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Synopsis:

In this thesis different methods of modelling
a bolted end-plate steel joint are considered
and how different joint configurations influ-
ences a frame. The investigated frame is a
portal frame with fixed supports.

The non-linear behaviour of several joint
configurations are predicted using two meth-
ods of analysis and are compared. The
first method investigated is the Component
Method, which is the method used in Eu-
rocode 3 and the second is the numerical
method where simulations are carried out in
the commercial software ANSYS.

Using the obtained moment-rotation curves,
the influence of the joint, in regards to
the global structure, is investigated. Two
methods of analysis are used, the first is
the Slope-deflection method, which is an
analytical method, and the second being the
numerical method where the commercial
software RFEM is used.

In conclusion the numerical determined
joint behaviour with bolts close to the edge
of a thin end-plate shows a lesser bending
moment resistance compared to the analyt-
ical method. The numerical model shows
a greater bending moment resistance for
the rest of the configurations. The frames
moment distribution shows a correlation
between the two methods. The difference
are due to the Slope-Deflection method is a
linear-elastic method.

The content of the report is freely available, but publication (with source reference) may only take place in agreement

with the authors.
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Where sources have been used, references to the source are given with the author(s) surname(s)
and the year of publication. If the source is used actively in the associated content, the reference
is presented as surname(s), year of publication. If the source is used passively, the reference is
presented as [surname(s), year of publication]. Figures, tables and expressions are consecutively
numbered with respect to the chapter in which they are presented, which means that e.g. third
figure of chapter six is named figure 6.3. The specification of the name and number will appear
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Referat

| dette speciale vil den ikke-lingere adfaerd for en boltet tveerplade samling blive undersggt
for en satellitramme eller portalframe, som det kaldes pa engelsk. Rammens understagtninger
er indspaendte. Der vil blive opstillet forskellige konfigurationer af samlingen, hvor der vil
undersgges, hvad der har indflydelse pa samlingens arbejdskurve og moment beaereevne. To
metoder vil blive undersggt og sammenlignet. Den fgrste er Komponent Metoden, der er en
analytisk metode som benyttes i Eurocode 3. Den anden metode er den numeriske metode,
hvor finite element programmet ANSYS benyttes.

Nar den ikke-linaere arbejdskurve er bestemt, vil den blive brugt til at undersgge den indflydelse
en samling har pad rammekonstruktionen. Rammens momentfordeling vil undersgges ved brug
af to metoder. Den fagrste metode er Slope-Deflection metoden, som er en analytisk metode,
samt finite element programmet RFEM. De to metoder vil blive sammenlignet ved brug af de
ikke-linaere arbejdskurver, der er blevet bestemt.

Moment baereevnen bestemt med den analytiske metode og den numeriske metode viser en
afvigelse. Moment baereevnen er mindre ved den numeriske metode for boltplaceringer, der
er placeret taet ved en tynd tvaerplades kant. Det omvendte er geldende ved de samlings
konfigurationer, hvor bolt-placeringen er taettere mod midten af tveerpladen. Her giver den
numeriske metode en stgrre moment baereevne.

Sammenligningen mellem momentfordelingerne bestemt analytisk og numerisk viser en
afvigelse. Dette skyldes, at den analytiske model antager at materialemodellen er linzrelastisk,
hvorimod at den numeriske model benytter en materialemodel, der ikke er linzer.
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1.1

(1. Introduction

An introduction to the study will be presented in this chapter as well as the motivation and thesis
outline for this paper.

Background

The rst use of steel as a structural material dates back to the mid-19th century and is now one
of the most used structural materials. It is used in structures as skyscrapers, wind turbines and
bridges and can be used alongside concrete, also known as a composite structure. Many known
structures are made of steel, one of which is the Golden Gate Bridge as seenin gure 1.1. [Vayas
etal., 2019]

Figure 1.1: Picture of the Golden Gate Bridge which is a steel structure. [Unsplash, 2018]

The traditional steel construction consist of an assembly of beams and columns, which
assembled results in a combination of steel frames. The connections between the different
elements plays a crucial role in the design of structural frames. They are responsible for
transferring forces between structural elements and ensuring the overall stability and integrity
of the structure. Thus predicting the behaviour of the connections is essential to achieve a safe
structure and simultaneously offer a solution which is economical sound and cost-effective. The




Chapter 1. Introduction

design of connections and joints are mandated by national standards while Eurocode speci es
how structural design should be conducted within the European Union.

Eurocode 3 applies to the design of steel buildings and is concerned with the requirements for

the resistance, serviceability, durability and re resistance [Dansk Standard, 2022]. Part 1-8 of
Eurocode 3 provides methods to design mechanical and welded joints subjected to mostly static
loads in steel grades S235, S275, S355 and S460 [Dansk Standard, 2007]. The standard takes the
various factors that can affect the performance of these connections into account, such as the
material properties of the steel, the load conditions, and the environmental factors.

Joints can be distinguished as either a mechanical connection or as a welded connection. The
two types of connections are assembled differently and the preferred joint depends on a variety
of factors, including the necessary strength, durability, exibility and method of installation.
Figure 1.2 illustrates the two types of joints. [Vayas et al., 2019]

Figure 1.2: Example of a welded and bolted connection [Vayas et al., 2019].

Connections and joints are distinguished as two different things. A connection is the location
where two or more structural elements meet, whereas a joint refers to the zone where multiple
members are interconnected. For design purposes the connection is all the basic components
which connects the structural elements while the joint is all the basic components required to
depict the behaviour during the transfer of internal forces and moments. Figure 1.3 shows the

de nition of a connection and a joint for a beam-to-column joint con guration. 1is the web
panel in shear, 2 is the connection and 3 is the components e.g. the bolts and end-plate. [Dansk
Standard, 2007]

A welded connection would attract a different load compared to a bolted connection under the
same circumstances, due to different stiffness. Welded connections tend to be stiffer than bolted
connections, and would therefore attract a larger portion of the applied load. [Vayas et al., 2019]
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1.2 Motivation behind the study

Figure 1.3: Part of a beam-to-column joint con guration, where 1is the web panel in shear 2 indicates a
connection and 3 illustrates the components e.g. the bolts and end-plate. [Dansk Standard,
2007].

This thesis will investigate bolted beam-to-column steel joints with an end-plate connection.
The beam and end-plate are welded together such a bolted connection can be established
between the end-plate and the column ange. The welded part of the joint will not be
investigated.

