0.2/-0.2
𝐶፟(𝐶፩፞ + 𝐶፩።) -2.1 -1.7 -1.0 -0.5
𝑐፬𝑐፝ ∗ 𝑐፟ ∗ 𝑞፩(𝑧፞) −1.79𝑘𝑁/𝑚ኼ −1.45𝑘𝑁/𝑚ኼ −0.85𝑘𝑁/𝑚ኼ −0.43𝑘𝑁/𝑚ኼ

Variable loads

Wind-load W For wind-region II in the Netherlands, a basic wind velocity of 𝑣፛,ኺ = 27.0𝑚/𝑠 basic
velocity pressure of 𝑞፛ = 0.46𝑘𝑁/𝑚ኼ must be assumed [47].

To determine the characteristic wind load the following formula is used according to NEN-EN 1991-
1-4, art 5.3:

𝐹፰ = 𝑐፬𝑐፝ ∗ 𝑐፟ ∗ 𝑞፩(𝑧፞) ∗ 𝐴፫፞፟ (5.1)

Since elements assumed have a relatively small surface area and are relatively stiff, we assume that
no resonance will occur. Therefore it will be assumed that 𝑐፬𝑐፝ = 1.0, NEN-EN 1991-1-4, art 6.2(1).

For a 10 meter high building located in rural area of wind zone II, 𝑞፩(𝑧፞) = 0.85𝑘𝑁/𝑚ኼ, [48, gl12].
The loaded area of cladding or roof sheeting by wind load is greater than 10𝑚ኼ, therefore 𝐶፩፞,ኻኺ can
be used to determine the external pressure. For 𝑐፟ several values should be considered, based on the
location of the structure, see table 5.2. (𝑐፩፞ + 𝑐፩።) = 𝑐፟. 𝐶፩። represents the internal pressure and is
assumed to be -0.3, NEN-EN 1991-1-4, art 7.2.9(6). With these values the load of 𝑘𝑁/𝑚ኼ per zone
can be calculated these loads can be found in table 5.2.

In the top of the plan, the structure is loaded with the highest wind forces, over zone F, H and I.
Here 𝑒 is the smallest value of 𝑏 and 2ℎ. For this case this leads to 𝑒 = 20𝑚. This leads to a division
of the truss into three pieces, with a length of 2, 8 and 15 meters. The load-case with three different
distributed loads produces a specific bending moment, see figure 5.2. Since using three different
distributed loads increases complexity of the structural analysis, a simplification is desired. To simplify,
we assume a distributed load of zone H over the whole length of the truss. Which results in a higher
maximum bending moment, see figure 5.2. Therefore, this simple and conservative approach can be
used.

Downward wind-force will not be considered, since snow-load is the governing downward load.

Figure 5.1: ፂᑡᑖ,ᎳᎲ for flat roofs [48, gl7]
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(a) Wind suction precise (b) Wind suction simplified

Figure 5.2: Moment distribution for wind suction

Snow-load S In the Netherlands a characteristic snow-load of 𝑠፤ = 0.70𝑘𝑁/𝑚ኼ must be assumed
[47]. To calculate the design snow-load, the following formula should be used according to NEN-EN
1991-1-3, art 5.2(3a):

𝑠 = 𝜇።𝐶፞𝐶፭𝑠፤ (5.2)

Here 𝜇። = 0.8 because the angle of the roof is 0∘, NEN-EN 1991-1-3, art 5.3.2.𝐶፞ = 1, since the structure
has normal coverage by its surroundings. 𝐶፭ = 1, since the roof has no higher thermal coefficient, as
in the case of glass roofs.
In conclusion the snow-load assumed in this research is 𝑠 = 0.56𝑘𝑁/𝑚ኼ

Variable load for maintenance Q According to NEN-EN 1991-1-1 art 6.3.4.2 a load of 𝑞፤ =
1𝑘𝑁/𝑚ኼ on 10𝑚ኼ of the roof or a point-load of 𝑄፤ = 1.0𝑘𝑁 needs to be assumed. In reality this
load will represents people and material standing on the roof in order to perform maintenance to the
roof.
The most unfavorable 10𝑚ኼ of the 1𝑘𝑁/𝑚ኼ on the truss structure, is exactly in the middle. With a
center-to-center distance between the trusses of 10 meters, this will result that the load is placed in a
strip with a width of 1 meter. This causes a specific bending moment, see figure 5.3. However since
the snow-load creates a greater Moment force, the snow-load is considered governing. Therefore, the
variable load due to maintenance does not have to be taken into consideration.

(a) Wind suction precise (b) Wind suction simplified

Figure 5.3: Most complex joint per design

Table 5.3: Summary: assumed loads

Parameter Assumed Load
G variable
P 0.27 𝑘𝑁/𝑚ኼ
Q (not governing over snow)
W -0.85 𝑘𝑁/𝑚ኼ
S 0.56 𝑘𝑁/𝑚ኼ
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Ultimate limit State
Partial factors should be taken into consideration for the ULS load combination, in order to provide
enough safety in the structure. These factors are listed in 5.4.

Table 5.4: Partial factors for load cases, NEN-EN 1990, A1.3.1

Consequence Class Governing 𝛾ፆ 𝛾ፐ
Unfavorable Favorable

1 G 1.2 0.9 1.35
Q 1.1 0.9 1.35

2 G 1.35 0.9 1.5
Q 1.2 0.9 1.5

3 G 1.5 0.9 1.65
Q 1.3 0.9 1.65

When creating load combinations, a load combination factor 𝜓 should be used. Because the struc-
ture is a roof-structure, category H is applied. For this case 𝜓ኺ = 0 according to NEN-EN 1990, art
A1.2.2. Since for all loads 𝜓ኺ = 0 the load-cases will not consist out of multiple variable loads.

Table 5.5: Load combination factors according to NEN-EN 1990, art NB.2 - A1.1

Load 𝜓ኺ 𝜓ኻ 𝜓ኼ
Category H: roofs 0 0 0
Snow-load 0 0.2 0
Wind-load 0 0.2 0

Permanent weight governing according to NEN-EN 1990, art 6.4.3.2 (6.10)

𝐸፝ = 𝛾ፆ ∗ 𝐺፤ + 𝛾ፏ ∗ 𝑃 + ∑𝛾ፐ ∗ 𝜓ኺ ∗ 𝑄፤ (5.3)

Variable weight governing according to NEN-EN 1990, art 6.4.3.2 (6.10)

𝐸፝ = 𝛾ፆ ∗ 𝐺፤ + 𝛾ፏ ∗ 𝑃 + 𝛾ፐ ∗ 𝑄፤ + ∑𝛾ፐ ∗ 𝜓ኺ ∗ 𝑄፤ (5.4)

Incidental load combination of for example earthquake and fire are not taken into account. Be-
cause it is assumed that in these situations the storage facility will be evacuated minimizing the risk of
casualties.

Table 5.6: Governing ULS-loads, center-to-center distance: 10m

Number Load-type Governing Description result
1 ULS 𝐺 𝐸፝ = 1.35 ∗ 𝐺፤ + 1.35 ∗ 𝑃 1.35 ∗ 𝐺 + 3.65𝑘𝑁/𝑚
2 ULS 𝑄፰።፧፝ 𝐸፝ = 0.9 ∗ 𝐺፤ + 0.9 ∗ 𝑃 + 1.5 ∗ −𝑄፰።፧፝ 0.9 ∗ 𝐺 − 10.32𝑘𝑁/𝑚
3 ULS 𝑄፬፧፨፰ 𝐸፝ = 1.2 ∗ 𝐺፤ + 1.2 ∗ 𝑃 + 1.5 ∗ 𝑄፬፧፨፰ 1.2 ∗ 𝐺 + 11.64𝑘𝑁/𝑚

Serviceability Limit State
When calculating SLS-load combinations. Safety factors are 1.0. The formula needed to calculate
SLS-combination can be found in NEN-EN 1990, art 6.5.3 (6.15b):

𝐸፝ = 𝐺፤ + 𝑃 + 𝜓 ∗ 𝑄፤ (5.5)

Maximum deflections With the SLS-load combinations deflections of the structure will be checked.
The limit on deformation, limits the rotation at the supports of the member. Exceeding the deflection
criterion could result in too great rotations at the support which could lead to damage to the cladding of
the roof or of the facade. As Eurocode does not specify deformation limits, the old limits originating in
the Dutch code are used (NEN6702 Belastingen en vervormingen TGB 1990). For the roof a maximum
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vertical deflection of 𝐿/250 is assumed. To calculate the resulting deflection the following formula is
used.

𝑤ፆዄፏ +𝑤ፐ − 𝑝𝑟𝑒𝑐𝑎𝑚𝑏𝑒𝑟 < 𝑤፦ፚ፱ =
ፋ
ኼ኿ኺ (5.6)

Because no precamber will be applied the following equation is used.

𝑤ፆዄፏ +𝑤ፐ < 𝑤፦ፚ፱ =
ፋ
ኼ኿ኺ (5.7)

Table 5.7: Governing SLS-loads, center-to-center distance: 10m

Number Load-type Governing Description result
4 SLS wind suction 𝐸፝ = 𝐺፤ + 𝑃 − 1.5 ∗ 𝑄፰።፧፝ 𝐺 − 6.375𝑘𝑁/𝑚
5 SLS snow 𝐸፝ = 𝐺፤ + 𝑃 + 1.5 ∗ 𝑄፬፧፨፰ 𝐺 + 8.67𝑘𝑁/𝑚

5.3. Assumptions for structural analysis
Assumed loading scheme in research
In this research, five load combinations will be taken into account. Three ULS load-combinations and
two SLS. In all five cases the load will be applied as a distributed load, acting on the top-chord of the
truss. Normally, the load is applied in multiple point loads, acting at every joint in the top-chord. This
is more realistic assumption, because normally secondary beams on top of the truss structure carrying
the roof cause that the truss is loaded by point loads. But, assuming a distributed load is more practical
for the comparing trusses that have a variation in truss-segment width, as will be discussed in section
8.4.6.

Assuming a distributed load instead of point loads acting on the top chord does not change the
distribution of internal force in the truss, but it does create an additional bending-moment in the top-
chord. This additional bending moment can cause the need for a bigger cross-section.

Assumed mechanical scheme in research
To analyses a structure, a mechanical scheme is needed. The mechanical scheme simplified repre-
sentation of reality. Within mechanical scheme, connections can be assumed either hinged, rigid or
semi-rigid. In reality, a connection is never completely rigid and almost never completely hinged. There
will always be certain level of rotational stiffness present in the connection. However, including these
rotational stuffiness’s in the calculation increases complexity of the analysis. Therefore, in engineer-
ing’s practice often only hinged and rigid connections are used in calculations. This simplification is
especially useful for manual calculations which was the standard up till the middle of the twentieth
century [49, p.41].

Hinged connections In trusses the connections are mostly assumed to be hinged. Trusses are
composed out of triangles, which are the most form-stable structural geometry. Due to this stability,
bending moments stay relatively small when the connection of the truss are assumed rigid. Assuming
hinged connections prevents bending moments to develop. Due to the redistribution of forces this will
cause that the elimination of the shear force and the bending moment will lead to an increase of the
axial force.
A structure with hinged connections will be less stiff than a structure with rigid connections. Assuming
hinged connections will lead to a higher deflection, which may be a more conservative assumption
when deflection is governing. Assuming hinged connections has its effect on the detail analyses of
the connection. The connection will in reality always have a degree of rotational stiffness. Therefore,
deformation capacity in the joint is required to allow a plastic hinge to form. Allowing a plastic hinge
to form, makes the assumption of the hinged connection valid.
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Rigid connections Assuming the connections to be rigid, will cause that no local rotation in the
connection can occur. The restrained rotation will cause a shear force and a bending moment to
develop. In reality a connection will never be completely rigid. Eurocode defines classification limits
for the maximum rotation in which a connection can be assumed rigid, NEN-EN 1993-1-8, art 5.2.2.5.
Assuming all connections of the truss structure to be rigid can cause the need for stiffeners to increase
the rotational stiffness, which can be economically undesirable.

In conclusion, bending moments in trusses are relatively small. Therefore, connections can be
assumed as hinged if the joint has sufficient deformation capacity. Assuming all connections to be rigid
is less desirable, because there is a high probability that stiffeners are required to satisfy euro-codes
conditions for assuming a connection to be rigid. For these reasons, all connections will be assumed
hinged.

(a) Point loads on nodes (b) Distributed q-load

Figure 5.4: Mechanical schemes of trusses

Assumptions for eccentric joints

As described in section 4.2, single miter connections can be created by adding an eccentricity to the
joint. Therefore, the optimisation model will allow the implementation of eccentric joints. For the struc-
tural analysis of joints with eccentricities, different mechanical assumptions can be applied. Eurocode
prescribes a method to include eccentricities in joints. This is done by translating the geometry of the
diagonal in vertical direction, see figure 5.5 . This model is based on geometric deviations that can oc-
cur as cause of tolerance in production. Which is significantly different from the purposely introducing
an eccentricities in order to create single miter connections. In this research, the eccentricity is created
as geometry in the wire-frame model, see figure 5.6. Since the eccentricities are created along the
lines of the chords, the eccentricities are not assumed vertically but horizontally. The diagonals and
post are here attached to the chords under the assumption of a hinged connection.
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Figure 5.6: Wire-frame geometry with (exaggerated) eccentricities

(a) Translation of diagonal[4] (b) Translation and rotation of diagonal[50]

(c) Node assumed at connecting location[8] (d) Assumption in this research

Figure 5.5: Possible assumptions for eccentricity joints[4, p.50][50, p.74][8, p.10]

5.4. Structural analyses with Karamba3D
Karamba3D is used for the structural analysis of the model. Karamba3D is a structural analysis plug-
in for Grasshopper. In Grasshopper parametric geometry is made, as presented in figure 5.6. With
the components of Karamba3D supports, loads and cross-sections can be applied to this parametric
geometry.

Analysis algorithms
Karamba3D has three different analysis algorithms to analyse structures. One for First order analysis,
one for Second order analysis and one for Large deformation analysis. The first order analysis assumes
that the influence of axial forces on stiffness of the members in negligible. In the second order cal-
culation this influence is taken into account. This causes that compressive force decrease a structures
stiffness and tensile forces increase a structures stiffness [51, p.71]. This inclusion increases compu-
tational time of the algorithm. The large deformation analysis is to be used for non-linear geometry,
like cables. Therefore this analysis is not considered in the research.

In this research the first order analysis will mainly be used to analyse truss structures, it is expected
that deformations due to axial forces will not have a significant influence on the load distribution of
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Figure 5.7: Influence of list order on optima found

trusses.

Size optimisation with the ”Optimize Cross Sections” component
Karamba3D has the ”Optimize cross section” component which performs size optimisation. In size opti-
misation every member in a structure is optimised to have the minimal cross-section needed to provide
sufficient resistance against the acting forces. The ”Optimize Cross Sections” component optimises the
cross-section within a certain family per element. A family can present HEA, HEB, HEM, SHS, RHS-
beams etc. In the algorithm of the component, the forces of the elements are first determined. In the
second step, the first entry of the list of beams that satisfies all the utilization checks for the family is
being selected. In the third step, the algorithm determines whether the distribution of forces has been
changed. This can be the case in statically indeterminate structures. When the distribution of forces
changes, step two will be executed again. When all utilization checks are met, the algorithm stops
[51, p.87]. The optimising algorithm is bounded to the highest cross-section of a particular family.
This could be for example HEA1000 in case of the HEA family. When an even heavier cross-section is
needed, the algorithm will stop at this highest cross-section.

The ”Optimization cross section” component is influenced by the order of the list where the beams
are selected from. The component starts with the first cross-section and carries on with the next
cross-section until all requirements are satisfied. Therefore, the order of the list influences the optimal
result found by the cross sections. In Karamba3D these lists are ordered by the height of the cross-
section. For I-sections this is an appropriate order, because in this order properties as cross-sectional
area and moment of inertia that influence structural performance are in this order still monotonically
discrete ordered, see figure 5.7. A order is called monotonic if and only if it is either entirely non-
increasing, or entirely non-decreasing.

However, hollow sections are also firstly ordered by height. But the hollow sections with the same
height are secondly ordered on width and thirdly on thickness. This can cause that the properties as
for example cross-sectional area and moment of inertia to not monotonically ordered, see figure 5.7.
This influences optima found within the algorithm, because it stops when all requirement are satisfied.
Possibly missing the consecutive cross-sections, that would have resulted in a lower total weight of
the structure. In conclusion, local optima can be missed when properties of the cross-sections are not
monotonically ordered.

Results of the calculations made, can be visualized by the ”Utilization” component [51, p.103]. This
component has one slot that displays the details. Here the values of the calculated resistances can
be found. Table 5.8 presents the calculations that are performed for the determination of the cross
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Table 5.8: Utilization of elements component in Karamba3D, calculations used to determine element resistances

Parameter Description Reference
Element Number of the Element in Structure -
Sample point Start-point of element -
Cross-section class Influential factor on calculations below NEN-EN 1993-1-1 art 5.5
𝑁ፑ፝ Axial force NEN-EN 1993-1-1 art 6.2.3
𝑉፲_ፑ፝ Shear force y-direction NEN-EN 1993-1-1 art 6.2.6
𝑉፳_ፑ፝ Shear force z-direction NEN-EN 1993-1-1 art 6.2.6
𝑀፭_ፑ፝ Torsional moments NEN-EN 1993-1-1 art 6.2.7
𝑀፲_ፑ፝ Bending moment in y-direction NEN-EN 1993-1-1 art 6.2.5
𝑀፳_ፑ፝ Bending moment in z-direction NEN-EN 1993-1-1 art 6.2.5
𝑀፜፫ Critical bending moment Lateral torsional buckling NEN-EN 1993-1-1 art 6.3.2.2
𝑁፜፫_፲ Critical Axial force buckling in y-direction NEN-EN 1993-1-1 art 6.3.1.3
𝑁፜፫_፳ Critical Axial force buckling in y-direction NEN-EN 1993-1-1 art 6.3.1.3
𝜓፲ Moment distribution coefficient NEN-EN 1993-1-1 art 6.3.2.3(2)
𝐶፦፲ Equivalent moment distribution factor NEN-EN 1993-1-1 Appendix B
𝐶፦፳ Equivalent moment distribution factor NEN-EN 1993-1-1 Appendix B
𝐶፦ፋፓ Equivalent moment distribution factor NEN-EN 1993-1-1 Appendix B
𝜒፲ Buckling reduction factor in y-direction NEN-EN 1993-1-1 art 6.3.1.2
𝜒፳ Buckling reduction factor in z-direction NEN-EN 1993-1-1 art 6.3.1.2
𝜒ፋፓ_፦፨፝ Lateral torsion reduction factor NEN-EN 1993-1-1 art 6.3.2.2
𝑘፲፲ Interaction factor NEN-EN 1993-1-1 Appendix B
𝑘፳፳ Interaction factor NEN-EN 1993-1-1 Appendix B
𝑘፲፳ Interaction factor NEN-EN 1993-1-1 Appendix B
𝑘፳፲ Interaction factor NEN-EN 1993-1-1 Appendix B

section.
The assumed buckling length of the element has a big influence on the calculated resistance. It is used
to determine both the buckling resistance as the lateral torsional resistance. By default, the buckling
length in Karamba3D is the length of the beam element. For trusses this can produce unsafe results
for the top and bottom chord, because a too short buckling length will be assumed [51, p.76]. The
”Modify Element” component in Karamba3D lets users adjust the buckling length.

For the optimisation of trusses on production costs a buckling length for the chord member of 6.25 me-
ters is assumed. This number represents the span of 25 meters divided into four segments. Increasing
the number of buckling supports of a chord will lead to a shorter buckling length. Which has a big
influence and leads to a lighter cross-section needed in the chord. Since in this research only the 2D
geometry of trusses is taken into account, the additional costs of having more buckling supports is not
included in the total production cost calculation. It has been decided to keep the amount of buckling
supports on a constant level. The assumed four segments will cause that three buckling support are
needed for both the top and bottom chord for every truss variant produced. The buckling support will
restrain both in plane, as out of plane buckling.

Buckling Resistance In Karamba3D, the reduction factor for buckling is calculated by the following
equations presented in NEN-EN 1993-1-1, art 6.3.1.2.

𝜒 = ኻ
Ꭻዄ√ᎫᎴዅ᎘̄Ꮄ

, with 𝜒 ≤ 1.0 (5.8)

𝜙 = 0.5[1 + 𝛼(𝜆̄ − 0.2) + 𝜆̄ኼ], 𝜆̄ = √ፀ ᑪ፟
ፍᑔᑣ
, 𝑁፜፫ =

᎝Ꮄፄፈ
ፋᎴ (5.9)

Lateral Torsional Buckling Resistance In Karamba3D, the reduction factor for Lateral torsional
buckling is calculated by the following equations presented in NEN-EN 1993-1-1, art 6.3.2.3.

𝜒ፋፓ =
ኻ

Ꭻᑃᑋዄ√ᎫᎴᑃᑋዅ᎘̄Ꮄᑃᑋ
, with 𝜒ፋፓ ≤ 1.0 (5.10)
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𝜙ፋፓ = 0.5[1 + 𝛼ፋፓ(𝜆̄ፋፓ − 0.2) + 𝜆̄ኼፋፓ], 𝜆̄ፋፓ = √
ፖᑪ ᑪ፟
ፌᑔᑣ

(5.11)

𝑀፜፫ =
᎝
ፋ√𝐸𝐼፳(𝐶 + 𝜋

ኼ ፂᑨ
ፋᎴ ), with 𝐶 = 𝐺𝐼፭ and 𝐶፰ = 𝐸𝐼፰ (5.12)

Stability of Prismatic members Both the buckling resistance factor and the lateral torsional buck-
ling resistance factor are used to calculate the stability of elements according to following equations
presented in NEN-EN 1993-1-1, art 6.3.3(4).

ፍᐼᑕ
ᒜᑪᑅᑉᑜ
ᒈᑄᎳ

+ 𝑘፲፲
ፌᑪ,ᐼᑕዄጂፌᑪ,ᐼᑕ
Ꭴᑃᑋ

ᑄᑪ,ᑉᑜ
ᒈᑄᎳ

+ 𝑘፲፳
ፌᑫᑪ,ᐼᑕዄጂፌᑫ,ᐼᑕ

ᑄᑫ,ᑉᑜ
ᒈᑄᎳ

≤ 1 (5.13)

ፍᐼᑕ
ᒜᑫᑅᑉᑜ
ᒈᑄᎳ

+ 𝑘፳፲
ፌᑪ,ᐼᑕዄጂፌᑪ,ᐼᑕ
Ꭴᑃᑋ

ᑄᑫ,ᑉᑜ
ᒈᑄᎳ

+ 𝑘፳፳
ፌᑫᑪ,ᐼᑕዄጂፌᑫ,ᐼᑕ

ᑄᑫ,ᑉᑜ
ᒈᑄᎳ

≤ 1 (5.14)

The interaction values for the cross section forces 𝑘፲፲, 𝑘፲፳, 𝑘፳፲, 𝑘፳፳ are calculated according to
NEN-EN 1993-1-1, appendix B. In Karamba3D, the values 𝐶፦፲ and 𝐶፦፳, that are needed to calculate
𝑘፲፲, 𝑘፲፳, 𝑘፳፲, 𝑘፳፳, are limited to minimum of 0.9 [51, p.80].

