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Abstract

New technologies (like 3D printing) and the increasing use of no conventional materials (like Fiber
Reinforcement Polymer - FRP) are changing the construction industry. More effective and efficient
structures are needed in order to achieve sustainable projects. Steel construction industry is not outside
this modifications and advances. To keep steel construction competitive in the market, the industry
needs to adapt to these changes by optimizing its manufacturing and erection processes. In a steel
structure, joints determine almost 50% of the total costs (Bijlaard, 2006). This percentage can drastically
decrease if some details are avoided, like stiffeners. Nevertheless, the only way to eliminate these
components is through a deepest analysis of the joint. This kind of analysis can be slow and expensive
hindering the design process. In this context new numerical tools are appearing in the market in order to
improve productivity and facilitate the work of structural engineers. These new powerful tools that
come from the hands of the world technological advances, must be taken with care and their results
must be validated to be able to realize their efficient, but above all, their safety.

In this project, the improvement of the design of steel joints is addressed. This goal was achieved
through two major tasks. First, an experiment was performed in order to deepen in the knowledge of
simple joints when they are used between “I” shape beams and a flexible element like a hollow section
face. The use of high strength welds and its implications were tested in the experiments and at the same
time the real behavior of the joint was addressed. The new Eurocode 1993 1-8 (2020) contemplates the
use of high strength steel and welds in steel practice. Hybrid welds can lead to a more efficient
production process. Secondly, numerical analysis, hand calculations following the Eurocode Rules and
previous documented experiments (SERICM 1l) were compared to validate the use of a finite element
tool for daily practice structural engineering. The comparison was made in terms of strength and
resistance of the joints and it proved that specialized finite element tools can be used in a safe and
efficient way. These tools are able to predict in an accurate manner the joint’s resistance according to
the Eurocode Rules.
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Chapter 1 — Introduction

Chapter 1 — Introduction

New technologies (like 3D printing) and the increasing use of no conventional materials (like Fiber
Reinforcement Polymer - FRP) are changing the construction industry. Fast and efficient (in energy
consumption and quantity of raw material terms) solutions are needed in the industry in order to keep
track of sustainability and the circular economy approach applied to the building industry. Steel
construction industry is not outside this modifications and advances. To keep steel construction
competitive in the market, the industry needs to adapt to these changes. In a steel structure, joints
determine almost 50% of the total costs (Bijlaard, 2006). This percentage can drastically decrease if
some details are avoided, like stiffeners. Nevertheless, the way to eliminate these components is
through a deepest analysis and understanding of the joint. In these terms, the current code opens the
possibility of designing more efficient joints through new classification categories like partial strength
and semi rigid joints. To allow structural engineers to design partial strength or semi-rigid joints,
Eurocode EN1993 1-8 (2005) introduces a design process of joints called “Component Method”. Here
the joint is divided in its principal components that resist the transfer of internal forces due to external
loading. An idealization of the components into (rotational) non-linear springs is made. After defining
the strength of each component, the springs are assembled in series and parallel to reproduce the
behavior of the joint. The local focus of the method in the components of the joint leads to a better
understanding of the joint behavior and at the same time allows a more efficient design. Nevertheless,
the method can introduce an important amount of work (increase the design time) and some
complexity to the design process. Nonetheless, the method also allows the designer to explore and use
different shapes and geometries, as long as the designer is capable of relate the components of his joint
with the components given in EN1993 1-8.

The increase in the difficulty and time spent in the steel joint design due to the use of the component
method and also due to the limitations of using joints with geometries, beyond the use of the
components present in the code (non-standard joints), has created the need to improve the design
process of a steel joint. For this reason, the importance of using a numerical method (accompanied by
the development of friendly user tools) that presents the possibility of optimizing the design of steel
joints and that takes full advantage of the potential of the Component Method and the new
classification of joints presented in the code, grows every day.

In this thesis, the improvement of the design of steel joints is addressed. This goal was achieved through
two major tasks. First, an experiment was performed in order to deepen in the knowledge of simple
joints when they are use between “I” shape beams and a flexible element like a hollow section face. The
use of high strength welds and its implications were tested in the experiments and at the same time the
real behavior of the joint was addressed. The new Eurocode En1993 1-8 (2020) contemplates the use of
high strength steel and welds in steel practice. Hybrid welds can lead to a more efficient production
process. Second, numerical analysis, hand calculations following the Eurocode Rules and previous
documented experiments (SERICM Il) were compared to validate the use of a finite element tool for
daily practice structural engineering. The comparison was made in terms of strength and resistance of
the joints and proved that specialized finite element tools can be used in a safe and efficient way. These
tools are able to predict in an accurate manner the joint resistance according to the Eurocode Rules.
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1.1 Document Structure

This master thesis is divided in four main chapters and one main annex. Chapter 2 presents the state of
art in steel joints analysis under the concept of finite element modeling. In addition, basic principles are
tackle in order to give a background about finite elements analysis, the component method and hybrid
welds.

Chapter 3 will present in an extensive manner the preparation, analysis and results of the experiment of
a real size steel non-standard steel joint. Chapter 4 studies the impact of the new method of fillet welds
design proposed in the new version of the EN 1993 1-8 (2020). A numerical analysis for the simplified
proposed model is also performed in this section. Chapter 5 presents the comparison of two numerical
tools that uses Finite Element Analysis. The comparison will be in terms of its accuracy and safety
prediction of the characteristic and real resistances of three different types of joints. These joints were
obtained from SERICOM database.

Annex A gives an analysis of the new software IDEA StatiCa, its theoretical background, the potential
benefits of its use and a setup proposal of the software configuration, in order to give to the user an
idea of the correct use of the software. Annex B, C and D presents the hand calculations, the tensile
coupon tests results and other material properties.

Figure 1- 1: Experiment Specimen (Steel Joint)
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2.1 Introduction

Joints have a major impact on the global performance of a steel structure. Its idealization for the
analysis leads to different approaches when designing structural elements (ex. simple supported
beams). However, in order to attain an idealized behavior, important amounts of resources need to be
invested, especially to achieve in practice the idealized behavior of a rigid joint. In order to reduce costs
in a steel structure, joints need a deeper analysis to understand their behavior and to be able to
optimize the details. Moreover, new challenges in this industry are related to more complex shapes and
geometries of the structures. The huge variety of shapes and types of joints has created the need to use
modern tools of analysis in order to accomplish the expected optimization of the structural detail.

The aim of this Literature Review is to give an insight of three fundamental concepts presented during
the progress of the project. These concepts will be used as background in the coming analyses
performed in the master thesis. In addition, the state of art of them will be addressed. These three
concepts are:

- Component Method: is the widely accepted method for steel joints analysis and it is regulated in
the current code (EN1993 1-8 (2005). This method opens the possibility for structural engineers
to analyze any type of joint as long as they are capable to relate the components in their joints
to the basic components presented in the code.

- Finite Element Analysis: this numerical tool for the solution of most engineering problems has
been used for many years to validate and expand experimental works in the research field for
most of the engineer branches. The possibility of using this tool in a friendly interface
environment, which is now possible thanks to the introduction of new software in the market,
as a daily practice tool will be studied in this master project.

- Hybrid Welds: the new version of the code (EN1993 1-8 (2020)) allows the possibility of using
High Strength Steel and HSS welds. This opens up the possibility of optimizing welding
connections in order to reduce welding costs which are one of the biggest contributors to the
overall cost of steel structures.
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2.2 Introduction to the Component Method

The detailing of steel joints is one of the most important points in the design of steel structures. Its
influence on the structural behavior and the total cost of the structure is of great impact. The analysis of
joints goes from global to specific. In terms of global analysis, the idealization of the joints is
fundamental for the distribution and transfer of the acting forces from element to element through its
connection. This transfer can be continuous, semi-continuous or simple, depending on the ability of the
connection to ensure the rotational continuity between the elements. After the analysis, the internal
solicitations that the joints are going to be subjected are obtained. It is important to mention that the
stiffness used to idealize the joint directly influences the type and magnitude of the load transfer.

When the analysis goes from global to local there are several challenges that must be considered. “The
analysis of the behavior of steel joints is very complex and requires the proper consideration of a
multitude of phenomena, ranging from material non-linearity (plasticity, strain-hardening), non-linear
contact and slip, geometrical non-linearity (local instability) to residual stress conditions, and
complicated geometrical configurations”(SimGes da Silva, 2008). For this reason, the so-called
"Component Method" is today the accepted method for the analysis of steel joints. This method consists
on identifying and separating the different components that conform the joint to be able to analyze
them in an isolated way. These components must be related to the "basic components" that appear in
the code EN1993 1-8. In the regulation, the basic components are identified and the formulation to
obtain their strength and stiffness is already established. In this way, the component method can be
used for any geometric configuration of a joint (standard and non-standard joints) as long as the
designer is able to relate them to the basic components of the code (Bijlaard, 2006). The structural
behavior of the joint must be calculated by assembling the components, which are idealized as springs,
which are placed in series or parallel to describe the overall behavior of the joint.

Jaspar in his guide for the design of steel joints describes three steps for the use of the component
method (Jaspart and Weynand, 2016):

1) Identification of the active components. The first step is to separate the joint in components
and, from there, define which are the active ones in the specific analyzed situation. The code
and its user guides suggest that this selection should be made on the basis of a logical
assumption of the joint's behavior. It is necessary to take into account a real distribution of the
internal forces and the compatibility of the deformations based on the stiffness of the
components. An example of this is one type of hybrid steel joints where the mix of bolts and
welds are present. Here it should be established how real is the participation of the bolts when
the welding is present due to the higher stiffness of the weld compared to the bolts.

2) Individual Assessment of the Stiffness and Characteristic Strength of the Components. Once the
active components have been identified and related to the basic components present in the
code, their characteristic strength and stiffness should be evaluated using the formulas present
in the code. In case of identifying a component that is not present in the code, the design per
experiment, stipulated in EN1990 can be applied.
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3) Joint Assembly. Once the individual resistances and stiffness values of each component are
calculated, the components are idealized in springs that when located in parallel or in series
determine the behavior of the joint. This is how the strength and stiffness of the joint are
calculated as a whole.

In Annex E, table 6.1 of the current code (EN1993 1-8 (2005)) is presented. This table contains the basic
components that are in the code. The new version of the code (EN1993 1-8 (2020)) provides this
information in its “Annex A - Description and Formulation of the Basic Components”.

i) Column web panel in shear

i) Endplate in bending

i) Column flange in bending

iv) Beam web in tension

v) Column web in compression

vi) Column web in tension

vii) Beam flange and web in compression
viii) Bolts in tension and (ix) welds.
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Fig. 2. Typical beam-to-column componcnts.

Figure 2 - 1: Typical Components from a Column-Beam Joint (Simdes da Silva, 2008)
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2.3 Joint Resistance Calculation

In the calculation of steel joints strength, it can be identified two groups that have their own design
method. In one hand, the Rigid and Semi-Rigid joints that transfer considerable bending moments use
the component method. On the other hand, simple joints use a different approach. For this group the
failure modes analysis is used. The calculation of the resistance for these two groups is explained in
more detailed below.

2.3.1) Simple Joints

For simple joints it is assumed that there is no bending moment transfer. For this reason, its design and
detailing should be defined in such a way that the joint avoids such transfer. The code assumes that
these types of joints are designed for shear or axial loads only. However, in “Eurocode 3 Part 1-8, no
specific design rules are provided for simple joints" (Jaspart and Weynand, 2016). As consequence,
authors such as (Jaspart et al, 2009), (Weynand et al, 2013) and (Moreno et al, 2011) have developed
and combined different regulations and recommendations for the proper analysis of simple joints. For
future versions of the code, it is intended the implementation of a general guide like is already present
in the "European Design Recommendations for the Design of Simple Joints in Steel Structures" (Jaspart
et al, 2009).

The calculation method for simple joints is through an analysis of all possible failures modes happening
in the joint. In this way, each mode is evaluated and its pre-failure resistance is determined. The lower
resistance between all the modes determines the final strength of the joint. This method can be
compared to a string. In principle, the string will be broken in the weakest link. By determining the
resistance of each link and identifying the weakest, the resistance of the whole string is obtained.

There are three types of simple joints: Header Plate, Fin Plate and Web Cleat (see Figure 2-2). (Jaspart
and Weynand, 2016) presents a design guide for each of them from where it is possible to emphasize
two fundamental characteristics to be able to affirm that a joint can produce a plastic hinge, and those
are:

a) Joint possess a sufficient rotation capacity
b) Joint possess a sufficient ductility

Fulfilling these two principles ensure and certify the assumption of perfect hinge for simple joints
idealization. The rotational capacity is linked to the ability of the joint to deform without generating too
much resistance to internal bending moments. The second principle is more related to the type of
failure mode that is expected in the analysis. On the one hand, if failure on the end plate is present, it
can be say that the joint have a ductile behavior. However, if the failure in weld or bolt is predicted, a
brittle performance will occur in the joint.

An example of the design of such joints can be seen in Annex B, where the design of the experiment
joint (simple) is shown.
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Figure 2 - 2: Types of Simple Joints

2.3.2) Component Method - “T-Sub”

As explained in 2.2), the calculation of the strength of a moment-resistant joint should be performed
under the component method. The assembly of components is, perhaps, where the designer should pay
most of its attention since the assembly of the springs of each component must follow the physical
principles of transfer of forces and at the same time the compatibility of deformations must be ensured.
The flow of the internal forces can follow an Elastic or Plastic distribution according to the capability of
each element to produce ductile behavior.

The following image (figure 2-3) shows the flow-chart for the assembly of the connections presented by
(Jaspart and Weynand, 2016). An example of the use of the component method can be seen in Annex D,
which presents the calculation of rigid and semi-rigid joints used in Chapter 5.
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Figure 6.19 — Flow-chart for the assembly procedure

Figure 2 - 3: Assembly Flow-Chart (Jaspart and Weynand, 2016)
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Among all the basic components found in the code, those using the "T-sub" idealization are probably the
most influential and complex (accompanied by the shear panel of the column). The T-Sub idealization is
the method of analyzing components that transfer forces through bending. When two elements are
connected using bolts in their flanges, the behavior of the connection can be assimilated to the T-Sub
component (see figure 2-4). T-Sub is subjected to tension load and its performance is closely linked to
the geometry of the joint and the properties of the materials in them. When these types of components
fail, three types of failure modes can be observed.

1. Mode 1: When the plate fails by bending. In this mode the deformation and resistance
of the plate, which can be idealized as a beam with four plastic hinges, is the one that
determines the failure. This mode should be preferred by the designer since it is highly
ductile. In places where seismic loads exist, this mode of failure is mandatory.

2. Mode 2: In this mode the bending failure of the plate is combined with tension failure
of the bolts. Although it may show some ductility, the breakage of the bolts is abrupt

3. Mode 3: It is the failure of the joint due to tension in the bolts. This is a brittle failure.

Figura 1. Componente T-equivalente asimétrica en conexitn viga-pilar.

Figure 2 - 4: T-Sub Idealization (Jiménez de Cisneros et al., 2017)
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2.4 Joint Classification (EN1993 1-8 (2005))

In this section the two types of classification for steel joints stipulated in Eurocode 3 is presented. An
accurate classification is important at the time of structural analysis because the assumptions made in
the global analysis must be reflected in the local design of each joint. For example, if a simply supported
beam is designed and, after the classification of the joint, is determined to be a semi-rigid joint, this will
have consequences on the actual distribution of internal forces and deformation in the beam. On one
hand the semi-rigid joint will give less deformation than the assumed as pinned joint, but the presence
of negative moments near the ends of the beam can lead to the failure of it, or at least cracks in the
floor system.

The code classifies steel joints in two ways: due to their stiffness and its resistance.

2.4.1) Classification by Stiffness

When a joint is classified by its stiffness it can be placed in three categories: rigid, semi-rigid and
nominally pinned. The introduction of the semi-rigid category by the code allows a more efficient design
not only of the joint but also of the structure itself. The main parameters of the three categories are
detailed below:

a. Rigid Joints: In order for a joint to fall into this category, it must ensure fully rotational stiffness
so that a full continuity transfer of load can happen between elements. Usually these joints
require significant amounts of material and the presence of stiffeners, which make the detail
more expensive (Bijlaard, 2006).

b. Nominally Pinned Joints: As told in 2.3.1) pinned joints should be able of "...transmitting the
internal forces, without developing significant moments..." (Eurocode 3 1-8 Comitte, 2005). It is
also important that the joint allows the expected rotation at the elements ends when design
loads are applied.

c. Semi-Rigid Joints: The code classifies as semi-rigid joint to all those details that do not fit into
any of the two previous categories. Furthermore, such joints are required to be capable of
transmitting all internal stresses and forces.

The component method allows calculating the stiffness of the joint, in this way the result can be
compared to the limits proposed by the code. In Figure 2-5, the boundaries for stiffness classification are
presented:

10
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Figure 5.4: Classification of joints by stiffness

Figure 2 - 5: Joint Classification by Stiffness (Eurocode 3 1-8 Committee, 2005)

2.4.2) Classification by Strength

The classification by strength is of special importance when designing a structure in a seismic zone or
under a plastic analysis. In these cases, it is wanted and required the development of a plastic hinge in
the beam (in a column-beam joint). To ensure this, the joint must be able to withstand more than the
plastic strength of the beam (EN1998 gives factors to take into consideration hardening of the material
and other unforeseen parameters (see Annex A)).

The code classifies the steel joints in three groups by its resistance:

a) Nominal Pinned Joints: As in stiffness classification, this group of joints must be capable of
transmitting internal forces without generating important bending moments. Moreover, the
deformation capacity of these joints must be guaranteed under design loads. However, in this
section the code adds a limitation, which considers a joint as simple (pinned) as long as its
moment resistance is less than 25% of the moment resistance of a full strength joint. This
resistance is compared with the plastic resistance of the elements that is joining.

b) Full Strength Joints: In order for a joint to be classified under this category, its resistance must
be greater than the resistance of the elements it connects. In addition, the code gives certain

parameters that these connections must meet. These parameters are presented in Figure 2-6.

c) Partial Strength Joints: all the joints that do not fulfill the requirements for the two previous
categories are considered partial strength joints.

11
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Mra 2 Mypry
Mpa 2 Megen
Mrs 2 Mesra

Mpra 2 2ZMeprra

Key:
M 5 aqis the design plastic moment resistance of a beam;
M. qipsis the design plastic moment resistance of a column,

Figure 5.5: Full-strength joints

Figure 2 - 6: Full Strength joints Parameters (Eurocode 3 1-8 Committee, 2005
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2.5 State of Art in Steel Joints Analysis

Present efforts are aimed to expand and improve the component method as a basis in the analysis of
steel joints. Although the method is currently the most accepted for the design of joints, it has certain
limitations and parameters that need to be improved.

The first major limitation in the use of the component method is its range of validity. The basic
components (see Annex E) have been developed specifically for open profile sections type “1” or “H”.
The calculation of the resistance of joints for tubular profiles follows the same idea as the design of
simple joints. Here the different failure modes are analyzed and the one wit the lowest resistance will
determine the resistance of the joint itself.

Moreover, not only the validity range of the method should be expanded. Some parameters of the
existing basic components require further analysis. For example, when analyzing a joint where there is
more than one element to connect (two beams to a column), it is necessary to apply the factor B, which
depends on the moments and shear forces acting on the panel zone of the column web. The code gives
values for the B factor, but studies have shown that a higher range is required for such values (Bayo,
Cabrero and Gil, 2006). The importance of this factor can be observed when the drift of a frame is
increased by the shear deformation of the column web be panel. This can lead to negative serviceability
effects.

Another topic of analysis is the robustness of steel joints. (Simdes da Silva, 2008) states "current safety
concerns for steel structures require that steel joints are designed to perform adequately under the wider
range of loading conditions". This means that the current standards should be improved so that the
designed joints can withstand beyond the normal static design load.

One more focus of concern is the limit of 10% axial force present in a beam, compared to its plastic axial
resistance when its joint is designed. "There is no background to justify this empirical limit of 10%"
(SimGes da Silva et al., 2002). At the University of Coimbra, an experimental study was carried out,
where different types of configurations for joints were tested under a range of axial forces applied. The
study "led to the introduction of a strict restriction that the axial force is smaller than 5% of the beam
plastic axial resistance to be able to neglect the effect of the axial force on the connection"” (Simdes da
Silva, 2008). In this way, if there is a greater axial load in the beam, a more detailed analysis should be
carried out where the interaction between moment and axial force is taken into account.

Other problems remain to be analyzed, for example, the validation of the design standards to large-scale
joints presented in steel bridges, or the development of design procedures for joints subjected to
seismic action, among others.

13
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2.6 Numerical Methods for Joint Design

The increasing complexity of structures, the use of non-standard geometries and elements, the
combination of different loads applied, among others parameters; demands the use of more friendly
tools for the structural designers. Finite Element Analysis (FEA) is able to solve these kind of problems
which can take important amount of time by solving them in an analytical formulation (if not
impossible).

FEA is widely accepted and used in all engineering branches. It can be used in conjunction, as an
alternative or as an expansion for experimental researches. Using Finite Element Method (FEM) instead
of building it (structures, products, prototypes), is a cost effective solution in the experimental and
structural practice environments. In this section brief explanation of FEA is made. In addition, the
analysis of the method in the calculation of steel joints is addressed.

2.6.1) FEA

Finite Element Analysis (FEA) is a numerical tool, which is able to solve partial differential equations
presented in the mechanical description of the behavior of a solid body. It also can be expanded to
numerous types of problems like fluids and pressure problems. "The technique is based on the premise
that an approximate solution to any complex engineering problem can be reached by subdividing the
structure / component into smaller more manageable (finite) elements"” (Mago and Hicks 2012).

Normally the FEA can be divided into three steps that most of the software implement in their interface.

1) Pre-processing: here the user must specify all the input necessary for the analysis. There are six
principal parameters that need to be defined:

a. Type of analysis: static, dynamic, transient, buckling, etc.

b. Geometry: the geometry of the mathematical idealization of the structure is imputed by
connecting different elements. Its nodes define the geometry. The use of symmetry is
recommended at this stage to reduce the computational costs of the analysis.

c. Finite Element: to choose the correct finite element is important for the accuracy of the
expected result. For example, quadratic elements are better to reproduce bending
deformation than linear elements, but they are considerably more expensive in
computational costs.

d. Material Properties: These properties are known or obtained by experiments. The
material model can determine the level of analysis (linear or nonlinear). Nonlinearity due
to material properties is known as physical nonlinearity. When big displacements are
evaluated and the analysis takes into consideration changes in the trajectory of the load
due to the deformation, geometrical non-linearity is applied.

e. Boundary Conditions: are prescribed forces or displacements in the model. The behavior
of the structure depends highly on them. The correct use of them is an important task in
any analysis.

f. Time functions: the way that the load are applied are prescribed in this parameter.

2) Processing: at this stage the differential equations are solved. In the displacement-based version
of the finite element method, the equilibrium is solved through virtual work equations. Here the
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program chooses a nodal displacement, with the displacement the strains can be calculated.
After that and using the material properties (constitutive equations), the stress can be
calculated. From the stresses the forces are estimated for each node. If the node reaches
equilibrium then it is ready for the next load increment. If not, a new nodal displacement needs
to be evaluated (interactions).

3) Post-processing: in this stage the results are obtained normally in terms of graphical deformed
shapes, stress distribution, strain distribution, etc.

The benefit of using FEA is the possibility to simulate the behavior of any structure before it is
manufactured. “Once a model has been developed the analysis helps in evaluating the feasibility of the
new design as well as trouble shooting failed designs already in the market and finding solutions without
the need to prototype and waste time and money”(Mago and Hicks 2012)

Nevertheless, it is important to remember that numerical analysis, in especial FEA, are able to obtain
approximate solutions to problems. There is always error in the results and its magnitude depends on
the different factors, in special in the size and type of the finite element. For this reason, it is of major
importance the validation of models and software that use these tools.

