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1 Abstract

This master’s thesis is about the use of higher strength steel in buildings and the economical
advantages of the use of this steel. The economical advantages are examined based on a comparison
of similar designs with the use of the steel grades S355 and S460. The latter could in some cases
result in large weight and cost savings. The costs are examined for trusses and columns. The trusses
are applied to transfer loads from 5 different floors to columns up to 40 m apart. The columns are
examined for a high-rise office with 24 stories. For all the components examined the costs have been
calculated. These costs are divided into 4 different groups: Material, fabrication, transportation and
assembly costs.

When designing constructions with the use of S460 large material cost savings can be expected. Due
to the excellent properties of this steel grade the use of S460 is beneficial for both light weight and
heavy sections. For heavy sections exceptionally large material cost savings can be expected. The use
of this steel grade should however be limited to axially loaded members only.

Fabrication costs are more difficult to describe than the material costs. Stronger steel grades have a
larger hardness which makes sawing and drilling for example more difficult. The reduced thicknesses
that can be achieved by using S460 can however be assumed to compensate for this increased
difficulty. Fabrication costs will ultimately not differ much from the costs required for a design with
the use of S355.

Assembly costs can be reduced due to the lower weight of the components. If trusses are used the
total weight can be reduced significantly and the use of smaller cranes is therefore possible. The time
required for construction will not change much but the costs for the required equipment could
decrease significantly due to the decreased weight.

The transportation costs can also be reduced because of the reduced weight. Less trucks are required
to transport sections and plates to the construction site which results in a cost reduction
proportional to the weight saving.

The total costs for a steel structure will be lower when S460 is used. The costs for beams cannot be
reduced because the use of S460 is very inefficient in these cases. A steel structure can therefore be
designed with the use of S460 for the columns and S355 for beams to achieve an optimal economical
design.
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3 Introduction

3.1 Research

Through the years the use of S235 steel has declined, this is because the price of S355 steel is about
the same as 5235 steel. This steel grade (S355) has become the new standard in steel construction
for parts where the strength of the steel is governing. Because the strength of S355 is about 1,5
times higher than S235 savings in material can be substantial. This provides enough economical
reasons to switch to the use of $355. When not the strength but the stiffness of a section is
governing (this is usually the case for girders) the use of higher strength steel would result in an
increase in costs. Although higher strength steels already are available they are primarily used in
cranes and bridges. This is because sections in high strength steels are not available. The last Dutch
codes have been replaced in the Eurocode and the use of S460 steel is implemented. There are
sections available in this strength class. These sections are manufactured by the company
ArcelorMittal and the material is referred to as HISTAR460. It has the same strength properties as
S460 but the yield strength does not have to be reduced that much if great thicknesses (t > 40 mm)
are used (reduction not required for thicknesses up to 82 mm!). Sections in HISTAR460 have been
used in numerous projects because of the additional weight saving and thus cost saving it enables.
This higher strength steel is a bit more expensive than the more conventional steels. Per kilo it costs
5 cents more than S355, but the many kilos that can be saved will easily compensate for the increase
in price. Still today’s engineer will tend toward the use of S355 because there is not much experience
in the use of S460, that is why it is interesting to investigate if the use of S460 or HISTAR460 will
result in great savings compared to S355. In order to make accurate comparisons between the use of
S355 and S460 steel the comparisons are based on real projects. In this master’s thesis truss systems
and columns are reviewed. For the truss systems a project in Delft is used. A new train station is
under construction and on top of that station a new office building will be constructed. These offices
are supported by trusses that span 40 m in lateral direction but can only be supported with 2
columns, hence the use of trusses. This kind of system has been used more than once in the
Netherlands alone. Columns are reviewed by the use of a project in England. In London a new high-
rise building is constructed which is called BP4. The tower has 24 floors and is supported by steel
columns and a concrete core.

Next to savings in material other advantages can be identified: The reduction of material results in
less space occupied by the buildings structural components resulting in a greater area available to
use [1]. If composite construction with S460 allows for greater height reduction the total height of a
multilevel building could be reduced [2]. Thanks to the low weight of the components the necessary
building time could also be reduced.

The biggest advantage of high strength steel is when they are used as axially loaded elements. This
enables the material to reach its full potential. The use of S460 in truss systems and columns will
therefore probably lead to great weight and cost saving. The use of S460 in girders will probably be
uneconomical because girders require a minimal stiffness and strength is usually not the dominating
factor. When bolted connections are used the holes will have a significant effect on the strength of
the sections. This is especially the case for higher strength steel because the cross-section will be
smaller and the tensile strength is (relative to the yield strength) also smaller. In these cases the use
of S460 would lead to an increase in the use of stiffeners which in turn reduces the cost saving.



3.2 Material properties HISTAR460

By adding an extra step to the production line of hot rolled sections an increase in strength can be
achieved. The extra step required is the quenching and self-tempering [3] of the produced section.
When the beam is quenched the temperature will drop fast. This is achieved by water cooling the
entire surface of the hot rolled sections until the chore starts to cool down. The section is then self
tempered, the inside of the section (chore) cools down and the surface warms up again until the
temperature is uniformly distributed. The temperature of the surface area will remain below 600°C.
By doing this a fine grain and high strength is achieved. This results in the S460 (HISTAR460) steel
grade which is delivered in a thermomechanically hot rolled condition. One of the main advantages
of the HISTAR460 grade is the improved mechanical characteristics in thick products. According to EN
10025-4 [4] the following properties for S460M are valid (Table 3-1).

EN t<40mm 40mm<t<80mm
10025-4 | fy [N/mm?]|fu [N/mm?]| fy [N/mm?] | fu [N/mm?]
S460M/ML 460 540 430 530

Table 3-1: Material properties of S460M

The use of HISTAR460 allows for more convenient strength properties to be used in thick products
(Table 3-2) [5].

t<82mm 82mm<t<140mm
fy [IN/mm?2] | fu [N/mm?] | fy [N/mm?] | fu [N/mm?]
HISTAR460 460 540 450 540

Table 3-2: Material properties of HISTAR460

These properties are important when designing highly loaded columns. When a large axial load
bearing capacity is required HD sections are usually recommended. These sections can have
thicknesses up to 140 mm. If conventional steel (S355) would be used the maximum allowable yield
strength would have to be reduced to 295 N/mm? according to EN 10025-2 [6]. In that case the use
of HISTAR460 becomes more attractive because the strength difference is even greater. When
designing columns stability is always an important factor to consider. In this case HISTAR460 also has
a slight advantage because more favorable buckling curves may be used. This is because the
production process leads to less residual stresses in the sections which increases the resistance
against buckling. For thicknesses up to 100 mm buckling curve b for buckling about the strong axis
and curve c for buckling about the weak axis should be used for S355 [7]. For S460 buckling curve a
which is more favorable should be used for buckling about both axis. For thicknesses greater than
100 mm buckling curve d for both axis (5355) and curve c (S460) should be used. These curves are
valid when the height is not more than 1,2 times the width of the section which is valid for almost all
HD sections.

HISTAR355 is also available. The use of this grade allows the use of a yield strength of 355 N/mm?
regardless of the section used so when large sections are required the use of HISTAR355 could lead
to a slightly smaller section than when S355 is used. The buckling curves are the same as the ones
used for S355.

When the strength of steel increases usually the carbon equivalent also increases which means that
it is more difficult to weld high strength steel. In this case the carbon equivalent (CEV) for HISTAR460



is not more than 0,43. If the combined thickness is not more than 50 mm preheating is not required.
If the combined thickness is larger than 50 mm preheating is also not required provided that the
diffusible hydrogen content in the weld material is kept low. These values are valid for a heat input of
1,0 ki/mm. When 1,5k j/mm is used preheating is not required when the diffusible hydrogen content
is less than 10 ml/100 g which corresponds to class C. Weld consumables can be classified in 5 classes
depending on their hydrogen content. The classes and maximum hydrogen content is shown in Table
3-3. With the use of EN 1011-2 [8] the maximum combined thickness of the materials for which no
preheating is required is determined. This thickness is dependent on the carbon equivalent of the
material. For S355M the CEV is 0,4 for thicknesses up to 63 mm. If the thickness is larger than 63 mm
the CEV is 0,45. For S460M the CEV is 0,47 for thicknesses up to 63 mm and 0,48 for larger
thicknesses. For both steel grades no preheating is required when a weld consumable in class D and a
heat input of 1,5 kj/mm (S355M) or 2,0 kj/mm (S460M) is used. If the combined thickness is less than
63 mm and S355 is used a weld consumable in class C can be used with a heat input of 1,5 kj/mm.

Hydrogen content
Class || [ml/100g]
A >15
B 10<15
C 5<10
D 355

E <3

Table 3-3: Hydrogen content classes

3.3 Expectations
When using higher strength steel it is expected that the decrease in material results in cost saving. In
general for axially loaded structural elements the weight reduction can be related to the yield
strengths of the compared steel grades. In this case the steel grade S460 is compared to S355. The
actual weight reduction when the cross-sectional dimensions are known is shown in the following
formula:

Azss — Aseo +100%

A3ss

In the formula the subscript refers to the used steel grade. When the cross-sectional dimensions are
not known they can be related to the yield strengths of the materials. If a tensile member of a truss is

loaded with a force F the required cross-sectional area is % By replacing the areas in the previous
y

formula the following formula is obtained:

F__F
355 - 60 , 100%
355
The force F can be replaced by 1 in the formula. Multiplying by % results in:
| 355
T%O +100%



Finally multiplying by % results in:

460 — 355

0 ~ 230
260 *100% =~ 23%

The expected weight reduction by the use of S460 in comparison with S355 is about 23%. Often the
expected weight reduction is related to the increase in yield strength. The yield strength of S460 is
about 30% higher than S355. Based on this fact the general assumption is that the weight reduction
is also 30%. As shown the expected weight reduction is smaller. This is because of the inverse
proportionality of required cross-sectional area and yield strength. Because of this the increase in
yield strength should also have been inversed to obtain the weight reduction of 23%. This estimate is
only valid for axially loaded components. Girders loaded in bending will not result in the same weight
reduction because an easy linear relation between the required cross-sectional area and a bending
moment cannot be made. A relation between the bending moment and the required section
modulus can be made by using the yield strength. It is however not possible to derive the required
cross-sectional area and thus weight by using the section modulus only, there is no linear relation
between these values. Because the section modulus is dependent on the height squared an increase
in cross-sectional area will have a larger effect. Because of this the weight reduction will be smaller
than the expected 23% for axially loaded components. Girders also require a minimum stiffness to
limit the deflections. This could result in stiffness requirements that exceed the strength
requirements. In that case it would not be beneficial to use S460.

When tensile members are connected with bolts the section will be weakened by the holes required
for the bolts. The design of the member is in this case governed by the tensile strength of the
material due to the requirements stated in the Eurocode. For every section with holes for bolts the
following formulas are valid:

A*fy

N, = —
pl,Rd
Ymo

0,9 * Apet * fu

Noga = Ym2
In these formulas yyo = 1,0 and yu, = 1,25. For S355 these formulas can be transformed to:
Npira = 355% A
Nyrg = 352,8 * Aper
When S460 or HISTAR460 is used these formulas become:
Npra = 460 * A
Ny ra = 388,8 * Apet

The formulas show that no matter the size of the net section (which cannot be larger than the gross
section) the tensile strength will always govern the design. This implies that high strength tensile
members cannot be used in areas with seismic activity without strengthening of the members at the
connections because deformation capacity is required in these areas. If deformation capacity is



required the value N g4 must always be larger than N gq Which is never the case if the sections are
not thickened at the location of the bolts. It is also visible that S355 also does not comply with the
requirements for the deformation capacity. This is because in the Eurocode the tensile strength has
been reduced from 510 N/mm? to 490 N/mm?. If these steel grades are used in tensile members that
require deformation capacity the connections must either be welded or the sections have to be
thickened at the location of the bolts. Thickening can be done by welding cover plates to the flange
and/or web. When the tensile strength is the governing factor the expected weight reduction will be
smaller due to the smaller difference in tensile strengths of S355 and S460:

540 — 490

0 ~ 0
540 *100% =~ 9,3%

This weight reduction is valid when a section is based on the tensile strength without the use of
plates to strengthen the section at the connection. When local thickening of the section is used the
savings could be higher but not more than the expected 23%.

The costs of the required material can directly be related to the weight saving. Because of the extra
costs of S460 the cost saving on sections are expected to be a bit lower than 23%. Savings could also
be higher in certain cases. In trusses the top and lower chords are usually continuous beams. Next to
the normal forces in these chords there could also be bending moments present dependent on the
stiffness of the chords. If higher strength steel is used the cross-section becomes smaller and so does
the bending stiffness resulting in smaller bending moments. This could enable the use of an even
smaller cross-section and thus increasing the savings in weight and costs.

Next to material costs it is also interesting to consider the costs of manufacturing the connections,
transporting the structural components and the costs to assemble the pieces on the construction
site. Fabrication costs involve the cost to drill, saw, weld etc. It basically describes the costs that are
necessary to get the structural components ready for assembly. This involves sawing sections, flame
cutting plates, welding plates together, drilling holes for bolted connections and also transport inside
the factory. The stronger a material is the tougher it gets. It is therefore expected that a section in
S460 steel will be more difficult to saw than the same section in S355 steel which could result in an
increase in costs. Transportation of higher strength steel could be very economical. Because of the
lower weight that needs to be transported it could be possible that less trucks driving to the
construction site are needed which would lead to lower transportation costs. If not the weight but
the size (complete truss for example) is governing the amount of trucks necessary additional savings
cannot be expected. The assembly at the construction site could also be an important factor in the
final cost saving. When bolted connections are used the amount of bolts required is independent of
the strength class of the connected member but dependent on the strength of the bolts. This means
that when bolted connections are used savings cannot be expected when assembling the
construction. The downside of high strength steel is the relatively low tensile strength. The ratio fu/fy
decreases with stronger steel grades. This means that the net section at a connection in a tensile
member is often governing the design and special considerations need to be given in these
situations. An alternative would be to weld the connections on site which is expensive because of the
necessary precautions that need to be taken. On the other hand the lighter weight of the structural
components could prove to be very beneficial on site. The required crane is determined by the
heaviest pieces it needs to lift. If the weight of these pieces could be reduced by the use of stronger
steel there could be some cost saving by using a cheaper crane that has a lesser capacity.
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3.4 Determination of costs

The total costs can be divided into several parts. Material costs cover the costs of the necessary
sections. Costs are given per ton steel so the unit weight and the length of the sections are
important. Fabrication costs cover the costs that are necessary to make all the adjustments to the
sections like sawing and welding. These costs also cover the material costs of the connections so the
costs of plates and stiffeners etc are in this category. Transportation costs involve the costs of
transportation but also additional costs if roads need to be locked down when big pieces are
transported. The assembly costs cover everything at the construction site. This involves the costs of
cranes and welding on site etc.

3.4.1 Material Costs

The costs of the sections are based on a price list provided by ArcelorMittal [9]. The price list consists
of a range of prices that need to be summed. There is a basic price which is valid for certain groups of
sections, a size extra which is dependent on the section and a grade extra which is dependent on the
steel grade used. There are also length, certificate, quantity extra’s etc. but these are not included in
the calculation because they depend on the amount of steel used in a certain project. An overview of
the used prices (for the Delft/trusses part) is shown in Table 3-4. For plates a price of 950 €/t is used
for S355 and a price of 1000 €/t is used for S460.

Section Basic Size Grade Total
S355J2 [€/t] [€/1] [€/t] [€/1]
HEB260 565 305 50 920
HEB280 565 305 50 920
HEB360 585 315 50 950
HEM260 565 325 50 940
HD400x216 595 330 50 975
HD400x287 595 330 50 975
HD400x382 605 320 50 975
HD400x463 715 320 50 1085
HD400x509 730 350 50 1130
HD400x677 730 350 50 1130
HISTAR460

HEB220 560 305 100 965
HEB260 565 305 100 970
HEB280 565 305 100 970
HD360x147 595 335 100 1030
HD400x187 595 330 100 1025
HD400x216 595 330 100 1025
HD400x287 595 330 100 1025
HD400x382 605 320 100 1025
HD400x421 715 320 100 1135

Table 3-4: Material costs

It is visible that with increasing size of the sections the basic price increases. The size extra does not
vary that much. The grade extra is based on the price of S235JR/J0. It is visible that HISTAR460 is
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indeed 5 cent per kilo more expensive than S355J2. S355J2 is indicated because it is used often in the
steel structures considered in the projects and because it has similar fracture toughness properties as
HISTAR460. From the table it is visible that a higher strength section could even be cheaper per ton
steel. This could result in an increase in cost saving because of the reduction in basic price and a
slight reduction in size extra. An HD400x463 column in S355 could easily be replaced by an
HD400x382 column in S460. Not only would the weight of the column decrease but also the price per
ton which indicates that in this case the use of stronger steel could be very economical.

3.4.2 Fabrication costs

The fabrication costs are summed up in the corresponding chapters. The costs are based on the
amount of hours necessary to complete a certain activity and the hourly fees corresponding to those
activities. Implemented in the amount of hours required is the machinability of the materials. Higher
strength steel is harder so it is more difficult to perform operations such as drilling. This is factored in
by increasing the amount of hours required by 5% compared to S355 for sawing, drilling and
flattening of column ends. 5% seems like an overestimate but it also includes the wear of the
machinery. Due to the increased hardness of the material the equipment used for sawing, drilling
etc. results in an increased wear which results in increased fabrication costs. Costs for positioning,
preparing and welding plates, flame cutting, shot blasting, and internal transport are also reviewed
however a 5% increase for the required amount of hours is not applied. The amount of hours
required is based on the thickness of plates, size of sections, volume of the welds and the length of
individual elements. For sawing not only the surface area of the cross-section is relevant but also the
thickness of the material. By evaluating both properties the required time for sawing a certain
section is determined. The time required for drilling depends on the thickness of the material and the
amount of bolts required. The time required is not assumed to have a linear relation between the
thickness and/or the amount of bolts required. This is because setting up the machine and
positioning of the material has to be factored in. When a few holes are required in thin material
these factors become more significant than when a lot of holes are required in thick material,
therefore drilling 4 holes in 10 mm thick material is not 6 times as fast as drilling 12 holes in 20 mm
thick material. This is because relatively more time is required for setting up the drilling process.
When column ends are flattened for contact pressure the positioning of the sections will take the
most time. This is because it has to be done very precisely which takes a lot of time. The required
time for flattening of column ends is therefore assumed to be constant regardless of the section
used. Weld preparation is done with the use of flame cutting. The plates are cut in an angle of 45
degrees on both sides. The positioning and set-up of the machine takes more time than regular flame
cutting so more time is required compared to flame cutting. The speed of flame cutting and weld
preparation is dependent on the thickness of the material. Welding is done with the use of layers. For
small fillet welds (a =5 mm) a single layer weld will suffice. For large beveled welds much more layers
are required which significantly increase the time required for welding. The welds are all categorized
to their size and length. For large welds the time required for setting up the plates and cleaning of
the welds become less significant. Therefore for large welds a higher welding speed is used to
calculate the required time. For small welds this speed is lower because the set-up and cleaning takes
relatively more time. The time required for shot blasting also independent of the section used
because a constant speed is used for shot blasting. The time required for internal transport is based
on the total weight of all the components. By using hourly fees for the different processes the total
fabrication costs are calculated. The costs will probably differ from the actual fabrication costs
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because a generalization has been made. If the fabrication costs were examined for each component
separately the calculated costs would be closer to reality. The difference in costs between the
various components is assumed to be relatively low. This and the fact that calculating the costs for
each individual component and process is impractical has led to the generalization of the costs
calculation.

3.4.3 Transportation costs

The transportation costs are dependent on the total weight of the structural components, their size
and the distance. When size is not governing the trucks can be loaded to their capacity. Trucks will
generally have a capacity of 25 t. Because the full capacity will never be utilized it is assumed that
trucks are all loaded up to 20 t. In some cases only parts of the structures are reviewed. When a part
weights 50 t this would mean that 3 trucks have to be used. If a structure would have 10 of these
parts the total weight would be 500 t and 25 trucks would be required to transport the structural
components. The review of a single part in this case would lead to higher transportation costs
because the amount of trucks required would have to be an integer. When only parts of a structure
are reviewed the amount of trucks required are therefore not rounded because in reality the trucks
could also carry the other parts as well.

When the size is irrelevant the transportation costs are determined by the distance traveled and the
amount of trucks required. When the distance is large the costs are also large but the costs per km
will become smaller as shown in Table 3-5.

Distance Costs per truck Distance Costs per truck
[km] (€] [€/km] [km] [€] [€/km]
20 206 8,60 200 524 2,19
40 253 5,28 240 559 1,94
60 295 4,10 280 629 1,87
80 337 3,51 320 702 1,83
100 365 3,04 360 778 1,80
125 409 2,73 400 826 1,72
150 432 2,40 450 892 1,65
175 486 2,31

Table 3-5: Transportation costs per truck [source: Rijnart transport 2012]

It is visible that weight reduction becomes more significant when the distance is large. These costs
are only valid when the distance is relatively small. In some cases the structural components have to
be transported overseas. In these cases transportation costs become relatively larger.

3.4.4 Assembly costs
The assembly costs of structures are dependent on the weight of the individual components, the

height of the structure, the use of welds on site, the size of connections, the available space and of
course the weather. The weight is important because it determines the size of the required crane. A
weight reduction could lead to the use of smaller cranes which is favorable because that would lead
to a reduction in costs. The height of the structure is important because it increases the time
required for a certain component to be lifted in place. For instance it takes more time to lift a column
to the 20" floor than to lift it to the 2™ floor. The available space is of importance because it could
lead to unfavorable crane positions which would increase the costs because heavier cranes would be
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required. When the structure needs to be welded on site special precautions have to be taken.
Sometimes a welding tent could be required to guarantee a good quality weld. Because of the
required precautions welding on site is very expensive hence bolted connections are usually
preferred. When large connections are present it takes more time to finish them. A relatively light
weight connection with 10 bolts is made much faster and with much more ease than a heavy
connection with 50 bolts. All of these aspects result in a certain time required to complete a certain
part of the structure. When the amount of time required to assemble (a part of) the construction is
known the costs can be calculated by using hourly fees. The amount of hours required are dependent
on the amount of construction workers assigned to that certain part. The required crane is
dependent on the weight of the heaviest part it needs to lift and on the distance between the crane
and the location of where that part needs to be. Lifting capacities of different cranes at different
distances are shown in Table 3-6. These capacities are valid for mobile hydraulic cranes [10].

Distance [m]

Crane 18 20 22 24 26 28
50t 51 4,3 3,7 3,1 2,6 2,2
60t 6,8 5,8 4,9 4,2 3,5 3,1
70t 7,2 6,1 5,2 4,6 4,0 3,4
80t 9,2 8,0 6,8 5,9 51 4,3
100t 10,0 8,4 7,2 6,2 5,4 4,8
120t 13,0 11,1 9,7 8,5 7,7 6,8
140t 14,7 12,7 11,1 9,7 8,5 7,7
160t 18,8 16,1 14,1 12,2 10,8 9,5
400t 70,0 63,0 56,0 50,0 45,5 41,5
500t 87,3 77,4 70,2 64,0 58,1 53,1
700t 109,0 98,0 86,0 79,0 72,0 65,5

Table 3-6: Crane capacities [t]

The costs of the cranes are dependent on the hourly fees of the cranes used. These hourly fees are
transformed to daily fees because cranes used for construction are generally used for several weeks.
The costs for the different cranes are shown in Table 3-7.

Costs

Crane [€/hr] [€/d]
50t 95,00 760,00
60t 105,00 | 840,00
70t 135,00 | 1080,00
80t 145,00 | 1160,00
100t 155,00 | 1240,00
120t 195,00 | 1560,00
140t 220,00 | 1760,00
160t 250,00 | 2000,00
400t 430,00 | 3440,00
500t 575,00 | 4600,00
700t 700,00 | 5600,00

Table 3-7: Crane costs
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Other cranes are not relevant for the projects examined in this paper. This is mainly due to the
capacity required and the time needed for all the relevant parts. Crawler cranes for example need to
be mobilized and demobilized which increases the costs significantly, also they have to be rented for
at least 4-8 weeks which is too long for the relevant cases studied. The mobilization costs for
hydraulic cranes is only relevant when the cranes are rented for a few hours. As mentioned earlier in
construction these cranes are rented for several weeks which makes the mobilization costs for these
cranes irrelevant.

At the Delft project boom lifts are also required. The required boom lifts have a working height of 22
m. The costs are 430 € per day or 1250 € per week [11].
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4 Trusses: Delft railway station and offices

4.1 Introduction

In Delft a new railway station is under construction. Currently there is an old station with railway
tracks above ground. In the future these tracks will be located below ground level in a tunnel. Above
this tunnel on the ground floor the new station will be built. The building will however have 4 more
floors to accommodate offices. The first to third floor will be used as office space and the fourth floor
will be used for installations. These floors are supported by large trusses because of the tunnel
underneath. The free space required for the station and the location of the tunnel walls prevent the
use of multiple columns at the ground floor. For spans greater than 40 m only 2 columns can be used
with a fixed position. This is why trusses are used. 14 trusses are used to support the part of the
building above the tunnel. The spacing between these trusses is 8,1 m. About half of the trusses have
end supports. The others have supports above the middle wall of the tunnel. These supports are
moved inward resulting in a cantilever. Because of the required free space and the unfavorable
positions of the inward supports extra columns are required in the trusses resulting in an
uneconomical but necessary design. The concepts of both trusses are shown in Figure 4-1.

Figure 4-1: Concepts of cantilever and simply supported truss [source: ABT]

The trusses have a height of 2 storey’s (7 m) so between the top and bottom chords other horizontal
beams are present as well. These beams (IFBA) are simply supported between the verticals and
diagonals. On each floor hollow core slabs are used that span between the trusses. The slabs are also
used to stabilize the chords against lateral torsional buckling. The buckling length about the weak
axis however is not decreased by the slabs.

In order to make a proper comparison 2 different trusses are examined. Both trusses have different
support conditions (one with both end supports and one with an inward support). The trusses
considered are the heaviest loaded trusses and they happen to be adjacent. The truss with the
inward support is the truss with the largest cantilever. Because all the trusses are alike it is not
expected that individual trusses with the same support conditions give different cost savings, hence
only 2 trusses are examined. The locations of the trusses and their supports are shown in Figure 4-2.
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Figure 4-2: Truss and support locations

[source: ABT]

The length of these trusses is about the same so the influence of the support conditions can also be

considered when comparing the final costs. The used trusses are visible in Figure 4-3 and Figure 4-4.

The names correspond to the location on the grid.
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Nearly all loads are acting as point loads in the nodes of the trusses. The top and bottom chords are
also loaded by a distributed force so these cords need to be designed by taking account of both an
axial force and a bending moment. The total load consists primarily of permanent loads. The hollow
core slabs have a height of 260 mm resulting in a relatively high dead load. Used loads are:

Permanent loads:

- Hollow core slab d=260mm 3,80 kN/m?
- Screed d=70mm 1,70 kN/m?
- Floor covering d=70mm 1,40 kN/m?
- Ceiling, pipes 0,50 kN/m?

Variable loads:

- Office floor 4,00 kN/m*
- Installations 5,00 kN/m?

The calculations of the acting forces in the structural components of the trusses are made by using
SCIA Engineer. The relevant members of the 2 considered trusses are shown in Figure 4-5 and Figure
4-6.

k 20200 k 20000 y

Figure 4-5: Truss 10

40500

Figure 4-6: Truss 11

In the current design all components of the trusses are made with the S355J2 steel grade. The
vertical and diagonal members are primarily loaded by an axial force. Because of the simply
supported beams located between the top and bottom chords it is possible for bending moments to
occur in the diagonal members. These bending moment are not large enough to cause a significant
impact on the design of the members. Because of this all vertical and diagonal members are
considered to be loaded by an axial force only. Because of the distributed load on the top and
bottom chords not only an axial force is present but also a bending moment and a shear force. The
bending moment has a significant effect on the required section especially in compressed members
(depending on the location of the supports this could be the top or bottom chord).
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A first impression of the cost saving can be made by comparing the required sections and their costs.
In order to do that the required sections when S460 is used have to be determined. The next step is
to design the connections. The connection type is dependent on the transportation. If the truss can
be transported in large pieces welded connections could be an interesting connection method
because the sections would not be weakened by holes for bolts. In this case transportation of large
parts is not possible so the truss has to be bolted or welded on site. Bolted connections are
preferable in this case because of the ease of assembly. Welded connections could be very expensive
because of the precautions that are necessary. Because large parts cannot be transported the top
and bottom chords have to be split in parts as well. It is necessary to divide these chords in 2 pieces.
The fire resistance of the structure is ensured by using timber components surrounding the steel.

4.2 Truss design

For each truss the required sections are determined by using the guidelines provided in the
Eurocode. The used forces are exactly the same as the ones used in the current design (S355). These
forces are based on the last Dutch code (TGB) [12], to make an accurate comparison the same forces
have to be used when redesigning the structure with the use of S460. When all components are
checked a first impression of the savings can be made. The savings are based on the weight
difference between the 2 separate designs. As mentioned earlier the expected savings will amount to
about 23%.

Because of the lower tensile strength/yield strength ratio holes will have a more significant effect on
high strength steel sections. Thickening of tensile members at the joints is therefore required more
often when using S460. In these cases it might be favorable to upsize the section to remove the need
for thickening. This is only the case when the additional costs for the larger sections are smaller than
the additional costs required to thicken the sections. If the sections are thickened the material costs
will be lower but the fabrication costs will increase. If the sections are upsized the material costs will
be larger but additional fabrication costs are not required. The additional weight is usually small
compared to the loads present so extra costs to take account of this extra weight are probably not
required. It could however have an effect on the assembly of the structure. Heavier sections require
larger equipment which could lead to an increase in costs.

The calculation of the governing forces in the ultimate limit state (ULS) has been done by using 37
different load combinations each consisting of 12 load cases. The high amount of load combinations
is due to the amount of floors and the different loads on these floors. The cantilever also increases
the amount of load combinations because variable loads can be separated in 2 parts: an internal part
(between the supports) and an external part (at the cantilever). The governing deflection is
calculated by using 13 different load combinations. The decrease in load combinations is caused by
the use of the serviceability limit state (SLS). When using the SLS the partial safety factors are all
considered to be 1,0 causing the reduced amount of load combinations. A load combination
including only permanent loads is also used to determine the permanent deflection. This permanent
deflection is used to determine the required camber.

4.2.1 Truss10

Truss 10 is the largest cantilever truss and it is located on the 10" axis of the grid hence the name
truss 10. It has 7 verticals and 6 diagonals. The length of the cantilever is 20 m (Figure 4-5). Element
numbers and dimensions used in the model are displayed in Figure 4-7.

19



S20 521 522 523 524 S25

)
3 N Ly A %
S §- & o 2 3 8 2 e 5
514 $15 $16 $17 i S18 $19
x 8100 L 8100 L 4000 * 4100 8100 % 6800 bk 1000

Figure 4-7: Element numbers and dimensions truss 10

In future references the terms top chord, bottom chord, vertical 1-7 and diagonal 1-6 are used to
describe the different elements of the truss. The bottom chord consists of elements S14-S19, the top
chord: S20-S25. Verticals and diagonals are described from left to right by their corresponding
element numbers so vertical 1’s element number is S1 and diagonal 1’s element number is S8.

4.2.1.1 Sections

Because of the relatively large height of the truss the stiffness will be large as well. This implies that
the required sections for the chords should be based on the acting forces. In the current design the
largest deflection due to permanent loads is 80 mm. This deflection is located at the end of the
cantilever. This deflection is counteracted by using a camber of 80 mm. The additional deflection due
to the variable loads is equal to 30 mm. The limits for the deflection are governed by the following
formulas [13]:

Ueng = 0,004 * [,
Ugdd = 0,003 * lrep

Lrep is equal to the length of a simply supported beam or twice the length of a cantilever. In this case
the cantilever has the largest deflection which makes L., equal to 2x20 = 40 m. Uenq is in this case 160
mm and U,qq is equal to 120 mm. These values indicate the limits for the final deflection and the
additional deflection. The final deflection (ueng) is the deflection caused by all loads including the
used camber. The additional deflection (u,qq) is the deflection caused by the variable loads only. Both
the final and additional deflection are in this case 30 mm which is well below the limits. In the new
design the local deflection between the verticals is also considered. If the global stiffness is adequate
it does not necessarily mean that the local stiffness is also high enough. Due to the distributed loads
on the top and bottom chords the chords can also deflect between the verticals. The largest distance
between the verticals is 8100 mm. It is difficult to use a camber for every part between the verticals
so it is assumed that the use of a camber to counteract local permanent deflections is not possible.
Due to the relatively low variable loads the final deflection will be the governing factor for the
minimum required stiffness. The maximum allowable deflection ue.q is in this case equal to 32,4 mm.

Although it could be possible that the deflection is the governing factor for the choice of sections,
strength is still considered first. The current design consists of HEB280 and larger sections. For some
verticals smaller sections could have been used but this would alter the possibility of making certain
connections. The HEB280 sections allow bolted connections in which the shear resistance of the bolts
is governing. If smaller sections were chosen the bearing strength could have been governing
resulting in the use of more bolts and thus longer connections. In order to keep the connections as
small as possible the designer chose to use HEB280 sections instead. These sections are also used for
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most of the other columns in the building. The redesigned truss consists of HEB220 and larger
sections. Although the bearing strength could be the governing factor this lighter section is chosen to
investigate the influence on the costs. Because of the higher tensile strength the bearing strength will
also be larger which makes it possible to reduce the size of sections. Smaller sections cannot be used
due to the minimum edge distance required for bolted connections. Also the use of HEB220 sections
leads to similar unity checks as the HEB280 sections in the current design. This increases the accuracy
of the cost reduction.

In order to redesign the truss using S460 the relevant forces are required. The verticals and diagonals
can be designed by using the axial force only. The top and bottom chords also require the relevant
shear force and bending moment. To obtain the critical cross-section for the top and bottom chords
the forces must be displayed for the entire truss (Figure 4-8 - Figure 4-10).
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Figure 4-8: Axial force truss 10
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Figure 4-10: Bending moment truss 10
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The governing cross-section of the top chord is just to the right of vertical 2. All forces are critical in
this position. The buckling lengths are also critical in this position which confirms the critical cross-
section. The governing cross-section of the bottom chord is just right of vertical 4. The axial force and
bending moment are critical in this position. Although the buckling length of the chord is shorter in
this part of the truss the forces in the other parts with a greater buckling length are too small to be
governing. The forces used to calculate the required cross-sections are shown in Table 4-1.

Nmin Nmax Nmin Nmax

[kN] [kN] [kN] [kN]
Vertical 1 -2684| -1340 Diagonal 1 -1476 2751
Vertical 2 732 1769 Diagonal 2 -8229 -4955
Vertical 3 -1883 -999 Diagonal 3 6520 8543
Vertical 4 -15253 | -11111 Diagonal 4 4882 7930
Vertical 5 -6418| -3784 Diagonal 5 4058 7468
Vertical 6 -1490 -547 Diagonal 6 -2821 -1013
Vertical 7 39 1114

N Vz My

[kN] [kN] [kNm]
Top chord 6794 611 1020
Bottom chord | -10964 842 2247

Table 4-1: Forces in current design

After the new sections had been entered and the force flow of the truss was recalculated there
appeared to be differences in the acting forces. This was especially noticeable in the top and bottom
chords because the acting bending moment had been reduced significantly. Some of the verticals and
diagonals appear to be loaded more heavily. Because of these differences the sections have been
checked with the forces resulting from the recalculation. These forces are shown in Table 4-2.

Nmin Nmax Nmin Nmax

[kN] [kN] [kN] [kN]
Vertical 1 -2571| -1237 Diagonal 1 -1344 2893
Vertical 2 645 1671 Diagonal 2 -7831 -4666
Vertical 3 -1822 -958 Diagonal 3 6543 8493
Vertical 4 -15039| -10819 Diagonal 4 4805 7855
Vertical 5 -6226| -3613 Diagonal 5 3913 7347
Vertical 6 -1521 -566 Diagonal 6 -2697 -934
Vertical 7 18 1084

N Vz My

[kN] [kN] [kNm]
Top chord 6630 575 931
Bottom chord | -10714 576 1547

Table 4-2: Forces in new design
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It is also important to notice the difference between the maximum and minimum acting force in a
member. If both tension and compression can be present in a certain section the connection has to
be modified accordingly. In this case only diagonal 1 can have both tension and compression.