Motivation behind the study

A mechanical connection is a connection which joins two or more structural elements together
with bolts, rivets, pins etc. The Golden Gate Bridge, see gure 1.1, are held together with rivets
and bolts [Golden Gate Bridge, Highway and Transportation District, 2024]. In the present time,
bolt assemblies are the most used fastener to connect plates or pro les. A bolt assembly consist
of the bolt itself, a nut and one or more washers, see gure 1.4. All parts of a bolted joint, needs
to comply with the standards listed in section 1.2.4 of Eurocode 3 Part 1-8. [Jaspart and Weynand,
2016]

Figure 1.4: Example of bolt assemblies [Jaspart and Weynand, 2016].
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Chapter 1. Introduction

Modelling a steel joint has its bene ts, although an experimental analysis can provide the
necessary result, it can be costly to test a full-scale joint [Augusto et al., 2015]. Establishing a
numerical model and simulating the behaviour of the joint, can therefore be cost-effective, given
the developed nite element models depicts the real behaviour of the real joints. There are ve
different methods for predicting joint behaviour and can be divided into: numerical models,
mechanical models, physicals models, empirical models and analytical models [Faella et al.,
1999].

Mechanical modelling of a joint has gained vast recognition due to the balance between accuracy
and its simplicity. Eurocode 3 establishes a method of modelling a joint using the mechanical
method. Numerical modelling does provide a more realistic representation of the joint behaviour
compared to the mechanical model, but is more time consuming. [Augusto et al., 2015]

The ndings of a numerical model can although not be blindly trusted. An error can lead to
results which can deviate substantially from the real behaviour and therefore different methods
of obtaining the desired results should be conducted and compared. The numerical model
should also be realistic such as depicting the real behaviour of the bolts, contact pressure
between the individual components etc.

Thesis outline

This thesis will examine a portal frame with xed supports and determine the moment bearing
capacity of the beam-to-column joint with four different joint con gurations. Two of the joint
con gurations have a bolt placement close to the centre of the end-plate and the other two are
close to the edge of the end-plate. The bending moment distribution of the portal frame will
also be investigated and obtained for different beam-to-column joint stiffness's. The rst part of
this thesis will study the behaviour of the joint while the second part will examine the whole
global structure.

A vertical distributed load is applied on the beam of the frame. The load is assumed constant
over the entire beam and the column supports are assumed xed with no rotational movement
and translational motion, see gure 1.5.
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1.3 Thesis outline

Figure 1.5: The portal frame with xed supports, and a vertical distributed constant load qg.

This thesis will not consider the design of the portal frame and therefore only the characteristic
values will be used. The cross-section used for the beam and columns are traditionally used
pro les and the geometrical properties are taken from Jensen et al., 2022.

Moment bearing capacity

The following models are used to determine the moment bearing capacity of the beam-to-
column joint and the moment distribution of the frame.

* Mechanical model
* Finite element model

The design code of joints in Eurocode 3 Part 1-8 is based on the Component Method, which is a
mechanical model that can be used to determine the moment bearing capacity of a joint. This
method is based upon the rotational response of the joint being dependent on the mechanical
properties of the individual components of the joint. So the joint con guration is decomposed
into its basic components. Each basic component can be represented by a linear or non-linear
spring, which describes the properties of the component. This method of obtaining the joints
stiffness and moment bearing capacity will be further studied in this thesis. [Weynand et al.,
1995]

The nite element model has the advantage of not being limited by the geometry and therefore
easier to build and analyse the joints. The nite element program ANSYS will be used to
determine the moment bearing resistance.

Four different joint con gurations are investigated, to analyse the effect the bolt-placement has
in regards to the distance to the end-plate edges. Three different end-plate thickness are also
investigated and implemented in the four joint con gurations.
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1.3.2 Bending moment distribution

To determine the bending moment distribution of the frame the following models will be used:

 Analytical model
* Finite element model

The analytical model used is derived from the "slope de ection method", which is a structural
analytical method for beams and frames. The method is used to determine the end-moments of
the columns and beams.

The nite element software used is RFEM, and it is a commercial program. The results are
compared to the moment distribution determined from the analytical model.

1.4 Problem de nition

The following objectives are made, so that the described thesis outline can be solved.

» Understand the requirement to determine the joint bearing capacity according to
Eurocode 3

» Understand the underlying theory of the Component Method

» Determine the moment bearing capacity of steel joints using the Component Method

« Perform a numerical analysis of a joint and compare the moment bearing resistance to
the model of Eurocode 3

» Determine the moment distribution of the frame using an analytical model

» Determine the moment distribution of the frame using RFEM and compare the results
with the analytical method

» Use the moment-rotation curve to determine the bending moment at the joint under a
loading condition of the frame
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(2. Initial considerations

In this part the portal frame and the joints is described and is illustrated in gure 2.1 and gure 2.2.
The dimensions of the column, beam, end-plate and bolts are presented and are presented in
table 2.2. The column, beam, bolts and end-plate are all kept constant except for the end-plate
thickness.

Joint con gurations

The joint consist of different parts. The parts are listed as followed:

e Column
* Beam

e End-plate
 Bolts

The material for all parts are of steel. The end-plate is welded to the beam and the end-plate is
connected to the column with the bolts. The bolts consists of a header, washer, shaft, thread and
nut. The head and nut of the bolt are then able to interlock the end-plate and column together.
The static system which is being analysed is illustrated in gure 2.1 (a). The supports of the
frame are xed. The frame is subjected to a vertical linear distributed load g. The columns and
beam of the frame is connected as illustrated in gure 2.1 (b) and the connection consists of two
bolt-rows. The beam and end-plate are welded together. The weld is assumed stronger than the
rest of the joint and is also assumed that it does not deform under a loading condition.

() (b)

Figure 2.1: lllustrations of (a) the considered frame (b) the considered joint.

The analysis of the joints moment bearing capacity consists of four different joint con gurations.
The beam and column are kept the same for all con gurations, whereas the bolt-placement and
end-plate thickness varies. The bolt-placement and beam-placement are shown in gure 2.2.
The edge distances e; and e, varies while the distance between the bolt-rows p1 are kept constant

9



Chapter 2. Initial considerations

at 100 mm. e; and e, are in compliance with Eurocode 3 Part 1-8 as the minimum edge distance
is 1,2dg, where dg is the hole diameter for the bolt, see table 2.2.