5.4.1. Shear-force in Eccentricity elements
Every element of the wire-frame geometry (see figure 5.6) is optimised to the minimal cross-section
needed. Since the top and bottom chord consist of one continuous beam, all elements in the bottom
chord have the same cross-section. Same holds for the top-chord. This causes that there will always
be one relatively heavy loaded element that will be governing for the selection of the cross-section of
the chord.

When an eccentricity is applied to the wire-frame model, it creates tiny elements that represent the
eccentricity. This has an influence on the acting forces in the joint, because an additional moment
force is created due to the eccentricity, see figure 5.9. The eccentricity element possess a big shear-
force. This shear-force will cause that the eccentricity element will become the governing element for
choosing the appropriate cross-sections. In the figure the eccentricities are exaggerated to increase
readability of the figure. In reality the eccentricity will be much smaller. This causes that the lines of
the diagonal and the post will still cross within the boundaries of the cross-section. This causes that
the shear-force cannot develop. Therefore the eccentricity elements will be ignored when determining
the cross-section of the chord in the optimisation.

Since the bending moments are also present in the neighbouring elements, these forces will not be
lost when ignoring the eccentricity elements.
NEN-EN 1993-1-8 art 5.1.5(5) states that bending moments may be neglected when the positive eccen-
tricity is less than 25% of the height of the chord. For a HEA200 profile, where the height is 200 mm,
this means that the maximum positive eccentricity in vertical direction is 50 mm from the center-line
of the cross-section. This rule will serve as a guideline to the maximum eccentricity possible, however
a slightly greater eccentricity could still be valid since bending moments are not neglected.
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Figure 5.8: Cross-section geometry with (exaggerated) eccentricities

(a) N, Centric Joint (b) N, Eccentric Joint

(c) Vz, Centric Joint (d) Vz, Eccentric Joint

(e) My, Centric Joint (f) My, Eccentric Joint

Figure 5.9: Influence of eccentricity on forces
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5.5. Conclusion
The truss in the case-study of this research is designed to support a roof structure. This causes that
five load-cases need to be considered. Three ULS load-cases and two SLS load-cases. Within these
load-cases both downward as upward (wind-suction) loads are considered.
In the optimisation model, the cross-sections will be optimised for both ULS and SLS calculations with
the ”Optimize cross section” component in Karamba3D. This component determines the governing
cross-section per group of beams. In the case of eccentric joint, the eccentricity elements have a
tremendous shear force. Because this shear force cannot develop when the center of the joint falls
within the perimeters of the cross-section, the suggested cross-section of these elements is ignored.
The governing cross-sections of elements of the chord which are not the eccentricity elements will
define the selected cross-section.



6
Welded connections in Trusses

6.1. Introduction
In this chapter welded connection in trusses will be discussed in two main sections. The first section
will discuss how weld-volume is affected. The second section will discuss how the strength of a weld
can be assessed.

6.2. Volume of welds
In the chapter 4.3, it has been concluded that the size of the welding volume is a large contributor
to the production costs. Optimising structures for the least size of welding volume could be beneficial
when cost-effectiveness should be achieved. The size of welding volume of a structure is dependent
on several factors:

• Type of welds

• Throat thickness

• Angle between the to be connected plates

In the following section these factors are discussed on how they influence the size of welding vol-
ume in the connections of steel structures.

Type of welds
In the construction field, 80% of all welds are fillet welds, 15% are butt welds. For the remaining 5 % ,
plug and fillet all round welds are mostly used [3, p.123]. Fillet welds do not require edge preparation,
which saves costs. However, in some cases a but-weld is being selected, because it will minimize the
welding volume. The savings in welding volume should weigh up against the extra costs made for edge
preparation. This will be further elaborated in section 6.2.

Throat thickness
The strength of a weld is calculated, by its effective length, and its effective throat thickness. The
throat thickness is positioned in the plane, where the cross-sectional area of the welding material is
the smallest. In practice, the size of the weld-throat is displayed in millimeter with the letter a in
front. For example, ”a5” refers to weld with a throat thickness of 5 millimeter. The strength of welds
can be calculated according to Eurocode by the directional method, or the full-strength method. The
directional method is a more elaborate method and can lead to the most economic design.

The minimum throat thickness is limited. According to NEN-EN 1993-1-8, art 4.5.2(2) the minimum
throat thickness of a fillet weld is 3 mm. This thickness is physically possible, but requires effort and
concentration of the welder. To create a weld with such a small size the flow-rate of the welding ma-
chine needs to be adjusted. This adjusted flow-rate is not beneficial because it leads to less welding

55
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material placed in the equal interval of time. Therefore steel contractors prefer a throat thickness of 4
or 5 mm depending on the contractor[14][13].

The minimum throat thickness required by steel contractor can be used as a starting point in the
design of a truss. If the required weld size of a connection in the truss is below the minimum throat
thickness, it leads to a lower utilization of the weld. This is undesirable, because it can lead to more
welding volume. It is beneficial to have a high utilization in the weld because this causes that the
weld is used more efficiently. By changing of the geometry or the topology of a truss, a variant can
be created where the welds will have a high enough utilization, that creates weld above the minimum
required size. Leading to a better cost-effectiveness in terms of welding.

On the other hand, it is also undesirable for production costs to create trusses with large weld-sizes.
The size of a weld influence the cross-sectional area of the weld, which again influences the welding
volume. In the case of a Tee-joint fillet weld, the cross sectional area increases quadratic as the throat
thickness increases, see figure 6.1. To illustrate, ”a5” and ”a7” are highlighted. Due to the quadratic
relationship ”a7” has almost double the surface area (49𝑚𝑚ኼ) compared to ”a5” (25𝑚𝑚ኼ). Hence, it
is beneficial for the weld volume to minimize weld size.

Designing structures for solutions where the throat-thicknesses are above the minimum size as
required by the steel contractors and are as small as possible can therefore lead to better cost-effective
solutions. To accommodate this, sufficient welding length is needed, in order to distribute the forces
and obtain a weld that suffice with small throat-thickness
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Figure 6.1: Weld Surface of T-joint fillet weld over throat thickness

Angle of the weld
The amount of welding volume is also dependent on the angle of the weld. This angle is determined by
the the plates to be connected. In this section, a closer look will be taken at how the welding surface
in skewed T-joints is influenced by the angle of the weld. In the literature, the angle of a weld is often
not taken into account Mela et al. [10].

NEN-EN 1993-1-8, art 7.1.2(3) states that the minimum angle between chord-members and braces
is 30∘. Therefore, the graphs presented in this section are limited to angles between 30∘ and 150∘.

Skewed fillet welds Fillet welds are the most used welds in the utility building industry, because
they perform adequately in statically loaded structures and they do not require edge preparation. In
figures 6.2 and 6.3, the total surface area of the weld is per angle displayed for a double fillet weld.
The surface area of the fillet weld increases quadratic from small to wide angles. In the graph of figure
6.2, it can be seen that the optimal configuration for having the least amount of welding surface is a
weld with an angle of 90∘. For further illustration on the different angles of weld multiple drawing can
be found in appendix E.1.

NEN-EN 1993-1-8, art 4.3.2.1(1) states that fillet welds can be used in angles between 60∘ and 120∘.
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These boundaries are set because fillet welds with an angle outside this range will have affected struc-
tural properties. According to Eurocode, a fillet weld with an angle below 60∘ should be examined as
a butt weld with a crack and a fillet weld with an angle above 120∘ should by tested by experiments
defined by appendix D in EN1990.
The minimum angle of a fillet weld in production practice is 40∘. This is because in a smaller angle,
the welding torch will not be able to fit. Due to the width of the welding torch, see figure 6.4.
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Figure 6.2: Welding surface of fillet weld per angle as graph, throat thickness = 5 mm
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Figure 6.3: Welding surface of fillet weld per angle in detail, throat thickness = 5 mm

Skewed butt welds Fillet welds with a wide angle produce a significant higher welding surface. The
welding surface can be reduced by choosing a butt weld instead. For the butt weld, edge preparation
is needed. The benefit of less welding is measured by the cost saving generated compared to the extra
costs of edge preparation, in order to produce a cost-effective design. Experts at Oostingh ASK Romein
state that creating a but welds will be beneficial for plates with a thickness greater than 20 millimeters
[43]. For reference, these flange thickness occurs in section-families starting from HEA450, HEB320
or HEM100.
In figure 6.5 the welding surface for butt welds is displayed per angle. The graph starts from 90∘

because partial butt welds cannot be created in acute angles. In appendix E.2, a drawing can be
found. Here, the angle of the edge preparation is displayed. The first four drawings show solutions
where the angle of the prepared edge is unrealistically small.
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Figure 6.4: Physical limitation of accessibility of the welding torch in an angle of 30∘
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Figure 6.5: Welding surface of fillet, butt and triangle weld per angle, throat thickness = 5 mm

In figure 6.5 an additional line can be found representing a triangular weld. In engineering practice,
these kinds of welds will be referred to combination welds. The weld is a combination of a fillet weld
and a butt weld. A combination welds where the surface area is a triangle with corners of 60∘ will
produce the minimum area. Experts at Oostingh ASK Romein state that the use of combination welds
is only interesting for welds with a throat-thickness greater than 12 millimeters[43]. In appendix E.3
drawings can be found, the triangular weld can be seen as a combination of the fillet and but weld.
For angles between 60 and 120∘ this could be a welding volume beneficial solution.

In this research but welds and combination welds will not be considered, because they are only applied
if a threshold is exceeded. For but welds this is a plate thickness of 20 millimeters, which occurs in rel-
ative big cross-sections that will not be used in the truss-structure. For combination welds a threshold
of a12 welds is set. This is a relatively big weld-size. The probability that this size occurs in trusses is
low.
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6.3. Strength of welds
In this section two calculation methods for calculating the required throat thickness of the welds of a
connection will be discussed. These two methods will be used in the model for the optimisation of truss.
The first method is the full-strength method, and the second method is the directional method. In the
optimisation model the directional method will be implemented by using Idea Statica Connection within
the workflow the model. Idea Statica combines Eurocode calculations with finite element calculations,
which leads to accurate results.

The full-strength method is based on the directional method. The directional method is a simpli-
fied model provided by Eurocode where the resistance of a weld can be calculated. In the directional
method, the forces transmitted by a unit length of weld are resolved into four components, see figure
6.6. These components are the vectors of the force transmitted. The main difference between the two
methods is the speed of calculation and the economic use of material. The full-strength method is a
fast method that generally leads to non-economic use of material. The directional method is a slower
method that could lead to an economic use of material.

Figure 6.6: Stresses on the throat section of a fillet weld(unit length) [3, p.138]

√𝜎ኼዊ + 3(𝜏ኼዊ + 𝜏ኼ∥ ) ≤ ᑦ፟
ᎏᑨ᎐ᑄᎴ

and 𝜎ዊ ≤ 0.9𝑓፮/𝛾ፌኼ (6.1)

Figure 6.7: Von Mises yielding criterion for S235 [18, part 4, p.24]

6.3.1. Calculation Method 1: Full-strength method
The full-strength method is a method where weld sizes are calculated under the assumption that the
whole cross-section of the weakest component is yielding.

Generally, welds are designed full-strength, because it prevents that the weld is the governing
element, when structural failure occurs in case of overloading. Because welds are relatively small com-
pared to attached beams, they do not have a lot of deformation capacity while yielding. This small
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amount of deformation capacity can cause a brittle failure mechanism. In general deformation capacity
is desired in structures because it acts as a warning signal when a structure fails.

In the full-strength method, the required weld size is calculated by the full-strength factor. This is
a number that is dependent on the lowest steel grade of the connected elements. To calculate the
required weld size this factor is multiplied by the plate thickness. In equation 6.2 the derivation of the
full-strength method is displayed. This derivation leads to equation 6.6, from which the full-strength
factor is calculated.

The full-strength factor for different steel grades is displayed in table 6.2. Here, two columns can
be found. One for double fillet welds and one for single fillet welds. Double fillet welds are used in
case when I-sections need to be welded, because both sides are accessible. In the case of hollow
sections the inside is inaccessible, therefore, a single fillet weld should be used. This causes that the
full-strength factor is twice as big.

Table 6.1: Parameters full-strength method

Parameter Description
𝑓፲ nominal yield strength weakest part
𝛾ፌኺ partial safety factor
𝑙 length weld
𝑎 throat thickness weld

√(᎟ᑨᑖᑝᑕ√ኼ )ኼ + 3((᎟ᑨᑖᑝᑕ√ኼ )ኼ) ≤ ᑦ፟
ᎏᑨ᎐ᑄᎴ

(6.2)

𝜎፰፞፥፝ ≤ ᑦ፟
ᎏᑨ᎐ᑄᎴ∗√ኼ

(6.3)

2 ∗ 𝑎 ∗ 𝑙 ∗ 𝜎፰፞፥፝ ≥ 𝑡𝑙𝑓፲/𝛾ፌኺ (6.4)

𝑁 = 𝜎፱ ∗ 𝑡 ∗ 𝑙 with 𝜎፱ = 𝑓፲/𝛾ፌኺ (6.5)

𝑎 ≤ ᑪ፟ᎏᑨ
√ኼ ᑦ፟

᎐ᑄᎴ
᎐ᑄᎳ

∗ 𝑡 (6.6)

Table 6.2: Minimum ”full-strength” required thickness in case of double fillet and single fillet end welds(plate thickness smaller
than 40 mm [3, p.144]

Steel grade 𝑓፲ 𝑓፮ 𝛽፰ 𝑓፰,፮,፞፧፝
Full-strength

double fillet welds
Full-strength

single fillet welds
𝑁/𝑚𝑚ኼ 𝑁/𝑚𝑚ኼ 𝑁/𝑚𝑚ኼ I-section Hollow-section

S235 235 360 0.80 255 𝑎 ≥ 0.46 ∗ 𝑡 𝑎 ≥ 0.92 ∗ 𝑡
S275 275 430 0.85 286 𝑎 ≥ 0.48 ∗ 𝑡 𝑎 ≥ 0.96 ∗ 𝑡
S355 355 510 0.90 321 𝑎 ≥ 0.55 ∗ 𝑡 𝑎 ≥ 1.11 ∗ 𝑡
S420 M 420 520 1.00 294 𝑎 ≥ 0.71 ∗ 𝑡 𝑎 ≥ 1.43 ∗ 𝑡
S420 N 420 550 1.00 311 𝑎 ≥ 0.68 ∗ 𝑡 𝑎 ≥ 1.35 ∗ 𝑡
S460 M 460 550 1.00 311 𝑎 ≥ 0.74 ∗ 𝑡 𝑎 ≥ 1.48 ∗ 𝑡
S460 N 460 580 1.00 328 𝑎 ≥ 0.70 ∗ 𝑡 𝑎 ≥ 1.40 ∗ 𝑡

The full-strength factors shown in 6.2 is calculated under the assumption that the weld has an angle
of 90∘. Therefore, the derivation of the full-strength method is modified in equation 6.9 to include the
angle of the weld.

It is differentiated with the assumption of an angle of 90∘. In this research, the full-strength method
will also be used to determine the throat-thickness of connections where the angle is variable. Will the
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full-strength method still be valid in such a case? In the equations below a new equation is derived for
the full-strength method with a variation in the angle.

𝜔 = 0.5 ∗ 𝜃 (6.7)

𝜎ዊ = ᑪ፟∗፭∗ፋ∗፬።፧(Ꭶ)
ፚ∗ፋ and 𝜏ዊ = ᑪ፟∗፭∗ፋ∗፜፨፬(Ꭶ)

ፚ∗ፋ and 𝜏∥ = 0 (6.8)

√( ᑪ፟∗፭∗ፋ∗፬።፧(Ꭶ)
ፚ∗ፋ )ኼ + 3( ᑪ፟∗፭∗ፋ∗፜፨፬(Ꭶ)

ፚ∗ፋ )ኼ ≤ ᑦ፟
ᎏᑨ᎐ᑄᎴ

(6.9)

𝑎 = 𝑡 ∗ √ᎏᎴ᎐ᑄᎴᎴ ᑪ፟
Ꮄ(ኼ (ዧዳዷ(Ꭶ)Ꮄ)ዄኻ)

fu
Ꮄ (6.10)

In equation 6.10 a full-strength factor in relation to the angle 𝜔 is derived. In graph 6.8, the
equation is plotted over a range from 0∘ to 180∘ for every steel grade that is presented in table 6.2. In
the figure, a vertical line at 90∘ is highlighted, that displays the original full-strength factors. The figure
shows that small angles have a higher factor than wide angles. This is because a weld with a small
angle will be predominantly stressed in shear. Since welds are weaker in shear according to the Von
Mises criterion 6.7 this results in a higher full-strength factor. For obtuse angles, angles above 90∘, the
weld will be predominantly stressed in axial stress. This creates a lower full-strength factor.
In the truss optimisation of Mela et al. [10] the angle is not taken into account for determining the
full-strength factor. Mela et al. [10] uses the factors presented in table 6.2. One could argue whether
this assumption is optimistic.

Figure 6.8: Full-strength factor over different angles

Implementation of method in optimisation process
Figure 6.9 shows how the full-strength method will be used in the optimisation model. In this process
the variables will be: the angle, the steel-grade, thickness of the plate and the minimal required throat
thickness. The full-strength factor will be calculated with equation 6.10. Here the factor will be doubled
in case of Hollow sections, since single fillet welds are needed. The calculated weld size is rounded up
to an integer. This value is compared to the minimum required weld size. Here the maximum value is
selected. This value determines the weld-size. The weld-size is calculated separately for both the web
as the flange, because they can have different thicknesses.
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Figure 6.9: Work-flow for calculation method 1: Full-strength method

6.3.2. Calculation Method 2: Directional method
The concept of full-strength welds will not lead to an economic use of weld material. Designing welds
with the directional method can lead to an economic use of weld material. In this section a closer look
will be taken into the theoretical background of the directional method.

To investigate how the directional method affects weld sizes over different angles, equation 6.1 has
been rewritten into two equations. For both equations an assumption is made that only axial forces
arise in the weld. In the first derivation, the axial force will act perpendicular to the weld. In the second
derivation the axial force will act in the plane of the weld.

In equation 6.12, the formula for the components of the flange plate are displayed. Here 𝜃 is the
angle between the throat and the plate and 𝑎 is the throat thickness, see figure 6.10. In equation 6.14
the Von Mises criterion is rewritten in terms of the required weld size 𝑎.

𝜔 = 0.5 ∗ 𝜃 (6.11)

𝜎ዊ =
ፍ∗፬።፧(Ꭶ)
ፚ∗ፋ and 𝜏ዊ =

ፍ∗፜፨፬(Ꭶ)
ፚ∗ፋ and 𝜏∥ = 0 (6.12)

√(ፍ∗፬።፧(Ꭶ)ፚ∗ፋ )ኼ + 3(ፍ∗፜፨፬(Ꭶ)ፚ∗ፋ )ኼ ≤ ᑦ፟
ᎏᑨ᎐ᑄᎴ

and 𝜎ዊ ≤ 0.9𝑓፮/𝛾ፌኼ (6.13)

𝑎 = √ᎏᎴ᎐ᑄᎴᎴፍᎴ(ኼ (ዧዳዷ(Ꭶ))Ꮄዄኻ)
ፋᎴfuᎴ

(6.14)

Figure 6.10: Schematic representation components flange plate of diagonal

In equation 6.15 the formula for the components of the web plate are displayed. Here 𝛿 is the
angle between the skewed plate and the base plate and 𝑎 is the throat thickness, see figure 6.11. In
equation 6.17 the Von Mises criterion is rewritten in terms of the required weld size 𝑎.
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Figure 6.12: Relation ፚ to angle in welds of flange for N = 400 kN and L = 100 mm

𝜎ዊ =
ፍ∗ኺ.኿√ኼ∗፬።፧(᎑)

ፚ∗ፋ and 𝜏ዊ =
ፍ∗ኺ.኿√ኼ∗፬።፧(᎑)

ፚ∗ፋ and 𝜏∥ =
ፍ∗፜፨፬(᎑)
ፚ∗ፋ (6.15)

√(ፍ∗ኺ.኿√ኼ∗፬።፧(᎑)ፚ∗ፋ )ኼ + 3((ፍ∗ኺ.኿√ኼ∗፬።፧(᎑)ፚ∗ፋ )ኼ + (ፍ∗፜፨፬(᎑)ፚ∗ፋ )ኼ) ≤ ᑦ፟
ᎏᑨ᎐ᑄᎴ

and 𝜎ዊ ≤ 0.9𝑓፮/𝛾ፌኼ (6.16)

𝑎 = √ᎏᎴ᎐ᑄᎴᎴፍᎴ((ዧዳዷ(᎑))Ꮄዄኼ)
ፋᎴfuᎴ

(6.17)

Figure 6.11: Schematic representation components web plate of diagonal

The formulas to calculate the throat thickness for fillet welds perpendicular to the vector of the axial
force 6.14 and in plane with the vector of the axial force 6.17 are further examined. Here, double fillet
welds are assumed which causes that total axial force is divided over the two welds.

When examining the variables in equation 6.14 and 6.17, variation in axial force, weld length and
steel-grade shows a linear relationship and therefore not a notable influence on the required throat
size. However the angle of the weld does show influence. In figure 6.12 an asymmetric non-linear
relationship can be found, where the required throat thickness decreases when the angle increases.
Fillet welds in obtuse angles have a higher structural performance than acute angles, because fillet
weld in obtuse angles are predominantly loaded in axial stress. The weld has higher stress capacities
in this direction due to the Von Mises criterion, see figure 6.7
In welds of the web-plate show a symmetric relationship, 6.13. Here a minimum value for the throat
thickness can be found at an angle of 90∘, which is also a direct result from the Von Mises criterion.
However there is an additional requirement of maximum axial stress perpendicular to the throat found
in equation 6.13 and 6.16. In the case of skew double fillet welds, the weld with the maximum throat
thickness of the two is selected as governing. This will cause that weld critical in axial stress, obtuse
angled welds with small throat-thicknesses, will obtain a conservative throat-thickness obtained from
the acute angle weld.
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Figure 6.13: Relation ፚ to angle in welds of web for N = 400 kN and L = 100 mm

Distribution of axial force along welds
The joints in the trusses are assumed hinged. This assumption causes that only axial forces occur in the
joint according to the model. In this research the axial force will be assumed to be distributed evenly
along the welding-length in the directional method. Having more welding length results in a lower total
welding volume of the connection, since there is more length to distribute the force. Figure 6.14 shows
that in the directional method increasing the welding length reduces the total welding volume. The
graphs are not smooth since the throat is rounded up before calculating the total volume, as would
happen in production. In addition the thickness is not specified, because this would limit to the graph.

In the directional method it is beneficial to have more welding length, because the axial force will
be more distributed, this will cause smaller weld size. Thus lower welding volumes. This is a big dif-
ference compared to the full-strength method, where more welding length is ”penalized” and leads to
more welding volume.

The left of figure 6.15 shows that I-section have more welding length than Hollow sections. In terms of
welding volume it could be beneficial to use I-sections instead of hollow-sections, but this will produce
more surface area to be painted. Which could make this possibility less attractive in terms of overall
cost-effectiveness.