The calculation of the unity checks has been split in 2 separate parts. The verticals and diagonals are
considered to be loaded by an axial force only. In this case a simplified calculation can be made for
these elements. For the top and bottom chords more extensive calculations are required because
there is an interaction between an axial force and a bending moment. As mentioned earlier the
hollow core slabs support the top and bottom chords against lateral torsional buckling. In the
calculations made for the current design a lateral torsional buckling length of 0,1xLy is used. The
effective lateral torsional buckling length is 810 mm and this length is also used in the calculation of
the shorter parts at the inward support. The buckling length of the chords is equal to the length
between the corresponding verticals. The buckling length for the verticals and diagonals is 0,5xLss.
This reduction of the buckling length is because the floor between the top and bottom chords
supports all verticals and diagonals against buckling in both directions.

The calculations of the unity checks are shown in Appendix I. The chords are reviewed separately
because more extensive calculations are required. The sections used for the verticals and diagonals
are all checked once for the maximum occurring forces because there’s no need to check similar
sections with a smaller force. The section checks have been made according to NEN-EN 1993-1-1
sections:

- 6.2.3: Tension

- 6.2.4: Compression

- 6.2.5: Bending moment

- 6.2.6: Shear force

- 6.2.9: Combined axial force and bending moment

- 6.3.1: Compression (stability)

- 6.3.3: Combined compression and bending moment (stability)

- Appendix B: Interaction factors for combined compression and bending moment (stability)

The interaction factors used in the calculations of combined compression and bending moment are
dependent on the compressive force present and on the type of system. For non-sway systems the
factors are also dependent on the bending moment diagram. In this case the values of the bending
moments at 3 different positions are required. The trusses considered are classified as sway systems
in plane of the truss and non sway out of plane because all nodes are restrained in the horizontal
direction but not in the vertical direction.

The described sections all fulfill the strength requirements written in the Eurocode. The deflection
should also be smaller than the described limits. If the deflection is too high and camber is not an
option it means that the top and bottom chords need to be stiffer. There is no need to choose stiffer
verticals and diagonals since their effect on the stiffness of the truss is far less than the effect of the
top and bottom chords. The deflection is calculated by using SCIA Engineer (Figure 4-11).
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Figure 4-11: Deflection truss 10

The final deflection (ueng) is 175,3 mm. This value is larger than the allowed deflection (160 mm) but a
large part of the deflection can be counteracted by using a camber. The deflection caused by the
permanent loads is 125,4 mm. To compensate for this relatively large deflection a camber of 120 mm
is used. Because of the camber the final deflection is no longer the governing factor for the global
deflection check. The additional deflection is 49,9 mm, this is well below the limit of 120 mm. The
local deflection is checked by using relative displacements. These are the displacements of the
individual elements between the nodes (Figure 4-12).
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Figure 4-12: Relative displacement truss 10

It is visible that the maximum value of the relative displacement is 15,3 mm. The local stiffness
requirement is met because the maximum relative displacement is smaller than the limit of 32,4 mm.
The relative deformation has been calculated by using all the loads because a camber cannot be used
to reduce the permanent deflection. The truss is stiff enough to limit the global deflection. This is
mainly because of the large height of the truss and the placement of the supports.

Not only the deflection but also the maximum rotation should be limited. For simply supported
beams the stiffness requirement limits the allowable deflection. Due to this limit the rotation at the
supports is also limited. In this case the rotation depends on the local deflection and the global
deflection which complicates the calculation of the rotations. A conservative estimation based on the
deflections can however be made. The relative displacement in this case is about 50% of the allowed
value. Because the maximum allowable rotation can be related to the maximum allowable deflection
it is assumed that 50% of the allowable rotation occurs due to the local deflection. This implies that
the rotation due to the global deflection should not be more than 50% either so the total rotation is
less than the allowable rotation. This is illustrated in Figure 4-13. In this figure an assumed global and
local deflection is shown. The values on the vertical axis show the unity checks for the global
deflection. When the global deflection is reviewed one would conclude that the deflection is (in this
case) 50% of the allowable deflection. The same would apply for the local deflection (also 50% of the
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allowable local deflection which is not visible in the figure). When looking at the rotations the local
and global rotations are both 50% of their limit (because they are based on the deflections), but
when these rotations are combined it can be shown that the total rotation at the left and right end
are at 100% of the allowable value. By simply adding up the unity checks for the local and global
deflection the right unity check for the rotation is obtained. The same can be applied when
examining the trusses however it is not always the case that the maximum global rotation occurs at
the same place as the maximum local rotation. This approach is therefore conservative. In this case
the unity check would be: 49,9/120 + 15,3/32,4 = 0,89. This value is much larger than the ones
obtained when reviewing the global and local deflections separately and it shows that the stiffness
could be significant when designing trusses with the use of higher strength steel.
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Figure 4-13: Global and local deflections (top) and rotations (bottom)

The used sections in the current design are displayed in Table 4-3. For each element the length,
weight per meter, the unity check, the direct weight and the modified weight are displayed. The
modified weight takes account of the difference in the unity checks between the current and the
new design. This modification has been made because the difference between the unity checks can
be substantial. If these differences are neglected the saving would be based on a faulty comparison
and could therefore turn out to be more favorable than the actual possible saving. The sections in
the new design result in generally higher unity checks which results in an increased weight saving. To
take account of the different unity checks the direct weight is rescaled by multiplying it with the
according unity check. This results in a modified weight which is always lower than the direct weight.
By using the modified weights a more accurate comparison can be made. The unity checks used to
calculate the modified weights are based on the TGB (last Dutch code) [14][15] because that is the
code which was used to calculate the unity checks for the current design.
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Weight [kg] 66514,2 S355
Section Length Weight Unity Weight [kg]

[m] [kg/m] Check Direct | Modified
Top chord HD400x382 40,2 382,4 0,74| 15372,5| 11375,6
Bottom chord | HD400x677 40,2 677,8 0,83|| 27247,6| 22615,5
Diagonal 1 HEB280 10,706 103,1 0,62 1103,8 684,3
Diagonal 2 HD400x463 10,706 462,8 0,54 4954,7 2675,6
Diagonal 3 HD400x287 8,062 287,5 0,66 2317,8 1529,8
Diagonal 4 HD400x287 8,112 287,5 0,6 2332,2 1399,3
Diagonal 5 HD400x216 10,706 216,3 0,76 2315,7 1759,9
Diagonal 6 HEM260 9,759 172,4 0,62 1682,5 1043,1
Vertical 1 HEB280 7 103,1 0,76 721,7 548,5
Vertical 2 HEB280 7 103,1 0,38 721,7 274,2
Vertical 3 HEB280 7 103,1 0,5 721,7 360,9
Vertical 4 HD400x509 7 509,5 0,82 3566,5 29245
Vertical 5 HD400x287 7 287,5 0,61 2012,5 1227,6
Vertical 6 HEB280 7 103,1 0,43 721,7 310,3
Vertical 7 HEB280 7 103,1 0,24 721,7 173,2
Modified weight [kg] 48902,4
Average unity 0,74

Table 4-3: Used sections current design (S355)
Weight [kg] 38961,4 S460
Section Length Weight Unity Weight [kg]

[m] [kg/m] Check Direct | Modified
Top chord HD400x216 40,2 216,3 0,94| 8695,3 8173,5
Bottom chord || HD400x382 40,2 382,4 0,91| 15372,5| 13989,0
Diagonal 1 HEB220 10,706 71,5 0,79 765,5 604,7
Diagonal 2 HD400x187 10,706 186,5 0,92 1996,7 1836,9
Diagonal 3 HD400x187 8,062 186,5 0,82 1503,6 1232,9
Diagonal 4 HD400x187 8,112 186,5 0,72 1512,9 1089,3
Diagonal 5 HD400x187 10,706 186,5 0,67 1996,7 1337,8
Diagonal 6 HEB260 9,759 92,9 0,83 906,6 752,5
Vertical 1 HEB220 7 71,5 0,87 500,5 435,4
Vertical 2 HEB220 7 71,5 0,4 500,5 200,2
Vertical 3 HEB220 7 71,5 0,61 500,5 305,3
Vertical 4 HD400x382 7 382,4 0,77 2676,8 2061,1
Vertical 5 HD360x147 7 147,5 0,86 1032,5 888,0
Vertical 6 HEB220 7 71,5 0,51 500,5 255,3
Vertical 7 HEB220 7 71,5 0,26 500,5 130,1
Modified weight [kg] 33292,0
Average unity 0,85

Table 4-4: Used sections new design (S460)
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The new design is made by using the steel grade S460. The used sections in this case are displayed in
Table 4-4. The final savings have been calculated for each individual element to display individual
differences if they are present. The savings are displayed in Table 4-5.

Direct saving [%]: 41,4
Saving [%]

Direct | Modified
Top chord 43,4 28,1
Bottom chord 43,6 38,1
Diagonal 1 30,6 11,6
Diagonal 2 59,7 31,3
Diagonal 3 35,1 19,4
Diagonal 4 35,1 22,2
Diagonal 5 13,8 24,0
Diagonal 6 46,1 27,9
Vertical 1 30,6 20,6
Vertical 2 30,6 27,0
Vertical 3 30,6 15,4
Vertical 4 24,9 29,5
Vertical 5 48,7 27,7
Vertical 6 30,6 17,7
Vertical 7 30,6 24,9
Modified saving [%]: 31,9

Table 4-5: Weight saving

The modified saving is 31,9% in this case. This is about 1,5 times higher than the expected saving.
This increase in saving is caused by the high savings in the top and bottom chords. Because of the use
of heavy sections and the great length the chords have a large influence on the total saving. The
savings of the chords are larger than expected because smaller bending moments are present in the
critical cross-section. The cause of the lower bending moment is the decreased stiffness of the
chords. Normally the bending stiffness does not have an influence on the bending moment but in this
case there is an interaction between bending and axial elongation of the truss’s elements. The
bending stiffness has decreased more than the axial stiffness resulting in a decrease in shear force
being transferred to the top and bottom chords at the nodes. This decrease in shear force results in a
decrease in bending moment. Because of the decreased stiffness the hogging moment above the
inward support is lower. This reduction in bending moment allows for more slender sections. It is
visible that there is quite a large spread in the savings of the individual components. This spread is
caused by the difference in resistance between tensile and compression members of the truss.
Tensile members are designed by using the tensile strength reduced by the relevant factors required
to calculate the resistance at the connections. This method is used to reduce or even prevent the use
of cover plates at the connections. Structural components loaded by a compressive force require
additional stability checks. To take account of stability issues a reduction factor is used in the
calculations. This reduction factor is dependent on the used section and is therefore hard to predict.
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Some elements turn out to have a low unity check. The scaling could cause the modified saving to be
inaccurate in these cases. This is especially the case when a compression force is present. The scaling
does not take account of stability and assumes a linear relation between force and cross-sectional
area. If the unity check of a certain element is 0,5 the modified weight is based on a section that is
twice as small. If the cross-section becomes smaller the radius of gyration (VI/A) will also decrease.
This is because the moment of inertia (1) relatively decreases more than the cross-sectional area (A).
If the radius of gyration decreases the relative slenderness will increase causing the reduction factor
for buckling to become smaller which allows a lower stress n the section. In this case the modified
weight is an underestimate of the actual required weight to support the compressive force. Because
the unity checks of the current design (S355) are generally lower than the unity checks in the new
design (S460) the underestimation of the required weight in the current design will be larger. This
implies that the modified saving is an underestimate of the possible saving. The differences in the
unity checks are considered small enough to neglect the influence on the final saving. This
assumption is based on the fact that the radius of gyration does not decrease much when smaller
sections are used. Because of this the underestimation of the modified saving will be small as well.

Another cause of the high saving is the change in acting forces. This change is displayed as a
percentage in Table 4-6. The values indicate the difference between the governing forces used in the
calculations for the current (S355) and the new design (S460). In some cases this difference is
negative indicating that the use of higher strength steel resulted in larger forces in these elements.

Difference Saving

[%] [%]
Vertical 1 4,2 17,1
Vertical 2 5,5 22,7
Vertical 3 3,2 12,6
Vertical 4 1,4 28,5
Vertical 5 3,0 25,4
Vertical 6 -2,1 19,4
Vertical 7 2,7 22,8
Diagonal 1 -5,2 16,0
Diagonal 2 4,8 27,9
Diagonal 3 0,6 18,9
Diagonal 4 0,9 21,4
Diagonal 5 1,6 22,7
Diagonal 6 4,4 24,5

Table 4-6: Difference in force and recalculated modified saving

By using these differences in acting forces the modified weights are recalculated for the verticals and
diagonals. Now the weight saving is shown if the forces would be exactly the same. These savings are
shown in Table 4-6. It is visible that the saving in this case is as expected. The average saving for the
verticals is 21,2% and the average saving for the diagonals is 21,9%. These averages are a bit below
the expected value of 23% but this is caused by the stability checks in compression members.
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Because the use of S460 results in generally lower acting forces the final saving is not modified for
this reduction in force. The final cost saving is therefore based on the modified weight. The
difference in acting forces is not included in the calculation of the cost saving because it is a direct
result of the use of higher strength steel.

4.2.1.2 Connections

In order to make transportation of the truss elements possible a certain amount of splices are
required. In order to keep the assembly costs as low as possible bolted connections are favorable. In
the current design gusset plates are welded to the top and bottom chords and flange plates are
welded tot the gusset plate. The sections are connected with the use of splice plates. In all cases only
the flanges are connected because the thickness of the gusset plates and the webs of the sections
could differ significantly. When the difference is large thick packing plates are required which reduce
the effectiveness of the bolted connection. Because only the flanges are connected the effective
cross-sectional area at the connection is reduced. Only the area of the flanges may be used to
calculate the resistance at the connections. This is especially noticeable in tensile members, because
the net cross-section will be governing which is reduced due to the bolt holes. In some cases the
flanges need to be thickened to account for the loss of effective cross-sectional area. It is expected
that this is required more often when using higher strength steel, especially when the unity check of
the entire section is already high.

The calculations of the resistances of the connections are shown in Appendix Il. The locations of the
splices are shown in Figure 4-14.

— &100 — gl00 4000, Al00. 9100 .. 7900

Figure 4-14: Splice locations and details

It is visible that in some cases 3 sections have to be connected to the top or bottom chord. All
connections which involve diagonal members are made by using gusset plates with flange plates
welded on it. A typical detail for this type of connection is displayed in Figure 4-15. When only a
vertical member is connected there is no need for a gusset plate and the connection is simply made
by using an end plate. The gusset plates all have a unique shape because of the demands of the
designer. The edges of the gusset plates are parallel to the edges of the flanges of the connected
sections. The edges are all at a certain distance perpendicular to these flanges. For aesthetic reasons
this perpendicular distance (offset) is 80 mm. The length of the flange plates depends on the amount
of bolts and the end distance and spacing applied. In some cases the flange plates are extended and
welded to the flange of the corresponding chord. The flange plates are in these cases used to
stabilize the gusset plates. Flange plates connecting tensile members are not used to stabilize the
gusset plates.
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Figure 4-15: Typical detail of a connection with a gusset plate

M27 bolts are mainly used in the current design. Due to the minimum spacing and edge distance
requirements it is not possible to use more than 2 bolts next to each other in the flanges. Smaller
bolts would be required but their decreased shear resistance would not result in a great reduction in
connection length. Also the assembly costs would be higher because more bolts would have to be
used. In the heaviest sections M36 bolts are used to reduce the connection length. Figure 4-16
displays the location of the bolts. This drawing displays the cross-section of the left diagonal in Figure
4-15 at the location of the connection. In this drawing the maximum dimensions for the cover plates
and splice plates are also shown.

The cover plates have to be welded to the flanges so on

=>10 =<b—20
H i each side of the plate a minimum spacing of 10 mm is

‘ | required to enable the use of fillet welds. The

| | dimensions of the splice plates inside the section are
‘ ‘\\ /| | bound by the edge of the flange or the edge of the
cover plate (if present), and the radius and web width

of the section. The dimension of the splice plates
outside the section are bound by the edge of the cover
plate (if present) and the thickness of the gusset plate.
Usually the thickness of the gusset plate is not large
enough to govern the width of the splice plates
therefore the width of the splice plates both inside and

‘ ‘ /; | | outside the section are based on the boundaries inside

| |  the section.

| | |
T T T
=<hc/2-tws 2 =xtw/2+r

Figure 4-16: Maximum dimensions splice- and cover plates
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The length of all plates is dependent on the amount of bolts required and the spacing and end
distances. The used spacing, end and edge distance is shown for 3 different bolts (Table 4-7).

el e2 pl p2
M27 60 45 90 90
M30 70 50 100 100
M36 80 60 120 120

Table 4-7: Minimum spacing, end and edge distance

The used values are larger than the required minimum values given in the Eurocode [16]. Because of
this the shear capacity of the bolts is more often utilized resulting in a more economical design. The
strength class of the bolts is 8.8. This means that the tensile strength is 800 N/mm? and the yield
strength is 640 N/mm?Z. The strength class 10.9 could also have been chosen but the shear resistance
of the bolts is almost always governing. The shear resistance is calculated with the use of the
formula:

ay *fub *As

Fyra =
' YMm2

The shear resistance is dependent on the area of the bolt at the thread and the strength class. For
bolts with the same size the only variables that remain are a, and the tensile strength f,. The factor
a, depends on the strength class of the bolts. For class 8.8 this factor is equal to 0,6 and for class 10.9
this factor equals 0,5. Because of the lower value for strength class 10.9 the advantage of using a
higher strength class decreases. In fact if we multiply the tensile strength with the factor a, this
results in 480 N/mm? for class 8.8 and 500 N/mm? for class 10.9. The shear strengths differ slightly
and because of this strength class 8.8 was chosen. The shear capacities of M27, M30 and M36 bolts
are given in Table 4-8.

Ab,s d do el e2 pl p2 ab k1 Fv,rd Fb,rd

[mm?]| [mm] | [mm] | [mm] | [mMm] | [mm] | [mm] [kN] | [kN/mm]
M27 459 27 30 60 40 90 90 |0,667|2,033| 176,3 15,81
M27 459 27 30 60 45 90 90 |0,667|2,500| 176,3 19,44
M30 561 30 33 70 50 100 100 | 0,707 | 2,500 215,4 22,91
M36 817 36 39 80 60 120 120 | 0,684 | 2,500 313,7 26,58

Table 4-8: Shear and bearing capacities of M27, M30 and M36 bolts

The bearing resistance is generally not lower than the shear resistance of the bolts. M27 is used for
the smaller sections with relatively small forces. M30 is used to limit the connection length and for
heavy loaded elements M36 is used also to reduce the length of the connection.

The bearing resistance is calculated for a unit thickness (1 mm). The following formula is used:

ky*ay*furdxt

Fpra =
' Ym2

The factor k; is the smallest value of 2,8xe,/dy — 1,7; 1,4xp,/dy-1,7 and 2,5. If the minimum edge
distance and spacing shown in Table 4-7 is used the value of k; becomes 2,5 for every bolt. This is the
maximum value so the minimum edge distance and spacing provide maximum bearing capacity.
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The factor ay, is the smallest value of e1/(3xd,); p1/(3xdo)-0,25; f.u/f. and 1. For M27 bolts this value is
equal to 2/3 for end bolts and 3/4 for internal bolts. An end distance of 90 mm and a spacing of 112,5
mm would be required for this factor to become 1 (and thus achieve maximum bearing capacity).
This would however lead to an increase in connection length which could in turn decrease the shear
capacity of the bolts. In most of the cases the thickness will be large enough for the bearing capacity
to be larger than the shear capacity. For M27 bolts the bearing capacity is 19,44 kN (when the earlier
specified spacing is used) per mm, so a component with a thickness of 10 mm has a bearing capacity
of 194 kN. The bolts however are loaded in 2 shear planes which doubles the shear capacity for the
bolts. This means that the flanges should have thicknesses of at least 19 mm in order to make the
bearing capacity of the bolts larger than the shear capacity. The splice plates should have a thickness
of at least 10 mm because each bolt divides its load to 2 splice plates. In the current design the
bearing capacity is never smaller than the shear capacity. In the new design smaller thicknesses are
used and in some cases the edge distance is smaller than the specified minimum edge distance of 45
mm. In these cases the bearing capacity has to be reduced. The minimum edge distance according to
NEN-EN 1993-1-8 3.5 is 1,2xdo. dy is the diameter of the holes. For bolts M27, M30 and M36 the
diameter of the holes is the bolt shaft diameter + 3 mm [17]. For M27 dg is 30 mm and the minimum
edge distance therefore becomes 36 mm. The smallest width used for the splice plates is 80 mm. The
edge distance therefore becomes 40 mm. The value of k; used in the calculation of the bearing
capacity is reduced from 2,500 to 2,033 effectively reducing the bearing capacity by almost 20%.

In some cases the connection can be loaded in tension and in compression. The use of bolts loaded in
shear in regular bolts would lead to a shift in displacement when the direction of the load changes.
It’s desirable for slip not to occur so the general detail cannot be used. Alternatives are fitted bolts,
injection bolts, prestressed bolts, the use of end plates with bolts loaded in tension or the use of
plates welded on site. In this case it was decided to use end plates (Figure 4-17) for economical
reasons.
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Figure 4-17: Splice with end plates for varying load directions

When a lot of bolts are required the length of the connection could become significant. According to
NEN-EN 1993-1-8 3.8 a reduction factor (B;) has to be applied to the shear capacity of the
connection when the center to center distance of the first and the last bolt in a row is greater than
15xd. For each bolt the maximum amount of bolts that can be applied in a row without the use of a
reduction factor is shown in Table 4-9.
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d pl 15xd Amount

[mm] [mm] [mm] of bolts
M27 27 90 405 5
M30 30 100 450 5
M36 36 120 540 5

Table 4-9: Maximum amount of bolts when no reduction factor is applied

For all sections at least 1 detail is designed and checked with the use of the Eurocode. In some cases
more than 1 detail has been made because of large differences in the occurring forces. An HEB220 is
for instance loaded with a force of 2893 kN (diagonal 1 truss 10) and another one is loaded with a
much smaller force of 871 kN (diagonal 3 truss 11). Because of these large possible differences
multiple details have been made to obtain an economical design.

Because only the flanges are connected the calculations have been based on flange forces. These
forces are based on the acting axial force and the minimum values according to NEN-EN 1993-1-8
6.2.7. This part of the Eurocode states that the splice should be able to transfer 25% of the bending
moment capacity in both directions, 25% of the axial force and 2,5% of the axial capacity as a shear
force in both directions. These forces do not have to be combined so they can be checked
separately. The axial force and bending moment in both directions all result in flange forces. By
checking the maximum flange force the connection is automatically checked for the acting normal
force and the minimum requirements for the bending moments. The resulting forces in each
component of the connection is described with the use of Figure 4-18 - Figure 4-20.
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Figure 4-18: Axial force (N) - force transfer

e -y Fs T2 —Fp
—»
—W

Ff T Fs

Figure 4-19: Bending moment (M,) - force transfer
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Figure 4-20: Bending moment (M,) — force transfer
In all situations the following is valid:

- F.=F/4 (Each flange is connected with 4 splice plates)
- Fo=Fi/2 (Each flange plate is connected with 2 splice plates)

The flange force (F;) can for each situation be calculated with:

- F=N/2 (Axial force N)
- F=My/z (Bending moment M, with z = h-ty)
- F=My/z (Bending moment M, with z = b/2) (F¢is divided over the two flanges)

With the use of these forces the required amount of bolts, size of the welds and the size of the
components can be calculated. The shear force requirement states that the connection should be
able to transfer 2,5% of the axial capacity. Because this force is relatively small compared to the axial
forces transferred it is assumed that all connections are able to transfer this shear force.

The flanges of the section and the splice plates are loaded in tension or compression. The flange
plates are loaded in shear. The flanges of the section are sometimes thickened with the use of cover
plates. The calculations of the capacities of the flanges and the splice plates have been made with
the use of NEN-EN 1993-1-1 6.2.3/6.2.4. The calculation of the capacities of the flange plates have
been made with the use of NEN-EN 1993-1-1 6.2.6. The capacity is checked for 3 different failure
modes and is explained with the use of Figure 4-21.

The force F can be a tensile or compressive

’j w force. The force is distributed over all the
bolts. Tearing of the bolt group is described
47 O O 'S with the first 2 modes. Mode 1 is the fracture

of the flange plate at the bolts, the capacity for

Mode 3/ Mode 2 this mode is a combination of axial capacity

and shear capacity. Mode 2 is also failure of

the plate at the bolts, the capacity for this
O O O O mode is determined with the shear capacity of
the net section at the bolts. Mode 3 is failure

Figure 4-21: Flange plate failure modes of the plate at the welds. The flange is not
weakened by bolt holes at this part but a
combination of shear and bending moment occurs. The bending moment is due to the eccentricity of
the bolted connection. The unity check is calculated with the use of the combined stress according to

NEN-EN 1993-1-16.2.1.
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The splices in the chords consist of 2 different splice plates. Because 2 sections are connected the
web can also be used. In these cases splice plates for the flanges and web are used. In these splices a
combination of axial force, shear force and bending moment occurs. The bending moment is
transferred with the use of the splice plates connecting the flanges in the same way as described
earlier. The shear force is transferred with the use of the splice plates connecting the web. The
remaining axial force is assumed to be divided over all the splice plates. It is assumed that the flanges
transfer 70% of the axial force and the web transfers 30% of the axial force.

The welds are of different types. The cover plates are connected to the flanges with the use of fillet
welds. The flange plates and gusset plates however are connected with the use of beveled welds. The
flange plates are connected with these welds because fillet welds would in some cases obstruct the
splice plates. The gusset plates are connected with these welds because fillet welds would become
too large (in rare cases fillet welds can be used). The cover plate should be able to reach its full
capacity at the position of the first bolt because the combined capacity of the flange and the cover
plate are required to resist the acting force. The welds and the cover plate should therefore be
designed to allow the full capacity to occur at this position (Figure 4-22). In the figure the top view of
a section with cover plates and the side view of only the flange and the cover plate is shown.
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Figure 4-22: Cover plate and active weld length

The welds between the first bolt and the end of the plate (over a length L) should be able to resist
this force. The calculation of the capacity of the weld is based on this part only. The cover plate is
also connected with a weld at the start of the cover plate. The resistance is based on the combined
resistance of the weld at the start of the cover plate and the welds at the sides (over a length L,.q).
This is based on the assumption that the end welds have enough deformation capacity [18]. Welds
with a throat thickness of 5 mm can be made with a single layer, therefore all cover plates are
welded with fillet welds with a throat thickness of 5 mm. The length of the cover plate is based on
the occurring force in the cover plate and the length of the side welds that is therefore required.

The splices of the individual members that are connected in a node are described with the use of
details. In Figure 4-14 the used details per member are shown. The drawings and the calculations of
the capacities of the details are shown in Appendix II.
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The thickness of the gusset plates can be dependent on different stresses: Axial stress of the entire
plate, shear stress at the welded connection to the chord, tearing of a certain splice and also shear
stress between two different splices. For each node the vertical and horizontal reaction forces on the
chords are known. These forces need to be transferred from the gusset plates to the chords. It is also
possible that the reaction forces are relatively small. This means that the forces from a
vertical/diagonal are transferred to another vertical/diagonal with the use of the gusset plate. With
the use of all known forces (reaction forces and axial forces in verticals and diagonals) the stresses in
different parts of the gusset plate can be calculated. The connections at the nodes where diagonals
are connected are made with the use of gusset plates. The node numbers are shown in Figure 4-23.

K9 K10 K11 K12 Ki3 K14 K15K16

K2 3 K4 K5 6 K7 K8

Figure 4-23: Node numbers truss 10

Gusset plates on the bottom chord are referred to as node 1-7, and on the top chord they are
referred to as node 9-15. The forces relevant for the gusset plates and for web stiffeners are shown
in Table 4-10. In this table different forces are shown. Rx and Rz are the horizontal and vertical forces
transferred from the gusset plates to the chords. ‘Support’ displays the support reactions and the
forces transferred from the columns above the truss to the chords. Rx, Rz and the forces in the
connected verticals and diagonals are relevant for the design of the gusset plates. The support forces
and the forces in the verticals connected with end plates are relevant for the design of web

stiffeners.
Node Members Rx Rz Support
[kN] [kN] [kN]
Node1l |S1,S8 -1011 -3426 4227
Node 3 |[S3,S9,S10 9949 253 N/A
Node 4 |S4 N/A N/A 16151
Node5 |S5,S11 -3871 339 N/A
Node 6 |S6,S12,S13 | -6863 1153 N/A
Node9 |S1 N/A N/A 1102
Node 10 |S2, S8, S9 -7279 1540 953
Node 11 |S3 N/A N/A 961
Node 12 |S4,S10,S11 || -934 543 N/A
Node 13 |S5, S12 5533 990 577
Node 14 |S6 N/A N/A 131
Node 15 |S7,S13 1509 556 96

Table 4-10: Forces relevant for gusset plates and web stiffeners
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The calculation of the required thickness is based on multiple cross-sections of the gusset plates.

These cross-sections are displayed in Figure 4-24.

Mode 23

Mode 2

Mode 1

Figure 4-24: Gusset plate failure modes

Mode 1 is local failure of the gusset plate at
the connections of the diagonals. The
capacity for this mode is the axial capacity of
the cross-section. Mode 2 is a combination of
shear and axial capacity. The resistance of the
shear area is calculated first. For mode 3 a
combination of axial force, shear force and
bending moment has to be transferred. The
axial and shear force are based on the
reaction forces (Rx and Rz). The bending
moment is based on the eccentricity of the
center of the cross-section of the gusset plate
at the connection to the chord as opposed to
the center of the connection.

The eccentricity in horizontal direction is the distance between the center of the cross-section of the

gusset plate and the axis of the connected vertical. The eccentricity in vertical direction is equal to

half the beam height. For mode 3 all forces result in a combined stress which has been checked with
the use of NEN-EN 1993-1-1 6.2.1. The flange plates stiffen the gusset plate, therefore it is assumed
that (local) buckling will not occur before the yield stress has been reached.

Web stiffeners are sometimes required when large forces are applied at a certain point: Support

reactions for example. The support forces mentioned earlier are all local forces. They are all modeled

as point loads acting on the chords. If the forces are too high the web will yield. The web is encased

in concrete so buckling of the web is not an issue. The effective width is shown in Figure 4-25.

The force can be distributed over an angle of 45°. If

i A

the end plate is long enough (distance between the
end of the plate and the flange is at least the
thickness of the end plate) the effective width is the
column height + two times the end plate thickness +
two times the flange thickness of the chord. If web
stiffeners are required it is assumed that the entire

- ~ support force is transferred through these stiffeners.

The axial force resisting cross-section is than equal
s to two times the width of the chord times the

thickness of the stiffeners.

Figure 4-25: Effective width of the web (compression)
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The required plates to make the splices in the current design are shown in Table 4-11.

Section | Cover plates | Splice plates | Flange plates
Ixwxt Ixwxt Ixwxt
Top chord HD400x382 Flange 1290x170x40 Flange
Top chord HD400x382 Web N/A Web
Bottom chord ||HD400x677 Flange 1390x170x40 Flange
Bottom chord ||HD400x677 Web 1030x230x50 Web
Diagonal 1 HEB280 N/A N/A N/A
Diagonal 2 HD400x463 N/A 1050x170x20 | 520x190x30
Diagonal 3 HD400x287 N/A 1090x170x25| 540x185x30
Diagonal 4 HD400x287 N/A 1090x170x25 | 540x185x30
Diagonal 5 HD400x216 | 820x370x8 | 1090x160x25| 540x170x25
Diagonal 6 HEM260 N/A 430x100x10 | 210x125x30
Vertical 1 HEB280 N/A 610x110x10 | 300x130x20
Vertical 2 HEB280 N/A 430x110x10 | 210x130x25
Vertical 3 HEB280 N/A 430x110x10 | 210x130x25
Vertical 4 HD400x509 N/A 1770x170x35| 880x185x60
Vertical 5 HD400x287 N/A 890x170x15 | 440x185x30
Vertical 6 HEB280 N/A 430x110x10 | 210x130x25
Vertical 7 HEB280 N/A 430x110x10 | 210x130x25

Table 4-11: Required cover-, splice-, and flange plates current design ($355)

Even though fairly low unity checks were used in the current design, still some of the members have
to be thickened. In this truss only diagonal 5 has to be stiffened. Its unity check is 0,76 based on the
plastic capacity of the member. It is clearly visible that bolted connections significantly reduce the
effectiveness of certain sections. The length of the cover plate is determined by the capacity of the
weld. The cover plates are usually thin (about 10mm) so large fillet welds cannot be used. Instead all
cover plates are welded with fillet welds with a throat thickness of 5 mm.

The required plates in the new design are shown in Table 4-12. It is visible that more cover plates are
required. This is because of the higher unity checks and the lower f,/f, ratio. In all of the cases the
length of the cover plates is determined by the weld capacity and in all cases fillet welds are used
with a throat thickness of 5 mm. 5 mm is chosen because only 1 layer has to be welded. When the
plate has a thickness lower than 7 mm welds with a throat thickness of 4mm have to be used
because 5mm would be too large (in this case all cover plates are at least 12 mm thick). The splice
and flange plates of the current and the new design have the same length. This makes sense because
the length is determined by the amount of bolts used which is the same for both designs. The width
and thickness of these plates however are usually smaller in the new design. This is mainly noticeable
when looking at the flange plates. Higher savings are expected in these plates because the capacity is
mainly based on the yield strength. The capacity of the splice plates is based on the tensile strength
which makes large savings less likely. In some cases the plates in the new design are even thicker.
This is because the used sections are smaller which decreases the available width for the splice
plates.
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Section Cover plates | Splice plates | Flange plates
Ixwxt Ixwxt Ixwxt
Top chord HD400x216 Flange 890x170x20 Flange
Top chord HD400x216 Web 710x240x20 Web
Bottom chord ||HD400x382 Flange 1390x170x25 Flange
Bottom chord ||HD400x382 Web 1030x240x30 Web
Diagonal 1 HEB220 N/A N/A N/A
Diagonal 2 HD400x187 N/A 1090x170x15 | 540x185x20
Diagonal 3 HD400x187 | 1040x370x12 | 1090x160x25 | 540x175x25
Diagonal 4 HD400x187 | 1040x370x12 | 1090x160x25 | 540x175x25
Diagonal 5 HD400x187 | 1040x370x12 | 1090x160x25 | 540x175x25
Diagonal 6 HEB260 N/A 430x100x10 | 210x125x20
Vertical 1 HEB220 N/A 610x80x10 | 300x105x15
Vertical 2 HEB220 N/A 430x80x15 | 210x105x20
Vertical 3 HEB220 N/A 430x80x15 | 210x105x20
Vertical 4 HD400x382 N/A 1770x170x25 | 880x190x40
Vertical 5 HD360x147 N/A 970x160x15 | 480x175x20
Vertical 6 HEB220 N/A 430x80x15 | 210x105x20
Vertical 7 HEB220 N/A 430x80x15 | 210x105x20

Table 4-12: Required cover-, splice- and flange plates new design (S460)

The reduced sizes required in the new design results in some weight saving. This saving is mainly due
to the reduction in size of the flange plates. The total weight of the cover-, splice- and flange plates
and the corresponding saving is shown in Table 4-13. The weight is based on the dimensions of the
plates, the amount of plates per section and the unit weight of steel. If cover plates are required 4 of
them will be required for the entire section (2 sides and 2 flanges per side). In all cases 16 splice
plates are required (4 splice plates per flange), this is not valid for the splice plates connecting the
flanges in the chords (8 splice plates are used for the chords). The splice plates connecting the webs
of the chords require a different amount of plates. 2 plates per splice are required. The flange plates
are only applied for the verticals and diagonals. For each splice 4 flange plates are required so 8 in
total per section (2 splices per section).

Weight [kg] Saving
Current New [%]
Cover plates 76,2 435,0 570,9
Splice plates 5659,8 4504,6 20,4
Flange plates 1743,4 988,4 43,3
Total 7479,0 6028,0 19,4

Table 4-13: Total weight and weight saving cover-, splice- and flange plates

The total weight of the plates required for the splices is for both designs more than 10% of the
weight of all sections. This is mainly due to the long connections that are required. In the column
‘saving’ the percentage of the cover plates is displayed in red. This is because the weight of the cover
plates in the new design is larger than the weight in the current design. The percentage displays how
much more weight is used in the new design to strengthen the sections. This percentage is really high
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(over 6 times more weight required in this case) but the weight is still relatively small compared to
the other components. The saving for the splice plates is surprisingly high. The saving is twice as high
as the expected saving of 9,3%. In some cases the splice plates weigh more in the new design and in
some cases they weigh much less. This difference is mainly caused by the difference in acting force
and the difference in used section. As mentioned earlier the splices should be designed for the acting
force but also for the minimum requirements. In the new design these minimum requirements are
never governing for the design of the cover-, splice- and flange plates. In the current design however
these minimum requirements are larger because larger sections are used and in some cases they are
governing. Because of this the difference in force increases which results in larger savings. The saving
in the flange plates is also larger than expected but this can be explained by the smaller width of the
plates. Because smaller sections are used the width of the flange plates can also be smaller. The
design of the flange plate is as stated earlier primarily governed by the shear capacity of the plate.
The shear capacity is not dependent on the width of the plate so therefore the width can be reduced
without the need to use thicker plates. The use of the steel grade S460 enables not only a reduction
in thickness but also a reduction of the width. This combination leads to savings greater than the
expected value of 23%.