Figure 2.2: The placements of the beam and bolts.

The four joint con gurations are named Model 1-4 and described in table 2.1. The motivation is
to analyse the effect the bolt placement has in regards to the distance to the end-plate edge.

€1 €2 P1 p2
[mMm] [mm] [mm] [mm]
Model1 | 70 70 100 100
Model 2 | 35 35 100 170
Model 3 | 45 70 100 100
Model 4 | 70 45 100 150

Table 2.1: Description of the joint con guration.

The dimensions and material properties of the beam, column, bolts and end-plate are shown
in table 2.2. For all the joint con gurations the moment bearing capacity are determined for a
end-plate thickness of 10 mm, 14 mm and 17 mm.

10



2.1 Joint con gurations

Parameter Unit  Value
Beam IPE200 Height, hy, mm 200
Width, by mm 100

Thickness of the ange, t{, mm 8,5
Thickness of the web, typ mm 5,6

Radius of root llet, ry mm 12
Moment of inertia, |y mm*  19,410°
Length of frame, L mm 5500
Column HE240B | Height, h¢ mm 240
Width, b¢ mm 220

Thickness of the ange, tj¢ mm 17
Thickness of the web, ty.c mm 10

Radius of root llet, r¢ mm 18
Moment of inertia, |y mm*  80,910°
Height of frame, H mm 3000

End-plate Height, hep mm 240
Width, bep mm 240
Thickness, tep mm  10,14,17
Hole diameter, dg mm 15

Bolt M16 Diameter of shaft, d; mm 13,5
Bolt-head height, hy mm 10
Nut height, hpyt mm 13
Washer diameter, dy, mm 30
Washer thickness, t, mm 3

Steel Yield strength, fy MPa 235
Yield strength bolts, fyp MPa 640
Modulus of elasticity, E MPa 2,110°
Poisson's ratio, °© 0,30

Table 2.2: The parameters and the value used for analysing the steel frame [Jensen et al., 2022].

The dimensions of the beam an columns are shown in gure 2.3 (a) as well as the axis for the
moment of inertia. The dimensions of the bolts are shown in gure 2.3 (b).
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(@) (b)

Figure 2.3: Dimensions of (a) the beam and columns (b) the bolts.

2.2 Material behaviour

The material used is steel. Eurocode 3 Part 1-1 provides the characteristics values for the chosen
steel grade of the column, beam and end-plate. The chosen steel grade is S235 and the given
characteristics values of yield strength and ultimate tensile strength are shown in table 2.3. The
nominal properties for the bolts are dictated by Eurocode 3 Part 1-8. The characteristic strength
properties of the bolts are given in table 2.3.

Elements | Bolts

[MPa] [MPa]
Yield strength 235 640
Ultimate tensile strength {360 800

Table 2.3: characteristics strength values for the elements (beams and columns) and bolts.

The internal forces and moments can either be determined by an elastic or plastic global analysis.
An elastic global analysis can be used in all cases and is based on the assumption the stress-strain
relation of a material is linear. For the plastic global analysis only steel grades up to S460 and if
the the cross-sections of the beam and column are classi ed as a class 1 can be analysed. The
method of global analysis is elastic-perfectly plastic. The stress-strain relation for steel as a
elastic-plastic material is shown in gure 2.4 [Dansk Standard, 2022].

12



2.2 Material behaviour

Figure 2.4: The stress-strain relation for steel.
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(3. Structural properties

In this chapter the structural properties of a joint is presented. The moment-rotation curve is
described for joints in general.

The members of a joint, can be represented by its centre-lines which is connected by a rotational
spring. Figure 3.1(a) illustrates a single-sided beam-to-column joint con guration whereas
gure 3.1(b) illustrates the centre lines being connected. [Dansk Standard, 2007]

@) (b)

Figure 3.1: lllustration of; (a) single-sided beam-to-column joint con guration, (b) the centre lines of the
joint con guration [Dansk Standard, 2007]

The rotational spring can be expressed with the relationship between the bending moment

M eq and the corresponding relative rotation ©gq4 between the connecting members. This
relation is also called the design moment-rotation relation and should describe the following
three characteristics of the joint [Dansk Standard, 2007]:

* Momentresistance M; rgq
* Rotational stiffness S;
» Rotational capacity ©cy

The design moment-rotation characteristics can be derived fromthe M j © curve, see gure 3.2.
The curve consists of three parts; a linear part, a non-linear part and a yield plateau. The rst
part of the curve is linear with the corresponding stiffness called the initial stiffness Sj,ini » which
resembles the slope. The linear partis assumed to end at 2/3 M rq Where the non-linear part
begins, as itis assumed that yielding of the material occurs. The stiffness at the non-linear part

is described as the secant stiffness S;. The yield plateau is reached when Mj gq is equalto M rq,
and the stiffness can no longer be described. [Weynand et al., 1995]

17



Chapter 3. Structural properties

Figure 3.2: The design moment-rotation characteristics [Dansk Standard, 2007].

The design moment-rotation characteristics of a joint is required to properly model joints
behaviour. Several methods can be used to model the design moment-rotation characteristics
where the Component Method and the numerical method is used.

18



(4. Component Method

The purpose of this chapter is to introduce the Component Method from Eurocode 3 Part 1-8
which is the mechanical model. The general model of the Component Method is described in
appendix A. The calculations are presented to determine the joint stiffness and moment bearing
capacity. The bolt placement are showed in gure 2.2 and table 2.1. A worked example of Model 1
with end-plate thickness of 10 mm are shown in appendix B.

The Component Method is a method of determining the design moment-rotation characteristics

of ajoint by decomposing it into a set of individual components. Each of the components are
modelled as non-linear springs, each having individual stiffness's and resistances. Figure 4.1
illustrates the spring model for a beam-to-column end-plated joint with two bolt-rows in tension.

The springs k1 and k; represents the components in shear and compression. The springs kg,
kar, ks, and kqp, represents the components in tension for bolt-row  r. This is also the spring
model for Model 1-4. [Weynand et al., 1995]

Figure 4.1: The spring model for a one-sided beam-to-column end-plated joint with two bolt-rows in
tension [Weynand et al., 1995]. This is also the spring model for Model 1-4.