Effective width
The stresses in the welds are dependent on the stiffness of the apparent material, as displayed in 6.16.
This distribution can be simplified by using the effective width, equation 6.18.

The stiffness of the base plate is rarely constant. Mostly the base plate represents the flange of
an I, H or box section. Here the parts near the web will be more heavily loaded than the other parts,
because of its local higher stiffness. Therefore a reduced effective length should be taken into account,
see figure 6.16. This effective width is used in this research for the directional method. Since the chord
can deviate in section-type. In this research, all combination of effective widths should be considered,
see figure 6.15. This figure shows that it is beneficial in terms of effective width to have both beam
and chord-member as either Hollow-section or I-sections.

𝑏፞፟፟ = 𝑡፰ + 2𝑠 + 7𝑘𝑡፟, where 𝑘 = (
፭ᑗ
፭ᑡ
)( ᑪ፟,ᑗ

ᑪ፟,ᑡ
) with 𝑘 ≤ 1.0 (6.18)

Double miter connections
In the case of double miter connections, the weld along the web will be split into two components.
This depends on the geometric configuration of the elements, as discussed in 4.2.1. In case of a split
weld as in figure 6.17 one part of the weld will be predominantly loaded in axial stress and the other
will be predominantly loaded in shear. The weld predominantly loaded in shear will perform worse due
to the Von-Mises criterion, and will be governing for determining the throat-thickness of the web.



6.3. Strength of welds 65

(a) Drawing of Situation

(b) Results

Figure 6.14: SHS section attached to an infinitely stiff plate loaded with a tensile force of 1000 kN

Figure 6.17: Web weld I section diagonal with two cutting planes

Welding in cold-formed zones
Due to cold-form process of cold formed hollow sections, residual stresses occur around the corners.
This causes that welding in a range of 5𝑡 to the corner radius is only allowed when certain conditions
are fulfilled. These conditions depend on the 𝑟/𝑡 ratio [3, p.135]. This principle can have a significant
impact on variants where all members are hollow section, because it causes that only a small part
can be used when calculating the resistance of the weld. Due to the effective width of the welds for
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Figure 6.15: Division of axial force for I-section or Hollow section

Figure 6.16: Effective width for un-stiffened tee-joints[3, p.148]

calculating the resistance will mainly be the web-welds, see figure 6.15. There is a probability that the
cold-formed effective zone overlaps the effective width zone, leaving little welding length to be used
for the directional method.

80% criterion of welded connections
NEN-EN 1993-1-8, art 5.9(4) recommends that in general welds need to have at least 80% of the
capacity of the parent material. This will allow that the welded connection has sufficient deformation
capacity, which prevents brittle failure mechanisms. When optimising welds by using the directional
method, the 80% criterion will serve as the minimal lower limit for the size of a weld. Following this
recommendations, can limit the level of optimisation for weld volume.

Implementation of method in optimisation process
The distribution of forces in welds is dependent on the stiffness of the elements of a connection. This
aspect makes it difficult to analyse a weld with an analytic calculation. To include behaviour due to
stiffness difference IDEA Statica Connection is chosen, because IDEA Statica combines the directional
method with FEM calculations, which leads to more accurate results than solely the directional method.
IDEA Statica Connection will take a part in the optimisation flow through API.

IDEA Statica will be used to optimise welds. In order to perform the analysis, IDEA needs two types
of files, which are the Idea Open Model (IOM) and a template. In the IOM the geometry of the joint is
created, cross-sections are applied and loads are added. The IOM will be automatically created by the
use of information provided by the Grasshopper+Karamba3D model. The other file is the template.
The template is a predefined file that defines how the connections in the joint look like. This template is
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dependent on the number of elements in the IOM. Trusses own multiple typologies of joints. Therefore
in the optimisation script some cleverness will be implemented that will choose the right template with
a certain IOM file.

When these two files are set, optimisation can begin. This optimisation is executed iteratively, as
seen in figure 6.18. During the optimisation, the utility percentage of each weld is analysed. If the
utility is above 100% in a specific weld, the throat-thickness will be increased by 1 mm. This process
continues until all welds have a utility below 100%. Figure 6.19 shows how the utilization of welds
decreases and the throat-thicknesses increases over the iteration in the optimisation process.

In IDEA, two cut operations are needed to create a double miter connection. This can be seen in
beam DM3 and DM4 in figure 6.19. Each cut has a flange-weld and a web-weld. This makes it pos-
sible to create four different weld types with different sizes in the case of a double miter connection.
However, welds are mostly standardized to one size per connection, for reasons discussed in 4.2.2.

In table 6.19, 7 differences can be seen between the number of welds of the table displaying the
utilization percentage utility and the number of welds of the table displaying the throat-thickness. In
”cut 1” lies the difference this is the vertical beam in the center. After calculation, results will be avail-
able for the web and both the top as the bottom flange. However, in IDEA there can only be one value
set for the throat of the flange weld and the throat of the web weld. This causes that the table of
throats has less columns.

Besides optimisation of welds, IDEA analyses whether the plates of the members in the joint exceed
the strain criterion of 5%. When this is the case, a warning stating ”failure” will be displayed in the
graphic representation of the truss, see figure 8.23.

Templates
N-joint
T-joint
L-joint 
K-joint

IOM input
Geometry

Local eccentricity
Cross sections

Forces

Template

IOM
(Idea Open Model)

Calculate
Results:

∑Utilization welds
∑Strain plates

IF:
· ∑Utilization welds < 100%
· ∑Strain plates < 5 %

Stop
Save Results

∑Utilization weld > 100%

∑Utilization plates > 5%

Update Template
Weld throat thickness

+1 mm

*Change Template
Template with stiffner

*Possible functionality

Save”failure in plate”

Else:

Figure 6.18: Work-flow for calculation method 3: Idea Statica Connection API
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(a) Visual of connection in the IDEA Statica Connection user inter-
face

(b) Results of optimisation process

Figure 6.19: Weld optimisation of joints in IDEA Statica Connection

6.4. Conclusion
The volume of a fillet weld significantly increases when the throat-thickness increases. In addition, fillet
welds with wide angles create significant more welding volume than fillet welds with smaller angles.

In this research butt-welds and combinations welds will be not considered. But welds are interesting
to create when plates are thicker than 20 millimeters. Combinations welds will be interesting when the
throat-thickness is greater than 12 millimeters. Since these dimensions are less likely to occur for the
truss-structures in the scope of this research, they will not be considered.

In this research, two methods will be used to determine the throat-thickness of a weld. First, is the
full-strength method. This method from Eurocode is modified to include effect of the angle of the weld
on the resistance. The second method is the directional method. This method makes it possible to
optimise the sizes of welds to resist against the acting forces. This method will be used in IDEA Statica
Connection by use of API. IDEA Statica combines finite element analyses with euro-code calculations.
This increases accuracy since differences in stiffness are considered. However, Euro-code recommends
that welded connections should have at least 80% the strength of the parent material. Following this
recommendation, can cause that savings in welding volume when a applying the directional method
are little.
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Model definition

7.1. Introduction
The work flow of the optimisation model consists out of three elements, see figure 7.1. The first ele-
ment is the combination of Grasshopper with Karamba3D. They are grouped together, because they
both work in the same environment. This is the main element where parameters are determined, and
results are obtained. Because functionalities in Grasshopper and Karamba3D are limited, an additional
script is created to fulfil these functionalities. This script is written in the C# programming language
and will be referred to as the Framework. The Framework is the second element of the three ele-
ments. Besides creating extra functionalities, the Framework is used to connect the Grasshopper script
with IDEA Statica Connection. The Framework will export the data of each joint in the truss structure
needed for calculation in IDEA Statica Connection. IDEA Statica Connection is the third element. In
IDEA Statica Connection all joints of the truss are analysed. Results of IDEA Statica will be returned
through the Framework and displayed in the Grasshopper-script.

In the following sections these three elements will be discussed starting with the Grasshopper +
Karamba3D, followed by the Framework. Last, I will be discuss how IDEA Statica Connection plays
a role within the optimisation model.

7.2. Grasshopper + Karamba3D
The Grasshopper script serves as the main script where parameters are determined and results are
obtained. In figure 7.2, both a print-screen of the Grasshopper script as a schematic representation
can be found. As discussed in section 1.5 of this research certain steps need to be taken in the
optimisation work-flow. The optimisation model has the same steps towards achieving this goal. First
geometry is created. This geometry is analysed by Karamba3D with the correct loads and boundary
conditions. Afterwards the joints will be designed in a custom made Grasshopper-component according

Create Geometry

Store Results

Analyse Structure Framework Analyse Connections

Figure 7.1: Model workflow

69
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to the hierarchy list, which will be discussed in section 7.2. From here on, the full-strength method will
be used by default to calculate the needed welding volume. In the finals step, the total price of the
structure will be calculated according to the cost-model.

(a) Grasshopper script
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sections to 
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Material
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Input:
Custom Grasshopper 

Component

Output:
Custom Grasshopper 

Component

Calculate Sawing 
Cuts

Calculate
Welds

Grasshopper-script
Framework

(b) Schematic overview

Figure 7.2: Work-flow for Cost-optimisation of steel structures

Custom Grasshopper Component
Grasshopper is linked with the Framework through a custom Grasshopper component. This component
imports all necessary information needed to calculate the number of sawing cuts per elements and the
total welding volume of the structure. The total welding volume calculated, depends on the type of
analysis method, which can either be the full-strength method or the directional method, that will be
performed in IDEA through API.
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Figure 7.3: Custom Grasshopper Component

Input Description Output Description
PN Project-name SC Number of Sawing Cuts
minA Minimum throat thickness Vweld Total welding volume
𝑒፦ፚ፱ Maximum eccentricity

Ana
Analysis method, either Full
Strength, Directional or IDEA

H Hierarchy List
P Point that represent Joints
L Lines of elements
GN Groupnames of elements
Mat Material of elements
CSS Cross-section of elements
S Shape of elements
h Cross-section height
w Cross-section width
𝑡፟ Thickness flange
𝑡፰ Thickness web
r Radius of cross-section
N Axial force
My Moment force
Vz Shear force

Table 7.1: Description of input and output

Hierarchy of elements in joints
In the Framework, a hierarchy list is needed to make sure that joints are created in the desired con-
figuration. This hierarchy list is a list of the group-names of the elements in the structure. Here, the
first group-name has the highest priority and the last group-name has the lowest priority. This list is
needed because multiple configurations in a joint are possible, see figure 7.4. These preferences can
vary per project, therefore it is desired to use a list that can be adjusted by the user.

3

2

1 3

1

2 2

3

1 2

1

3 1

2

3

Figure 7.4: Possibilities of joint layout based on hierarchy

In the optimisation cases of this research, the following hierarchy of group-names is used: Column,
Topchord, Bottomchord, Post and Diagonal. These group-names can be found in both the Pratt and
Warren truss, see figure 7.5. The yellow panel with the hierarchy can be seen in figure 7.3 and serves
as input for the custom Grasshopper component.

(a) Pratt truss (b) Warren truss

Figure 7.5: Group-name of members in both trusses

Cost-model in Optimisation model
In 7.6 a flowchart is displayed that shows which input variables are used to generate the total cost of
the truss structure. All processes discussed in chapter 4.3, can be identified with the corresponding
code and name.
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Figure 7.6: Input process for cost calculation
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7.3. Framework
Creating a Project
Each moment a new truss is generated in the Grasshopper script, a new project will be created in the
Framework. Here all imported information from the custom Grasshopper component, will be ordered
in a manner that is useful for the analysis of joints. Figure 7.7 displays how the information will be
ordered. The top level in this order is the project. The project has multiple objects. For example, the
load-cases, the elements, the hierarchy list and the joints.

The two most significant objects in the Framework that are part of the project are the Element-object
and the Joint-object. These will be further elaborated on in the paragraphs below.

Project

+ ProjectName: string
- weldEvaluationMethod: AnalysisMethod
- Hierarchy: List<Hierarchy>
- ElementRAZs: List<ElementRAZ>
- Joints: List<Joint>
- LoadCases: List<LoadCase>

+ WeldVolume() : double
+ WeldVolumeFullStrengthMethod() : double
+ EvaluateWelds() : void
+ CreateJoints() : void
+ CalculateSawingCuts() : void

Element

+ project: Project
+ id: int
+ numberInHierarchy: int
+ Line: Line
+ crosssection: Crosssection
+ groupname: string
+ totalSawingCuts: int
+ startCut: SawingCut
+ endCut: SawingCut

+ BeginThroatsElement() : string
+ EndThroatsElement() : string
+ BeginPlatesElement() : string
+ EndPlatesElement() : string

Point

+ X: Double
+ Y: Double
+ Z: Double

+ ArePointsEqual() : bool

Line

+ id: int
+ StartPoint: Point
+ EndPoint: Point
+ vector: Vector
+ unitvector: Vector

+ vector { get; } : Vector
+ TranslateLineWithVector() : Line
+ FlipLineIfPointNotEqualtoStartPoint() : Line
+ ShouldEccentricityBeAssumedPOSorNEG() : int
+ FlipLine() : Line

Joint

+ project: Project
+ Id: int
+ centralNodeOfJoint: CentralNodeOfJoint
+ maxGlobalEccentricity: double
+ BeamIds: List<int>
+ IsWarrenEccentricityJoint: bool
+ bearingMemberUnitvector: Vector
+ attachedMembers: List<AttachedMember>
+ ideaConnection: IdeaConnection
+ IsContinues: bool
+ weldVolume: double
+ Name: string

+ CalculateWelds() : void
+ CalculateWeldVolume() : double
+ CalculateWeldThroatsFullStrength() : void
+ CalculateWeldThroatsDirectional() : void

Hierarchy

- numberInHierarchy: int
- groupname: string

LoadCase

+ project: Project
+ Id: int
+ loadsperlineRAZs: List<LoadsPerlinRAZ>

LoadsPerLine

+ elementRAZ: ElementRAZ
+ StartLoads: LoadsRAZ
+ EndLoads: LoadsRAZ
+ loadCase: LoadCase

Loads

+ N: double
+ Vz: Double
+ My: double

ConnectingMember

+ localEccentricty: double
+ flangeWeld: Weld
+ webWeld: Weld
+ angleWithBear: double

+ WebWeldFirstAttached() : double
+ CreateVectorCoordinates() : void
+ WebWeldsHorizontalLength() : double
+ WebWeldsVerticalLength() : double
+ LocalEccentricity() : double

IdeaConnection

+ openModelGenerator: OpenModelGenerator
+ dynLinkLazy: Lazy<dynamic>
+ connectionTemplateGenerator: ConnectionTempl...
+ joint: Joint
+ ideaConnectionIdentifier: Guid
+ filePath: string

+ IdeaConnection(j: Joint)
- GetIdeaImportSettingStream() : MemoryStream
- GetConnectionIdentifier() : Guid
+ Dispose() : void
+ SaveIdeaConnectionProjectFile() : void
+ GetConProjectInfo() : ConProjectInfo
+ GetConnectionData() : ConnectionData
+ GetConnectionResultsData() : ConnectionResults...
+ MapWeldsIdsAndOperationIds() : void
+ RunAnalysis() : void
+ CheckConnectionWelds() : void
+ IncreaseFailingWelds() : void
+ OptimizeWelds() : voidCrosssection

+ project: Project
+ crosssectionName: string
+ shape: Shape
+ height: double
+ width: double
+ flangeThickness: double
+ webThickness: double
+ radius: double

«enumeration»
AnalysisMethod

FullstrengthMethod
DirectionalMethod
IdeaMethod

Vector

+ X: double
+ Y: double
+ Z: double

+ Length { get; } : double
+ Unitize() : Vector
+ AreVectorsEqual() : bool
+ AngleBetweenVectors() : double
+ FilpVector() : Vector

MaterialSteel

- project: Project
- id: int
- steelGrade: SteelGrade

BearingMember

- isSingle: bool

AttachedMember

- elementRAZ: ElementRAZ
- distanceVector: VectorRAZ
- isStartPoint: bool
- ideaLine: Line
- ideaOperationId: int
- plateFailure: bool

+ PlateFailure() : bool

«enumeration»
SteelGrade

S235
S275
S355

«enumeration»
WeldType

NotSpecified
Fillet
DoubleFillet
FilletRear
Bevel

Weld

- weldType: WeldType
- size: double
- unitycheck: double
+ Ids: List<int>

+ CalcWeldSurface() : double
+ CalcFullStrenthThroat() : ...

«enumeration»
SawingCut

NoCut
RightAngledCut
SingleMiterCut
DoubleMiterCut

ConnectionTemplateGenerator

+ connectionTemplate: ConnectionTemplate

+ LoadFromXmlFile() : ConnectionTemplate
+ SerializeToXMLMemoryStream() : MemoryStream
+ UpdateTemplate() : void

OpenModelGenerator

+ openModel: OpenModel
+ openModelResult: OpenModelResult

+ OpenModelGenerator(j: Joint) : void
- AddMaterialSteelToOpenModel() : void
- AddCrossSectionToOpenModel() : void
- AddRolledCSS() : void
- AddPointsToOpenModel() : void
- AddConnectedMember() : void
- AddLoadCaseToOpenModel() : void
- CreateIDEAOpenModelResults() : void

«enumeration»
Shape

ISection
HollowSection

project elementRazs
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Figure 7.7: UML diagram of Framework

Creating Element objects
From the list obtained from Karamba3D which imported imported through the custom Grasshopper
component, element objects will be created. These elements have a project, an ID-number, a line, a
cross-section, a group-name (figure 7.5), total number of sawing cuts needed for the elements, and a
type of sawing cut for the start and the end position of the element.

Creating Joint objects
Tolerance-box To create Joint objects, a tolerance box is used. This tolerance box is centered at the
point where joints will be assumed, the tolerance boxes are displayed as yellow boxes in figure 7.8. The
tolerance box makes it possible to obtain the appropriate elements from the model for the joint, even
in the case of eccentricity joints. Since the elements with tiny line-lengths that create eccentricities
in the Grasshopper model, are not needed for calculation, the following rule is used to find attached
members of a joint:

Rule: Every element that has a line with a start or endpoint that falls within the tolerance box range
and a length longer than the eccentricity is an attached member of the joint.
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(a) Pratt truss ፳ ዆ ኻ.ኾ ᎒ ዆ ኺ.ኼ፦ (b) Warren truss ፳ ዆ ኻ.ኾ ᎒ ዆ ኺ.ኼ፦

(c) Detail Pratt truss joint at mid-span

Figure 7.8: Visual representation of tolerance boxes needed to create joint objects

Defining global eccentricity per element To use the equations presented in table 4.2 in calcu-
lating the welding volume and the quantity of sawing cuts, a global eccentricity of the joint is needed.
The global eccentricity is the vector of the eccentricity elements that starts from the central node of the
joint. This vector is called the distance vector. In figure 7.8, elements 17 and 18 represent eccentricity
elements. In addition, this distance vector is needed to repack the eccentric joint into a centric joint,
which will make it possible to import the joint to IDEA Statica Connection. Within IDEA the eccentricity
is recreated. This will be discussed in section 7.4. The distance-vector is obtained by the following rule:

Rule: If the lines of two elements found within the tolerance box of the joint have a common point,
which is not the center-point of the joint, and the lines have an identical direction vector or the inverse,
than the vector from this point towards the center-point is the distance vector with a particular length
that represents the global eccentricity.

Hierarchy, BearingMembers&ConnectingMembers Attached members will be split into Bearing-
Members and Connecting-Members based on the hierarchy. Bearing-Members are the one or two
members with the highest hierarchy of the attached members. In the case of two Bearing-Members
being present in the joint, the bearing-members create a continuous beam. In case that one Bearing-
member is present in a joint, the beam is ended as displayed in figure 7.4. The Bearing-member defines
the local-x axis, from where angles to connecting members will be calculated. Angles will be calculated
on basis of the vector by the following equation:

𝜃 = cosዅኻ( ፮⃗∗፯⃗
||፮⃗||∗||፯⃗||) (7.1)

It may occur that multiple connecting members have the same hierarchy, as the diagonals in Warren
Trusses. In this case, the connecting member in the same hierarchy with the highest angle towards
the bearing-members is higher in this sub-hierarchy. When the angles are identical, the first found
element has the higher hierarchy.

Warren Truss empty joints In the case of Warren Trusses, it can occur that the points that are
expected to be joints are not a joint, but a continuous element, see figure 7.8. This can occur because
a method is applied that is both applicable for Pratt and Warren trusses. These continuous members
are identified and prevented to serve a joint by the following rule:

Rule: If the joint has only two Attached-Members that has the same direction vector or the inverse,
then it is not a joint.
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Warren Truss eccentricity joints In the case of an eccentric joint in a Warren truss, the value of
eccentricity should be doubled when calculating the length of the web weld with the equations pre-
sented in table 4.2. To identify these kind of joints the following rule applies:

Rule: If the center-point has only two lines attached that have the same direction vector of the inverse,
then the joint is a warren-joint with an eccentricity.

Calculation of Sawing cuts
To determine the amount of sawing cuts needed for the cost-model, the number of sawing cuts per
element is needed based, on the type of sawing cut. There are several type: ”No cut”, ”Right-angled
cut”, ”Single miter cut”, ”Double miter cut”, as described in section 4.3.2.
Every element in the Framework has two sawing cuts, one at the start point and one at the end point of
the line of the element. The types of sawing cuts needed for both sides of the element, are calculated
with the equations presented in table 4.2. By default, the start-cut and end-cut of every element is from
the type ”No cut”. Application of the equations in the table, will generate two lengths of intersection. If
one of these lengths is zero and the angle between the connection member and the bearing member
is 90∘, it is a ”Right-angled cut”. If one of these lengths is zero and the angle between the connection
member and the bearing member is not 90∘, it is a ”Single miter cut”. When two non-zero lengths are
presented the sawing-cut is a ”Double miter cut”.
The total number of sawing cuts of the truss, and the number of double miter cuts will be sent back
to the Grasshopper model.

Calculation of Weld volume
Within the model, four situations of welded-connections are possible, see figure 7.9. First, the welding
volume depends on the sections type. For an I-section more welding length is needed to create the
welded connection. Second, the weld volume is influenced by the surface it is projected on. This can
either be a flat surface or a kinked surface. Kinked surfaces occur when the joint has overlapping
beams. In the figures, the welds of the flanges are coloured orange and the welds of the web are
coloured green. The volume of the welds of the flanges is influenced by the angle of inclination of the
connected member as discussed in section 6.2. The welding length of the flanges is equal to the width
of the section.

The weld volume of the web is not influenced by the inclination , because it will always have an
angle of 90°. However, the welding length is influenced by this inclination. The welding length of the
web weld is calculated for both flat surface, as for kinked surface situations by using the calculations
presented in table 4.2.

To calculate the welding volume the throat-thickness of the weld is needed. This throat-thickness
will be calculated by default with the full-strength method. Here, the throat-thickness will be rounded
to an integer and will be equal or greater than the minimal required throat thickness. The other method
to determine the throat-thickness of all welds and therefore the weld-volume, is the directional method,
which will be implemented by use of IDEA Statica Connection through API in the optimisation workflow.