The total weight saving is in this case 19,4%. The saving is primarily influenced by the used splice
plates because their weight is relatively large compared to the combined weight of the other plates.
The relative weight of the plates compared to the weight of the sections is larger in the new design.
This is because cover plates are required more often and the splice plates are relatively heavier
because of the lower f,/f, ratio.

The required sizes of the gusset plates and stiffeners in the current design and new design are shown
in Table 4-14. The length corresponds to the length of the connection of the plates to the chords. The
height is not the actual height of the plate but it is used to estimate the surface area of the plate.
With this surface area and the given thickness the weight of the gusset plates are estimated. The
weight is important for the calculation of the material saving. In all cases the length of the gusset
plates are slightly reduced when using S460. This is because smaller sections are connected. The
thickness is sometimes smaller and sometimes unchanged. This is mainly because of the governing
failure mode. When fracture of a certain cross-section is governing the expected saving is only 9,3%.
Because of the decreased size of the gusset plate the governing cross-section will be smaller so the
thickness cannot be reduced when fracture is the governing failure mode.

The dimensions of the stiffeners correspond to a single stiffener. When stiffeners are required 4 of
them are required (2 per flange). The stiffeners are welded to the beam on all sides. Generally more
stiffeners are required when higher strength steel is used. This makes sense because the used
sections are smaller but the support reactions are unchanged. The height and width of the stiffeners
is in all cases the same because HD400 sections are used. HD400 sections all have the same distance
between the flanges (h,) and the length of the flanges between the radius and the edge (c) is also
the same.
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Gusset Stiffeners Gusset Stiffeners

plates plates

Ixhxt hxwxt Ixhxt hxwxt
Node 1 800x350x25 N/A Node 1 750x350x25 N/A
Node 2 N/A N/A Node 2 N/A N/A
Node 3 1200x850x50 N/A Node 3 1200x850x50 N/A
Node 4 N/A 320x190x60 Node 4 N/A 320x190x50
Node 5 750x1200x50 N/A Node 5 700%x1200x35 N/A
Node 6 1200x500x50 N/A Node 6 1200x500x35 N/A
Node 7 N/A N/A Node 7 N/A N/A
Node 9 N/A N/A Node 9 N/A N/A
Node 10 1250x600x50 N/A Node 10 1150x600x35 N/A
Node 11 N/A N/A Node 11 N/A N/A
Node 12 900x1350x50 N/A Node 12 900x1350x40 N/A
Node 13 900x700x50 N/A Node 13 900x700x35 N/A
Node 14 N/A N/A Node 14 N/A N/A
Node 15 700x400x20 N/A Node 15 700x400x15 N/A

Table 4-14: Required gusset plates and stiffeners current (left) and new design (right)

The total weight and weight saving for the gusset plates and stiffeners is shown in Table 4-15.

Weight [kg] Saving
Current New [%]
Gusset plates 2106,5 1624,7 22,9
Stiffeners 114,5 95,5 16,7
Total 2221,1 1720,1 22,6

Table 4-15: Total weight and weight saving gusset plates and stiffeners

The saving of the gusset plates is partly due to the reduced length of some of the plates. The length is
in some cases reduced by about 10% which is explained by the use of smaller sections. An HEB280 is
for instance exchanged for an HEB220. The height of the section is therefore reduced by 60 mm
which reduces the required length of the plate. The thickness is also of influence on the total weight
saving. In some case the thickness has been reduced a lot. This is because in the current design the
gusset plates usually have a thickness of about 50 mm. This results in the use of a lower yield and
tensile strength of the plate which increases the weight reduction. Because the chords are encased in
concrete more stiffeners are not required in the new design. The thickness can even be reduced due
to the higher strength of the material. Normally one would expect an increase in the use of
stiffeners. This would be true if the chords were not encased in concrete. In that case local buckling
of the web would increase the need for stiffeners.

Due to favorable circumstances the weight saving is higher than expected. A larger saving for the
gusset plates is obtained because the difference in yield and tensile strength has become larger due
to the thick gusset plates used in the current design. The weight of the gusset plates is relatively large
which results in a weight saving of 22,6% for both the gusset plates and the stiffeners.
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4.2.2 Truss11

Truss 11 is a simply supported truss adjacent to truss 10. It is located on the 11" axis of the grid.
Because the truss is positioned close to truss 10 the loads are about the same. Because an inward
support is not present additional verticals and diagonals are not required and the spacing of 8,1 m
can be maintained. In this case 6 verticals and 5 diagonals are required to transfer the forces to the
supports. The span of the truss is 40,5 m (Figure 4-6). Element numbers and dimensions used in the
model are displayed in Figure 4-26. Again the verticals and diagonals are described from left to right.
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Figure 4-26: Element numbers and dimensions truss 11

4.2.2.1 Sections

In the current design the sections used for the top and bottom chords are exactly the same as the
ones used in truss 10. The difference between these trusses is that the top chord in this case is the
compressed member instead of the bottom chord. The truss is simply supported at its ends so L., is
equal to the length between the supports (40,5 m). The allowable deflections in this case are Ugng =
162 mm and u,gq = 121,5 mm. The camber applied to counteract the permanent deflection is 50 mm.
The provided camber is less than the camber used in truss 10. This indicates that the truss deflects
less than truss 10 which means that strength will again be the governing factor in the determination
of the required cross-sections. The additional deflection caused by the variable loads is 16,9 mm. This
value is well below the allowed deflection of 121,5 mm. The local deflection is again limited by Uenq =
32,4 mm.

The sections in the new design are again based on a HEB220 being the smallest section. The
calculations do not differ from the ones used when calculating the relevant unity checks in truss 10.
The required forces are shown in (Figure 4-27 - Figure 4-29). From the figures it is visible that the
critical cross-section is located just to the right of vertical 2. All the forces are critical in this position.
The buckling lengths are the same for the entire top chord. This also applies to the bottom chord.
The location of the critical cross-section of the bottom chord is just to the left of vertical 5. In this
position a combination of a high tensile force in combination with a high bending moment occurs.
This leads to the governing combination of this section.
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Figure 4-27: Normal force truss 11
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Figure 4-28: Shear force truss 11
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29: Bending moment truss 11

Figure 4

The forces used to determine the required cross-sections are shown in Table 4-16.
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Nmin Nmax Nmin Nmax

[kN] [kN] [kN] [kN]
Vertical 1 -2461| -1211 Diagonal 1 -10239 -6646
Vertical 2 347 1117 Diagonal 2 2581 4708
Vertical 3 -2126| -1068 Diagonal 3 -81 869
Vertical 4 269 962 Diagonal 4 -5345 -3089
Vertical 5 -1635 -595 Diagonal 5 5778 9297
Vertical 6 -7357| -4755

N Vz My

[kN] [kN] [kNm]
Top chord -10525 641 1048
Bottom chord 9929 314 444

Table 4-16: Forces in current design

Again after the new sections had been entered and the acting forces in each member of the truss
were recalculated there appeared to be differences in the acting forces (Table 4-17). All forces
appear to be decreased slightly which can be related to the decrease in self weight of the truss. This
truss also has 1 member which can be loaded in either tension or compression (diagonal 3).

Nmin Nmax Nmin Nmax

[kN] [KN] [kN] [kN]
Vertical 1 -2375| -1119 Diagonal 1 -9779 -6248
Vertical 2 322 1081 Diagonal 2 2467 4595
Vertical 3 -2079| -1016 Diagonal 3 -69 871
Vertical 4 252 933 Diagonal 4 -5100 -2884
Vertical 5 -1609 -574 Diagonal 5 5484 8962
Vertical 6 -7111| -4529

N Vz My

[kN] [kN] [kNm]
Top chord -10071 593 926
Bottom chord 9675 304 456

Table 4-17: Forces in new design

The calculations are similar to the ones used to calculate the unity checks of truss 10. Buckling
lengths are exactly the same, the only thing different is the used sections and the forces. The
calculations of the unity checks are shown in Appendix I.

The described sections (Table 4-19) all fulfill the strength requirements written in the Eurocode. The
deflection should also be smaller than the described limits. The deflection is shown in Figure 4-30.
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Figure 4-30: Deflection truss 11

The final deflection (ueng) is 101,0 mm. The deflection is within the limits so it is not required to use a
camber. The deflection caused by the permanent loads is 80,0 mm. The entire permanent deflection
can be compensated by applying a camber of 80 mm. Again the additional deflection is the governing
factor for the global deflection check. The additional deflection is 21,0 mm, this is well below the
limit of 120 mm. The local deflection is checked by using relative displacements (Figure 4-31).
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Figure 4-31: Relative displacement truss 11

The maximum relative displacement is 16,5 mm. This is smaller than the limit of 32,4 mm so the local
stiffness requirement is met. The truss is stiff enough to limit the global and local deflections.

The rotations are again based on the conservative approach of adding the unity checks for both the
global and local deflection. In this case this would lead to an accurate unity check because the
maximum rotations due to global and local deflections are at the supports. The unity check is 21/120
+16,5/32,4 = 0,68. In this case the unity check is far less than the one calculated for truss 10 (0,89).
This is because in truss 10 the maximum rotations do not occur at the same position which leads to a
unity check that is larger than the actual value. If the stiffness would become governing additional
calculations could be made to prove that the rotations are within the limits (if that is indeed the
case).

The used sections in the current design are displayed in Table 4-18. The modified weight is used to
take account of the difference in unity checks as described earlier. The unity checks are again based
on the TGB.
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Weight [kg] 62904,5 S355
Section Length Weight Unity Weight [kg]

[m] [kg/m] Check Direct | Modified
Top chord HD400x677 41,9 677,8 0,85| 28399,8| 24139,8
Bottom chord || HD400x384 41,9 382,4 0,72 16022,6| 11536,2
Diagonal 1 HD400x463 10,706 462,8 0,81 4954,7 4013,3
Diagonal 2 HEB360 10,706 141,8 0,72 1518,1 1093,0
Diagonal 3 HEB260 10,706 92,9 0,2 994,6 198,9
Diagonal 4 HD400x216 10,706 216,3 0,73 2315,7 1690,5
Diagonal 5 HD400x287 10,706 287,5 0,73 3078,0 2246,9
Vertical 1 HEB280 7 103,1 0,83 721,7 599,0
Vertical 2 HEB280 7 103,1 0,24 721,7 173,2
Vertical 3 HEB280 7 103,1 0,66 721,7 476,3
Vertical 4 HEB280 7 103,1 0,2 721,7 144,3
Vertical 5 HEB280 7 103,1 0,46 721,7 332,0
Vertical 6 HD400x287 7 287,5 0,7 2012,5 1408,8
Modified weight [kg] 48052,4
Average unity 0,76

Table 4-18: Used sections current design ($355)
Weight [kg] 39378,1 S460
Section Length Weight Unity Weight [kg]

[m] [kg/m] Check Direct | Modified
Top chord HD400x421 41,9 421,6 0,84 17665,0| 14838,6
Bottom chord || HD400x216 41,9 216,3 0,98 9063,0 8881,7
Diagonal 1 HD400x287 10,706 287,5 0,94 3078,0 2893,3
Diagonal 2 HEB280 10,706 103,1 0,77 1103,8 849,9
Diagonal 3 HEB220 10,706 71,5 0,21 765,5 160,8
Diagonal 4 HD360x147 10,706 147,5 0,77 1579,1 1215,9
Diagonal 5 HD400x216 10,706 216,3 0,74 2315,7 1713,6
Vertical 1 HEB220 7 71,5 0,99 500,5 495,5
Vertical 2 HEB220 7 71,5 0,29 500,5 145,1
Vertical 3 HEB220 7 71,5 0,76 500,5 380,4
Vertical 4 HEB220 7 71,5 0,22 500,5 110,1
Vertical 5 HEB220 7 71,5 0,54 500,5 270,3
Vertical 6 HD400x187 7 186,5 0,8 1305,5 1044,4
Modified weight [kg] 32999,7
Average unity 0,84

Table 4-19: Used sections new design (S460)
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The used sections in the new design are displayed in Table 4-19. The final savings have been
calculated for each individual element to display individual differences if they are present. The
savings are displayed in Table 4-20.

Direct saving [%]: 37,4
Saving [%]

Direct | Modified
Top chord 37,8 38,5
Bottom chord 43,4 23,0
Diagonal 1 37,9 27,9
Diagonal 2 27,3 22,2
Diagonal 3 23,0 19,2
Diagonal 4 31,8 28,1
Diagonal 5 24,8 23,7
Vertical 1 30,6 17,3
Vertical 2 30,6 16,2
Vertical 3 30,6 20,1
Vertical 4 30,6 23,7
Vertical 5 30,6 18,6
Vertical 6 35,1 25,9
Modified saving [%]: 31,3

Table 4-20: Weight saving

The modified saving is 31,3% in this case. This is about the same as the modified saving in truss 10.
The high saving in truss 10 was explained by the decrease in bending moment at the inward support.
In this case it can be explained by the yield strength and imperfection parameters used in the
calculations of the unity checks. The top chord is of big influence on the total modified saving
because of the large weight it has. The modified saving for the top chord is 38,5% which is very high.
In the current design the top chord is an HD400x677 section with a flange thickness of 81,5 mm.
Because of this thickness the yield strength must be reduced to 335 N/mm?2, which in its turn
increases the expected saving to 27,2% because the yield strength of HISTAR460 does not have to be
reduced. In the TGB (The used Dutch code in the design) buckling curve d is used for both axis in case
the flange thickness is larger than 80 mm. In the Eurocode buckling curve d is used when the flange
thickness is larger than 100 mm. In this case the modified saving will be larger when the TGB is used.
This is mainly because the unity check in the TGB is partly dependent on the imperfection parameter
e*. This parameter is linearly dependent on the value of the imperfection factor (ag, a, b, c and d). In
the new design the imperfection factor is 0,21 (a), while the value of the imperfection factor d is
0,76. Because of this the imperfection parameter e* is about 3 times larger in the current design
which significantly increases the value of the unity check. The given value for the weight saving is
therefore an overestimate because with the current rules a more favorable buckling curve may have
been chosen for the section in the current design.

Except for the top chord all the elements appear to have a modified saving averaging to about 23%.
The saving is as expected but the influence of the change in acting forces has not yet been looked at.
This change is displayed in Table 4-21. The bold values indicate the difference between the governing
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forces used in the calculations. In some cases this difference is negative indicating that the use of
higher strength steel resulted in larger forces in these elements.

Difference Saving

[%] [%]
Vertical 1 3,5 14,3
Vertical 2 3,2 13,4
Vertical 3 2,2 18,3
Vertical 4 3,0 21,3
Vertical 5 1,6 17,3
Vertical 6 3,3 23,3
Diagonal 1 4,5 27,9
Diagonal 2 2,4 22,2
Diagonal 3 -0,2 19,2
Diagonal 4 4,6 28,1
Diagonal 5 3,6 23,7

Table 4-21: Difference in force and recalculated modified saving

By using these differences in acting forces the modified weights are recalculated for the verticals and
diagonals. Now the weight saving is shown if the forces would be exactly the same. These savings are
shown in Table 4-21. The average saving for the verticals is 18,0%. This is 5% less than expected but
that is due to the greater sensitivity to buckling. The average saving for the diagonals is 24,2%. This
average is higher than expected but that is because large sections are used in the current design
some of them having flange thicknesses of more than 40 mm. Because of the thick flanges the yield
strength is reduced to 335 N/mm? therefore increasing the saving.

Again the saving which included the difference in force is not considered in the cost saving. The cost
saving for material is based on the modified saving in weight.

4.2.2.2 Connections

The connections in truss 11 are similar to the ones used in truss 10. Because of the use of a warren
truss the amount of connections which require a gusset plate stays limited. Relatively more
connections with end plates are used which reduces the fabrication and assembly costs

The calculations of the resistances of the connections are shown in Appendix Il. The locations of the
splices are shown in Figure 4-32.
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Figure 4-32: Splice locations and details
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With the method described earlier the required cross-sections for all the components of the
connections have been determined. The plates required for the connections in the current design are
shown in Table 4-22.

Section | Cover plates | Splice plates | Flange plates
Ixwxt Ixwxt Ixwxt
Top chord HD400x677 Flange 1290x170x25 Flange
Top chord HD400x677 Web 870x240x25 Web
Bottom chord ||HD400x382 Flange 1050x170x25 Flange
Bottom chord | HD400x382 Web 870x240x25 Web
Diagonal 1 HD400x463 N/A 1290x170x25 | 640x190x30
Diagonal 2 HEB360 580x280x8 | 790x110x25 | 390x130x25
Diagonal 3 HEB260 N/A N/A N/A
Diagonal 4 HD400x216 N/A 890x170x15 | 440x180x25
Diagonal 5 HD400x287 | 830x380x8 | 1090x160x30 | 540x175x35
Vertical 1 HEB280 N/A 430x110x10 | 210x130x25
Vertical 2 HEB280 N/A 430x110x10 | 210x130x25
Vertical 3 HEB280 N/A 430x110x10 | 210x130x25
Vertical 4 HEB280 N/A 430x110x10 | 210x130x25
Vertical 5 HEB280 N/A 430x110x10 | 210x130x25
Vertical 6 HD400x287 N/A 1090x170x25 | 540x185x30

Table 4-22: Required cover-, splice- and flange plates current design (S355)

Also in this case when relatively low unity checks resulted from the section checks (diagonal 2 0,72
and diagonal 5 0,73) the sections still need to be thickened. Because of the use of gusset plates the
effectiveness of the sections (loaded in tension) decreases significantly which is independent of the
steel grade used. The effectiveness is dependent on the width and thickness of the flanges because
the force is not assumed to be transferred through the web at the location of the bolts, therefore the
cross-sectional area of the net section is much smaller than the total cross-sectional area of the
section. The HEB360 for example has a cross-sectional area of 18060 mm?, a width of 300 mm and a
flange thickness of 22,5 mm. The section is connected with M27 bolts so the effective width of the
flanges is 300-2x30 = 240 mm. The effective area of the 2 flanges is 2x240x22,5 = 10800 mm?. The
effective area is only 60% of the total cross-sectional area of the section which is why the section
needs to be thickened at the connections. The height of an HEB360 is 360 mm which makes the
height/width ratio 1,2. The smaller sections (HEB300 and smaller) all have an height/weight ratio of
1,0. For these sections the effective area will be relatively larger therefore reducing the need for
thickeners. This is also valid for the smaller HD sections (HD400x187-HD400x382). The flange
thickness/web thickness ratio is also of influence on the effective area. When the thickness of the
flange (t;) is relatively large the effective area will be relatively large as well. For these kind of
connections it is therefore favorable to use sections with a small h/b ratio and a large t;/t,, ratio. The
smaller HD sections mentioned earlier for example have an h/b ratio of about 1,0 and an t;/t,, ratio of
about 1,6. Larger sections have more unfavorable ratio’s which leads to a smaller effectiveness for
these sections when loaded in tension.

The plates required for the new design are shown in Table 4-23.
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Section | Cover plates | Splice plates | Flange plates
Ixwxt Ixwxt Ixwxt
Top chord HD400x421 Flange 1290x170x20 Flange
Top chord HD400x421 Web 870x240x20 Web
Bottom chord | HD400x216 | 900x370x10 | 1050x160x25 Flange
Bottom chord | HD400x216| 605x240x8 | 870x240x25 Web
Diagonal 1 HD400x287 N/A 1050x170x20| 520x185x30
Diagonal 2 HEB280 650x260x10 | 790x100x25 | 390x125x20
Diagonal 3 HEB220 N/A N/A N/A
Diagonal 4 HD360x147 N/A 790x160x10 | 390x175x20
Diagonal 5 HD400x216 | 900x370x10 | 1050x160x25 | 520x175x25
Vertical 1 HEB220 N/A 610x80x10 | 300x105x15
Vertical 2 HEB220 N/A 430x80x15 | 210x105x20
Vertical 3 HEB220 N/A 610x80x10 | 300x105x15
Vertical 4 HEB220 N/A 430x80x15 | 210x105x20
Vertical 5 HEB220 N/A 430x80x15 | 210x105x20
Vertical 6 HD400x187 N/A 1090x170x25 | 540x185x20

Table 4-23: Required cover-, splice- and flange plates new design (S460)

It is visible that cover plates are required for the bottom chord. This is because the tension in this
chord is larger than the tension in the top chord of truss 10. Because of this high tension the net
section is too small to be able to resist the load. The calculation of the resistance has been split in a
flange part and a part for the web. For both the flanges and the web cover plates are required.
Although 4 cover plates have to be welded for each side of the connections it will definitely be a
more economical solution than upsizing the component because the total length is over 40 meters.
The same amount of cover plates are required in both designs for the verticals and diagonals. In the
new design however these plates are thicker and longer. It was expected that cover plates are more
often required when stronger steel grades are used. In this case this statement is also valid but it
means that more material needs to be added to provide the load bearing capacity. The increased
thickness implies that the cover plates have to transfer a relatively larger part of the load. This is
confirmed by the length of the plate because longer welds are required to transfer the loads to the
cover plates.

The weight saving is shown in Table 4-24.

Weight [kg] Saving
Current New [%]
Cover plates 120,0 298,7 248,8
Splice plates 4359,5 3655,0 16,2
Flange plates 1043,3 723,3 30,7
Total 5522,8 4677,0 15,3

Table 4-24: Total weight and weight saving cover-, splice- and flange plates

Again the weight saving for the flange plates is substantial. The total saving however is much lower.
This is mainly because cover plates are also required in the bottom chord for the new design which in
turn will increase the fabrication costs of the truss.
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The connections at the nodes where diagonals are connected are made with the use of gusset plates.
The node numbers are shown in Figure 4-33.

X3 L) KRD K1l K12 KLY K14

L] L y Kd WS L T

Figure 4-33: Node numbers truss 11

Gusset plates on the bottom chord are referred to as node 1-6, and on the top chord they are
referred to as node 8-13. The forces relevant for the gusset plates and for web stiffeners are shown
in Table 4-25. In this table different forces are shown. Rx and Rz are the horizontal and vertical forces
transferred from the gusset plates to the chords. ‘Support’ displays the support reactions and the
forces transferred from the columns above the truss to the chords. Rx, Rz and the forces in the
connected verticals and diagonals are relevant for the design of the gusset plates. The support forces
and the forces in the verticals connected with end plates are relevant for the design of web

stiffeners.
Node Members Rx Rz Support
[kN] [kN] [kN]
Node 1l |S1,S7 7317 8811 9543
Node 3 |S3, S8, S9 2899 -434 N/A
Node5 |S5,S10,S11 | -10094 | -528 N/A
Node 6 |S6 N/A N/A 7608
Node8 |S1 N/A N/A 900
Node9 |[S2,S7,S8 -10437 -990 875
Node 10 |S3 N/A N/A 773
Node 11 |S4,S9, S10 3840 -1030 471
Node 12 |S5 N/A N/A 145
Node 13 |S6, S11 -6639 497 203

Table 4-25: Forces relevant for gusset plates and web stiffeners

The required sizes of the gusset plates and stiffeners in the current design and new design are shown
in Table 4-26. In both cases stiffeners are required at the supports. This is because the weaker chord
(the chord in tension) is the bottom chord. Because the truss is simply supported at the ends of the
truss the load is more evenly distributed over the supports which results in large forces at both
supports.
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Gusset Stiffeners Gusset Stiffeners

plates plates

Ixhxt hxwxt Ixhxt hxwxt
Node 1 1000x500x60 | 320x190x30 Node 1 1000x500x55 | 320x190x35
Node 2 N/A N/A Node 2 N/A N/A
Node 3 1100x450x30 N/A Node 3 1100x450x25 N/A
Node 4 N/A N/A Node 4 N/A N/A
Node 5 1250x600x50 N/A Node 5 1250x600x40 N/A
Node 6 N/A 320x190x25 Node 6 N/A 320x190x30
Node 8 N/A N/A Node 8 N/A N/A
Node 9 1400x600x50 N/A Node 9 1250x600x40 N/A
Node 10 N/A N/A Node 10 N/A N/A
Node 11 1200x450x30 N/A Node 11 1200x450x25 N/A
Node 12 N/A N/A Node 12 N/A N/A
Node 13 900x750x60 N/A Node 13 900x750x40 N/A

Table 4-26: Required gusset plates and stiffeners current (left) and new design (right)

The total weight and weight saving for the gusset plates and stiffeners is shown in Table 4-27.

Weight [kg] Saving
Current New [%]
Gusset plates 1421,2 1101,9 22,5
Stiffeners 124,1 105,0 15,4
Total 1545,3 1206,9 21,9

Table 4-27: Total weight and weight saving gusset plates and stiffeners

The weight reduction for all the required plates is quite substantial, but in some cases additional
plates (cover plates) are required for the sections to be able to resist the loads. The thickness of
gusset plates can in some cases significantly be reduced which allows easier connection of small and
large sections in a single node.

4.3 Costsaving

The cost saving can be divided in 4 parts. The material cost saving can be related to the weight
saving, however the use of heavy sections results in an increase in €/t which could increase the cost
saving. It is expected that the fabrication of beams and connections in S460 results in higher costs
per ton steel. This is because of the reduced machinability of this steel grade. The required materials
however are decreased in size compared to the ones required in the current design (S355). This
means that smaller sections have to be sawn and drills have to go through a smaller thickness. The
transportation costs are dependent on the total weight that needs transportation and the size of
structural components. In this case the trusses are assembled on site so the trucks are loaded to their
full capacity. When higher strength steel is used the total weight decreases thus decreasing the
transportation costs. Cost saving for the assembly is not expected to be high. The connections still
require the same amount of bolts so the amount of hours necessary to assemble the trusses do not
change. It is possible to use a different crane with a smaller capacity because of the decreased
weight.
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4.3.1 Material

The material costs are calculated by using Table 3-4. The actual weight has to be used to calculate
the costs so the modified weights cannot be used. This would lead to an overestimate of the cost
saving because the unity checks in the current design are lower than the ones in the new design. The
connections are designed by using high unity checks just like the sections in the new design.
Therefore the weight of the members in the new design are not modified. The weight of the
members in the current design are scaled by using the values of their unity checks and the values of
the unity checks of the corresponding members in the new design. The weight of the members are
multiplied with the value of their unity checks and divided by the unity checks in the corresponding
members. This basically means that the modified weight of the current design is divided by the unity
checks in the new design. This results in an approximation of the required weight of the members in
the current design that would lead to the same unity checks as the members in the new design. The
unity checks calculated by using the TGB are again used except for the chords in both trusses. In
these trusses the sections HD400x677 and HD400x382 are used in the current design. As stated
earlier the TGB uses different imperfection factors and formulas than the Eurocode which resulted in
larger savings. For these chords the unity checks in the current design are recalculated by using the
Eurocode and compared to the ones calculated in the new design. For the other members the unity
checks are not altered because in these cases the TGB and the Eurocode use the same values and
formulas.

The bottom chord in truss 10 results in a modified saving of 38,1% (Table 4-5). The unity checks of
the bottom chords in the current design and the new design were 0,83 (current design) and 0,91
(new design) (Table 4-3 and Table 4-4). The Eurocode results in a unity check of 0,84 for the current
design and 0,91 for the new design. The unity check in the current design has increased more so the
modified weight saving is slightly underestimated. By using the new unity checks the modified saving
turns out to be 38,9%, this is slightly more than the earlier calculated saving. The saving is high but
this was already explained by the reduced stiffness of the section. The modified saving for truss 11
was 28,1%. In this case the Eurocode also results in different unity checks. In the current design the
unity check is 0,74 according to the TGB, when using the Eurocode however the unity check would be
0,59 which is significantly smaller. The unity check for the top chord in the new design also decreases
(from 0,94 to 0,89). The value for the current design has decreased much more which would
decrease the modified saving. The modified saving is in this case 14,7% which is 13,4% smaller than
the previously calculated value.

The top chord in truss 11 results in a modified saving of 38,5% (Table 4-20). This is much higher than
expected because the reduced stiffness did not have that much of an effect on the acting forces. The
axial force in the compressed chords of truss 10 and 11 are about the same, the bending moment
however is smaller in the top chord of truss 11. Still the unity check is relatively high. This is because
buckling is a more important factor in the top chord of truss 11. The top chord has a buckling length
of 8100mm while the critical cross-section in the bottom chord of truss 10 has a buckling length of
4100mm. Because of the lower buckling length higher stresses are allowed to occur in the bottom
chord. The unity checks of the top chords in the current design and in the new design were 0,85
(current design) and 0,84 (new design) (Table 4-18 and Table 4-19). The recalculation with use of the
Eurocode results in a unity check of 0,78 for the current design and 0,87 for the new design. The
unity check for the current design has decreased while the unity check for the new design has
increased. This indicates that the modified saving is much lower than calculated. The new modified
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saving is 30,6%. This is 7,9% lower than before. This big difference is caused by the different
imperfection factors and formulas used in the Eurocode. Because the top chord in truss 11 is more
prone to buckling the difference is also larger than the difference for the bottom chord in truss 10.
Still the value is above the expected 23% but this can be explained by the reduction in acting forces
and by the reduced vyield strength of 335 N/mm? which needs to be used in the calculation of the
unity check in the current design. Because of this reduced yield strength the expected saving is raised
to 27,2% which is closer to the calculated value of 27,0%. For the bottom chord the modified saving
is 23,0%. The unity check in the current design changes from 0,72 to 0,61 when the Eurocode is
applied. For the new design it changes from 0,98 to 0,88 which is also a significant reduction. In all
cases when members are subjected to combined tension and bending the Eurocode results in smaller
values for the unity checks. In this case the modified saving changes to 18,4%. The saving has
decreased because the unity check for the current design decreased relatively more than the unity
check for the new design.

By using the new modified weights for the current design the costs for each member have been
calculated. The costs and cost saving for truss 10 are displayed in Table 4-28.

Costs [€] Saving

Current New [%]
Top chord 9936 8913 10,3
Bottom chord 28421 15757 44,6
Diagonal 1 797 739 7,3
Diagonal 2 3155 2047 35,1
Diagonal 3 1819 1541 15,3
Diagonal 4 1895 1551 18,2
Diagonal 5 2561 2047 20,1
Diagonal 6 1181 879 25,6
Vertical 1 580 483 16,7
Vertical 2 631 483 23,4
Vertical 3 544 483 11,3
Vertical 4 4292 2744 36,1
Vertical 5 1392 1063 23,6
Vertical 6 560 483 13,7
Vertical 7 613 483 21,2
Total 58377 39695 32,0
Verticals 8611 6222 27,7
Diagonals 11409 8803 22,8

Table 4-28: Costs and cost saving truss 10

Because the size of the required section for the bottom chord has decreased much in the new design
the section is cheaper per ton even with the grade extra of 50€/t. This results in a cost saving of
44,6% which amounts to almost 13.000€. The total cost saving is 32,0% resulting in a cost reduction
of almost 19.000€. Because of the size of the bottom chord it was already determined that is has a
large influence on the weight saving. Because the bottom chord is also cheaper the influence on the
cost saving is even greater. The influence on the total cost saving of each type of member is
displayed in Graph 4-1. In this graph the influence of the top chord, bottom chord, verticals and
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diagonals is shown. The verticals and diagonals are grouped because their individual influence is very
small. The individual differences however cannot be ignored. The verticals have savings of 11,3% up
to 36,1%. These differences are partly the result of the difference in weight saving described earlier,
but they are also the result of the difference in costs for certain sections. Vertical 3 (11,3% saving) is
more expensive per ton when executed in S460 because relatively small sections are used in both the
current and the new design. Vertical 4 on the other hand (36,1%) is cheaper per ton which results in
a very large cost saving. The same applies for the diagonals where the savings range from 7,3% up to
35,1%.

Relative saving

5,5%

M Top chord
M Bottom chord
i Verticals

M Diagonals

Graph 4-1: Relative saving truss 10

In Graph 4-1 it can be seen that the influence of the bottom chord on the total cost saving is more
than 67%. This indicates that the use of stronger steel grades is really effective when an inward
support is present. This is because the use of higher strength steel enables the designer to reduce the
stiffness of the chords effectively decreasing the hogging moment above the inward support. The
magnitude of the relative saving of the bottom chord is in these cases dependent on the length and
height of the truss which determine the stiffness and relative weights of the chords.

The costs and cost saving for truss 11 are displayed in Table 4-29. The total cost saving is 25,1% which
amounts to over 14.000€. The cost saving is as expected not that high as the previously calculated
cost saving in truss 10. In simply supported trusses the stiffness of the top and bottom chords do not
have a large influence on the acting forces as opposed to the chords of a cantilever truss. Because of
this the saving will always be lower. In this case the costs per ton for the sections used in truss 11 is
less favorable than the ones used in truss 10. This is especially noticeable when looking at the cost
saving of the top chord. Because of the use of the section HD400x421 the advantage of less costs per
ton no longer applies (Table 3-4). This reduces the cost saving slightly as opposed to the weight
saving. The same applies to the verticals. The basic price and size extra’s have not changed when
calculating the costs of the verticals. This means that every section in the new design is 50€/t more
expensive than the ones used in the current design. This increase in price is about 5% of the total
material costs which results in relatively low savings, so the average cost saving of 17,9% for the
verticals is this low because of the increased material costs.
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Costs [€] Saving

Current New [%]
Top chord 28772 20050 30,3
Bottom chord 10829 9290 14,2
Diagonal 1 4632 3155 31,9
Diagonal 2 1349 1071 20,6
Diagonal 3 871 739 15,2
Diagonal 4 2141 1627 24,0
Diagonal 5 2960 2374 19,8
Vertical 1 557 483 13,2
Vertical 2 549 483 12,1
Vertical 3 577 483 16,2
Vertical 4 604 483 20,0
Vertical 5 566 483 14,6
Vertical 6 1717 1338 22,1
Total 56123 42057 25,1
Verticals 4569 3753 17,9
Diagonals 11953 8964 25,0

Table 4-29: Costs and cost saving truss 11

The relative saving of each type of member is shown in Graph 4-2.

Relative saving

M Top chord
M Bottom chord
M Verticals

M Diagonals

Graph 4-2: Relative saving truss 11

Again the influence of the compressed chord (top chord) is very high (over 60%). This is caused by
the large weight of the top chord (almost 50% of the total weight) and the saving which is higher
than the average saving. The relative saving of the verticals is very low. This is due to their relatively
low weight and the low cost saving. Because of the length of the diagonals large sections are
sometimes required. Because of this the relative saving is larger. It is visible that the relative saving of
the diagonals is larger for truss 11 than for truss 10 even though 1 less diagonal is used. This is
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because larger forces are present in the diagonals of truss 11. Because of these large forces larger
sections are required thus increasing the relative saving.

4.3.2 Fabrication

The fabrication costs depend on the amount of hours required to prepare the parts for final assembly
at the construction site. The costs are then calculated with the use of hourly fees. For each individual
component the required hours for each individual process is known. By doing this the influence on
the total fabrication costs for all types of components and for the individual processes are known.
The components are: Sections, cover plates, splice plates, flange plates, gusset plates and stiffeners.

The processes used are: Sawing, drilling, welding, weld preparation, flame cutting, shot blasting and
internal transport. The costs of the plates is also included in the fabrication costs and is referred to as
‘materials’. All the components are shot blasted (SA 2,5). The total costs of the internal transport is
based on the total weight of all materials (sections and plates). The sections are sawn in the correct
lengths and after that the holes for the bolts are drilled (after the cover plates are applied). Cover
plates are made with the use of flame cutting and after that they are welded to the flanges of the
section. Splice plates are made with the use of flame cutting and holes for the bolts are drilled. The
same applies for the flange plates but these plates also require welding. The gusset plates are all of a
special shape so flame cutting is required. One edge has to be cut diagonally from both sides so the
welded connection can be made. Finally the stiffeners are made with the use of flame cutting. They
also require weld preparation and welding.

Although fabrication costs are assumed to be 5% higher for S460 the total costs for each process are
lower when S460 is used. The 5% increase is based on elements with the same size. The use of higher
strength steel results in a size reduction which in its turn reduces the fabrication costs. The Reduction
is shown in Graph 4-3 for truss 10 and in Graph 4-4 for truss 11.
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Graph 4-3: Cost reduction for the different processes (truss 10)
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Graph 4-4: Cost reduction for the different processes (truss 11)

The cost reduction is at most about 20% for a single process. Even though the weight reduction is
large the cost reduction for fabrication is small. The cost reduction is shown in Table 4-30.

Cost saving [%]
Truss 10 | Truss 11

Sawing 21,4 18,4
Drilling 4,7 8,0
Welding 12,4 7,7
Weld preparation 6,2 9,8
Flame cutting 0,4 4,3
Shot blasting 0,0 0,0
Internal transport 12,3 7,4
Material 14,0 18,1
Total 11,3 9,6

Table 4-30: Cost saving for different processes (truss 10 and 11)

The cost saving for flame cutting is small. The costs for flame cutting gusset plates and stiffeners are
about the same in both designs. However in the new design more cover plates are required therefore
increasing the costs for flame cutting. The reduced thickness of splice and flange plates in turn
reduces these costs resulting in a small cost saving.