2.6.2) FEA in Steel Joints

FEA can be used to solve a huge range of engineering problems; from which steel joints is not an
exception. Krishnamuriny was the pioneer in the field of 3D Modelling of joints. For this, he applied shell
elements into the analysis. It was found that shell elements cannot simulate in accurate manner the
evolution of internal forces due to prying forces (equilibrium). From this point, an important number of
alternatives and properties were added to a steel joint model. Combined nonlinear phenomena like
material and geometrical nonlinearities, friction, slippage, contact bolt-plate interaction and fracture
have to be introduced in the model. These are the major tasks that the modeling of a steel joint needs
to overcome. Nevertheless, it was “demonstrated that certain detailed features such as thread
interaction do not need to be modelled to ensure useful results” (Williams et al. 2009).

Within this framework, it is important to develop new tools/software that can be able to facilitate the
definition of all the parameters previously mentioned. At the same time, the geometry needs to be
imputed in a fast and precise manner. A proper equilibrium between analysis complexity and friendly
interface needs to be found, in order to provide the structural engineers a fast, accurate and cost
effective tool for the proper analysis of steel joints. The commercial finite element packages that are
now in the market can overcome these problems. Nevertheless, these tools need to be validated and
the user needs to be sure that his calculations are going to be in the safe side.
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2.7 Hybrid Welds

In principle, all welds used until now are hybrid welds. The general idea of a hybrid structure or a hybrid
weld is that there is more than one material quality involved in the process. In the present code and the
previous ones, the filler material has not been considered. It was always used as a premise that the filler
material must be stronger or at least have the same strength as the parts to be joined. In this
philosophy, always the properties of base metals would be critical in the weld strength calculation. Its
strength would be underestimated and therefore the design will be on the safe side. However, the new
European steel joint code (2020) already takes into account the properties of the filler material. In
addition, the code allows conditions of match, overmatch and now under match in welded connections.
The use of High Strength Steel is also regulated in the new code, which opens up number of
opportunities for structural designers.

Hybrid construction allows high strength steel to be used where it is most effective (trusses, beam
flanges, etc), in places where the design of the element depends on the strength of the steel. And in
places where the geometric properties (for example the web of a beam to obtain higher inertia) are
critical in the design of the element, the use of mild steel is possible (which is cheaper). This same
concept can be used in the local design of steel joints. This thesis will study the influence of having high
resistance weld in a simple joint. In the event that it is feasible, a significant optimization in welding
costs can be achieve. Thus, to realize a weld of 6 - 7 mm of thickness, three passes of welding are
required. But if high strength weld is used and the weld thickness is reduced to 4mm, a single pass is
necessary. In this way, welding time is saved. This is one of the most influential items within the
production cost of a steel structure.

Hybrid welds follow the same system and design regulation, to which the fillet welds are subjected. The
new code delivers standards and new values for the correlation factor required in the calibration of the
regulation. These values were suggested after an intensive research program in Germany, where
several parties collaborated to test the influence of the filler material on weld behavior. (H. P. Giinther,
J. Hildebrand, C. Rasche, C. Versch, I. Wudtke, U. Kuhlmann, M. Vormwald 2009).

This project will evaluate the overall behavior of high resistance weld. In other projects being developed
at TU Delft, the local welding behavior will be evaluated using cross-shaped specimens. By subjecting
these specimens to tension and fatigue loads, it will be possible to determine the actual strength of the
high strength weld and the influence of the base materials when these are of different qualities.

16



Chapter 3 — Experiment

Chapter 3 - Experiment

3.1 Introduction

Chapter 3% presents the design, production and results from a full-scale steel joint experiment. A simple
joint (pinned) between a high strength steel (HSS) hollow section and a mild steel “I” shape beam will be
studied. The aim of the experiment is to understand the behavior of high strength welds when they are
used in hybrid construction. With the results, not only the calculation model and future formulation
from the upcoming Eurocode 1993 1-8 (2020) will be tested, but also the understanding of the joint
behavior will be improved. The influence of different quality steel materials of the base plates into the
resistance of a HSS welds is another important goal in the experiment. The inside understanding of a
steel joint (its rotation center), its idealization and assumptions are also going to be tested. In addition,
this experiment will be used to set a benchmark in the comparison between the different methods to
predict the capacity of a joint. Moreover, the accuracy of these methods will be tested. The experiment
results will be analyzed to conclude the safety and accuracy of the finite element analysis and how it can
be used in the daily practice of structural engineering.

Furthermore, a wide description of the experiment and the numerical predictions of it will be presented.
A description of the procedures, material properties and boundary conditions will be detailed in order to
allow future studies to replicate the model and use the experiment results for other investigation
purposes.

The specimens were fabricated by ASK Romein and the test were performed at the steel laboratory
(Steven Laboratory Il) in the faculty of Civil Engineering of TU Delft.

Figure 3 - 1: Specimen
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3.2 Objectives of the Experiment

The chosen joint for the experiment has many estimates and uncertainties. If the design of it is done

using code rules, which is the normal practice in civil engineering industry, the designer needs to be
aware of the simplifications and the validation range. The necessity of this knowledge is more evident
when the steel joint is a non-standard detail since there is not a direct rule to consider the flexibility of
the column face. The aim of the experiment is to evaluate these simplifications/uncertainties in order to
understand how accurate and safe is to estimate a steel joint capacity using the code rules or a finite
element analysis. In addition, normal practice techniques will be tested. In this way, the whole process
of a steel joint production (from design, fabrication to real behavior) will be verified. The specific
objectives of the experiment are:

a)

b)

d)

f)

To evaluate the performance of high strength welds in the assembly of hybrid steel structures
(HHS column - mild steel beam and fin plate).

To estimate the real strength of welds when they are used in over-match and under-match
conditions. It is going to be one of the first full-scale experiments where the filler material
properties will be tested. Within this framework, the influence of different qualities of steel
between the connected members and the welds will be studied.

To measure the real behavior of a simple joint through an unstiffened plate of a member (one
side of a rectangular hollow section or the web of “I” shape section) to determine which one will
be the correct way to idealize these kind of joints in a global analysis of the structure. For this,
the real rotation center in the elastic and plastic zones will be calculated.

To compare the degree of accuracy and safety of the estimated values of the joint’s capacity
obtained through the use of Eurocode and the finite element analysis.

To test the proposed boundary conditions, which should resemble a perfect shear loading in a
joint. This setup can be replicated to be used in future full-scale joints experiments.

To test the accuracy of IDEA StatiCa software in the design of no-standard joints that are
common in industry practice.
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3.3 Experiment Matrix

Three sets of specimens are planned for the experiment. Each set has three identical specimens in order
to get a media of the results. The aim of the sets is to test the weld performance in three different
situations: under-match, overmatch and ductility performance. The experiment matrix is presented in
table 5-1.

Experiment Matrix

TEST COLUMN FIN PLATE WELD
CODE - - - - MEASUREMENT
# Code |Quality [MPa]|Quality [MPa]|Quality [MPa]| Thickness [mm]
1 1E1 690 355 355 3
Weld Strength
FIN_c690_w355_a3 2 1E2 690 355 355 3 (Undermatch)
3 1E3 690 355 355 3
4 2E1 690 355 690 3 Weld Strength
FIN_c690_w690_a3| 5 2E2 690 355 690 3 gt
(Overmatch)
6 2E3 690 355 690 3
7 3E1 355 355 690 5 .
Weld Ductility
FIN_c355_w690 a5 8 3E2 355 355 690 5 .
- - - Behavior
9 3E3 355 355 690 5

Table 3- 1: Experiment Matrix

The aim of the first two sets is to determine the resistance (strength) of the welds by comparing the
results from weld quality S355 and S690. In the third set, a full strength weld (according to the design
rules) is projected. This will allow studying the behavior of the weld and how ductile it is. The weld
specifications can be seen in Annex D. On the other hand, the calculation rules for full strength welds
will be verified.

SHS 200x8 SHS 200x8
5690 Under match, a=3mm $690 Over match, a=3mm
5355 5690
PL 330x200x10 PL 330x200x10
5355 8355
SHS 200x8
8355 Full Strength, a=5mm
5690
PL 330x200x10
8355

Figure 3 - 2: Experiment Matrix Figures
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3.4 Drawings and Specifications of the Specimens

The size and properties of the profiles and plates were chosen in such a way that a real size joint can be
tested. This type of joint is already used in the steel structures industry. The proposed joint can easily be
found in a building or an industrial hall. With a real size experiment, the whole process of steel joint
production can be verified from the design to production and from weld quality to real behavior of joint.

The specified properties are:

Element |Profiel/Plate| Length [mm]| Steel Grade Number
SHS 200x8 1050 S690 6
Column
SHS 200x8 1050 S355 3
Beam IPE 400 600 S355 9
Fin Plate PL 200x10 330 S355 9
Bolts M 24 - 10.9 54

Table 3- 2: Elements Specifications

Figure 3 - 3: Fin Plate after Machining
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Figure 3 - 4: Workshop Drawings for the Specimens
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3.5 Numerical Model

Experiments are important when validating equations, theories and code rules. They are also used to
generate semi-empirical equations or charts to facilitate the design process. However, experiments are
expensive and take a significant amount of time. Finite Element Analysis (FEA) can overcome these
problems and through parametric studies, produce the same information that experiments do.
Nevertheless, in order to use a finite element model, the validation of it should be the first step. The
validation has to be done through experiments. The procedure is to validate a finite element model
through a set of experiments and from this point, use the model as benchmark. Several new finite
models can be produced based on the benchmark model.

The aim of this section is to give the necessary information for future replication of the finite model
used in this thesis project and extended the use of it to the of study new parametric conditions.

3.5.1) Description of the Finite Model

Due to the unsymmetrical setup of the joint (see figure 3.4), symmetry simplifications were not possible
to be done for modeling the experiment joint. Therefore, the whole joint was modeled. The finite
element model was created using the software ABAQUS (Dassault Systemes Simulia Corp., 2012).

Geometry.-

Following the geometrical characteristics from the specimen specifications a set of solid elements (3D
elements) was created (Figure 3 - 5: Bolt and Weld Geometry). The nominal geometry of the standard
profiles was modeled, except for the bolts and welds. For the welds, a triangular cross section that
accomplishes the specified throat dimension was used. For the bolts, a simplified tubular shape with
circular ends was sketched. The threaded part of the bolt was not considered neither were the
hexagonal shape of the nut and bolt head. The simplified shape of the bolt has a high accuracy of results
(Kim, Yoon, & Kang, 2006) and saves important computational time due to the complex contact iteration
between the nut and the thread shank. Furthermore, the bolts are not the critical failure elements for
this experiment; thus, the results of the whole joint will not be significantly affected by the
simplification.
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Figure 3 - 5: Bolt and Weld Geometry

Bolt Dimensions: 24mm shank diameter, 44mm nut and head diameter, 14mm height of the head and
17mm the height of the nut. For the weld, an isosceles rectangular triangle with the height equal to the
specified weld throat was used.

Boundary Conditions.-

Especial boundary conditions were used for the experiment. In normal practice, the beam would be
model with a free. The column extremes would be clamped and the load applied in the beam. Under this
set of boundary condition, the beam end will rotate and the bending moments transferred along the
beam will be cero (no bending deformation of the beam). In consequence, the beam will remain straight
and the fin plate will rotate following the beam without generation bending stress (see figure 3-6 ). No
hinge/spring is developed between the fin plate and the beam web, which is the assumption made by
the code and the guide lines. The lever arm assume in the code is the distance between the weld (at the
column face) and the center of gravity of the bolt group. Nonetheless, figure 3—6 shows a joint behavior
were the lever arm is the distance from the column face and the end of the beam (were the load is
applied).
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Figure 3 - 6: Common Simple Joint Analysis

However, this situation is not realistic because the beam cannot freely rotate at its end. The beamill be
“clamped” by its continuation (it is the right side if figure 3-6 is use as reference). In addition, the
assumption mode by the code and the guide lines take into consideration the rotation between the fin
plate and the beam web, by assuming a hinge in the center of gravity of the bolt group. In this frame of
thinking, a new set of boundary conditions is proposed. The beam will be clamped at its end to simulate
the real condition of the beam in a common structure. The load will be applied in one of the column
extremes and both of them will be restrain to move in the out-of-plane and horizontal direction. In this
way, a pure axial load, that simulates a “pure” shear transfer of load, can be simulated and the Eurocode

assumptions for simple joints can be replicated. Figure 3- shows the behavior of the joint under the
proposed set of boundary conditions.

=521.0} . |

:

B
T

Figure 3 - 7: Proposed Analysis of the Simple Joint
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It is possible to see in figure 3—7 the development of a rotation center in the fin plate and at the column
face. The rotation between the beam web and the fin plate is proper simulated and a joint analysis
closer to reality is obtained. In figure 3-8 the idealization of both set of boundary conditions can be
seen.

IColumn IColumn

Load Load

Z Z

m Beam @ C}—J Beam
ge

- Stonal Hinge

R

Spring
Common set of Boundary Proposed set of Boundary
Conditions conditions

Figure 3 - 8: Common Boundary Conditions vs Proposed Boundary Conditions

The proposed boundary conditions were replicated in the experiment and in the ABAQUS numerical
model. The boundary conditions where specified in the real locations where the experimental set-up
was able to reproduce those conditions. With these conditions, a shear transfer of the load is achieved
avoiding possible distortions due to the eccentricity between the fin plate and the beam. These
eccentricities will introduce second order effects leading to second order moments, which are not taken
into consideration for this kind of detail when they are used in practice. The column was pulled from
one of it ends to transfer a tension load. In this way, local buckling due to the load insertion is
prevented.

The boundary conditions were applied at a master node (reference point), which at the same time has
its degrees of freedom coupled to all the nodes from the surface of the cross-section at the specified
position in the elements. This not only allows the easy control of the applied properties at the boundary
conditions, but also the extraction of the support reactions is simpler.
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Figure 3 - 9: Location of the Master Nodes at the 3D Model

Contact.-

Surface to surface contact and friction are important interactions that have to be used in a steel joint
model. For the bolts-fin plate and the bolts-beam web contact properties, friction and hard contact
were used. The friction was applied in the contact surfaces between the nut and the bolt head to the fin
plate and the beam web, with a friction coefficient (i) of 0.4 (this property will be activated only when
high deformations occur in the joint). At the same time, hard contact between the shank and the inside
surface of the hole, was specified. This property will allow the study of the bearing behavior of the bolts
and the plates. Pre-tension of bolts was not considered for the model.

For the welds, a tie constrain was applied between the weld surface, the column face and the fin plate
face. A small gap between the fin plate and the column face was specified (see Figure 3 - 10: Gap
between Column Face and Fin Plate). The aim of the gap is to avoid errors in the constraints. If the two
elements are in contact in the common corner of the weld surface, column face nodes and fin plate
nodes will be directly coupled, producing a direct transfer of the load between these two elements and
the weld will remain unstressed.
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Figure 3 - 10: Gap between Column Face and Fin Plate
3.5.2) Material Properties
Two different material models were used:

1) Perfect plastic model, to compare the results between the two finite element software and the
rules from Eurocode.

2) Nominal Hardening model that is specified in Annex C of EN19931-5, to take into account
hardening of the steel. The hardening slope is the reduced stiffness (E/100) proposed in the
code and it was assumed to be isotropic. The results from this model were compared to the
experiment behavior results (see 3.9).

For all the elements, the theory to calculate the yielding stress was based on the Von Mises Plasticity
Theory. An elastic modulus (E) of 210000 [N/mm?], a density of 7.85e-9 [ton/mm?3] and a Poisson ratio
(v) of 0.3, were specified.

with
vielding
plateau

1 tan'(E/I0000)
(or similarly smafl value)

with
strain-
hardening

1 true stress-spain cuve
2 stress-strain cirve from tests

Figure C.2: Modelling of material behaviour

Figure 3 - 11: Material Models (EN1933 1-5 Annex C)
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3.5.3) Type of Finite Element

For the profiles and plates, hexagonal 3D (bricks) finite elements were used. However, for specific parts
of the elements where the geometry is complex and the hexagonal elements were too distorted,
pyramidal elements (wedge) were used. This is the case of the rounded part of the IPE profile that gives
bad quality hexagonal elements. The bricks elements are preferred over the triangular since they are
more accurate in the stress/strain measure and distribution. The wedge elements have a stiff bending
behavior (Dassault Systemes Simulia Corp., 2012). It is recommended to use the wedge elements far
from the zones where accurate results are needed. Nevertheless, it is better to use these elements than
using high distorted hexagonal finite elements.

For volumetric elements, a minimum of four finite elements through the thickness should be used to be
able to capture the actual stress distribution. This parameter is more important when the bending stress
is applied perpendicular to the thickness of the section.

For the hexagonal finite elements, a cubic 8 nodes (C3D8R) element was selected. This linear element
has six degree of freedom in its 8 nodes and uses reduced integration for its analysis. In addition, it
contains hourglass control. The element only has one integration point in the center unlike the (C3D8I)
cubic element, which has four integration points. The difference in the number of integration points for
an element has some consequences. The C3D8I, which uses full integration, is more accurate for
bending stress at a very high computational cost. Additionally, this element does not suffer from shear
locking because its analysis uses supplementary standard shape functions (bubble functions). The
bubble functions have zero value at the nodes but non-zero in between them. In the joint of the
experiment, bending is not dominant and the difference in the results obtained from the two elements
(see Figure 3 - 12: Reduced vs Full Integration) is not significant. Moreover, the C3D8I analysis was four
times slower for this specific case. Consequently, the reduced integration element was chosen. For the
wedge element, a linear six node element with reduced integration (C3D6R) was used.

E
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Figure 3 - 12: Reduced vs Full Integration
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It is important to mention that a quadratic element can probably give more accurate results. However,
in the ABAQUS/Explicit package (see 3.5.4), which is the solver used, only linear finite elements are
available (Dassault Systemes Simulia Corp., 2012).

C3D8R finite element has only one integration point in the middle. In order to reduce the error from the
numerical analysis, small elements (dense mesh) are needed to capture a stress concentration at the
boundaries of structure elements. An approximately number of 170000 elements where used in the
model. High dense mesh zones were used in the connection between the column face, welds and fin-
plate. In the extreme part of the members, a less dense mesh was specified to decrease the
computational time.

Figure 3 - 13: Mesh Density in the 3D Model

3.5.4) Solver — Computational Procedure

ABAQUS/Explicit package was chosen as the solver for the analysis of the experiment joint. This solver
has the benefit of not suffering from converge problems unlike a static or an implicit solver. Moreover,
due to the hole clearance that was taken into consideration in the model, an static or implicit analysis
cannot be performed. This is caused by the fact that at the initial stage, the bolt needs to move from the
center of the hole to the surface of the hole until the contact between the shank and the hole surface is
achieved. In this first stage, the stiffness of the joint is zero and the load flow has a gap.

ABAQUS/Explicit can solve complex contact problems like the one present in the experiment joint. This
is possible because implicit and static solvers must do iterations to determine the solution for a non-
linear problem. On the other hand, explicit solver determines the solution by “explicitly” finding the new
kinematic state from the end of the previous increment. The explicit dynamics is a mathematical
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technique for integrating the general equations of motion through time. This technique is also called
“Forward Euler or Central Difference Algorithm”.

Nevertheless, the solver has a draw back. It can be called “Inertia locking”. If the analysis is too fast, the
inertia of the mass of the elements will lead a different load and stresses flow than the one expected
from a quasi-static analysis. This is because the wave propagation is affected by the mass inertia. Inertia
locking can easily be checked by equilibrium of energies in the system. A quasi-static analysis is desired
for the experiment model. For this purpose, the introduction of the load and the speed of the analysis
should be slow enough to overcome the mass inertia lock. A practical example to understand this
phenomenon can be illustrated with a beer can and a bullet. If somebody presses a bullet against the
face of the aluminum can, large deformations may occur across the face of the can. If the pressure
applied is too high, the shape of the bullet can be printed in the face of the can. Now, if another beer
can is fastened in the extremes and the bullet is shot, a perfect circular hole will be produced (in reality
two holes, in and out holes). In this occasion, the load was applied at such a high rate that the mass
inertia does not allow the stresses and strains to propagate all over the can. High damage happened
only in the zone really close to the bullet hole. It can be said that the particles of the can that are far
from the applied load point, will not “feel” any stress from the bullet.

The idea of the example can be applied to the experiment joint. If the tension load applied in the
extreme of the hollow section is too fast, yielding of the cross section close to the boundary will occur.
The load will not be transferred to the joint and the beam support reactions will be zero. In order to
achieve a quasi-static analysis with the explicit solver, a smooth loading curve should be specified.
Sudden changes in the applied load rate can lead to the production of stress waves, which introduce
noisy and inaccurate results. For this reason, an artificial increment of the load rate, 1/1000, was used in
the step load. In addition, the mass scaling factor was small (0.005) and was applied at every increment
of the load through the step. Scaling mass reduction or increase of the step time have the same effect in
the analysis. The difference is that it is necessary to apply a mass scaling factor of 10? to have the same
effect of 10 factor in the increment of the loading rate.

In fact “the goal is to model the process in the shortest time period in which inertial forces remain
insignificant” (Dassault Systemes Simulia Corp., 2012). In other words, we want to perform a dynamic
analysis, in which only the steady state solution is presented in the process.

To determine a suitable applied load rate, a frequency analysis should be executed. With the frequency
analysis, the fundamental frequency can be computed, which will be used to calculate the speed of
wave propagation through the model. A recommended load rate is the wave speed divided by a factor
of 50 (Dassault Systemes Simulia Corp., 2012). The next step is to perform the quasi-static analysis. To
check if the applied time is correct and that the analysis do not suffer from “inertia locking” and the
results are accurate enough, some parameters should be checked:

1. Equilibrium in the structure. The difference between the applied load and the reaction forces
should be very small. Less than 1%. Note that due to the nature of the solver, having the exact
value for the applied forces and the reaction forces is extremely hard and computationally
expensive to achieve.

2. The load curve and the reaction curve (force over step time) should not be noisy. This means
that the curve should be smooth and a “wave” behavior should be avoided.

30



Chapter 3 — Experiment

The Kinematic Energy should be small compared to the internal strain energy. A recommended
value is between 5% to 10% (Dassault Systemes Simulia Corp., 2012). For the experiment

numerical model, less than 1% was achieved.

The variation of the Kinematic Energy through time needs to avoid a noisy behavior.

Figure 3 - 14

Small Noisy in the Kinematic
Energy Application.

Figure 3 - 15: Kinematic Energy Model COL690WELD355
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3.6 Laboratory Set Up

The step previous the experiment execution is the design and specification of the laboratory setup. This
includes the connections between the specimen and the frame. In order to ensure that the applied load
and the stiffness necessary to produce failure in the joint is achieved, numerical and hand calculations
were performed. The analysis needs to consider the available elements (Jack, bolts, beams, etc.) in the
laboratory. Rules like the distance from hole to hole and maximum jack elongation were also
considered.

3.6.1) Joint Resistance Estimation

The results of the analysis are present below:

Analysis Material Model Limit Shear Load [kN]
Hand Calculation [Eurocode Rules (No Safety Factors) Weld failure 536.95
IDEA StatiCa Perfect Plastic Model 5% Plastic Strain 505
ABAQUS Nominal Hardening Weld Failure 686.9

Table 3- 3: Experiment Joint Estimations

A maximum of 687 [kN] is predicted. In order to ensure the small deformation of the frame and to take
into consideration the over-strength due to real material properties and geometry, a load of 800kN is
chosen to analyze and design the experiment setup. This load will be used as services level load, this
means that plasticization of steel in the frame and connections will be controlled to be as small as
possible.

In addition, to simulate the selected boundary conditions for the experiment, the lateral (out of plane)
and vertical reactions are calculated to design the frame setup.

Reactions Forces
. . Left Column Rigth Column
Direction Support [kN] Support [kN]
Out of Plane -1.75 0.82
Vertical -52.5 61.8

Table 3- 4: Reactions at the Column Extremes

The reaction loads direction can be understand from Figure 3 - 9: Location of the Master Nodes at the
3D Model. The negative in the vertical direction means downwards and the negative in the out-of-plane
direction means pointing to the viewer. It can be concluded that the joint is trying to rotate
anticlockwise (from the top view). With this information, the frame supports and connections were
designed.
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3.6.2) Frame Analysis

Once the applied load (800kN) was chosen, beam type elements and a linear elastic analysis was
performed on the frame. The software Autodesk Robot Structural Analysis Professional was used for this
calculation. The self-weight and the applied load in the specimen were considered. Two different
options of analysis were performed. The first option was a rigid idealization of the experiment joint and
the second one was a hinge (pin) idealization of it.