Table 7.2: Parameters of weld volume calculation per connection

Parameter Symbol
Throat-thickness of flange-welds 𝑎፟
Throat-thickness of web-welds 𝑎፰
Width 𝑏
Vertical segment 𝑙፯
Horizontal segment 𝑙፡
Angle 𝛼
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(a) I-section on flat surface (b) Hollow-section on flat surface

(c) I-section on kinked surface (d) Hollow-section on kinked surface

Figure 7.9: Weld-volume definitions for all possible situations

7.4. IDEA Statica Connection
Karamba3D and IDEA Statica connection are both software packages used for structural analysis. These
two software packages have differences. The most important difference for this research, is the dis-
crepancy between the definitions for local axes and how eccentricities in joints are created. In this
section strategies will be presented that will be used to correctly import loads and geometry from the
Karamba3D model to IDEA Statica connection.
The process of how welds are optimised within IDEA will not be discussed in this section, since this
has been discussed in section 6.3.2.

Import of loads from Karamba3D to IDEA Statica Connection
Karamba3D and IDEA Statica Connection has the same coordinate system[52][51, p.108]. Where the
x-axis of the global coordinate system is horizontal and leads form left to right, the y-axis is horizontal
and leads backwards and z-axis is vertical and leads upwards, because only 2D calculations will be
performed in the XZ-plane, only ”N”, ”Vz” and ”My” will be addressed. The assumed positive direction
of these forces is the following:

1. N - Positive axial force N acts in direction of the local x-axis of the member and causes tension in
the cross-sections fibers.

2. Vz- Positive shear force Vz acts in the direction of the local z-axis.

3. My - Positive bending moment My causes tension in the cross sections fibers with a positive local
z-axis.

To correctly import loads obtained from Karamba3D to IDEA Statica Connection, few steps need to
be taken. These steps will be discussed in this paragraph and are visually displayed in figure 7.11. In
this figure the local axis definition of Karamba3D and IDEA Statica Connection are drawn different on
purpose, because local axes are defined differently. In Karmaba3D the local axis is determined by the
start and end point of the element. In IDEA the local axis is determined from the center point of the
joint pointing outwards in the direction of the member.

1: Local coordinates of Karamba3D to Framework The local coordinates of a loaded element
in Karamba3D are determined by the start and end point of the line of the element. When an element
is attached to the joint with its start point, no change is needed. If the element is attached to the joint
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Figure 7.10: Global coordinate system of Karamba3D and IDEA Statica Connection

with its end point, both the sign of the moment force as the shear force needs to be changed.

Rule: If element is attached with the end point to the joint, multiply shear force and moment force by
-1

2: Framework to Local coordinates of IDEA API The direction of a member in IDEA and there-
fore its local coordinates are determined by the 𝛽−𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 and the 𝛾−𝑝𝑖𝑡𝑐ℎ from the central node.
𝛽 starts from the x-axis and runs in the horizontal plane (XY-plane) with a range from -180∘ up till
180∘. From this direction in 𝛾 applies a pitch to the member. This range is constrained between -90∘
and 90∘.

In the scope of this research only 2D joints will be examined that are positioned in the XZ-plane.
This causes that 𝛽 is either -180∘ for members left of the central node or is 180∘ for members right
of the node, depending on the member’s direction if it is left or right from the joint in the XZ-plane.
This different local axis influences the positive direction of shear force and bending moments. The
member’s direction is left from the joint when the x-coordinate of the vector of that element is smaller
than zero. To import the loads from the Framework to the IDEA API the following rule is applied:

Rule: If the x-coordinate of the vector is smaller than 0, multiply shear force(Vz) and moment force(My)
by -1

3: From API to IDEA User Interface When the loads are defined in the API of IDEA, they have a
different sign when IDEA is opened in the user interface and the loads are checked. Shear forces and
bending moments are negatively imported in the user interface when are positively defined in the API.
To compensate this effect, the following rule applies:

Rule: Multiply shear force(Vz) and moment force(My) by -1

SLS and ULS analysis in Model
Both SLS and ULS calculations will be used to determine the cross-sections needed for elements in the
truss structure. However, in IDEA Statica only the ULS load combinations will be used to analyse the
joint, because only the utilization of elements needs to be considered and not the deflections. Only
considering the ULS load combinations will reduce the calculation time needed to analyse the joint.

Importing eccentric joints from Grasshopper to IDEA Statica Connection
Eccentric joints cannot be imported directly into IDEA Statica Connection. A centric joint needs to be
imported, eccentricities in this joint will be applied afterwards. The following paragraph will explain
how geometry and loads will be imported from Grasshopper+Karamba3D to IDEA Statica Connection.

IDEA defines eccentricities in a different method than the method used to define eccentricities in the
Grasshopper model. In IDEA the eccentricity is defined as the shortest distance from the force towards
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Figure 7.11: Importing load values from Karamba3D to IDEA Statica Connection
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the node of the joint, for sake of simplicity we call this the local eccentricity, 𝜀፥፨፜. In the grasshopper
model the eccentricity is the displaced distance along the line of the chord, we call this the global
eccentricity. To calculate the local eccentricity needed for IDEA, equation 7.2 is used.

𝜀፥፨፜ =
||ፀ⃗ፂ∗፯⃗||
||ፕ⃗|| (7.2)

(a) Eccentricity joint in Grasshop-
per

(b) From ᎒ᑘᑝᑠᑓ to ᎒ᑝᑠᑔ (c) Eccentricity joint in IDEA

Figure 7.12: From global to local eccentricity

Negative and positive local eccentricities in IDEA In IDEA the eccentricity will be applied ac-
cording to the local axis of the member. The local z-axis defines lateral eccentricities of the member in
XZ-plane. If the member has a negative 𝛾 − 𝑝𝑖𝑡𝑐ℎ, it is located below the ”horizontal plane”, the local
eccentricity will lead to a desired positive global eccentricity. However when a member has a positive
𝛾 − 𝑝𝑖𝑡𝑐ℎ, it is located above the ”horizontal plane”, the local eccentricity will lead to an undesired
negative global eccentricity.
This problem can be solved by analyzing the vector of the member, where its starting point is the
central-node. Here the z-coordinate of the vector should be checked. If 𝑉⃗፳ < 0 the result is desired. If
𝑉⃗፳ > 0 the result is undesired and should be multiplied by −1. This will make sure that eccentricities
are implement into IDEA as needed.

Figure 7.13: Local z-axis of members in IDEA pointing in different directions depending on above or under ”horizontal plane”

Translation of Elements-line for implementation in IDEA In IDEA, first the geometry is cre-
ated where every member is attached to the center-node. Afterwards the eccentricities are defined.
However, in the Grasshopper-model the eccentricities are created within the geometry. Therefore, to
allow eccentricity joint from being implemented from Grasshopper into IDEA, a strategy is needed. This
is achieved by creating new line definitions for attached members of a joint in Grasshopper. These
lines are translated by the global eccentricity. This creates an idealized joint with no eccentricities that
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can be implemented in IDEA. Afterwards the right negative, or positive local eccentricity can be applied
to the member. This will result in identical geometry compared to the Grasshopper model.

Load definitions in case of eccentricity joints In figure 7.14 is displayed how eccentricity joints
in the model are converted to centric joints, and made eccentric again in IDEA Statica. When the ec-
centricity is applied to the diagonals, the forces are positioned back to their original position. The chord
consists out of two members in Karamba3D. These two elements are translated as well to create the
centric joint needed to import the joint into IDEA. However, IDEA defines the chord as one member.
This causes that only one eccentricity can be applied to the chord member. This will cause that the
additional bending moment created by the shear forces of the two chord members will be lost.

This causes that the model in IDEA will be less severely loaded. Which could potentially lead to an
underestimation of the acting forces. However, these shear-forces in the chord will be relatively low,
especially in the case of the bottom-chord where axial forces are dominantly present. In addition, the
eccentricity will be very small, creating a small bending moment. Furthermore, the shear forces will
mostly point into equal direction which will cause that they compensate each other in terms of bending
moments.

When importing the loads, to eccentric joints, to IDEA, equal boundary conditions must be applied.
This will be performed by importing the loads of the attached members at the side of the central-node
of the joint. This will cause that force distribution over the eccentricity will be recreating within the
IDEA analysis.

7.5. Conclusion
Beams within a steel structure are ranked according to a particular hierarchy. This hierarchy defines
which beams are continuous and which are connection. The hierarchy of beams is an absolute necessity
when structural design of the main structure is combined with detail engineering of the joints. The
hierarchy will allow that the joints will be designed as intended within the optimisation model.

Connecting multiple software packages in a work flow, requires time and effort. Information needs
to be exported and imported in methods that are required by the software package. These sets of
methods are created in a Framework. The Framework will process the information according to prede-
fined rules into desired output. Importing eccentric joints from Karamba3D to IDEA Statica connection
shows a high level of complexity, since both packages define local axes and eccentricities differently.
With the correct set of rules these differences can be compensated. This allows that the optimisation
model works as desired and generates the desired results.
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Desired result in IDEA:
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Figure 7.14: Importing eccentric joint into IDEA Statica Connection





8
Cost Optimisation of Trusses

The wide range of parameters available in the optimisation model creates the possibility to analyse
many different types of trusses. This chapter will illustrate the possibilities that are available in the
optimisation model, to optimise a truss structure. A reference truss is used to illustrate the influence
of every parameter in the optimisation model. The optimisation model can perform two optimisations
methods. In the first type, the weld sizes are calculated according to the full-strength method. This
is a relatively fast optimisation method, which allows the production of a great set of data, but will
create variants with a lower economic use of welding material. In the second type, the weld sizes are
optimised by using the directional method in IDEA Statica Connection. This creates a truss with an
economic use of welding material, but this optimisation method is relatively slow. Therefore, while using
the optimisation model a large data set is first created with the full-strength method. Consequently, a
variant is selected for this data set, for an additional weld volume analysis.

8.1. Parameters and boundary conditions
In table 8.1 all variables of the optimisation model are shown. The table describes per variable whether
they will be used static of dynamic in this case-study.

Table 8.1: Parameters

Number Variable Unit Use in Research Reference-truss
1 Height Structure m Static 10 m
2 Length m Static 25 m
3 Minimal weld size mm Static 4 mm
4 Height Truss mm Dynamic 2500 mm
5 Segments pcs Dynamic 8 pcs
6 Truss-typology Truss-type Dynamic Pratt
7 Material Steel-grade Dynamic S355
8 Cross-section Chords and Columns Cross-section Family Dynamic HEA
9 Cross-section Diagonals and Posts Cross-section Family Dynamic HEA
10 Buckling length chords m Dynamic 6.25 m
11 Eccentricity Topchord mm Dynamic 0
12 Eccentricity Bottomchord mm Dynamic 0
13 Variation factor dimensionless Dynamic 1.0

Boundary conditions
Height and Length In section 3.1 the maximum transport dimensions with a continuous permit
have been discussed. These maximum transport dimensions will serve as boundary conditions in the
case-study. Therefore, a span of 25 meters is chosen with a maximum height of 3 meters. The maxi-
mum height of 3 meters allows that multiple truss can be stacked on one trailer.

83
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The span of the truss structure is a static variable in the case study. Smaller spans will not be consid-
ered, since this will lead to variants with lower costs. This is because bending moments will be of a
smaller magnitude. The height of the structure is a static variable as well. This height of 10 meters
has been discussed in section 5.2. It has influence on the wind load that may be assumed according
to Eurocode.

The height of the truss structure is chosen to be a variable with a maximum value of 3 meters. Variation
in the height of the truss can lead to variants that have a higher rate of constructability. For example,
a minimized number of double miter connections and a minimal angle of inclination of the diagonals.

Buckling length The buckling length of top and bottom chord is assumed to be 6.25 meters by
default. Here, the top and bottom chord of the truss is divided into four segments, with three buckling
supports. In section 8.4.3, the influence of varying the buckling length of the top and bottom chord will
be investigated. For other cases, the buckling length will remain 6.25 meters, because the amount of
buckling support influences the costs of the 3D structure, which falls out of the scope of this research.
Keeping the buckling length equal for all variants will prevent drawing misleading conclusions when
costs of creating extra buckling supports are not considered.

Welded connections Only welded connections are assumed in the case-study. This is also the case
for the joints that connect the truss with the right and left column. Ideally these connections should
be modelled as bolted connections. This would allow the truss to have dimensions that fall within
the transport dimensions. Since bolted connections fall out of the scope of this research, the joints
attached to the columns are assumed as welded joints. Furthermore all welds will be fillet welds with
a minimal throat-thickness of 4 millimeters.

Calculation of welds In all variants, the amount of welding volume is calculated by using the full-
strength method. Some variants will be analysed using the directional method to determine the weld
volumes. Since the directional method is performed by IDEA Statica Connection through API, it is a
relatively slow method. On average it takes approximately 30 minutes to optimise all the welds of a
truss. Therefore, not all variants can be analysed by the use of the directional method.

Groups of elements The members in a truss are grouped, each group has equal cross-sections.
Examples of groups in the case-study are: columns, top-chords, bottom-chords, posts and diagonals.
In the case-study, columns, top-chords and bottom-chords are selected from an identical cross-section
family. Post and diagonals will be from an identical cross-section family as well.

In table 8.2 the main aspects where variants will be graded on, are displayed. The total produc-
tion costs will be presented as a percentage to the reference truss. To give insight into the cost build
up, the four main cost contributors are displayed as well. This is the total weight of the structure, the
welding volume, the surface area and the number of sawing cuts. These four main cost contributors
are displayed in an amount and not in prices. This makes the values undebatable.
In addition, constructability aspects are also considered. First the amount of double miter connections
is checked. It is preferable when this amount is as small as possible, because it reduces risks in pro-
duction as discussed in chapter 4.2. Secondly, the angles of diagonals will be checked. The angle of
inclination must be greater than the required minimum of 40. This allows enough space for the welding
torch and makes it possible to easily create a connection with fillet welds.
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Table 8.2: Results of variants

Cost-aspects Description Aspect Goal
1 Production costs percentage related to reference truss Cost Minimize
1a Weight Cost
1b Welding volume Cost
1c Surface Area Cost
1d Sawing Cuts Cost
2 Number of double Miter connections Constructablilty Minimize
3 Inclination of Diagonal Constructablilty Min 40°

8.2. Reference Case
The goal of the cost-model is to provide insight in price variation between variants and not to give an
exact total production cost. To display this price variation, a reference truss is used. From this refer-
ence truss, the variation of total production costs will be displayed in percentages. The reference truss
is will have a production cost of 100%. Variants produced in the optimisations will have a percentage
higher, lower or equal. This will make comparison evident.

The reference truss presents a truss that would have been designed in engineering practice based
on experience. In other words, without the help of an optimisation model.

For the reference truss, the Pratt-truss typology is chosen, because this typology is easier to fabri-
cate since the posts act as spacers between the chords. The truss height is the maximum height of 3
meters. This increases the efficiency of the truss, because the arm increases the resistance capacity
for bending moments.

The truss has three buckling supports over its span of 25 meters, leading to four sections with a
buckling length for both the bottom and top chord of 6.25 meters. A truss with 8 segments is chosen,
this causes that the truss has a post at every buckling support. This causes the diagonals of the truss
to have an inclination of 43.8∘. S355 is chosen as steel grade, since it is the strongest steel grade in
the scope of the case-study and it will most probably lead to a lighter total weight of the truss, due to
the higher strength properties. In the reference case, all cross-sections are from the HEA cross-section
family, because of their cheap unit price. All defined parameters for the reference truss can be found
in the right columns of table 8.1.

In figure 8.1, an overview drawing is displayed. Here, the detail of most critical joint in the truss
can be found. The location of this joint is highlighted in purple in the overview drawing. This joint is
the most critical joint since it is the joint most closely located to the supports, here axial forces in the
diagonals are the highest. Because the joint is responsible for transmitting this high axial force from
the diagonal to the chord, this joint will be governing. In IDEA Statica Connection is analysed whether
the plates of a member in these joints stay within the 5% strain criterion. If this strain criterion is
exceeded, a bigger section is needed for the respective member. Afterwards the strain analyses will
be performed again, to check whether the strain criterion is fulfilled.
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(a) Truss with detail highlighted

(b) Detail with ULS Snow-load forces

Figure 8.1: Reference truss with a cost of 100%

8.3. Singularity in IDEA Statica Connection
In some cases IDEA Statica Connection cannot perform its finite elements analysis, because it is unable
to converge due to singularity in the model. This singularity can be caused by missing parts (welds) or
mesh-planes that overlap [53, 3.11]. This issue of singularity causes difficulty in finding an appropriate
reference truss. Ideally, SHS sections are chosen for the posts and the diagonals of the truss, because
of higher buckling resistances compared to I-sections and their absence of a weak axis compared to
RHS sections. However, a variant with SHS diagonals and posts causes the mesh that represents the
welds in IDEA Statica Connection to overlap, see figure 8.2. This overlap causes that the finite element
analysis is not able to converge.

The overlapping welds are caused by the geometry. Changing the geometry in the IDEA model,
e.g. changing the type of cross-section or the inclination of the member, can cause that welds are
not overlapping anymore, and singularity does not arise. However, the geometry is created in the
Grasshopper model by the parameters. It can be beneficial to create an extra check in this model
to give an indication whether there is sufficient spacing between the welds. This would prevent the
analysis in IDEA to fail due to singularity and increase the level of constructability of the truss.
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Figure 8.2: IDEA Statica Connection model where singularity arises due to overlapping meshes that represent welds

8.4. Full-strength method analyses
In this section the influence of all dynamic parameters presented, in table 8.1, will be analysed. For
this analysis, the reference truss will be used as a starting point. In every section, variation will be only
applied to the dynamic parameters previously discussed.

8.4.1. Influence of the Cross-section Family and Steel-grade

Table 8.3: Parameter range: Cross-section Family and Steel-grade

Variable Unit Item-range Reference-truss
Cross-section Chords and
Columns Cross-section Family HEA, HEB, HEM, SHSC, RHSC HEA

Cross-section Diagonals and
Posts Cross-section Family HEA, HEB, HEM, SHSC, RHSC HEA

Material Steel-grade S235, S275, S355 S355

Cross-sections are part of a cross-sectional family. The cross-section family is a list of cross-sections
that are from the same type. In this research, the cross-section families considered are: HEA, HEB,
HEM, SHSC and RHSC. In the model, the cross-sections of the chords and the columns are grouped and
will be of a specific cross-section family. The posts and diagonals are similarly grouped to have another
specific cross-section family. This section will focus on how the combination of cross-section families
and steel-grades influences the production cost. In figure 8.3, three table are displayed representing
the three steel grades. Within each table, the rows present the cross-section family of the chords. The
columns of the truss and the columns of the table present the cross-section family of the posts and
diagonals. The total number of variants displayed in the three tables together is 75.

Figure 8.3: Cross-section family combinations in Pratt truss variants over different steel-grades

Influence of Cross-sectional family
The tables of figure 8.3 show that any combination with HEM sections leads to a high total cost. This
is caused by the thick flanges of the HEM cross-section that contribute to a higher total weight. When
these cross-sections are used for the posts and diagonals, the costs are maximized. In addition the
tables of figure 8.3 show that the most optimal cross section for the chords and the columns of the
truss are the HEA cross-sections. This is because HEA cross-sections have thinner flanges than the
HEB and HEM sections. Furthermore, HEA sections are I-sections. These have a lower unit price than
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Hollow sections.

When taking a closer look at the top row of the S355 matrix, it presents HEA chords and columns.
Here, the lowest costs can be found in variants where the posts and diagonals are from the cross-
section family HEA, SHSC or RHSC. In the right table of figure 8.3 can be seen that the variant with
SHSC posts and diagonals are lower in costs than RHSC. This is because SHSC sections have equal
buckling resistances in both axes of the cross-section. RHSC-sections, on the other hand, have a strong
and a weak axis, therefore more material is needed for RHSC-sections in order to have sufficient buck-
ling resistance in the weak axis. Consequently, a bigger RHSC-section is needed. This would lead to a
higher total weight, causing higher costs. HEA-sections also have a weak axis, but they show a lower
total cost. In the following paragraphs, the reasons for this will be discussed.

In figure 8.4 graphs are presented to analyse the influence of the cross-section family of the post
and diagonals. The graph shows that the variants with RHS or SHS sections have a lower total weight.
However, the price per kilo of steel for hollow sections is greater, hence, a higher total cost for the
material needed.

The HEA variant has the least amount of welding-volume. These I-sections are welded with dou-
ble fillet welds, hollow sections are welded with single fillet welds. This causes that for I-sections two
smaller weld sizes can be applied instead of one big weld size, which reduces the amount of welding
volume needed. Furthermore, the graph shows that the SHSC variant uses more welding volume than
the RHSC variant. In figure 8.5, the type of cross-section and the weld-sizes are displayed. Because
the cross-sections of the SHSC variant have a smaller perimeter and therefore less welding length, it
is expected that they would have less welding volume than the RHSC variant. However, the posts of
the SHSC variant have a thickness of 6mm, this causes that a 7mm weld is needed for the connection.
Resulting in a higher welding volume.

The higher welding volume for the SHSC variant however, is compensated by the smaller cross-sectional
area needed to be sawn, less surface area to be sand-blasted and painted, and slightly lower total
weight.

Figure 8.4: Influence of cross-section family of post and diagonal on reference truss (all S355)
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(a) HEA S355 (Reference) (b) SHS S355 (c) RHS S355

Figure 8.5: Flange-weld size (af) and Web-weld size (aw) per cross-section family of posts and diagonals

When examining the governing joint in the truss in IDEA, this is the same joint that is highlighted
in figure 8.1, of the SHS and the RHS variant. They both show failure.

The SHS variant fails due to singularity in the model, which is caused by overlapping weld meshes.
The overlapping weld meshes can be prevented by manually increasing the cross-section of the chord
from SHSC70x6.0 to SHSC90x6.0 or adding an eccentricity. Increasing the cross-section has influence
on the total production costs of the structure. In figure 8.6, it can be seen that the production costs
increase due to a higher total weight, higher amount of welding volume and a greater surface area.

(a) SHSC70x6.0 Post (b) SHSC90x6.0 Post

Figure 8.6: Results influenced by changing the cross-section of the post of the SHSC variant

The RHS variant fails because the strain limit of 5% is exceeded in the plates of the post, which is
shown in figure 8.7. This failure is located near the web of the chord-section, due to the high local stiff-
ness in this region. Increasing the cross-section of the post from RHSC100x80x3.0 to RHSC100x80x5.0
leads to a design where plate failure does not occur. However, this influences the production cost.
Figure 8.8, shows the differences in results when the cross-section of the post is changed. The total
cost increases from 103% to 107%. This is caused by a slight increase in the total weight and an
increase in the total welding volume. In addition, the new cross-section of the post has a greater
thickness. This creates a higher weld-size, determined by the full-strength method, which leads to a
larger amount of welding material needed.
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Figure 8.7: Plastic strain of the RHSC100x80x3.0 Post

(a) RHSC100x80x3.0 Post (b) RHSC100x80x5.0 Post

Figure 8.8: Results influenced by changing the cross-section of the post of the RHSC variant

Changing the cross-section of the post and diagonals of the reference truss to Hollow sections, like
SHSC and RHSC, creates higher cost variants due to a higher unit price per kilo steel for the hollow
sections and the larger amount of welding volume needed. When analyzing the joints in detail, failure
may occur. This can either be caused by overlapping welding meshes, which is practically not desired,
or failure in the plates of the hollow section.