As mentioned earlier the costs for the internal transport is based on the total weight of all the
components. A reduction in weight of 50% however does not mean that the internal transportation
costs will be 50% less because there is not a linear relation between the weight and the time
required for internal transportation. Because of this the transportation costs of higher strength steel
are assumed to be more expensive per ton. It was shown that the modified weight saving for the
sections of truss 10 is 31,9%. Because the sections have a relatively large weight this still results in a
significant cost saving in internal transport. As shown earlier the cost reduction of the sections is
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33,2% for truss 10. The costs for the plates however have only been reduced by 14,0% for truss 10
and 18,1% for truss 11. This is mainly because the stiffness of the plates has no effect on the
occurring forces which are all nearly the same as in the current design. Some of the plates are
designed with the use of the yield strength (flange plates, stiffeners and some of the gusset plates)
and some of them are designed with the use of the tensile strength (flange plates, splice plates and
some of the gusset plates). Because the forces are about the same and the governing strength differs
for different types of plates the saving should be between the expected saving of 9,3% (tensile
strength governing) and 23% (yield strength governing). This is indeed the case so the cost saving of
the plates is as expected. The saving is actually a bit larger than expected when the individual
components are examined. This is mainly noticeable when looking at the gusset plates. Very often
thicknesses of 50 mm are required when the steel grade S355 is used. This means that the yield
strength and the tensile strength have to be reduced which effectively increases the cost saving
because this is not valid for plates in the new design (almost all plates are 40 mm thick or less).

The cost savings for operations such as sawing and drilling are not extremely high. This is because
these operations all require a certain amount of time to set up the machines and to position the
materials for the operations. A decreased thickness will result in less time required for drilling for
example but the positioning of plates and set-up of the machine is not going to be faster. The saving
for weld preparation is strongly dependent on the required stiffeners. In some cases thick stiffeners
are required to support local loads. These stiffeners significantly increase the costs for weld
preparation. In this case additional stiffeners are not required in the new design because (local)
buckling of the web cannot occur due to the concrete encasement of the sections. If this was not the
case the costs for stiffeners would very likely increase for the new design therefore also reducing the
cost saving of weld preparation.

The cost saving for shot blasting is 0,0%. This is because all sections are shot blasted with a fixed
speed. The length of the individual components remains unchanged so the time required for shot
blasting stays the same.

It is visible that there can be large differences in savings when comparing truss 10 to truss 11. For
truss 10 additional cover plates are required in order to satisfy the section checks at the connections.
For truss 11 this is only the case for the bottom chord. This leads to the difference in costs for flame
cutting. The difference in cost saving for weld preparation can be related to the required stiffeners
which have as mentioned earlier a large influence on the costs for weld preparation.

The relative costs of the current and new design of both trusses are shown in Graph 4-5 — Graph 4-8.
It is visible that the relative costs do not change much (also not for different truss types). This is
because most of the processes result in a saving close to the total saving which indicates that the
relative saving will not change much. Other operations such as flame cutting have a saving that is not
close to the total saving. The relative costs will therefore differ more. This is however slightly
noticeable because the relative costs for these operations is very small. It is visible that welding and
internal transport result in almost 2/3™ of the total fabrication costs. Because the cost saving for
these operations is not large the total cost saving is not large either. This is however mainly because
the welds have similar strengths when S355 or S460 is used which leads to about the same weld
sizes.
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Graph 4-5: Relative costs current design (truss 10)

Fabrication truss 10 (new design)
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Graph 4-6: Relative costs new design (truss 10)
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Graph 4-7: Relative costs current design (truss 11)
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Fabrication truss 11 (new design)
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Graph 4-8: Relative costs new design (truss 11)

As shown in Table 4-30 the total cost reduction for fabrication is 11,3% for truss 10 and 9,6% for truss
11. These percentages are based on approximations of the required time for the different processes
for each individual component. The costs required for welding and internal transport can however be
accurately calculated which would decrease any errors in the estimations because these costs
already cover about 2/3™ of the total fabrication costs. Any differences in the actual and assumed
fabrication costs will therefore be small so the fabrication costs calculation is assumed to be valid for
all cases.

4.3.3 Transportation

As mentioned earlier there is a linear relationship between the weight and the transportation costs.
The transportation costs also depend on the distance travelled. In this case the distance is between
60km and 80km so the transportation costs per truck are €337. The size is irrelevant so the costs only
depend on the weight. The amount of trucks required is the total weight divided by 20t. The amount
of trucks required for both trusses and the costs are shown in Table 4-31.

Weight | Trucks Costs
[t] Amount [€]

Truss 10 current | 65,6 3,3 1105
Truss 10 new 46,0 2,3 775
Truss 11 current | 59,5 3,0 1002
Truss 11 new 44,0 2,2 742

Table 4-31: Transportation costs truss 10 and 11 for both designs

The amount of trucks required is not an integer. This is because single parts of the entire structure
were reviewed. When a truck is not loaded to its capacity other parts of the structure could be
placed on this truck as well so the costs of that truck could be divided over these parts, hence the use
of decimals. The costs are relatively small compared to the material and fabrication costs. This is
mainly due to the small distance to the construction site and also because special transportation is
not required. The costs are related to the weight so the cost saving is equal to the weight saving of
the entire truss including all the components required for the connections. The cost saving is 29,8%
for the transportation of truss 10. Because in this case the costs are related to the weight the

61



expected saving would be 23%. Because of the favorable effects of the use of higher strength steel
the weight saving is higher than this value and because of that so is the cost saving. For truss 11 the
cost saving is smaller (25,9%) and this is because of the reduced weight saving possible in this case.
The relative costs of the new designs of both trusses compared to the current designs are shown in
Graph 4-9.
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Graph 4-9: Cost reduction for transportation (truss 10 and 11)

4.3.4 Assembly

The assembly costs can be split in different parts: Costs for the construction crew and costs for the
equipment required. For each part of the construction a certain amount of builders and equipment is
required. In this case the parts of the trusses are assembled on site with the use of a single crane.
The entire truss is lifted in place with the use of a heavy crane and a relatively light crane which is
used to stabilize the truss and if necessary to carry a bit of the load. The highest point of one of the
trusses is at 21m above ground level (for truss 10 and 11 this is 14m). At the supports boom lifts are
required in order to properly install the trusses. Boom lifts with a working height of 22m are used.

The crane required to assemble the truss is based on the heaviest part it needs to lift. The heaviest
and longest sections used are the chords of both trusses. As mentioned earlier the chords are split in
3 parts in order to be able to transport them. The distance between the position of the heaviest
section and the crane is assumed to be 20m in all cases. The heaviest part of truss 10 executed with
the use of S355 is 14,2t. According to Table 3-6 a 160t crane is required. For S460 the heaviest part is
8,0t which requires an 80t crane. The installation of the entire truss is done with the use of 2 cranes.
A heavy crane which lifts most or all of the load and a 50t crane which is used to stabilize the truss.
The 50t crane is also able to lift a part of the load. The distance between the crane and the center of
the truss is about 26m. The weight of truss 10 is 65,6t for the current design and 46,0t for the new
design. The current design of truss 10 leads to the use of a 700t crane. The new design leads to the
use of a 400t crane. The capacity at 26m of this crane is 45,5t but as stated earlier the 50t crane can
carry the remaining load.

In order to calculate the costs the time required for the assembly and the installation of the crane
has to be known. It is assumed that the assembly of a single truss takes an entire day. The
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installation of a truss is assumed to take half a day. The calculation of the costs for the cranes are
based on the daily costs. The costs for the boom lifts are based on the weekly costs because the
assembly and installation of all the trusses will take several weeks. The boom lifts are part of the
equipment other than cranes required at the construction site. This equipment is necessary
regardless of the steel grade used. The costs for the equipment will therefore be the same for both
designs. Although the truss weighs less when using higher strength steel the time required for
assembly and installation is assumed to be the same. The costs for personnel will therefore also stay
the same. The only costs that change are the costs for the cranes. The cost reduction for truss 10 is
shown in Graph 4-10.
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Graph 4-10: Assembly cost reduction (truss 10)

The reduction of the costs for cranes is 37,1%. This is very high and it is all the result of the weight
reduction due to the use of higher strength steel. The lighter cranes cost far less than the heavier
ones. Because of the weight reduction instead of a 160t and a 700t crane, an 80t and a 400t crane
can be used. The difference in costs for these cranes is shown in Table 4-32.

Current New Saving
[€/d] [€/d] [%]

Assembly 2000 1160 42,0

Installation | 5600 3440 38,6
Table 4-32: Cost saving for cranes (truss 10)

Because the cost saving of these cranes is very high the total saving for the cranes is also high. The
use of cranes is relatively expensive which is shown in Graph 4-11. It is visible that the costs for
personnel become more significant when higher strength steel is used. This is because about the
same amount of hours is required to built the construction so if other costs decrease these costs
become more significant. The total saving for truss 10 is 22,0% which is due to the reduced costs for
the required cranes. The costs for the equipment are relatively low. This is because only the costs for
the boom lifts are taken into account. In reality other equipment is used as well for instance bolt
fastening equipment.

63



70,0

59,3
60,0
50,0
40,0 M Personnel
[%]
30,0 M Cranes
M Equipment

20,0

10,0

0,0
S$355 5460

Graph 4-11: Relative assembly costs (truss 10)

For truss 11 the heaviest part in the current design is 14,2t which requires a 160t crane. For the new
design the heaviest part is 8,8t which requires a 120t crane. This is 0,8t heavier than the heaviest part
of truss 10. In this case a 120t crane has to be used. This small increase in weight already results in
the use of a much heavier crane. The total weight of truss 11 is 59,5t. In this case a 500t crane can be
used which has a capacity of 58,1t at a distance of 26m. This is not enough for the entire truss but
the smaller 50t crane can easily lift the remaining weight. The new design results in a total weight of
44,0t which requires a 400t crane. The cost reduction for truss 11 is shown in Graph 4-12.
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Graph 4-12: Assembly cost reduction (truss 11)

For cranes the cost reduction is 21,8%. This is a lot smaller than the percentage found for truss 10 but
that is caused by the reduced weight reduction for this truss. Again smaller cranes can be used: A
160t crane is in this case replaced by a 120t crane and a 500t crane by a 400t crane. The cost
difference for these cranes is shownin .
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Current New Saving
[€/d] [€/d] [%]

Assembly 2000 1560 22,0

Installation | 4600 3440 25,2
Table 4-33: Cost saving for cranes (truss 11)

The cost saving for these cranes is far less than the saving possible for truss 10. This is because the
heaviest piece is heavier than the one in truss 10 and the decrease of the total weight of this truss
which results in a smaller crane for the current design but not for the new design. The relative costs
are shownin.
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Graph 4-13: Relative assembly costs (truss 11)

In this case the cranes remain relatively more expensive. Obviously the other costs become more
significant but not as much as for truss 10. The total cost reduction for truss 11 is 12,9% which is far
less than the possible cost reduction found for truss 10.

4.3.5 Conclusion

The cantilever truss enables great material savings in the chords, savings can also be expected when
stronger steel grades are used in the verticals and diagonals. These savings can be relatively low and
depend on the magnitude of the forces and the dimensions of the sections.

The fabrication costs for the new design are 11,3% less than the costs for the current design. This is
mainly due to the reduced welding costs. The fabrication cost saving is not as high as the material
cost saving but this can be expected since these costs depend on more than the weight of the
individual components. Operations such as drilling will not give great savings when higher strength
steel is used, not just because of the increased hardness of the material but mainly due to the costs
that are always required regardless of the steel grade used (positioning for example).

The assembly costs can only be reduced by reducing the weight of the structure. The connections will
not vary much when using higher strength steel so assembly of the individual components will take
the same time. The height of the structure is not changed by the use of higher strength steel (maybe
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by a few centimeters but in this case that is negligible) so the same boom lifts are required, also the
equipment required for fastening bolts for example stays the same so the equipment costs are also
unchanged. The only thing that remains are the cranes. A large saving is possible by using higher
strength steel because the weight reduction will lead to the use of cheaper cranes.

The transportation cost saving is in this case also very high. This is because the cost saving is linearly
related to the weight of the structure which was decreased significantly with the use of S460. The
cost reduction of these categories is shown in Graph 4-14 for truss 10 and in Graph 4-15 for truss 11.
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Graph 4-15: Cost reduction truss 11

It is visible that the costs for the used sections (material) are reduced the most for truss 10. This is
because large savings were possible in the chords. The fabrication costs have not been reduced as
much but that is because of the increased hardness of the material and because the weight is of less
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influence on the cost saving. It is also interesting to show the relative costs of materials, fabrication,
assembly and transportation (Graph 4-16 for truss 10 and Graph 4-17 for truss 11).
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Graph 4-16: Relative costs (truss 10)
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Graph 4-17: Relative costs (truss 11)

Because heavy trusses are used in the current design the material costs of the sections are relatively
the highest. When higher strength steel is used the weight and the costs of the sections significantly
decreases. Fabrication costs also decrease but not as much as the material costs which makes the
fabrication costs relatively more expensive in the new design than in the current design. The
assembly costs are relatively a bit higher because only the costs for cranes can be reduced so the cost
saving is not as high as the material cost saving. The transportation costs decreased significantly
because of the large weight reduction. Because of this the relative costs have not changed much.

The total cost saving is 23,6% for truss 10 and 18,8% for truss 11. The difference of about 5% is
because different truss types are used. Cantilever trusses therefore result in an increased cost saving.
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It is also interesting to look at the influence of the cover plates on the total saving of the individual
members. The material costs for the cover plates, the costs for flame cutting and the costs for
welding the cover plates have been added to the costs for the section itself. This has been done for
the members with cover plates in the current and in the new design. The total costs of the sections
are shown in Table 4-34 for truss 10 and in Table 4-35 for truss 11.

Member Costs [€] Saving
Current New [%]
Diagonal 3 1819 1866 -2,6
Diagonal 4 1895 1876 1,0
Diagonal 5 2791 2372 15,0

Table 4-34: Effect of cover plates on material saving (truss 10)

Member Costs [€] Saving
Current New [%]

Diagonal 2 1512 1253 17,1

Diagonal 5 3195 2645 17,2

Table 4-35: Effect of cover plates on material saving (truss 11)

Diagonal 3 and 4 in truss 10 only need stiffening in the new design. It is visible that the costs for the
sections in both designs is about the same. The costs for the current design have however been
modified to make an accurate comparison. In this case the modification excludes the possible need
of cover plates. As shown for diagonal 5 in truss 10 and diagonal 2 and 5 in truss 11 (sections in both
designs require cover plates) the cost saving is still substantial.

By changing the steel grade a reduction in weight is possible. Based on the cost comparison between
the members described in Table 4-34 and Table 4-35 an accurate conclusion cannot be made.
Therefore for all sections in the new design which require cover plates a new design has been made.
The design is based on the condition that no cover plates should be required. This leads to the use of
larger sections. A comparison for the sections in truss 10 has been made and is shown in Table 4-36.
In this table new 1 indicates the sections with cover plates and new 2 indicates the sections without
cover plates.

Member New 1 Costs New 2 Costs
[€] (€]
Diagonal 3 |HD400x187| 1866 |HD400x262| 2159
Diagonal 4 |HD400x187| 1876 |HD400x262| 2173
Diagonal 5 |HD400x187| 2372 |HD400x237| 2594

Table 4-36: Effect of upsizing the member

It is shown that the costs for upsizing the member are larger than the costs for stiffening the
member. It is therefore more economical to use smaller sections with cover plates than to use larger
sections which do not need cover plates. The additional costs for cover plates are at most 20% of the
costs for the relevant section. The upsized member should therefore have been at most 20% heavier
than the relevant section.
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4.3.6 Additional costs

Not all costs are factored in the calculation of the final costs. There are for instance many more
connections in a single truss than the ones described and many additional columns and beam above
or below the truss. The additional connections would result in increased fabrication and assembly
costs. The graphs describing the relative costs (Graph 4-16 and Graph 4-17) show that the material
costs are relatively the most expensive. In reality one would expect the fabrication costs to be
relatively more expensive. This would probably be the case if all the connections were factored in the
cost calculation. The objective of this paper is to examine the effect of the use of S460 in structures
and therefore all the other connections and columns and beams are not factored in the calculations.

As described earlier the carbon equivalent (CEV) could be of influence on the fabrication costs. This is
also dependent on the combined thickness of the connections. The largest combined thickness will
be obtained for the welds that connect the gusset plates to the chords. In this case the combined
thickness is the thickness of the gusset plate + 2 times the thickness of the flange. The maximum
combined thicknesses are:

- 223 mm for the current design (CEV =0,47)
- 146 mm for the new design (CEV=0,47)

For both designs the carbon equivalent is the same. In both cases a weld consumable in class D is
required in combination with a heat input of 2,0 kj/mm to prevent the need for preheating. If a heat
input of 1,5 kj/mm is used a preheating temperature of 20° is required. For the current design the
carbon equivalent is valid for S355J2. If S355M was used for the sections the carbon equivalent
would be 0,45 and no preheating would be required with a heat input of 1,5 kj/mm. The use of $460
will lead to increased fabrication costs when compared to S355M.
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5 Columns: BP4, high-rise office building

5.1 Introduction

In London England the construction of a high-rise office has recently been completed. The structure
is 24 stories high. The structure consist of a concrete core and steel-concrete composite floors which
are supported by 29 steel columns and the concrete core (Figure 5-1).
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Figure 5-1: Column numbers and locations
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All floors are mainly designated as office floors. In some locations space has been reserved for
installations. Between the 12" and 13" floor there is a mezzanine. The distance between the
columns is 9 m in both directions. The columns are used to support beams which support the steel-
concrete composite floors or the facade of the building. The facade of the building is not supported
in horizontal direction by the columns so no direct bending moments can occur in the columns due
to the loads on the facade. All columns are connected to the concrete core which is located in the
center of the building. Almost all columns are supported in horizontal direction at all levels. The
columns can therefore be designed as axially loaded simply supported columns. Bending moments
can only occur due to the eccentricity of the connected beams.

The columns are designed with the use of S355. The distance between the floors is not much (mostly
about 4-5m) so buckling will not lead to a great reduction of the axial capacity of the columns. The
largest section used is UC356x406x634. This is a British section and it is equivalent to the HD400x634
section. The used section is the largest section available in the UC range. Because this is the largest
column used additional material is required for the columns to be able to resist the loads at the
lower levels. To increase the cross-sectional area and the stiffness about the weak axis of the
columns plates parallel to the webs are welded to the flanges (Figure 5-2 left). This is mainly because
the cross-sectional area is not large enough. The increase in buckling resistance is small because of
the small buckling lengths. Even if the largest HD sections were used (HD400x1299) the resistance of
the bottom columns would still not be large enough because of the high loads present. The
UC356x406x634 sections are stiffened with plates up to 100mm thick. In some cases even these
sections will not suffice. If that is the case box sections are used with a height and width of 600mm
and a thickness of 100mm for the flanges and webs (Figure 5-2 right). This is only necessary for 2
columns at the ground floor.

435 600

||§O

100

Figure 5-2: Box sections

Some of the columns are not horizontally supported at floors 1 and 12M. Floor 12M is a mezzanine
which is located between floors 12 and 13. Because of the missing support the unsupported column
length can be up to 10,46 m. For these columns HD sections will be ineffective because buckling
about the weak axis will significantly reduce the bearing capacity of these columns. Therefore box
sections built up from HD sections and 2 plates welded to the sides (parallel to the web) are also
considered.
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Columns that are not supported at floor 1 are: Column 1, 2, 4, 7, 11, 37, 38 and 46-51. Columns that
are not supported at floor 12M are: Column 1, 2, 4, 7, 11, 15, 25, 27, 38, 40-44, 46-49 and 51. The
height between the floors is not constant. For most floors the height is 3,95 m (c.t.c.). Column

lengths and their level heights are shown in Table 5-1. The level heights are based on the ground

floor being at 0,0 m which in reality is not the case.

Level Column Level
length height

Roof N/A| 115,920
level 23 6,890 | 109,030
level 22 7,000 | 102,030
level 21 6,040 95,990
level 20 4,350| 91,640
level 19 3,950| 87,690
level 18 3,950| 83,740
level 17 3,950 79,790
level 16 3,950| 75,840
level 15 3,950 71,890
level 14 3,950 67,940
level 13 4,010| 63,930
level 12M 4,410| 59,520
level 12 5,410| 54,110
level 11 4,350| 49,760
level 10 3,950| 45,810
level 9 3,950| 41,860
level 8 3,950 37,910
level 7 3,950| 33,960
level 6 3,950| 30,010
level 5 3,950| 26,060
level 4 5,200| 20,860
level 3 5,380 15,480
level 2 5,020| 10,460
level 1 4,700 5,760
Ground floor 5,760 0,000

Table 5-1: Column lengths and level heights

Almost all medium to heavily loaded columns have a buckling length between 4-5 m which makes the

use of S460 probably very effective. At the top of the structure relatively small loads are present in

the columns but the buckling lengths are 6-7 m. When S460 is used this would result in very slender

columns which would make the use of a stronger steel grade less effective because slender columns

are more prone to buckling.

The used sections in the current design are shown in Appendix Ill.
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5.2 Column design

The occurring forces in each column were not given therefore an exact determination of the required
sections cannot be made. The columns are mainly loaded in compression and this is the basis for the
determination of the required sections. All sections used in the current design are shown in Table 5-2
and Table 5-3. Their relevant (maximum) buckling lengths are also given for 2 situations:

1) “Short” columns: Supported at consecutive floors
2) “Long” columns: Unsupported at floor 1 or 12M

For these situations the buckling resistances have been calculated according to Appendix Ill. The
buckling resistance is the axial capacity of the section multiplied by the reduction factor for buckling.

Name Buckling length Governing Nb,Rd
[mm] Floor [kN]
UC356x406x634 + 2x100PL 5380 3rd 48442
UC356x406x634 + 2x75PL 5760 Ground 44073
UC356x406x634 + 2x60PL 5380 3rd 40160
UC356x406x634 + 2x50PL 5380 3rd 37097
UC356x406x634 + 2x40PL 5380 3rd 34015
UC356x406x634 + 2x30PL 5380 3rd 30900
UC356x406x634 + 2x20PL 4350 11th 29435
UC356x406x634 5380 3rd 20916
UC356x406x551 5410 12th 17977
UC356x406x467 7000 22nd 12778
UC356x406x393 + 2x50PL 5380 3rd 26435
UC356x406x393 + 2x40PL 5410 12th 23782
UC356x406x393 + 2x30PL 3950 5th 22738
UC356x406x393 7000 22nd 10619
UC356x406x340 7000 22nd 9100
UC356x406x287 7000 22nd 7861
UC356x406x235 7000 22nd 6368
UC356x368x202 6890 23rd 5257
UC305x305x240 6890 23rd 5220
UC305x305x198 7000 22nd 4152
UC305x305x158 6890 23rd 3308
UC254x254x167 6890 23rd 2862
UC254x254x132 6890 23rd 2205
UC203x203x86 6890 23rd 1014

Table 5-2: Column lengths and buckling resistances (“short” columns)

Although 3,95 m is the most commonly used floor height almost all columns have a governing
buckling length of 5 m or larger. The relative slenderness (A.) varies from 0,334 (the column with the
smallest buckling length) to 1,688 (the smallest column with a large buckling length). For almost all
columns the relative slenderness is between 0,2 and 1,2. This particular range is mainly of interest for
columns in high-rise buildings.
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Name Buckling length Governing Nb,Rd
[mm] Floor [kN]
SHS600x100 10460 Ground 51142
UC356x406x634 + 2x100PL 10460 Ground 37531
UC356x406x634 + 2x75PL 10460 Ground 34617
UC356x406x634 + 2x60PL 10460 Ground 30567
UC356x406x634 + 2x50PL 10460 Ground 27563
UC356x406x634 + 2x40PL 10460 Ground 24529
UC356x406x634 9820 12th 12639
UC356x406x551 9820 12th 10768
UC356x406x393 + 2x50PL 10460 Ground 19508
UC356x406x393 + 2x40PL 9820 12th 18234
UC356x406x340 9820 12th 6290

Table 5-3: Column lengths and buckling resistances (“long” columns)

When the columns are not supported at a certain floor the relative slenderness becomes larger

therefore reducing the buckling resistance of the sections. In this case the relative slenderness varies

from 0,649 to 1,200. All the values are in the range described earlier.

The relative slenderness is an important factor used in the calculation of the reduction factor (x) for

buckling. Combined with an imperfection factor the reduction factor can be calculated. There are 5

different imperfection factors and for each factor an buckling curve can be drawn which shows the

reduction factor as a function of the relative slenderness only. These curves are displayed in Figure

5-3.
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Figure 5-3: Buckling curves
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The use of a certain buckling curve depends on the section used and the steel grade. For steel grades
up to and including S420 the following curves should be used:

- a0: Never

a: Buckling about the strong axis for all I-sections and HE360+ sections
b: Buckling about the weak axis for all I-sections and HE360+ sections, buckling about both
axis for welded box sections and buckling about the strong axis for all other H-sections

c: Buckling about the weak axis for all H-sections with thicknesses of maximum 100 mm

d: Buckling about both axis for all H-sections with a thickness of more than 100 mm

buckling curve d is applicable for HD400x900 and larger sections. For the steel grade S460 the
following curves should be used:

a0: Buckling about both axis for all I-sections and HE360+ sections

a: Buckling about both axis for all H-sections with thicknesses of maximum 100 mm
b: Welded box sections

c: Buckling about both axis for all sections with a thickness of more than 100 mm

d: Buckling about the weak axis for welded H-sections

In high-rise buildings steel HD (or the British UC) sections can be used as columns because of their
large axial capacity and stiffness. For S355 this means that buckling curve c or d must be used
depending on the thickness of the section. Buckling curve b is generally not used because it is used
for buckling about the strong axis and in this case the buckling lengths about both axis are the same
which means that buckling about the weak axis is always governing the design. For welded box
sections buckling curve b may be used. When however a box section consists of an H-section with 2
plates welded to the sides buckling curve c should be used for buckling about the weak axis.

When H-sections are used buckling curve c is used for S355 and curve a is used for S460. A
comparison between these curves for the most relevant range (0,2-1,2) is shown in Figure 5-4.
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Figure 5-4: Buckling curve a and ¢

75



When buckling is not of importance (x=1) and similar sections with steel grades $S355 and S460 steel
are compared the section with grade S460 will have a 460/355 = 1,296 times larger capacity than the
one with the grade S355. When similar sections are used and buckling is of importance the increase
in capacity could be even larger. The capacity depends on the relative slenderness which is
dependent on the stiffness of the section, the buckling length and the axial capacity of the section.
When a stronger steel grade is used the axial capacity increases but the stiffness and the buckling
lengths does not increase. Therefore the relative slenderness will be larger when a stronger steel
grade is used which results in a smaller reduction factor. When buckling is not of importance the
expected weight saving is 23%. When buckling is of importance (which is the case for every column in
this building) the saving could be larger or smaller dependent on the increase in relative slenderness.
In order to determine if the saving is larger or smaller the horizontal distance between the 2 buckling
curves should be examined. For most of the values in the described range this horizontal distance is
about 0,2. When the relative slenderness of a certain section (5355) is 0,9 this will lead to a reduction
factor of about 0,6. To obtain the same reduction factor when S460 is used the relative slenderness
will be 1,1. Based on the difference between the relative slenderness of certain sections in both steel
grades the weight saving can be estimated. When the difference is smaller than 0,2 the saving will
probably be larger than 23%, when the difference is however larger the saving will probably be
smaller than 23%.

When box sections are used buckling curve b may be used when the section is an SHS section or
when the capacity in the weak direction of the used H-section is larger than the capacity in the strong
direction. In these cases the expected saving will be smaller because the allowable difference
between the relative slenderness of the box section with steel grade S355 and a section with steel
grade S460 will be smaller. This is especially the case when box sections are used with the steel grade
S460. In this case the expected saving is smaller than 23% because for both steel grades the buckling
curve b must be used. The design with S460 will in this case always lead to a larger relative
slenderness and thus a smaller reduction factor reducing the effectiveness of the use of S460 in box
sections.

The welds connecting the plates to the flanges are based on the minimum requirements as stated in
the AISC (Figure 5-5). The minimum required weld size is also calculated with the use of initial
imperfections (Appendix Ill). The calculated sizes are however smaller than the minimum required
sizes. For the SHS section and the UC356x406x634 section welds with an effective throat of 13 mm
are required (v = 15 mm). For the UC356x406x392 section an effective throat of 10 mm is required (v
=12 mm).

Plate thickness of thicker part | Min. eff. throat| Plate thickness of thicker part | Min. eff. throat
jointed {In.) {In.) jointed {mm) (mm})

To 14 inclusive 18 To G inclusive 3

Over 1/4 to 112 216 OverGto 13 5

Cwver 1/2 to 3/4 114 Cwer13to 19 i

Over 3/ to 1-1/2 516 Over 19 to 38 a

Cver 1-1/2 to 2-1/4 38 Cwver 38 to 57 10

QOver 2-1/4t0 6 12 Over 57 to 150 13

Cwverg 538 Cwver 150 16

Figure 5-5: Minimum weld sizes

76



5.2.1 Sections

The used columns in the current design are shown in Table 5-2 and Table 5-3. The columns in the
new design are based on the axial bearing capacity of these columns. This capacity should be at least
the value shown in the tables. If the bearing capacity is larger than the column in the current design
could be replaced by the column in the new design if the calculation is based on the axial force only.
In reality bending moment and shear forces could also occur in the columns but these are unknown.
Even though the bearing capacity will be larger the column could not be satisfactory when certain
bending moments are present. This is because the reduced size of the columns significantly reduces
the stiffness and the bending moment resistance of the columns which in turn could lead to too high
stresses resulting from a combination of compression and bending. Therefore the weight and cost
saving is not scaled (the modified saving is not used) and the saving is assumed to be an upper limit
of the possible saving. When bending moments are present the saving will be smaller than the
calculated saving based on compression only.

The sections used for “short” columns in the new design are shown in Table 5-4. The calculation of
the bearing capacity is shown in Appendix Ill.

Section Buckling length Governing Nb,Rd
[mm] Floor [kN]
HD400x677 + 2x40PL 5380 3rd 49186
HD400x677 + 2x30PL 5760 Ground 43890
HD400x677 + 2x20PL 5380 3rd 40387
HD400x818 5380 3rd 39889
HD400x744 5380 3rd 36071
HD400x634 5380 3rd 31027
HD400x592 4350 11th 30998
HD400x463 5380 3rd 22295
HD400x382 5410 12th 18225
HD400x347 7000 22nd 13536
HD400x551 5380 3rd 26736
HD400x509 5410 12th 24605
HD400x463 3950 5th 24605
HD400x287 7000 22nd 11056
HD400x262 7000 22nd 10036
HD400x216 7000 22nd 8171
HD400x187 7000 22nd 6974
HD360x162 6890 23rd 5773
HD360x147 6890 23rd 5222
HD360x134 7000 22nd 4628
HD360x134 6890 23rd 4721
HD320x127 6890 23rd 3264
HD320x97,6 6890 23rd 2478
HD260x68,2 6890 23rd 1362

Table 5-4: Column lengths and buckling resistances (“short” columns)
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It can be seen that less box sections are used in the new design. This is because larger HD sections
can be used and the stronger steel grade significantly increases the buckling resistance. The relative
slenderness varies from 0,510 (the largest box section) up to 1,579 (the smallest H-section
HD260x68,2). It is possible to replace the box sections in the new design by large HD sections but the
weight of these sections would be larger and for these sections buckling curve ¢ must be used which
significantly reduces the effectiveness of these sections. The box sections are made with the use of
HD400x677 sections because this still enables the use of a yield strength of 460 N/mm?>.

The sections used for “long” columns are shown in Table 5-5. In this case a lot of box sections are
used because the stiffness in the weak direction of H-sections is too small to provide the required
capacity. The relative slenderness varies from 0,759 (the SHS section) up to 1,422 (the smallest H-
section HD400x287). In some cases plates with a thickness larger than 40 mm have to be used. For
these plates the yield strength is 430 N/mm®. In these cases the buckling resistances have been
calculated with the use of this yield strength for the entire section.

Section Buckling length Governing Nb,Rd
[mm] Floor [kN]
SHS600x80 10460 Ground 51546
HD400x677 + 2x55PL 10460 Ground 38306
HD400x677 + 2x45PL 10460 Ground 34691
HD400x677 + 2x40PL 10460 Ground 33679
HD400x677 + 2x30PL 10460 Ground 29151
HD400x677 + 2x20PL 10460 Ground 24558
HD400x509 9820 12th 13119
HD400x463 9820 12th 11712
HD400x382 +2x40PL 10460 Ground 20829
HD400x382 +2x25PL 9820 12th 18390
HD400x287 9820 12th 6865

Table 5-5: Column lengths and buckling resistances (“long” columns)

The smallest HD section is an HD400x54,1. This section is not used because according to the
Eurocode the section is in class 4. Class 4 sections have to be designed by taking into account local
buckling. In this case the buckling resistance (global buckling) is barely larger than the resistance of
the original section. It is therefore assumed that this section does not satisfy this condition when
local buckling is taken into account. As a consequence the weight saving will be smaller than
expected because a larger section has to be used whose buckling resistance is much larger.

Long columns will lead to the use of box sections instead of H-sections because of their increased
stiffness in the weak direction. The use of these box sections will lead to a decrease in material costs
but an increase in fabrication costs. It is therefore not yet known if these sections should be
preferred instead of H-sections. When the loads are small (at the top columns of a building for
instance) the use of S460 could lead to sections which are in class 4. These sections are not effective
because local buckling limits their capacity.
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The weight saving of the sections is shown in Table 5-6 for “short” columns and in Table 5-7 for
“long” columns. In the tables the difference between the relative slenderness in the new design and
in the current design is shown. The difference is in this case always less than 0,2 for H-sections which
implies that the saving is expected to be larger than 23% which is not always the case. This is because
the difference of 0,2 is based on the stiffness of the section only. The relative slenderness is defined
as: Are = V(N a/Ne) where Ny 4 = Axfy and N, = T°xEl/L2. If for a column with steel grade S355 and a
column with steel grade S460 (or HISTAR460) the plastic axial capacities (N, .q) are the same, a
difference of 0,2 for the relative slenderness will indeed lead to a weight saving of approximately
23%. The plastic axial capacities will however always differ. A difference of 0,2 for the relative
slenderness will still lead to the same reduction factor, but these reduction factors are multiplied
with different axial capacities which results in weight savings larger or smaller than expected. In
some case the difference is negative. A negative value means that the relative slenderness in the new
design is smaller. The negative values are unexpected because they indicate an increase in the radius
of gyration (VI/A) compared to the used sections in the current design. This increase is the result of
more favorable dimensions of the smaller HD sections compared to the smaller UC sections. As a
result the plastic axial capacity of the sections is sometimes smaller or the same but the stiffness is
always larger which leads to a decrease in the relative slenderness.