The stiffness coef cients of the individual components are used to determine the overall
rotational stiffness. This is done with the procedure given in Eurocode 3 Part 1-8. For a single-
sided bolted end-plate beam-to-column joint with two or more bolt-rows in tension, the stiffness
coef cients to be taken into account are; ki, ko, k3, k4, ks and k1g. The stiffness coef cients are
obtained from the following basic components:

* k1 - Column web panel in shear
* ky - Column web in compression
* k3 - Column web in tension

e kg - Column ange in bending

* ks - End-plate in bending

* kqg - Bolts in tension

The design procedure according to Eurocode 3 Part 1-8 can be divided into three steps. The
steps are the following:

* Identify the relevant components
» Characterise the individual components strength and stiffness properties

19



Chapter 4. Component Method

» Assemble the individual components and determine the joints structural properties

For an end-plate column-to-beam connection mainly subjected to bending the relevant
components can be divided in three different zones; compression, shear and tension. Figure 4.2
illustrates a bolted end-plated joint where the bending moment is split into a tension and
compression force. [P, 2000]

Figure 4.2: The bending moment resulting in a tension and compression zone.

The basic components can then be divided into each of the zones which all has its own strength
and stiffness. The three zones are as follows with the relevant components:

» Compression zone:
Beam ange and web in compression
Column web in compression
» Shear zone
Column web panel in shear
* tension zone
Column web in tension
Column ange in bending
Bolts in tension
End-plate in bending
Beam web in tension

According to Eurocode 3 Part 1-8 the design moment bearing Mjrq is determined by
equation (4.1).

X
MjRrdZE hiFi R 4.1)

Where

h, is the distance from bolt-row r to the centre of compression, see gure4.3
Fir ra | is the effective design tension resistance of bolt-row r

The effective design resistance Fy, rq for bolt-row r is taken as the smallest design tension
resistance of the basic components in tension. The number of bolt-rows are de ned from the

20
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4.1 Equivalent T-stub

joint con guration. Figure 4.2 has two bolt-rows, where the bolt-row furthest from the centre
of compression, is the rst bolt-row while the second bolt-row is the closest to the centre of
compression. This is illustrated in gure 4.3.

Row 1

Row 2

Centre line
compression

Figure 4.3: lllustration of bolt-rows numbering and centre line of compression

The bearing resistance of the components in shear and compression are then checked against the
tension resistance. If the tension resistance is greater than the shear or compression resistance,
itis then reduced. The moment bearing resistance is determined from the components which
are in tension. The components in tension, compression and shear are listed earlier. The
equivalent T-stub methodology is used to model the components in tension and determine the
design tension resistance which then can be used to obtain the moment bearing capacity with
equation (4.1). [Dansk Standard, 2007]

Equivalent T-stub

The equivalent T-stub method is an geometric idealisation of plates subjected to transverse
forces. The name comes from the appearance of the geometry and consists of a web in tension
and a ange i bending, see gure 4.4. The T-stub has the advantage that a component in bending
and tension can be studied with the model.

The visualisation of a T-stub in a bolted joint with the end-plate and the column ange is shown
in gure 4.5. The gure also shows that the T-stub approach should be done to both sides of a
joint as both the end-plate and column ange can be represented as a T-stub.

When the T-tub is subjected to a tension force, the anges of the T-stub deforms due to bending
and the bolts elongate due to the tension forces. Failure occurs when either yield lines around
the bolt develops or the bolts being in failure. [Zoetemeijer, 1974]

21



Chapter 4. Component Method

Figure 4.4: Geometry of a bolted T-stub [Jaspart and Weynand, 2016].

Figure 4.5: Visualisation of a T-stub of a bolted joint [Jaspart and Weynand, 2016].

4.1.1 Failure modes of the T-stub

The failure modes of a T-stub is based on the plastic behaviour of the anges and bolts, where
plastic hinges are eventually formed at the bolts and/or the anges. The failure of a T-stub is
either due to failure of the bolt, plasti cation of the ange plate or a combination of the two.
[Zoetemeijer, 1974]

The resistance of the T-stub can be determined from three possible failure modes. The three
failure modes are given as:

* Failure mode 1 - yielding of the ange
* Failure mode 2 - failure of bolts and partial yielding of the ange
* Failure mode 3 - failure of bolts

Failure mode 1 occurs when the anges are yielding and is associated to the formation of plastic
hinges in the ange and development of the prying force  Q, see gure 4.6(a). Prying forces are
forces which develops due to the contact between the beam and column ange. Itis further
explained in chapter 4.1.2. The bolts are suf ciently strong enough to resist the the applied
tension force and the prying forces which leads to the anges yielding before the bolts tension
resistance is reached.

Failure mode 2 occurs when tensile failure of the bolts and partial yielding of the ange happens

at the same time. Yield lines in the anges develops, but not to the same extent as the full plastic
mechanism in failure mode 1, see gure 4.6(b). Prying forces also develops in this failure mode.

22
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4.1 Equivalent T-stub

Failure mode 3 is the failure of bolts. No prying forces develops as the ange does not yield, so
there only occurs failure of the bolts, see gure 4.6(c).

@ (b) (©

Figure 4.6: The failure modes of an equivalent T-stub where (a) is failure mode 1 (b) is failure mode 2 and
(c) is failure mode 3.

The three different failure modes results in different design resistance and is determined for each
bolt-row as well as the bolt-row groups. The failure mode which results in the lowest bearing
capacity is the design bearing resistance for the considered bolt-row or bolt-row group.

Prying force

Prying forces will develop if the bolt can not elongate signi cantly when the T-stub is under
tension. This will result in a clamping effect between the anges in contact. Figure 4.6(a) shows
the prying force Q on a T-stub in tension. The sum of the transferred forces will increase, if
prying forces develops, this is also illustrated in gure 4.6(a). If the bolt can elongate enough,
the prying forces will have a negligible effect and can therefore be disregarded. To determine
whether the bolt has a signi cant elongation, EC3 Part 1-8 provides a criterion, which if satis ed

can be concluded that prying forces will develop, see equation (4.2). [Jaspart and Weynand,

2016]
8.8m3Agn
Lb .o S 3b
leffat
Where:
Ly is the elongation length, taken as the total thickness of material and washer, plus half

the sum of the height of the bolt and height of the nut

is the thickness of the T-stub ange

m is a geometrical length which represent the distance between the bolt axis and
the point where the "potential” plastic hinge will form, see gure 4.15

Nnp is the number of bolts in one bolt-row

lert | isthe effective length and is explained in chapter 4.1.3

—

(4.2)
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If prying forces develop equation (4.15) and equation (4.16) are used to determine the bearing
resistance for failure mode 1. Equation (4.17)is used to determine the bearing resistance for
failure mode 2. Otherwise equation (4.18) is used for both failure modes.