After the first analysis, a middle support for the long beam was proposed since the deformation in the
frame was significant. After that, the second analysis showed the following results:

FX=800.00 |

=10

FX=-800.00

11

Figure 3 - 17: 3D Model in Autodesk Robot Software Figure 3 - 16: Beam Frame Model

Figure 3 - 18: Rigid Model Deformation

Rigid Model Pin Model
Node/Model g
Ux[mm] | Uz[mm] | Ux[mm] | Uz [mm]
10 7.5 0.6 7.4 0.6
13 -4.4 0.0 -6.9 0.0

Table 3- 5: Frame Node Global Displacements
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The node displacements gives the idea of how rigid is the frame and its results are satisfactory. The
constraints for out-of-plane and vertical displacements of the column extremes were considered during
the analysis.

3.6.3) Frame Details

By taking the real measures of the frame elements, the Jack, the supports and the brackets; the
following setup detail for the experiment is proposed (see figure 3-14).
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Figure 3 - 19: Frame Setup

3.6.4) Frame-Specimen Connections Design and Detailing

Part of the experiment setup is the design of the connections between the frame and the jack with the
specimen. The parameters taken into consideration are:

- An applied load of 800kN in order to take into account the hardening of steel, the real
strength of materials and other possible uncertainties in the experiment.

- The plasticization of the connections should be avoided, in order to no have a big influence
of the deformation of the connections in the reading deformations of the experiment joint.
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Three joints need to be designed:

1) Beam Clamp to the Frame.-
The design of this “moment resisting joint” needs to follow the rules from the frame setup. One
of these rules is to have holes every 100mm for M24 bolts. This detail needs to be a rigid joint,
to resemble the real conditions of the joint in normal structures (chosen boundary conditions).
The design showed that stiffeners should be used in order to avoid failure of the HEB300 beam
from the frame.

Figure 3 - 20: Beam Clamp Model in IDEA StatiCa

2) Column Pin-Plate.-
The force was applied to the specimen through pulling one of the extremes of the column with a
Jack. A tension load was chosen to avoid local and lateral buckling of the column. The design of
the pin-plate geometry was executed following the recommendations in Eurocode and later
analyzed in IDEA StatiCa to check that the plastic strains are low.

3) Jack to Pin-Plate.-
This is the only detail that will be the same for the nine tests. Therefore, plastic strains are a
critical factor and they should be avoided. Taking into consideration fabrication parameters, the
same plate thickness as the column-jack connection was used for this connection.

Figure 3 - 21: Pin Plate Production (E4)
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Figure 3 - 22: Workshop Drawings for the Connections to the Frame
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3.6.4) Strain Gauges and Displacement Measurements Location

The aim of the strain gauges locations are to measure the bending stresses distributions in the beam’s
cross section to give an insight of how the bending stresses are changing through the length of the
beam. The experiment joint supposes to be a simple (pinned) joint. Nevertheless, one of the goals of the
experiment is to measure its the real behavior. One of the parameters was tested is the real location of
the rotation center. In this way, the rules assumption of the location of the rotation center can be
validated.

The displacement measurements will help both to understand the behavior of the joint and to test the
influence and performance of the boundary conditions and the frame.

Force 3

JACK = Force 1
Pt O

Laser 1]

=

LASER 2
Fin Plate Strain Gauges
at the sides

POT4

Forcs 2

Beam Strain Gauges

gl il

TT [TTT

Figure 3 - 23: Instrumentation Location
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3.7 Analytical and Numerical Predictions

3.7.1) Geometry Description

In previous points, the description of the numerical model and the geometry of the joint were given (see
Figure 3 - 4: Workshop Drawings for the Specimens). In this section, a summary of the properties of the
joint is tabulated. The geometry dimensions are the actual dimension measure from the specimen itself.
However, for the material properties, nominal values from the code and the material specifications were
used.

Element ____ | Column| ____ Beam| __| FinPlatef ___________Botts ___________|
Profile. ________________|_F H55200x8( _ __IPEA400IPL330x200x10) _ ________! M24-109 ]
Length 1050 599.00 - 24.00!BOItdiameter (tension) [mm]
Heigth 203.00 402.00 230.00 21.30 iThickness of bolt nut [mm]
Dimensions | Width 202.00 177.00 100.00 35.80iAcross points dimension of bolt head & nut
[mm] Flange Thickness 8.80 12.70 8.00 15.80!Thickness of bolt head [mm]
Web Thicknes 8.40 8.65 - 4.00iThickness of ALL washers [mm]
| _______|RollingRadius ___| ___2000| ____ 2tool o 3.00fFinetwelds Throat ___________|
Material |Yielding Stress (fy) 355.00 355.00 355.00 900.00
Properties |Ultimate Stress (fu) 510.00 510.00 510.00 1000.00
[kN/mm?] |Young Modulus 210000.00] 210000.00 210000.00] *210000.00

Table 3- 6: Experiment Joint Material and Geometry Properties

3.7.2) Hand Calculation (EN 1993 1-8 (2005))

The design resistance of the joint calculated by using the Eurocode formulations presented in the
guidelines (Jaspart, 2016) was of 365 [kN] (see Annex B). The purpose of the experiment is to test the
behavior of the weld. With this objective, the design was performed in such way that failure can happen
in the weld. Nevertheless, shear resistance of the fin plate and the shear out of the beam have
resistance close to the failure of the weld.

For the weld resistance calculation, the concept of hybrid weld (see chapter 4) was used. In this case the
filler material properties were used in conjunction with the new normative present in the future
Eurocode for steel joints (EN1993 1-8 (2020)).
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Shear Resitance [kN]

EN 1993 1-8 (2005) [kN]
Failure Mode With Safety| Without

Factors |Safety Factors
VRD.1 |[Shear Resistance of Bolts 409.25 1059.00
VRD.2 |Bearing Resistance of the Fin Plate 594.62 1099.88
VRD.3 |Shear Resistance Fin Plate: Gross Section 532.57 614.88
VRD.4 |Shear Resistance Fin Plate: Net Section 593.61 742.01
VRD.5 |[Shear Resistance Fin Plate: Shear Block 585.26 879.02
VRD.6 [Bending Fin Plate 628.61 628.61
VRD.7 |Buckling Fin Plate (Factor) 628.61 628.61
VRD.8 |Bearing Resistance of the Beam Web 446.70 684.86
VRD.9 [Shear Resistance Beam Web: Gross Section 938.18 939.18
VRD.10 [Shear Resistance Beam Web: Net Section 884.37 1150.58
VRD.11 [Shear Resistance Beam Web: Shear Block 461.63 540.07
VRD.12 [Shear Resistance Column Web 5048.17 6310.21
VRD.13 [Weld Resistance (EN1993 1-8 2020) 365.00 512.50

Table 3- 7: Experiment Joint Failure Modes - Shear Resistances

Simple Joint - Failure Modes Resistances
Without Safety Factors

1150.58

1099.88
1059.00

939.18
879.02
742.01
684.86
614.88 628.61 628.61
I I I 540‘07

Figure 3 - 24: Experiment Joint - Hand Calculation Results
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3.7.3) IDEA StatiCa Analysis

Using the software IDE StatiCa, a shear resistance of 521.0 [kN] is predicted for the joint. The failure
happened at the weld (see Figure 3-22). Nonetheless, plastic strains are present in the Fin Plate,
suggesting some bearing happening.

Overview of all checks for extreme load effect

Check item Value Status
> JAnalys:s 100.0% O
| Plates <s% | @

Bolts 800<100% &
Welds 100.1 > 100% €

Figure 3 - 25: Experiment Joint - Results and Plastic Strain Distribution (IDEA StatiCa)
3.7.4) ABAQUS Analysis

For the ABAQUS numerical analysis, two analyzes were performed. One using Ideal Plastic Material
Model and by taking into consideration the 5% Plastic strain limitation to compare it with the hand
calculations. The second analysis was performed using Nominal Harding Material Model, and it was
compared to the actual behavior of the joint in the experiment.

The Ideal Plastic Material model gave a shear resistance of the joint of 551 [kN]. The failure mode that is
limiting the joint resistance is plasticization of the weld. Nevertheless, Figure 3 - 26: Experiment Joint -
Strain/Stress Distribution (ABAQUS)shows bearing failure in two bolts. With these results, the
appearance of some failure modes when the joint fails is expected. Important deformation can be
expected at the holes of the fin plate and the beam web at the same time big strains at the fin plate
suggesting some shear deformation of the gross section.

Figure 3 - 26: Experiment Joint - Strain/Stress Distribution (ABAQUS)
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The Force vs Displacement curve presented in Figure 3 - 27: Experiment Joint - Force vs Displacement
Curve (ABAQUS) shows the behavior of the joint. It can be seen that at the beginning no force is
developed, this occurs due to the bolt hole clearance.

|

5% Plastic Strain

Force (kN)
T
1

[e—— 10ealPlsstic |

P
0. L ol 1 1 L ]

~ Displacement (mm)

Figure 3 - 27: Experiment Joint - Force vs Displacement Curve (ABAQUS)

The Nominal Hardening Material Model gave a maximum shear resistance of 686.9 [kN]. The failure is
still happening in the weld; nonetheless, big plastic strains are occurring in the first column of bolts. Big
bearing deformation is still expected to happen in the experiment.

PEEQ

(Avg: 75%)
+3.020e+00
+5.000e-02
+4.592e-02
+4.183e-02
+3.775e-02
+3.367e-02
+2.958e-02
+2.550e-02
+2.142e-02
+1.733e-02
+1.325e-02
+9.167e-03
+5.083e-03
+1.000e-03
+0.000e+00

Figure 3 - 28: Experiment Joint - Plastic Strain Distribution (Nominal Hardening)
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100, — .
['—' Experiment - Nominal Hardening

0. 1 L |
0. 5 10, 15,

Displacement (mm)

=

Figure 3 - 29: Experiment Joint - Force vs Displacement Curve (Nominal Hardening)

3.7.5) Comparison of Results

In order to compare the expected resistance of the experiment joint, a comparison of results from the
different analysis is going to be performed. The hand calculation will be compared to IDEA StatiCA
results and the ABAQUS Model using Ideal Plastic Material Model.

. Shear Resistance . .

Analysis Model Failure Mechanism
[kN]

Handmade Calculation|With Partial Safety Factos 365.50 Weld Failure
| (EN 1993 1-8 2020)_ |Without Parcial Safety Factors | ___ 512.50) _ Weld Failure
| __IDEAStatiCa | 3% Plastic Strain Mechanism_ | _______ 521.00] _ Weld Failure _]

Ideal Plastic Material 551.00 Weld Failure

ABAQUS - - - -
Nominal Hardening Material 686.90 Weld Failure

Table 5- 8: Experiment Joint — Analyses Results

IDEA StatiCa predicted a weld resistance 1.6% higher than the new normative of the Eurocode. From
this, it can be concluded that the plastic weld model of the software is able to consider the increase of
the weld resistance proposed in the new code. ABAQUS Ideal Plastic Model gave 7.5% higher value for
the joint resistance compared to the hand calculation.

For all the analyses, the failure mechanism is the same, failure of the weld. With this basis, the results
expected from the experiment are going to give the weld behavior, which is the objective of the
experiment. In addition, IDEA StatiCa gave accurate results compared to ABAQUS and the Hand
calculations. This is one step forward in the validation of the software.
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Experiment Joint

Force vs Displacement

5% Plastic Strain

—e— ABAQUS - Idesl Plastic Material Madel
——EN1953 1-8 [2005) - Design Value
L8 |DEA StatiCa

S EN1993 1-8 (2005) - Charscterist Value

4.0

Displacement [mm]

Figure 3 - 30: Experiment Joint Predictions
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3.8 Experiment Results

In this thesis, only the first specimen is going to be addressed. With the remarks and information
obtained from it, the experiment program can continue in proper way. Specimen 1E1 was loaded 4
times before the failure was reached. In this way, the instrumentation, frame setup and all parameters
presented in the experiment were tested. Nonetheless, the results gave important remarks and
prediction of the performance of the experiment and the expected results.

The three main results, which are needed for reach the goal of the experiment, will be discussed. A
comparison of results, explanation of the load applied and important recommendations will be made.

3.8.1) Joint Resistance

To understand the global behavior of the joint, displacement measure dispositive (lasers) were
positioned in such a way that the relative displacement between the column (HSS 200x8) and the Beam
(IPE400) could be captured. This displacement is important because it is the actual displacement that
the weld and the joint itself were subjected to. In addition, to validate the numerical model, the same
displacement is considered.

The results in terms of Force vs Displacement curve of the final loading cycle is presented in Figure 3 -
31: Experiment - 4-load Cycles simulation. To be able to compared these results with the numerical
model, the 4 load cycles were simulated using the same parameters as the Nominal Hardening analysis
presented in 3.8.4. The maximum load applied at each cycle is the same maximum load applied during
the experiment.

Experiment

=

=
o
o
2
o

it

—&— Numerical Model

Displacement [mm]

Figure 3 - 31: Experiment - 4-load Cycles simulation
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It was important to simulate the 4 cycles of loading because the load applied at each cycle was bigger
than the elastic maximum load for the specimen. After the first cycle, the elastic limit was increase due
to yield flow caused by hardening in the joint when the plastic stage was reached. For coming cycle
loads, especially the last one (which is the only one with higher load than the first cycle), the elastic
behavior will happen until the elastic limit from the first load cycle is reached. This is the reason of the
sharp curve found in the experiment and numerical model for the las cycle load.

The experiment results and the last load cycle from the numerical model are presented in Figure 3 — 29.
It can be seen the slip in the experimental behavior. The initial stiffness corresponds to the preload of
bolts ( small preload of 30N*m) that after 50kN is lost and the slip of bolts happens. The bolts were
located (as close is possible) in the center of the hole. For this reason, the slip behavior was possible to
be captured in the experiment. After the initial stage, where rearranged of bolts and slip happened due
to the hole clearance, the experimental and numerical behavior are matching. The numerical curve does
not show this initial stage because it was obtained from the fourth load cycle. However, it can be
observed in figure 3-28 the initial slip, which has the same magnitude of the experiment, happening in
the numerical model.

Experiment

z
=
@ 400
2
o
i

—&— Numerical Model

g

—&— Experiment

10 12

Displacement [mm]

Figure 3 - 32: Numerical and Experiment Behavior of the Last Load Cycle

To have a better comparison, the displacement of the numerical model were shifted to coincide with the
experimental behavior. The experimental curve started from cero because before each load cycle, the
measurements were reset. Figure 3-30 shows the overlapping of the curves.
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Experiment
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Figure 3 - 33: Experiment - Overlap of the curves

It can bee seen an accurate correspondence between the numerical model and the real behavior of the
joint. The ultimate resistance reached in the experiment was of 743.5 kN. The numerical model
predicted 686.5 kN, which gives a difference of 8.3%. It can be explained due to the material properties
used. For the numerical, model the nominal material properties here used. However, the resistance
should be compared at the same range of displacement. For this case, if we take 4mm displacement as
the comparison base, a difference of 15% was found for the curves. For future correlation of the
numerical model, a true stress — true strain material model should be applied. With this, the gap
between both joint behavior analyses will be reduced. This will validate the numerical model in order to
allow its use for future parametric uses.

Finally, figure 3-31 gives a perspective of the level of reliability present in the code, by showing the
result of the different predictions against the real behavior and the numerical model. It can be seen that
there is almost a factor of 2 between the design value and the experimental result.
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Figure 3 - 34: Comparison of Results

3.8.2) Joint Behavior

As mentioned in 3.2), one of the objectives of the experiment is to increase the knowledge about simple
joints connected to flexible surfaces like the face of a hollow section. To validate the classification of
simple joint, the development and distribution of bending moments in the joint will be addressed.

To achieve this goal, the real rotation center of the joint (in the elastic and plastic behavior) is going to
be calculated using the numerical model from ABAQUS. In the code, the assumption of the rotational
center is at the center of gravity of the bolt group. However, if the real center of rotation is further from
this point, underestimating of the bending moments happening in the weld will occur. On the other
hand, if the rotation center is closer to the weld the bending stress in the weld are overestimated and
the resistance of the weld is underestimated.

The procedure used to find the rotation center is describe below:

1.- To choose an applied load that acts during the elastic behavior of the joint. For the plastic
rotation center the ultimate load can be chosen.
2.- To measure the components of the forces happening in each bolt.
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Figure 3 - 35: Components of the Second Bolt Force

3.- Todraw the resultant of each bolt force using the components of them.

4.- To choose a rotation center (can be the same as the code).

5.- To measure the perpendicular distance between the resultants and the estimated rotation
center.

Figure 3 - 36: Perpendicular Distance between the Resultant and the Center of Rotation

6.- To calculate the moment generated by each bolt and sum them up.
7.- Just after the weld, get the bending moment in the fin plate and the shear load at that point.
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4447792

Figure 3 - 37: Shear and Bending Moment at the Fin Plate

8.- To add the Fin Plate bending moment to the moment in the bolt group

Moment
Bolt Force X (N)|Force Y (N) Resultant | Lever Arm Moment Y (kN*m)| Resultant
(N) (mm) (kN*m)
1 105236 -59185 120737 68.1 8.22
2 22754 -32737 39868 46.8 1.87
3 104938 15126 106023 27.2 2.88
4 879 -93 884 47.2 0.04 21.66
5 79993 58571 99144 75.4 7.48
Lo G Ll o0 —— bl T 2] I
Fin Plate 4.45
Global 295.8 88.25 26.10
100.0%

Table 3- 1: Elastic Rotation Center Calculation

9.- To compare this result to the moment generated from the shear load in the fin plate at the weld
cross-section, using the lever arm as the distance between the assume rotation center and the
cross-section. If these two moments are not the same, choose another rotation center point and
repeat the steps until you get perfect match.

The same procedure was used to obtain the rotation center at the plastic stage.
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Figure 3 - 38: Real Rotations Centers

Figure 3 - 38: Real Rotations Centers shows the calculated rotation centers. It can be seen that the
elastic rotation center is 10mm closer to the column face than the proposed rotation center in the code.
This shows that the proposed rotation center is accurate for the elastic stage and that the location will
give safe results.

In the case of the plastic rotation center, the new position is 37mmfrom the proposed rotation center.
For the plastic stage, the bending moments at the welds are overestimated and the weld resistance is
underestimated. This also proves that the failure in welds will happen mostly due to shear, and this
explains the big gap between the code calculation and the experiment behavior. If the bending moment
at the weld is not considered, the weld should fail at 702kN, which is a value closer to the actual
behavior of the joint.

Another consequence of the shift of location of the rotation center in the plastic stage is the not equal
distribution of forces between all the bolts. It can be seen that the first column of bolts are taking most
of the load. This behavior was reflected in the numerical model and in the experiments.

3.8.3) Failure Mode and Deformation

In the same way as the prediction of the joint strength and its behavior, the deformation and failure
mechanism was possible to predict with the numerical model. The failure happened due to break on the
weld (see figure 3-39). The numerical model shows high plastic strains in the weld at the ultimate load
as it can be seen in figure 3-40. They reached 300%, which is unrealistic but due to the material model,
the strains are going to keep increasing during the yielding stage at the weld. Nevertheless, the location
and concentration of the plastic strain matches with the failure mechanism observed in the experiment.
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Figure 3 - 39: Failure Mechanism

Figure 3 - 40: Plastic Strain at Ultimate Load

The bearing deformation of the holes, in the beam web and the fin plate, were accurate predicted by
the numerical model (see figure 3-41). Because the deformation pattern is similar for the experiment
and the numerical model, the rotation center shift due to the actual direction of the bolt forces can be
validated.
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Figure 3 - 41: Hole Deformation Pattern

52



Chapter 4 — Hybrid Welds

Chapter 4 — Hybrid Welds

4.1 Introduction

The new steel production techniques and the improvement of material properties are creating an
important impact in the design of structures. Nowadays, structural designers are using the increase of
the capacity of the materials to design more slender elements and bigger empty (without columns)
spaces. Bridge design is also using the High Strength Steel (HSS) properties to overcome longer distances
and to reduce the size of the elements. This new way to conceptualize the structures and its elements
has an enormous influence when designing joints. The forces that need to be carried by the joints are
increasing. Therefore, the use of high strength elements, bolts and welds, is going to be more often
required.

The use of High Strength Steel can help save the amount of material used in the fabrication of a given
structure, reduce the structure’s weight and the transportation costs. HSS can be efficiently used under
tensile solicitations; however, stability design depends more on the elastic modulus and the inertia of
the elements. For stability design the idea of using different qualities of steel for different elements, is
gaining importance. Hybrid constructions, which combine HSS columns, mild steel beams (the flanges
can be made of HSS) and joints with HSS components; can lead to an efficient use of steel material
properties to take full advantage of its benefits.

In Chapter 4, the use of hybrid welds will be studied. With the present norms (Eurocode rules), the
advantage of using high strength elements is not fully used, since the current code does not take into
consideration the filler material when the load bearing capacity of the welds is calculated. Furthermore,
the code suggests taking into consideration only the properties of the weaker base plate in a weld
connection. These two principles are limiting the use of HSS elements with welds in under match
conditions or in combination with mild steel elements. However, the new version of EN1993 1-8, which
will rule the design of steel joints from 2020, already incorporate within its regulation the influence of
the filler material for the weld strength design. These new rules and formulations will be analyzed
below.
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4.2 Difference in The Weld Strength Design EN1993 1-8 (2005 vs 2020)

In the present set of rules, the filler material properties are not considered. The weld resistance depends
only on the base plate materials because only match and overmatch welds are allowed. If the weld is
joining two different steel qualities, the norm stipulates that the properties from the weaker material
should be used. This approach is conservative and understandable for steel grades lower than 420;
however, the use of High Strength Steels is changing this way of thinking. Before, having an under match
weld condition was hard to achieve because the commercial filler materials normally have higher
properties than steel grades lower than S420. Nowadays, if high strength elements are used in
combination with normal quality steel elements, the possibility to apply match, overmatch and under
match welds is more common.

Under match welds can be advantageous in several situations. First, an under match condition can be
beneficial if the weld is not critical in a high strength joint. This due to the fact that this situation allows
the designer to use less resistance for the filler material. Lower resistance wires are easier to use and
weld. Another situation is when a butt weld is applied between high strength plates. The tri-axial effect
in the weld will allow the connection to achieve the same strength of the base materials due to the
confinement of the weld (Tornblom, 2007). A third situation, the one that was applied in the experiment
from chapter 3, is the use of two different base materials where one of them has mild steel properties.
The resistance of the connection is influenced by the quality of the two base elements, so the use of
overmatch welds not necessary means a huge increment in the resistance. The use of under match
condition can be more efficient in this situation.

In terms of weld strength design, the difference between the current version of the code and the new
one is reflected in the consideration of the filler material properties. The new code has two situations
for the design of fillet / partial butt welds, which are listed below:

1. Without taking into account the filler material: In this approach, match or overmatch conditions
are mandatory. It is normally applied to steel qualities S420 or lower. Here the filler material is
considered to have equal or higher resistance compared to the weakest of the connection
plates. This approach is the same as the approach from the present norm (2005). The difference
is that the 2020 code allows the use of high strength elements and welds. In addition, the
correlation factor was updated in order to incorporate HSS in the weld connection. The new
values are presented below.
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Table 4.1 — Correlation factor g, for fillet welds

Standard and steel grade

EN 10025

EN 10210-1

EN10219-1

EN 10149-2

Correlation factor

|8W

§235
S235W

S235H

S235H

0,80

§275
§$275N/NL
5275 M/ML

S275H
$275NH/NLH

S275H
$ 275 NH/NLH
$ 275 MH/MLH

0,85

§355
§$355N/NL
$355M/ML
S$355W

S355H
S 355NH/NLH

S355H
$ 355 NH/NLH
$355 MH/MLH

S420N/NL
5420 M/ML

S420NH/NLH

S420 NH/NLH
5420 MH/MLH

5450

S 460 N/NL
$ 460 M/ML
S 460 Q/QL/QL1

$460 NH/NLH

5460 NH/NLH
$460 MH/MLH

5500 Q/QL/QL1

S 500 MC

§550 Q/QL/QL1

S 550 MC

5620 Q/QL/QL1

S 600 MC

$ 690 Q/QL/QL1

S 650 MC
5700 MC

Figure 4 - 1: Update values for the correlation factor

The formulation of this approach is the same that can be found for the design of fillet welds in
the existing code. Figure 4-2 presents the equation of the combination of stresses presented in
the weld when only the base materials are taken into consideration. This formulation is only
valid for match and overmatch conditions.