Current section Weight New section Weight | Weight saving A
[kg/m] [kg/m] [%] Difference

UC356x406x634 + 2x100PL | 1316,8 | HD400x677 + 2x40PL | 954,1 27,5 0,087
UC356x406x634 + 2x75PL | 1146,1 |HD400x677 + 2x30PL | 885,0 22,8 0,189
UC356x406x634 + 2x60PL | 1043,7 | HD400x677 + 2x20PL | 815,9 21,8 0,193
UC356x406x634 + 2x50PL 975,4 |HD400x818 818,8 16,1 0,284
UC356x406x634 + 2x40PL 907,1 |HD400x744 7443 17,9 0,270
UC356x406x634 + 2x30PL 838,8 |HD400x634 634,3 24,4 0,263
UC356x406x634 + 2x20PL 770,5 | HD400x592 592,6 231 0,189
UC356x406x634 633,9 |HD400x463 462,8 27,0 0,131
UC356x406x551 550,4 |HD400x382 382,4 30,5 0,135
UC356x406x467 467,0 |HD400x347 347,0 25,7 0,166
UC356x406x393 + 2x50PL 691,3 |HD400x551 550,6 20,3 0,337
UC356x406x393 + 2x40PL 631,6 |HD400x509 509,5 19,3 0,320
UC356x406x393 + 2x30PL 572,0 |HD400x463 462,8 19,1 0,218
UC356x406x393 393,0 |HD400x287 287,5 26,8 0,167
UC356x406x340 339,9 |HD400x262 262,7 22,7 0,164
UC356x406x287 287,1 |HD400x216 216,3 24,7 0,139
UC356x406x235 234,7 | HD400x187 186,5 20,5 0,139
UC356x368x202 201,9 |HD360x162 161,9 19,8 0,143
UC305x305x240 240,1 |HD360x147 147,5 38,6 -0,018
UC305x305x198 198,1 |HD360x134 133,9 32,4 -0,031
UC305x305x158 158,1 |HD360x134 133,9 15,3 -0,050
UC254x254x167 167,1 |HD320x127 126,6 24,2 0,032
UC254x254x132 132,0 |HD320x97,6 97,7 26,0 0,023
UC203x203x86 86,0 |HD260x68,2 68,2 20,8 -0,109

Table 5-6: Weight saving “short” columns
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Current section Weight New section Weight | Weight saving A
[kg/m] [kg/m] [%] Difference

SHS600x100 1570,0 | SHS600x80 1256,0 20,0 0,110
UC356x406x634 + 2x100PL | 1316,8 | HD400x677 + 2x55PL | 1057,7 19,7 0,077
UC356x406x634 + 2x75PL | 1146,1 |HD400x677 + 2x45PL | 988,6 13,7 0,105
UC356x406x634 + 2x60PL | 1043,7 | HD400x677 + 2x40PL | 954,1 8,6 0,230
UC356x406x634 + 2x50PL 975,4 |HD400x677 + 2x30PL | 885,0 9,3 0,256
UC356x406x634 + 2x40PL 907,1 |HD400x677 + 2x20PL | 815,9 10,0 0,291
UC356x406x634 633,9 | HD400x509 509,5 19,6 0,225
UC356x406x551 550,4 |HD400x463 462,8 15,9 0,222
UC356x406x393 + 2x50PL 691,3 | HD400x382 +2x40PL | 621,0 10,2 0,139
UC356x406x393 + 2x40PL 631,6 |HD400x382 +2x25PL | 531,5 15,9 0,233
UC356x406x340 339,9 |HD400x287 287,5 15,4 0,222

Table 5-7: Weight saving “long” columns

The total weight saving is shown for columns 1-51 (29 columns) and for the different sections. When
examining the weight saving for the column numbers the total decrease in load can be calculated
based on an estimated design load. Because the unit weight of columns is always relatively small
compared to the applied loads the decrease in load is not expected to be large. The weight saving per
column is shown in Table 5-8.

The weight saving averages to about 22% which is quite close to the expectation of 23%. The
expected value was calculated without taking account of a reduced resistance due to buckling. The
total saving implies that buckling has almost the same influence on the resistance for grade $355 and
S460. This is not entirely true. The relative slenderness will usually increase when stronger steel
grades are used but because of the more favorable buckling curve which may be used and the better
yield strength ratio for thick sections the total saving is still close to the expected value.

The decreased weight results in a decreased load. This is mainly noticeable at the bottom of the
columns. As shown in Table 5-3 the SHS600x100 section has a buckling resistance of 51546 kN. The
design load is therefore estimated to be 40000 kN (bending moments could be present so about 80%
of the buckling resistance is used). Table 5-8 shows the total decrease in force which is related to the
decrease in weight. For column 1 this decrease is 224 kN which is only 0,5% of the estimated design
load. The design load for the columns and the foundations are barely (if at all) affected by the
decreased weight of the columns so it is assumed that additional savings due to the reduced load are
not possible.
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Current New Force
Weight | Weight | Saving |reduction
Column [kg] [kg] [%] [kN]
1{ 103089 | 80696 21,7 224
2| 83417 66971 19,7 164
4\ 74455 58995 20,8 155
7] 60609 47873 21,0 127
9] 59131 44871 24,1 143
11| 92971 73458 21,0 195
13( 69554 54358 21,8 152
15| 80407 63422 21,1 170
18| 76777 59387 22,7 174
20| 81776 64420 21,2 174
22| 60609 47105 22,3 135
23| 58754 45041 23,3 137
25| 78463 61087 22,1 174
27| 60049 45695 23,9 144
28| 62508 47348 24,3 152
37| 64931 50492 22,2 144
38| 68065 54909 19,3 132
40| 65473 50606 22,7 149
41] 50592 38273 24,3 123
42| 57968 44318 23,5 137
43] 57131 43757 23,4 134
441 57675 44049 23,6 136
45| 51791 39502 23,7 123
46| 51610 40655 21,2 110
47| 47359 36844 22,2 105
48| 47359 36844 22,2 105
49| 42882 33135 22,7 97
50| 51692 40293 22,1 114
51| 63466 50313 20,7 132
Total 1880562 1464715 22,1 4158
kg kg % kN

Table 5-8: Weight and weight saving per column and force reduction

The columns used in the current design have been replaced by columns with at least the same
buckling resistance in the new design. Therefore the saving based on axial compression only could
be larger than 22,1%. Possible bending moments have however not been included. When bending
moments are present the axial capacity of the sections decreases. In this case bending moments can
only occur due to the eccentricity of beam-column connection. For perimeter columns this bending
moment is the largest because internal beams are connected on one side of the column only. For
internal columns the bending moments can be smaller because on both sides of the columns beams
can be connected. The spacing between the columns is constant in this case so the difference in force
transferred from the beams to the column can be much smaller than the difference in force
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transferred to perimeter columns. Therefore the saving for the perimeter columns could be less than
the saving for internal columns.

M In order to check the influence of the bending moments on the design
compression resistance a simplified model of the columns is used. The beam

reaction at the top of the column multiplied by the eccentricity of the
connection results in the bending moment. This bending moment is
assumed to act on the column below only (Figure 5-7). This is a conservative
assumption because in reality a part of the bending moment will also be
transferred through the column above the connection (the columns are
continuous). The column are check for a combination of compression and
bending moment (stability check). Lateral torsional buckling could also be
significant for long columns. This is checked with a reduction factor (similar
to the reduction factor for axial compression). The reduction factor does not
have to be applied for box sections because these cross-sections are not
susceptible for lateral torsional buckling. Lateral torsional buckling is mainly
an issue for slender beams. Columns however are relatively short when
compared to beams and they are much stiffer, it is therefore expected that
reduction factors for lateral torsional buckling will be close to 1,0.

The calculations of the occurring bending moments and the relevant
reduction factors are shown in Appendix Ill.

Figure 5-6: Bending moment in a column

With the use of NEN-EN 1993-1-1 section 6.3.3 the unity check for combined compression and
bending can be calculated. When the occurring bending moment is known the remaining axial
capacity can also be calculated by using a unity check of 1,0. Multiple factors used in the calculation
of the unity check are however dependent on the design compressive force and the buckling
resistance of the sections. An iterative method is therefore used to calculate the remaining buckling
resistance. The calculation of this remaining resistance is shown in Appendix Ill. It is shown that for
box sections and stocky H-sections (stocky columns have a small relative slenderness) the reduction
in resistance is small. For “short” columns the maximum allowable compressive force is shown in
Table 5-9.
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Section (current) Nb,Rd Nmax | Relative |[Section (new) Nb,Rd Nmax | Relative
[kN] [KN] [%] [kN] [kN] [%]
UC356x406x634 + 2x100PL | 48442 | 46870 96,8 | HD400x677 + 2x40PL || 49186 | 48763 99,1
UC356x406x634 + 2x75PL 44073 | 42728 96,9 |(HD400x677 +2x30PL [ 43890 | 43889 100,0
UC356x406x634 + 2x60PL 40160 | 40160 100,0 [HD400x677 +2x20PL | 40387 | 40386 100,0
UC356x406x634 + 2x50PL 37097 37097 100,0 (HD400x818 39889 | 39172 98,2
UC356x406x634 + 2x40PL 34015 34015 100,0 (|HD400x744 36071 35758 99,1
UC356x406x634 + 2x30PL 30900 | 30899 100,0 (|HD400x634 31027 | 30609 98,7
UC356x406x634 + 2x20PL 29435 29434 100,0 [HD400x592 30998 | 29912 96,5
UC356x406x634 20916 | 20652 98,7 | HD400x463 22295 22022 98,8
UC356x406x551 17977 16793 93,4 [ HD400x382 18225 16998 93,3
UC356x406x467 12778 11833 92,6 |HD400x347 13536 12582 93,0
UC356x406x393 + 2x50PL 26435 26059 98,6 | HD400x551 26736 | 26321 98,4
UC356x406x393 + 2x40PL 23782 23219 97,6 | HD400x509 24605 23642 96,1
UC356x406x393 + 2x30PL 22738 22712 99,9 [ HD400x463 24605 23970 97,4
UC356x406x393 10619 10208 96,1 |HD400x287 11056 10640 96,2
UC356x406x340 9100 8590 94,4 | HD400x262 10036 9499 94,6
UC356x406x287 7861 6428 81,8 |HD400x216 8171 6584 80,6
UC356x406x235 6368 5676 89,1 |[HD400x187 6974 5980 85,7
UC356x368x202 5257 5164 98,2 |(HD360x162 5773 5642 97,7
UC305x305x240 5220 4553 87,2 |HD360x147 5222 4156 79,6
UC305x305x198 4152 3580 86,2 |(HD360x134 4628 3714 80,3
UC305x305x158 3308 2980 90,1 (HD360x134 4721 4198 88,9
UC254x254x167 2862 2341 81,8 |[HD320x127 3264 2670 81,8
UC254x254x132 2205 1757 79,7 HD320x97,6 2478 1826 73,7
UC203x203x86 1014 584 57,6 |[[HD260x68,2 1362 695 51,0

Table 5-9: Maximum allowable compressive force “short” columns current (left) and new design (right)

For certain box sections the remaining resistance is 100% of the design buckling resistance. The
resistance has not decreased in these cases because the resistance in the weak direction is governing
the design. For box sections the resistance in the weak direction does not have to be reduced when a
bending moment is present in the strong direction only. Only the resistance in the strong direction
has to be reduced for box sections. In these cases the remaining resistance in the strong direction is
apparently still larger than the design buckling resistance in the weak direction. For the heaviest box
sections the stiffness in the weak direction is almost as large or even larger than the stiffness in the
strong direction. In these cases the resistance in the strong direction will be governing and therefore
the remaining resistance is smaller than the design buckling resistance. Still this decrease is at most
only 3%. For box sections and stocky H-sections the difference in design strength between sections
used in the current and new design is still very small. The percentages are in most cases about the
same which implies that the use of higher strength steel in heavily loaded (stocky) columns is not less
advantageous when bending moments are applied.

For slender columns (H-sections) the resistance is 10-20% smaller than the design buckling
resistance. This is because the bending moment also has an influence on the resistance in the weak
direction. For the smallest column used the influence is significant (effectively decreasing the
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resistance of the section by almost 50% for the smallest column in the new design). For slender
columns it is also visible that the use of higher strength steel (increased slenderness) decreases the
effectiveness of the used sections. When designing columns with S460 the columns will be more
slender than when S355 is used. This increased slenderness results in a smaller efficiency of the
section when bending moments are applied as a smaller percentage of the design buckling resistance
can be used for compressive forces. However in all cases (except for the UC305x305x240 section) the
design resistance for sections used in the new design is still larger than the resistance of the sections
used in the current design.

For “long” columns the design resistance is shown in Table 5-10.

Section (current) Nb,Rd Nmax | Relative |[Section (new) Nb,Rd Nmax | Relative
[kN] [kN] (%] [kN] [kN] [%]
SHS600x100 51142 50568 98,9 |[SHS600x80 51546 | 51383 99,7
UC356x406x634 + 2x100PL || 37531 36664 97,7 ||HD400x677 + 2x55PL || 38306 | 37517 97,9
UC356x406x634 + 2x75PL 34617 | 34088 98,5 |[[HD400x677 + 2x45PL || 34691 34691 100,0
UC356x406x634 + 2x60PL 30567 | 30566 100,0 (HD400x677 + 2x40PL | 33679 | 33678 100,0
UC356x406x634 + 2x50PL 27563 27562 100,0 [ HD400x677 + 2x30PL | 29151 29150 100,0
UC356x406x634 + 2x40PL 24529 | 24529 100,0 (HD400x677 +2x20PL | 24558 | 24558 100,0
UC356x406x634 12639 12424 98,3 |[HD400x509 13119 12909 98,4
UC356x406x551 10768 10268 95,4 |[HD400x463 11712 11225 95,8
UC356x406x393 + 2x50PL 19508 19146 98,1 |[HD400x382 +2x40PL 20829 | 20506 98,4
UC356x406x393 + 2x40PL 18234 | 17937 98,4 |[HD400x382 +2x25PL 18390 18389 100,0
UC356x406x340 6290 6085 96,7 |[[HD400x287 6865 6661 97,0

Table 5-10: Maximum allowable compressive force “long” columns current (left) and new design (right)

Even for the long columns the resistance does not have to be reduced much. This is because large
sections are used which reduces the slenderness of the columns. The bending moment is also
relatively small compared to the bending moment resistance of the sections. Because the bending
moments can in this case only occur due to the eccentricity of the connected beams the bending
moment will increase (slightly) when larger sections are used because the eccentricity will increase.
The bending moment resistance is however much larger than this design bending moment, therefore
the bending moment will not have a significant effect on the resistance of large sections.

When combined compression and bending occurs in a section the design buckling resistance will
decrease because of the additional bending moment. For the used sections in the new design this
usually does not lead to smaller resistances than resistances of the replaced sections in the current
design. The is possibly only smaller when slender sections are used. For heavy sections the bending
moments will have a small influence on the design resistance regardless of the steel grade used. The
use of higher strength steel will therefore still result in savings similar to the ones shown in Table 5-8.
The cost reduction is therefore not altered because only 1 section has to be upsized (HD360x147).
This section is relatively light and occurs only once in the entire structure. The effect of upsizing this
section will therefore be negligible.
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5.2.2 Connections

All columns have a length of 2 stories. This length depends on the height of the individual stories. In
this case 13 different sections can be used for a single column (12 to support the floors and 1 for the
roof structure). Because many different sections are used the amount of different splices is very
large. A total of 372 column splices are required in the building. The use of the different sections
results in 123 unique splices. Many of the splices only occur once in the entire building. Because the
amount of different splices is large only a few of them are examined. There are 4 different types of
splices in the building:

- Box section — Box section

- Box section — H-section

- H-section — H-section (t; > 50 mm)
- H-section — H-section

Because the perimeter of the columns should be kept as small as possible (more free space)
connection plates outside the section are not used. The box sections can therefore not be bolted and
need to be welded on site (Figure 5-8).

Plate 440x40 Box section — Box section
® j [ In some cases full contact between both sections is not
r“ " possible due to different sizes of the sections. In these cases
— B "~ additional plates are welded to the bottom column (shop
182 ' weld). These plates allow full contact bearing. The columns
: : Al should also be connected with the use of welds. Beveled
i i i i welds are used to connect the columns. The bottom column
: : =60 E can be welded to a plate (if necessary) in the factory. The top
' B ' B column has to be welded on site. The size of the welds depend
o i 1| on the maximum design stress that can occur. The design
i i i i stress is calculated with the use of the minimum requirements
L e0o | - _ - according to the Eurocode. An elastic distribution of the stress
] ] [ 1 1 isused. With the use of thickness ratios the required weld size
- can be calculated. In all cases the web cannot be welded
3 because it is inaccessible. The stress distribution is therefore
N e— based on the flanges and side plates only (the web is excluded

from the calculation). The calculations of the required weld

Figure 5-7: Box section — Box section sizes are shown in Appendix IV.
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Figure 5-8: Box section — H-section
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Figure 5-9: H-section — H-section (t; > 50)

Box section — H-section

When a box section is connected to an H-section a
discontinuity occurs. The side plates are no longer present.
This abrupt change is not acceptable and the force from the
side plates need to be transferred to the flanges of the H-
section. This is accomplished by welding plates to the sides of
the H-section at the location of the splice (Figure 5-9). The
force in the side plates of the box section are transferred
through bearing to the side plates of the H-section. The side
plates of the H-sections are welded with fillet welds to the
flanges. The entire force must be transferred to the flanges
by these welds. The design of the welds and the plate is
therefore not based on the minimum requirements but on
the actual stresses in the section. The (beveled) welds
connecting the sections are designed in the same way as the
welds for the box section — box section connections.

H-section — H-section (t; > 50 mm)

For connections with H-sections 2 different types are used
dependent on the flange thickness of the thickest member. If
the flange thickness is larger than 50 mm they are not
connected with the use of flange plates anymore. Instead
plates are welded between the flanges parallel to the web
(Figure 5-10). These welded plates are connected with the
use of splice plates. The splice plates and the welded plates
are designed with the use of the minimum required forces.
Because the length of the welded plates is large the plates
are assumed to be clamped to the flanges for forces in plane
of the welded plate (design axial force). The axial force is
divided over the 2 plates. The bending moment in the weak
direction can be translated to forces with the use of a lever.
The lever is in this case the center to center distance of the
welded plates. For the bending moment in the strong
direction a different approach is used. The welded plates are
in this case always assumed to be loaded in tension. The
compressive force is provided by one of the flanges

(depending on the direction of the bending moment). The flanges transfer the compressive force

through bearing (Figure 5-10).

86



Figure 5-10: Bending moment (M,) transfer

The force in the welded plates due to bending about the strong axis is: F = M,/z. This force is divided
over the 2 welded plates. The welded plate is connected with 2 bolt rows. Due to the clamped ends
of the plate the internal force distribution is statically undetermined. The distribution of bending
moments can however be determined with the use of certain ratios. Because 2 bolts are used next to
each other with edge distance e2 and spacing p2 the plate can be modeled as shown in Figure 5-11.

1/2F 1/2F

! !

Figure 5-11: Forces and restraints welded plates

This is a symmetrical system so it can also be described by the model shown in Figure 5-12. The
assumed bending moments are also shown. M, is the bending moment at the location of the welds
and M, is the bending moment at the location of the bolts.

1/2F e
| e

o M

Figure 5-12: Simplified model and bending moment distribution welded plates
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The restraints used in the simplified model imply that the rotation at the edge and at midspan should
be 0. With the use of these boundary conditions the bending moment distribution can be calculated.
It is first assumed that the bending stiffness of the plate is constant for the entire span. The bolt
holes are therefore neglected for the calculation of the bending moment distribution. Rotations can
be calculated with the use of the reduced bending moment diagram. This is the bending moment
diagram divided by the bending stiffness. Because the bending stiffness is assumed to be constant
this diagram has the same shape as the bending moment diagram. By definition the area of the
reduced bending moment diagram over a certain length is equal to the total rotation over this
length. Because the rotation at both ends should be 0 the total area of the reduced bending moment
diagram should be 0 as well. This means that the area of the bending moment diagram marked with
the horizontal lines (Figure 5-12) should be equal to the area of the bending moment diagram
marked with the diagonal lines.

The total bending moment M = F/2xe2 and M,, + My = M. F is in this case the force transferred by a
single welded plate. The distance between the weld and the point where M = 0 is equal to:
M,xe2/M. The area of the part marked with horizontal lines can be described with:

A, = M,,’xe2/(2xM)

Ay = (M-My)*xe2/(2xM) + (M-M,,)xp2/2 (Mp = M-M,,)

Ay = Ap > M, xe2/(2xM) = M, xe2/(2xM) + M?xe2/(2xM) — 2xM,xMxe2/(2xM) — M,xp2/2 + Mxp2/2
This can be rewritten to: Mxe2/2 — M, xe2 — M,xp2/2 + Mxp2/2 =0

Myx(e2+p2/2) = Mx(e2/2+p2/2) > M,, = Mx((e2/2+p2/2)/(e2+p2/2))

Now the shear force and bending moments at the location of the welds and the bolts are known and
the section checks can be made (the net section is used for the check at the bolts).

Plote 170x20 Plote 220x10 H-section — H-section
§ For H-sections with a flange thickness of 50 mm or less flange and
A {:‘ web plates are used. The webs are connected with the use of two
293 splice plates. The flanges are connected with the use of 2 splice

plates on the inside of the section only. The bolts connecting the

JilR e Irs| flanges are therefore loaded in 1 shear plane only. It can
T ME7 108 | & 1 @

therefore be guaranteed that the shear force is transferred

: & | & ':-f"J [™e -l;.:li:. &
e ®0T .| Mes 88 | ® W ® | through the shaft of the bolts which results in an increased
HH e 8 | Ho 3“%—0—‘,” @ . . .
Hie e o #fr o | resistance. 10.9 bolts are in this case also useful because the
1 1] S| factor ay is 0,6 for all classes (instead of 0,5 for class 10.9). The
— A
3 i shear resistance can be calculated with the use of:

av*fub*A

Fyra =
’ YMm2

399

The area A is in this case the area of the shaft: A = nixd*/4. For

M27 bolts class 8.8 loaded in double shear through the threaded
section it was shown that the capacity per shear plane F g4 =

Figure 5-13: H-section — H-section
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176,3 kN = 352,6 kN per bolt. For M27 class 10.9 bolts loaded in single shear through the shaft the
capacity per shear plane F,zq = 0,6x1000x nx27%/(4x1,25x1000) = 274,8 kN. The use of class 10.9
results in a large capacity per bolt even though the bolts are loaded in 1 shear plane only.

The flanges are assumed to transfer 70% of the axial force and the bending moments in both
directions. The shear force in the weak direction of the section is also transferred through the
flanges. The web is assumed to transfer 30% of the axial force and the shear force in the strong
direction.

The calculations of the resistances of the different connections are shown in Appendix IV.

8 different splices are examined. The sections used for the examined splices in the current design are
shown in Table 5-11.

Splice Top Bottom
1| UC356x406x634 + 2x100PL | SHS600x100
2| UC356x406x634 + 2x60PL | SHS600x100
3| UC356x406x634 + 2x60PL | UC356x406x634 + 2x60PL
4]l UC356x406x634 + 2x30PL | UC356x406x634 + 2x30PL
5| UC356x406x551 UC356x406x634
6| UC356x406x393 + 2x40PL | UC356x406x551
7| UC356x406x393 UC356x406x393
8| UC356x368x202 UC356x406x235

Table 5-11: Splice numbers and the connected sections (current design)

The forces occurring in these splices are shown in Table 5-12.

Splice F,Ed My,Ed Mz, Ed
[kN] [kNm] [kNm]
1| 27350 69 165
2| 44682 26 0
3 41412 9 70
4] 29693 85 398
5| 20493 65 13
6| 17499 195 13
71 14367 60 12
8| 3130 442 127

Table 5-12: Forces in the examined splices

Splices 1 and 2 only occur once in the entire building. They are examined because the dimensions of
the top and bottom sections differ a lot. If this is the case full contact bearing cannot occur when
simply placing the top section on top of the bottom section. In order to achieve full contact bearing
an additional end plate is required. For connections which only contain UC sections (current design)
or HD sections (new design) additional plates are not required because full contact bearing can
always be achieved if the top column is not larger than the bottom column. The required welds and
plates for the splices (Box section — Box section) in the current design are shown in Table 5-13.
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Splice Weld flange | Weld plate Plate
[mm] [mm] Ixwxt
1 28 35 600x600x70
2 29 23 600x600x70
3 29 23 N/A
4 29 13 N/A

Table 5-13: Required welds and plates Box section — Box section splices (current design)

The top column is always welded on site to the bottom column. If an additional plate is required to
provide full contact bearing it is welded in the factory to the bottom column. The same welds are
then applied to connect the plate to the bottom column.

Splice 5 is a connection between 2 UC sections so an additional plate is not required. The flange
thickness of both sections is larger than 50 mm so welded plates are used to connect the sections.
Per splice 2 welded plates and 4 splice plates are required. The required plates and welds are shown
in Table 5-14.

Splice Welded plate | Weld | Splice plate
Ixwxt [mm] Ixwxt
5| 390x320x35 18 780x280x25

Table 5-14: Required welds and plates H-section- H-section splices (t; > 50 mm) (current design)

Splice 6 is a connection between a Box section and an H-section. An additional plate with a thickness
of 40 mm is used. A plate is welded to the H-section to allow the transfer of the force present in the
side plates of the box section to the H-section.

Splice Welded plate | Weld | Weld flange | Weld plate
Ixwxt [mm] [mm] [mm]
6| 600x415x30 15 16 13

Table 5-15: Required welds and plates Box section — H-section splices (current design)

Splices 7 and 8 are connections between 2 UC sections. The thickness is not larger than 50 mm so
flange and web plates are used to connect the columns. Welds are therefore not required. 4 splice
plates are used to connect the flanges and 2 splice are used to connect the webs. The required plates

are shownin .

Splice

Flange plate

Web plate

Ixwxt

Ixwxt

7

780x170x20

380x220x10

8

780x160x25

380x220x10

Table 5-16: Required plates H-section — H-section splices (current design)

The splices in the new design are similar the ones used in the current design. Due to the use of
different sections the type of splice could differ. The sections used for the examined splices in the
new design are shown in Table 5-17.
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Splice Top Bottom

1| HD400x677 + 2x20PL SHS600x80
2||HD400x677 + 2x20PL SHS600x80
3|HD400x677 + 2x20PL HD400x677 + 2x20PL
4| HD400x634 HD400x634
5|HD400x382 HD400x463
6| HD400x382 + 2x25PL HD400x382
7| HD400x287 HD400x287
8|[HD360x162 HD400x187

Table 5-17: Splice numbers and the connected sections (new design)

It is visible that one less Box section — Box section splice is used which reduces the amount of site
welds. The same force are used for the calculation of the required resistances. These calculations
lead to the following welds and plates for splice 1 to 3 (Table 5-18).

Splice Weld flange | Weld plate Plate
[mm] [mm] Ixwxt
1 36 19 600x600x60
2 37 11 600x600x60
3 36 11 N/A

Table 5-18: Required welds and plates Box section — Box section splices (new design)

The welds connecting the flanges are larger than the ones used in the current design. This is because
the side plates of the box sections are smaller than the ones used in the current design. The flanges
need to transfer a larger force to the bottom column hence the increase of the required weld size.
Because of the reduced thickness of the side plates the welds connecting these plates are smaller
than the ones used in the current design.

The weld sizes are not based on the allowable shear stress but they are based on the allowable
tensile stress. A different formula is applied according to NEN-EN 1993-1-8 4.5.3.2: ¢ < 0,9xf./1,25.
The application of a correlation factor for welding is no longer required and therefore the welds for
S460 can be a bit smaller than the welds for S355.

Splices 4 and 5 are connections between 2 HD sections with flanges that are thicker than 50 mm. The
required plates and welds are shown in Table 5-19.

Splice Welded plate | Weld Splice plate
Ixwxt [mm] Ixwxt
4| 640x320x30 19 1280x280x35

5{ 390x320x30 18 780x280x25
Table 5-19: Required welds and plates H-section- H-section splices (t; > 50 mm) (new design)

It is visible that the required welds and plates for splice 5 are similar to the ones used in the current
design. This implies that the use of S460 is not beneficial when these kind of connections are made.

The required welds and plates for splice 6 are shown in Table 5-20.
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Splice Welded plate | Weld Weld flange | Weld plate
Ixwxt [mm] [mm] [mm]
6| 600x380x20 11 18 10

Table 5-20: Required welds and plates Box section — H-section splices (new design)

In this case the use of S460 leads to reduced plate and weld sizes. This is because the side plates are
smaller and therefore a smaller force is transferred by these side plates resulting in smaller plate
sizes for the connection.

Splices 7 and 8 are connections between 2 HD sections. The connection is made with the use of
flange and web plates only. The required plates are shown in Table 5-21.

Splice

Flange plate

Web plate

Ixwxt

Ixwxt

7

780x170x20

380x220x10

8

780x160x25

380x220x10

Table 5-21: Required plates H-section — H-section splices (new design)

The design with the use of S460 results in the use of exactly the same plates used in the current
design. This is because the same forces are transferred and the tensile strength of the material is
used to calculate the resistance. The difference in tensile strength for S355 and S460 is smaller than
the difference in yield strength and because the plates are already thin a further reduction of
thickness could lead to a reduction of 1 to 2 mm in thickness which is not practical.

5.3 Costsaving

The cost saving is again split up in material, fabrication, transportation and assembly costs. The
material costs cannot directly be calculated with Table 3-4 because built up sections are also used.
The costs for the columns (without connections) therefore already includes some of the fabrication
costs. The fabrication costs can be calculated with the same method used for the trusses. The same is
valid for the transportation costs. The assembly costs differ however. In this case some of the
connections are welded on site which is of influence on the assembly costs. Certain types of
connections can therefore be cheaper and recommendable for column splices. This depends on the
combination of fabrication and assembly costs. As site welding is expensive these kind of connections
should be kept to a minimum. In this case they are used because box sections cannot be bolted to
other box sections without the use of plates welded to the exterior of the columns. Since the use of
these plates is in this case not desirable the box sections have to be welded on site.

5.3.1 Material

The material cost saving in this case also includes a bit of fabrication costs. Generally a price per ton
is used for steel sections. For box sections this can still be used but the required welds and plates
should also be taken into account. This is done with the use of a fixed speed of 10 m/hr for the welds
(valid for one layer). For the plates the price per ton is increased with 100 €/t to take account of the
fabrication costs required to cut the plates. The costs per ton for all the sections are shown in Table
5-22.
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Section Costs Section Costs
€/t €/t
SHS600x100 1140 SHS600x80 1275
UC356x406x634 + 2x100PL || 1816 HD400x818 1180
UC356x406x634 + 2x75PL 1769 HD400x744 1180
UC356x406x634 + 2x60PL 1733 HD400x677 + 2x55PI 1783
UC356x406x634 + 2x50PL 1706 HD400x677 + 2x45PI 1748
UC356x406x634 + 2x40PL 1674 HD400x677 + 2x40PI 1729
UC356x406x634 + 2x30PL 1637 HD400x677 + 2x30PI 1686
UC356x406x634 + 2x20PL 1593 HD400x677 + 2x20PI 1636
UC356x406x634 1130 HD400x634 1180
UC356x406x551 1130 HD400x592 1180
UC356x406x467 1085 HD400x551 1180
UC356x406x393 + 2x50PL 1629 HD400x509 1180
UC356x406x393 + 2x40PL 1597 HD400x463 1134
UC356x406x393 + 2x30PL 1557 HD400x382 + 2x40PI 1696
UC356x406x393 975 HD400x382 + 2x25PI 1623
UC356x406x340 975 HD400x382 1025
UC356x406x287 975 HD400x347 1025
UC356x406x235 975 HD400x287 1025
UC356x368x202 975 HD400x262 1025
UC305x305x240 940 HD400x216 1025
UC305x305x198 940 HD400x187 1025
UC305x305x158 940 HD360x162 1025
UC254x254x167 935 HD360x147 1030
UC254x254x132 935 HD360x134 1030
UC203x203x86 925 HD320x127 990
HD320x97,6 995
HD260x68,2 980

Table 5-22: Costs per ton for the sections in the current (left) and new design (right)

The costs for the fabrication of the plates and welds are included in these prices. For the fabrication
of the plates the costs were increased with 100 €/t. The costs for the welds depend in the size of the
welds. These costs can be described as costs per meter. For the plates the costs can also be described
as costs per meter. These costs depend on the section used and the thickness of the plates. When
both plate and welding costs are described as costs per meter they can be transformed into costs per
ton by simply dividing the costs per meter by the unit weight of the section in tons (t/m). By adding
up all the components the final costs per ton are known (Table 5-22).

The cost saving for the individual sections is shown in Table 5-23 for “short” columns and in Table
5-24 for “long” columns.
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Current section Costs New section Costs Cost saving
[€/m] [€/m] (%]
UC356x406x634 + 2x100PL | 2391 |HD400x677 + 2x40PL | 1650 31,0
UC356x406x634 + 2x75PL 2027 |HD400x677 + 2x30PL | 1492 26,4
UC356x406x634 + 2x60PL 1809 | HD400x677 + 2x20PL | 1335 26,2
UC356x406x634 + 2x50PL 1664 | HD400x818 965 42,0
UC356x406x634 + 2x40PL 1518 | HD400x744 878 42,2
UC356x406x634 + 2x30PL 1373 | HD400x634 748 45,5
UC356x406x634 + 2x20PL 1227 | HD400x592 699 43,1
UC356x406x634 716 | HD400x463 525 26,7
UC356x406x551 623 HD400x382 392 37,1
UC356x406x467 507 |HD400x347 356 29,8
UC356x406x393 + 2x50PL 1126 | HD400x551 650 42,3
UC356x406x393 + 2x40PL 1008 | HD400x509 601 40,4
UC356x406x393 + 2x30PL 891 HD400x463 525 41,1
UC356x406x393 383 HD400x287 294 23,2
UC356x406x340 332 HD400x262 269 19,0
UC356x406x287 280 |HD400x216 221 20,9
UC356x406x235 229 | HD400x187 192 16,3
UC356x368x202 197 |HD360x162 166 15,7
UC305x305x240 226 |HD360x147 151 32,9
UC305x305x198 186 |HD360x134 138 25,8
UC305x305x158 149 | HD360x134 138 7,1
UC254x254x167 156 |HD320x127 126 19,5
UC254x254x132 123 HD320x97,6 97 21,3
UC203x203x86 80 HD260x68,2 67 16,0
Table 5-23: Cost saving “short” columns
Current section Costs New section Costs Cost saving
[€/m] [€/m] [%]

SHS600x100 1790 | SHS600x80 1602 10,5
UC356x406x634 + 2x100PL | 2391 |HD400x677 + 2x55PL | 1886 21,1
UC356x406x634 + 2x75PL 2027 |HD400x677 + 2x45PL | 1728 14,7
UC356x406x634 + 2x60PL 1809 | HD400x677 +2x40PL | 1650 8,8
UC356x406x634 + 2x50PL 1664 | HDA400x677 + 2x30PL | 1492 10,3
UC356x406x634 + 2x40PL 1518 | HD400x677 + 2x20PL | 1335 12,1
UC356x406x634 716 | HD400x509 601 16,2
UC356x406x551 623 HD400x463 525 15,7
UC356x406x393 + 2x50PL 1126 | HD400x382 +2x40PL 1053 6,5
UC356x406x393 + 2x40PL 1008 | HD400x382 +2x25PL 863 14,4
UC356x406x340 332 HD400x287 294 11,3

Table 5-24: Cost saving “long” columns

The cost saving differs from 6,5 % to 45,5 % for different sections. This difference is very large and is
caused by the different costs between box sections and H-sections. The UC356x406x643 + 2x30PL
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section can be replaced by an HD400x634 section in S460 which is essentially the same section
without the additional plates. The section therefore weighs and costs less per meter which results in
this significant cost reduction. The box section in the current design has a buckling resistance of
30900 kN at a buckling length of 5380 mm. If an H-section were to be used this section should have
been an HD400x1202 section. These sections cost 1130 €/t which results in 1358 €/m. This is slightly
less expensive than the box section used. The box sections however weigh less which would result in
reduced transportation costs. If the buckling lengths are small (about 4 m) the use of large HD
sections will become the cheaper solution because the stiffness in the weak direction would matter
less.

The other differences are caused by significant differences in weight saving and by the price per ton
of certain section. In some cases the section in S460 will result in a higher price per ton and
sometimes the price per ton will be lower. When the latter is the case and the weight saving is
significant the cost saving will be even more significant because of the reduced costs per ton.

With the use of the section overview shown In Appendix Il the total costs per column can be
calculated. These costs are shown in Table 5-25. It is visible that the saving for the columns vary from
about 20% up to 35%. This difference is mainly caused by the use of “long” columns in some of the
columns. For “long” columns the cost saving is relatively small when compared to the saving for
“short” columns. When a column consist of only “short” columns the total saving is therefore larger
than when “long” columns are also present. Combined with the difference in bearing resistances at
the same level of these columns (probably because the columns are more heavily loaded), which
results in different savings of each individual column at the same height, the total saving can vary this
much. This also shows that the use of stronger steel grades is more favorable when used in parts of
the construction where the buckling lengths are relatively small. This can also be seen in Graph 5-1.
In this graph different terms are used. “Short” displays the cost saving for columns which are
supported at all floors, “Mezzanine” displays the saving for columns not supported at the mezzanine.
The same applies for “Level 1” and “long” displays the cost saving for columns that are not supported
at level 1 and the mezzanine.

40

35

30

25 A H Short

[%] 20 - H Mezzanine

M Level 1
15 -
M Long
10

Saving

Graph 5-1: Cost saving for different column types

95



Current New

Costs Costs Saving
Column [€] [€] [%]

158277 | 115896 26,8
129887 94726 27,1
114512 77161 32,6
80782 61202 24,2
76934 54034 29,8
11} 133330 | 97798 26,6
13} 102101 67059 34,3
15| 120427 76048 36,9
18| 117500 73843 37,2
20| 123879 82213 33,6
22| 80782 55162 31,7
23| 75997 49950 34,3
25| 117546 76989 34,5
27| 79772 53466 33,0
28| 84593 57417 32,1
37| 90638 63348 30,1
38| 94577 71391 24,5
40( 88970 60138 32,4
41 58554 41764 28,7
42 75843 51531 32,1
43( 75026 50957 32,1
44 72233 49026 32,1
45( 65908 43083 34,6
46( 61095 48945 19,9
47( 54678 43034 21,3
48( 54678 43034 21,3
49( 48776 38745 20,6
50| 64703 48294 25,4
51| 85403 65124 23,7
Total 2587402 1811376 30,0
€ € %
Table 5-25: Costs and cost saving per column

OIN| B[N

The total cost saving based on axially compressed members only is in this case 30% which leads to an
amount of over 700.000 € for the entire building. When larger loads are present (taller buildings) the
cost saving could even increase because the difference in yield strength between S355 and
HISTAR460 becomes larger when larger sections are used.