Effective length

The effective length 1. is a theoretical length and is de ned as the equivalence between the
actual component and the T-stub idealisation in the plastic stage where yield line develops. The
possible yield lines characterise the effective length. Eurocode 3 Part 1-8 presents two different
failure patterns with yield lines and expressions of |+ according to the failure patterns. The
failure patterns are only according to failure mode 1 and 2 as failure mode 3 does not develop
any yield lines at the ange. Figure 4.7 shows the different failure patterns and that the failure
patterns can be described as either circular or non-circular . [Jaspart and Weynand, 2016]

(@) (b)

Figure 4.7: lllustrations of (a) circular yield patterns (b) non-circular yield patterns [Jaspart and Weynand,
2016].

As seen on gure 4.7 two types of yield line patterns can develop. Each of the yield lines can
develop when considering bolt-rows individually and bolt-rows as part of a group of bolt-rows.
Figure 4.8 illustrates the yield line patterns for a group of bolt-rows. Figure 4.8(a) illustrates
the yield lines for a circular failure pattern and gure 4.8(b) illustrates the yield lines for a
non-circular pattern. [Dlubal, 2023a]

The failure patterns characterises the effective length. Zoetemeijer, 1974 establishes a method
to determine the effective lengths using plasticity theory and assuming that the elastic
deformations are negligible. For failure mode 1 the collapse of the ange is seenin gure 4.9 for

a non-circular pattern. The failure patterns are observed through experiments and expressions

of the effective lengths are then determined. B; is the bolt force, T isthe tensileload and ¢+ is
the plastic deformation. B; and T are equal if no prying forces develop. The unknowns which
are solved for are ® and ~ . The angles are solved so it produces the smallest tension load.
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4.1 Equivalent T-stub

(@ (b)

Figure 4.8: A bolt of groups with (a) circular yield lines (b) non-circular yield lines [Dlubal, 2023a].

Figure 4.9: Collapse of ange for failure mode 1 [Zoetemeijer, 1974].

The internal dissipation energy, ¢ E is set equal to the work done by the external force ¢ T, see
equation (4.3). When the yield lines develop at the bolts, the bolt force does not affect the
external force as no displacement occurs at the bolts, see gure 4.9.

CEACT (4.3)

The work done by the external forces is given in equation (4.4).

¢T ATC (4.4)

Expressions for the six yield lines given in gure 4.9. The internal dissipation energy and rotation
are determined through geometric relations and given in equation (4.5) to equation (4.10).
[Zoetemeijer, 1974]
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¢+
CE1 /Eaﬁmp (4.5)

¢+
¢E, A@A2mtan ®)Hmp (4.6)

mAn® cos® ¢

¢ E3z A2 — ¢—m 4.7
3 sin cos'_i ®@m P “-7)
2n0
CEq E—C+m) (4.8)
_.n° cos® noﬂ
¢CEs A2 cotm A ————— i — ¢xmp (4.9)
msin“cos j® b

2m ¢+ sin
cos® m cos'_i ®

¢ Eg £ ¢my, (4.10)

Where:

is the yield moment per unit length of the plate

is the distance from the centre-line of the bolt to edge of the ange, see gure 4.9

is the distance from the centre-line of the bolt to the edge of the plate, see gure 4.9
is the distance from centre-line from the bolt to yield line closest to the web

is the distance between the bolts

is the free edge distance from yield line 4 to yield line 5

S 3
el

o ® 3 S

The bolts are assumed to only be in uenced by elastic deformations. The total internal energy is
then set equal to the work done by the external force, see equation (4.3). This can be reduced to
equation (4.11).

- 1

u )
Sin
¢ ¢+m, (4.11)

a . mA2n® cos®
Te+/E2 —A | ——————
m m sin"cos |

¢Atan®Acot™ A —
cos®cos | ®

From equation (4.11) it can be observed that minimising the load T will result in minimising the
right hand side of the equation. If equation (4.12) s satis ed the minimum value is found using
the angles ® and .

p P
@ ¢E . @ C¢E
@® @

/0 (4.12)

If the partial derivative is carried out and the unknowns ~ ® and ~ are solved the effective lengths
can then be determined. The same procedure can be applied to failure mode 2 for a non-circular
failure pattern. For a circular pattern the effective lengths are expressed using the circumference

of the circular part of the yield lines. The radius is assumed to be m which is illustrated in
gure 4.13. For a unstiffened column ange the effective lengths are given in gure 4.10 and for

the end-plate components the effective lengths are givenin gure 4.11.
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4.1 Equivalent T-stub

Figure 4.10: The effective lengths for an unstiffened column [Dansk Standard, 2007].

Figure 4.11: The effective lengths for an end-plate [Dansk Standard, 2007].

Considering a joint con guration shown in gure 4.3 both bolt-rows for an unstiffened column

ange are considered "end bolt-rows" individually and as part of a group of bolt-rows in
gure 4.10. When considering the end-plate, bolt-row 1 is taken as the " rst bolt-row below
tension ange beam" and bolt-row 2 is taken as "other end bolt-row". To determine the effective

lengths for an end-plate, ® needs to be established. ® is read from gure 4.12. [Dansk Standard,

2007]

To determine ® the values of , 1 and , 2, which can be determined from equation (4.13) and

equation (4.14).
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Figure 4.12: Graph of the ®-values. [Dansk Standard, 2007].
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4.1 Equivalent T-stub

m

s 1AEmAe (4.13)
ma

s Z/EmAe (4.14)

The parameters m,m, and eis de ned in gure 4.13. The gure illustrates the end-plate and
beam web where the "+" symbols represents the bolts.

Figure 4.13: lllustration of m,my and e. a, is the leg size of the weld. [Dansk Standard, 2007].