IF =
|| fu 0,9f,
a2 +3(ti+17) < and o, < 4.1
+ ( + ! ) Pw¥mz + Ymz (1)
where
fu is the nominal ultimate tensile strength of the part joined, which is of lower strength grade;
B, 1sthe appropriate correlation factor taken from Table 4.1.
L —|

Figure 4 - 2: Formulation for the first approach.

Taking into account the filler material: the second approach is the new method for the design of
fillet welds considered in EN1993 1-8. It is based in several experiments done around Europe
and the conclusion from a investigation program in Germany (H.P. Glinther, J. Hildebrand, C.
Rasche, C. Versch, I. Wudtke, U. Kuhlmann, M. Vormwald, 2009). This program concluded in
some suggestions, that were accepted and used by the new version of the code. The filler
material properties are taken into consideration in this new approach. Moreover, the
correlation factor (Bw) was obtained from a statistical analysis of the experiments, and values
linked two the properties of the filler material are given. The new values for (Bwmod) are
presented below:
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Table 4.2 — Ultimate strength of filler metals f,, py and modified correlation factor i, ;4

Filler metal strength class 42 |46 |69 |89
Ultimate strength f,, gy [N/mm?] [ 500 [530 | 770 | 940

Correlation factor £y, 04 [-] 0,89]0,85(1,09|1,19

For filler metals different to those given in Table 4.2 the
correlation factor should be taken conservatively
according to the given values.

Figure 4 - 3: Correlation Factors for the second approach

The filler material properties are considered by modifying the mode of calculation of the
ultimate stress of the weld. In this approach the ultimate stress is the combination of % from the
ultimate stress of the weaker base plate and % from the filler ultimate strength. Figure 4-4
presents the equation for the evaluation of the weld strength under this condition. This
formulation is valid for match, over match and under match conditions.

[ 0,25 + 0,75
Jf +3(Tf+rf) < fu,PM fu,FM
ﬁw,modYMz

where:

fupm is the nominal ultimate tensile strength of the parent metal (weaker part joined);

Jfurm is the nominal ultimate tensile strength of the filler metal according to, and according to
EN ISO 2560, EN 1SO 16834 and EN 18276;

Bwmod is amodified correlation factor that depends on the filler metal strength, see Table 4.2.

Figure 4 - 4: Formulation for the second approach
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4.3 Directional Method

In the directional method the Von Mises yielding criterion is applied to an idealized triangular weld.
“...the forces transmitted by unit length of weld are resolved into components parallel and transverse to
the longitudinal axis of the weld and normal and transverse to the plane of it throat”(Eurocode3 1-8
Comitte, 2005). In other words, the stress generated by the applied force is decomposed into three
stresses (0., T1 & 1)), which are combined under the Von Mises Yielding Criterion. The three stresses and
the idealized triangular shape of the welds can be seen in Figure 4 - 5: Stress Location at a Fillet Weld

Y
N\

Figure 4 - 5: Stress Location at a Fillet Weld

For the idealization of the triangular shaped weld, the throat can be considered to start at the root of
the weld. From Figure 4 - 6: Weld Throat thickness (a), the location of the measure of the throat
thickness given by EN 1993 1-8, can be observed. Based on these criterions the directional method allow
the analysis of the weld strength depending on the direction of the applied load. Tension strength is
higher than shear strength. Therefore, the method allows an efficient design of the weld. However, an
important assumption made is that the force is able to uniformly stress all the length of the weld (with a
maximum of 150 times the throat thickness). Is typical to overserved high stresses concentrations at the
ends of the weld. If the stress concentrations are too large, the performance of an elastic distribution of
the stresses is recommended.

Figure 4.5 — Throat thickness of a penetration fillet weld

Figure 4 - 6: Weld Throat thickness (a)
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Another important assumption made in the strength analysis of welds, is that if the weld is connected to
two different material strength steels, the designer should use the properties from the weaker plate.
This assumption is the reason why the use of high strength elements and welds in combination with
normal strength plates, do not allow the design to take full advantage of the high strength properties.
Futhermore, the current code is valid for steel grades until S420.

The new version of EN1993-8, takes into consideration the two points expressed before. On one side, it
allows the use of high strength steels by giving an interaction factor for this kind of steels. On the other
side, the code uses the suggestion given by (H.P. Giinther, J. Hildebrand, C. Rasche, C. Versch, |. Wudtke,
U. Kuhlmann, M. Vormwald, 2009) (see chapter 2), which takes into consideration the combination of
the filler material and the base plates materials. The code gives the interaction factor for four different
filler material strengths. Nevertheless, the suggestion of using only the properties from the weaker base
material, is still present.

Below will be presented the difference of the weld connection capacity for shear and tension load per
unit length. Additionally, a practical example will be performed to see the difference in the strength
calculations for a Hybrid Weld. Equations 4.1) and 4.2) will be used.

\/E*a* fu,w
2* By * Vw2
a*f,,

Foo = uw
S \/g*ﬁw*%wz

where, Frrp = Tension Resistance Force of the weld per unit length

Tension Resistance: F; ., = (4.3)

Shear Resistance: (4.4)

Fs,rp = Shear Resistance Force of the weld per unit length

a = Throat Thickness according to Figure 4 - 6: Weld Throat thickness (a)
Bw = Interaction Factor given by figure 4-1 or 4-2

ym2 = Partial Safety Factor (1.25)

fuw = Ultimate strength of the weld (see 4.2)

The weld strength will be calculated for a tensile and shear loading. “T” specimens of 50mm with 10mm
and 20mm thickness will be used in a weld with 3mm thickness (see Figure 4 - 7: Weld Specimen). The
filler material proposed, is a commercial wire (Mega Fill 742M) for welding HSS elements. Its yielding
resistance is 690 [N/mm?] and its Ultimate strength is 800 [N/mm?].
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A 50
o S355 ] 8w= 3mm
73) ﬁ ~J Mega Fill 742M
R | s690 Y

Figure 4 - 7: Weld Specimen

The difference in the weld strength resistance according to the present code and the new code is
showed below:

Tensile Shear

Code 2% tetf [mm] | fuw [N/mm?] Bw a [mm] Y2 | Resistance [kN]| Resistance [kN]
EN 1993 1-8 (2005) 100 510.0 0.95 3.00 1.25 91.11 74.39
EN 1993 1-8 (2020) 100 727.5 1.09 3.00 1.25 113.27 92.48
EN 1993 1-8 (2020) - Variation 100 760.0 1.09 3.00 1.25 118.33 96.61

Table 4- 1: Weld Design Strength

The third option (EN1993 1-8 (2020) — Variation) is similar to the new meth present in the new version
of the code but considering the strength of both base plates. Each plate has an influence of 12.5% of the
final ultimate strength of the weld (f,w).

Table 4-1 presents the difference in the weld strength design value. An increase of the resistance can be
seen. By taking into consideration the new code, the same High Strength Weld (HSW) can increase its
calculated capacity in a 24.3%. Moreover, if the limitation of the code for only use the material
properties of the weaker base material is avoid, the weld capacity can increase a 29.9%.

The significant increase in weld resistance can lead to important savings in time and welding costs due
to the reduction of the weld size.
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4.4 Simplified Method

The efficient results obtained from the directional method can be overshadowed by the detailed (time
consuming) analysis required. The code gives an alternative to this method by applying the so called
“Simplified Method”. The advantage of this procedure is that the designer does not need to take into
consideration the direction of the applied load. Equation (4.2) can be directly used and compare its
result to the stress caused by the applied load per unit length. In other words, only the shear resistance,
which is smaller than the tensile resistance, is taken into consideration for the analysis of the weld
strength. The values of By and f, are the same as the ones applied in the Directional Method (see 4.2).
The triangular idealization of the weld and the location of the throat thickness are also the same for
both methods.

The design of weld resistance can be assumed sufficient if at any point of the length of the weld, the
resistance per unit length is bigger or equal to the resultant of all the forces effects, per unit length.

Abbildung 9.1: Modellierung der Makroschliffe in Ansys 13.0° [Ansys 13.0]

Figure 4 - 8: Complex Finite Element Model of Welds (Rasche & Kuhlmann, 2012)
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4.5 Numerical Analysis

In the previous sections of the chapter the analytical formulation for welds strength analysis was
presented. However, the equations proposed by the Eurocode commonly are in the safe side. Due to
complex geometries and all the different zones properties of the weld, like the heat affected zone, an
exact formulation is a complex analysis to perform. Using Finite Element Analysis is an option to
overcome this problem. The use of FEA is a suitable approach for this task and already has been proved
to give accurate predictions of the weld resistance when models are compared to experiments (Rasche
& Kuhlmann, 2012).

Nevertheless, the same weld model that will be use in chapter 5, will tested in order to observe the
accuracy of the model to predict the characteristic value of the weld strength.

The weld model consists in a rectangular-isosceles triangle with the height (measure perpendicular to
the hypotenuse) equal to the throat thickness (a). The sides of the weld are tided to the base plates. A
perfect plastic material model is used with the yielding stress equal to the ultimate weld stress (f,). The
ultimate stress is the nominal ultimate stress of the filler material. The base plates also have a perfect
plastic material model with the yielding stress equal to the nominal yielding stress of the material.

Figure 4 - 9: Weld Model — Throat thickness 3mm (ABAQUS)

4.5.1) Welds Loaded in Tension

The same practical example from part 4.3 is used to compare the weld model of the numerical analysis
with the characteristic values calculated with the codes rules. This is the case of a hybrid weld, the same
situation that was tested in chapter 3. The failure criterion is the 5% plastic strain mechanism that is
going to be use in chapter 5 for the global failure criterion of joints. In addition, a weld size effect
analysis will be performed, to check the influence of these parameter in the numerical model.
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Figure 4 - 10: Strain/Stress Distribution in the Tension Analysis

Code 2%¢eff [mm] | fuw [N/mm?] Bw a [mm]| ym2 'Tensile

7 Resistance [kN]
EN 1993 1-8 (2005) 100 510.0 0.95 3.00 1.00 113.88
EN 1993 1-8 (2020) 100 727.5 1.09 3.00 1.00 141.58
Numerical Analysis - Abaqus 100 800.0 - 3.00 - 131.50

Table 4- 2: Tensile Loaded Weld Results

Weld Size Effect in Tension Resistance
for a Hybrid Weld Numerical Model
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Figure 4 - 11: Results Comparison for the Tension Loaded Weld
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Table 4- 2: Tensile Loaded Weld Results showed the results from the numerical analysis of a tension-
loaded hybrid weld, against the characteristic values obtained from the two Eurocodes. The numerical
prediction is 7.12% lower than the new code and 15.55% higher than the current code.

The weld model predicted the tensile strength of the weld with results that are in the safe side. This
means that the model underestimate the strength of the weld compared to the new formulation of the
Eurocode. Nevertheless, the result shows an increment from the actual code, which means that the
properties of the filler material are used for a more efficient design.

The size effect analysis shows no influence in the weld strength when it is loaded in tension.
4.5.2) Welds Loaded in Shear

In the same way as the tensile-loaded weld, a shear-loaded weld will analyzed. The same criterion of 5%
plastic strain mechanism will be applied.

"l
|
Figure 4 - 12 Stress/Strain Distribution in the Shear Loaded Weld
Code 2*¢eff [mm] | fuw [N/mm?] B a [mm] M2 Shear
€]
ww i ¥ Resistance [kN]

EN 1993 1-8 (2005) 100 510.0 0.95 3.00 1.00 92.98
EN 1993 1-8 (2020) 100 727.5 1.09 3.00 1.00 115.60
Numerical Analysis - Abaqus 100 800.0 - 3.00 - 89.45

Table 4- 3: Shear Loaded Weld Results
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Weld Size Effect in Shear Resistance
for a Hybrid Weld Numerical Model
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Figure 4 - 13: Results Comparison for the Shear Loaded Weld

When the weld is loaded in shear, the accuracy of the numerical model is different. In this case, the
results are similar to the ones obtained from the previous code. The results have a value 22.62% lower
than the calculated by the new code and less than 4% lower than the calculated by the present code.
The weld model that will be use in chapter 5, gives conservative values when is subjected to pure shear.

In addition, the size effect analysis showed an important negative effect to the strength of the weld
when is subjected to pure shear. Weld models with lengths smaller than 50a, will give inaccurate

prediction of the weld strength. This parameter need to be taken into consideration during a numerical
analysis.

If the FEA is used for a hybrid weld that is loaded in shear and tension, the results will be higher than the
current code, but conservative compared to the new code. From this result, it can be concluded that the
proposed weld model can be used for the finite element model of joints that will be used in chapter 5.
The results are going to be conservative but the design will be more efficient than using the actual code
formulation.
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Chapter 5 — Joint Design Assessment

5.1 Introduction

In previous chapters, the accuracy of numerical and analytical prediction of the real behavior of a steel
joint was evaluated. Great Similarities between the numerical and the analytical results were achieved.
Later on, the experiment showed how accurate can these predictions be. The level of safety and
reliability regulated in the Eurocode rules were also possible to witness. Nevertheless, chapter 5™ will
present results obtained from different analysis applied to a set of steel joints. These results can be
compared and validated. The aim of this study is to analyze how finite elements tools and the Eurocode
formulations can accurately predict the capacity of steel joints, which are easily found in daily practice of
structural engineering. During this comparison, the finite element analysis will be performed using two
different software. The first is ABAQUS, an experimental software widely used. The second one is IDEA
StatiCa, a daily practice software that will be used and validated.

The study will be performed by analyzing one joint for each type of steel joint stipulated in the Eurocode
classification according to its stiffness. The first is a simple joint (pinned) whose numerical model is
similar to the experiment joint presented in chapter 3. The other two are a rigid joint and a semi-rigid
joint taken from SERICOM-II database. SERICOM is a database whose objective is to collect the
information obtained from experiments all around Europe. The main goal is to document and to
generate a catalog of the behavior of diverse kinds of semi-rigid joints. Within this database, the
experimental behavior and the real measures of these joints are included.
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5.2 Conditions of the comparison

Due to the fact that different types of analysis and tools are going to be used in this comparison, a base
of principles and parameters need to be set in order to have a proper contrast of the results. The use of
safety factors, the material model, the failure limit, among others; are parameters that need to be set to
have a fair judgment. The base marks are presented below:

— Material Model: |deal Plastic Material Model will be used to model the steel elements. This
model is similar to the assumptions made in the mechanics formulation of the different failure
modes and components. The formulation normally takes into consideration the yielding
capacity of the material; however, they do not take into consideration the plastic strain on it.
Furthermore, strain hardening is completely neglected by the formulation. When a
component does not have the deformation capacity to redistribute the yielding stresses, the
ultimate stress is used but with a higher partial safety factor. An example of this is the shear
block failure of a shear resistance joint. Here, the area in tension uses the yielding stress, but
the area in shear uses the ultimate stress. The reason behind it is the deformation capacity of
the different components. An advantage of using this material model in the analysis is that
IDEA StatiCa uses it (see A.2.3). For these reasons, this material model will also be used in
ABAQUS.

A second material model will also be used. A Nominal Hardening Model will be specified in
ABAQUS in order to compare how accurately this analysis can predict the real behavior of the
joint which is given by the information in SERICOM database.

— Failure Limit: When a numerical model is used to evaluate the resistance of a steel joint,
obtaining the maximum load capacity or the point in which the failure mechanism start to
happen, is not always straight forward. When a simple element is modeled and this element
yields, a horizontal plateau will be found in the force vs displacement curve. However, in steel
joints, different components start yielding in different time and in a different way. Local
yielding occurs and a redistribution of forces and stress happen between the components.
This provokes a big curve zone after the elastic zone and before reaching the yielding plateau.
The “big curve” part can be seen in the “Moment vs. Rotation curve” (see figure 5-17). When
this kind of behavior is present, big plastic strain can occur before the horizontal yielding
plateau happens. For this reason, and using the pre-set parameter from IDEA StatiCa, a limit of
5% of plastic strain will be used to set the failure point of the joints. The 5% is also
recommended by the Eurocode (EN 1993 1-5, Annex C).

— Safety Factors: During a numerical analysis or in an experiment procedure, safety factors are
not presented. When the joint resistance is calculated by using these factors and other ones
like interaction factors, the result is called the design resistance of the element/joint.
Nevertheless, to compare experimental and numerical results with the mechanical
formulation for the resistance of the different components and elements, the characteristic
value needs to be computed. This value can be obtained by not using the safety factors.
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Nonetheless, the results “with” and “without” are presented for the hand calculations. This
due that the design value is the one that should be used in daily engineering practice.

Modeling Properties: The boundary conditions, the contact and the geometry of the joints
were modeled as similar as possible between the experiments, the semi-analytical

formulation and the available modeling options in the two numerical software. The boundary
conditions try to resemble the assumption made in the experiments and in the hand
calculations (Eurocode rules). The most difficult elements during the joint modeling are the
brittle elements like bolts and welds. The bolt model used is the same solid model used in
chapter 3 (Kim, Yoon, & Kang, 2006). This model shows good results when strength is
calculated. For the stiffness of the joint, a pretension load and a better detailing of the nut,
head and thread part are needed if accurate stiffness prediction is required. If the failure
mechanism is happening due to shear or tension failure of the bolt, it is hard to get accurate
results from this bolt model. Nevertheless, the simplicity of this model is required during this
study and during engineering practice. Bolt failure should be avoided.

Geometry: For some of the experiments the geometry is not precise. The lack of pictures and
information due to the long time elapsed since the experiment was carried out is another
limitation to model the exact joint. When the information from SERICOM database was not
enough or was misleading, a logical assumption of the geometry was performed. The same
geometry was used for all the types of analysis (hand calculations, Idea StatiCa and ABAQUS
software). The actual (measure) dimensions were used; however, where there was lack of
information, the nominal dimensions and properties were used.

Design Resistance: For practical designs, the design resistance is needed. This value is

calculated by using the Eurocode formulations with all its factors. For the purpose of using
IDEA StatiCa in daily practice, a set of parameters is proposed in order to obtain the design
values. The plastic strain should be limited to 3% and the number of elements at the critical
edge (see Annex A), should not be less than 24. Moreover, the finite element size should be
set in the rage between 20[mm] and 10[mm]. Following these parameters and using the
Stiffness Analysis, the design resistance can be easily obtained.
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5.3 Simple Joint (Pinned)

5.3.1) Geometry Description

The first type of joint that will be used to compare the results of the different analysis is a simple joint.
This joint was taken from the examples given in the Steel 2 Lecture within the Master Program of
Structural Engineering at TU Delft. Nominal values are used for the properties of the materials and the
geometry of the profiles. Even when the mentioned joint is not a direct experiment that can be used to
validate the results, it is similar to the joint showed in the experiment performed for this dissertation
(see Chapter 3). For this reason, the numerical models and the hand calculations were already validated
at chapter 3.

A simple joint is a shear resistant joint that normally is idealized as a hinge that has no bending resistant.
Chapter 3 probes that some bending stress is happening in the joint, for this reason, the eccentricity and
other parameters need to be taken into consideration. For instance, the bending resistance of the
column web (where the connection is happening). This simple joint is a fin plate bolted joint, which is
welded to the column web by a double side fillet weld. The load is applied exactly at the bolt column.
Figure 5- 1: Simple Joint - Geometry Detail shows the geometry details of the joint.

tlement Column| ___ Beam| __FinPlatel _ __________Bots ]
Profite - L] HEA 200 ___IPE3Q0) PL230x100x8| _ ________ M20-88 ]
Length - - - Z0.00!BoItdiameter (tension) [mm]
Heigth 190.00 300.00 230.00 13.00iThickness of bolt nut [mm]
Dimensions |Width 200.00 150.00 100.00 36.95 iAcross points dimension of bolt head & nut
[mm] Flange Thickness 10.50 10.70 8.00 16.00 hickness of bolt head [mm]
Web Thicknes 6.50 7.10 - 4.00iThickness of ALL washers [mm]
| _______|rolingRadis _ | 1800l __1soof | 4.00jeerweiss ot |
Material |Yielding Stress (fy) 235.00 235.00 235.00 640.00
Properties |Ultimate Stress (fu) 360.00 360.00 360.00 800.00
[kN/mm?] |Young Modulus 210000.00f 210000.00 210000.00] *210000.00

Table 5- 9: Simple Joint Material and Geometry Properties
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Figure 5- 1: Simple Joint - Geometry Detail
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5.3.2) Hand Calculation (Eurocode Rules)

The design resistance of the joint calculated by using the Eurocode formulations presented in the
guidelines (Jaspart, 2016), was of 144.5 [kN] (see Annex D). The failure mechanism is the bearing of the
beam web. Nevertheless, shear resistance of the bolts and the bearing resistance of the fin plate have a
little higher shear resistance (5.34% and 11.92% respectively).

If the characteristic shear resistance of the joint is calculated, the partial safety factors, interaction
factors and eccentricity factors must not be used. In these calculations, a joint resistance of 219.62 [kN]
is obtained. The failure mode in this analysis is also the bearing resistance of the beam web. Normally
this kind of failure is hard to obtain in a real size joint experiment, and is possible that the shear of the
plate is present in the failure mode. Nevertheless, even when numerical models are able to capture this
failure mode, the material model plays an important role in the accuracy of the strength resistance. The
summary of the calculation of the different components is shown below:

EN 1993 1-8 (2005) [kN]
Failure Mode With Safety| Without

Factors |Safety Factors
VRD.1 [Shear Resistance of Bolts 152.17 243.91
VRD.2 |Bearing Resistance of the Fin Plate 161.64 267.31
VRD.3 [Shear Resistance Fin Plate: Gross Section 196.57 249.65
VRD.4 |Shear Resistance Fin Plate: Net Section 218.16 272.69
VRD.5 |Shear Resistance Fin Plate: Shear Block 186.03 253.42
VRD.6 [Bending Fin Plate 301.37 301.37
VRD.7 |Buckling Fin Plate (Factor) 301.37 301.37
VRD.8 |Bearing Resistance of the Beam Web 144.43 219.62
VRD.9 [Shear Resistance Beam Web: Gross Section 348.28 348.28
VRD.10 [Shear Resistance Beam Web: Net Section 348.91 436.14
VRD.11 [Shear Resistance Beam Web: Shear Block 193.71 245.85
VRD.12 [Shear Resistance Column Web 973.62 1217.03
VRD.13 [Welds Resistance 336.90 421.89

Table 5- 10: Simple Joint Failure Modes Shear Resistances
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Simple Joint - Failure Modes Resistances
With Safety Factors
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Figure 5- 2: Simple Joint - Hand Calculation Results
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This simple joint is a standard joint, not only in its geometry but also in its properties. COP software was
used to compare its results with the hand calculations. Figure 5- 3: Simple Joint - COP Results shows COP
summary of results. The values are the same as the values from the hand calculation following the
Eurocode guidelines.

Calculation results

VRe = 1444kN2 100kN v

VRa = 144 4 kN Total shear resistance

VR4 182.6 kN Bolts in shear

VRe2 181.6 kN Fin plate in bearing

VRe3 196.6 kN Gross section of the fin plate in shear
Vres 2182 kN Net section of the fin plate in shear
VR4S 186 kN Shear block of the fin plate

VRd6 +Inf kN Fin plate in bending

VRd7 301.4 kN Buckling of the fin plate

VRas 144 4 kN Beam web in bearing

VRas 348.4 kN Gross section of the beam web in shear
VRe,10 349.1 kN Net section of the beam web in shear
VR4 11 193.7 kN Shear block failure of the beam web
Bwreq = 3.693 mm Required weld size

Figure 5- 3: Simple Joint - COP Results
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5.3.3) IDEA StatiCa Analysis

The stiffness analysis cannot be used for a shear resistant joint. Therefore, only a Stress/Strain Analysis
was performed using IDEA StatiCa software. The limit for the analysis was chose when a 5% of plastic
strain mechanism was presented in any of the plates. The shear resistance calculated by the software
was of 97.00 [kN]. The failure mechanism is plasticization of the column web.