Influence of Steel-grade
In figure 8.3 the middle table shows variants with steel-grade S275, which has a lower total production
cost than the reference case. The following paragraph will investigate why steel-grade S275 leads to
a lower production cost than the reference case which has steel-grade S355.

In graph of figure 8.9 graphs are presented to analyse the influence of the steel-grade. In these
graphs, it can be seen that a higher steel-grade results in a lower total weight and less surface area.
However, according to the cost-model, steel-grade S355 has a higher unit price, see table 4.6. This
causes a higher material total price for S355, despite the lower total weight. The most significant dif-
ference between the steel-grades is the amount of welding volume. The welding volume is calculated
according to the full-strength method. In this method, the steel-grade plays an influence on the full-
strength factor, see table 6.2. In general, a higher steel-grade leads to a higher full-strength factor,
due to a higher beta factor and a higher ultimate strength. This will cause that greater weld-sizes are
needed, see figure 8.10. This causes a higher amount of welding volume.

However, increasing welding volume over the increasing steel-grade’s yield strength cannot be seen in
the graph displaying the welding volume. Moreover, the amount of welding volume is related to perime-
ter of a cross-section. An increased perimeter leads to an increased welding length. Increased welding
length subsequently leads to more welding volume. Table 8.4 shows the cross-section per group over
the different steel-grades. Here a different cross-section can be found in the groups Top-chord and
Diagonal. The group Top-chord will not be of much influence since it only has two connections, one



8.4. Full-strength method analyses 91

with left column and one with the right. For steel-grade S235, the group diagonal has a HEA140 cross-
section. Which is different from the other steel-grades that have HEA120 as a cross-section. This
difference is caused by the higher resistance that can be achieved when higher steel-grades are used.
The higher steel-grade influences the resistance of axial force, bending moment, shear force, buckling,
lateral torsional buckling etc. Moreover, HEA140 has a perimeter that is approximately 17% greater
than HEA120. This causes that a higher amount of welding volume is needed for the S235 variant.

In conclusion, total weight and total surface area can be decreased by using higher steel-grades.
However, this does not automatically lead to a lower total cost, since the unit price of steel is higher
and the amount of welding volume can increase, due to a higher beta factor that determines the weld-
sizes. This conclusion is in contradiction with published articles[54][55]. These articles conclude that
S235 should not be considered when designing steel, because of its higher total weight and greater
surface area. The main difference is that these article include the influence of heavier structures on
transport costs, which falls out of the scope of this research. When focusing solely on the production
costs, a higher steel-grade does not necessarily lead to a lower total cost.

Figure 8.9: Influence of steel-grade on reference truss

Table 8.4: Cross-section per group in variation of steel-grade of reference truss

Steel-grade Column Top-chord Bottom-chord Post Diagonal
S235 HEA160 HEA200 HEA180 HEA100 HEA140
S275 HEA160 HEA200 HEA180 HEA100 HEA120
S355 HEA160 HEA180 HEA180 HEA100 HEA120
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(a) S235 (b) S275 (c) S355 (Reference)

Figure 8.10: Flange-weld size (af) and Web-weld size (aw) per steel-grade

8.4.2. Influence of the truss-height and number of truss-segments

Table 8.5: Parameter range: truss-height and number of truss-segments

Variable Min Max Step-size Reference-truss
Height Truss 1000 mm 3000 mm 100 mm 3000 mm
Segments 4 pcs 16 pcs 2 pcs 8 pcs

In this case-study, the height of the truss and the number of truss-segments are the parameters in-
fluencing the wire-frame geometry of the truss. This geometry determines the distribution of forces
within the structure, and therefore is of influence for which cross-sections will be selected during the
optimisation.

With the parameter ranges presented in table 8.5, 147 variants are created. In figure 8.11, the ta-
ble on the left shows the cost percentages for every variant. In the graph on the right side the cost
percentages are displayed over the truss-heights.

The 147 variants are filtered on the angle of inclination criterion of 40° in figure 8.12. The graph
and table generally show two relations. First, more segments will lead to more connections and there-
fore higher costs. Secondly, a decrease in height leads to structurally less efficient truss where bigger
cross-sections are needed. This increases total weight, which leads to higher costs.

However, cross-sections are discrete variables. They have a particular resistance capacity, when this
capacity is exceeded another section will be selected by the optimisation algorithm. This influences
the optimal truss height and may cause that the maximum height will not lead to optimal variant. This
effect is shown in the table of figure 8.11 in the column of 6 segments. Here, a decrease of total cost
can be found when the height of the truss is lowered up till 2300 mm. This is due to the utilization
of the members. The cross-section used in these variants are similar, decreasing the height leads to
a higher utilization of the same members. This causes that decreasing the height leads to a lower
amount of steel needed for the structure, resulting in a lower total cost.
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Figure 8.11: 147 variants presented in matrix

Figure 8.12: Variants with inclination of diagonal greater than 40°

When the data-set presented in figure 8.12 is filtered on the minimal amount of double miter cuts,
one variant is left over. This variant is presented in figure 8.13 and has 14 truss-segments. Due to its
low height, the truss has a smaller arm to resist against bending moments. This causes the need for
bigger sections in the chords of the truss, which is beneficial for minimizing double miter connections.
However, due to its high production cost, this truss cannot be assumed as a desirable variant in the
context of this case-study.
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(a) Truss with detail highlighted

(b) Detail with ULS Snow-load forces

Figure 8.13: Truss with minimal amount of double miter connections

In conclusion, it is beneficial for the production cost to have the least amount of truss-segments
possible. This leads to less joints being needed. However, the minimal amount of truss segments is
limited to the minimal angle of inclination of the diagonal, filtering out many of the possible variants.
Finding a variant that has the minimal amount of double miter connections, and where the angle of
inclination of the diagonals is above the minimum, will not lead to a desirable variant, in this case
of a Pratt truss with centric joints. However, it does show that creating a truss with a high level of
constructability requires a different approach than optimising structures solely on total weight.

8.4.3. Influence of the buckling length
In the optimisation model, an assumption is made for the buckling length of the top and bottom chord-
member. This assumption is chosen to be equal for every variant, because the amount of buckling
supports influences the total cost of a structure. In this research only the 2D geometry of a truss is
considered and therefore production costs influences of the 3D geometry creating the buckling support
is not considered. In figure 8.14, two tables are displayed. The left table shows the cost percentage
and the right table shows the total weight of the variant. The rows of the table display the number of
segments of the variant.

Generally, a longer buckling length leads to a bigger cross-section is needed in order to provide suffi-
cient resistance against buckling. This bigger cross-section increases the total weight of the structure
and therefore causes an increase of costs. Figure 8.14, shows that the assumed buckling length is on
the conservative side of the possibilities, yet without being too conservative.
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Table 8.6: Parameter range: buckling length

Variable Min Max Step-size Reference-truss
Buckling length chords 1.5625 m 12.5 1.5625 m 6.25 m
Segments 4 pcs 16 pcs 2 pcs 8 pcs

(a) Cost percentage (b) Weight in kg

Figure 8.14: Influence of buckling length and number of divisions

8.4.4. Influence of truss Typology
Changing the truss typology from a Pratt truss to a Warren truss has a significant impact on the cost
percentage. This reduction is mainly caused because less beam length is used, due to the absence of
posts. Figure 8.15, shows the Warren truss variant. A warren truss does not have posts. This causes
that diagonals are less likely to interact with other sections increasing the change of creating single
miter connections, which is beneficial for reducing production risk.
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(a) Truss with detail highlighted

(b) Detail with ULS Snow-load forces

Figure 8.15: Warren Truss

8.4.5. Trusses with eccentricity joints
In section 4.2.1, it has been concluded that risks in production could be reduced by creating positive
eccentricities in the joints of the truss. In the optimisation script, two positive eccentricities can be
applied. One for the connection of the diagonals with the top-chord and one for the connection of the
diagonals with the bottom-chord.

Table 8.7: Parameter range: eccentricity top-chord & bottom-chord

Variable Min Max Step-size Reference-truss
Eccentricity Topchord 0 mm 200 mm 20 mm 0 mm
Eccentricity Bottomchord 0 mm 200 mm 20 mm 0 mm

(a) Pratt truss ᎒ ዆ ኺ.ኼ፦ (b) Warren truss ᎒ ዆ ኺ.ኼ፦

Figure 8.16: Trusses with eccentric joints

Table 8.17 shows the results of the cost-percentage and the number of double miter connections per
variant. Applying an eccentricity of 60 mm for both the top-chord as the bottom-chord joint produces a
truss with only 2 double miter connections. Figure 8.18 shows the truss with the 60 mm eccentricities.
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The inclusion of eccentricities did not influence the cross-sections of the structures compared to the
reference truss. The discrete character of cross-sections may cause that there is capacity left in the
beam. In this case, there is capacity left preventing the need for a different cross-section, when the
eccentricity creates an additional bending moment. In figure 8.18 , a cost decrease is noticed. This
is caused by the reduction of sawing costs. Single miter connections only require two cuts during
the sawing process, where double miter connections require three cuts. Furthermore, the eccentricity
produces a steeper angle of inclination for the diagonals. This reduces the beam length needed for the
diagonals and causes a decrease in total weight of 12 kg compared to the reference truss.

In section 7.4, it has been concluded that shear forces with an eccentricity produce an additional
bending moment, however, this effect is lost when importing eccentric joints to IDEA Statica Connec-
tion. In this case, the two shear-forces at both ends of the chord do not point in the same direction and
will not compensate each other, see figure 8.18. The shear forces found in the chord have a magnitude
of 1.7 kN and 2.0 kN. Multiplied with the eccentricity, this causes an additional bending moment of
0.22 kNm. The small magnitude of the additional bending moment causes that results are not notice-
ably different. However, this effect can be critical when loads on the structure are much greater and
can lead to an unsafe design is generated by the optimisation model. Therefore, when eccentricities
are creating within the optimisation model, the influence of the additional bending moment should be
checked.

(a) Cost percentage (b) Number of double miter connections

Figure 8.17: Influence of including eccentricities in the joints of the truss

In this case, applying an eccentricity to the joints does not change the cross-sections needed in the
chords. This is caused by the discrete characteristics of cross-sections, that causes additional capacity
to be left. In other cases, applying an eccentricity can cause the need for a different cross-section.
This will increase the total weight of the structure and therefore the costs. Analyses of the optimisation
model show that trusses that are higher loaded, show more sensitive responses to eccentricities.

In conclusion, depending on the situation, applying an eccentricity may or may not be beneficial.
The optimisation model creates the possibility to quickly analyse the effect of applying an eccentricity
to the specific situation.
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(a) Truss with detail highlighted

(b) Equivalent stress in joint detail with ULS Snow-
load forces

Figure 8.18: Reference truss with eccentricity of 60 mm in joints of top and bottom chord

8.4.6. Trusses with variation in truss-segment length
In the case of a simply supported beam with a distributed load, the maximum moment will be in the
middle of the beam while the maximum shear force will be present near the supports. This principle is
applicable for trusses as well. Here it could be beneficial to have more material in the web of the truss
near the supports since shear force is here at its maximum. In contrast, in the middle of the truss it is
beneficial to have minimum material in the web and maximum material in the chords in order to carry
the maximum moment force.

This principle can be applied to trusses by influencing the spread of points defining the individual
truss-segments. Equation 8.1 defines the location of the points along a line segment. It should be
noted, that this equation represents half of the chord. In application this formula is mirrored to create
a symmetric distribution of points. In the equation, the desired number of segments can be filled in.
This desired number of segments generates a set of points. These points are distributed according to
the formula 𝑥፳. Here, 𝑧 is a factor determining the spread of the points. As shown in figure 8.19 a
high factor 𝑧 will cause a high level of spread. In case of 𝑧 = 1, the truss will have a normal spread
equal to the traditional trusses. However, 𝑧 should be limited to prevent the creation of diagonals with
an angle outside the range of 30∘ and 60∘ as prescribed by NEN-EN 1993-1-8, art 7.1.2(3).
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Table 8.8: Input parameters

Parameter Symbol
𝑠 number of segments
𝑧 distribution factor
𝑙 length

𝑤 = {፧፬ }
፬ዄኻ

፧዆ኺ
∗𝑥፳ ∗ 𝑙 (8.1)
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(a) 5 segments variation in ፳ (b) 5 segments ፳ ዆ ኻ.኿

Figure 8.19: Distribution of points in case of 5 segments

In general the application of variation of truss-segment width in the truss does not lead to a lower
total cost, see figure 8.21. Here, a variation of 1.0 presents a constant truss-segment width. For the
Pratt truss this is the reference truss presented in figure 8.1, for the Warren truss this is the truss
presented in figure 8.15. A variation lower than 1.0 leads to the opposite desired effect where more
material is used in the middle of the truss, which causes a higher total cost. But using a variation factor
higher than 1.0 also causes a cost increase.

In conclusion, adding a variation in the width of the truss-segments may not lead to a lower total
cost. Adding a variation, increases the number of unique elements. Which can be undesirable, be-
cause it may increase risks of human error in production. Furthermore, in this case study a buckling
length of 6.25 is assumed for the top and bottom chord. Normally a buckling support is created at
every joint, when applying a variation of above 1.0 the chord elements in the middle will increase in
length. The increased length can increase the buckling length, which can be uneconomical because
the highest compressive force are found here.

(a) Pratt truss ፳ ዆ ኻ.኿ (b) Warren truss ፳ ዆ ኻ.኿

Figure 8.20: Trusses with variation in segment with ፛ᑚ
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Figure 8.21: Influence of variation factor for Pratt and Warren truss

8.5. Directional method analyses
The API connection with IDEA Statica Connection within the optimisation model allows that each sin-
gle weld of each joint can be optimised according to the directional method. In this section, we will
discuss how this affect the total welding volume of a truss structure. Besides optimising the welds,
the API connections with IDEA Statica Connection indicates whether the strain criterion of plates in a
connection is exceeded.

8.5.1. Influence of mechanical scheme on weld-volume
When all welds of the reference truss are optimised according to the directional method, none of the
welds exceed the minimal threshold size of 4 mm. This causes that all welds will be the minimum of 4
mm. This is without considering the criterion that welds should at least possess 80% the strength of
the parent material.

To investigate the influence of the directional method on the weld-sizes, the minimal weld-size cri-
terion is adjusted to 1 mm. Figure 8.22 shows the weld-sizes of right half of the reference truss. The
whole truss does not need to be displayed because of its symmetry. The welds are defined based on
the forces. These forces are dependent on the mechanical scheme that is assumed in the beginning
of the project. In chapter 5 the assumption has been made that all welded connections are assumed
as hinged connections. The bottom figure of figure 8.22 shows the influence on weld-sizes when the
connections are assumed rigid.
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(a) Connections assumed hinged

(b) Connections assumed rigid

Figure 8.22: Weld-sizes dependent on mechanical scheme

Differences can be seen in the web-welds connecting the post with the top-chord. When the con-
nections are assumed hinged, this leads to bigger welds than when the connections are assumed rigid.
It would be expected that when connections are assumed rigid, bigger welds are needed due to the
bending moment present in the connection. These bigger welds would be located in the welds of the
flanges in order to resist against the bending moment. But in this case, the bending moments are
relatively small causing no impact in the weld-sizes.

When connections are assumed hinged, the axial force in the connection is greater than in the case of
assuming rigid connections, due to the redistribution of forces. The governing load-case, is the wind
suction load-case, where the truss is loaded by a negatively distributed load. This causes that the posts
are loaded in tension. Due to the higher axial force when hinges are assumed, a higher weld is needed
to create sufficient resistance against the force.

When connections are assumed rigid, local rotation in the connection will not occur global analysis
model. To make this assumption valid, the rotational stiffness of the connection should be checked.
Because a connection will always have some degree of rotation, Eurocode defines classification limits
for the maximum rotation in which a connection can be assumed rigid, NEN-EN 1993-1-8, art 5.2.2.5.
It may cause that stiffening is needed to increase the rotational stiffness, which can be economically
undesirable.

8.5.2. Weld volume optimisation
In the previous section, the welds of the truss were smaller than the threshold of 4 mm. In this section
the same truss is analysed, but the magnitude of all five load cases is multiplied by four, see table
8.9. The cross sections are selected by the use of size optimisation with the ”Optimize cross section”
component of Karamba3D. When analyzing every joint in IDEA Statica Connection, the strain limit of
5% is exceeded at several locations, see figure 8.23. The word ”Failure” indicates that the 5% strain
criterion is exceeded of the specified beam at the nearby joint location.
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Table 8.9: Load increase, center-to-center distance: 10m

Number Load-type Governing Original loads New loads
1 ULS 𝐺 1.35 ∗ 𝐺 + 3.65𝑘𝑁/𝑚 1.35 ∗ 𝐺 + 14.4𝑘𝑁/𝑚
2 ULS 𝑄፰።፧፝ 0.9 ∗ 𝐺 − 10.32𝑘𝑁/𝑚 0.9 ∗ 𝐺 − 41.28𝑘𝑁/𝑚
3 ULS 𝑄፬፧፨፰ 1.2 ∗ 𝐺 + 11.64𝑘𝑁/𝑚 1.2 ∗ 𝐺 + 46.56𝑘𝑁/𝑚
4 SLS 𝑄፰።፧፝ 𝐺 − 6.375𝑘𝑁/𝑚 𝐺 − 25.5𝑘𝑁/𝑚
5 SLS 𝑄፬፧፨፰ 𝐺 + 8.67𝑘𝑁/𝑚 𝐺 + 34.68𝑘𝑁/𝑚

(a) Failure at multiple locations

(b) Results (c) Strain in joint

Figure 8.23: Step 1: Truss optimised with size optimisation with ”Failure” warnings of connections where the strain limit has
exceeded

To decrease the level of strain found in figure 8.23, there are two possibilities. First, add stiffeners.
Second, modify the cross-sections. In figure 8.23, it can be seen that failure occurs in the web of the
cross-sections. This thickness of the web should be increased to strengthen the web. Increasing the
web thickness is achieved by increasing the web thickness.

The cross-section of the post is increased with three steps from HEA160 to HEA220 and the diagonal
is increased with one step from HEA200 to HEA220. All the weld-sizes needed after this increase for
both assuming the connections rigid and hinged can be seen in figure 8.24.
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(a) Directional method: mechanical scheme with hinged connections

(b) Directional method: mechanical scheme with rigid connections

Figure 8.24: Step 2: Increased cross sections

Figure 8.24 shows that plate failure occurs in the diagonal near the support when the connections
are assumed rigid. This is caused by the bending moment that is introduced with the assumption of
a rigid connection. Therefore an additional increase of the diagonal with one step from HEA220 to
HEA240 is applied. The results of the truss after this modification can be seen in figure 8.25 & 8.26.
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(a) Full-strength method

(b) Directional method: mechanical scheme with hinged connections

(c) Directional method: mechanical scheme with rigid connections

Figure 8.25: Step 3:

(a) Full-strength (b) Directional Hinged (c) Directional Rigid

Figure 8.26: Step 3: Results

The increased dimensions of the diagonal lead to a design where all the joints of the truss, without
using stiffeners, have sufficient structural capacity. This leads to a total weight increase from 7127 kg
(figure 8.23) to 8175 kg (figure 8.26). Hence, a 15% increase in weight will be needed to create a
structure without stiffeners where joint do not fail. This proves that designing a structure depending
only on size optimisation can lead to a fact that stiffeners will be needed to strengthen the joints.
Consequently, this may result in a higher production cost of the structure. However, for certainty, it is
recommended to run cost-analysis on a truss-variant with stiffeners.
In figure 8.26, results of three structures are compared. First, using the full-strength method tot
calculate the weld volume. Second, optimising the truss assuming that all connections are rigid. And
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third, optimising the truss assuming that all connections are hinged.
In the previous section, we have seen that the variant with hinged connections has a higher amount

of welding volume compared to the variant with rigid connections. When comparing the welding volume
of the variant with hinged connections to the full-strength method. A volume of 1592 cm3 is calculated
for the hinged variant, compared to 2640 cm3 for the full-strength method. This represents a 40%
decrease of the welding volume.

Hence a 3% decrease in production cost will be achieved, as the production cost of the full-strength
variant is 229% of the reference truss, and it decreases to 222% in case of the hinged variant. This
means that when the welds are optimised using the optimisation model, 34 trusses could be built for
the price of 33 trusses.

Optimisation of the welds can cause that the structure does not have sufficient deformation capac-
ity. In the truss design class 1 cross-sections are used, these cross-sections can be analysed on their
plastic design resistances. Therefore, the selection of sections during size optimisation is partly based
on these plastic resistances. ”When plastic design is used, the main use of this classification is to
foresee the possible need to allow a plastic hinge to form in the joint during global analysis.”[3, p.9].
Hence, deformation capacity is needed to make the assumptions of the mechanical scheme in global
analyses valid. Optimising the welds of the truss, may cause that the rupture strength of the weld is
lower than the yield strength of the connected parts. This can prevent a plastic hinge to form and may
cause premature brittle failure of the structure.

Furthermore, welds are characterized by the presence of residual stresses as well as of geometrical
imperfections [3, p.145] Residual stress and deformation caused by welding is not assumed in the
design model of IDEA Statica Connection [53, 2.4].

In conclusion, sufficient deformation capacity cannot be guaranteed when optimising all the welds
in the optimisation model. It is recommended to expand the model with an extra design check, to
make sure that the yield strength of the plates is lower than the rupture strength of the welds, cre-
ating deformation capacity. In addition, a safety factor for designing the welds should be included to
compensate the presence of residual stresses and imperfection that are not assumed in IDEA Statica
Connection.

8.6. Conclusion
In the case-study, it has been noticed that using hollow sections for the posts and diagonals of trusses
leads generally to higher production costs. Hollow sections have a higher unit price per kilogram
compared to I-section. This leads to a higher total production cost, despite, the fact that by using
hollow sections a lower total weight is needed, due to their beneficial structural properties of the hollow
sections. In case of hollow sections, more welding volume is needed, because the welds are single fillet
welds. In single fillet welds, the factor of the full-strength method is doubled. Consequently, there will
be a quadratic increase in the welding volume. In addition, hollow sections have a higher probability of
creating product waste, because they are only available in a limited range of trade lengths, as discussed
in section 4.3.2. The procured beams will have a lower yield efficiency, and consequently a decrease in
profit. However, hollow sections create a lower total surface are of the structure. When fire-resistant
coating is needed, which is relatively expensive, the use of hollow sections can be desirable.

In the optimisation model, the cross-sections are optimised using size optimisation. When the final
structure is analysed using IDEA Statica Connection; often, the strain criterion of the cross-sections
plates near the connections is exceeded. In this case, there are two possibilities, either adding stiff-
eners, or modifying cross-sections. When the cross-sections are modified the joints need be analysed
again. This procedure will be repeated until all joints have sufficient structural capacity.