4.1.4 Design resistance of T-stub in tension

The T-stub consists of a ange and a web, see gure 4.4. The design resistance is determined
for the ange and the web individually. As seen in gure 4.5, the column ange and end-plate
can be considered the ange on the T-stub. Likewise the column web and beam web can be
considered the web of the T-stub. The design resistance of the T-stub ange can be determined
according to Eurocode 3 Part 1-8 with the following equations:

Failure mode 1 Yielding of the ange (prying forces may develop):

Method 1:
AM
pl,1,Rd
Frrd1 EF——— (4.15)
m
Method 2:

(8ni 2ew)4Mp) 1Rd
2mn i ey (mAn)

FrRrd,1 (4.16)

Failure mode 2 Partial yielding of the ange and failure of bolts (prying forces may develop):

P
2Mpi 2rd A NFiRg

= 4.17
T,Rd,2 oy (4.17)
Failure mode 1 and 2 (prying forces does not develop):
2Mp)1Rd
FrRd,1 2 /‘E—m (4.18)
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Chapter 4. Component Method

Failure mode 3 Failure of the bolts

Frrd3/AE FtRrd

(4.19)

The design resistance for the T-stub web of the column and beam is given in Eurocode 3 Part 1-8
as equation (4.20) and equation (4.21) respectively.

Ft,wc,Rd A

Ft wb,rd A&

Where

Mpi 1Rd
Mp 2Rd
ew

Ft Rd

n

€min
leffileff2
tWC

!

beff,t,wc
Defftwb

! beff,t,wctwcfy (4.20)
MO
beff,t,wbtwb fy (4.21)

MO

is the plastic bending resistance for failure mode 1, see equation (4.22)

is the plastic bending resistance for failure mode 2, see equation (4.23)

is dy, /4, where d,, is the diameter of the washer

is the design tension resistance of a bolt for a bolt, see equation (4.24)

is a geometrical dimension describing the position of the prying force. It is the
minimum value of enjn, and 1,25m

is the smaller distance from the bolt, see gure 4.15

is the minimum effective lengths to the corresponding failure mode
thickness of the column web

a reduction factor, see equation (4.25)

is the effective width and equal to the effective length of the column ange
is the effective width and equal to the effective length of the end-plate

The plastic bending moment and the bolts tension resistance are given in equation (4.22),
equation (4.23) and equation (4.24).
P
0,25 lgfpatZfy
Mol ,1Rd & S (4.22)
p MO
0,25 leffat?fy
Mp| 2Rrd S (4.23)
MO
0.9Asfyp
Fi g A (4.24)
M2
Where
ts is the thickness of the T-stub ange
fy is the yield strength
Ag is the tensile stress area of a bolt
left1.leff2 | isthe minimum effective lengths to the corresponding failure mode
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4.1 Equivalent T-stub

The reduction factor ! is to allow the shear interaction with the column web. I can be
determined by equation (4.25). [Dansk Standard, 2007]

1
| [Eq (4.25)
1A 1,3(bef f,c,wctwc/ Avc)2

Two methods are used for the bearing resistance of failure mode 1, where the lowest bearing
resistance is used. Method 1 assumes the force from the bolt applied to the T-stub ange is
concentrated in the centre-line of the bolt, while the method 2 assumes the force is uniformly
distributed under the washer, see gure 4.14. [Dansk Standard, 2007]

(@ (b)

Figure 4.14: Force distribution under the washer of (a) method 1 (b) method 2 for failure mode 1.

The value n is a geometrical length describing the position of the prying force. It is the minimum
value of eqnjn and 1,25m, see gure 4.15.

Figure 4.15: De nition of emjn and m [Dansk Standard, 2007].

Eurocode 3 Part 1-8 describes another failure mode, where the bolts can elongate signi cantly,
this results in negligible prying force. If no prying forces develops, the design formula for failure
mode 1 and 2 is substituted to equation (4.18). [Vayas et al., 2019]
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4.1.5 Design resistance of the column web in compression

4.1.6

The design resistance of the column web in compression for an unstiffened joint is given in
equation (4.26).
! I(wc beff,c,wctwcfy ! kwcl/bef f,c,wctwc fy

Fewe,rd A S but FcwcRrd 3 (4.26)
MO M1

Where

! is a reduction factor, see equation (4.25)
kwc | is areduction factor due to the compressive stress in the column and is set equal to 1
Y% is a reduction factor due to plate buckling

The left hand side expression of equation (4.26) is the resistance of the column web in
compression, while the right hand side takes instability into consideration by using Yawhich is
determined from the plate slenderness , ,, see equation (4.27).

s

- Petf.cwcdwef . 0,72, %10
,p /0,932 WY e P 72 _ 4.27)
Et2, L pE0,72, A( 51 0,2),

Where

E is the Youngs modulus
re is the root llet

The resistance for the column web in compression is compared to the total tension resistance.
If the tension resistance is greater than the compression resistance the tension resistance is
reduced.

Design resistance of the web panel in shear

For a single sided joint, the design plastic shear resistance V,p rq for an unstiffened column
web panel is given in equation (4.28).

0, gfy AVC
Vwp Rd ﬁE—pg— (4.28)

o

MO

Equation (4.28)is only valid if the column web slenderness sati es the condition ~ dyc/twc - 692.
The resulting shear force from the bending moment for a single sided joint is obtained with
equation (4.29). The forces are shownin gure 4.16.

MEg
pr,Ed /E? i VEd (4.29)
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4.2 Moment bearing capacity from the Component Method

Where

q_—
2 isequalto  f,/235MPa [Dansk Standard, 2022]

Ayc | isthe shear area of the column
z is the lever arm, see gure 4.17

Figure 4.16: lllustration of the lever arm.

There is not applied any shear force, so only the bending moment will affect the web panel. The
lever arm, z is shown in gure 4.17 and given as the distance from the centre of compression to
the midway point between the two bolt-rows.

Figure 4.17: lllustration of the lever arm.

4.2 Moment bearing capacity from the Component Method

With the known effective lengths for each component and whether prying forces develops,
the bearing capacity can be determined for the relevant components with equation (4.15)to
equation (4.21). The bearing capacity is determined for each basic component and considering
bolt-rows as individual and in a group of bolt-rows. The design resistance for each basic
component will then consist of three resistances, see equation (4.30).

min( Ft i r1Rd)
Fuira &9 min(Fyr2ra) (4.30)
min( Fi r1; 2,Rd)

Where:
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Fti rd is the design resistance for the basic component i
Fiirrd | isthe design resistance for bolt-row r of basic component i

The sum of the individual bolt-rows design resistance must be lower than the design resistance
of the group of bolt-rows [Dansk Standard, 2007], so equation (4.31) must be ful lled.