Limit plastic strain Equivalent stress
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Figure 5- 4: Simple Joint - Strain/Stress distribution at the Column Web
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Figure 5- 5: Simple Joint - Stress Distribution (IDEA StatiCa)
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5.3.4) ABAQUS Analysis

For the ABAQUS numerical analysis, by using the lIdeal Plastic Material Model and by taking into
consideration the 5% Plastic strain limitation, the shear resistance of the joint was calculated in 215.20
[kN]. The failure mode that is limiting the joint resistance is the Bearing of the Fin Plate. Nevertheless,
Figure 5- 7: Simple Joint - Stress Distribution (ABAQUS Ideal Plastic Material Model) shows yielding at
the column web as well at the shear block failure for the fin plate. This suggests that other failure modes
are present in the failure mechanism; however, the critical one was chosen by looking which one of the
failure modes reaches first the 5% plastic strain mechanism.

PEEQ . : S, Mises
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Figure 5- 7: Simple Joint - Stress Distribution (ABAQUS Ideal Plastic Material Model)
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The Force vs Displacement curve presented in Figure 5- 8: Simple Joint - Force vs Displacement Curve
(ABAQUS)shows the behavior of the joint. The limit condition happened in the inelastic part of the
curve, which was already expected due to the type of material model used in ABAQUS. It also can be
seen that at the beginning no force is developed, this occurs due to the bolt hole clearance.
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Figure 5- 8: Simple Joint - Force vs Displacement Curve (ABAQUS)

5.3.5) Comparison of Results

The comparison of the simple joint analysis have to be done directly between all of them. This means
that the hand calculations without safety factors and the two numerical analyses have to be compared
directly. The summary of the results is showed below:

A Moment Resistance . A
Analysis Model Failure Mechanism
[kN*m]
Handmade Calculation|With Partial Safety Factos 144.50|Bearing of the Beam Web
| (EN 1993 1:8 2003)_ | Without Parcial Safety Factors| _______ 219.62|Bearingof the BeamWeb _________ |
| __ IDEAStatiCa__ _ |5% Plastic Strain Mechanism_ | ________97.00|Bending Plastification of the Column web |
ABAQUS Ideal Plastic Material 215.20|Bearing of the Fin Plate

Table 5- 11: Simple Joint - Analysis Results

Hand calculations have a good correlation with the numerical analysis results made by ABAQUS. There is
only a difference of 2% between them. Nevertheless, the failure mechanism is different which indicates
that the behavior is not the same for the two analyses. If the stress distribution is analyzed from
ABAQUS, yielding of the beam web also happens. This suggests that both failure mechanism are in the
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joint simultaneously; however, bearing of the Fin Plate gave bigger plastic strains, which was the
limitation parameter (see 5.2).

When IDEA StatiCa results are compered, a different failure mode is present, failure by bending of the
column web. This failure mode cannot be predicted by the Eurocode guideline, because a stiff column
face is assumed in the formulations. If we calculate a fin plate shear joint, there is no difference in the
rules if one connects the fin plate to the column flange or the column web. However, the slenderness of
the beam web needs to take a roll in the joint analysis.

Simple Joint
Force vs Displacement

.,W

5% Plastic Strain
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u
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=t ABACLIS - Ideal Plastic Materizl Madsl
—=— EN1953 18 {2005) - Design Valus
IDEA Statila
EN1253 1-8 (2005) - Characterist Value

30 4.0
Displacement [mim]

Figure 5- 9: Simple Joint Results

Bearing mechanism is a complicate failure. In most cases it comes along with the shear of the beam web
or the fin plate. IDEA StatiCa evaluates the bearing capacity by using the formulation from the Eurocode;
however, the forces are obtained from the finite element analysis. This means that bearing failure is
linked to the bolt design but not to the yielding of the fin Plate (for the IDEA analysis).

Finally, because for this joint detail the hand calculation were compared only to the two numerical
analyses, a mesh size study was performed in order to understand in better way the difference of the
results between the two software. Figure 5-10 shows below the finite element size effect in both
analyses.
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Figure 5- 10: Finite Element Size Effect

Both software shows the same tendency after the Finite Element Size effect study. The effect of
“increase” of the joint strength when the mesh size is also increased, happened for both analyses in a
similar proportion.

To gain more insight of the problem, an other study was performed. The failure of the column web was
neglected for IDEA StatiCa calculations. When this parameter was applied, the joint strength was
calculated in 213.5 [kN]. This value is closer to the results from ABAQUS model and the hand
calculations. The IDEA StatiCa model overestimates the stresses concentrations that are producing the
big plastic strains in the column web and determining the joint capacity.

75



Chapter 5 — Joint Design Assessment

5.4 Semi-

Rigid Joint

5.4.1) Geometry Description

For the Semi-Rigid category, a bolted Flush End Plate Joint was chosen. This joint is part of the SERICOM
database and the experiments were performed at TU Delft. The author of this investigation is Peter
Zoetemeijer and it was performed in 1981. The detail is a one-side beam-to-column joint with flush end
plate in a “T” configuration (see Figure 5- 11: Semi-Rigid Joint Details). The extremes of the column were
supported (there is not information how was the boundary conditions at the column) and the beam was
free (cantilever beam). The geometry and material properties are shown below:

Experiment T104-32

Element __ ) Column) ____ Beam| __EndPlate] ___________Bots ___________]
prosie ________________|__Hewaso| ___ipeaoofpLsseaasoaaol M24-209 ]
Length **2000.00 1350.00 24.00iBoIt diameter (tension) [mm]
Heigth 478.00 400.00 386.00 20.00 !Thickness of bolt nut [mm)]
Dimensions | Width 307.00 180.00 180.00 42.00iAcross points dimension of bolt head & nut
[mm] Flange Thickness 40.00 13.50 10.00 16.00iThickness of bolt head [mm]
Web Thicknes 21.00 8.60 - 4.00!Thickness of ALLwashers [mm]
| ___|Rolling Radius __ | ____27.00| ____ 2100l | 44.00i0iameerct washers) rm_______|
Material |Yielding Stress (fy) 275.00 275.00 294.00 900.00
Properties |Ultimate Stress (fu) *360.00 *360.00 *360.00 1000.00
[kN/mm?] |Young Modulus 210000.00] 210000.00 210000.00| *210000.00

*Nominal Value

**Assumed Value

Table 5- 12: Semi-Rigid Joint Properties

SemiRigid Joint - Flush End Plate
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Figure 5- 11: Semi-Rigid Joint Details
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5.4.2) Hand Calculation (Eurocode Rules 2005)

The hand calculations, using the Eurocode EN1993 1-8 (2005) give a joint resistance of 60.45 [kN*m]
(see Annex C). This result is valid independent of the use of partial safety factors. This is because the
weakest component in tension is the “End Plate in Bending” and this component has no safety factors in
the T-Sub formulation. Mode 1 (plasticization of the plates, no contribution of the bolts) was obtained as
the critical failure mode. The next failing component is tension in the beam web; nonetheless, the
resistance is double of the bending End Plate resistance (see figure 5-4 and figure 5-5).

EN 1993 1-8 (2005) [kN]
Failure Mode Component Classification | With Safety| Without

Factors |Safety Factors

F1.RD |Column Web Panel in Shear Global Resistance 1711.87 1902.08
F2.RD |Column Web in Transverse Compression |Global Resistance 1603.51 2226.09
F3..RD [Column Web in Transverse Tension Individual Tension Resistance 633.70 649.51
F3.G.RD [Column Web in Transverse Tension Group Tension Resistance 1804.29 2310.00
F4..RD [Column Flange in Bending Individual Tension Resistance 508.32 904.78
F4.G.RD |Column Flange in Bending Group Tension Resistance 1016.64 1809.56
F5..RD |End Plate in Bending Individual Tension Resistance 156.41 156.41
F5.G.RD |End Plate in Bending Group Tension Resistance 436.68 303.25
F7.RD |Beam Flange & Web in Compression Global Resistance 929.95 929.95
F8..RD [Bem Web in Tension Individual Tension Resistance 503.81 503.81
F8.G.RD |[Beam Web in Tension Group Tension Resistance 976.81 976.81
F10.RD |Bolts in Tension Global Resistance 1016.64 1809.56
F19.RD |Welds Resistance Global Resistance 569.85 712.31

Table 5- 13: Semi-Rigid EN1993 1-8 (2005) Results

SemiRigid Joint - Components Resistances
Without Safety Factors
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Figure 5- 12: Semi-Rigid EN 1993 1-8 (2005) Results
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COP software was not possible to use, because of the joint geometry properties. The total width of the
End Plate is not enough to have the minimum distances from the bolt to the edge and from the bolt to
the column web. If the information from the SERICOM Database is used, then COP software does not
allow the calculation of the Joint. The software needs a minimum of 185[mm] for the End Plate width,
but it is only of 180[mm)].

5.4.3) IDEA StatiCa Analysis

In the same way as the other joints, two values were calculated with IDEA StatiCa software. The first is
the joint resistance using the Stiffness Analysis (see Annex A). Using the parameters proposed in 5.2, the
calculated joint resistance is of 54.0[kN*m]. The second value was computed using the 5% plastic strain
limit and the Stress/Strain Analysis. The joint resistance was of 62.50 [kN*m]. For both analyses, the
failure mode can be found in the end plate. Figure 5- 13: Plastic Strain Distribution in the End Plate (IDEA
StatiCa) shows yielding in most of the plate and the biggest plasticization happened in the tension part
of the plate. By analyzing the deformation shape, the low utilization rate of the bolts and the plastic
strain distribution, failure Mode 1 of the idealized T-Sub can be conclude to happen in the joint.

Limit plastic strain Equivalent stress
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Figure 5- 13: Plastic Strain Distribution in the End Plate (IDEA StatiCa)
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Figure 5- 14: Stress Distribution at the 5% Plastic Strain Limit
5.4.4) ABAQUS Analysis

In ABAQUS Software, the joint was modeled following the principles and assumptions stipulated in 5.2.
Two material models were applied in the model. The first analysis was for an Ideal Plastic Steel Model.
For the yielding stress the information from the database was used. This analysis gave an applied
moment of 60.47 [kN*m] when the 5% of plastic strain was reached. Figure 5-7 shows the stress and
strain distribution at the End Plate. It can bee seen that the failure mode is also happening at the end
plate. Yielding of the element, the strain distribution and the deformed shape present a failure due to
bending of the end plate. The Failure Mode 1 can be observed in Figure 5- 15: Plastic Strains & Stress
Distribution at the End Plate (ABAQUS - Ideal Plastic Model).
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Figure 5- 15: Plastic Strains & Stress Distribution at the End Plate (ABAQUS - Ideal Plastic Model)
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Figure 5- 16: Semi-Rigid Joint - Stress Distribution (ABAQUS - Ideal Plastic Model)

The second material model, Nominal Hardening gave a joint resistance of 98.11 [kN*m)]. This value was
computed when a 5% plastic strain mechanism could be found in the end plate. The failure mode is the
same as in the first material model (End Plate in Bending). The Moment vs. Rotation curves for the two
types of material are presented below:
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Figure 5- 17: Semi-Rigid Joint — Moment vs. Rotation Curves (ABAQUS)
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5.4.5) Comparison of Results

The experiment results documented by Peter Zoetemeijer presented a joint resistance of 96.6 [kN*m].
The failure mechanism was not documented. However, there is a consistent result between all the
analysis, failure mechanism of the joint is due to bending in the end plate. Furthermore, all the analysis
show or describe a failure mechanism similar to the Failure Mode 1 of the T-Sub Idealization.

Even when the joint behavior and the deformed shapes are similar for the two numerical analysis, the
results have some differences for the proposed limit. For the 5% plastic strain the accuracy is higher. The
first comparison is between the hand calculations (EN 1993 1-8 (2005)) and the proposed limit for IDEA
StatiCa. In this particular case, IDEA software predicts a joint resistance 10.67% smaller than the hand
calculation. The predicted design joint resistance of IDEA StatiCa is in the safe side. However, the
difference is close to 10% which is an acceptable difference.

The second comparison is between the two numerical models, ABAQUS with Ideal Plastic Material
Model and IDEA StatiCa with 5% plastic strain, and the hand calculations for the characteristic joint
resistance. ABAQUS numerical analysis predicts a joint resistance of 0.31% higher than the Eurocode
rules. This is an perfect match in this detail. Nevertheless, the difference with IDEA StatiCa is only of
3.25%, which also is an accurate prediction for IDEA StatiCa calculations. This is a good validation for the
ABAQUS Model and for IDEA results. Furthermore, the failure mechanisms are the same for the three
analyses and the stress/strain distribution are similar for both Finite Element Analyses.

The last comparison is between the experiment results and the ABAQUS with Nominal Hardening
Material Model. ABAQUS predicts a joint resistance 1.6% higher than the experiment final resistance.
Both curves are matching in its behavior. This not only validates ABAQUS model but also gives a good
insight of the whole analysis. The failure mechanism are the same. Nevertheless, there is a small
difference in the initial stage of the joint behavior. For the experiment the elastic stiffness is higher than
in the numerical analysis. This can be explain with the analysis of the bolt model. In this detail, the bolts
are in tension, and the noise introduce to the behavior is due the not accuracy of the bolt model to
replicate the real behavior of the bolt. In addition, this difference can also be explained by all the
assumptions made in a “perfect model” which are used in ABAQUS Model. Nevertheless, the difference
is so small that the accuracy of the prediction is high.

The summary of all the results are presented below:

Analysis Model Moment Resistance Failure Mechanism
y [kN*m]
____Experiment | ________Tw6004 __ _____ | ________° 9%660! oo e
Handmade Calculation|With Partial Safety Factos 60.45|Bending of the End Plate (Mode 1)
__(EN 1993 1-8 2005)_ |Without Parcial Safety Factors | ________| 60.45|Bending of the End Plate (Mode 1)
. Propesed Limit 54.00|Bending of the End Plate
IDEA StatiCa - - - -
________________ 5% Plastic Strain Mechanism______ | _______ _62.50|Bendingof theEndPlate _____
Ideal Plastic Material (5% Plastic Strain) 62.47|Bending of the End Plate
ABAQUS - - - -
Nominal Hardening Material 98.11|Bending of the End Plate

Table 5- 14: Summary of Predicted Joint Resistances
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SemiRigid Joint
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Figure 5- 18: Semi-Rigid Analysis Results
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5.5 Rigid Joint

5.5.1) Geometry Description

For the Rigid Joint, a welded detail was selected in order to have variety in the types of steel joints. The
Rigid Joint chosen corresponds to an experiment executed by Ch. Braun in 1987 at the Innsbruck
University (Austria). The detail of the joint is a cantilever beam welded to the column flange, which has
two supports making a T configuration. This experiment is documented in the SERICOM Il database
under the code of T106. The specific test that will be used for the comparison is number four. The full
code is T106-004.

The geometry and detailing of the joint can be seen in Figure 5- 19: Rigid Joint Detail (T106-004).
However, there is some missing information. The information from the SERICON Il database specified
that only the flanges of the beam are welded, no the web. The specified throat dimension is 14mm but
there is no data regarding if this weld was made as a partial butt weld, as a single side filet weld or as
double side filet weld. Nevertheless, welds are not the critical component of the joint. The critical
component documented is the plasticization of the compressed zone of the column web. The
assumption made was to use a double side fillet welds for the flanges of the beam. The properties of the
profiles are presented below:

Experiment T106-004

Element o ___|___ Column) ____ Beam| ____Welds_____|
profite ________________|__HEm200] _ WPESCO] ___a=l4mm____|]
Length **1500.00 1150.00 14.00 iWeld Throat
Heigth 222.00 498.00  Double SideFillet Weld
Dimensions | Width 204.00 199.00]| No Welds at the Beam Web
[mm] Flange Thickness 25.60 15.10]| Thickness of bolt head [mm]
Web Thicknes 15.90 10.50
| —___|RollingRadius __ | ___1800f ___ 21000 ]
Material | Yielding Stress (fy) 267.00 248.00 248.00
Properties |Ultimate Stress (fu) *360.00 *360.00 360.00
[kN/mm?] |Young Modulus 210000.00 210000.00 *210000.00

*Nominal Value

**Assumed Value

Table 5- 15: Rigid Joint Profiles Properties
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Figure 5- 19: Rigid Joint Detail (T106-004)
5.5.2) Hand Calculation (Eurocode Rules 2005)

Using the Eurocode EN1993 1-8 (2005), a joint resistance of 351.12 [kN*m] is calculated. The limiting
component is the Column Web Panel in Shear (see Annex D). The next critical component is the Beam
Flange/Web. However, the resistance of this component is 10.57% higher than the column flange in
bending.

When the joint resistance is calculated with the Eurocode formulation but without considering the
partial safety factors and the interaction factors (the characteristic value), a joint resistance of 359.86
[kN*m] is calculated. For this calculation, the limiting components are the Beam Flange in tension and
compression. The next critical components are the Column Web in Shear and the Beam Web and Flange
in tension. Nonetheless, they have a 8.50% more resistance.

The summary of the calculation of the different components is shown below:

EN 1993 1-8 (2005) [kN]
Failure Mode Component Classification [ With Safety| Without

Factors |Safety Factors

F1.RD |Column Web Panel in Shear Global Resistance 727.69 808.55
F2.RD |Column Web in Transverse Compression |Global Resistance 840.62 1404.83
F3.RD |Column Web in Transverse Tension Tension Resistance 924.68 1404.83
F4.RD [Column Flange in Bending Tension Resistance 865.42 1579.61
F7.RD |Beam Flange/Web in Compression Global Resistance 1126.76 745.22
F8.RD |Beam Flange/Web in Tension Tension Resistance 804.60 745.22
F19.RD |Welds Resistance Global Resistance 1094.49 1368.11
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It can be seen in table 5-1, that the resistance of the components Beam Flange/Web in Compression
and Tension are reducing their value when safety factors are taking away. This change happened
because when the resistance of this component is calculated using the Eurocode rules, a global analysis
of this component is performed. The Eurocode formulation does not contemplate that the web beam is
not welded to the column face. Moreover, in this analysis, the plastic resistance for compression of the
beam is used. In this case, the compression resistance is the sum of the flange and web under
compression. However, this formulation does not take into consideration the local yielding of the
column flange that will happen in this specific joint detailing. In the Rigid Joint, the beam is only
connected through welds into the flanges, allowing the load to be transferred only by the flanges. The
beam web should be neglected. By taking into consideration the specific situation of the joint, it can be
see that the tension and the compression load of the flange are the same, and both components will be
critical in the joint analysis. Tension and compression are the same for the beam flanges because the
profile HEM200 has a cross section class 1. No buckling phenomenon is going to reduce the resistance
due to compression of the flange plate.

Rigid Joint - Components Resistances
Without Safety Factors
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Figure 5- 20: Rigid Joint - EN1993 1-8 (2005) Results
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The use of COP software for the verification of the hand calculations was not possible. First, the
software does not allow only using welds at the flanges. The beam web welds are compulsory to use.
Second, the software does not allow the modification of material properties. In SERICOM database, the
different yielding stress for the flange and for the web can be found. These values came from the
measurements during the experiments and not from nominal values, which are the values that COP uses
in its calculations.
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5.5.3) IDEA StatiCa Analysis

Two analysis where performed in IDEA StatiCa. First, using the Stiffness Analysis (see Annex A), the
predicted joint capacity was of 423.2 [kN*m]. The biggest concentration of plastic strains can be found
to happen at the beam flanges. A failure mechanism due to beam flange in tension or compression can
be predicted. The second analysis was performed using the Stress/Strain Analysis. A limit of 5% of Plastic
Strain was used to calculate the joint capacity. The calculated resistance was of 437.0 [kN*m]. The
stress/strain distribution can be seen in Figure 5- 21: Rigid Joint - Stress/Strain Distribution (IDEA
StatiCA), whose failure mechanism presented is the failure of the beam flanges.
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Figure 5- 21: Rigid Joint - Stress/Strain Distribution (IDEA StatiCA)

Figure 5- 22: Rigid Joint - Plastic Strain Distribution (IDEA StatiCa)
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5.5.4) ABAQUS Analysis

Taking into consideration the modeling assumptions, simplifications and parameters for the ABAQUS
analysis (see 5.2), a joint resistance of 361.68 [kN*m] is calculated for the Ideal Plastic Material Model.
The 5% Plastic Strain mechanism happened in both flanges at the same time. This can be expected due
to the local transfer of the load (only through the flanges welds) and because the IPE 500 is a class 1
profile. Class 1 cross-sections can reach the plastic resistance when compression is applied to them. This
is why the tension flange and the compression flange have the same resistance and they fail
simultaneously.

Figure 5- 23: Rigid Joint - Strain and Stress Distribution of the Beam Flange (ABAQUS - Ideal Plastic)

Figure 5- 24: Rigid Joint — Strain/Stress Distribution (ABAQUS - Ideal Plastic) shows the stress distribution
in the entire joint. The column web is yielding, however the plastic strain in it is considerably small. For
this reason, the failing mechanism selected is the plasticization of the beam flanges.

ttttrrr e e e et t

Figure 5- 24: Rigid Joint — Strain/Stress Distribution (ABAQUS - Ideal Plastic)
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In the second ABAQUS analysis, where the Nominal Hardening Material Model was used, a joint
resistant of 431.71 [kN*m] was calculated when a mechanism of 5% Plastic strain happen. In the same
way as the Ideal Plastic Material Model, the failing mechanism is the plasticization of the beam flanges.
The Moment vs Rotation curves for both material models are shown in Figure 5- 25: Rigid Joint —
Moment vs Rotation Curves (ABAQUS).
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Figure 5- 25: Rigid Joint — Moment vs Rotation Curves (ABAQUS)

5.5.5) Comparison of Results

In SERICOM database, the failure mode documented for the Test T106-004 performed by Ch. Braun, is
the plasticization of the compressed column web with a maximum moment resistance of 433.69
[kN*m]. The location of the failure mechanism is close to the failure mechanism obtained in the
different analysis; however, the failure mechanism predicted is the tension and compression failure of
the beam flanges. The column web reached its yielding stress and high concentration stress can be
found in the contact zone between the beam flange and the column face. This can lead to both, a
misinterpretation of the results or that the missing data SERICOM is playing a big role. Nevertheless, the
joint capacity is congruent with the predicted values. The summary of the results is shown below:

. Moment Resistance . .
Analysis Model Failure Mechanism
[kN*m]
| __ _Experiment | _____T106-004_ _____ | ________433.69| Plastification of the Compressed Column Web_|
Handmade Calculation|With Partial Safety Factos 351.12|Column Web in Shear
| _(EN 1993 1-8 2005)_ [Without Parcial Safety Factors | | ____ 359.86|Beam Flanges in Tension and Compression | __ _
IDEA StatiCa Propesed Limit 423.20|Beam Flanges in Tension and Compression
| 5% Plastic Strain Mechanism_ [ _____ 437.00|Beam Flanges in Tension and Compression _ _ __
ABAQUS Ideal Plastic Material 361.68|Beam Flanges in Tension and Compression
Nominal Hardening Material 431.71|Beam Flanges in Tension and Compression
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Table 5- 17: Rigid Joint Results

Table 5-2 shows the different results from all the analysis; however, the comparison should be made in
the following way:

Hand calculations, using the Eurocode rules without safety factors or interaction factors, should
be compared to the ABAQUS numerical analysis using the Ideal Plastic Material Model and the
IDEA StatiCa 5% limit Plastic Strain analysis. The difference between ABAQUS and hand
calculations is 0.5%. These results validate the modeling technique in ABAQUS and the
calculations based in the Eurocode. However, IDEA StatiCa predicts a joint resistance 21.43%
higher than the other two analysis. This numerical analysis gave unsafe results. Nevertheless, all
the analyses predict the same failure mechanism. The stress/strain distributions are also similar
for the two numerical analyses.

Hand Calculation of EN1993 1-8 (2005) using the safety factors should be compared to the
proposed limit for IDEA StatiCa. In this joint detail, IDEA predicts 20.5% higher resistance. This is
an unsafe result. Using a plastic limit strain of 2% gave a difference only of 8.1%. The conclusion
that emerges from this comparison is that when a failure mechanism depends on a brittle
element like bolts and in this case the welds, the proposed limit using 3% of plastic strain should
be reduced to 2% (389.0 [kN*m] is the calculated joint resistance using 2% plastic strain) .