5.3.2 Fabrication and assembly

The fabrication and assembly costs are reviewed because the final costs of a certain connection is the
sum of these 2 costs. The different connection types used all have different fabrication and assembly
costs. Connections welded on site will have larger assembly costs than bolted connections. The
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fabrication costs could however be smaller since additional plates and drilling of holes is not
required. The combination of both costs determines the final costs of the connection. Therefore all
connections are compared based on the summation of the fabrication and assembly costs.

The fabrication costs are determined for sawing, drilling, welding, flame cutting, weld preparation
and flattening of the column ends. The material costs for the required plates is also included.
Because only a few splice details are examined the costs for shot blasting and internal transport are
assumed to be constant. They are assumed to be the same regardless of the steel grade and
connection type used.

All sections are sawn and the column ends are flattened to allow full contact bearing. Holes (if
required) are drilled in the sections and the required plates. The plates are then cut and welded (if
required) to the sections. Box section — Box section connections require weld preparation of the top
column end and if a plate is required between the column ends the bottom column needs weld
preparation as well. For Box section — H-section the same operations are required. The welded plates
in the heavy H-section — H-section connections require weld preparation as well.

The assembly costs are determined for the connections only. Any possible savings in crane use for
example are not reviewed. The costs of the connections depend on the location of the connections.
There is a difference in costs for a connection at the 2™ floor or the same connection at the 21* floor.
This is because it takes more time to lift the required components in the right position. Because
connections can be used multiple times at different levels an average lift time is assumed. It is
assumed that all connections require this average lift time which leads to the use of certain basic
costs that are always required regardless of the type of connection. The assembly costs are therefore
a summation of these basic costs and the actual time required to connect the columns. For bolted
connections the required time depends on the weight of the splice plates (handling) and the amount
of bolts required in the connection. For the examined connections the amount of bolts required are
about the same and the weight of the splice plates does not differ much. The costs for bolting the
connections on site are therefore assumed to be constant independent of the connection type.
Welded connections require a certain time dependent on the amount of layers required. The
required time is calculated with a reduced welding speed as opposed to the welding speed use for
the fabrication process. The reduced welding speed is chosen to take account of the disadvantage of
welding on site: A welding tent could be required or the weather interferes with the possibility to lay
down quality welds.

With the use of the required fabrication and assembly time the total costs can be estimated. For the
connections used in the current design the cost estimations are shown in Table 5-26. It is visible that
the relative costs for fabrication differ per connection type. Splices 1 to 4 are Box section — Box
section connections and they are welded on site. The assembly costs are large in this case and
therefore the relative fabrication costs are small for these kind of splices. For splices with bolted
connections (splice 5, 7 and 8) the fabrication costs are much more than the assembly costs because
bolted connections are easier to assemble and therefore cost much less. The fabrication costs of
splice 5 (H-section — H-section with t; > 50 mm) is high compared to the fabrication costs of the other
splices. The welded plates require 2 beveled welds per plate. 4 welded plates are required per splice
which results in large fabrication costs because the required welding time will be large.
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Splice Fabrication| Assembly Total
[€] [€] (€]
1 2054 3675 5729
2 1863 2805 4668
3 1121 2805 3926
4 1120 2010 3130
5 2231 450 2681
6 1980 990 2970
7 1340 450 1790
8 1305 450 1755

Table 5-26: Costs of the different connection details (current design)

According to the model used to calculate the fabrication and assembly costs the difference between
bolted and welded connections is not really noticeable for the fabrication costs. The assembly costs
differ a lot depending on the type of the connection. It is visible that welded connections will cost
more than bolted connections. This is mainly because of the increased costs required for welding on
site. The increased fabrication costs for the heavy H-section — H-section splices is compensated by
the reduced assembly costs. This makes this type of connection more suitable for heavy H-sections
than welded connections on site.

The connections used in the new design are similar to the ones used in the current design. The
required plates for bolted connections are in some cases even the same. Welded connections require
about the same weld sizes as the connections used in the current design (larger flange welds but
smaller side plate welds). The use of thinner side plates still could result in reduced welding costs.
The estimated fabrication and assembly costs are shown in Table 5-27.

Splice Fabrication| Assembly Total
[€] [€] (€]
1 1821 2670 4491
2 1795 2595 4390
3 1126 2460 3586
4 3030 450 3480
5 2197 450 2647
6 1936 990 2926
7 1323 450 1773
8 1305 450 1755

Table 5-27: Costs of the different connection details (new design)

In this case the fabrication costs differs a lot depending on the connection type used. The fabrication
costs for the heavy H-section — H-section connections (splice 4 and 5) are again the most. The costs
for splice 4 are significantly higher. This is because a long connection is required to transfer the
forces. This results in the use of long welded plates which significantly increases the time required for
welding. The reduced assembly costs however still results in smaller total costs than the welded
connections (splice 1 to 3).

The cost saving per connection detail is shown in .
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Splice Current New Saving

(€] (€] (%]
1 5729 4491 21,6
2 4668 4390 6,0
3 3926 3586 8,7
4 3130 3480 11,2
5 2681 2647 1,3
6 2970 2926 1,5
7 1790 1773 0,9
8 1755 1755 0,0

Table 5-28: Fabrication and assembly cost saving

Cost savings (if at all present) are very small for connections between 2 H-sections. This is because
bolted connections are used for these kind of connections. In this case the columns are all loaded in
compression and this force is transferred through bearing. The connections are therefore designed
according to minimum requirements. These requirements result in about the same (tensile) forces
for connections in S355 and S460. For bolted connections the same amount of bolts are therefore
required. Because the tensile strength of splice plates is used in the design of most connections only
a small reduction in thickness is possible when using S460. This however leads to thicknesses that are
not practical (23 mm instead of 25 mm for example). S355 plates can always be used in bolted
connections (also in the new design) so additional fabrication costs will not occur. The use of S460 for
the section will not lead to increased fabrication costs as well because of the reduced size and
thickness of these sections as opposed to the sections used in the current design. Welded
connections lead to slightly larger cost savings because the total amount of welding time required
can be reduced when using S460. The reduced welding time required is mainly noticeable for the site
welds and could significantly reduce the required time and thus costs for assembly. For splice 4 the
saving is shown in red. This means that the costs have increased. In this case the type of connections
has changed. In the current design splice 4 is a connection between 2 box sections. In the new design
both box sections have been replaced by 2 heavy H-sections. This change results in increased
fabrication costs but a reduction in assembly costs. The increase in fabrication costs is however larger
than the decrease in assembly costs resulting in increased total costs.

5.3.3 Transportation

The transportation costs are again assumed to be linearly related to the weight of the entire
structure. In Table 5-8 it was shown that the total weight reduction of all columns is 22,1%. The
weight of the required plates for the connections is however not included in the total weight
reduction. The connections require similar plates as the ones used in the current design. In some
cases the size of the plates does not even change when using S460. The weight reduction for the
required plates will therefore be far less than 22,1%. The total weight of the plates is however much
smaller than the total weight of all sections. The total weight saving will therefore decrease by not
that much. It is assumed that the weight saving including all the required plates is about 20%. The
transportation costs are therefore assumed to be 20% less also. This is based on the same method
used for calculating the transportation costs for the trusses in the Delft project. In this method the
costs are based on the amount of trucks required and the distance travelled. Because the amount of
trucks required is linearly dependent on the weight so are the costs.
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5.3.4 Conclusion

The use of S460 for the columns results in great material savings. This is mainly noticeable for the
heavily loaded columns. Sections with the steel grade S355 will not be able to resist the large
compressive forces so additional plates are required to strengthen these sections. When S460 is used
side plates will be required less often. This depends on the magnitude of the forces and the
unsupported length of the columns. For slender columns the possible saving is much smaller than for
stocky columns. This is because the plastic axial capacity of slender columns has to be reduced
(much) more to take account of buckling than the plastic axial capacity of stocky columns. In office
buildings unsupported column lengths are usually 4-5 m. At the bottom levels of these buildings large
forces have to be transferred. The use of H-sections will be very effective in these cases because
large sections would be required. These large sections are very stiff and the buckling resistance will
therefore be close to the axial plastic capacity which means that these sections are very effective.
The use of box sections is therefore not required and the savings can therefore be substantial. This is
shown for the box sections used in the new design. Only 3 box sections are used for “short” columns.
The buckling resistances have been calculated for a buckling length of 5 m and equivalent H-sections
are shown with the relevant costs (Table 5-29).

Box section Nb,Rd Costs [ H-section Nb,Rd Costs

[kN] [€/m] [kN] [€/m]
HD400x677 + 2x40PL | 50070 1650 |HD400x1202 53968 1418
HD400x677 + 2x30PL | 45749 1492 | HD400x1086 48270 1281
HD400x677 + 2x20PL | 41334 1335 | HD400x990 43635 1168

Table 5-29: Cost comparison box sections and H-sections “short” columns

All the equivalent H-sections weigh more but cost less per meter so material costs can be further
reduced if H-sections are used instead of box sections for short columns. The fabrication,
transportation and assembly costs will however increase with the use of these H-sections because
connections with welded plates are used and the weight is increased.

In some cases the unsupported column length could be much larger than 4-5 m. This could for
instance happen at the ground floor of such a building at the location of the entrance. When the
unsupported column length is large the use of box sections becomes more attractive because they
are very effective in these cases. The use of H-sections would lead to buckling resistances much
smaller than the plastic axial capacity because of the increased slenderness at longer unsupported
lengths. All the box sections used for “long” columns are examined. The buckling resistances are
calculated for a buckling length of 10 m. The equivalent H-sections and the relevant costs are shown
in Table 5-30.

The equivalent H-sections cost about the same as the box sections. The weight of the sections is
however much larger than the weight of the box sections. This will lead to increased transportation
costs. The increased weight combined with the welded plates required to connect the heavy H-
sections will also result in increased fabrication and assembly costs. The use of H-sections for longer
columns is therefore not advisable because it would ultimately lead to increased costs as opposed to
box sections.
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Box section Nb,Rd Costs [ H-section Nb,Rd Costs
[KN] [€/m] [kN] [€/m]
SHS600x80 52899 1602 |N/A
HD400x677 + 2x55PL | 39744 1886 |[N/A
HD400x677 + 2x45PL || 36119 1728 N/A
HD400x677 + 2x40PL | 35240 1650 N/A

HD400x677 + 2x30PL [ 30656 1492 | HD400x1299 32683 1533
HD400x677 + 2x20PL | 25972 1335 | HD400x1202 29695 1418
HD400x382 +2x40PL | 21877 1053 | HD400x818 22267 965
HD400x382 +2x25PL [ 18027 863 HD400x744 19822 878

Table 5-30: Cost comparison box sections and H-sections “long” columns

Fabrication and assembly costs will not change much. The use of H-sections instead of box sections
however leads to an increase in fabrication and assembly costs. If the use of H-sections results in
large material savings as opposed to box sections this increase in costs could be acceptable. It is
shown that for unsupported lengths of about 10 m the use of H-sections is ineffective. If the
unsupported length is smaller (about 5 m) the use of H-sections becomes very effective because the
material savings can be substantial. The increased fabrication and assembly costs will easily be
compensated by the reduced material costs. Office buildings will usually have column lengths of 4-5
m so the use of H-sections is recommendable. Box sections should only be used when long columns
are required or when the capacity of the largest H-section available is too small. For S355 this happen
more often than for S460. The largest HD-section available is the HD400x1299 section. This is a very
heavy section with 140 mm thick flanges. For S355 this leads to the use of a yield strength of 295
N/mm? and buckling curve d. For S460 (HISTAR) the yield strength is 450 N/mm? and buckling curve c
should be used. For a column with a length of 5 m the design buckling strength is:

- 38605 kN for S355
- 58608 kN for S460

The capacity of the column in S460 is over 50% larger than the capacity of the one in S355. Larger
building heights can be achieved with the use of S460 without the need for box sections.

The most cost saving is achieved when box sections can be replaced by H-sections. It is shown that
the material cost saving can be over 40%. Additional costs for fabrication, transportation and
assembly are by far compensated. Longer columns or short columns with a small load (at the top of
the building) can also be replaced by columns with the use of S460. This will lead to a material cost
reduction of about 10-20%. The fabrication and assembly costs will in these cases stay about the
same. The transportation costs will also be reduced by about 20%.

A relative cost estimation is shown for both designs (current and new). This cost estimation is based
on a total of 34% material costs, 50% fabrication costs, 15% assembly costs and 1% transportation
costs. The relative costs estimation is shown in Graph 5-2.
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Graph 5-2: Relative cost estimation both designs

Because the fabrication and assembly costs stay about the same their relative costs will increase
when S460 is used. The relative material costs will in its turn decrease. The percentages shown in
Graph 5-2 are not based on real calculated values but they are estimated values used to show what
the changes in relative costs could look like.

Assuming that the material costs are about 1/3" of the total costs of a construction the use of S460
would lead to a reduction of 10% on the total costs. This is based on the material cost reduction of
30% only. Any differences in fabrication and assembly costs are considered small enough to be
negligible and any transportation cost reduction will also be negligible because the transportation
costs are small compared to the other costs.

5.3.5 Additional costs

Some of the costs are not described and factored in the calculation of the cost reduction. All columns
are used to support 2-4 beams. These beams are connected to the columns with the use of fin plates.
The costs of these connections have not been examined. It is however possible to connect the beams
with the use of fin plates with the steel grade S355. The thickness of the plates will therefore not
change and also the amount of bolts required stays the same. The only thing that could differ is the
size of the welds. Fin plates are connected with the use of fillet welds. The strength of fillet welds is
based on the design tensile strength of the connected parts. The strength of the fillet weld (f,,q) is
determined with the use of the following formula: f,, . 4 = f./(V3xBwx1,25). B, is the correlation factor
and is dependent on the steel grade used. B, is 0,9 for S355 and 1,0 for S460. The values for f,,, 4 are
shown in Table 5-31 for different thicknesses.

Grade Thickness [mm]
40 150

S$355 251,5 241,2

S460 249,4 244,8

Table 5-31: Design strength of fillet welds f,, ,, 4
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The design strengths of the fillet welds are for both steel grades about the same. The fabrication
costs will therefore remain the same regardless of the steel grade used.

The use of S460 results in larger possible stresses in the columns. These stresses can be translated to
strains with the use of Hooke’s law: o = Exe. The Young’s modulus is the same for both steel grades: E
= 210000 N/mm?. The use of S460 will lead to larger strains. Due to the strain the columns will
shorten. The building is about 120 m tall. With the use of the occurring stresses the total shortening
of the entire building can be calculated. For simplicity it is assumed that all columns are loaded to
75% of the yield strength. The total shortening will then be:

- 0,75x120x1000x355/210000 = 152 mm for S355
- 0,75x120x1000x460/210000 = 197 mm for S460.

For the new design the total shortening will be about 45 mm more than the shortening for the
current design. To compensate this shortening the columns can be made a bit longer (every column 2
cm taller will completely compensate the shortening). In this can division plates are used at certain
levels to compensate for any differences between column heights. They can also be used to
compensate for the shortening of the columns. The total shortening for the new design is 0,16% This
is considered small enough to neglect any differences in costs.

The welded columns are sometimes very thick. In these cases preheating could be required. It was
already shown that for both designs no preheating is required when a weld consumable in class D in
combination with a heat input of 2 kj/mm is used. If preheating would be required the fabrication
costs would increase but the assembly costs would increase even more because preheating on site
would require more effort.
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6 Concluding summary and design recommendations

The effectiveness of higher strength steel in buildings is dependent on the design of the load bearing
elements. Large material savings can be expected for mainly axially loaded members of a
construction. The construction of the Delft railway station consists of large trusses which carry the
loads of multiple stories of the building. Such truss systems are used more often lately. The use of
higher strength steel is very beneficial in these structures and leads to material cost savings of about
25-32% dependent on the type of truss used.

Large savings for the chords greatly influence the total material cost saving. The used calculation
method is of influence on the design and thus calculated cost savings for the chords. In this case a
computer program was used to calculate the occurring forces in each section. The calculation
method used by this program also includes the stiffness of the chords for the distribution of the
forces. This leads to larger bending moments in the chords than one would find when performing a
manual calculation because in a manual calculation the stiffness of the chords is considered to be
negligible. Partly due to the bending moments large savings were possible. If a different calculation
method were to be used the bending moment would probably be smaller and would therefore not
lead to a significant increase in cost reduction.

The verticals and diagonals are considered to be loaded by an axial force only. The expected weight
reduction for such members is 23%. The material cost reduction is closely related to the weight
reduction and is dependent on the size of the used sections. In some cases the reduced size of
sections could lead to reduced costs per ton even if a higher strength steel grade is used. For such
sections the cost saving is very large. For the verticals and diagonals a material cost saving of about
20-25% is found.

In this case bolted connections were used to connect al the diagonals and verticals to the chords. For
members loaded in tension this could lead to the use of cover plates to strengthen the sections at
the connections. These kind of plates are more often required when S460 is used and increase the
required fabrication costs. All plates used for the connections can also be designed with the use of
S460. This also leads to some cost reductions. Although the material has an increased hardness the
reduced thickness of all the components could lead to some fabrication cost savings. This saving is
about 10% based on the model used to calculate the fabrication costs. The model does however not
include the costs for conservation and not all connection details are included in the calculation. The
amount of stiffeners required is the same for both designs because webs of the relevant sections are
all encased in concrete. If this is not the case local or global buckling of the web prevents the full
utilization of the axial capacity of the web at the connections. Because designing with S460 leads to
decreased thicknesses buckling will have an increased influence on the design of connections.
Stiffeners would therefore be required more often and would increase the fabrication costs.

The fabrication costs are dependent on the hardness and size of the used sections and plates. One
could say that the decreased thickness and increased hardness of the materials when S460 is used
compensate each other when fabrication costs are considered. Fabrication costs for designs with
S355 and S460 will therefore be about the same.
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The assembly of the trusses for both designs will require about the same time because the amount of
connections stays the same. Cost savings are therefore only possible for the required equipment. The
use of S460 leads to a reduced weight. Smaller cranes can therefore be used for the assembly and
installation of the trusses. The cost reduction for cranes can therefore be significant because daily
costs can be very high. In this case these cranes will be required for several weeks which leads to
large cost savings for the use of cranes only.

The reduced weight of the sections also leads to reduced transportation costs. The transportation
costs are however small compared to the other costs. These costs are assumed to be linearly related
to the weight of the structure. Because large weight savings are possible the fabrication cost
reduction will usually be about 20-30%.

The high-rise office (BP4) consists of a lot of box sections. These box sections are required because
the largest H-sections cannot provide the required load bearing capacity. When S460 is used box
sections will be required less often. The main advantage of the use of S460 is when the unsupported
column lengths are small. For office buildings this length will be about 4-5 m. The use of S460 is
mainly preferable for heavier loaded columns. When box sections are required when using S355 this
will not necessarily be the case for a design with the use of S460. Box sections could therefore be
replaced by H-sections. In these cases the material cost savings can be over 40%. This is because the
use of box sections results in increased fabrication costs for the sections and thus higher costs per
ton. When replacing H-sections the material cost saving will be about 20%. This is a bit below the
expected weight saving but that can be explained by the increased cost for S460 sections. When long
columns are required the cost saving will be about 10%. This is because the buckling is of great
influence on the design of the sections. When S460 is applied the increased slenderness results in a
small possible size reduction of the sections.

Fabrication and assembly costs are slightly influenced by the use of S460. Any differences will only be
noticeable for welded splices. This is because smaller welds can be used for the design with S460.
The decrease in size of the welds is also due to the decreased size of the sections.

The transportation costs are again assumed to be linearly related to the weight. The transportation
costs for the columns are in this case decreased by about 20%.

The use of S460 could lead to large material and transportation cost savings. Fabrication costs are
hardly influenced by the use of S460. Assembly costs can be reduced but this is dependent on the
weight of the construction only. Any construction time savings are not expected to occur. An
overview of the expected cost reduction is shown in Table 6-1. When S460 is used the material costs
will decrease relative to the total costs. The relative fabrication costs will however increase and
therefore an increased amount of time required per ton should be for a cost calculation.

Saving
[%]
Material 10 - 40
Fabrication 5 - 5
Transportation 20 - 30
Assembly 0 - 20

Table 6-1: Expected cost saving
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6.1 Further research

The results obtained are only applicable for members in large trusses and columns. These members
are mainly loaded in tension or compression which leads to an optimal use of the applied material.
Possible savings for beams were not examined because it was assumed that large reductions were
not possible. When steel-concrete composite floors are used the beams are not loaded by a bending
moment anymore but by an axial (tensile) force. The concrete on top of the beams provides
resistance against a compressive force. Together with the tensile force in the beams this results in a
bending moment. Bending moments can therefore be decoupled into a compressive force in the
concrete and a tensile force in the steel beams. In these cases the use of S460 could lead to material
cost savings. The stiffness of the composite beams should be large enough to limit the deflections. If
the stiffness governs the design the use of S460 would not be beneficial.

Fire resistance is an important part of the engineering process. The use of S460 results in size
reductions of the used columns or truss members. The effect of this size reduction on the fire
resistance has however not been investigated and could lead to additional costs required for designs
with the use of S460 to provide enough fire resistance.

Conservation of the sections is also of importance. Conservation and finishing of the sections is
generally assumed to account for 10% of the total costs. The use of higher strength steel leads to an
increase in carbon equivalent. This could lead to increased conservation costs.

6.1.1 Beams

The possible cost savings for beams was not examined. Stiffness could govern the design for which
the use of S460 would not lead to any cost reductions. If however the stiffness is not governing the
design any section (S355) could be replaced by another section (S460) with the same bending
moment capacity. In Table 6-2 some HEA sections are shown with equivalent sections in S460.

Section My,Rd Weight [ Section My,Rd | Weight Saving
S355 [kNm] [kg/m] |S460 [kNm] [kg/m] [%]
HE200A 152 42,3 |HE200A 179 42,3 0,0
HE300A 447 88,3 |HE280A 466 76,4 13,5
HE400A 910 125 HE360A 960 112 10,4
HES500A 1260 155 HE450A 1332 140 9,7

Table 6-2: Possible beam weight reduction

For the smallest sections a weight reduction will not be possible. S460 should therefore not be used
for the design of girders. It is shown that a weight reduction of about 10% is possible for the larger
sections. This reduction is however based on the bending moment capacity of the beams. In reality
lateral torsional buckling should also be considered. The use of smaller sections results in an
increased slenderness. The sections are therefore more susceptible for lateral torsional buckling and
the resistance of sections in S460 should therefore be reduced more than sections in S355. A 10%
weight reduction is therefore an overestimate of the possible weight reduction. The costs of S460 are
about 5% more than the costs for S355. Combined with the low weight reduction the use of S460 will
very likely never lead to decreased costs for beams.
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6.1.2 Fire resistance

The fire resistance of sections is partly dependent on the section factor (A./V) where A, is the
surface area of the section per unit length and V is the volume of the section per unit length. For all
sections in a construction a critical steel temperature can be calculated. An increased temperature
results in a lower yield strength and Young’s modulus of the steel. The critical temperature is the
temperature for which the design resistance of a certain section becomes smaller than the design
load. A large section factor results in a large temperature development in the steel. For fire
resistance it is therefore beneficial to keep the section factor as small as possible. However when
designing sections with the use of S460 leads to size reductions. The volume always decreases more
than the surface area so smaller sections have a larger section factor than bigger sections. The use of
S460 results in a faster increase of the steel temperature and therefore additional costs should be
made to provide fire safety.

Additional costs required for conservation and providing fire resistance have not been calculated.
The calculated cost savings are therefore an overestimate because additional costs for S460 have not
been included.

6.2 Design recommendations

The use of S460 enables great cost savings for the design of axially loaded members. For large trusses
used to support multiple floors in buildings some simple design recommendations can be given. It
was shown that the cantilevered truss resulted in a larger cost saving than the simply supported
truss. In this case the location of the support could not have been chosen differently. If the designer
of a building which uses this kind of support system (trusses) is free to place 2 columns anywhere
beneath the truss it is more favorable to place both columns slightly inward (Figure 6-1). When doing
so the maximum force in the diagonals decreases and smaller sections may be used.

Figure 6-1: Recommended truss design for bolted connections

The type of connection used in the trusses is also of influence on the design. When bolted
connections are required (this is the case when an entire truss cannot be transported in one or a few
separate pieces) the connections will be similar to the ones used in the railway station (Delft). These
connections significantly reduce the effectiveness of tensile members because in most cases cover
plates are required. When a connection is loaded in compression cover plates will never be required.
The force is transferred through the flanges only. The flanges have an area of about 80% of the area
of the total section. This means that only 80% of the plastic axial capacity of compressed members
can be transferred. The full capacity of a compressed member can therefore be utilized if the
reduction factor for buckling is 0,8 or less. This will usually be the case for diagonal members
(buckling lengths of about 5-8 m). When bolted connections are used the use of compressed
members will lead to reduced costs as opposed to members loaded in tension (Figure 6-1).
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When large pieces can be transported welded connections can be recommended. Assembly costs will
decrease but more significantly the costs for the required sections will also decrease as opposed to
the costs for bolted trusses. When welded connections are used the resistance of tensile members
does not have to be reduced at the connections. This means that the full plastic capacity of sections
can be used to resist the occurring forces. This leads to sections smaller than the ones required for
compressed members because a reduction for buckling does not have to be made. So dependent on
the type of connection different designs can be recommended. For welded trusses the use of tensile
members leads to the least amount of costs (Figure 6-2).

Figure 6-2: Recommended truss design for welded connections

The connections can be made with the use of S355 and S460. It is assumed that the total costs will
differ slightly dependent on the steel grade used. The use of S460 will ultimately lead to the lightest
construction. The weight of the trusses are however always much smaller than the total design load
transferred by the trusses. Any weight savings achieved by using S460 will therefore not lead to any
cost reduction for the foundation for example.

The use of S460 is highly recommendable in heavily loaded stocky columns. In high-rise buildings the
buckling lengths will usually be small 4-5 m). Great reductions for buckling are therefore not required
and the use of H-sections is therefore recommended. Box sections will result in larger costs when
used in these situations. Box sections should only be used when the largest available H-sections is
not large enough to provide enough load bearing capacity (no choice but to use box sections for a
steel design). When buckling lengths are large (about 10 m or more) the use of H-sections is not
recommended because buckling about the weak axis will significantly reduce the effectiveness of
these sections. The use of H-sections could still be possible but they would have to be large. Instead
box sections should be used for long columns because of the large stiffness in both directions. For
column lengths of about 10 m the costs for a box sections and an H-section will not differ much. The
increased weight of the H-section will however result in increased transportation costs. The large H-
sections would also require expensive connections therefore making them less favorable to use as
long columns.

The use of S460 will only lead to great cost reductions for truss members and columns. The use of
this steel grade for beams is very ineffective and will likely not result in any cost reduction at all. It is
therefore recommended to use S460 or stronger steel grades in axially loaded members only.
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8 Appendices

8.1 AppendixI

This appendix displays the verifications of the members of both trusses with the use of the Eurocode.
The top and bottom chords require an extensive calculation. The verticals and diagonals can be
checked with the use of simpler calculations. All calculations require the use of yyg or ym1 which are
both equal to 1 and are therefore left out of the calculations. As mentioned earlier in the paper the
lateral torsional buckling length is 810mm. This length is considered small enough to prevent lateral
torsional buckling so in any case the reduction factor . = 1.

The unity checks of the chords have been calculated by using the sections HD400x216, HD400x382
and HD400x421. A distinction can be made between chords loaded in tension and chords loaded in
compression. The chords loaded in tension are both HD400x216 sections. For all sections the first
necessary step is to classify the used section. The classification of the sections has to be done with
the use of a ratio (c/t) which has to be compared to maximum allowable values for certain classes
displayed in Table 8-1.

Classification S460
1 51,46 23,59 6,43
2 59,32 27,16 7,15
3 88,63 30,02 10,01
Bending | Compression| Flange

Table 8-1: Maximum c/t ratios with f,= 460 N/mm?

The classification of each section has been determined by using these ratios. The classification of the
sections is shown in Table 8-2.

Section Flange Web Class
cf tf c/t cw tw c/t
[mm] [mm] [mm] [mm]
HD400x421 173 52,6 3,29 290 32,8 8,84 1
HD400x382 173 48,0 3,60 290 29,8 9,73 1
HD400x287 173 36,6 4,73 290 22,6 12,83 1
HD400x216 173 27,7 6,25 290 17,3 16,76 1
HD400x187 173 24,0 7,21 290 15,0 19,33 3
HD360x147 164 19,8 8,28 290 12,3 23,58 3
HEB280 111 18 6,17 196 10,5 18,67 1
HEB260 101 17,5 5,77 177 10 17,70 1
HEB220 87,3 16 5,46 152 9,5 16,00 1

Table 8-2: Classification of the used sections
All chords are in class 1 which allows a plastic calculation.

The stability checks have been done with the use of more favorable buckling curves because it is
allowed to use a lower imperfection factor when using HISTAR460.
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HD400x216:

The chords loaded in tension are checked for the shear force first. The maximum shear force in is 575
kN (truss 10). The resistance is calculated with the use of a shear area. The calculation of the shear
area has been done according to the guidelines provided in NEN-EN-1993-1-1 6.2.6: A, = A-
2xbxte(t,+2xr)xt; 2 nxhy,xt,

27550-2x394x27,7+(17,3+2x15)x27,7 = 7032 mm” 1,2x290x17,3 = 6012 mm?* = A, = 7032 mm’
- Vg = Axf,/(V3x1000) = 1868 kN Unity check: 575/1868 = 0,31
Because the shear unity check is below 0,5 the effect of the shear force can be neglected.

The calculation of the unity check only requires the use of the axial force and the bending moment.
There are 2 situations: Ngg = 6630 kN and Mgg = 931 kNm (truss 10) and Ngg = 9675 kN and Mgy = 456
kNm (truss 11).

- Ngg = Axf,/1000 = 12673 kN Unity check: 9675/12673 = 0,76
- Mgg = Wyxf,/1000000 = 1961 kNm Unity check: 931/1961 = 0,47

Combination of N and M (truss 10):

- n=Ng/Ngg =6630/12673 = 0,52

- a=(A-2xbxt;)/A = (27550-2x394x27,7)/27550 = 0,21

- Mygd = Mrgx(1-n)/(1-0,5xa) = 1961x(1-0,52)/(1-0,5x0,21) = 1043 kNm
- Unity check: 931/1043 = 0,89

Combination of N and M (truss 11):

- n=Ng/Npg =9675/12673 = 0,76

- a=(A-2xbxt;)/A = (27550-2x394x27,7)/27550 = 0,21

- Mygrd = Mrgx(1-n)/(1-0,5xa) = 1961x(1-0,76)/(1-0,5x0,21) = 518 kNm
- Unity check: 456/518 = 0,88

The section HD400x216 is able to resist the occurring forces in both trusses.

The check of the compressed chords (HD400x382 and HD400x421) is more extensive because of the
compressive force. The governing unity check will in this case be the combination of compression
and bending. The combination of compression and bending is checked according to NEN-EN 1993-1-1
6.3.3:

Nea/ (XyXNri) + Ky XMeg/ (XirXMgi) < 1 Nea/ (XXNri) + KyXMea/ (XirXMgy) <1

The factors describing the combination of compression and bending (k,, and k,,) are dependent on
the value of the compressive force and (dependent on the system used (sway/non-sway)) the values
of the bending moment at the vertical supports and midspan. These interaction factors are
determined with the use of method 2 (appendix B in NEN-EN 1993-1-1). Table B1 and B3 are used
which in this case results in k,, = 0,6xk,,.
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The shear force in the HD400x382 section is 576 kN, in the HD400x421 section this is 593 kN. For the
HD400x216 section a shear force of 575 kN results in a unity check of 0,31. Because the sections used
for the compressed chords are larger and the shear force in these sections are only slightly larger it
can be assumed that the shear force unity check will in both cases be below 0,5. In both compressed
chords the shear force can be neglected. This means that the unity check of combined axial force and
bending is governing for the section check.

HD400x382:

The forces occurring in the governing cross section of truss 10 are: Ngg = 10714 kN, Vgq = 576 kN and
Meg = 1547 kNm. The cross-sectional area (A) = 48710 mm? = Ng, = 48710x460/1000 = 22407 kN.
The plastic section modulus (W) = 7965x10°> mm® = Mg, = 7965x10°x460/1000000 = 3664 kNm. The
moment of inertia (I,) = 141300x10* mm® and (1,) = 53620x10" mm”*.,

Combination of N and M (truss 10):

- n = Nea/Ngg = 10714/22407 = 0,48

- a=(A-2xbxt)/A = (48710-2x406x48)/48710 = 0,20

- Mpyre = Mrex(1-n)/(1-0,5xa) = 3664x(1-0,48)/(1-0,5x0,20) = 2124 kNm
- Unity check: 1547/2124 = 0,73

Stability checks:

- Ly =4100 mm Lx, =4100 mm

- a,=0,21 (curve a) o, =0,21 (curve a)

= Ngy = TOXExL/(Ly,°x1000) = 174218 kN N, = TXExl,/(Ly,’x1000) = 66112 kN
- A= V(Ng/Ng,) = 0,359 A, = V(Np/Ne,) = 0,582

- &y, =0,5x(1+ayx(\,-0,2)+\,>) = 0,581 ¢, = 0,5x(1+a,x(A,-0,2)+A,%) = 0,710

- Xy = U(dy+V(dy™A) = 0,963 X: = 1/(d4V(d,™\,%) = 0,897

- Unity check: Ngo/(xyXNgi) = 0,50 Unity check: Neg/(XXNgi) = 0,53

The interaction factors are dependent on these unity checks and the factor C,,. In this case the
nodes aren’t fixed in their position which leads to the use of the sway mode for which C,,, = 0,9.

- kyy = CoyX(1+(A,-0,2)x Neq/(X,XNri) = 0,971

- ky =0,6xk,, = 0,583

- Unity check: Nga/(xyXNgi) + kyyXMeo/ (XirXMgi) = 0,91
- Unity check: Nga/(XXNgi) + kyyXMeg/ (X:7XMgi) = 0,78

HD400x421:

The forces occurring in the governing cross section of truss 11 are: Ngg = 10071 kN, Veg = 593 kN and
Meg = 926 kNm. The cross-sectional area (A) = 53710 mm? = Ng, = 53710x460/1000 = 24707 kN. The
plastic section modulus (W) = 8880x10°> mm> = Mg, = 8880x10°x460/1000000 = 4085 kNm. The
moment of inertia (I,) = 159600x10* mm® and (I,) = 60080x10" mm®*.
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Combination of N and M (truss 11):

- n=Ngy/Nag = 10071/24707 = 0,41

- a=(A-2xbxt;)/A = (53710-2x409x52,6)/53710 = 0,20

- Mygd = Mrgx(1-n)/(1-0,5xa) = 4085x(1-0,41)/(1-0,5x0,20) = 2687 kNm
- Unity check: 926/2687 = 0,34

Stability checks:

- Ly, =8100 mm L, = 8100 mm

- a,=0,21 (curve a) o, =0,21 (curve a)

- Ney = TXExI,/(L,’x1000) = 50418 kN N.., = T’XExI,/(L,’x1000) = 18979 kN
- A, =V(Ng/Ng,) = 0,700 A, = V(Ngi/Ne, ;) = 1,141

- &, =0,5x(1+oyx(\,-0,2)+A,%) = 0,798 &, = 0,5x(1+a,x(A,-0,2)+A,%) = 1,250

- Xy = Y(dy+V(d,*A,) = 0,848 X: = 1/(d:4V(d.*-A;?)) = 0,568

- Unity check: Neo/(x,XNgi) = 0,48 Unity check: Neo/(X,XNge) = 0,72

The interaction factors are dependent on these unity checks and the factor C.,. In this case the
nodes aren’t fixed in their position which leads to the use of the sway mode for which C,,, = 0,9.

- kyy = CryX(1+(A-0,2)x Nea/(XyXNgi) = 1,116

- ky = 0,6xk,, = 0,670

- Unity check: Neq/(X,XNgi) + kyyXMea/(XrXMgi) = 0,73
- Unity check: Neqa/(X:XNgi) + kzyXMeo/ (XerXMei) = 0,87

Both compressed chords are able to resist the occurring forces.