Fir1, 2Rd. Ftrird AFtr2Rd (4.31)

If equation (4.31)is not ful lled, the design resistance for the bolt-row closest to the centre of
compression is reduced until it is ful lled. [Dansk Standard, 2007]

The design resistances from each of the basic components are compared and the joints bearing
capacity is then taken as the minimum value of all the basic components individual bearing
resistance, see equation (4.32).

min( Fir 1 rd)
Fir ra A3 min(Fy 2ra) 5 (4.32)

min( Fr 1; 2,Rd)

The moment bearing resistance M rq can then be determined from equation (4.1).

Rotational stiffness

The rotational response of the joint is determined from the rotational stiffness of the joint given
in equation (4.33). Itis determined from the exibility's of the basic components. The basic
components exibility's are represented by the stiffness coef cients ki. [Dansk Standard, 2007]

E 22
S| A—x 1 (4.33)
1

ki
Where:

z | istheleverarm, see gure 4.17
ki | isthe stiffness coef cient of the basic component i
1 is the stiffness ratio between the linear and non-linear curve, see gure 3.2

The stiffness coef cient of each the basic components are described at the beginning of
chapter 4. They can be determined according to EC3 Part 1-8 and is given in equation  (4.34)to
equation (4.39). The expressions are developed through experimental and numerical research
[Weynand et al., 1995].
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4.3 Rotational stiffness

0,38Ay¢ )
kq /ET Column web panel in shear (4.34)
0,7b t
ko /Ew Column web in compression (4.35)
C
0,7b t
ks /Ew Column web in tension (4.36)
C
0,9¢ft flanget}, . .
kq /£ r Column ange in bending (4.37)
Cc
Oygleff,eptg . .
ks 3 End-plate in bending (4.38)
1,6Ag , ,
K10 /EL— Bolts in tension (4.39)
b
Where
Ayc is the shear area of the bolt according to Eurocode 3 Part 1-1
B is the transformation parameter and is equal to 1 for a single sided joint
connection

betfcwe | isthe effective width of the column web in compression component
berftwe | isthe effective width of the column web in tension component

de is the inner distance from ange to ange
twe is the thickness of the column web

tc is the thickness of the column ange

m isde nedin gure 4.15

berf,cwe for abolted end-plate connection is determined from equation ~ (4.40). bes 1 t we IS €qual
to the smallest effective length 1¢¢ given from gure 4.10.

p—
betfcwe EtinA2 2a,A5(ticAs)As, (4.40)
Where:
S, is the length obtained by dispersion of 45° through the end-plate
iap is the leg-size of the weld connection
S is the root radius of an I- or H section

With the known stiffness coef cients of the equivalent stiffness coef cient Keq Can be determined
from equation (4.41).

P
keff,rhr

r

Keq (4.41)

Zeq
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keffr | isthe effective stiffness coef cient for bolt-row  r taking the stiffness coef cient ks,
ka,ks and kg into account

h, is the distance from bolt-row r to the centre of compression

Zeq is the equivalent lever arm

The effective stiffness coef cient Ke¢¢, is determined from equation (4.42).

1
keff,r ICEX_l (4.42)

Kir

i
Where:

ki r | isthe stiffness coef cient of component i for bolt-row r

The equivalent lever arm ze is determined from equation (4.43).

X 2
kef f.r hr
Zeq AEN—— (4.43)

keff,rhr
r

The stiffness ratio ! is used to dictate the varying stiffness in the non-linear part of the rotational
response. The stiffness ratio is determined from the following:

1 /E1 if MjEd- 2/3Mj R (4.44)

H &
1,5M, \

2o7IEd it M| £q E 2/3M ga (4.45)

Mj Rd

The value A is a constant and determined from Eurocode 3 Part 1-8 and is equal to 2,7 for a
bolted end-plate. From the given equations the rotational stiffness of the joint can be calculated
with equation (4.33). With the stiffness known the rotational response can be determined.

Results
The calculated initial stiffness's and moment bearing capacities of the models are stated in

table 4.1. A worked example is shown in appendix B. The column and beam pro les are kept
constant as HE240B and IPE200 respectively while the end-plate thickness is changed.
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4.4 Results

End-plate thickness, Initial stiffness, Moment bearing capacity,
tep [mMm] Sjini [KNM/(°)]  Mj rk [kKNm]
Model 1 | 10 3,05 10° 20,23
14 3,85 1C° 25,59
17 4,08 10° 32,32
Model 2 | 10 3,90 10° 24,35
14 5,56 10° 29,38
17 6,06 10° 29,38
Model 3 | 10 5,00 10° 23,11
14 5,11 1C 28,35
17 5,10 1C° 28,35
Model 4 | 10 2,7010° 20,34
14 3,531C° 25,81
17 3,811C° 27,98

Table 4.1: Moment bearing capacity of the models and different end-plates.

From table 4.1 it is evident that Model 2 and 3 has a signi cant greater moment bearing capacity.
The models are the ones with the bolts placement furthest from the centre-line of compression,
which could lead to a greater bearing capacity. The moment-rotation curves are shown in
gure 5.8, gure 5.10 and gure 5.11.







(5. FEM modelling of a joint

The purpose of this chapter is to model and analyse the different joint con gurations in ANSYS.
The FE models are presented and a convergence analysis is conducted for one of the models.

The idea of modelling with FEM is to subdivide a large model into smaller parts, also called nite
elements which each contains a number of nodes. It is through these nodes that a solution is
found in regards to the proposed problem. The software used is ANSYS and the element type
used is SHELL181 which is a 4-node shell element. Each node has 6 degrees of freedom (DOFs),
three of them being translational inthe X,y and z direction and three being rotational degrees
of freedom around the Xxj ,yi and zj axis. The elementis shown in gure 5.1.

Figure 5.1: lllustration of the element SHELL181. [ANSYS, 2023b]

The full model is not modelled as the provided version of ANSYS is a STUDENT version and
can only solve problems with a limited number of DOFs of 128.000 nodes. Therefore the model
is reduced to gure 5.2 as only the internal moment at the joint is in interest for the moment
bearing capacity. This provides a denser mesh compared to modelling the full-scale frame,
which in turn can provide with more precise results.