The experiment behavior and results should be compared against the ABAQUS numerical model
using Nominal Hardening Material Model. Using the limit of 5% plastic strain mechanism, the
joint resistance has a difference of 1.4% higher for the numerical analysis. Nevertheless, the
behavior is quite different. The experiment curve is considerably stiffer at the elastic stage than
the numerical analysis. This can be explained due to the stiffness used for the welds. In the
numerical model, the welds were modeled using the same stiffness than the steel. In reality,
welds are stiff elements with low deformation capacity; consequently, the plastic strain cannot
match between the welds and the beam flanges plates. In the inelastic stage, the curves are
similar (see Figure 5- 26: Rigid Joint Results. Additionally, at the 5% limit stage, the experimental
joint behavior is close to the numerical joint behavior. These results give a respectable validation
of the modeling technique and the predicted results using the different analysis.
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Rigid Joint
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Figure 5- 26: Rigid Joint Results
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Chapter 6 — Conclusions and
Recommendations

6.1 Conclusions

6.1.1) Chapter 3 — Experiment

— The failure value of the hybrid weld of the first specimen (1E1) was 743.20 [kN]. This weld
resistance is 45% bigger than the calculated resistance (512.50 kN) using draft EN1993 1-8
(2020). The Eurocode prediction is rather conservative. If the column face is assumed infinitely
stiff, the hand calculated resistance of the weld under pure shear is 723kN. This value becomes
closer to the experimentally obtained value.

— The higher real resistance of the weld compared to the new formulation of the code validate the
safety and reliability of them. This allows to take into consideration the filler material properties,
which will permit to predict more accurate values for the weld resistance, in relation to the
actual formulation in EN1993 1-8 (2005), which is 40% smaller than the experiment .

— The higher value obtained in the experiment compared to the predicted by following the
Eurocode draft (EN1993 1-8 (2020)), validates the use of this specific detail in engineer practice.
This type of simple joint is common used by the steel industry and by ASK Romein.

— The resistance prediction made by IDEA StatiCa was 1.66% higher than the Eurocode (2005)
prediction. Taking into consideration that the design value that is legally accepted is the one
obtained from the Eurocode formulation, IDEA StatiCa can be use in daily practice for this type
of joint detail and failure mode. No finite element size effect were found during the analysis.
The joint strength was reduced by 4% when the size of the finite element was reduced from
30mm to 5mm.

— The idealization of a hinge for this type of simple joints is correct. The expected spring behavior
at the face of the column was developed. The flexibility of the column face produced a
reduction of the bending moments at welds. The actual load transfer to the weld is close to pure
shear loading. The distribution of moments along the beam was linear during the elastic stage,
which also support the assumption of a nominally pinned joint. This behavior was also found in
the numerical simulation made in ABAQUS.

— The rotation center of the experiment joint during the elastic stage was found to be 10mm
closer to the column face than the rotation center assumed by the code and the guidelines. This
lead to smaller bending moment at the weld (10% smaller), validating the code assumption to
be in the safe side but with enough accuracy.

— The rotation center of the experiment joint during the plastic stage was found to be 37mm
closer to the column face than the rotation center assumed by the code. This shift of the
rotation center during the plastic stage had a beneficial effect in the weld. The bending
moments in the weld were decreased and the stress distribution at the weld was changed.
During the elastic stage, the presence of perpendicular normal stresses (o.) and both shear

91



Chapter 6 — Conclusions and Recommendations

stresses (parallel Tty and perpendicular t.) can be found at the weld throat (a) cross-section.
When the plastic stage is reached, the perpendicular normal stresses (o.) and the shear stresses
(tL) are considerably reduce and only the parallel shear stress remain dominant at the throat
cross-section.

The shift of the rotation center at the plastic stage also changed the load distribution in the bolts
by placing more load in the first column of bolts. Most of the bearing deformation of the Fin
Plate and the Beam web happened in this bolt row.

The numerical model using nominal hardening material model was able to predict in an accurate
way the experimental behavior of the joint. Not only it predicts in a precise manner the elastic
stage, but also the nonlinear stage was replicated. The stiffness of the joint in the experiment
during the first cycle load was possible to simulate. In addition, the elastic limit for the coming
load cycles were increased because of the yield flow due to the hardening in the joint after the
first cycle load. The variation of the elastic limit of the joint was accurate reproduced by the
numerical model.

The proposed boundary conditions for the experiment were able to generate the two rotation
points (at the column face and the fin plate) in the joint. In this way, the Eurocode calculation
model was possible to validated and the real behavior of the joint in common practice
replicated.

6.1.2) Chapter 4 — Hybrid Welds

Using the filler material properties, which are present in the new procedure to obtain fillet
welds strength in the draft version of EN1993 1-8 (2020) gives an increase in the weld strength
of 22%, using steel plates with S355 and the filler wire MC715-H (f,=580N/mm?). These
properties for the filler material are commonly used by the Steel Industry in the Netherlands.
The simplified finite model for welds, which used the Von Mises yielding criterion gave 7% lower
resistance for tension loading and 23% lower resistance for shear loading than the calculated by
the new EN1993 1-8. This might suggests that the Von Mises criterion is not accurate when
describing the real behavior of welds.

For shear loaded welds, a weld size effect can be seen for the numerical model. For welds with
length smaller than 50 times the throat thickness (a), the numerical model will underestimate
the weld resistance due to size effect.

6.1.3) Chapter 5 — Joint Design Assessment

ABAQUS

The 3D model with Ideal Plastic material used in ABQUS, which can be replicated in any general
purpose finite element software predicts in the three cases a joint strength with a difference
less than 5% compared to the characteristic resistance calculated with EN1993 1-8 (2005).

The failure mechanisms obtained in the numerical analysis in ABAQUS matches with the failure
mechanism obtained by the hand calculations in the analyzed joints. Having an accurate
strength prediction and the same behavior allows validating the model technique used in
ABAQUS.
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Using Nominal Hardening material model stipulated in EN1993 1-5 in the same proposed model,
gives a good matching in the behavior and strength of the steel joints compared to the
documented experiments. In the case of the semi-rigid joint, a difference less than 1% was
found. For the experiment and the rigid joint a difference of 10% was obtained. This value is
acceptable because of the nominal properties used in the models. If the predicted strength
using the Nominal Hardening Material Model is compared to the characteristic resistance
calculated with the code (EN1993 1-8 (2005)), a difference of 23% is obtained against the rigid
joint, 34% against the experimental joint and 60% against the semi-rigid joint.

IDEA StatiCa

IDEA StatiCa is suitable software for daily practice. Its good predictions of joint strength and
behavior, plus the friendly interface and set up, makes IDEA StatiCa appropriated for steel joints
design. Nevertheless, the validation process needs to be extended to more joint types and with
increased complexity of joint detail.

For the Semi-Rigid (Flush End Plate) joint, the strength, failure mode, stress and strain
distribution, matches to the ABAQUS predictions and hand calculations with great accuracy. The
“T-sub” idealization, specifically its failure mode 1 (yielding of the plate) can be accurately
modeled and replicated by the software. It was found a difference of 3% compared to the hand
calculations and less than 1% compared to the ABAQUS model with ideal plastic material
model.

Using the 5% Plastic strain proposed by the software and Annex C of EN1993 1-5, gives accurate
results compared to the characteristic value. In the three joints, for the ABAQUS model, the 5%
plastic strain limit was presented in the transition zone of the Force vs Displacement. For this
reason, it is suitable to use this strain value as the failure criterion to predict the joint resistance.
Using the plastic material model in IDEA StatiCa for modeling welds, gives similar results as the
strength calculated with the new formulation of EN1993 1-8 (2020), leading to a difference less
than 2%.

In the simple joint, where the joint configuration was in the weak axis (attached to the beam
web), IDEA StatiCa predicts a plasticization pattern at the extremes of the weld. The higher
concentration at the end of the welds produce high plastic strain at the column web, which is
limiting the joint capacity according to the software. For these reasons IDEA StatiCa
underestimated the column web resistance almost with a factor of 2 compared to the ABAQUS
model and the hand calculations. However, if this failure mechanism is neglected, the joint
strength is similar to the ones from the other analyses and the stress distribution in the web of
the “I” shape column, is similar for both numerical software. Special attention in result
interpretation is needed when this type of details are analyzed by IDEA StatiCa.
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6.2 Recommendations

General recommendations for the continuity of the experimental program and the validation of IDEA
StatiCa are presented below:

— The numerical model to predict the experiment behavior needs to be improved by using a true
stress / true strain material model of the weld material. Coupon tensile tests need to be
performed.

— The numerical model can be improved by applying a damage control material in order to predict
the failure and crack propagation of the weld due to the concentration stress at the end of it.
The prediction of the appearance of the first crack in the numerical model needs to be validated
by using a camera in the experimental tests. If the initial slip of the bolts want to be simulated
by the numerical model, a preload force equal to the applied one in the experiment (30N*m),
should be applied to the bolts.

— The deformation of the hollow section face was evident during the test. By analyzing the results,
it can be concluded that the contribution of the column face to the moment resistance is small.
Nevertheless a “basic component” to predict the behavior of the hollow section column face is
needed in order to improve the calculation model of simple joints.

— To have a proper frame design, the maximum load expected during the experiments needs to be
calculated by using a nominal hardening material or taking and extra 10% if the load is
calculated using an elastic approach. This load should be multiplied by a factor of 3 and then
use it as the design load of the experiment frame. The frame needs to be design avoiding any
plastic strain happening on it.

— The design of weld resistance by using the Eurocode rules leads to a conservative result of the
weld strength. More experiments, especially using real size joints, need to be performed in
order to reduce scattering as it is observed in the experiment performed.

— A study about the use of the Von Mises criteria for the analysis of welds might be worth of
further investigation.

— The normal (use for S355 elements) filler material had a good performance in the joint. If the
HSS weld is able to replicate the performance, then important savings in weld costs can be
made.
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Annex A

Annex A — Setup Guideline for IDEA StatiCa

A.1 Introduction

IDEA StatiCa, like any other program that uses finite element analysis of structures or elements, requires
an initial configuration in order to obtain reliable, safe, practical and accurate results. In this annex, a
proposal is made for the initial configuration of IDEA StatiCa based on the parametric study carried out
in chapter 5 of this thesis. In addition, the information provided by the developers of the program was
taken into account and it was analyzed. The information was gathered from the company website (IDEA
StatiCa, 2017) and the book “Benchmark Cases for Advance Design of Structural Steel Connections”
(Frantisek, 2016) where the analysis of different cases studies are made using IDEA StatiCa. This
guideline also presents the results of different parametric studies carried out to determine important
parameters in the analysis of steel joints, such as finite element size.

IDEA StatiCa software contains three packages: steel joints, steel beam design and pre-stressed concrete
beam design. In this guide, the steel joint designer package will be described since it was used
throughout the master project.
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A.2 General Overview

The program developers describe IDEA StatiCa as follows: "Engineering software dedicated to structural
design and code-check joints, cross sections, beams and other details" (IDEA StatiCa, 2017). The
principles and parameters that define the way that IDEA StatiCa works will be presented below.

A.2.1) Description

IDEA StatiCa is a program specialized in the design and analysis of structural details. It combines finite
element analysis with the analytical method of steel design based on the component method (CM)
regulated in Eurocode 1993-1.8 (see chapter 2). The two design approaches are combined. The results
obtained by the FEA are checked with the design rules established in two codes: the European code and
the US code for structural steel design (AISC).

Being a program focused on the local design of details, its tools and interface are dedicated to the
modeling of steel joints. This means that IDEA StatiCa has a set of tools and options that facilitate the
modeling and analysis. This allows a standard joint to be analyzed within a few minutes, obtaining
results comparable to those obtained with other finite element programs (see chapter 5).For this
reason, the software can be used in the daily practice of steel joints design.

IDEA StatiCa performs two types of analysis:

1) A geometrically linear analysis with non-linear properties of materials and contact constrains, to
find stresses and strains.

2) A linear buckling analysis (eigenvalue analysis) where the critical buckling load factor is
obtained. This factor is used to perform the joint stability check.

A.2.2) CEBFM

The way IDEA StatiCa combines FEA and design analytical rules is through its so-called “Component Base
Finite Element Model (CBFEM)” (IDEA StatiCa, 2017). This method uses the component method
specified in the Eurocode, but for the analysis of the stresses in the individual components, it uses a
finite element analysis. A clear advantage of this is that the method is not limited by the standard joints
specified in the code, but can be extended to complex (non-standard) joint analysis. Eurocode 1993 1-8
has regulated only components for joints between elements of "I" shape cross-sections.

One of the challenges of the component method is the assembly of springs (both in parallel and in
series), which requires a more complex analysis to be able to determine the behavior and capacity of the
joint. The assembly of spring’s model for joints that do not have a simple geometry can become
complicated and demands much attention and experience. In the case of the CBFEM method, the
assembly of the spring’s model is implicitly executed when the finite element analysis is performed.
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Component Model 4 Bolted Joint e CBFEM model

Figure A - 2: Component Model vs CBFEM Model
A.2.3) Material Model

To keep the analysis simple and fast, IDEA StatiCa uses a simplified material model. Although it is a non-
linear material (is not infinite elastic) and has a complex hardening stage, steel is modeled as a bilinear
material. This means that the material will behave with some rigidity (Young Modulus) to a specified
yielding point, and from that point the material will deform infinitely without increasing the stresses.
The hardening behavior of the steel is not used as safe simplification. This model of material is known
as: "material perfectly plastic".

Finite element analysis allows nonlinear properties of the material to be quite complex. They even
include the true behavior of the steel through the actual calculation of the stress-strain relationship
(True Stress - True Strain curve). Nevertheless, when a material behavior is simplified to a perfectly
plastic model, it reduces considerably the complexity of the analysis while allowing the redistribution of
stresses, a typical property of steel structures. This simplification is practical due to the fact that having
the information of the actual strains requires a laboratory test (coupon tensile test). This is why the
program uses the nominal efforts (already stipulated in the code). It should also be said that the
information required to build the “true stress-true strain curve” is specific from each material used at
that time. Furthermore, it may even be different from materials obtained at the same time from same
supplier but from different batches.

Figure A - 3: Steel Material Models shows the typical curves used for modeling steel. The curve to be
used depends on the type of analysis to be performed. In a linear analysis where the distribution of
moments and reactions of slender elements is the information required, the chosen curve should be
linearly elastic. If the distribution of stresses in plate-like elements is required, any curve with plastic
behavior can be used. In this case, the choice will depend on the accuracy level required.
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Steel Material Models
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Figure A - 3: Steel Material Models
A.2.4) Finite Element Description

In IDEA StatiCa, only plate elements are available. Moreover, the software simplifies any cross section as
a group of plates joined in a specific way. Most of the standard steel profiles are already specified in the
software; however, the software also allows the construction of custom sections. Constrains between
two plates that form the same cross-section, are automatically performed by the program. The benefit
of this characteristic is that the user does not need to worry or spend time in this part, which is a normal
stage in a general-purpose finite element software. However, the disadvantage is that the user loses
control of the model itself.

Plate elements are important when the distribution of stresses, which follow from the development of
non-linear strains in the steel sections, is the request output of the user. This kind of element, in
contrast with 1D elements like beams, allows the nonlinear distribution through its height. The
consequence of the plate elements is that the program uses 2D finite elements and not 3D volumetric
elements as "bricks", which have shown better results to predict the real behavior of bolts (Kim, Yoon, &
Kang, 2006) and bearing of plates. An example is the way to model a steel “I” shape section. IDEA
StatiCa models the beam as an element formed by three plates where the nodes of the flanges and the
web match to be able to generate constrains that allow the proper behavior of the section. A finite
element model performed in IDEA StatiCa is shown in Figure A - 4: Finite Element Model of an "I" shape
beam.
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Figure A - 4: Finite Element Model of an "I" shape beam

To generate these plate-like elements, IDEA StatiCa uses shell finite elements. Specifically, it uses a 4-
node quadrilateral element called MITC4. The MITC4 is a not flat finite element with its nodes in the
corners, which have 6 degrees of freedom [3 translations (ux, uy, uz) & 3 rotations (¢x, ¢y, dz)]. The
element was proposed by Edward N. Dvorkin and Klaus-Jiirgen Bathe (Dvorkin & Bathe,1984). The
formulation starts from three-dimensional continuum description and it is degenerated to shell
behavior. It does not depend on a specific shell theory, so it can be used for both, thin and thick shells.
The results are very close to those obtained by finite elements derived from shell behavior such as, the
Sanders-Koiter equations for thin shells. MITC4 overcomes the "shear locking" problem through a
reduced integration formulation that is based on the Mixed Interpolation of Tensional Components
(MITC) approach.

Figure A - 5: MITC4 Element
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An advantage of MITC4 is that it is a cost-effective element. This means that the results are accurate
enough using small computational capacity. The results are comparable to those elements with 9 and 16
nodes, but which are very expensive in computational terms (Dvorkin & Bathe, 1984). In the different
studies, it has been verified that this element also does not suffer from zero energy modes or also
known as Hourglass mode. Even though the MITC4 has a very efficient behavior, it is an element
sensitive to the size of the mesh. A dense mesh is required in order to obtain results comparable to
those of quadratic shell elements (8 or more nodes). (See A.3.4).

During the finite element analysis (FEA), IDEA StatiCa takes into consideration the rotations
perpendicular to the plane of the shell finite element. Moreover, the out of plane shear deformation is
considered in the formulation of the flexural behavior of the elements based on Mindlin hypothesis.

A.2.5) Welds and Bolts

In the finite element model generated in IDEA StatiCa, the plates of different elements are connected
through fasteners, either bolts or welding. In other words, without these connectors the analysis cannot
be executed. This is because when the load is applied in one element and the boundary conditions in
other element, the transmission of the load between elements is done through the fasteners, without
them, this transfer is not possible and the analysis cannot converge. This causes an error and the
analysis cannot run.

Now, the way to model these fasteners can be a complex work in any finite element program. In FEA
programs for general applications, they can be modeled as volumetric elements. However, in most of
the cases, several simplifications are made because the geometry can become very complex. For
example, the bolt thread or the real shape of the weld have geometric properties difficult to model;
therefore they are replaced by standard geometries like bolts without thread or bolts circular head and
nut.

In the case of IDEA StatiCa, the bolts are modeled as massless points that act as a link between the holes
of two or more plates. The forces generated at these points are calculated later on an analytical check
that is made based on the rules of the code to define the utilization ratio of the bolt.

The analysis process is different for welds. There are two options of analysis for this kind of fasteners in
the software. In the first approach, the edge of the plate of one element is connected to one of the faces
of the other element. The link generates constrains or ties between the nodes. These constrains are
multi-node, where a node belonging to the plate of an element is connected with two or more nodes of
the plate of the element to be connected. Subsequently, the stresses are calculated in these constrains
and through interpolation, the applied stresses for the weld are obtained. When evaluating these
stresses, the user can choose between using the average stress or the maximum stress (see A.3.1) and
the selection is compared to the rules of the code.

On the other hand, a plastic welding approach can be executed. In this case, the weld is modeled as a
special elasto-plastic element on the multi-node constrain, where the stresses are calculated. Since the
weld is modeled as a "volumetric" element, it does not require interpolations to obtain the acting
stresses. The calculated stresses are directly checked with the rules stipulated in the code.
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A.2.6) Contact

A very important parameter in the finite element analysis of steel joints is the contact between surfaces
of the elements. This property is key since the contact can completely change the behavior of a joint. For
instance, in a simple shear joint, the geometry and the load can be such, that the rotation of the
connected element is too big. This will produce a contact between the plates, generating high
compressive stresses. This situation will transform the simple joint into a moment resistant joint.

Modeling the contact constrain is a complex task. It must be only activated when an element touches
another, allowing the transfer of compression forces. In the case that two elements are in contact but
there is tension, the contact should not generate any link or constrain since the separation of the two
elements should be possible. A normal node link does not work in this case. IDEA StatiCa uses the
method called penalty stiffness. An advantage of this method is that it is easy to produce convergence in
the analysis and the computational cost is low.

After conducting a study in IDEA StatiCa, testing the different types of connections and the different
types of contacts between elements, it was observed that this contact is activated only in the presence
of fasteners. If the plates of the elements are not connected through fasteners and a compression load
is applied, the compression force will not be transferred by simple contact. An example is a column and
base plate. If the column is in contact with the base plate, but is not welded to it, and a compression
force is applied, it cannot be transferred from the column to the base plate. Therefore, the analysis is
not executed.
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A.3 Code Parameters

Like any other program of structural design, IDEA StatiCa requires an initial setup in order to be able to
function and to deliver the user the desired results. In general, the program is very user-friendly.
Learning how to model a joint, how to apply boundary conditions or loads can be done in a very short
time. Being a program dedicated exclusively to the design of steel joints, it has very simple parametric
modeling tools. By inserting certain data such as length, profile type, material, etc.; the user can model
the geometry of a joint in a few minutes, including more complex and non-standard ones. Moreover, if
the BIM tools of the program are used, the user can import joints already generated in a CAD program
and make the necessary modifications in IDEA.

After the geometry is specified in IDEA StatiCa, the detailing of different types of machining are done in
the same way that the real joint will be assembled. The user can choose between cuts, holes, welding,
bolts, end plates, fin plates, etc. The whole process is very simple and logical.

However, there is a set of parameters that are general for all the joints and must be specified before the
analysis. This parameter group is located in the "Code setup" icon (see Figure A - 6: Code Setup
Location). These data regulate the design rules, the desired method of welding analysis, mesh density,
among other things. In order to be able to choose the parameters that generate results that are
accurate, safe and at a reasonable computational cost, parametric studies were performed. As a result,
a set of parameters is proposed. This set is considered to be the most appropriate in terms of accuracy
and computational costs. They were tested in the joints studies at chapter 3 and 5 of the present
dissertation. Nevertheless, all these parameters are responsibility and taste of the designer.

it - Extendend End Plate with 4 Row Bolts (Rigid) wsCon

Figure A - 6: Code Setup Location
A.3.1) Analysis and Checks

In this window, the parameters to be chosen are those that will define the method of analysis of the
elements such as welding and pre-stressed bolts. The two most interesting and important parameters in
this section are described below:
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Stop at limit strain: with this option, the analysis can be stopped when a finite element reaches the limit
plastic strain, which was previously established. Activating this tool can be very useful if one wants to
know the resistance of a connection whose capacity is unknown. This due to the fact that any load can
be applied and in case of exceeding the capacity of the connection, the analysis will stop allowing the
reduction of computational time in a trial-error process. Another benefit of having this option enabled is
the easy identification of the element that is going to fail first, so we can know which one is the weakest
component of the joint.

A good way to work is to have this option activated at first. Once the user has an estimate of the joint
capacity and the failing component is the desired one, the option must be deactivated and directly enter
a load equal to the estimated resistance of the joint. The reason behind this is that if this option is
enabled, the analysis will stop when a finite element, which may become very small, reaches the
maximum limit of plastic strain. However, this does not mean that the joint or the component has
already reached its maximum capacity. Having local yielding does not mean failure and these stresses
can be redistributed along the element. If the analysis is allowed to continue, not only this re-
distribution is going to happen, but it will also allow the developing of a failure mechanism patron,
which will give the actual capacity of the joint.

Code and calculation settings

4 Analysis and checks

Stop at limit strain

Weld stress evaluation |Plastic redistribution "

Detailing

Concrete cone breakout resistance

Pretension force factor k [-] | 0.70

Friction coefficient in slip-resistance [-] | 0.30

Partial safety factors

Concrete block

Check settings

Model and mesh

|Expand |Coilapse oK | | Cancel

Figure A - 7: Analysis and Check parameters

Weld Stress Evaluation: In point A.2.5, it was mentioned that there are several ways to evaluate the
welds. It can be analyzed using interpolation at the multi-constrain points or it can be analyzed by
modeling the weld as a virtual volumetric element. In this window the different type of analysis are
available to be chosen. The user can pick between using the maximum calculated stress, the calculated
average stress or a plastic redistribution of stresses. To understand the difference between maximum
value and average stresses, Figure A - 8: Weld Stresses (IDEA StatiCa, 2017) illustrates these values. Grem
is the stress calculated by FEA.
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1. Maximal stress

2. Average stress

Figure A - 8: Weld Stresses
A.3.2) Partial Safety Factors

Partial safety factors are specified in the code and in the national annexes. These factors give a degree
of safety to the structure by affecting the calculated resistance of the elements. In the case of IDEA
StatiCa, a finite element analysis is used to calculate the stresses and strains in the components. Partial
safety factors do not affect the plate design. The partial safety factors are used to determine the unity
check of bolts and welds (and concrete elements). For plates, the design method is based on plastic
strains. (See A.3.3).