The unity checks of the verticals and diagonals are calculated with the use of axial forces only. The
calculations used are valid for sections of class 1, 2 and 3 which corresponds to all sections used. The
factor ym, = 1,25. For members in tension 2 checks were made: Yielding of the section and fracture of
the section. In reality only yielding of the section has to be checked when dimensioning the
members. In this case the fracture of the section is also reviewed because bolted connections are
used. This is done to easily predict the need of cover plates at the connections. If the unity checks are
close to 1 for tensile members then these sections will probably need to be thickened at the
connections to compensate for the bolt holes. For each section a single calculation with the use of
the largest tensile force is made. For members in compression 2 checks were made: buckling about
the strong and weak axis or, when 2 different combinations of force and buckling length occur,
buckling about the weak axis for both combinations. The forces displayed are the maximum forces
present for the given section. This prevents the need to calculate the resistance for each member.
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HEB220, Max tension = 2893 kN, Max compression = 2571 kN (short), 1344 kN (long):

- A=9100 mm?
- 1,=8091x10* mm*
- 1,=2843x10" mm*

Tension checks:

- Npjpa = Axf,/1000 = 4186 kN
- Ngug = 0,9%Axf,/(1,25x1000) = 3538 kN

Compression checks:

- L, =3500 mm (Ngg=2571kN)

- a,=0,21 (curve a)

- N, = TXExI,/(L,’x1000) = 4810 kN
- A =V(Ng/Ne,) =0,933

-, = 0,5x(1+ax(A-0,2)+\,%) = 1,012
- X = 1/(dV(d,2N2) = 0,712

- Unity check: Ngg/(xXNgi) = 0,86

HEB260, No tension, Max compression = 2697 kN:

- A=11840 mm?
- 1,=14920x10* mm*
- 1,=5135x10" mm*

Compression checks:

- Ly, =4880 mm

- a,=0,21 (curve a)

- Ngy = TOXEXI/(Ly,°x1000) = 12985 kN
- A, =V(Ng/Ng,) = 0,648

- &, =0,5x(1+0yx(\,-0,2)+\,%) = 0,757

- Xy = Y(dy+(dy*A1) = 0,871

- Unity check: Nga/(xyXNgi) = 0,57

HEB280, Max tension = 4595 kN, No compression:

- A=13140 mm?
- 1,=19270x10* mm*
- 1,=6595x10" mm*

Tension checks:

- Npige = Axf,/1000 = 6044 kN
- Nyuq = 0,9xAxf,/(1,25x1000) = 5109 kN

Unity check: 2893/4186 = 0,69
Unity check: 2893/3538 = 0,82

Lz = 5353 mm (Ngg = 1344 kN)

o, =0,21 (curve a)

N.., = T’XExI,/ (L, ,’x1000) = 2056 kN
A, = V(Ngi/Ne, ) = 1,427

&, = 0,5x(1+a,x(A,-0,2)+A,%) = 1,647
X. = 1/(d,+V(db,2\2) = 0,405

Unity check: Neo/(X,XNgy) = 0,79

Ly, = 4880 mm

o, =0,21 (curve a)

N, = TXExl,/(Ly ,’x1000) = 4469 kN
A; = V(Np/Ne,) = 1,104

&, = 0,5x(1+a,x(A,-0,2)+A,%) = 1,204
X. = 1/(d,+V(d,>-\,%) = 0,593

Unity check: Neg/(XXNgi) = 0,83

Unity check: 2893/4186 = 0,76
Unity check: 2893/3538 = 0,90
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HD360x147, No tension, Max compression = 6226 kN (short), 5100 kN (long):

- A=18790 mm?
- 1,=46290x10* mm*
- 1,=16720x10* mm*

Compression checks:

- L, =3500 mm (Ngg = 6226 kN)

- a,=0,21 (curvea)

- Ne, = TXEXI,/(L,°x1000) = 28289 kN
- A= V(Ng/Ne) = 0,553

- ¢, = 0,5x(1+0,x(A,-0,2)+A,%) = 0,690

- X = 1/(dHV(D,>-N,%) = 0,907

- Unity check: Ngg/(xXNgi) = 0,79

L. = 5353 mm (Ngg = 5100 kN)

o, =0,21 (curve a)

N, = TXExl,/(Ly ,’x1000) = 12094 kN
A, = V(Np/Ne,) = 0,845

&, = 0,5x(1+a,x(A,-0,2)+A,%) = 0,925
X. = 1/(d,+V(d,>\,%) = 0,769

Unity check: Neg/(X.XNgi) = 0,77

HD400x187, Max tension = 8493 kN, Max compression = 7831 kN:

- A=23760 mm?
- 1,=60180x10* mm*
- 1,=23920x10* mm*

Tension checks:

- Npjpa = Axf,/1000 = 10930 kN
- Nyya = 0,9%Axf,/(1,25x1000) = 9238 kN

Compression checks:

- Ly =5353mm

- a,=0,21 (curve a)

- Ngy = TOXEXI,/(Ly,°x1000) = 43529 kN
- A, =V(Ng/Nq,) = 0,501

- &, =0,5x(1+0yx(\,-0,2)+\,%) = 0,657

- X = Vidy+V(d, A7) = 0,924

- Unity check: Nga/(xyXNgi) = 0,78

HD400x216, Max tension = 8962 kN, No compression:

- A=27550 mm?
- 1,=71140x10* mm*
- 1,=28250x10"* mm*

Tension checks:

- Npre = AXf,/1000 = 12673 kN
- Nyya = 0,9%Axf,/(1,25x1000) = 10711 kN

Unity check: 2893/4186 = 0,78
Unity check: 2893/3538 = 0,92

Lc; =5353 mm

o, =0,21 (curve a)

N, = TXExl,/(Ly,’x1000) = 17302 kN
A; = V(Np/Ne,) = 0,795

&, = 0,5x(1+a,x(A,-0,2)+A,%) = 0,878
X. = 1/(d,+V(d,>\,%) = 0,799

Unity check: Neg/(X.XNgi) = 0,90

Unity check: 2893/4186 = 0,71
Unity check: 2893/3538 = 0,84
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HD400x287, No tension, Max compression = 9779 kN:

- A=36630 mm’
- 1,=99710x10* mm*
- 1,=38780x10"* mm*

Compression checks:

- Ly =5353mm Lc, =5353 mm

- a,=0,21 (curve a) o, =0,21 (curve a)

- Ngy = TOXEX/(Ly,,’x1000) = 72121 kN N, , = TXExl,/(Ly ,’x1000) = 28050 kN
- A, =V(Ng/Nq,,) = 0,483 A, = V(Np/Ne,) = 0,775

- &, = 0,5x(1+oyx(A,-0,2)+\,%) = 0,647 ¢, = 0,5x(1+a,x(A,-0,2)+A,%) = 0,861

- Xy = Y(dy+(dy*A1) = 0,929 X: = 1/(d4V(d.*\.")) = 0,810

- Unity check: Nga/(xXNgi) = 0,62 Unity check: Neg/(XXNgi) = 0,72

HD400x382, No tension, Max compression = 15039 kN:

- A=48710 mm’
- 1,=141300x10" mm*
- 1,=53620x10* mm*

Compression checks:

- Ly =3500 mm L, =3500 mm

- 0,=0,21 (curve a) o, =0,21 (curve a)

= Ngy = TOXEx/(Ly,°x1000) = 239070 kN N, = TXExl,/(Ly ,’x1000) = 90721 kN
- A, =V(Ng/Ng,) = 0,306 A, = V(Ng/Nc, ) = 0,497

- &, =0,5x(1+a,x(\,-0,2)+A,%) = 0,558 &, = 0,5x(1+a,x(A,-0,2)+A,%) = 0,655

- X = 1/(dy+V(d,>A,%) = 0,976 X. = 1/(d,+V(d,>\,%) = 0,925

- Unity check: Neo/(xyXNgi) = 0,69 Unity check: Neo/(X,XNge) = 0,73
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8.2 AppendixII

This appendix displays the verifications of the connections of both trusses with the use of the
Eurocode. The calculations of the splices in the chords are described first, then the calculations of the
general splice details and finally the gusset plates are checked.

The design of the chord splices is reviewed separately because the web can also be connected with
the use of splice plates. Because of this the forces can be conveniently divided over the flanges and
the web. In all cases it is assumed that the flanges transfer 70% of the axial force and the entire
bending moment, the web is assumed to transfer 30% of the axial force and the entire shear force.
The shear force also results in bending moments in the splice plates of the web due to the
eccentricity of the force. This bending moment is equal to the shear force times the distance
between the center of the bolt group (at one side of the splice) and the center of the splice. In all
cases a spacing of 10 mm is used between the beam ends.

In Table 4-9 it can be seen that for every bolt size used a reduction factor should be applied when
there are more than 5 bolts in a single row. This reduction factor is described with the following
formula: By = 1-(L;-15d)/(200d) and 0,75 < By < 1,0. In this case reduction factors should only be
applied for the splice in the bottom chord of truss 10. 6 M36 bolts per row are used to connect the
flanges. L; is in that case 550 mm. This leads to a reduction factor of 0,9986. 6 M27 bolts are used per
row to connect the web. A smaller spacing is however used which leads to a connection length of 400
mm. 15xd = 15x27 = 405 mm. In this case no reduction factor has to be applied for the bolts
connecting the web.

All members in compression are checked with the use of the yield strength:

- Ngua = Axf, with

- A=Dbxt; for the flanges

- A=2xbpxt, for the splice plates outside the section
- A=4xbpxt, for the splice plates inside the section

All members in tension are checked with the use of the tensile strength:

- Nyud = 0,9%Anexfu/yma Ymz = 1,25 with

- Anet = bexts — 2xdoxt; for the flanges

- Anet = 2xbpxt, — 4xdoxt, for the splice plates outside the section
- Anet = dxbpxt, — 4xdoxt, for the splice plates inside the section

The check of the splice plates connecting the web has been made with the use of the yield criterion
because an axial force, shear force and bending moment can occur in these plates.
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TRUSS 10 BOTTOM CHORD SPLICE:

] Bolts M36 28 110 70

Splice plate 40020 |
1

Splice plote 170x25/ & & & S S HE P

&
Solice plote 240x30 & & & D ?3 YRR R .
| 1 (L | | i : |
|| || L FJI{ | T
M Bolts M27 S.E/ 80 |55
Neg = 10730 kN Veq = 455 kN Meq = 1092 kNm

Splice plates connecting the flanges transfer 70% of the axial force and 100% of the bending moment
Splice plates connecting the web transfer 30% of the axial force and 100% of the shear force.

- Flanges: Fgq = 0,7x10730/2+1092x1000/(416-48) = 6723 kN (Compression only)

- Web: Fgy = 0,3x10730 = 3219 kN Vg = 455 kN Mgy = 455x0,26 = 118,3 kNm
Bolts:
- Flange shear capacity: F, 4 = 0,9986x12x2x313,7 = 7518 kN
- Flange bearing capacity: F, 4 = 12x2x23,26x20 = 11165 kN (Splice plates are governing)
- Web shear capacity (single bolt): F,, 4 = 2x176,3 = 352,6 kN
- Web bearing capacity (single bolt): F,, 4 = 17,82x29,8 = 531 kN (Web is governing)
Flanges:

- Ny =406x48x460/1000 = 8964 kN

Flange splice plates (outside section):

- Ncuq = 2x400x20x460/1000 = 7360 kN

Flange splice plates (inside section):

- Neug = 4x170x25x460/1000 = 7820 kN

Web splice plates:

- Normal stress = 3219x1000/(2x240x30) = 223,5 N/mm?

- Shear stress = 455x1000/(2x(240-2x30)x30) = 42,1 N/mm?

- Bending stress = 118,3x1000000/(0,25x2x240°x30-2x2x30x30x50) = 173,0 N/mm?
- Combined stress = V((223,5+173,0)*+3x42,1%) = 403,2 N/mm? < 460 N/mm?
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Maximum force in bolts (web):

NUMBER OF BOLTS = 12

VERT. FORCE = 455 kN ( = POSITIVE)

HORZ. FORCE = -3219 kN ( - =POSITIVE)

MOMENT = 118,3 kNm (CLOCKWISE = POSITIVE)

CENTRE OF GRAVITY Z (x? = 224000 mma2

X = 200 mm > (y3 = 30000 mm?2

Y = 50 mm > (x2+y?) = 254000 mm?

X Y
BOLT X Y T.OV. | T.O.V. X2 y? Fv Fh Fr
mm mm| COG COG mm?2 mm?2 kKN kN kN

1 0 0 -200 -50 40000 2500 131,07 -291,54 319,64
2 80 0 -120 -50 14400 2500 93,81 -291,54 306,26
3 160 0 -40 -50 1600 2500 56,55 -291,54 296,97
4 240 0 40 -50 1600 2500 19,29 -291,54 292,17
5 320 0 120 -50 14400 2500 -17,97 -291,54 292,09
6 400 0 200 -50 40000 2500 -55,23 -291,54 296,72
7 0 100 -200 50 40000 2500 131,07 -244,96 277,82
8 80 100 -120 50 14400 2500 93,81 -244,96 262,31
9 160 100 -40 50 1600 2500 56,55 -244,96 251,40
10 240 100 40 50 1600 2500 19,29 -244,96 245,72
11 320 100 120 50 14400 2500 -17,97 -244,96 245,62
12 400 100 200 50 40000 2500 -55,23 -244,96 251,11

Fua=320 kN £352,6 kN
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TRUSS 10 TOP CHORD SPLICE:

Eolt=s M30 2.8 ni 70,

Splice plate 390x1S |
I 1 I .
| | 1]
L I L | [ I

iplice plate 170x20 @ $ @’ q} $’ $’ ﬂ}

Splice plate 241x0 ] ﬂ}fB?G o O ¢
J}II’

& §
100

Bolts M27 S.EU’ 20 |55

Neg = 6977 kN Veq = 149 kN Meg = 342 kNm
Splice plates connecting the flanges transfer 70% of the axial force and 100% of the bending moment
Splice plates connecting the web transfer 30% of the axial force and 100% of the shear force.

- Flanges: Fgq = 0,7x6977/24342x1000/(375-27,7) = 3427 kN

- Web: Fgg = 0,3x6977 = 2093 kN Veg = 149 kN Mgq = 149x0,18 = 26,8 kNm
Bolts:

- Flange shear capacity: F, 4 = 8x2x215,4 = 3446 kN

- Flange bearing capacity: Fyuq = 8x22,91x27,7 = 5077 kN (Flanges are governing)

- Web shear capacity (single bolt): F,, 4 = 2x176,3 = 352,6 kN

- Web bearing capacity (single bolt): F, 4 = 17,82x17,3 = 308 kN (Web is governing)
Flanges:

- Ngug = 0,9%(394-2x33)x27,7x540/(1,25x1000) = 3532 kN

Flange splice plates (outside section):

- Ngug = 2x0,9%(390-2x33)x15x540/(1,25x1000) = 3779 kN

Flange splice plates (inside section):

- Ngug = 4%0,9%(170-33)x20x540/(1,25x1000) = 4261 kN

Web splice plates:

- Normal stress = 2093x1000/(2x(240-2x30)x20) = 290,7 N/mm?
- Shear stress = 149x1000/(2x(240-2x30)x20) = 20,7 N/mm?
- Bending stress = 26,8x1000000/(0,25x2x2402x20—2x2x3Ox20x50) = 58,8 N/mm?

- Combined stress = V((290,7+58,8)*+3x20,7%) = 351,4 N/mm? < 460 N/mm?*
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Maximum force in bolts (web):

NUMBER OF BOLTS = 8

VERT. FORCE = 149 kN ( = POSITIVE)

HORZ. FORCE = 2093 kN ( - =POSITIVE)

MOMENT = 26,8 kNm (CLOCKWISE = POSITIVE)

CENTRE OF GRAVITY Z (x? = 64000 mma2

X = 120 mm > (y3 = 20000 mm?

Y = 50 mm > (x2+y?) = 84000 mm?2

X Y
BOLT X Y T.OV. | T.O.V. X2 y? Fv Fh Fr
mm mm| COG COG mm?2 mm?2 kKN kN kN

1 0 0 -120 -50 14400 2500 56,91 245,67 252,18
2 80 0 -40 -50 1600 2500 31,39 245,67 247,67
3 160 0 40 -50 1600 2500 5,86 245,67 245,74
4 240 0 120 -50 14400 2500 -19,66 245,67 246,46
5 0 100 -120 50 14400 2500 56,91 277,58 283,35
6 80 100 -40 50 1600 2500 31,39 277,58 279,35
7 160 100 40 50 1600 2500 5,86 277,58 277,64
8 240 100 120 50 14400 2500 -19,66 277,58 278,27

Fua= 283 kN < 308 kN
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TRUSS 11 BOTTOM CHORD SPLICE:

154 Bolts M36 8.8 120 B0
Splice plote 370x25 |
Cover plate 370<10] | ]
l\ M (T II I
Splice plate 160x25 $' $ $’ $‘ '@ $ @' $ @ $ g
Spllce plote 240xf3. .~ -@ {B. @ nE— Y ‘@ {B -EB @ $ i
Cover plote 240x«8 LHH j
| N 1 I T : 1
[ | !
[ ] [ i ]
|45| Bolts MA7 SS/ 80 |55 145
Neg = 10336 kN Veg =11 kN Meg =322 kNm

Splice plates connecting the flanges transfer 70% of the axial force and 100% of the bending moment
Splice plates connecting the web transfer 30% of the axial force and 100% of the shear force.

- Flanges: Fgq = 0,7x10336/2+332x1000/(375-27,7) = 4545 kN

- Web: Fgg=0,3x10336 = 3101 kN Veg =11 kN Mgg = 11x0,22 = 2,4 kNm
Bolts:
- Flange shear capacity: F, , 4 = 8x2x313,7 = 5019 kN
- Flange bearing capacity: Fy .4 = 8x2x26,58x15 = 6379 kN (Splice plates are governing)
- Web shear capacity (single bolt): F, , 4 = 2x176,3 = 352,6 kN
- Web bearing capacity (single bolt): F,, 4 = 17,82x17,3 = 308 kN (Web is governing)
Flanges:

- Ngug =0,9%(394-2x39)x(27,7+10)x540/(1,25x1000) = 4632 kN

Flange splice plates (outside section):

- Nyua = 2x0,9%(370-2x39)x25x540/(1,25x1000) = 5676 kN

Flange splice plates (inside section):

- Ngug = 4x0,9%(160-39)x25x540/(1,25x1000) = 4704 kN
Web:
- Ngug=0,9%(320-2x30)x(17,3+2x8)x540/(1,25x1000) = 3366 kN

Web splice plates:

- Nyua = 2x0,9%(240-2x30)x25x540/(1,25x1000) = 3499 kN
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Maximum force in bolts (web):

NUMBER OF BOLTS = 10

VERT. FORCE = 11 kN ( = POSITIVE)

HORZ. FORCE = 3101 kN ( - = POSITIVE)

MOMENT = 2,4 kNm (CLOCKWISE = POSITIVE)

CENTRE OF GRAVITY > (x?) = 128000 mm?2

X = 160 mm > (y®) = 25000 mm?2

Y = 50 mm > (x2+y?) = 153000 mm?

X Y
BOLT X Y T.OV. | T.OV X2 y2 Fv Fh Fr
mm mm| COG COG mm?2 mm?2 kN kN kN

1 0 0 -160 -50 25600 2500 3,61 309,32 309,34
2 80 0 -80 -50 6400 2500 2,35 309,32 309,32
3 160 0 0 -50 0 2500 1,10 309,32 309,32
4 240 0 80 -50 6400 2500 -0,15 309,32 309,32
5 320 0 160 -50 25600 2500 -1,41 309,32 309,32
6 0 100 -160 50 25600 2500 3,61 310,88 310,91
7 80 100 -80 50 6400 2500 2,35 310,88 310,89
8 160 100 0 50 0 2500 1,10 310,88 310,89
9 240 100 80 50 6400 2500 -0,15 310,88 310,88
10 320 100 160 50 25600 2500 -1,41 310,88 310,89

Fua=311 kN < 308 kN
allows the remaining force to flow through the flanges.

NOT OK but the difference is small and plastic deformation
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TRUSS 11 TOP CHORD SPLICE:

Folts MZ6 8.8 120 &0

pllce plate 4$00x15
|. ] I |
L T (T ] T T
]

Spllce plote 1:-'n><20/ & B PP P P P
Splice plote 240, |

100

fbfbft'r?}f? ¥ & & P

| , , / |

1
Bolts MET &80 | 20 |53

Neg = 10619 kN Vea =31 kN Meg = 653 KNm

Splice plates connecting the flanges transfer 70% of the axial force and 100% of the bending moment

Splice plates connecting the web transfer 30% of the axial force and 100% of the shear force.

Flanges: Feq = 0,7x10619/2+653x1000/(425-52,6) = 5470 kN (Compression only)

- Web: Fgg=0,3x10619 = 3186 kN Veg =31 kN Megq = 31x0,22 = 6,8 kNm
Bolts:
- Flange shear capacity: F, 4 = 10x2x313,7 = 6274 kN
- Flange bearing capacity: Fy,, 4 = 10x2x23,26x20 = 11165 kN (Splice plates are governing)
- Web shear capacity (single bolt): F, , 4 = 2x176,3 = 352,6 kN
- Web bearing capacity (single bolt): F,, 4 = 17,82x32,8 = 584 kN (Web is governing)
Flanges:

Nc,u,a = 409x52,6x460/1000 = 9896 kN

Flange splice plates (outside section):

Nc,u,d = 2x400x15x460/1000 = 5520 kN

Flange splice plates (inside section):

Ncu,d = 4x170x20x460/1000 = 6256 kN

Web splice plates:

Normal stress = 3186x1000/(2x240x20) = 311,8 N/mm?
Shear stress = 31x1000/(2x(240-2x30)x20) = 4,3 N/mm?
Bending stress = 6,8x1000000/(0,25x2x240°x20-2x2x30x20x50) = 15,0 N/mm?

Combined stress = V((311,8+15,0)*+3x4,3%) = 346,9 N/mm?” < 460 N/mm?
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Maximum force in bolts (web):

NUMBER OF BOLTS = 10

VERT. FORCE = 31 kN ( = POSITIVE)

HORZ. FORCE = -3186 kN ( - = POSITIVE)

MOMENT = 6,8 kNm (CLOCKWISE = POSITIVE)

CENTRE OF GRAVITY > (x?) = 128000 mm?2

X = 160 mm > (y®) = 25000 mm?2

Y = 50 mm > (x2+y?) = 153000 mm?

X Y
BOLT X Y T.OV. | T.OV X2 y2 Fv Fh Fr
mm mm| COG COG mm?2 mm?2 kN kN kN

1 0 0 -160 -50 25600 2500 10,21 -320,82 320,98
2 80 0 -80 -50 6400 2500 6,66 -320,82 320,89
3 160 0 0 -50 0 2500 3,10 -320,82 320,84
4 240 0 80 -50 6400 2500 -0,46 -320,82 320,82
5 320 0 160 -50 25600 2500 -4,01 -320,82 320,85
6 0 100 -160 50 25600 2500 10,21 -316,38 316,54
7 80 100 -80 50 6400 2500 6,66 -316,38 316,45
8 160 100 0 50 0 2500 3,10 -316,38 316,39
9 240 100 80 50 6400 2500 -0,46 -316,38 316,38
10 320 100 160 50 25600 2500 -4,01 -316,38 316,40

Fua=321 kN <352,6 kN
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In the following part the resistances of the different general details are displayed. Splice plates are
only used to connect the flanges. Therefore the resistance of the connection can be described with
the use of flange forces. The resistance is calculated for: the flanges, the bolts, the splice plates and
the flange plates. The resistance of the bolts is calculated in the same way as this was done for the
splices in the chords. In this case only for detail H a reduction factor should be applied. The length of
the connection is 720 mm. This results in a reduction factor of 0,975. The resistance of the flanges is
based on the cross-sectional area of the flanges only (A = 2xb:xxt;). For members in tension the net
section is used. Per splice 8 splice plates and 4 flange plates are used.

In some cases cover plates are required to strengthen the section. This is only necessary for members
in tension. When a cover plate is applied its thickness is based on the required net section.
Thicknesses are in this case 8-12 mm. Thinner plates are not used because fillet welds with a throat
thickness of 5 mm are applied to connect the cover plates to the flanges.

The force that is transferred by the cover plate is determined with the use of the net section. The
total net section is the net section of the flange and the net section of the cover plate. The force is
assumed to be evenly distributed over this net section which results in certain force in the cover
plate which is equal to the total force in the net section times the net section of the cover plate
divided by the total net section. The force obtained is the force that needs to be transferred through
the cover plate. In order to do so this force should already be present in the cover plate at the
location of the first bolt. The force is transferred by the 2 side welds with an effective length of Lyeq
as shown in Figure 4-22. The required length of L,y can then be calculated which determines the
total length of the cover plate.

For the splice in the bottom chord of truss 11 cover plates are required for both the flanges and the
web. The net section of the cover plates (on the flanges) is: 370x10-2x39x10 = 2920 mm?®. The total
net section is: 2920+394x27,7-2x39x27,7 = 11673 mm?. The force transferred through the cover plate
is therefore: 4545x2920/11673 = 1137 kN. This force should be transferred by the side welds. The
length between the end and the first bolt is 460 mm. The total resistance of the side welds then
becomes: 2xLyeaxaxfy, 4 = 1147 kN. For all other cover plates similar calculations were performed
and the corresponding lengths for which the welds just satisfy the requirements are shown in the
figures.
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DETAIL A1: HEB220 WITH FLANGE PLATES (LIGHT):

70 Baolts M27 98 90 60

T—‘ .H‘

[
Splice plate S90S~

210 Flahge plate 105x20
Bolts:
- Shear capacity: F,, 4 = 8x2x176,3 = 2821 kN
- Bearing capacity: Fy, 4 = 8x15,81x16 = 2024 kN (Flanges are governing)
Flanges:

- Ngud=2x220x16x460/1000 = 3238 kN

- Nyua = 0,9%(2x220x16-4x30x16)x540/(1000x1,25) = 1991 kN

Splice plates:

- Ngud = 8x80x15x460/1000 = 4416 kN

- Nyua = 0,9x(8x80x15-8x30x15)x540/(1000x1,25) = 2333 kN

Flange plates:

= Vefrud1 = 4x((40-30/2)x20x540/(1000x1,25) + (150-30x1,5)x20x460/(V3x1000)) = 3095 kN

- Veftud2 = 4%(210-2x30)x20x460/(V3x1000) = 3187 kN

- Fysmua = 460/V(3x(1000/(210x20x4))* + (65x1000x6/(4x210%°%20))*) = 3043 kN

Capacity connection:

Feua=2024 kN (Bearing capacity of the flanges)
- Frua=1991kN (Fracture of the flanges)

Welds flange plates — gqusset plate (a = 9):

- Shear stress = 2024x1000/(8x210x9) = 133,9 N/mm?

- Bending stress = 65x2024x1000x3/(4xV2x210°x9) = 175,8 N/mm?

- Combined stress = V(4x175,8%4+3x133,9%)/v3 = 243,1 N/mm? < 249,4 N/mm?
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DETAIL A2: HEB220 WITH FLANGE PLATES (HEAVY):

70 Balt=s M7 88 50 60 (=¥}

| il

L : : 1 T 1 L T T 1
Iplice plote 80x10 }\>

300 Flange plote 105x15
Bolts:
- Shear capacity: F, 4 = 12x2x176,3 = 4231 kN
- Bearing capacity: Fy 4 = 12x15,81x15 = 2846 kN (Flange plates are governing)
Flanges:

- Ncud = 2x220x16x460/1000 = 3238 kN
- Ngug=0,9%(2x220x16-4x30x16)x540/(1000x1,25) = 1991 kN
Splice plates:
- Ngua = 8x80x10x460/1000 = 2944 kN
- Ngug=0,9%(8x80x10-8x30x10)x540/(1000x1,25) = 1555 kN
Flange plates:
- Verua1 = 4x((40-30/2)x15x540/(1000x1,25) + (240-30x2,5)x15x460/(V3x1000)) = 3277 kN
Vefr u,a,2 = 4%(300-3x30)x15x460/(V3x1000) = 3346 kN
- Fuamua = 460/V(3%(1000/(4x300x15))” + (65x1000x6/(4x300°x15))*) = 3823 kN

Capacity connection:

- Feua=2846 kN (Bearing capacity of the flange plates)
Fiua=1555kN (Fracture of the splice plates)

Welds flange plates — qusset plate (a = 7):

- Shear stress = 2846x1000/(8x300x7) = 169,4 N/mm?
- Bending stress = 65x2846x1000x3/(4xV2x300°x7) = 155,7 N/mm?

- Combined stress = V(4x155,7%+3x169,4%)/v3 = 247,0 N/mm? < 249,4 N/mm?
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DETAIL B:HEB260 WITH FLANGE PLATES:

80 Bolts M2V 8.8 S0 B0

N/ 11

Splice plate 100x10~

210 Flange plate Lasxau/
Bolts:
- Shear capacity: F,, 4 = 8x2x176,3 = 2821 kN
- Bearing capacity: Fy , 4 = 8x19,44x17,5 = 2722 kN (Flanges are governing)
Flanges:

- Neuq = 2x260x17,5x460/1000 = 4186 kN
- Ngug=0,9%(2x260x17,5-4x30x17,5)x540/(1000x1,25) = 2722 kN
Splice plates:
- Ncuq = 8x100x10x460/1000 = 3680 kN
- Ngug=0,9%(8x100x10-8x30x10)x540/(1000x1,25) = 2177 kN
Flange plates:
= Vefrua1 = 4x((50-30/2)x20x540/(1000x1,25) + (150-30x1,5)x20x460/(V3x1000)) = 3440 kN
- Vefrud2 = 4x(210-2x30)x20x460/(V3x1000) = 3187 kN
- Fysmua = 460/V(3x(1000/(4x210x20))* + (75x1000x6/(4x210%°%20))*) = 2805 kN

Capacity connection:

Feud=2722 kN (Bearing capacity of the flanges)
- Fruea=2177 kN (Fracture of the splice plates)

Welds flange plates — gusset plate (a = 14):

- Shear stress = 2722x1000/(8x210x14) = 115,7 N/mm?
- Bending stress = 75x2722x1000x3/(4xV2x210°x14) = 175,3 N/mm?

- Combined stress = V(4x175,3%+3x115,7)/v3 = 233,2 N/mm? < 249,4 N/mm?
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DETAIL C: HEB280 WITH FLANGE PLATES:

Cover plote 260x10 a0 Balts M2Y 8.8 S0 I60 75

N [ ] [ ] [ ]| ]
L
splice plote 100x25 -E [ I [ | [ A |

100 390 Flamoe plote IESXE\

Bolts:
- Shear capacity: F, 4 = 16x2x176,3 = 5642 kN
- Bearing capacity: Fy 4 = 16x19,44x20 = 6221 kN (Flange plates are governing)

Flanges + cover plates:

- Neua = 2x(280x18+260x10)x460/1000 = 7029 kN
- Ngug=0,9%(2x(280x18+260x10)-4x30x28)x540/(1000x1,25) = 4634 kN
Splice plates:
- Ncuq = 8x100x25x460/1000 = 9200 kN
- Ngug=0,9%(8x100x25-8x30x25)x540/(1000x1,25) = 5443 kN
Flange plates:
= Vefrua1 = 4x((50-30/2)x20x540/(1000x1,25) + (330-30x3,5)x20x460/(V3x1000)) = 5990 kN
- Vefrud2 = 4x(390-4x30)x20x460/(V3x1000) = 5737 kN
- Fysmua = 460/V(3x(1000/(4x390x20))* + (75x1000x6/(4x390%%20))°) = 6896 kN

Capacity connection:

Feud=5642 kN (Shear capacity of the bolts)
- Frua=4634 kN (Fracture of the flanges + cover plates)

Welds flange plates — gusset plate (a = 10):

- Shear stress = 5642x1000/(8x390x10) = 180,8 N/mm?
- Bending stress = 75x5642x1000x3/(4xV2x390°x10) = 147,5 N/mm?

- Combined stress = V(4x147,5%+3x180,8%)/V3 = 248,4 N/mm® < 249,4 N/mm?
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DETAIL D1: HD360X147 WITH FLANGE PLATES (LIGHT):

105 Balt= M27 2.8 o0 60 95

Splice plote 1&0x10

390 Flange Dla‘t; I?SXEU/
Bolts:
- Shear capacity: F, 4 = 16x2x176,3 = 5642 kN
- Bearing capacity: Fy, 4 = 16x19,44x19,8 = 6159 kN (Flanges are governing)
Flanges:

- Nguq = 2x370x19,8x460/1000 = 6740 kN
- Ngug=0,9%(2x370x19,8-4x30x19,8)x540/(1000x1,25) = 4773 kN
Splice plates:
- Ncuq = 8x160x10x460/1000 = 5888 kN
- Ngug=0,9%(8x160x10-8x30x10)x540/(1000x1,25) = 4044 kN
Flange plates:
= Vefrud1 = 4x((80-30/2)x20x540/(1000x1,25) + (330-30x3,5)x20x460/(V3x1000)) = 7027 kN
- Vefrud2 = 4x(390-4x30)x20x460/(V3x1000) = 5737 kN
- Fysmua = 460/V(3x(1000/(4x390x20))* + (95x1000x6/(4x390%°%20))*) = 6333 kN

Capacity connection:

- Feug=5642 kN (Shear capacity of the bolts)
- Fyuea=4044 kN (Fracture of the splice plates)

Welds flange plates — gusset plate (a = 12):

- Shear stress = 5642x1000/(8x390x12) = 150,7 N/mm?
- Bending stress = 95x5642x1000x3/(4xV2x390°x12) = 155,7 N/mm?

- Combined stress = V(4x155,7*4+3x150,7%)/v3 = 234,6 N/mm? < 249,4 N/mm?
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DETAIL D2: HD360X147 WITH FLANGE PLATES (HEAVY):

105 Bolts M27 28 S0 &80 35

splice plote 160x1S

480 Flange DLCL_JVE' L?SXEJ
Bolts:
- Shear capacity: F, 4 = 20x2x176,3 = 7052 kN
- Bearing capacity: Fy, 4 = 20x19,44x19,8 = 7698 kN (Flanges are governing)
Flanges:

- Ncua = 2x370x19,8x460/1000 = 6740 kN
- Ngug=0,9%(2x370x19,8-4x30x19,8)x540/(1000x1,25) = 4773 kN
Splice plates:
- Ncuq = 8x160x15x460/1000 = 8832 kN
- Ngug=0,9%(8x160x15-8x30x15)x540/(1000x1,25) = 6065 kN
Flange plates:
= Vefrud1 = 4x((80-30/2)x20x540/(1000x1,25) + (420-30x4,5)x20x460/(V3x1000)) = 8302 kN
- Vefrud2 = 4x(480-5x30)x20x460/(V3x1000) = 7011 kN
- Fysmua = 460/V(3x(1000/(4x480x20))* + (95x1000x6/(4x480%°%20))°) = 8411 kN

Capacity connection:

- Feug=6740 kN (Yielding of the flanges)
- Frua=4773 kN (Fracture of the flanges)

Welds flange plates — gusset plate (a = 10):

- Shear stress = 6740x1000/(8x480x10) = 175,5 N/mm?
- Bending stress = 95x6740x1000x3/(4xV2x480°x10) = 147,4 N/mm?

- Combined stress = V(4x147,4%+3x175,5%)/vV3 = 244,5 N/mm? < 249,4 N/mm?
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DETAIL E1: HD400X187 WITH FLANGE PLATES (LIGHT):

1o Bolts M30 8.8 00 70 1oa

I . |

Spllce plate 170x15

Bolts:

- Shear capacity: F, 4 = 20x2x215,4 = 8616 kN

- Bearing capacity: Fy 4 = 20x22,91x20 = 9164 kN (Flange plates are governing)
Flanges:

- Neud = 2x391x24x460/1000 = 8633 kN
- Ngug=0,9%(2x391x24-4x33x24)x540/(1000x1,25) = 6065 kN
Splice plates:
- Ncuq = 8x170x15x460/1000 = 9384 kN
- Ngug=0,9%(8x170x15-8x33x15)x540/(1000x1,25) = 6392 kN
Flange plates:
- Verrua1 = 4x((85-33/2)x20x540/(1000x1,25) + (470-33x4,5)x20x460/(V3x1000)) = 9198 kN
Vefr u,a,2 = 4%(540-5x33)x20x460/(V3x1000) = 7967 kN
- Fusmua = 460/V(3x(1000/(4x540x20))° + (100x1000x6/(4x540°x20))°) = 9657 kN

Capacity connection:

Feua=7967 kN (Shear capacity of the flange plates)
- Fiyua=6065kN (Fracture of the flanges)

Welds flange plates — gqusset plate (a = 10):

- Shear stress = 7967x1000/(8x540x10) = 184,4 N/mm?
- Bending stress = 100x7967x1000x3/(4xV2x540°x10) = 144,9 N/mm?