All welds of the truss structure can be optimised in the optimisation model. However, sufficient
deformation capacity in the structure cannot be guaranteed. Therefore, additional checks should be
implemented.
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Further possibilities with

methodology

9.1. Introduction
In this chapter a plan of approach will be discussed of how the cost-optimisation model can be used
for building projects. Two cases will be discussed, both have a truss roof structure.

9.2. Nationaal Militair Museum, Soesterberg
”Nationaal Militair Museum”, is a museum whose ABT bv was the structural engineer and Oostingh bv
was the steel contractor. The project started in 2011 and construction finished in 2015. The museum
has a rectangular shape, with dimensions of 250 by 110 meters. The roof is carried by a 4-meter-high
steel truss structure that spans in two directions and has a grid size of 5 by 5 meter.

The diagonals of the original design are positioned in a specific sequence, as can be seen in figure
9.2. The reason for this sequence, is because the diagonals end in one point in the corner of the roof
structure. The architect preferred this aesthetically [57][58].

However, this decision could have been critical for the final total production costs of the steel struc-
ture. In the original design, the geometry of the truss structures creates complex joints. The most
complex joint connects a total of 9 elements, as shown in figure 9.3. Because of the high number of
attached elements, a closed box has been designed where all elements are bolted to 9.5. Because it
is not possible to tighten the nut of a bolt in a closed of box, the nut of the bolt has been welded to
the plate from the inside [43].

Changing the direction of the diagonals in the truss structure, will lead to a lower maximum number
of elements attached in the project’s most complex joint. A maximum of 7 elements, is attached to the
joint in the suggested design as can be seen in figure 9.5.

Figure 9.1: Nationaal Militair Museum, Soestberg [56]
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Because the number of attached elements is smaller, there will be no need for a ”closed box”. This
can positively influence time needed for production.

In figure 9.4, a graph is displayed to show the number of joints with a particular number of connected
elements occur in both the original, as the suggested design. The graph shows that in the case of the
suggested design, the 7-element joint will be the most probable type of joint in the project. This can
have a positive influence on mass production.

The cost-model used in this research, can be applied to quantitatively compare both designs in
terms of production costs. An emphasis will be set here on the total weight and the total welding
volume of the structure. To achieve this, a predefined hierarchy is needed. As discussed in section 7.2,
groups of elements should be labeled with group-names. The hierarchy will be used to determine the
order of dominance in a joint, to create a joint in the way the user desires. To perform this analysis,
all connections are assumed to be welded connections.

With the optimization model created in this research, an analysis can be performed how changing
the direction of the diagonals influences total weight and total welding volume.

Most probably will the weld volume of a bolted connection will be higher than the weld volume of
the same connection welded. However, when assumptions in both cases are equal, outcomes can give
insight on preferences, which can influence project decisions.

(a) Original design (b) Suggested design

Figure 9.2: Configuration of diagonals

(a) Most complex joint in original design (b) Most complex joint in suggested design

Figure 9.3: Most complex joint per design
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Figure 9.5: Detail drawing of welded nuts in complex joints of Nationaal Militair Museum, Soesterberg
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9.3. Sportcampus Zuiderpark
”Sportcampus Zuiderpark”, is a facility for sports whose ABT bv was the structural engineer and Oostingh
bv was the steel contractor. The project started in 2011 and construction finished in 2017. The facility
has an asymmetric oval shape with dimensions of 200 by 150 meters. The roof of the structure is
carried by typical steel trusses that occur repeatably in the design [59].

Figure 9.6: Sportcampus Zuiderpark, Den Haag [60]

In applying the cost-model to the case of Sportcampus Zuiderpark, an analysis is performed on one
of the typical trusses in the roof structure. The reference truss that will be examined is the truss in
phase 3 on axis 22, see figure 9.7. In the project, a production cost optimisation has already taken
place by designing the truss in such a way that the diagonals possess single miter connections [59].
This is done by designing wide segments with limited height in the truss. This can be seen in figure 9.8.

When updating the cost-model to include the possibility to having bolted connections, a new range
of possibilities will be opened. In the original design, the truss is divided into 4 prefabricated truss-
elements. One of the bolted connections is located in the middle of the bottom-chord. This connection
can be critical due to the maximum moment, tensile stresses in the bottom-chord will be at its max-
imum. Designing the truss in a way where the bolted connection is resorted from the middle of the
truss, can be beneficial for the structural performance of truss.
The prefabricated truss-elements can be increased in size, while still being under the maximum dimen-
sion of road transport. This would prevent that a bolted connection runs through the middle of the
truss, which is the most critical part, since the highest tension force can be found here in the bottom
chord. The suggested design with three prefabricated truss-elements is displayed in figure 9.8.

In the design multiple factors influence what the desired optimum will be. Conditions, such as
the maximum hoist capacity of cranes, greatly influence this optimum. With these conditions, an
optimisation can be run on the ideal number of prefabricated truss-elements and the ideal location of
connections. By the use of sliders, one can determine at which vertical section the bolted connection
has to be located. Several variants can be generated and compared. This type of optimisation process
can be useful for finding optimal bolted connection configuration for the assembly-plan of a steel
structure.
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(a) Building phases (b) 3D image

Figure 9.7: Sportcampus Zuiderpark, Den Haag [60]
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Figure 9.8: Original and suggested design of typical truss of roof structure Sportcampus Zuiderpark, Den Haag
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9.4. Conclusion
Taking the optimisation model to the next level, will create a wide variety of possibilities. There are
two main developments applicable. First is the inclusion of bolted connections, second is making the
step from 2D towards 3D geometry.

From these two improvements, including bolted connections will be a relatively easy to implement.
This will create the possibility to design trusses with dimensions greater than the transport limitations.
The separation of the truss into the optimal sequence of prefabricated elements, could make it possible
to optimise the truss on multiple criteria. These criteria are: the production cost, the transport dimen-
sions of the prefabricated elements and maximum weight of the prefabricated elements bounded by
hoisting capacity limits. With these criteria assembly-plan optimisations could be performed.

The step from 2D geometry towards 3D geometry will be a greater step. 3D geometry will mean
that more variation will be possible. This means that for the IDEA Statica Connection calculation, a
lot of different templates are needed to accommodate every possibility of a 3D joint configuration
within the steel structure. Here, the appropriate hierarchy-list of the groups of beams is needed in
the project. Defining this list will have a higher complexity in a 3D structure. Calculation of a 3D steel
structure will have a major influence on computational time. However, it can lead to a more realistic
total cost of the structure. For example, in the case-study, it has been concluded that the influence
different buckling lengths in the chord members due to a different amounts of buckling supports can
only be studied when the 3D geometry of a truss structure is included in the optimisation model. In
conclusion, 3D calculations will give a more accurate result on the total cost of a structure, but there
will be an increased computational time. Therefore, 2D calculations will remain useful when shorter
computational time is preferred.
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Discussion & Conclusion

10.1. Conclusion
In this chapter, an answer will be given to the main research question:

”How can engineers optimise the production costs of steel trusses with welded connections?”

The discrete characteristics of cross-sections, cause that optimisations of structures do not follow a
consistent pattern. This makes the process of finding an optimal solution quite complex. Therefore, no
strict rules can be found to follow when optimising costs. For example, eccentricities can be applied to
the joints of a truss structure to lower failure risks during production. Furthermore, due to the discrete
character of a cross-section, a capacity can be left in the chord to cope with the bending moment
introduced by the eccentricity. In this case, applying an eccentricity will be beneficial. However, in
other cases, the additional bending moment will cause the need for a different cross-section. In that
case, the engineer should make the economic considerations between an increased weight or a higher
failure risk in production.

At the early design phase, the engineer should be acquainted with the consequences that design
decisions have on the joints. Increasing knowledge of the limiting effect which design decisions have
on possible joint configurations, will allow for a better design decision to be made.

The optimisation model developed in this research, gives insight of the consequences that the ge-
ometry of the truss, and the selected beams in the size optimisation process, have on the joints of
the structure. In the optimisation model, the strain criterion in IDEA Statica Connection proves to be
useful to analyse the structural capacity of the joint. If the strain criterion is exceeded, there are a set
of options available: adding plates, modifying cross-sections, or changing the geometry of the truss
structure. Within this optimisation model, these changes can be easily made and analysed. This leads
to an increased knowledge of how design alternation, affects the joints of the structure, and conse-
quently a better design decision can be made .

Production cost of trusses with welded connections can only be optimised when the design of the
joints is included in the optimisation process. Doing that, will mean that all values needed to determine
the production cost are evaluated. These values are the total weight, the welding volume, the sawing
area, surface area, the number of unique elements, etc... Contrary to production costs, these values
are undebatable. Production costs are debatable values because they are factory and time dependent.

Flexibility in application of optimisation model This model can create optimal economic solu-
tions of trusses for users. To create an optimal solution with the model, correct cost inputs of the
production process are needed. These costs inputs are dependent on the company and the economic
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prosperity of the country where the company is located. These cost inputs will determine the ratio of
relevance between results as total weight, welding volume, surface area, sawing area and the number
of elements of the structure. This ratio of relevance will ultimately decide what is considered to be
optimal for the specific company. For example, an optimised truss for production in China can look
completely different from an optimised truss for production in the Netherlands, because the ratio of
relevance between labour and material can be completely different.

Weld volume optimisation The optimisation model optimises the welds of all the joints according
to the directional method. This will create a significant decrease in welding volume compared to the
full-strength method. However, deformation capacity in the joint is required to allow a plastic hinge
to form. Optimising the welds of the truss, may cause that the rupture strength of the weld is lower
than the yield strength of the connected parts. This can prevent a plastic hinge to form and may cause
premature brittle failure of the structure.

The welding volume optimisation in the optimisation model, should be complemented with two ad-
ditional checks before applying this part of the model in real-life structural design processes. First,
include a check to foresee the deformation capacity. This will allow that the welding volume optimi-
sation can be applied without risking premature brittle failure of the structure. Second, an additional
safety factor for the welds should be taken into account for the possible presence of residual stresses
as well as geometrical imperfections.

Indication of plate-failure The optimisation model shows that the cross-sections selected by the
size optimisation algorithm often tend to fail at the connection. Here, the strain criterion of 5% is ex-
ceeded. This shows that size optimisation will seldom lead to structures that are constructible without
stiffening. With the optimisation model failing joints can be identified.

Hollow sections When optimising weight, hollow sections may be preferred. However, results of
the case-study show that hollow sections are undesirable when optimising costs. A hollow section has
a relatively high buckling capacity and are relatively light. But due to their higher unit price and the
fact that they need more welding volume for connection, makes them less attractive when optimising
costs. On the other side, when surface area needs to be minimised, for example because of high priced
fire-resistant coating, hollow sections can become more attractive.

In the case of hollow sections, the model cannot guarantee that an optimal solution is found. The
size optimization algorithm in Karamba3D picks the first combination of cross-sections that fulfil the
structural requirements as displacement and utilization. These cross-sections are selected from a list.
In the case of hollow sections this list is not monotonically ordered, causing that local optima are not
reached within the algorithm.

10.2. Discussion
Eccentric joints Within the optimisation model, eccentricities can be applied to joints in order to
create single miter connections, which can reduce production-risks. In some cases, there is a capacity
left in the chord, due to the discrete properties of cross-sections. This may cause that the additional
bending moment introduced by the eccentricity, does not result in a higher total weight of the structure.
It can even result in lower total costs, because sawing costs will be lower. In current engineering, joints
are generally designed centric, which most probably lead that the diagonals will have double miter con-
nections. However, these double miter connections are a benefit for the structural capacity of the joint,
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because they make the joint much stiffer. This may cause that the structure is stronger than intended,
creating a level robustness. When engineers would optimise towards single miter connections, this
additional robustness can be lost. Because engineers are held liable for the safety of the structure,
this additional robustness is beneficial for them. This can possibly retain the use of creating eccentric
joints in the optimisation model.

Steel industry: Engineering firm The engineering firm can improve the quality of their design
when joint design is included. These joint designs should not be detailed to the level a steel contractors
would do. But rather a coarse level, just to gain insight of critical joints in the structures, which that
can be avoided by increasing beam dimensions. Tackling these joints in an early phase can prevent
lengthening project time. It can help steel contractors avoid the need for extra time in designing the
joints

This can decrease the risk of project delays, and can have beneficial effects for all parties involved.
However, for engineers it would mean spending more time on the design part without receiving direct
compensation. In a design and build contract, the engineer creates a design together with the architect
and the contractor. With this design the contractor needs to find a steel contractor who is able to
manufacture and assemble the steel structure at the right price. When a higher quality design is
prepared by the engineer, the contractor may be able to arrange a better price with the steel contractor
because risks would be lower. This can mean that the extra time invested by the engineer is rewarded
by a higher profit of the project.

Steel industry: Steel contractor When engineers include joint design in steel structures, it can
affect steel contractors. The current situation, offers steel contractors more freedom in designing the
details. The steel contractor can design the joint in the most preferable way to their production process,
to save costs. This flexibility will be lost when engineers become responsible for the joint design.

Production limitations There are factors that limit the level of optimisation possibilities in steel
structures. In current engineering practice, one governing joint will be designed in detail. This design
of the joint will be copied to all other similar joint locations. This saves time needed during the engi-
neering phase. In addition, having the same joint design at multiple locations helps reducing production
risks caused by human error. Furthermore, joints are inspected randomly. When multiple joints are
equal, their is a higher chance that possible deviations of the joints will be noticed during inspection.
These three factors limit the level of optimisation that can be applied on a structure. Many concessions
are made in order to prevent human error on multiple levels in the design and production process.
This may result in less economic structures. In the future, where robots will be able to fully assemble
trusses, imperfections caused by human error will play a smaller role, opening possibilities for mass
customisation of joints in steel structures. This will allow possibilities in achieving greater economic
solutions without significantly increasing risks. When steel structures will be produced fully automati-
cally, this will allow that all unique weld-sizes generated by the optimisation model can effortlessly be
created without increasing the risk of human-failure.

Cost-estimation In automated assembling and welding, savings on welding volume will play a sig-
nificant role when achieving cost effectiveness of steel structures. The welding volume largely deter-
mines the time needed for production, because assembling and welding is the slowest process in the
production chain and therefore acts as a bottleneck. Minimizing welding volume will minimize welding
time and consequently production time, increasing factory throughput. In the cost model used for this
research, welding costs are the most difficult to estimate. Because the cost of welding is highly depen-
dent on the welder, his equipment, speed, skill level, chances of errors, and salary. These are major
contributors to the cost estimation. In case of a welding robot accurate cost estimation will be easier
because of constant performance. Consequently, steel contractors will be able to more accurately de-
termine the costs of structures needed to be built, resulting in lower risks for the steel contractor and
possibly lower prices for clients.
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10.3. Recommendations
In this research, an assumption was made for the buckling length. The main reason for of this as-
sumption, is the fact that only 2D geometry is considered in the optimisation model. The amount of
buckling supports influences the 3D geometry of the truss-structure. Consequently, influencing pro-
duction costs. Creating a 3D model of the truss system, will allow analysing the effect of the number
of buckling supports on the production cost of the structure.

Prices of material, sawing and sand-blasting used in this research are based on steel trader price
lists. However, these prices might vary in real life projects, because of price discounts offered to steel
contractors. Hence, using purely the online price lists would lead to cost overestimation. To create
the most realistic optimisation, it is recommended that the engineers use prices provided by the steel
contractor.

Most steel contractors, use the software package “Tekla structures” to create production drawings of
the steel structure. Including Tekla structures, in the workflow of the optimisation model, would create
a file-to-factory model. This would mean that the drawing of an optimised truss can directly be printed.

Analyses with higher steel-grades, like S460 or S690, can be easily run with the optimisation model.
Hybrid steel trusses could be analysed as well, where the posts and diagonals can consist of a lower
steel-grade. This could lead to a reduction in the welding volume, because in the full strength method
the weld-size is dependent on the lowest steel-grade of the connected parts.

The speed of optimising welding volume in the optimisation model, can be increased by the use of
symmetry. In the current version of the optimisation model, the welds of all joints are analysed and
optimised. Due to the symmetric design and the symmetric loads, couples of joints can have equal
geometry and equal loads. The optimisation model can be expanded with the feature to recognize
these similar joints, where only one will be analysed and results will be projected on both joints. The
use of symmetry will reduce computational time needed in the optimisation model

This model can be useful to combine material procurement and structural design. Based on which
beams can be purchased at low prices, a design can be made. Beams are always purchased in trading
lengths. Cutting beams in lengths can result in material waste. This waste can be sold, but at lower
prices, hence a lower profit. Taking into account how cutting waste can be minimised in the optimisa-
tion model could increase the possibilities of more profits for steel contractors.

The user interface of IDEA Statica Connection includes the possibility to calculate the rotational stiff-
ness of a connection. At the moment, this functionality is not yet exposed in the API [61]. When this
functionality will be exposed, it can easily be implemented in the optimisation model. Calculating the
rotational stiffness in IDEA Statica Connection can take long time, especially when all connections of a
structure needs to be evaluated. Therefore, it may not be interesting for parametric studies, but rather
for renovation-projects, where it is needed to accurately determine the performance of the projects
steel structure, whether new loading due to renovations can be applied.

Recommendations for Future research
The next step within this research topic is investigating bolted connections and moment resistant con-
nections. Here the recommendation is to focus solely on total weight and welding volume, where the
welds will be designed according to the full-strength method. For these types of connections, there
is an economic trade off between a lighter beam and the need for plates and stiffeners or a heavier
beam and no need for plates and stiffeners.

The optimisation model developed in this research can be used to find a design criterion for size opti-
misation. This design criterion can assess whether the joints of a truss optimised by size optimisation
will still have sufficient resistance. This design criterion can be a reduced unity check. For example,
a unity check of 0.8 for posts and diagonals can be a good tradeoff between weight optimisation and
maintaining sufficient resistance in the joint. Such a design criterion can be easily implemented in the
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current workflow of engineers.

Recommendations for IDEA Statica Connection
IDEA Statica Connection can add more value to the steel industry, when the software package focuses
more on welding volume. Welding can create a bottleneck because it can be the slowest activity in the
production process of steel structures. Optimising welding volume can result in less time is needed for
welding, speeding up the process and therefore increasing factory throughput.

For IDEA, it can be interesting to include a functionality which displays the total welding volume of
the joint that the user has designed. This can make it easier to compare different joint alternatives and
makes it possible to quantify them. When structural performance of the two alternative joint designs is
adequate, the total welding volume can give an indication of what is preferred in terms of fabrication
costs.

Steel contractors may use but-welds or combination welds at strategic positions in order to minimise
welding volume. Current possibilities in IDEA allow that only one weld-type for the flange and one
weld-type for the web can be selected for each connection. However, in skewed plates it can be
beneficial for achieving minimal welding volume to create a fillet weld on the acute angle side of the
skewed plate and a butt weld on the obtuse angle side. When the total welding volume of a joint is
displayed in IDEA, it will be an added value to strategically apply different weld-types to different welds.

The optimisation model of this research shows that it is technologically possible to optimize each weld
of each joint of a truss structure. However, when optimising the welds, the model cannot guarantee
that the joint has sufficient deformation capacity. Deformation capacity can be guaranteed when a
check is implemented in IDEA to analyse whether the yield strength of the connected parts is lower
than the rupture strength of the welds.

In this research, it has been found that importing eccentric joints into IDEA Statica Connection through
API is not optimal. The current possible method, causes imported eccentric joints into IDEA to be
less severely loaded. This is because the additional bending moment created by the shear force in
the chord member cannot be recreated in IDEA. Currently, only one eccentricity can be applied to the
couple of shear forces in the chord. Ideally, two eccentricities should be applicable, allowing shear
forces to return to their original position of the global analysis model. This will make the detail and the
global analysis more similar, which will improve quality.

Figure 10.1: Integral analysis of the optimisation model





A
Appendix: Analytic analysis on

cutting planes in nodes

Table A.1: Parameters

Parameter Symbol Range
Half Height Vertical 𝑎 0 < 𝑎
Half Height Horizontal 𝑏 0 < 𝑏
Half Height Diagonal ℎ 0 < ℎ
Angle of ℎ 𝜃 0∘ < 𝜃 < 90∘
Angle of 𝑎 𝜙 90∘ ≤ 𝜙 < 180∘
Eccentricity 𝜀 0 < 𝜀

𝑣⃗ = [cos 𝜃sin 𝜃] (A.1)

𝑤⃗⊥𝑣⃗ = 𝑤⃗ = 𝑅(90∘)𝑣⃗, [𝑐𝑜𝑠(90
∘) −𝑠𝑖𝑛(90∘)

𝑠𝑖𝑛(90∘) 𝑐𝑜𝑠(90∘) ] [
cos 𝜃
sin 𝜃] = [

0 −1
1 0 ] [

cos 𝜃
sin 𝜃] = [

− sin 𝜃
cos 𝜃 ] (A.2)
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A.1. Derivation of situation with static post
Define 𝑧 of corner

𝑧 = [𝑎𝑏] (A.3)

Derivation of horizontal segment

Figure A.1: Horizontal segment in situation with static post

Define 𝑥⃗ of horizontal segment
𝑥⃗ = 𝛼𝑣⃗ + 𝛽𝑤⃗ (A.4)

|𝛽𝑤⃗| = ℎ, |𝛽| = −ℎ, 𝛽 = −ℎ (A.5)

𝑥⃗ = [𝑄𝑏] (A.6)

𝑦⃗ = [𝑄 = 𝛼ኻ cos 𝜃 + ℎ sin 𝜃𝑏 = 𝛼ኻ sin 𝜃 − ℎ cos 𝜃] (A.7)

𝛼ኻ =
፛ዄዧዳዷ᎕
ዷይዲ᎕ , 𝑄 = ፛ዄዧዳዷ᎕

ዷይዲ᎕ cos 𝜃 + ℎ sin 𝜃 = ዧዳዷ᎕፛ዄ፡
ዷይዲ᎕ (A.8)

𝑥⃗ = [
ዧዳዷ᎕፛ዄ፡
ዷይዲ᎕
𝑏 ] (A.9)

Define 𝑦⃗ of horizontal segment
𝑥⃗ = 𝛾𝑣⃗ + 𝛿𝑤⃗ (A.10)

|𝛿𝑤⃗| = ℎ, |𝛿| = ℎ, 𝛿 = ℎ (A.11)

𝑦⃗ = [𝑃𝑏] (A.12)

𝑦⃗ = [𝑃 = 𝛾ኻ cos 𝜃 − ℎ sin 𝜃𝑏 = 𝛾ኻ sin 𝜃 + ℎ cos 𝜃] (A.13)

𝛾ኻ =
፛ዄዧዳዷ᎕
ዷይዲ᎕ , 𝑃 = ፛ዄዧዳዷ᎕

ዷይዲ᎕ cos 𝜃 + ℎ sin 𝜃 = ዧዳዷ᎕፛ዅ፡
ዷይዲ᎕ (A.14)

𝑦⃗ = [
ዧዳዷ᎕፛ዅ፡
ዷይዲ᎕
𝑏 ] (A.15)
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Decisions on Length horizontal segment

𝑥⃗ = [𝑄𝑏] , 𝑦⃗ = [
𝑃
𝑏] , 𝑧 = [

𝑎
𝑏] (A.16)

If 𝑃 ≥ 𝑎, there will be a single cutting plane.