Analysis and checks

Partial safety factors

y MO
y M1
y M2
yC

y Inst
y M3

Concrete block

Check settings

Model and mesh

Figure A - 9: Partial Safety Factors Parameters
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A.3.3) Check Settings

In this section, the user must enter the design parameters. It is required to stipulate simple parameters.
For example, the minimum distance between the bolt hole to the edge of the plate or if the connection
is in a sway or no sway frame, among others. The most interesting parameters in this part are:

ode and calculation settings

Analysis and checks

Partial safety factors

Concrete block

Check settings

Limit plastic strain [%]

Warning plastic strain [%]

Warning check level [%]

Optimal check level [%]

Distance between bolts [d]

Distance between bolts and edge [d]

Load distribution angle of concrete block [7]
Decreasing Ftrd of anchors [-]

Braced system

Bearing check with ab

Apply Bp influence in FvRd

‘ »  Model and mesh
Collapse

Figure A - 10: Check Settings Parameters

% Check Levels: The check level percentage enables the use of a tool from IDEA StatiCa where an overall
check of the plates and fasteners is performed, and the results are given by a color code similar to a
traffic light.

a) Green: indicates that the plate or component is within the limits of optimum design.

b) Orange: the use of the plate or component is close to the maximum 100%.

c) Red: The plate or component exceeds the maximum allow percentage of use. Red indicates
design error.

d) Gray: the plate or component has a lower utilization rate than the optimum. The design is not
efficient.
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Figure A - 11: Example of the Traffic Light Tool

In figure A - 11, an example of the "Traffic Light Tool" is presented. The joint and its components can be
easily evaluated by following the color code. The web of the column is overused, the bottom bolts and
the welding are underused, and the rest of the components are within the optimal range of use. It is
important to mention that the percentages (optimum, maximum and warning) are fixed earlier in this
set of parameters.

Limit Plastic Strain: This is one of the most important and controversial parameters. It defines when can
be considered that an element or the entire joint has reached its maximum capacity when FEA is used. A
3% limit of plastic strain in IDEA StatiCa (using the proposed mesh density, see A.3.4) is the value
recommended in this thesis (see chapter 5). This 3% value is a local limit. This means that the limit
plastic strain can be reached by one or few finite elements without meaning that a global failure has

been reached in the joint. When the user is applying the plastic limit, a stiffness analysis will facilitate
the extracting of the joint capacity (see A.4.3). In most of the cases, this value does not allow a failure
mechanism to be developed. However, the results obtained with this "method" are similar and
comparable with the results obtained by following the rules of the Eurocode. The calculated capacity
will be at the same safety level as the code.

The developers of the program suggest that in any case, a 5% value for the limit plastic strain should be
used. This is due to the fact that the resistance varies very little (4%) when the plastic strain increases
from 2% to 5% (FrantiSek, 2016). The value of 5% is also recommended in EN 1993 1-5, Annex C.
However, after performing the analysis of several joints, it was determined that this is not accurate for
all types of joints. There are cases where the variation of resistance can be bigger. As it is the case of the
joint shown in figure A-12. The curve was obtained from a semi-rigid bolted joint with extended end
plate. It can be seen that the resistance varies by 27% when changing from 2% to 5% of plastic strain.
With this evidence, the designer must evaluate the value for the limit of the plastic strain allowed in the
elements.
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Figure A - 12: Moment vs Plastic Strain Curve
A.3.4) Model and Mesh

In this window, the density of the mesh is controlled. IDEA StatiCa does not allow the user to modify the
shape, location, and type of element in the finite mesh. Neither has advanced mesh properties like a
tool to apply high mesh density in strategic locations of the model and low mesh density where the
analysis is not complex or the results are not important. The user has no control over the nodes where
the constrains are to be applied either by contact or by applying a fastener. These properties are
generated automatically. The only parameter that can be controlled is the number of elements. Here is
where the mesh density can be increased and therefore it allows the user to have some control to get
accurate results. It is well known that at higher density, the accuracy is better, but also the
computational costs are higher.

It is precisely this characteristic that shows that IDEA StatiCa is reliable for daily practice in the design of
steel joints, but it is not recommended for academic-experimental purposes. The program does not
provide the necessary information for analysis and does not allow the correct manipulation of the finite
element mesh, which means that the necessary information is not available to determine if the failure
mechanism is adequate. It is hard to conclude if the yielding is local or global. This characteristic must be
evaluated by the designer.
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i -
1 settings

Analysis and checks

Partial safety factors

Concrete block

Check settings

Model and mesh

Default member length [h]
Division of surface of CHS
Division of arcs of RHS
Number of elements on edge
Number of analysis iterations
Divergent iterations count
Minimal size of element [m]

Maximal size of element [m]

Collapse

Figure A - 13: Model Mesh Parameters

Number of Elements on Edge: This parameter controls the number of elements to be generated along
the critical edge. The program performs the selection of the critical edge automatically. When increasing
the number of elements it is important that the maximum and minimum size of the finite element is
adequate (congruent) with the number of elements. In this way the desired number of elements can be
obtained.

The program developers recommend using eight elements in the critical edge. After a parametric study,
it was concluded that the number due to computational cost, efficiency and accuracy, is 24 elements at
the critical edge, using a maximum element size of 2cm and a minimum of 1cm. Figure A-14 shows the
parametric study for a semi-rigid joint with flush end plate. It can be observed that an element size
smaller than 20mm has a considerably effect in the analysis time. On the other hand, the resistance only
varies in the order of 10%.

Mesh Sensitive Analysis Mesh Sensitive Analysis

Eurocode
—FEA

e Proposed

\ T

Proposed

Moment Resistance [kN*m]

40 30 20

Size of Finite Element [mm)] Size of Finite Element [mm]

Figure A - 14: Mesh Sensitive Analysis
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The computational time increase considerably when the mesh size is reduce. Nevertheless, for a simple
standard joint, even with a fine mesh, the computational time does not exceed half an hour. If we
compare this time with ABAQUS, the same joint with the same parameters will need approximately 3
hours of analysis. This fast analysis is one of the benefits that the developers promote about using IDEA
StatiCa. The low computational cost makes this finite element tool suitable for engineer daily practice.

The mesh size in IDEA StatiCa is controlled principally by the size limitations. The user need to specify
the maximum and the minimum finite element edge size. In order to set the correct boundaries and
check that the selected mesh is the correct a simple way to check will be through a parametric study
were the maximum and the minimum limits are define and the variation of the element number is the
changing parameter.

The proposed setup of 24 elements in the critical edge with mesh size between 20 to 10mm, and a limit
plastic strain of 3%, has a good approximation to the Eurocode solution and the computational time is
reasonable. It can be seen in Figure A - 14: Mesh Sensitive Analysis that the proposed setup time is just
above the point where the time variation became exponential.
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A.4 Type of Analysis

Once the parameters for a suitable setup have been chosen, the type of analysis to perform need to be
selected. Each type of analysis delivers specific information. Depending on what kind of verification is
required, the correct choice of type of analysis can save time and facilitate the efficient use of the
program. The type of analysis also influences the computational time. For example, the Stress/Strain
Analysis (EPS) takes approximately one fifth of the time for a Stiffness (ST) analysis. The types of analysis
and their implications are detailed below:

StatiCa® CONNECTION Extendend End Plate with 4 Row Bolts (SemiRigid).ide
= @ New ¥ Undo IF ﬂ? 1 Lﬁl] ‘
File G ¥ e Frame Frame Anchor | Any
I save | 2D 3D  joint | shape
Project Data New item
Navigator > Q m
Current item Project items lz/ pr
‘Moment Resistance Joint - Extended End e Descriptio Ana e
4 Joint, footing > | Moment Resistance Joint - Wﬁ‘ Stiffness
Geometry
Load effects
Design
Check
Bill of material
4 Report
Project items
Project data
One line
One page
Detailed

IE
|

Figure A - 15: Types of Analysis Selection Window

A.4.1) Stress/Strain Analysis (EPS)

With this analysis, a physically non-linear study is performed. This means that the properties of the
material are non-linear (perfectly plastic). The load is applied gradually and the iterations are executed
to find the convergence / equilibrium of stresses and strains. This analysis has low computational cost
and allows us to understand and visualize the distribution of stresses and strains. A correct
interpretation of the results can help the designer to determine the failure mechanism that is governing
the element/joint design (see chapter 5).

112



Annex A

Figure A - 16: Stress/Strain Analysis
A.4.2) Stability (Buckling) Analysis (EPS)

IDEA StatiCa can perform a linear buckling analysis. Graphically, it is possible to observe the place where
the buckling is going to occur, which allows analyzing if it is a local or global buckling of the joint. The
program delivers the critical loading factors and the buckling shapes. The number of eigenmodes cannot
be specified by the user. In terms of computational cost, this analysis is efficient and fast. However, it is
mesh-sensitive so a parametric study to measure this sensitivity is always recommended. The
recommended value of 24 elements (maximal element size of 2cm and minimum of 1cm) at the critical
edge, proved to deliver acceptable results.

Local buckling of joint

Loads| Shape | Factor

ler |1 833

2 11.67
3 17.90

Figure A - 17: Buckling Analysis
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A.4.3) Stiffness Analysis (ST)

The program uses FEA to obtain the current rigidity of the different components of the joint. Later,
based on the component method given in the Eurocode, it delivers the classification of the steel joint
according to its rigidity (pinned, semi-rigid or rigid). For this, several parameters of the code are
calculated and their results are tabulated. In addition, the program generates moment vs. rotation
curves, where the designer can visualize the behavior of the stiffness and the graphical value of the code
limits for joint classification.

Figure A - 18: Stiffness Analysis

Stiffness diagram My - ¢y, LE1

Mc,Rd = 517.0 kNm

Mij,Rd = ESS.G kNﬂ

2/3 MjRd = 157.1 kNm

T T T T T 1
10,0 15.0 20.0 25.0 300 35.0
dlmrad]

Summary | Rotational stiffness

Rotational stiffness of joint component

My LE1 2000 2356 641 .. 43 30.6 6.00

Figure A - 18: Stiffness Analysis

You can see in Figure A - 18: Stiffness Analysis the graph and the table where the following relevant
information is given:

- Limit value of capacity of the joint.

- 2/3 of limit capacity for calculation of initial stiffness

- Value of initial stiffness (Sj, ini)

- Value of secant stiffness (Sjs)

- Limits for the classification of the joint (rigid and pinned)
- Rotational deformation (®)

- Rotational capacity (Dc)
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When the stiffness analysis is performed, it is applicable individually to an element of the joint. This
member is the one that is going to be under analysis. If the joint has several members (e.g. 3D joints),
the program fixes the end of all the members (bearing properties), except for the analyzed element,
where the load should be applied. In this way, the stiffness of the element under study is not affected by
the deformation of the other members, but only by the stiffness of the node and its own rigidity. This is
the analysis that takes more computational time. The graphs and results are comparable to those that
can be obtained following the calculations of the Eurocode rules. An important disadvantage of this
analysis is that the user cannot extract the different points of the curve, so the curve cannot be
replicated and the exact value of the individual points cannot be extracted. Graphic data and file are not
compatible with other programs, e.g. CAD software.

A.4.4) Member Capacity Design (MC)

The objective of this analysis is to analyze the behavior/capacity of the joint when a Mmax moment is
applied. This “Mmax” moment is the maximum moment that the analyzing member can transfer to the
connection. This moment cannot be modified by the user and is calculated as follows:

M ex =M *L1%WV where, Myiis the plastic moment of the analyzed member.

1.1*yV, are factors of moment amplification, to take into consideration
uncertainties of various sources of over-strength, stipulated in EN 1998

During this analysis, the joint and its components are checked, excluding the analyzed element. If the
designer want to classify the joint as full strength joint, it must resist a moment greater than the
maximum moment transferred. This tool is very useful for seismic zones, where it is often required or
desired that the joints are able to withstand the maximum moment transferred by a member (usually
the beam) so that the plastic hinge can develop in that member. The development of plastic hinges in
specific locations are important properties in an earthquake resistant structure.

A.4.5) Design Joint Resistance

During the normal practices in the steel joint design, the designer wants to know the maximum capacity
of the steel joint. With the Design Joint Resistance tool, the program gives, in percentage, the ratio
between the maximum capacity of the joint with respect the applied load. In this way, the user can
appreciate the level of use of the joint. If a percentage less than 100% is obtained, the joint can resist
the applied load. While if 100% is exceeded, the connection is failing. This tool is a quick unit check,
which delivers as a product a graph indicating the level of plastic strain vs unit check. It also delivers the
maximum plastic strain that occurs at the connection.
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Figure A - 19: Joint Capacity Design
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Annex B — Hand Calculation for the
Experiment Joint (No Safety Factors)

Input Code Parameters:

=10 Tu=10 Typ=126 E:=210000

mm
Section Properties and Geometry:
Column: SHS 220x220x8 (S690)
by :=202 mm
f-.:=8 mm fyc=600 MPa
ry =20 mm foc=TT0 MPa
Ty =12 nom
= hy =402 nom rp:=21 mm Iy:=1318 e’
. : by =177 mm dy = 334.5 mm Ap:=84.50 cm”
4 dgf|lh
t, =860 mm Fyp:=355 MPa
B typi=12.75 mm £, 5=510 MPa
Fin Plate: Bolts: M24 - Grade 10.9
.F|J,:=:1:1ﬂ 1T i =24 mmn n =3
&J, =200 mm iy =26 nomn Tig:=2
tp:=10 mm A,:=353 mm” =114 =g = G.00
fypi=355 MPa fybot=000 MPa a,:=0.5
fop=510 MPa £, := 1000 AMPa
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Joint Geometry:
€1:=Tb mm ez2:=60 mm z:=102.5 mm
v !‘:al o2 lﬁ
P1:=90 mm ey =45 mm gr:=20 mm
" h hb—hp
o o € :=110 mm Py:=T75 mm = - =36.00 mm
070 X €3+ P+ €9+ g = 200.00 mm
» .
B
i
=~
Calculations:
1.- Shear Resistance of Bolts (VRD.1):
ap+Asefuto
Fy posipt=———=141.20 KN  Shear Resistance of a Single Bolt (Fv.RD)
YAr2
n ng+(n —=1}+p,* ,
1;=_.9l.p2’ . ( - = ) P1 o 40837.50 mm®

Vepi=n+F, ;. pn=847.20 kN

2.- Bearing Resistance of the Fin Plate (VRD.2):

Bearing Resistance in Vertical Direction:
2.8. 82

Ky pver= min( - l.7)=4.76

C P 1
Qp g ver 1= min s . £ =0.90
3'd0 3‘d0 4

ki prer Qb prersfuprd-t
Fipperi=—o— P TP P _421.42 kN

VA2
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Bearing Resistance in Horizontal Direction:

2. 8.1 1.4d«py
K1 phor :=min -1.7, —L7|=3.16
0 dy
e
Qg o hor = min 2 =0.77T
¥ 3.d,

k
Lphor " phorSup Aty _ 00 o0

Fapdor*= Yan
Bearing Resistance of the Fin Pate:
u:_—_.z;(’_!:_l)._pl..=0.23 a::i-2=0.09
I-2 I 2
Vrpai= =879.90 kN

Fbprcr] (Fbp.hor

3.- Shear Resistance of the Fin Plate: Gross Section (VRD.3):

300 mm-«t -
Veps:= rfyr =614.88 kN

\/;"nm

4.- Shear Resistance of the Fin Plate: Net Section (VRD.4):
A, et =ty * (hy—mny +dg) = 2520 mm*

Ar.p.nd 'fu.

Vipat= F =593.61 kN

3. ‘Y‘m

5.- Shear Resistance of the Fin Plate: Shear Block (VRD.5):
3+dy

A,u_,,:=tpo(pz+eg- ):960 mm”
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Am'.p== t’p' (hy-el - ("1 — 0-5) ‘dq) = 1900 mm*

x5 <AL
fu-’ nl.p + !!-P acke =781.10 kN
a2 \/; “Yan

6.- Bending Resistance of the Fin Aate (VRDS):

2
W, = tp" by = 181500 :
d_Po— 6 = mm
',
Vbt Yor _628.61 kv
Z* Y

7.- Buckling Resistance of the Fin Rate (VRD.7):

Information taken from

z-h N table 17 of BS5950-1.

Aprpi=2.8+4|—F—=42.05 firp=285
1.5-¢, mim

t
V.. . .=ifz>_T =628.61 kN
np.s 0.15

“"-l.p'ft.r.p > “'-f.p'.fup ‘
2:06-%n  Z*Mam
|Vaoa
else
“'..Lp'.fx.r »
z+0.6+7,0

if

else
|| Vios

8.- Bearing Resistance of the Beam Web (VRD.8):

Bearing Resistance in Vertical Direction:

'2.8'626
k,.b.u,:=m:'n —_— L7]=3.15
| dy

~—m¢'n( Pt s =0.90
Ay yrer \3-d0 1 :
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11.- Shear Resistance of Beam Web: Shear Block (VRD.11):

Ayipi=type [*—‘zb = %] =277 mm”*

Apppi=type (elb + ("1 - l) ‘P1— ("1 —0-5) . do) =1946 mm”

fu.b *Apih + fg.b'Am'.b

=511.84 kN
Tar2 V370

Vep.ar=

12.- Shear Resistance of Columns Face (VRD.12):

bs . —Ad-t

u_(__f_‘f_t)_.(l_.‘. _E_.:-OK"
c y.r

HhoK“

else

H“Slender Column Face™

2eh ot o\3:f Expresion given by:
Vap.2t= N2 % _ 5048.17 kN  DESIGN GUIDE 9 - STRUCTURAL HOLLOW
) Tan2 SECTI ON COLUMN CONNECTIONS

13.- Shear Resistance of the Joint (VRD):

Vip =min (Vlw.l Wi Vs Vioas Vaos Voo Vo s - Vaos: Voo Vaoae - Vaoas < Van, u)

Welds Calculation:

Welds S355:
VD =3656.5 kN

""EDI" = VED_'.' Z= 37.-‘6 k‘N'. m J‘IED-Q = 15 M’ -m

“‘!ED.II‘ =min (“IED.l'l ..R!ED_W)

l;+=316 mmn B =090 a:=3 mm
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g
ryimED% _ygp 77 N
2« lu. mm
3-M N
Tyi= Lt 106.22 - Expresion for Two Moment Method.
\/-'_; casl,’ mm See below figure.
N

0'1 = Tl = 106.22

mm*

2 r
Oyt= \/a'l’ +3- (r, +7,) =DH28.65 e
mm
F 0.75+f werg+0.125+f, +0.125+f, , S ON
RD_ b - .
i By Yan mm
if frpw<0. =4%“0K"
“Weld Failure”
else
|~ox
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Annex C— Hand Calculations for Semi-Rigid
and Rigid Joints Design Resistance of

Chapter 5

C.1 Semi-Rigid Joint

Imput Parameters:

Tami= 1.0 =11 Yapzi=1.25

Ly, == 1300 772 F =2 10000
T’

Section Properties and Geometry:
Column (HEM 450):

=

fA=1.0

.l.‘}l:» the trasrformation parameter (Tab 5.4)

] ho =478 mume r.a=27 mim A, =33540 mm?
zZ !
i LI'J. o= 30T s rlll_ =344 o
e df [ h [ g
: | 235 MP
tyrei=21 mm fue:=275 MPa &,:= 1|U|'f—"=r:.srz
r—— 1 t; =40 mun Fup=360 MPa
Beamn (IPE 400):
Byp | Ty, 1= 400 rrvime =21 I,=23.13-107 s ?
'r.=:rr_:r.:5-rj;.::-c-:5:l_ T
! by o= LB mm dy =331 mm Ay = B450 mim £
[ 235 MP
tooll dl|n fu,=86mm Fou=275 MPa  £,i= || = 0.92
t b | -F.-..-';
tipi=13.0 mum Fupi=360 MPa
L Ma ]
Wy 0= 1307000 mmm
End Plate: Bolts: M24 - Grade 10.9
hy, =386 nume d:=24 mm fig =2 fo.:=2 mim
b, = 180 mam dyy =20 mm Ty i=2
=10 mum A =05045 L Ty e 2=
Fyp=294 MPa Fipot= 000 MPa by g =0T v d = 16.5 rmrern

Jy =360 MPa I pe = 1000 P
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Joint Geometry:
e 1= 103.5 mmm e,i=40 mim py =200 mm
2= 29325 mm == Exmin.fic = Ep
iei= 6 mm =4 mm  F,:=09
B, Myi=gy my,=45.7 mm— \E+ iy, = ¥ e
g B= o o my = 8.0 mm — 1,|E+r:t;= Te.01 mem
by .. -
. m.ﬁ.:zi— € — foe _ 0.8-r. =17.90 mm
I_I,_H 8 2 2
& Mg s

{

Calculation of the Individual Componets:

— 1 - Column Web Panel in Shear
2 - Column Web in Transverse Compression
1) 3 - Column Web in Tension
3 4 - Column Fange in Bending
5 - End Plate in Bending
7 - Beam Web/Hange in Compresion
B - Beam Web in Tension
10 - Bolts in Tension
19 - Welds

1.- Column Web Panel in Shear (1):
a) Resistance:

A=A =2y - Ep 4+ |[E:,,..,.+ '2:-1;.) ~tg = 110980 rm®
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Limitation:
na-F A
Vi, mjzzﬁz 1711.87 kN ; e
3 =fam e 0 0 4 | 23 e | SO
e I|r",|.

Voo | 0w

F| iy = e = 1 T1 18T N else
; " “Webh Slender too High™
b) Stiffness:
05384, .
I :—j—— 15.52 wum
L

2.- Column Web in Transverse Compression (2):
a) Resistance Stregth:
b?“'l LW
Bi=7, §,1=2- 1, = 20.00 mm
befroawe=1tip+2- ﬂ.l."?-uf+f}- |:i_,-_,. + al:| + 8, =385.5 mm
1
L= =174 k=10
-
|:]I ¥ i Il'l". TI.!.'.l"
\{ 1+1.3 (”_)
A,
[ PY
Ay = 0,932 \/ — Tue _n.5s pi=if A,>0.72 =100
E " Er||.|' EA”_{LJ}
Clomnpress —
'}'P
else
I

irH-l . kll'.l' " hl..”_l.._",r " t“.__l. .fﬁ'\-'" te kul.r"p' b...rr_l._n._l."‘ t"'-"+fll-"1i

s T

=1603.13 kN

F'y gpi=min

b) Stiffness:

LI PP S
= ’;; S T —16.4T man
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3.- Column Web in Transverse Tension (3):
a) Resistance Stregth:
As Individual Row Resistance:
bespepuei=man (20 wemy,  4emy +1.25+€5) =112 mm

1
wWyi= =().98

bl "l‘!"t"‘ .~
141.3 [ 11.0.0we* b, )

LAV S

Wy b,-j[,l.l.u(‘ » tuu 'f.!l"’ =633.70 kN

Fy 1 rpt=
Tamo

As Group 1-2 Resistance:
Lt asepm =2+ Py =400.00 mm Lot Grzop ez =2 * Py =400.00 mm
Lespcranc. =py=200.00 mm Lot Gizmena =Py =200.00 mim

bc_']f.l.uv‘:: min (lt G 2.ep R l'.‘!f.ﬂ'l'l.m‘.nl) +nn (l'!}‘cl?ﬂ,_’n N lrffﬂl'.‘-nr RI) =400 mm

wl H—

b
1+1.3[

Wy br_f}.f.u\' z "m.c' 'fy
Taro

—= 1804.29 kN

Fye12mni=

b) Stiffness:

0.7-b ok
kg, = b wr 17.09 mun kg pi=kg,

d

-
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4.- Column Flange in Bending (4):

@) Resistance Stregth:
0.4 -_f,,m A,

Fy g i=m———=254.16 kN

Tara

Tension Resistante of a single Bolt.