Figure 5.2: lllustration of the reduced model and the support condition used for the numerical model.
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The bolts are modelled as a beam element instead of a solid element. This can reduce the
computational time as modelling the bolts, header and washer can increase the number of
elements and nodes. The beam element is scoped between two holes and connected to an area
the size of the washer, see gure 5.3 (a). The beam connection consists of two nodes (I and
J), see gure 5.3 (b). The two nodes are pilot nodes and each node has 6 DOFs with 3 being
translational and 3 being rotational. The connections between the beam connections and the
area of the washer is done through the pilot node, see gure 5.3 (c). The multipoint constraints
applies kinetic constraints, which are in nitely stiff elements, between the pilot nodes and the
nodes at the washer, see gure 5.3 (d). [ANSYS, 20233a]

@) (b)

(© (d)

Figure 5.3: lllustrations of (a) A beam element connection (b) non-circular yield patterns (c) the the pilot
node of the bolt and the washer, which are connected (d) the kinetic constraints between the
pilot node and the washer. [ANSYS, 2023a]

The weld is not considered and therefore the beam and end-plate are connected with use of
shared topology. The area where the beam and end-plate are in contact, the nodes are shared
and therefore the beam and end-plate act as one element. This ensures that they wont separate.
The contact area between the end-plate and column ange are modelled as a frictionless contact.
This establishes a contact where both elements can separate and hinders the elements topology
merging under er loading condition.

The support condition is seenin gure 5.2. This is the general model used to model the joints.
The bolt placement and end-plate thickness are changed for each of the models. The material
model is described in chapter 2.2.
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5.1 Numerical model

Numerical model

The numerical model in ANSYS consist of an assembly of the column ange and an end-plate
which is welded to the beam. A set of bolts then connects the end-plate and column ange. The
individual components are shown in gure 5.4 and the meshed models are shown in gure 5.5.

b
(b) ©

@

Figure 5.4: lllustation of the individuel components.
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@ (b)

© @

Figure 5.5: The mesh for (a) Model 1, (b) Model 2, (c) Model 3 and (d) Model 4.

The bending moment is established at end of the beam, see gure 5.6 (a), and is increased
in increments. The nite element software uses the Newton-Raphson method to converge
towards a solution, which is a iterative method to obtain the corresponding displacements
and deformation at a given load step. This method is further explained in appendix C. Load
control is used since the bending moment is controlled and for each load increment the
displacement are calculated. Displacement control is not applicable in this model, as ANSYS
cannot introduce a rotational displacement. In principle both methods should give the same
results, but displacement control tend to be more stable and can lead to more precise results.
[Krenk, 2009] [Cook et al., 2002]

The rotation is simpli ed to a linear rotation and calculated by using the trigonometry of a right
triangle whereas the displacement is calculated at the top and bottom ange. The displacement
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5.2 Convergence

is obtained at the points seen in gure 5.6 (b) indicated with an "x" at the connection between
the end-plate and beam. The deformed joint is shown in gure 5.12, where the deformed end-
plate is non-linear and therefore assuming it to be linear is a simpli cation of the deformed
joint.

(@) (b)

Figure 5.6: (a) is a illustration of where the bending moment is established (b) is a frontal view where the
"X" indicates where the displacement is obtained.

The rotational deformation is obtained by using equation (5.1).

K 1
diAd
| Aarctan % (5.1)

1

Where:

di1 | isthe displacement at the top ange point
d, | isthe displacement at the bottom ange point
h1 | is vertical distance between the two points

Convergence

For a numerical model a convergence analysis needs to be carried out, to determine if the model
has a suf cient mesh. The convergence analysis is done to Model 1 with an end-plate thickness
of 10 mm within the elastic region of the material model. A moment force is applied to the end
of the beam of M; /15 kNm. The convergence is illustrated in gure 5.7.
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Figure 5.7: The rotation at the beam-end-plate connection compared to the number of DOFs for model 1.

The STUDENT license of ANSYS has a limited amount of nodes/elements of 128 000 and
therefore limits the mesh sensitivity. The computational time at the lower amount of DOFs is
around 15 seconds, while at the higher amount of DOFs could take up to 45 minutes. Therefore
choosing a lower number of DOFs can signi cantly decrease the computational time when also
performing a non-linear analysis. It can be observed in gure 5.7 that a convergence is reached
at around 150 000-200 000 DOFs and it is within this span the other models are modelled as well.

Results and comparison

The moment bearing capacity determined from the Component Method and numerical model
are compared. The models for which the moment bearing capacity is determined are shown in
gure 5.5 and described in chapter 2. Figure 5.8, gure 5.10 and gure 5.11 shows the moment-
rotation, M j W, curves for three different end-plate thickness. The Component Method is
explained in chapter 4 and the numerical model is described in chapter 5. Figure 5.8 shows
the rotational response to of Model 1-4 with and end-plate thickness of 10 mm. The linecolour
represents the model and linetype represents the method of analysis.
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Figure 5.8: Comparison of the four joint con gurations with end-plate trickiness of 10 mm.

Figure 5.8 strongly indicates a discrepancy between the Component Method and the numerical
method for certain joint con gurations. The numerical model of Model 2 and Model 4 shows a
large discrepancy compared to the Component Method with a lower moment bearing capacity.
This is likely due to the placement of the bolts being close to the edge of the end-plate. The
equivalent Von-Mises stresses at the surface of the end-plate are illustrated in gure 5.9(a) and
gure 5.9(b) at approximately 50 % of the largest bending moment for the numerical model of
Model 1 and Model 2 respectively. It shows that the formation of the stresses around the upper
boltholes are reaching the materials yield stresses for both cases, although yielding occurs at
edge of the end-plate for Model 2. This can result in a lower bearing capacity as the stresses
around the bolt-hole cannot redistribute as effectively compared to a model where the boltholes
are further from the edge. It can further be examined that numerical model of Model 1 and
Model 3 has a greater moment bearing capacity than the Component Method.

Figure 5.10 shows the M j p-curve for the end-plate being 14 mm. The rotational response of the
numerical model of Model 2 and Model 4 are closer to the rotational response of the Component
Method. It is clear that an increase in end-plate thickness results in a larger moment bearing
resistance of the numerical model compared to the Component Method.
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