𝑙 = ||𝑥⃗ − 𝑦⃗||. (A.17)

𝑙 = || [𝑄 − 𝑃𝑏 − 𝑏] || (A.18)

𝑙 = |𝑄 − 𝑃| (A.19)

𝑙 = | ዧዳዷ᎕፛ዄ፡ዷይዲ᎕ − ዧዳዷ᎕፛ዅ፡
ዷይዲ᎕ | (A.20)

𝑙 = 2| ፡
ዷይዲ᎕ | (A.21)

If 𝑃 < 𝑎 and 𝑄 > 𝑎, there will be two cutting planes. Here the horizontal part will posses a particular
length.

𝑙 = ||𝑥⃗ − 𝑧|| (A.22)

𝑙 = || [𝑄 − 𝑎𝑏 − 𝑏] || (A.23)

𝑙 = |𝑄 − 𝑎| (A.24)

𝑙 = | ዧዳዷ᎕፛ዄ፡ዷይዲ᎕ − 𝑎| (A.25)

𝑙 = | ዧዳዷ᎕፛ዅዷይዲ᎕ፚዄ፡ዷይዲ᎕ | (A.26)

If 𝑃 < 𝑎 and 𝑄 ≤ 𝑎, there will be no horizontal part.

𝑙 = 0 (A.27)

Derivation of vertical segment

Figure A.2: Vertical segment in situation with static post
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Define 𝑥⃗ of vertical segment
𝑥⃗ = 𝛼𝑣⃗ + 𝛽𝑤⃗ (A.28)

|𝛽𝑤⃗| = ℎ, |𝛽| = −ℎ, 𝛽 = −ℎ (A.29)

𝑥⃗ = [𝑎𝑆] (A.30)

𝑦⃗ = [𝑎 = 𝛼ኼ cos 𝜃 + ℎ sin 𝜃𝑆 = 𝛼ኼ sin 𝜃 − ℎ cos 𝜃] (A.31)

𝛼ኼ =
ፚዅ፡ ዷይዲ᎕
ዧዳዷ᎕ , 𝑆 = ፚዅ፡ ዷይዲ᎕

ዧዳዷ᎕ sin 𝜃 − ℎ cos 𝜃 = ዷይዲ᎕ፚዅ፡
ዧዳዷ᎕ (A.32)

𝑥⃗ = [
𝑎

ዷይዲ᎕ፚዅ፡
ዧዳዷ᎕

] (A.33)

Define 𝑦⃗ of vertical segment
𝑦⃗ = 𝛾𝑣⃗ + 𝛿𝑤⃗ (A.34)

|𝛿𝑤⃗| = ℎ, |𝛿| = ℎ, 𝛿 = ℎ (A.35)

𝑦⃗ = [𝑎𝑀] (A.36)

𝑦⃗ = [𝑎 = 𝛾ኼ cos 𝜃 − ℎ sin 𝜃𝑀 = 𝛾ኼ sin 𝜃 + ℎ cos 𝜃] (A.37)

𝛾ኼ =
ፚዄ፡ ዷይዲ᎕
ዧዳዷ᎕ , 𝑀 = ፚዄ፡ ዷይዲ᎕

ዧዳዷ᎕ sin 𝜃 + ℎ cos 𝜃 = ዷይዲ᎕ፚዄ፡
ዧዳዷ᎕ (A.38)

𝑦⃗ = [
𝑎

ዷይዲ᎕ፚዄ፡
ዧዳዷ᎕

] (A.39)

Decisions on Length vertical segment

𝑥⃗ = [𝑎𝑆] , 𝑦⃗ = [
𝑎
𝑀] , 𝑧 = [

𝑎
𝑏] (A.40)

If 𝑆 ≥ 𝑏, there will be a single cutting plane.

𝑙 = ||𝑥⃗ − 𝑦⃗|| (A.41)

𝑙 = || [𝑎 − 𝑎𝑆 −𝑀] || (A.42)

𝑙 = |𝑆 − 𝑀| (A.43)

𝑙 = | ዷይዲ᎕ፚዅ፡ዧዳዷ᎕ − ዷይዲ᎕ፚዄ፡
ዧዳዷ᎕ | (A.44)

𝑙 = 2| ፡
ዧዳዷ᎕ | (A.45)

If 𝑆 < 𝑏 and 𝑀 > 𝑏, there will be two cutting planes. Here the horizontal part will have a particular
length.

𝑙 = ||𝑦⃗ − 𝑧|| (A.46)
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𝑙 = || [𝑎 − 𝑎𝑀 − 𝑏] || (A.47)

𝑙 = |𝑀 − 𝑏| (A.48)

𝑙 = | ዷይዲ᎕ፚዄ፡ዧዳዷ᎕ − 𝑏| (A.49)

𝑙 = | ዧዳዷ᎕፛ዅዷይዲ᎕ፚዅ፡ዧዳዷ᎕ | (A.50)

If 𝑆 < 𝑏 and 𝑀 ≤ 𝑏, there will be no horizontal part.

𝑙 = 0 (A.51)
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Summary

Figure A.3: Horizontal and vertical segment in situation with static post

Table A.2: Decision tree for determining length of horizontal and vertical segment

Position Weld First decision Second decision Length
Horizontal segment If 𝑃 ≥ 𝑎 𝑙 = 2| ፡

ዷይዲ᎕ |

𝑥⃗ = [𝑄𝑏] , 𝑦⃗ = [
𝑃
𝑏] , 𝑧 = [

𝑎
𝑏] If 𝑃 < 𝑎 If 𝑄 > 𝑎 𝑙 = | ዧዳዷ᎕፛ዅዷይዲ᎕ፚዄ፡ዷይዲ᎕ |

If 𝑄 ≤ 𝑎 𝑙 = 0

Vertical segment If 𝑆 ≤ 𝑏 𝑙 = 2| ፡
ዧዳዷ᎕ |

𝑥⃗ = [𝑎𝑆] , 𝑦⃗ = [
𝑎
𝑀] , 𝑧 = [

𝑎
𝑏] If 𝑆 < 𝑎 If 𝑀 > 𝑎 𝑙 = | ዧዳዷ᎕፛ዅዷይዲ᎕ፚዅ፡ዧዳዷ᎕ |

If 𝑀 ≤ 𝑎 𝑙 = 0
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A.2. Derivation of situation with dynamic post
Define 𝑧 of corner

𝑥ፚ = 𝛼𝑣⃗ + 𝛽𝑤⃗ (A.52)

𝛽 = −𝑎 (A.53)

𝑧 = [𝐴 = 𝛼ኻ cos𝜙 + 𝑎 sin𝜙𝑏 = 𝛼ኻ sin𝜙 − 𝑎 cos𝜙] (A.54)

𝑧 = [
ፚዄዧዳዷᎫ፛
ዷይዲᎫ
𝑏

] (A.55)

Derivation of Horizontal segment

Figure A.4: Horizontal segment in situation with dynamic post

Define 𝑥⃗ of horizontal segment
𝑥⃗ = 𝛼𝑣⃗ + 𝛽𝑤⃗ (A.56)

|𝛽𝑤⃗| = ℎ, |𝛽| = −ℎ, 𝛽 = −ℎ (A.57)

𝑥⃗ = [𝑄𝑏] (A.58)

𝑦⃗ = [𝑄 = 𝛼ኻ cos 𝜃 + ℎ sin 𝜃𝑏 = 𝛼ኻ sin 𝜃 − ℎ cos 𝜃] (A.59)

𝛼ኻ =
፛ዄዧዳዷ᎕
ዷይዲ᎕ , 𝑄 = ፛ዄዧዳዷ᎕

ዷይዲ᎕ cos 𝜃 + ℎ sin 𝜃 = ዧዳዷ᎕፛ዄ፡
ዷይዲ᎕ (A.60)

𝑥⃗ = [
ዧዳዷ᎕፛ዄ፡
ዷይዲ᎕
𝑏 ] (A.61)
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Define 𝑦⃗ of horizontal segment
𝑥⃗ = 𝛾𝑣⃗ + 𝛿𝑤⃗ (A.62)

|𝛿𝑤⃗| = ℎ, |𝛿| = ℎ, 𝛿 = ℎ (A.63)

𝑦⃗ = [𝑃𝑏] (A.64)

𝑦⃗ = [𝑃 = 𝛾ኻ cos 𝜃 − ℎ sin 𝜃𝑏 = 𝛾ኻ sin 𝜃 + ℎ cos 𝜃] (A.65)

𝛾ኻ =
፛ዄዧዳዷ᎕
ዷይዲ᎕ , 𝑃 = ፛ዄዧዳዷ᎕

ዷይዲ᎕ cos 𝜃 + ℎ sin 𝜃 = ዧዳዷ᎕፛ዅ፡
ዷይዲ᎕ (A.66)

𝑦⃗ = [
ዧዳዷ᎕፛ዅ፡
ዷይዲ᎕
𝑏 ] (A.67)

Decisions on Length horizontal segment

𝑥⃗ = [𝑄𝑏] , 𝑦⃗ = [
𝑃
𝑏] , 𝑧 = [

𝐴
𝑏] (A.68)

If 𝑃 ≥ 𝐴, there will be a single cutting plane.

𝑙 = ||𝑥⃗ − 𝑦⃗||. (A.69)

𝑙 = 2| ፡
ዷይዲ᎕ | (A.70)

If 𝑃 < 𝐴 and 𝑄 > 𝐴, there will be two cutting planes. Here the horizontal part will posses a particular
length.

𝑙 = ||𝑥⃗ − 𝑧|| (A.71)

𝑙 = √ (ዷይዲ᎕ ዧዳዷᎫ፛ዅዧዳዷ᎕ ዷይዲᎫ፛ዄዷይዲ᎕ፚዅዷይዲᎫ፡)Ꮄ
ዷይዲ᎕Ꮄ ዷይዲᎫᎴ (A.72)

If 𝑃 < 𝐴 and 𝑄 ≤ 𝐴, there will be no horizontal part.

𝑙 = 0 (A.73)

Derivation of Diagonal segment
Define 𝑥⃗ of diagonal segment

𝑥ፚ = 𝛼𝑣⃗ + 𝛽𝑤⃗, 𝑥፡ = 𝛾𝑣⃗ + 𝛿𝑤⃗ (A.74)

𝛽 = −𝑎, 𝛿 = −ℎ (A.75)

𝑥ፚ = [
𝐷
𝐸] , 𝑥፡ = [

𝐹
𝐺] (A.76)

𝑥ፚ = [
𝐷 = 𝛼ኻ cos𝜙 + 𝑎 sin𝜙
𝐸 = 𝛼ኻ sin𝜙 − 𝑎 cos𝜙] , 𝑥፡ = [

𝐹 = 𝛾ኻ cos 𝜃 + ℎ sin 𝜃
𝐺 = 𝛾ኻ sin 𝜃 − ℎ cos 𝜃] (A.77)

𝑥ፚ = 𝑥፡ , [
𝐷
𝐸] = [

𝐹
𝐺] (A.78)

𝑥⃗ = [
ዅዧዳዷ᎕ፚዄዧዳዷᎫ፡

ዷይዲ᎕ ዧዳዷᎫዅ፜፨፬᎕ ዷይዲᎫ
ዅዷይዲ᎕ፚዄዷይዲᎫ፡

ዷይዲ᎕ ዧዳዷᎫዅዧዳዷ᎕ ዷይዲᎫ
] (A.79)
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Figure A.5: Diagonal segment in situation with dynamic post

Define 𝑥⃗ of diagonal segment

𝑦ፚ = 𝛼𝑣⃗ + 𝛽𝑤⃗, 𝑦፡ = 𝛾𝑣⃗ + 𝛿𝑤⃗ (A.80)

𝛽 = −𝑎, 𝛿 = ℎ (A.81)

𝑥ፚ = [
𝐻
𝐼 ] , 𝑥፡ = [

𝐽
𝐾] (A.82)

𝑦ፚ = [
𝐻 = 𝛼ኼ cos𝜙 + 𝑎 sin𝜙
𝐼 = 𝛼ኼ sin𝜙 − 𝑎 cos𝜙 ] , 𝑦፡ = [

𝐽 = 𝛾ኻ cos 𝜃 − ℎ sin 𝜃
𝐾 = 𝛾ኻ sin 𝜃 + ℎ cos 𝜃] (A.83)

𝑦ፚ = 𝑦፡ , [
𝐻
𝐼 ] = [

𝐽
𝐾] (A.84)

𝑦⃗ = [
ዅዧዳዷ᎕ፚዅዧዳዷᎫ፡

ዷይዲ᎕ ዧዳዷᎫዅ፜፨፬᎕ ዷይዲᎫ
ዅዷይዲ᎕ፚዅዷይዲᎫ፡

ዷይዲ᎕ ዧዳዷᎫዅዧዳዷ᎕ ዷይዲᎫ
] (A.85)

Decisions on Length diagonal segment

𝑥⃗ = [𝐷𝐸] , 𝑦⃗ = [
𝐻
𝐼 ] , 𝑧 = [

𝐴
𝑏] (A.86)

If 𝐷 ≤ 𝐴 & 𝐸 ≥ 𝑏, there will be one cutting plane.

𝑙 = ||𝑥⃗ − 𝑦⃗|| (A.87)

𝑙 = 2 ∗ √− ፡Ꮄ
(ኼ ዧዳዷᎫᎴዅኻ) ዧዳዷ᎕Ꮄዄኼዷይዲ᎕ ዧዳዷ᎕ ዧዳዷᎫ ዷይዲᎫዅዧዳዷᎫᎴ (A.88)

IF 𝐷 > 𝐴 & 𝐸 < 𝑏 and IF 𝐻 < 𝐴 & 𝐼 > 𝑏

𝑙 = ||𝑦⃗ − 𝑧|| (A.89)

𝑙 = √− (ዷይዲ(᎕) ዧዳዷᎫ፛ዅዧዳዷ᎕ ዷይዲᎫ፛ዄዷይዲ᎕ፚዄዷይዲᎫ፡)Ꮄ
ዷይዲᎫᎴ(ኼ ዷይዲ(᎕) ዧዳዷ᎕ ዧዳዷᎫ ዷይዲᎫዄኼዧዳዷ᎕Ꮄ ዧዳዷᎫᎴዅዧዳዷ᎕ᎴዅዧዳዷᎫᎴ) (A.90)

IF 𝐷 > 𝐴 & 𝐸 < 𝑏 and IF 𝐻 ≥ A & 𝐼 ≤ 𝑏
𝑙 = 0 (A.91)
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Summary

Figure A.6: Horizontal and diagonal segment in situation with dynamic post

Table A.3: Decision tree for determining length of horizontal and diagonal segment

Position Weld First decision Second decision Length
Horizontal segment If 𝑃 ≥ 𝐴 𝑙 = 2| ፡

ዷይዲ᎕ |

𝑥⃗ = [𝑄𝑏] , 𝑦⃗ = [
𝑃
𝑏] , 𝑧 = [

𝐴
𝑏] If 𝑃 < 𝐴 If 𝑄 > 𝐴 𝑙 = √ (ዷይዲ᎕ ዧዳዷᎫ፛ዅዧዳዷ᎕ ዷይዲᎫ፛ዄዷይዲ᎕ፚዅዷይዲᎫ፡)Ꮄ

ዷይዲ᎕Ꮄ ዷይዲᎫᎴ

If 𝑄 ≤ 𝐴 𝑙 = 0

Diagonal segment If 𝐷 ≤ 𝐴 & 𝐸 ≥ 𝑏 𝑙 = 2 ∗ √− ፡Ꮄ
(ኼ ዧዳዷᎫᎴዅኻ) ዧዳዷ᎕Ꮄዄኼዷይዲ᎕ ዧዳዷ᎕ ዧዳዷᎫ ዷይዲᎫዅዧዳዷᎫᎴ

𝑥⃗ = [𝐷𝐸] , 𝑦⃗ = [
𝐻
𝐼 ] , 𝑧 = [

𝐴
𝑏] If 𝐷 > 𝐴&𝐸 < 𝑏 If 𝐻 < 𝐴 & 𝐼 > 𝑏 𝑙 = √− (ዷይዲ(᎕) ዧዳዷᎫ፛ዅዧዳዷ᎕ ዷይዲᎫ፛ዄዷይዲ᎕ፚዄዷይዲᎫ፡)Ꮄ

ዷይዲᎫᎴ(ኼ ዷይዲ(᎕) ዧዳዷ᎕ ዧዳዷᎫ ዷይዲᎫዄኼዧዳዷ᎕Ꮄ ዧዳዷᎫᎴዅዧዳዷ᎕ᎴዅዧዳዷᎫᎴ)
If 𝐻 ≥ 𝐴 & 𝐼 ≤ 𝑏 𝑙 = 0
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A.3. Derivation of situation with dynamic post and eccentricity
Eccentricity vector 𝜀

𝜀 = [𝜀0] (A.92)

Define 𝑧 of corner
𝑥ፚ = 𝛼𝑣⃗ + 𝛽𝑤⃗ (A.93)

𝛽 = −𝑎 (A.94)

𝑧 = [𝐴 = 𝛼ኻ cos𝜙 + 𝑎 sin𝜙𝑏 = 𝛼ኻ sin𝜙 − 𝑎 cos𝜙] (A.95)

𝑧 = [
ፚዄዧዳዷᎫ፛
ዷይዲᎫ
𝑏

] (A.96)

Derivation of Horizontal segment
Define 𝑥⃗ of horizontal segment

𝑥⃗ = 𝛼𝑣⃗ + 𝛽𝑤⃗ + 𝜀 (A.97)

|𝛽𝑤⃗| = ℎ, |𝛽| = −ℎ, 𝛽 = −ℎ (A.98)

𝑥⃗ = [𝑄𝑏] (A.99)

𝑦⃗ = [𝑄 = 𝛼ኻ cos 𝜃 + ℎ sin 𝜃 + 𝜀𝑏 = 𝛼ኻ sin 𝜃 − ℎ cos 𝜃 ] (A.100)

𝛼ኻ =
፛ዄዧዳዷ᎕
ዷይዲ᎕ , 𝑄 = ፛ዄዧዳዷ᎕

ዷይዲ᎕ cos 𝜃 + ℎ sin 𝜃 + 𝜀 = ዧዳዷ᎕፛ዄዷይዲ᎕᎒ዄ፡
ዷይዲ᎕ (A.101)

𝑥⃗ = [
ዧዳዷ᎕፛ዄዷይዲ᎕᎒ዄ፡

ዷይዲ᎕
𝑏 ] (A.102)

Define 𝑦⃗ of horizontal segment
𝑥⃗ = 𝛾𝑣⃗ + 𝛿𝑤⃗ + 𝜀 (A.103)

|𝛿𝑤⃗| = ℎ, |𝛿| = ℎ, 𝛿 = ℎ (A.104)

𝑦⃗ = [𝑃𝑏] (A.105)

𝑦⃗ = [𝑃 = 𝛾ኻ cos 𝜃 − ℎ sin 𝜃 + 𝜀𝑏 = 𝛾ኻ sin 𝜃 + ℎ cos 𝜃 ] (A.106)

𝛾ኻ =
፛ዄዧዳዷ᎕
ዷይዲ᎕ , 𝑃 = ፛ዄዧዳዷ᎕

ዷይዲ᎕ cos 𝜃 + ℎ sin 𝜃 + 𝜀 = ዧዳዷ᎕፛ዄዷይዲ᎕᎒ዅ፡
ዷይዲ᎕ (A.107)

𝑦⃗ = [
ዧዳዷ᎕፛ዄዷይዲ᎕᎒ዅ፡

ዷይዲ᎕
𝑏 ] (A.108)
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Decisions on Length horizontal segment

𝑥⃗ = [𝑄𝑏] , 𝑦⃗ = [
𝑃
𝑏] , 𝑧 = [

𝐴
𝑏] (A.109)

If 𝑃 ≥ 𝐴, there will be a single cutting plane.

𝑙 = ||𝑥⃗ − 𝑦⃗||. (A.110)

𝑙 = 2| ፡
ዷይዲ᎕ | (A.111)

If 𝑃 < 𝐴 and 𝑄 > 𝐴, there will be two cutting planes. Here the horizontal part will posses a particular
length.

𝑙 = ||𝑥⃗ − 𝑧|| (A.112)

𝑙 = √ (ዷይዲ᎕ ዧዳዷᎫ፛ዅዷይዲ᎕ ዷይዲᎫ᎒ዅዧዳዷ᎕ ዷይዲᎫ፛ዄዷይዲ᎕ፚዄዷይዲᎫ፡)Ꮄ
ዷይዲ᎕Ꮄ ዷይዲᎫᎴ (A.113)

If 𝑃 < 𝐴 and 𝑄 ≤ 𝐴, there will be no horizontal part.
𝑙 = 0 (A.114)

Derivation of Diagonal segment
Define 𝑥⃗ of diagonal segment

𝑥ፚ = 𝛼𝑣⃗ + 𝛽𝑤⃗, 𝑥፡ = 𝛾𝑣⃗ + 𝛿𝑤⃗ + 𝜀 (A.115)

𝛽 = −𝑎, 𝛿 = −ℎ (A.116)

𝑥ፚ = [
𝐷
𝐸] , 𝑥፡ = [

𝐹
𝐺] (A.117)

𝑥ፚ = [
𝐷 = 𝛼ኻ cos𝜙 + 𝑎 sin𝜙
𝐸 = 𝛼ኻ sin𝜙 − 𝑎 cos𝜙] , 𝑥፡ = [

𝐹 = 𝛾ኻ cos 𝜃 + ℎ sin 𝜃 + 𝜀
𝐺 = 𝛾ኻ sin 𝜃 − ℎ cos 𝜃 ] (A.118)

𝑥ፚ = 𝑥፡ , [
𝐷
𝐸] = [

𝐹
𝐺] (A.119)

𝑥⃗ = [
(ዷይዲ᎕᎒ዄ፡) ዧዳዷᎫዅዧዳዷ᎕ፚ
ዷይዲ᎕ ዧዳዷᎫዅ፜፨፬᎕ ዷይዲᎫ
(ዷይዲᎫ᎒ዅፚ) ዷይዲ᎕ዄዷይዲᎫ፡
ዷይዲ᎕ ዧዳዷᎫዅዧዳዷ᎕ ዷይዲᎫ

] (A.120)

Define 𝑥⃗ of diagonal segment

𝑦ፚ = 𝛼𝑣⃗ + 𝛽𝑤⃗, 𝑦፡ = 𝛾𝑣⃗ + 𝛿𝑤⃗ + 𝜀 (A.121)

𝛽 = −𝑎, 𝛿 = ℎ (A.122)

𝑥ፚ = [
𝐻
𝐼 ] , 𝑥፡ = [

𝐽
𝐾] (A.123)

𝑦ፚ = [
𝐻 = 𝛼ኼ cos𝜙 + 𝑎 sin𝜙
𝐼 = 𝛼ኼ sin𝜙 − 𝑎 cos𝜙 ] , 𝑦፡ = [

𝐽 = 𝛾ኻ cos 𝜃 − ℎ sin 𝜃 + 𝜀
𝐾 = 𝛾ኻ sin 𝜃 + ℎ cos 𝜃 ] (A.124)

𝑦ፚ = 𝑦፡ , [
𝐻
𝐼 ] = [

𝐽
𝐾] (A.125)

𝑦⃗ = [
(ዷይዲ᎕᎒ዅ፡) ዧዳዷᎫዅዧዳዷ᎕ፚ
ዷይዲ᎕ ዧዳዷᎫዅዧዳዷ᎕ ዷይዲᎫ
(ዷይዲᎫ᎒ዅፚ) ዷይዲ᎕ዅዷይዲᎫ፡
ዷይዲ᎕ ዧዳዷᎫዅዧዳዷ᎕ ዷይዲᎫ

] (A.126)
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Decisions on Length diagonal segment

𝑥⃗ = [𝐷𝐸] , 𝑦⃗ = [
𝐻
𝐼 ] , 𝑧 = [

𝐴
𝑏] (A.127)

If 𝐷 ≤ 𝐴 & 𝐸 ≥ 𝑏, there will be one cutting plane.