Effective Lengths at Column Flange:

Table 6.4: Effective lengths for an unstiffened column flange

Bali-row considenesd
e ivedually

Ball-row conssdered as
pan of & group of boll-rows

Cirenlar pamens
‘I'\.I'I.m

At
-

Circulas palkeims Mon-ciigwalar palicrms
Eanee Ly

e

Am + |, 25¢

4

o "

The smadler of
Tam

gni = 1,
=

(The snaller off
duy = | 25
| 2o = 1625 + gy

The sialler af ['he smaller ol
o = Iy = 0,625 + 0,50
eyt p [YRAUS] ]

oy = Dopag  Bmni Lewi = Woman

E'-"- - Eln.'l.q, bast E.Hll < Er..u.,

¥

N2 & t-m\.

Yl = Yloaw

[2;) ¢ = the distance from the cemre of the fseners i the end row 10 the adjacent free end of the columa
Rampe measimed m 1he derection al the asis of 1B colemn p

Row 1:
As Individual

quj.]'.-npkl =2 memy, = 11247 mm

Lepprnem i =4emy+1.25 e, =200.98 mm

As First Bolt Row of Group 1-2

Lorrizep i =2 -y =400.00 mn

Lotename = Py = 200,00 mum

Row 2:
As Individual

I-!'f_f.f.-l.’p'.m = lﬂ_lr_l‘-.f.-l.'p-.ﬂ'l = 11?.4? Trerre

Logr pne ez = by g e o = 200,98 mime

ile s row | and mw 2 = Frgure 6. 95055]

127




Annex C

As End Bolt Row of Group 1-2

I"H.l!‘l‘l!.np.k‘f: ef 1 2ep il = 400.00 rm

I'rf.f.ﬂ'llalr!.ﬂ! = !rﬂ.m:!.m-_m = 20000 mm

T-Sub Resistances at Column Flange:
Individual Bolt Row 1 Resistance

Mode 1:

Legpran =000 (Lgs oy s Legp pne ) = 112,47 mm

gt Fe )
My jifemn™= =12.37T kN -m

=Y pp

A+ Mo femp

Foirm fern= — = FTHAGD BN
e
Mode 2:
I Y L
Jlf‘q‘gﬁhﬁ-ﬁﬂ:: rf.f-!-ml.;?l.‘r Fa -r'_'|'i.' :22.11 k\jnﬁrlﬂi.
*Tam
2+ Mz geap+ g (110 Fi)
Fo 1.1 femD= o b o = 1114.81 kN
{2000 fo kD ———
Mode 3:

F:H.:.m.f.-.n:;.;-": ny - Fy,=508.32 kN

Fy ym gpi=min E‘F‘HJH'I._,I'-:-.H‘D* Form pernFanm _j'r_ﬂp:l =508.32 kN
0 g p o™ F gy o = Hrlttle Faklure™

| “Pritthe Failare”®
e

|"|JJ-."

Individual Bolt Row 1 Resistance

Fyiimepp=Fiip mp="0832 kN
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Resistance Bolt Group 1-2
Mode 1:

Lstcram =min (lr'ff.(-'li'.c'p.ﬂl ' l‘:ﬂ.t:l'z.m:.Rl) =200.00 rmom

(2 S ‘ojfx:lz.m) 3 t].137 'fy.c
4T

M jemn= =44000.00 &N «mm

4-My | ferp
my,.

Ficinafern™= =9832.40 kN

Mode 2:

(2°Icff.(?l'.'.nt.Rl) * t,f.cu 'fy,:
4+Yaso

= 44000.00 kN «mm

‘a!pl.'.!.jc.RD =

2o M perrt 1 (Pepo* Fioo)

my +ny,

Fierazpern™= =2222.20 kN

Mode 3:
Fi a2 gerD = Mo Fope=1016.64 kN

Fi grapp=min (Fr.(.‘lz.ur.!lmFt.(:r.'.z.fc.RD-Fc.m'.'.sjr.m)) =1016.64 kN
if Fiouan=Fiornaear ="Brittle Failure™
” “Britthe Fallure™
clse
for

b) Stiffness:

0.9.1 e X
kyyi= df‘“:' fe =1129.53 mm

"l!p.

0.9+1, 3
kygi= e~ 1129.53 mm

my,

g i 0.9+ (24l cropm) tee
412 3

m e

=4017.20 mm
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5.- End Plate in Bending (5):

a) Resistance Stregth:

A ==i=ﬂ.5l} .1|.2==n—'=ﬂ.9'i"
my+ € My + e,

%::5.32

B B3 B4 B4 o8 AT OB B

——

Tabkle 6.6: Effective lengths for an end-plate

Bali-pom: considensd Bolirow conmsdenad o
inheaduadh ]':plut'qwu{'l‘uﬂl-!uup
Nomciroalar pamems. | Circular panems Son-cwcslar
bt L paiterms §g .
Smallest ol

dem, = 1,23,

et dm WG,
05h,

0,5 w+2m, o,

G5y +

- il — {2 =+ D525}

dm+ | IS¢ i@ "

dmi+ |15 i+ |'."-H}.615r*ﬂj.n

Loy ™ Coine Dol T = L i],.. n =Y L Bul l'.-l_l":.i'.r_q..

Wode 2: Lare ™ D "':-.r'l"'-lll"la

i showld be obtained fom Figeee 6.0,
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Row 1:
As Individual

I-_-f_r.:mm =2 e, =201.60 mm

Iﬂr_”.m.ﬂ| = e - Ty, = 213.03 e

As First Row of Bolt Group 1-2

Loppenzepin =7 201, + py = 325.80 nom

Legpinizne iy =05 py + o ey — (2emy, +0.6252,) = 207.94 mm

Row 2:
As Individual

Lept top = bepp 1op = 25160 mm

Lepr Lneir = legp fne.mn = 213.03 mm

As End Row of Bolt Group 1-2

Loprciz.cpme =7 =10y, + py = 325,80 nom

Ltrenznemz=0.5py +2-m, +0.625. £,=205.09 mm

T-Sub Resistances at End Plate:
Individual Bolt Row 1 Resistance

Mode 1:

Ieﬂ'.]'.ﬂl = TTn I::{:_rj_{_rmjh 1 !ijrp_ﬂl} =213.00F mm

-
Lprpmety +f

My prp*= e P = 1565.77 kN -mm
4-M
Finipro 1‘:'['!'@ = 156.41 kN
P
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Mode 2:
P
Mz prp= i 'r”= 1565.77 BN«
4=“am
20 4 TR TR, *
Fyn2p o= pAp R0 v MW 29315 kN
LI
Mode 3:
Fy napan=ny - Fup,=508.32 kN
Fs 1wy ppi=min I:Fifl Lo F e pnn-FJ..rl.ﬁ.,..nu}= 156.41 kN i Fopp p0=Fonapme = 0K
| SHritthe Failure™
ilsi
|-m~;'

Individual Bolt Row 2 Resistance

Fyrman=Firmpn=1060.41 k¥
Group of Bolts 1-2 Resistance

Maode 1:

Lercra=min (L cyn e +Heprorepne s begrorzme o+ legrci2.nem2) =413.03 mm

2
Lpreatty

My prn= T T2 —3035.77 kN «num
'1 'J\-f
i L D
Fy iz r:.J'TD:TF:fIﬂR.?ﬁ kN
B

Mode 2:

!l' o 12 +!r = 02 e _ill-'_
I{ AT A2 e R A2, H‘i} § fl'-r\-' — 3035, 7T kI «mm

ﬂ'f,u.-e.p.ﬁu":

4+*am
2eM . 1, = Ty gy, Fy )
Fy o ppi=— “‘*‘:1 +":’1 o7 the _ 583,90 kN
Jl I.'
Mode 3:

Foaap R0 =M Fope=1016.64 by
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F; 12 mpi=min (F vz pro Frenapro F u_.'rz.a.p.m)) =303.25 kN
I Fy i mn® P gaapns = “0OK"
|‘ “Brittle Failure”
e

|‘ “OK*
b) Stiffness:

Legy i rr =100 (g 1 cp oy s begfdne s legg Grzep s begfcnz e ) = 207.94 mm

0.9-L 0 p b2
ko= ”'Lgm =291 mm
m,

gy i mr = (Lgp 1o e s Degpr e 2 begs Giziep iz s Legs G12me 2) = 205.09 mm

0.9+l srppocty’
05.2°= d‘r’kf' E_=2.87 mm

ﬂlp

6.- Beam Flange and Web in Compression (7):

a) Resistance Stregth:
bey— (o p+2eT
if 2 ("”:' b) <9.g, =“Flange Class 1"
<
i d,
“Flange Class 1 if ——<T72.g, =“Web Class 1"
else Ly
.. brp— (f., b2 ”e.) “Web Class 1"
if 2ot <10.5, else
“Flange Class 2" if d. <83-e.
else b
| “Flange Class 3" “Web Class 2"
else
i “Web Class 3"
, _WaaTys._ -
M, ppi=————=3069.43 kN +m
Tam
M,
F7.RD ==_.RD= 929-95 k-lv
hy—15,
b) Stiffness:
kyi=ax
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/.- Beam Web in Tension (8):

a) Resistance Stregth:

Individual Bolt Row 1 Resistance

T TRL LN P

Feimmn 503.81 kN

I
Individual Bolt Row 2 Resistance

Fi i nn=Fumpp=003.81 kN

Group of Bolts 1-2 Resistance

L’f_f.l"i'l? ) tm.l'l-' b

Fy oz gp= =0T6.81 &N
“farn
b) Stiffness:
k” —Le &

B.- Bolts in Tension (10):
a) Resistance Stregth:
Floan=m, Fr,= 101664 BN
b) Stiffness:

thbot tute
L=t + )+ [f +1,,=T0.00 mm

L6eA

L.

kyy=

=807 mm
ba
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9.- Welds (19):
a) Resistance Stregth:
wp @ . Ay d
Fiorpi= Jupdy (brye2—t,—2:m) + Jup: s '(—“)=569.85 kN
2 "”u'°7.l,l2 ﬁ.'gll'.“l"hf.’ 2
M; gpi=Fig pp (b, =7 mm)=215.97 kN -mn Maximum Applied Moment
due to Weld Resistance
b) Stiffness:
kygi=2x

Resistance and Stiffness Assembly:
Moment Resistance of the Joint (Mj.rD):

Individual Resistance of Boit Rows (Tension):
Fy piap=min (Fy  po Fy g gy gpsFapmopp) = 156,41 kN
Fi g2 gpi=min (F:u.m) Foimeno F r..t.n-z.fm) =156.41 kN

Group 1-2 Bolt Resistance (Tension)
Fornsinp=Fipipp+Firarp=312.82 kN
Faiarp=min(Fe spnp Fsarznos Ficinp)=312.82 kN

i Foosrnn<Foiarn = *“Individual Resistance is Reached”
” “Individual Resistance is Reached”

else
” “Consider Group Effect”

Maximum Tension Load per Row:
Fr.py go=min (F1 gy aosFsgrzrp Froros Fronp) =156.41 kN

Fr.po gpi=min (Fy o pp s Frciz.np Fiosn s Fropp) = 156.41 kN
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Maximum Load Resisted by other Components:

For b mp="m0(Fy pr Fy pny Fr pp) =929.95 kN

if {F rarantFr m_m} ZFr gtobmn = “Individual Hezizstance is Reached”
” “Individual Resistance i= Reached™
olae

“Consider Global Effect™

Moment Resistance:

M; gp=Fr g gp 2+ Fr e aps 22=060.45 kN «m

Design Stiffness of the Joint (Si.ini.kD,5i.RD):

Initial Stiffness (Elastic):

kepri= =190 i kgpp= =1.88 mm

k "32 +k '|'-z:'.lE k* x4k a*Zq
= SH 2~ 162.05 mm k= 2R off2 78— 4.52 mm
kl"_r-_l‘-l 4 k,_'r‘.r_z LA

Sy .
Zeq

2
8= Eie =52.15 MN -m
' 1

Secant Stiffness (Non-linear):
tfra= 2T M pp:=200 EN-m

. 2
',.l.:: ]f .'l-.r.l-_Er_;.ﬂ?' J.l I:l..'i‘]'.:' =TE.5~B

|1

alsp

md ¥

A 'I‘._I..'I'J'.:I

[l n E]" S.r'-fl‘?'-‘-"'= ::m = (LG9 MN «m
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C.2 Rigid Joint

Imput Parameters:

N
Yagp:=1.0 Vs = 1.00 E = 210000 —
mm”
M= 1.1 Yarw = 1.00 F:=1.0
Tagz:==1.25 Steel: S235
Section Properties and Geometry:
Column (HEM 200):
h_ =222 mm r.:=18 mum
fy.‘-ﬂ== 267 MPa
by =204 mm d, =134.8 mm
235 MP
tuet=15.9mm  f,,,=324 MPa € :={|————=0.85
fg.nr
t;-+=25.6 mm Furci=360 MPa

Acs=2eby oty + (he—2et5 )ty +0.858 r.* =134.39 em”

hy =498 mm =21 mm I, := 48200 cm'
byp:=199 mm dy=425.8 mm Sfysp=248 MPa
235 MPa
twsi=10.5 mm Fybw:=281 MPa &:=\|—F——=0.91
!y g
tp:=156.1 mm fup=360 MPa W4 ;:=2104 em’

Ap:=2ebgyetyy+ (hy—2-15,) o1, 5 +0.858 r,* =113.00 em”
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Joint Geometry:

Welds: zi=hy—t7,=482.9 mm
ap:=14 mm
a =0 mm

3,.=0.9

1 - Column Web Panel in Shear

2 - Column Web in Transverse Compression
3 - Column Web in Tension

4 - Column Range in Bending

7 - Beam Web/Flange in Compresion

8 - Beam Web in Tension

19 - Welds

Calculation of the I ndividual Componets:
1.- Column Web Panel in Shear (1):

a) Resistance:
A=A =20bg oty +(t, 4207, )ty =4322 mm®
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Limitation:
0.9. .
Vv =M=n7.69 kN -
wp.RD _d, 235 MPa b
V30 S |
s paow
V. A
Fypp=—280 _727.69 kN | oK
a else
|| “Web Slender too High”
b) Stiffness:
0.38-A
l:=-—"-=3.40 mm
.z

2.- Column Web in Transverse Compression (2):

a) Resistance Stregth:
si=r, Befpenet=tip+2- V2 rap+5+(t;, +5)=272.70 mm
1
wyi= —=0.658 kgot=1
1413 (bcfj.r.m' tw:)
e

b .d -
,\,==o.932-\/ effcsve e~ Sy =0.441 pr=if A,>0.72 | =1.000

E- tl'.t’
(Ap—0.2)
2
'\P
else
|
Fy pp=min wyeky . bcﬂ:.u\' ly, 'fynr : wyrky ope bc[f.t.u\" ber 'fg.rt —840.62 kN
Yam Tan
b) Stiffness:
0.7+b of
hpim——TEEET WL 95 52 mm

d,
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3.- Column Web in Transverse Tension (3):
a) Resistance Stregth:

Bi=T, br_,l'f.r.l.n-*= E_f'.b"'?' \.IE EI_rT+5 '{tj:+3:|'= 272,70 mam

b e = de Sy,
.I.F:=I]-'EIEE-\/ el Lare — =0.441 pr=if A,>0.72 |=1.000
E‘tu'.r
(r—0.2)
AFI
B
1

o~ Lty = b:_[,l'.r.w' Lu'.r'.iry.ru' — 024.68 kN

Tam

b) Stiffness:

_ 0.7- br_f_l". tane® By
d.

kg = =22.52 mm

4.- Column Hange in Bending (4):
a) Resistance Stregth:

{
[p—— [i-‘f*—*ﬂ_l]=l_uu

tin SFynp
br_,l'_f.b:_f:= i!’.ﬂ' +2:84+ Tk 't'_f-t =231.10 e

Fyrp=berpuer-trn-fyun=865.42 kN

b) Stiffness:

ky=nc
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6.- Beam Hange and Web in Compression (7):

a) Resistance Stregth:

Wb Fun
M;:m==u=544.u kN o

¥R

M gD

Frrn:= =1126.76 kN

F4
b) Stiffness:

kg:=nc

7.- Beam Web in Tension (8):
a) Resistance Stregth:

by . 3= By e = 272,70 mm

bepr ik tub* Syt

Fggnt= =B04.60 kN
Tam
b} Hiffness:
feg:=nc
9.- Welds (19):
a) Resistance Stregth:

Lpet =2 =byy— (b, 4+ 227y} =345.50 mm

-iru.b' an
ﬁ'l‘ju-'j,ﬂz

M; pp=Fia.anrD* {h,b— t”.} =hH28.563 kN-m Maximum Applied Moment
due to Weld Resistance

Fig o RD*= el g =1094.49 kN

b} Hiffness:
ji'ju = g
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Resistance and Stiffness Assembly:
Moment Resistance of the Joint (M.RD):
Maximum Tension Load

Frpp=min(F3zp.Fy gp. Fy gp - Fya .o rp) = S04.60 kN

Maximum Load Resisted by other Components:
Fr gob =m0 (Fy gy Fy g Fr gp) = T27.69 kN

if Frpp<Fr globRD = *Consider Compression Resistance™
II “Tension Resistance is Reached”
else

" “Consider Compression Resistance™

Moment Resistance:

Mjw=FT-M.:=351'40 EN-m

Design Stiffness of the Joint (§.RD):
Initial Siffness (Bastic):
Siite— B 127.02 MNem
J"""'1+1+1_ )
ky k2 kg
Secant Stiffness (Non-linear):

V=27 A !;. gp=250 kN-m

2
om i My e M,y =149

else

1 S;.ini
| SjRp= ’“"'“ =107.33 MN+m
o

M, i
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Annex D — Filler Material Properties

D.1 Filler Material S355

Outershield” MC715-H

CLASSFICATION

AWS As1E ERC-EMHY AN 1
ENBOMER-A T4EaNM2E F-Nr &
WLEFM 1

GENERAL OESCRIPTION

Metal cored gas shielded wire for al pasitions

Few sificetes and virtually no spatter, fast travel specd, excelient wire feediog
Exceflent arc chasacteristics ghve outstanging operator appeal

Excelieat mechanical progerties [CNV >47) ot -40°C)

Superior product consistency with optimal alloy control

Degending on application good alternative for basic flex cored wires

WELDING POSITIDNS [ISO/ASME] CURRENT TYPE / SHIELDING GAS PS50 WS
DC+

) ¥ S il B s e,

PNIGC PASF PCOC PFOGu PRENG

Flow rate - %-25 Umin

W De DNV 6L
SAZ IV IV VDS AH0HS

CHEMICAL COMFOSITION (W] TYPICAL ALL OMETAL
Shieiding gas C Mn | P S HOM
L o 15 g4 o002 00X iminddg

MECHANICAL PROPERTIES, TYPICAL ALL WELD METAL

Yield Tensfle Impact 150-W{)
Shiesding strength strength Elongation
gos  Conditien  [Nimmr) Puma’) (%) -30°C -80°C -50°C
Reguired: ANWS 2508 min. 400
EN 150 T632-A min, 47
Typksl vaises M) n 2 0 20
w1 2 430 0 wo %0

SR aveaR

PACKASING AND AVAILASLE SITES

Déameter [mm) 1w
S kgplastic spoal S200 X X
% kg spood B300 X X
200 kg Accutrak” Drum X x

A1 smraden 20523 000t 3 TIN 1 1% S &Y 6 IRt ¥ e tomy ¥ sratmg
o s Sfot Arusevty WY

Figure D - 1: S355 Typical Filler Material

143



Annex D

D.2 Filler Material S690

CEWELD"

Megafil 742M

FCAW Flux-Cored
Seamless high strength metal-cored wire for M21 without slag.
APPLICATIONS Crane-, plant-, craft-, lifting and steel construction, pipe work, foundries.

PROPEATIES Remarkabie crack resistant weld metal in combination with very low (<3my100gr) hydrogen content.
Therefore, suitable for the economic processing of high-strength and low temperature fine grained structural
steels. Excellent wekfing properties in short and spray arc. High deposition rate and no intermediate cleaning
required with very low spatter 1oss. Excellent wetting properties compare to soiid wires that resuls in a bigger
parameter range and improved duty cycle for the welder.

CLASSIFICATION AWS A5.28: E110C-K4 H4
A5.36: E111T15-M21A8-K4-H4
EN ISO 18276-A: T 69 6 Mn2NiCrMo M M21 1 H5
SUTABLE FOR Naxtra 70, Weldox 700, S690, 5620, EStE 690, 690V, XABO 620, S620Q11, S690QL1, S600MC, S700MC,
Naxtra 63, Naxtra 70, Optim 700 mc plus, TStE620, TStEG90, Weldox 500, Hardox, LABO - L550, X65, X80,
X90, X100, Hardox 400, XAR 400, Dikdur 400, Domex 600MC, Domex 650 MC, 20MnCr65, 28CrMna3, ASTM: A
517, A 537, A 625, HY100, (16NICrM012-6), Oceanfit 100, Oceanfit 630

APPROVALS LRS (5Y69), ABS (5Y69), DNV, DB, TOV, GL, BWB-WIWEB, CE approved

e TN

WELD METAL ANALYSIS % (TYPICAL VALUES FOR M21)

C Mn Si Cr
0.05 = oLe o 04 & 05

MECHANICAL PROPERTIES

Heat Reg 2 impact Energy () 50-V 2 Haroness
Treatment i (NSmm?) -20°C -30°C - : HRAC / HV

AW >690 >69 i :

SR >670 >60

AW as welded, SR: stress relieved 580°C / 2hr

WELDING PARAMETERS / PACKING

Velding Parameters : Packing
D(mm) i Voltage(V) : Curment(A)DC+ : spool type i kg /spool fdrum kg / palet
10 : 1426 | 70-230 ©  D-200/K-300/Drum 5/16/300 i 1000/1024 /600
12 i 13 90-310 :  D-200/K-300/Drum 5/16/300 i 1000/1024/600
16 1 1736 i 120-380 :  D-200/%-300/Drum i 5/16/300 i 1000/1024/600

REDRYNG TEMPERATURE Not required

GAS ACC_EN ISO 14175 M21

Figure D - 2: S690 Filler Material
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Annex E

Annex E — Basic Components EN1993 1-8
(2005)

Table 6.1: Basic joint components

Relerence to application rules

Component Design Stiffiness Rotation

Resistance coeTcient capacily

Column web panel : ) 6.4.2 and
in shear o o 643

Column web
In transverse
Cllllll1|'t$ﬁil]!i

0.4.2 and
643

Caolumn web
in Iransverse
lension

Cuolumn Mange f.4.2 and
in bending B 6.4.3

End-plate

in bending 6.2.6.5

Flange cleat
| in bending

Figure E - 1: Table 6.1 - Basic Components - Part 1
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Annex E

Component

Relerence o application rules

Dresipn
Resistance

Sullness
coelTicient

Rotation
capacily

Besm or column
flange and web
i1 COTpPrEssien

Heam web
in fension

Mate
n tenswn or
COMPression

In lension:
- EN 1993-1-1

N COMPTession:
- EN 1993-1-1

Baolts

in lension

With column flange:
-h264

wilh end-plate:
-h265

with flange cleat:
- 62,660

Bolls
in shear

Balls

in bearing

{on beam flange,
column lange,
end-plate or cleat)

fFuee

®
l-Fh.En

Mo infermation gvailable inthis part.

Figure E - 2: Table 6.1 - Basic Components - Part 2
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Annex E

Component

Reference 10 application rules

Design
Resistance

SLiflness
coeflicien

Rotation
capacily

Concrete
i coltpression
including gron

Base plate
in bending under
C(JIIIPIE‘HhiUH

Hase plale in
bending under

tensicn

Anchor bolts
i1 lensien

Anchor bolis
in shear

Anchor bolis
in bearing

Haunched beam

|
'Y

2t

Mo information available in this part.

Figure E - 3: Table 6.1 - Basic Components - Part 3
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