𝑙 = ||𝑥⃗ − 𝑦⃗|| (A.128)

𝑙 = 2 ∗ √− ፡Ꮄ
(ኼ ዧዳዷᎫᎴዅኻ) ዧዳዷ᎕Ꮄዄኼዷይዲ᎕ ዧዳዷ᎕ ዧዳዷᎫ ዷይዲᎫዅዧዳዷᎫᎴ (A.129)

IF 𝐷 > 𝐴 & 𝐸 < 𝑏 and IF 𝐻 < 𝐴 & 𝐼 > 𝑏

𝑙 = ||𝑦⃗ − 𝑧|| (A.130)

𝑙 = √− (ዷይዲ᎕ ዧዳዷᎫ፛ዅዷይዲ᎕ ዷይዲᎫ᎒ዅዧዳዷ᎕ ዷይዲᎫ፛ዄዷይዲ᎕∗ፚዄዷይዲᎫ፡)Ꮄ
ዷይዲᎫᎴ(ኼ ዷይዲ᎕ ዧዳዷ᎕ ዧዳዷᎫ ዷይዲᎫዄኼዧዳዷ᎕Ꮄ ዧዳዷᎫᎴዅዧዳዷ᎕ᎴዅዧዳዷᎫᎴ) (A.131)

IF 𝐷 > 𝐴 & 𝐸 < 𝑏 and IF 𝐻 ≥ A & 𝐼 ≤ 𝑏
𝑙 = 0 (A.132)
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Summary

Figure A.7: Horizontal and diagonal segment in situation with dynamic post and eccentricity

Table A.4: Decision tree for determining length of horizontal and diagonal segment

Position Weld First decision Second decision Length
Horizontal segment If 𝑃 ≥ 𝐴 𝑙 = 2| ፡

ዷይዲ᎕ |

𝑥⃗ = [𝑄𝑏] , 𝑦⃗ = [
𝑃
𝑏] , 𝑧 = [

𝐴
𝑏] If 𝑃 < 𝐴 If 𝑄 > 𝐴 𝑙 = √ (ዷይዲ᎕ ዧዳዷᎫ፛ዅዷይዲ᎕ ዷይዲᎫ᎒ዅዧዳዷ᎕ ዷይዲᎫ፛ዄዷይዲ᎕ፚዄዷይዲᎫ፡)Ꮄ

ዷይዲ᎕Ꮄ ዷይዲᎫᎴ

If 𝑄 ≤ 𝐴 𝑙 = 0

Diagonal segment If 𝐷 ≤ 𝐴 & 𝐸 ≥ 𝑏 𝑙 = 2 ∗ √− ፡Ꮄ
(ኼ ዧዳዷᎫᎴዅኻ) ዧዳዷ᎕Ꮄዄኼዷይዲ᎕ ዧዳዷ᎕ ዧዳዷᎫ ዷይዲᎫዅዧዳዷᎫᎴ

𝑥⃗ = [𝐷𝐸] , 𝑦⃗ = [
𝐻
𝐼 ] , 𝑧 = [

𝐴
𝑏] If 𝐸 < 𝑏 If 𝐼 > 𝑏 𝑙 = √− (ዷይዲ᎕ ዧዳዷᎫ፛ዅዷይዲ᎕ ዷይዲᎫ᎒ዅዧዳዷ᎕ ዷይዲᎫ፛ዄዷይዲ᎕∗ፚዄዷይዲᎫ፡)Ꮄ

ዷይዲᎫᎴ(ኼ ዷይዲ᎕ ዧዳዷ᎕ ዧዳዷᎫ ዷይዲᎫዄኼዧዳዷ᎕Ꮄ ዧዳዷᎫᎴዅዧዳዷ᎕ᎴዅዧዳዷᎫᎴ)
If 𝐼 ≤ 𝑏 𝑙 = 0
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Figure B.1: Formula to determine welding costs[45]
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Table B.1: Discussed welding technologies in Jármai and Farkas [37, p.118]

SMAW Shielded metal arc welding
SMAW HR Shielded metal arc welding high recovery
GMAW-C Gas Metal arc welding with 𝐶𝑂ኼ
GMAW-M Gas metal arc welding with mixed gas
FCAW Flux cored arc welding
FCAW-MC Metal cored ard welding
SSFCAW (ISW) Self shielded flux cored arc welding
SAW Submerged arc welding
GTAW Gas tungsten arc welding

Table B.2: Welding times ፓᎴ (min/mm) in function of weld size ᎎᑨ (mm) for longitudinal fillet welds down-hand position [37,
p.120]

Welding technology 𝑎𝑙𝑝ℎ𝑎፰ [mm] 10ኽ𝑇ኼ = 10ኽ𝐶ኼ𝛼፧፰
SMAW 0-15 0.7889𝛼ኼ፰
SMAW HR 0-15 0.5390𝛼ኼ፰
GMAW-C 0-15 0.3394𝛼ኼ፰
GMAW-M 0-15 0.3258𝛼ኼ፰
FCAW 0-15 0.2302𝛼ኼ፰
FCAW-MC HR 0-15 0.4520𝛼ኼ፰
SSFCAW(ISW) 0-15 0.2090𝛼ኼ፰
SAW 0-15 0.2349𝛼ኼ፰

Table B.3: Cutting time of plates, ፓᎹ (min/mm) in function of weld size plate thickness ፭ (mm) [37, p.123]

Cutting technology Thickness 𝑡 [mm] 10ኽ𝑇዁ = 10ኽ𝐶዁𝑡፧
Acetylene (normal speed) 2-15 1.1388𝑡ኺ.ኼ኿
Acetylene (high speed) 2-15 0.9561𝑡ኺ.ኼ኿
Stabilized gas mix (normal speed) 2-15 1.1906𝑡ኺ.ኼ኿
Stabilized gas mix (high speed) 2-15 1.0858𝑡ኺ.ኼ኿
Propane (normal speed) 2-15 1.2941𝑡ኺ.ኼ኿
Propane (high speed) 2-15 1.1051𝑡ኺ.ኼ኿

Table B.4: Welding times T2 [min/mm] or longitudinal fillet welds, downwards positioned, throat thickness = 6 mm [37]

Welding Technology aw [mm] C2 n [min/mm] [s/mm]
min max

Shielded metal arc welding SMAW 0 15 0.7889 2 0.0284 1.70 76.06 cm3/hour
Shielded metal arc welding
high recovery SMAW HR 0 15 0.539 2 0.0194 1.16 111.32 cm3/hour

Gas metal arc welding with
CO2 GMAW-C 0 15 0.3394 2 0.0122 0.73 176.78 cm3/hour

Gas metal arc welding with
mixed gas GMAW-M 0 15 0.3258 2 0.0117 0.70 184.16 cm3/hour

Flux cored arc welding FCAW 0 15 0.2302 2 0.0083 0.50 260.64 cm3/hour
Metal cored arc welding FCAW-MC 0 15 0.452 2 0.0163 0.98 132.74 cm3/hour
Self shielded flux cored arc
welding SSFCAW(ISW) 0 15 0.209 2 0.0075 0.45 287.08 cm3/hour

Submerged arc welding SAW 0 15 0.2349 2 0.0085 0.51 255.43 cm3/hour
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Table B.5: Welding speed per throat thickness researched by Oostingh[43]

size throat [mm] Plate thickness [mm] welding beads Surface [mm2] Volume [mm3/meter] min/meter mm3/min cm3/min cm3/hour gram/hour
a4 4 10 1 16 16000 5 3200 3.2 192 1507
a5 5 10 1 25 25000 6 4167 4.2 250 1963
a6 6 15 3 36 36000 14 2571 2.6 154 1211
a7 7 15 3 49 49000 16 3063 3.1 184 1442
a8 8 15 4 64 64000 20 3200 3.2 192 1507
a9 9 15 6 81 81000 28 2893 2.9 174 1363
a10 10 20 6 100 100000 30 3333 3.3 200 1570
a11 11 20 6 121 121000 33 3667 3.7 220 1727
a12 12 25 10 144 144000 50 2880 2.9 173 1356
a13 13 25 10 169 169000 53 3189 3.2 191 1502
a14 14 30 15 196 196000 78 2513 2.5 151 1184
a15 15 30 15 225 225000 81 2778 2.8 167 1308
a16 16 30 21 256 256000 105 2438 2.4 146 1148
a17 17 40 21 289 289000 110 2627 2.6 158 1237
a18 18 40 27 324 324000 135 2400 2.4 144 1130
a19 19 40 27 361 361000 140 2579 2.6 155 1215
a20 20 40 34 400 400000 175 2286 2.3 137 1077

Figure B.2: Welding arc times of different welding technologies for down-hand welding of fillet welds with quadratic function
approximations [46, p.288]
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C.1. Material prices
Long steel
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Figure C.1: Price range of Long steel[38][39][40][41][42]
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Cold formed Hollow Sections
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Figure C.2: Price range SHS and RHS, Steel trader 1 [38]
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Figure C.3: Price range SHS and RHS, Steel trader 3 [40]
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Figure C.4: Price range SHS and RHS, Steel trader 4 [41]



140 C. Appendix: Results price comparison Dutch steel traders

Steel Trader Steel quality Gemiddelde van Price per kilogram
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Figure C.5: Box plots SHS and RHS prices of Steel trader 1, 3 and 4 [38] [40][41]
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Plate-steel
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Figure C.6: Average prices of plate steel per steel trader
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Figure C.7: Price to thickness and price to area relations per steel grade
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C.2. Sawing prices
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Figure C.8: Average sawing costs for Long steel[38][39][40][41][42]
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Figure C.9: Sawing cost of SHS and RHS sections, Steel trader 1 [38]
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Figure C.10: Sawing cost of SHS and RHS sections, Steel trader 4 [41]
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C.3. Shot-blasting and Priming

0.00

1.00

2.00

3.00

4.00

5.00

6.00

7.00

8.00

9.00

00 50 100 150 200 250 300 350 400

€/
m

2

Kilogram per meter

Average price of shotblasting per m2

IPE

HEA

HEB

HEM

UPN

0.00

1.00

2.00

3.00

4.00

5.00

6.00

7.00

8.00

9.00

00 50 100 150 200 250 300 350 400

€/
m

2

Kilogram per meter

Average price of shotblasting and priming per m2

IPE

HEA

HEB

HEM

UPN

Figure C.11: Average prices for shot-blasting and priming of long steel





D
Appendix: Test-case cost-model

”Simply supported beam”

In order to verify the cost-model a simple structural model is set up. The model used to test the cost-
model is a simple supported beam with two rotational springs. In excel a parametric model is build to
create a data set.In table D.1 assumptions can be found that are used to produce the data set.

Table D.1: Assumptions for simply supported beam model

Only Symmetric I-beams are considered (IPE, HEA, HEB & HEM)
Four connection typologies are considered (Figure D.2)
Only steel-strength S235 is considered
All welds are fillet welds
Throat thickness fillet welds based on full strength criteria (ፚ ጻ ኺ.ኾዀ፭) 6.3.1
M. Steenhuis method used to determine rotational stiffness. [3, p.262]

Geometric assumptions
Radius bolt is 1.5 times thickness plate
Thickness end-plate is the same thickness as column flange
Extended end-plate
6 Bolts
extension plate = 50 mm (not ratio dependent)
፳ ዆ ፡ᑓᑖᑒᑞ

Haunch
8 Bolts
height haunch = 200 mm (not ratio dependent)
፳ ዆ ፡ᑓᑖᑒᑞ ዄ ፡ᑙᑒᑦᑟᑔᑙ
፝።ፚ፠፨፧ፚ፥፥፞፧፠፭፡/፡፞።፠፡፭ ፫ፚ፭።፨ ዆ ኼ/ኻ (angle of 30 degrees)
፭ᑗᑝᑒᑟᑘᑖ,ᑙᑒᑦᑟᑔᑙ ዆ ፭ᑗᑝᑒᑟᑘᑖ,ᑓᑖᑒᑞ
፭ᑨᑖᑓ,ᑙᑒᑦᑟᑔᑙ ዆ ፭ᑨᑖᑓ,ᑓᑖᑒᑞ

Figure D.1: Simply supported beam with rotation stiffness k

The simply supported beam is analyzed with the Euler-Bernoulli beam theory. With appropriate
boundary conditions which describe the rotational stiffness of the nodes with the factor 𝑘, a formula
to determine the sag at mid span is formulated.
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𝐸𝐼𝑤ᖩ = 𝑞 (D.1)

𝑤 = −፝፰
፝፱ = −𝜙 𝜅 = ፝Ꭻ

፝፱ 𝑀 = 𝐸𝐼𝜅 𝑉 = ፝ፌ
፝፱ (D.2)

𝑤(0) = 0 𝑤(𝐿) = 0
𝑀(0) = 𝑘 ∗ 𝑝ℎ𝑖(0) 𝑀(𝐿) = −𝑘 ∗ 𝑝ℎ𝑖(𝐿) (D.3)

𝑤(፱዆ᑃ/Ꮄ) = −
፪፥Ꮆ
ኽዂኾፄፈ +

ፋᎷ፤፪
ዃዀፄፈ(ኼፄፈዄፋ፤) +

ፋᎶ፪
ኼኾ(ፄፈዄፋ፤) (D.4)

Joint verification: Simplified Component method
To verify the joints a simplified component method is used developed by M. Steenhuis [3, p.262]. In
this method a simplified formula is set for frequently used I-beam connections. The formula gives a
value for the rotational stiffness 𝑆፣,።፧።,፛፞፧. From this stiffness the classification of Eurocode whether the
connection can be classified as hinged, rigid or semi-rigid can be determined [5, part 1, p.6]. When
the connections is classified as rigid or semi-rigid, the rotational stiffness can be taken into account for
the structural analysis.

With equation D.7 the rotational stiffness parameter for equation D.4 is determined. The sag at
mid-span can be calculated and this value can be compared with a beam without rotational stiffness in
the joints. This will show the profit of taking into account rotational stiffness’s for a simply supported
beam.

(a) #1 (b) #2 (c) #3 (d) #4

Figure D.2: Connection-typologies of frame structure

𝑆፣,።፧።,፛፞፧ =
ፄ፳Ꮄ፭ᑗᑔ
፤ᑗ

(D.5)

Hinged if: Moment resisting if:
𝑆፣,።፧።,፛፞፧ ≤

ኺ.኿ፄፈᑓ
ፋᑓ

𝑆፣,።፧።,፛፞፧ ≥
፤ᑓፄፈᑓ
ፋᑓ

𝑘፛ = 25(unbraced system)
𝑘፛ = 8 (braced system)

(D.6)

𝑘 = ፒᑛ,ᑚᑟᑚፋ
ፄፈᑓ

(D.7)

Analysis
Excel is used to perform the calculations. Here a model is set up that performs all the required calcula-
tions, the main interface of the Excel is displayed in figure D.4 With the input defined in table D.2 data is
generated. The input consist out of 74 unique section types and produces 888 different combinations.
With this data conclusion can be drawn what the biggest cost influencers are in the used cost-model.
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BeamFamily
�  

Count of namebeam

HEA
HEB
HEM
IPE

28
28
32
27

Total 115

Joint-typologie
�  

Count of namebeam

1
2
3
4

28
29
29
29

Total 115
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Figure D.3: Pie-chart and Box-plot of cost distribution for the 115 variants with ኺ.኿ ጺ ፔ.ፂ. ጺ ኻ

Table D.2: Input parameters

Parameter Input
Beams IPE100 up till IPE600

HEA100 up till HEA1000
HEB100 up till HEB1000
HEM180 up till HEM1000

Lengths 6, 8, 10 meter
qload 25 kN/m
Joint-typology #1,#2,#3,#4

Results
After running the analysis of the 888 variants with the Excel spreadsheet, solutions with a unity check
for deflection at mid-span between 0.5 and 1 are filtered out. This leaves a list of 115 variants. On
these variants cost behaviour is analyzed. Excluding the other variants with unsatisfactory unity checks
will produce more thrust-worthy conclusions for cost-effective decision making of steel structures.

In figure D.3 a pie-chart and a series of box-plots can be found. The pie-chart display the average
distribution of costs per factory operation. Here can be seen that most cost are made for beam
material, welding and coating (A00, A08, A10). Sawing and Surface treatment (A01, A02) are also still
distinguishable in the pie-chart but have a smaller influence on the total costs. From these five factory
operations box-plots are presented that show the percentage contribution of the factory operation over
the 115 variants. Here can be seen how the constriction scatters. For beam material the contribution
lies in a range of 45% up till 73 % with a mean of 61%. Welding and coating show approximately the
same mean of 12%, but welding has a bigger scatter. This is cause by the four different joint typologies
that generate significant different amount of welding volume.

The rotational stiffness of the different joints have been taken into account. This can positively
influence the amount of sag at mid-span compared to beam that has hinged connections. As seen
in equation D.7 the rotational stiffness is dependent on the ratio between the beam stiffness and
the beams length. When the beam is long and slender, this will increase the stiffness of the the
connection. However a slender beam will have a lot of deflection. This can also be seen in the results
of the analysis. Variants where there is a stiff connection are often coupled with slender beams. These
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Input
Beam 5 IPE 180 #1 #2 #3 #4
Verbinding 4 #
Length 10 m
q-load 25 kN/m

Output - structural
Sj,ini 62432 kNm/rad
Classification Rigid
k 225,74
U.C. 22,60
Profit 23,19%

Output - costs
A00. Material Beam 241,56€ 47%
A01. Sawing 18,23€ 4%
A02. Surface Treatment 28,17€ 5%
A03. Numbering 0,22€ 0%
A04. Drilling -€ 0%
A05. Intern transport 10,00€ 2%
B00. Material Plates 26,08€ 5%
B01. Drilling 5,33€ 1%
B02. Cutting 3,11€ 1%
B03. Numbering 3,08€ 1%
B04. Sorting 6,16€ 1%
A06. Assembling 46,67€ 9%
A07. Intern transport 10,00€ 2%
A08. Welding 60,58€ 12%
A09. Intern transport 10,00€ 2%
A10. Coating 45,64€ 9%

Total costs 514,85€

Visual of beam for #1

47%

4%5%

0%0%
2%

5%
1%1%

1%
1%

9%

2%

12%

2% 9%

Fabrication Costs
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Figure D.4: Input and output sheet of cost-model

slender beams show high deflections in mid-span despite the stiffer connections. This makes these
variants unattractive since the maximum deflection requirement is not met.

In figures D.5,D.6 and D.7 the average costs per joint typology for IPE cross-sections are displayed.
The average is taken here of the three different lengths. Here the cost behavior per individual cost
component can be analyzed. Notable is that the behaviour over increasing beam-height can be either
constant, linear or nonlinear, see table D.3.

The only process that is non-linear is the costs for welding. In figure D.6 can be seen how the
price increases over increasing beam height. Which does not necessarily seem expected, because a
fixed haunch height of 200 mm for joint typology #2 and #4 is assumed in table D.1. However the
plate thicknesses of the haunch are equal to the plate thicknesses of the beam. Bigger beams posses
bigger thickness and this influences the amount of welding-volume since the full strength method is
considered.

In a case like this all the processes that show a constant relationship do not have influence on the
cost optimisation process. Contradictory when the cost-model is used for a steel structure with multiple
beam elements, the processes with a constant relation will have an influence on the optimisation
towards minimum costs.

Table D.3: Summary of cost component relation for simply supported beam

Code Name process Relation
A00 Material Beam Linear
A01 Sawing Linear
A02 Surface Treatment Linear
A03 Numbering Constant
A04 Drilling Not Applied
A05 Intern transport constant
B00 Material Plate Non-linear
B01 Drilling Constant
B02 Cutting Linear
B03 Numbering Constant
B04 Sorting Constant
A06 Assembling Constant
A07 Intern transport Constant
A08 Welding Non-linear
A09 Intern transport Constant
A10 Coating Linear
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Figure D.5: Average Costs of A00 up till A05 per Joint typology for IPE cross-sections with ኺ.኿ ጺ ፔ.ፂ. ጺ ኻ



150 D. Appendix: Test-case cost-model ”Simply supported beam”
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Figure D.6: Average Costs of A06 up till A10 per Joint typology for IPE cross-sections with ኺ.኿ ጺ ፔ.ፂ. ጺ ኻ
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Figure D.7: Average Costs of B00 up till B04 per Joint typology for IPE cross-sections with ኺ.኿ ጺ ፔ.ፂ. ጺ ኻ





E
Appendix: Surface area study on

welds

153



154 E. Appendix: Surface area study on welds

E.1. skewed fillet weld

Figure E.1: Welding surface of Fillet welds per angle
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E.2. skewed but welds

Figure E.2: Welding surface of Butt welds per angle
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E.3. triangle welds

Figure E.3: Welding surface of Triangular welds per angle
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E.4. Directional method for skew fillet welds

Skew fillet weld of flange plate and web plate
Steelgrade S235 fu BetaW x y y2
gammaM2 1.25 1 S235 360 0.8 0 360 259.2
fu 360 2 S275 430 0.85 144.2398 259.2 259.2
BetaW 0.8 3 S355 510 0.8 180 180

207.8461 0
1

N 400 kN Assumption: N distributed equally over both welds, both welds have the same a
a 6.5 mm Check
angle 50 graden max 90
L 100 mm

in case of flange plate
alpha_left 65 graden alpha 25 graden

Left weld Right weld
sigma_perp 278.8639 N/mm2 ≤ 259.2 sigma_perp130.0364 N/mm2 ≤ 259.2
tau_perp 130.0364 N/mm2 tau_perp 278.8639 N/mm2
tau_par 0 N/mm2 tau_par 0 N/mm2

von_mises 260.0728 N/mm2 ≤ 360 von_mises 500.2047 N/mm2 ≤ 360

a_suggested 6.47 mm a 9.03 mm
von_mises Voldoet von_misesError
Sigma Error Sigma Voldoet

in case of web plate

Left weld Right weld
sigma_perp 166.6693 N/mm2 ≤ 259.2 sigma_perp166.6693 N/mm2 ≤ 259.2
tau_perp 166.6693 N/mm2 tau_perp 166.6693 N/mm2
tau_par 197.7808 N/mm2 tau_par 197.7808 N/mm2

von_mises 466.4731 N/mm2 ≤ 360 von_mises 466.4731 N/mm2 ≤ 360

a 8.63 mm a 8.63 mm
von_mises Error von_misesError
Sigma Voldoet Sigma Voldoet
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Figure E.4: Interface Weld Calculator made in Excel
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