- Combined stress = V(4x144,9%+3x184,4%)/v3 = 249,0 N/mm? < 249,4 N/mm?
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DETAIL E2: HD400X187 WITH FLANGE PLATES (HEAVY):

Cover plate 370x12 105 Bolts M30 98 100 70 95

Spllce plote 160xES

]
[ 1 1T | [ |
[ [l ] | [ I |

280 540 Flange plate 175><EJ

Bolts:
- Shear capacity: F, 4 = 20x2x215,4 = 8616 kN
- Bearing capacity: Fy, 4 = 20x22,91x25 = 11455 kN (Flange plates are governing)

Flanges + cover plates:

- Neua = 2x(391x24+370x12)x460/1000 = 12718 kN
- Ngya = 0,9%(2x(391x24+370x12)-4x33x36)x540/(1000x1,25) = 8902 kN
Splice plates:
- Neua = 8x160x25x460/1000 =14720 kN
- Ngyq = 0,9%(8x160x25-8x33x25)x540/(1000x1,25) = 9876 kN
Flange plates:
-~ Vegrua1 = 4x((80-33/2)x25x540/(1000x1,25) + (470-33x4,5)x25x460/(vV3x1000)) = 11282 kN
Vettu a2 = 4X(540-5x33)x25x460/(V3x1000) = 9959 kN
- Fusmua = 460/V(3x(1000/(4x540x25))” + (95x1000x6/(4x540°x25))%) = 12246 kN

Capacity connection:

- Feua=8616 kN (Shear capacity of the bolts)
Fiua=8616 kN (Shear capacity of the bolts)

Welds flange plates — qusset plate (a = 11):

- Shear stress = 8616x1000/(8x540x11) = 181,3 N/mm?
- Bending stress = 95x8616x1000x3/(4xV2x540°x11) = 135,3 N/mm?

- Combined stress = V(4x135,3%+3x181,3%)/v3 = 249,0 N/mm? < 239,4 N/mm?

134



DETAIL F: HD400X216 WITH FLANGE PLATES:

Cover plote 370<10 105 Balt=s M3& 88 120 a0 95

Eplice plate 160x23

[ 11 | | [ [T [

150 20 Flonge plate 175><E§|

- Shear capacity: F,, 4 = 16x2x313,7 = 10038 kN

Bolts:

- Bearing capacity: Fy, 4 = 16x26,58x25 = 10634 kN (Flange plates are governing)

Flanges + cover plates:

- Ny = 2x(394x27,7+370x10)x460/1000 = 13445 kN
- Npyua = 0,9%(2x(394x27,7+370x10)-4x39x37,7)x540/(1000x1,25) = 9077 kN
Splice plates:
- Nguq = 8x160x25x460/1000 =14720 kN
- Ngyq = 0,9%(8x160x25-8x39x25)x540/(1000x1,25) = 9409 kN
Flange plates:
-~ Vegrua1 = 4x((80-39/2)x25x540/(1000x1,25) + (440-39x3,5)x25x460/(vV3x1000)) = 10674 kN
Vettu a2 = 4%(520-4x39)x25x460/(V3x1000) = 9667 kN
- Fusmua = 460/V(3x(1000/(4x520x25))° + (95x1000x6/(4x520°x25))*) = 11670 kN

Capacity connection:

Feua=9667 kN (Shear capacity of the flange plates)
Fiud=9077 kN (Fracture of the flanges + cover plates)

Welds flange plates — qusset plate (a = 13):

- Shear stress = 9667x1000/(8x520x13) = 178,8 N/mm?
- Bending stress = 95x9667x1000x3/(4xV2x520°x13) = 138,6 N/mm?

- Combined stress = V(4x138,6°+3x178,8%)/v3 = 239,9 N/mm? < 239,4 N/mm?
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DETAIL G: HD400X287 WITH FLANGE PLATES:

10 Bolts M36 88 | 120 ‘ a0 ‘
[ 11T 1 I ‘ ] [ 1 AL ]

Splice plote {70xF0

s20 Flange plate 165x3
Bolts:

- Shear capacity: F,, 4 = 16x2x313,7 = 10038 kN

- Bearing capacity: Fy, 4 = 16x26,58x30 = 12761 kN (Flange plates are governing)
Flanges:

- Neua = 2x393x36,6x460/1000 = 13233 kN
- Ngug=0,9%(2x393x36,6-4x39x36,6)x540/(1000x1,25) = 8965 kN
Splice plates:
- Ncuq = 8x170x20x460/1000 = 12512 kN
- Ngug = 0,9%(8x170x20-8x39x20)x540/(1000x1,25) = 8149 kN
Flange plates:
- Verua1 = 4x((80-39/2)x30x540/(1000x1,25) + (440-39x3,5)x30x460/(V3x1000)) = 12809 kN
= Vefrud2 = 4x(520-4x39)x30x460/(V3x1000) = 11601 kN
- Fysmua = 460/V(3x(1000/(4x520x30))° + (105x1000x6/(4x520°x30))*) = 13580 kN

Capacity connection:

- Feug=10038 kN (Shear capacity of the bolts)
- Fyuea=8149kN (Fracture of the splice plates)

Welds flange plates — gqusset plate (a = 14):

- Shear stress = 10038x1000/(8x520x14) = 172,4 N/mm®
- Bending stress = 105x10038x1000x3/(4xV2x520%x14) = 147,7 N/mm?

- Combined stress = V(4x147,7*4+3x172,4%)/v3 = 242,4 N/mm? < 249,4 N/mm?
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DETAIL H: HD400X382 WITH FLANGE PLATES:

15 Bolts M3& 28 120 20 105

e RN L

Iplice plate 170x25,

280 Flongs plats I

90)(41

Bolts:

- Shear capacity: F, 4 = 28x2x313,7x0,975 = 17128 kN

- Bearing capacity: Fy, 4 = 28x26,58x40 = 29775 kN (Flange plates are governing)
Flanges:

- Ncuq = 2x406x48x460/1000 = 17929 kN
- Ngug=0,9%(2x406x48-4x39x48)x540/(1000x1,25) = 12243 kN
Splice plates:
- Ncua = 8x170x25x460/1000 = 15640 kN
- Ngug=0,9%(8x170x25-8x39x25)x540/(1000x1,25) = 10187 kN
Flange plates:
- Verua1 = 4x((85-39/2)x40x540/(1000x1,25) + (800-39x6,5)x40x460/(V3x1000)) = 27750 kN
Vefr.u,a,2 = 4%(880-7x39)x40x460/(V3x1000) = 25793 kN
- Fusmua = 460/V(3x(1000/(4x880x40))” + (105x1000x6/(4x880°x40))’) = 34558 kN

Capacity connection:

Feua=15640 kN (Yielding of the splice plates)
Fiua=10187 kN (Fracture of the splice plates)

Welds flange plates — gqusset plate (a = 11):

- Shear stress = 15640x1000/(8x880x11) = 202,0 N/mm?
- Bending stress = 105x15640x1000x3/(4xV2x880°x11) = 102,2 N/mm?

- Combined stress = V(4x102,2%+3x202,0%)/v3 = 233,9 N/mm? < 249,4 N/mm?*
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DETAIL 11: HEB220 WITH END PLATES (LIGHT):

60| &0

20 | 70

Eng plote 240x23 L=260

Bolts M30 8.8

Welds section — end plate (a= 5 for flanges and web):

- Frua = (2x(2x220-9,5-2x18)x5 + 2x152x5)x249,4xV3/(V2x1000) = 1669 kN
Bolts: (Fy,q4 = 561x0,9x800/(1,25x1000) = 323 kN)

T-section end plate:

- m1=60-9,5/2-0,8x5xV2 = 50 mm m2 = 70-16-0,8x5xV2 =48 mm

- e2=n=60mm p =80 mm

- A1=50/(50+60) = 0,453 A2 =48/(50+60) =0,441 > a.=6

- legrr = 2xx50 =312 mm lefr = TX504+80 = 236 mm

- lesrz3 = 6x50 = 298 mm letta = 0,5%80+(6-2)x50-0,625x60) = 201 mm

- M= 201X252X460/4000000 =14,4 kNm B = 4x14,4x1000000/(50%x2x323x1000) = 1,80
- y=60/50=1,21 - Failure mode 2

- Frug = 2x((2x14,4x1000 + 60x2x323)/(50+60)) = 1235 kN
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T-section flange chord:

- m=60-17,3/2-15 =39 mm e =(394-120)/2 =137 mm

- n=1,25x39 =49 mm p =80 mm

- lofr = 2x11X39 = 245 mm lefry = 4x39+1,25x137 =327 mm

- ez =Tx39+80 = 203 mm lefra = 2X39+0,625x137+0,5x80 = 204 mm

- M= 203x27,7°x460/4000000 = 17,9 kNm B = 4x17,9x1000000/(39x2x323x1000) = 2,84
- Failure mode 3 2 F, 4 = 4x323 =1292 kN
Bearing chord:
- Feuq = (260+2x20+2x27,7)x17,3x460/1000 = 2828 kN (HD400x216)
- Feuq = (260+2x20+2x48)x29,8x460/1000 = 5428 kN (HD400x382)

Capacity connection:

Feua=2828 kN (Yielding of the chords web)

- Fiua=1235kN (Mode 2 failure of the end plate)
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DETAIL 12: HEB220 WITH END PLATES (HEAVY):

End plate 240~20 L=380

S | PPN @2
olfe olle
=20 | 7040l

Bolt=s M30 8.8

Welds section — end plate (a= 7 for flanges and a = 5 for web):

- Frua = (2x(2x220-9,5-2x18)x7 + 2x152x5)x249,4xV3/(V2x1000) = 2151kN

Bolts: (F..,q = 561x0,9x800/(1,25x1000) = 323 kN)

T-section end plate (inside section):

- m1=60-9,5/2-0,8x5xV2 = 50 mm
- e2=n=60mm

- A\1=50/(50+60) = 0,453

- legrr = 2xx50 =312 mm

- lefrz3 = 6xX50 =298 mm

- Myq = 201x20°x460/4000000 = 9,2 kNm

- y=60/50=1,21 - Failure mode 2

- Frua=2x((2x9,2x1000 + 60x2x323)/(50+60)) =

m2 =70-16-0,8x7xV2 = 46 mm

p =80 mm

A2 =46/(50+60) =0,420 > a.=6

lefr = TX504+80 = 236 mm

letta = 0,5%80+(6-2)x50-0,625x60) = 201 mm

B = 4x9,2x1000000/(50x2x323x1000) = 1,15

1039 kN

140



T-section end plate (outside section):

- m=(380-220)/4-0,8x7xV2 = 32 mm el =40 mm

- e2=60mm n=1,25x32 =40 mm

- lofr = 2x1x32 =202 mm lefry = TX324120 = 221 mm

- o3 = TIX3242x60 = 221 mm lefra = 4x32+1,25x40 = 178 mm

- logrs = 60+2x32+0,625%x40 = 149 mm lefrs = 0,5%240 = 120 mm

- ler7 = 0,5x120+2x32+0,625x40 = 149 mm M4 = 120x20°x460/4000000 = 5,5 kNm

- B =4x5,5x1000000/(32x2x323x1000) = 1,06  y =40/32 =1,25 -> Failure mode 2
- Fyua = 2((2%5,5x1000 + 40x2x323)/(32+40)) = 1023 kN

T-section flange chord (inner bolts):

- m=60-17,3/2-15=39 mm e =(394-120)/2 =137 mm

- n=1,25x39 =49 mm p =80 mm

- lefrr = 2x11X39 = 245 mm lefrr = 4x39+1,25x137 =327 mm
- lefrz3 = 2x80 = 160 mm lefra = 80 mm

- M= 80x27,72x460/4000000 =7,1 kNm B = 4x7,1x1000000/(39x2x323x1000) = 1,12
- y=49/39=1,26 - Failure mode 2
- Fyua = 2x((2x7,1x1000 + 49x2x323)/(39+49)) = 1042 kN

T-section flange chord (outer bolts):

- m=60-17,3/2-15=39 mm e =(394-120)/2 =137 mm

- n=1,25x39 =49 mm p=110 mm

- lefrr = 2x11X39 = 245 mm lefrr = 4x39+1,25x137 =327 mm

- ez =Tx39+110 = 233 mm lefra = 2x39+0,625x137+0,5x110 = 219 mm

- M= 219X27,72x460/4000000 =19,3 kNm B = 4x19,3x1000000/(39x2x323x1000) = 3,06
- Failure mode 3 2 F, 4 = 4x323 =1292 kN

Capacity connection:

Feua=2828 kN (Yielding of the chords web)

- Fiua=2062 kN (Mode 2 failure of the end plate)
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DETAIL 13: HEB220 WITH END PLATES (GUSSET PLATE):

&0_E0 Eolts MZ0 109 Flange plate 115xE0 weld a=10
3
& & |2 o 8 o
[
SO |- N |
ol o [ A= B oo
o e f I
End plote 24030 | =380 (E}{)/ | 200
Welds section — end plate (a= 9 for flanges and for web):
- Frug = (2x(2x220-9,5-2x18)x9 + 2x152x9)x249,4xV3/(V2x1000) = 3005 kN
Bolts: (Fy,,q4 = 561x0,9x1000/(1,25x1000) = 404 kN)
T-section end plate (inside section):
- m1=60-9,5/2-0,8x9xV2 = 45 mm m2 = 70-16-0,8x9%xV2 = 44 mm
- e2=60mm n=1,25x45 =56 mm p =80 mm

A1 =45/(45+56) = 0,444

lefry = 2XxTX45 = 283 mm

lefrz = 6X45 = 270 mm

M4 = 183x30°x460/4000000 = 18,9 kNm

Failure mode 3 = F,, 4 = 4x404 = 1616 kN

T-section end plate (outside section):

m = (380-220)/4-0,8x9xV2 = 30 mm

e2 =60 mm

lefry = 2x1X30 = 187 mm

lefrz = MX3042x60 = 214 mm

lefis = 60+2x30+0,625x40 = 145 mm

lefr7 = 0,5x120+2x30+0,625x40 = 145 mm
M4 = 120x30°x460/4000000 = 12,4 kNm

Failure mode 3 = F,, 4 = 4x404 = 1616 kN

A2 =44/(45+56)=0,432 2> a=6
lefry = TX45480 = 222 mm
letta = 0,5%80+(6-2)x45-0,625x60) = 183 mm

B = 4x18,9x1000000/(45x2x404x1000) = 2,08

el=40mm

n=1,25x30 =37 mm

lefry = TX304120 = 214 mm

lefra = 4x30+1,25%x40 = 169 mm

lefrs = 0,5%x240 = 120 mm

B = 4x12,4x1000000/(29x2x404x1000) = 2,06
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T-section end plate (between flange plates):

- m1=60-10/2-0,8x9xV2 = 45 mm m2 = 70-20-0,8x9%xV2 = 40 mm

- e2=60mm n=1,25x45 =56 mm p =80 mm

- A1=45/(45+56) =0,444 A2 =40/(45+56) = 0,395 = a = 2xn

- lofr = 2x11X45 = 282 mm lefry = TX45480 = 221 mm

- lofrs = 2x11X45 = 282 mm lefra = 0,5x80+(2x1-2)x45-0,625x60) = 194 mm

- M= 194X302x460/4000000 =20,1 kNm B = 4x20,1x1000000/(45x2x404x1000) = 2,22
- Failure mode 3 2 F,, 4 = 4x404 = 1616 kN

T-section end plate (outside flange plates):

Similar to T-section end plate (between flange plates) but with smaller m1 so:

- Failure mode 3 2 F,, 4 = 4x404 = 1616 kN

Flange plates:

Fuamug = 460/V(3x(1000/(4x200x20))’ + (52,5x1000x6/(4x200°%20))?) = 3838 kN

Capacity connection:

- Fc,u,d = N/A
- Fiua=3005kN (Failure of the welds)

Welds flange plates — gqusset plate (a = 10):

- Shear stress = 3005x1000/(8x200x11) = 145,3 N/mm?
- Bending stress = 52,5x3005x1000x3/(4xV2x200%x10) = 161,8 N/mm?

- Combined stress = V(4x161,8%+3x145,3%)/v3 = 236,7 N/mm? < 249,4 N/mm?
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DETAIL J: HD400x187 WITH END PLATES:

0
5 [nw]
¢ @
=
e o
| 140 | 114
End plote 391xf0 L=470
| I N
Bolts M30 88 4
tifferner t=25

Welds flanges and web:

- Stress in section = 7111x1000/23760 = 299,3 N/mm?
- v=1,1x299,3x24/(460x2) = 9 mm > 11 mm (flanges)
- v=1,1x299,3x15/(460x2) = 6 mm = 8 mm (web)

Unstiffened resistance:

- Fr4=(368+2x20+2x27,7)x17,3x460/1000 = 3685 kN
Stiffeners:

- Stress in stiffener = 7808x1000/(2x25x394) = 396,3 N/mm?

- v=1,1x396,3x25/(460%x2) =12 mm = 14 mm

Capacity stiffeners:

- Fr4=2x394x25x460/1000 = 9062 kN
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DETAIL K: HD400x382 WITH END PLATES:

Erd plote 406:x=40 L=500

23

110

Bolts M30 8.8

Welds flanges and web:

- Stress in section = 15039x1000/48710 = 308,7 N/mm?
- v=1,1x308,7x48/(460x2) = 18 mm > 20 mm (flanges)
- v=1,1x308,7x29,8/(460x2) = 11 mm =2 13 mm (web)

Unstiffened resistance:

- Frg=(416+2x40+2x48)x29,8x460/1000 = 8115 kN
Stiffeners:

- Stress in stiffener = 16151x1000/(2x50x406) = 397,8 N/mm?

- v=1x397,8x50/(430x2) =23 mm = 25 mm

Capacity stiffeners:

- F.q=2x406x50x430/1000 = 17458 kN
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In the next part the gusset plates are checked for the connection forces and the forces of the
individual members. Different failure modes can be governing (Figure 4-24) dependent on the
magnitude of the occurring forces and the shape of the gusset plates. When the forces in the
connected members are large it is possible that only a part of the gusset plate fails. This could be
prevented by changing the shape of the gusset plate. This was however not permitted by the
designer of the building so the only parameter that can be changed is the thickness of the gusset
plates. At the location of the welds a combination of axial force, shear force and bending moment
can occur. The bending moment occurs due to the eccentricity of the connection. The center of the
gusset plate is at a horizontal distance (ex) and a vertical distance (ez) from the center of the
connection. The center of the connection is the point where all the system lines of the individual
members intersect. The bending moment is equal to: Rx x ez + Rz x ex. For truss 10 the reaction
forces and the corresponding bending moments are shown in Table 8-3. For truss 11 they are shown
in Table 8-4.

Node Members Rx Rz ex ez M
[kN] [kN] [mm] [mm] [kNm]
Nodel |S1,S8 -1011 -3426 -171 208 376
Node 3 |[S3,S9, S10 9949 253 110,5 208 2097
Node5 |S5,511 -3871 339 81,5 208 778
Node 6 |S6,512,S13 | -6863 1153 46,5 208 1374
Node 10 |S2, S8, S9 -7279 1540 -53,5 -187,5 1282
Node 12 |S4,S510,S11| -934 543 -2,5 -187,5 174
Node 13 |S5, S12 5533 990 -177,5 | -187,5 1213
Node 15 |S7, 513 1509 556 166,5 | -187,5 190

Table 8-3: Reaction forces and bending moments truss 10

Node Members Rx Rz ex ez M
[kN] [kN] [mm] [mm] [kNm]
Nodel |S1,S8 7317 8811 -224 187,5 602
Node 3 |[S3,S9, S10 2899 -434 22,5 187,5 534
Node5 |S5,S11 -10094 | -528 -3,5 187,5 1891
Node9 |[S1 -10437 -990 42,5 -212,5 2176
Node 11 |S3 3840 -1030 -53,5 -212,5 761
Node 13 |S5, S12 -6639 497 193,5 -212,5 1507

Table 8-4: Reaction forces and bending moments truss 11

The combination of axial force, shear force and bending moment is checked with the use of the yield
criterion. The welds are checked by comparing the total thickness of the welds to the thickness of the
plate.
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TRUSS 10 NODE 1:

200

Rx=1011kN Rz=3426kN M=376kNm Fd1l=0kN Fv=2571kN Fd2=2893 kN

Gusset plate thickness = 25 mm 2 f, = 460 N/mm’ , f,, .. = 249,4 N/mm’, L = 722 mm:

- Diagonal 2 (F =2893 kN): N, 4 = 380x25x460/1000 = 4370 kN
Shear:
- Diagonal 2 (Fv = sin(40,8)x2893 = 1890 kN): V, 4 = 219x25x460/(V3x1000) = 1454 kN
A part of the vertical force of diagonal 2 needs to go through the chord but this is not governing:
- Normal stress = 3426x1000/(722x25) = 189,8 N/mm?
- Shear stress = 1011x1000/(722x25) = 56,0 N/mm?
- Bending stress = 376x1000000x6/(722%x25) = 172,9 N/mm’
- Combined stress = V((189,8+172,9)*+3x56,0°) = 375,5 N/mm? < 460 N/mm’

Welds qusset plate — chord (v = 14 mm =2 12 mm effective):

- Normal stress =189,8x25/(2x12) = 197,7 N/mm?
- Shear stress = 56,0x25/(2x12) = 58,3 N/mm?*
- Bending stress = 172,9x25/(2x12) = 180,1 N/mm?®

- Combined stress = V((197,7+180,1)*+3x58,3%)/V3 = 225,8 N/mm? < 249,4 N/mm?*
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TRUSS 10 NODE 3:

Rx=9949 kN Rz =253 kN M =2097 kNm Fd1=7831kN Fv=1883kN Fd2=28493 kN

Gusset plate thickness = 50 mm 2 f, = 430 N/mm’ , f,, .., = 244,8 N/mm’, L = 1057 mm:

- Diagonal 1 (F=7831kN): N, 4 = 520x50x430/1000 = 11180 kN

Shear:
- Diagonal 1 (Fv =sin(40,8)x7831 = 5117 kN): V, 4 = 312x50x430/(vV3x1000) = 3873 kN

A part of the vertical force of diagonal 1 needs to go through the chord but this is not governing:
- Normal stress = 253x1000/(1057x50) = 4,8 N/mm?

Shear stress = 9949x1000/(1057x50) = 188,2 N/mm?

Bending stress = 2097x1000000x6/(1057°x50) = 225,3 N/mm?
- Combined stress = V((4,8+225,3)*+3x188,2%) = 399,0 N/mm? < 430 N/mm?

Welds qusset plate — chord (v = 26 mm =2 24 mm effective):

- Normal stress = 4,8x50/(2x24) = 5,0 N/mm?

Shear stress = 188,2x50/(2x24) = 196,1 N/mm?

Bending stress = 225,3x50/(2x24) = 234,7 N/mm?

- Combined stress = V((5,0+234,7)*+3x196,1%)/V3 = 240,0 N/mm?’ < 244,8 N/mm?
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TRUSS 10 NODE 5:
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Rx=3871kN Rz=339kN M =778 kNm Fd1=7855kN Fv=6226 kN Fd2=0kN

Gusset plate thickness = 35 mm 2 f, = 460 N/mm’ , f,,... = 249,4 N/mm’, L = 683 mm:

- Diagonal 1 (F =7855 kN): N, 4 = 520x35x460/1000 = 8372 kN
Shear:

- Diagonal 1 (Fv = sin(59,6)x7855 = 6775 kN): V,, 4 = 730x35x460/(V3x1000) = 6786 kN
The vertical force of diagonal 1 can be transferred through the gusset plate:

- Normal stress = 339x1000/(683x35) = 14,2 N/mm?

- Shear stress = 3871x1000/(683x35) = 161,9 N/mm?

- Bending stress = 778x1000000x6/(683%x35) = 285,7 N/mm?

- Combined stress = V((14,2+285,7)’+3x161,9%) = 410,6 N/mm? < 460 N/mm?

Welds gusset plate — chord (v =20 mm = 18 mm effective):

Normal stress = 14,2x35/(2x18) = 13,8 N/mm?*

Shear stress = 161,9x35/(2x18) = 157,4 N/mm?

Bending stress = 285,7x35/(2x18) = 277,8 N/mm?

Combined stress = V((13,8+277,8)*+3x157,4%)/V3 = 230,5 N/mm? < 249,4 N/mm?
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TRUSS 10 NODE 6:
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Rx=6863 kN Rz=1153kN M =1374kNm Fdl1=7347kN Fv=1521kN Fd2=2697 kN

Gusset plate thickness = 35 mm 2 f, = 460 N/mm’ , f,, ., = 249,4 N/mm’, L = 1185 mm:

A part of the vertical force of diagonal 1 needs to go through the chord but this is not governing:

Diagonal 1 (F = 7347 kN): N, 4 = 520x35x460/1000 = 8372 kN

Diagonal 2 (F = 2697 kN): N, 4 = 420x35x460/1000 = 6762 kN

Diagonal 1 (Fv = sin(40,8)x7347 = 4801 kN): V, 4 = 260x35x460/(vV3x1000) = 2417 kN

Diagonal 2 (Fv =sin(41,9)x2697 = 1801 kN): V, 4 = 260x35x460/(vV3x1000) = 2417 kN

Normal stress = 1153x1000/(1185x35) = 27,8 N/mm?
Shear stress = 6863x1000/(1185x35) = 165,5 N/mm?
Bending stress = 1374x1000000x6/(1185°x35) = 167,7 N/mm?

Combined stress = V((27,8+167,7)*+3x165,5%) = 346,9 N/mm? < 460 N/mm?

Welds gusset plate — chord (v = 18 mm = 16 mm effective):

Normal stress = 27,8x35/(2x16) = 30,4 N/mm?
Shear stress = 165,5x35/(2x16) = 181,0 N/mm?
Bending stress = 167,7x35/(2x16) = 183,4 N/mm?

Combined stress = V((30,4+183,4)’+3x181,0%)/v3 = 219,1 N/mm? < 249,4 N/mm?
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TRUSS 10 NODE 10:

Rx=7279kN Rz=1540kN M =1282kNm Fd1=2893 kN Fv=1671kN Fd2=7831kN

Gusset plate thickness = 35 mm 2 f, = 460 N/mm’ , f,,... = 249,4 N/mm’, L = 1123 mm:

- Diagonal 1 (F=2893 kN): N, 4 = 380x35x460/1000 = 6118 kN

- Diagonal 2 (F=7831kN): N, 4 = 520x35x460/1000 = 8372 kN

- Diagonal 1 (Fv = sin(40,8)x2893 = 1890 kN): V,, 4 = 240x35x460/(V3x1000) = 2231 kN
- Diagonal 2 (Fv =sin(40,8)x7831 = 5117 kN): V,, 4 = 310x35x460/(V3x1000) = 2882 kN
A part of the vertical force of diagonal 2 needs to go through the chord but this is not governing:
- Normal stress = 1540x1000/(1123x35) = 39,2 N/mm?*
- Shear stress = 7279x1000/(1123x35) = 185,2 N/mm?
- Bending stress = 1282x1000000x6/(1123°x35) = 174,3 N/mm?
- Combined stress = V((39,2+174,3)’+3x185,2%) = 385,3 N/mm? < 460 N/mm?

Welds gusset plate — chord (v = 18 mm = 16 mm effective):

- Normal stress = 39,2x35/(2x16) = 42,9 N/mm?
- Shear stress = 185,2x35/(2x16) = 202,6 N/mm?
- Bending stress = 174,3x35/(2x16) = 190,7 N/mm?

- Combined stress = V((42,9+190,7)%+3x202,6%)/V3 = 243,3 N/mm? < 249,4 N/mm?
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TRUSS 10 NODE 12:
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T
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Rx =934 kN Rz = 543 kN M =174 kNm Fd1=8493 kN Fv=15039 kN Fd2 =7855 kN

Gusset plate thickness = 40 mm 2 f, = 460 N/mm’ , f,, ., = 249,4 N/mm’, L = 817 mm:

- Diagonal 1 (F =8493 kN): N, 4 = 520x40x460/1000 = 9568 kN

- Diagonal 2 (F = 7855 kN): N, 4 = 520x40x460/1000 = 9568 kN

- Diagonal 1 (Fv = sin(60,3)x8493 = 7377 kN): V,, 4 = 863x40x460/(V3x1000) = 9168 kN

- Diagonal 2 (Fv = sin(59,6)x7855 = 6775 kN): V,, 4 = 840x40x460/(V3x1000) = 8924 kN
The vertical force of diagonal 1 and 2 can be transferred through the gusset plate:

- Normal stress = 543x1000/(817x40) = 16,6 N/mm?

- Shear stress = 934x1000/(817x40) = 28,6 N/mm?

- Bending stress = 174x1000000x6/(817°x40) = 39,0 N/mm?

- Combined stress = V((16,6+39,0)°+3x28,6°) = 74,5 N/mm” < 460 N/mm’

Welds gusset plate — chord (a = 8 mm):

- Normal/shear stress (axial force) = 543x1000/(2x8x817xV2) = 29,4 N/mm?
- Shear stress = 934x1000/(2x8x817) = 71,5 N/mm?

- Normal/shear stress (moment) = 174x1000000x3/(8x817°xv2) = 69,1 N/mm?

- Combined stress = V((29,4+71,5)%+3x(29,4+71,5+69,1)*)/v3 = 179,3 N/mm? < 249,4 N/mm?
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TRUSS 10 NODE 13:

Rx=5533 kN Rz =990 kN M =1213 kNm Fd1=0kN Fv=6226 kN Fd2 =7347 kN

Gusset plate thickness = 35 mm 2 f, = 460 N/mm’ , f,,.., = 249,4 N/mm’, L = 875 mm:

- Diagonal 2 (F=7347 kN): N, 4 = 520x35x460/1000 = 8372 kN
Shear:

- Diagonal 2 (Fv = sin(40,8)x7347 = 4801 kN): V,, 4 = 393x35x460/(V3x1000) = 4801 kN
The vertical force of diagonal 2 needs to go through the chord but this is not governing:

- Normal stress = 990x1000/(875x35) = 32,3 N/mm?

Shear stress = 5533x1000/(875x35) = 180,7 N/mm?

Bending stress = 1213x1000000x6/(875°x35) = 271,6 N/mm?
- Combined stress = V((32,2+271,6)’+3x180,7%) = 436,3 N/mm? < 460 N/mm?

Welds gusset plate — chord (v =20 mm = 18 mm effective):

- Normal stress = 32,3x35/(2x18) = 31,4 N/mm?
- Shear stress = 180,7x35/(2x18) = 175,7 N/mm?
- Bending stress = 271,6x35/(2x18) = 264,1 N/mm?

- Combined stress = V((31,4+264,1)’+3x175,7%)/V3 = 244,9 N/mm? < 249,4 N/mm?
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TRUSS 10 NODE 15:

314 2 190

Rx=1509 kN Rz =556 kN M =190 kNm Fd1=2697kN Fv=1084 kN Fd2=0kN

Gusset plate thickness = 15 mm 2 f, = 460 N/mm’ , f,, ., = 249,4 N/mm’, L = 713 mm:

- Diagonal 1 (F=2697 kN): N, 4 = 420x15x460/1000 = 2898 kN
Shear:
- Diagonal 1 (Fv =sin(41,9)x2697 = 1801 kN): V, 4 = 260x15x460/(V3x1000) = 1036 kN
A part of the vertical force of diagonal 1 needs to go through the chord but this is not governing:

- Normal stress = 556x1000/(713x15) = 52,0 N/mm?

Shear stress = 1509x1000/(713x15) = 141,1 N/mm?

Bending stress = 190x1000000x6/(713°x15) = 149,8 N/mm?

- Combined stress = V((52,0+149,8)*+3x141,1%) = 316,9 N/mm? < 460 N/mm?

Welds gusset plate — chord (a = 9 mm):

- Normal/shear stress (axial force) = 556x1000/(2x8x713xv2) = 30,6 N/mm?
- Shear stress = 1509x1000/(2x9x713) = 117,6 N/mm?
- Normal/shear stress (moment) = 190x1000000x3/(9x713°xv2) = 88,3 N/mm?

- Combined stress = V((30,6+88,3)%+3x(30,6+117,6+88,3)%)/V3 = 246,2 N/mm? < 249,4 N/mm?
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TRUSS 11 NODE 1:

150 | p17 421 \

Rx=7317kN Rz=8811kN M =602kNm Fdl=0kN Fv=2375kN Fd2=9779 kN

Gusset plate thickness = 55 mm 2 f, = 430 N/mm’ , f,, .., = 244,8 N/mm’, L = 828 mm:

- Diagonal 2 (F=9779 kN): N, 4 = 550x55x430/1000 = 13008 kN
Shear:
- Diagonal 2 (Fv = sin(40,8)x9779 = 6390 kN): V,, 4 = 350x55x430/(V3x1000) = 4779 kN
A part of the vertical force of diagonal 2 needs to go through the chord but this is not governing:

- Normal stress = 8811x1000/(828x55) = 193,5 N/mm?*

Shear stress = 7317x1000/(828x55) = 160,7 N/mm?

Bending stress = 602x1000000x6/(828°x55) = 95,7 N/mm?
- Combined stress = V((193,5+95,7)’+3x160,7%) = 401,4 N/mm? < 430 N/mm?

Welds gusset plate — chord (v = 30 mm = 28 mm effective):

- Normal stress = 193,5x55/(2x28) = 190,0 N/mm?

Shear stress = 160,7x55/(2x28) = 157,8 N/mm?

Bending stress = 95,7x55/(2x28) = 94,0 N/mm?

- Combined stress = V((190,0+94,0)’+3x157,8%)/v3 = 227,6 N/mm? < 244,8 N/mm?
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TRUSS 11 NODE 3:
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Rx=2899 kN Rz =434 kN M =534 kNm Fd1=4595kN Fv=2079kN Fd2=871kN

Gusset plate thickness = 25 mm 2 f, = 460 N/mm’ , f,, ., = 249,4 N/mm’, L = 1061 mm:

Diagonal 1 (F = 4595 kN): N, 4 = 440x25x460/1000 = 5060 kN

Diagonal 2 (F = 871 kN): N, 4 = 380x25x460/1000 = 4370 kN

Diagonal 1 (Fv = sin(40,8)x4595 = 3002 kN): V, 4 = 279x25x460/(vV3x1000) = 1852 kN

Diagonal 2 (Fv = sin(40,8)x871 = 569 kN): V,, 4 = 240x25x460/(V3x1000) = 1593 kN

A part of the vertical force of diagonal 1 needs to go through the chord:

Normal stress = (3002-1852)x1000/((336+217-200)x25) = 130,3 N/mm?

- Shear stress = 2899x1000/(1061x25) = 109,3 N/mm?
Combined stress = V(130,3%+3x109,3°) = 229,8 N/mm? < 460 N/mm?

Welds qusset plate — chord (v = 10 mm =2 8 mm effective):

- Normal stress = 130,3x25/(2x8) = 203,6 N/mm?*

- Shear stress = 109,3x25/(2x8) = 170,8 N/mm?*

Combined stress = V(203,6%+3x170,8%)/v3 = 207,3 N/mm?’ < 249,4 N/mm?
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TRUSS 11 NODE 5:

Rx =10094 kN Rz =528 kN M =1891 kNm Fd1=5100kN Fv=1609 kN Fd2=28962 kN

Gusset plate thickness = 40 mm 2 f, = 460 N/mm’ , f,, .., = 249,4 N/mm’, L = 1237 mm:
- Diagonal 1 (F=5100 kN): N, 4 = 520x40x460/1000 = 9568 kN

- Diagonal 2 (F =8962 kN): N, 4 = 530x40x460/1000 = 9752 kN

- Diagonal 1 (Fv = sin(40,8)x5100 = 3332 kN): V,, 4 = 310x40x460/(V3x1000) = 3293 kN
- Diagonal 2 (Fv = sin(40,8)x8962 = 5856 kN): V, 4 = 310x40x460/(V3x1000) = 3293 kN
A part of the vertical force of diagonal 1/2 needs to go through the chord but this is not governing:

- Normal stress = 528x1000/(1237x40) = 10,7 N/mm?

Shear stress = 10094x1000/(1237x40) = 204,0 N/mm?

Bending stress = 1891x1000000x6/(1237°x40) = 185,3 N/mm?
- Combined stress = V((10,7+185,3)*+3x204,0%) = 404,1 N/mm? < 460 N/mm?

Welds qusset plate — chord (v =22 mm =2 20 mm effective):

- Normal stress = 10,7x40/(2x20) = 10,7 N/mm?

Shear stress = 204,0x40/(2x20) = 204,0 N/mm?

Bending stress = 185,3x40/(2x20) = 185,3 N/mm?

- Combined stress = V((10,7+185,3)*+3x204,0%)/V3 = 233,3 N/mm? < 249,4 N/mm?*
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TRUSS 11 NODE 9:

Rx =10437 kN Rz =990 kN M =2176 kNm Fd1=9779kN Fv=1081kN Fd2=4595kN

Gusset plate thickness = 40 mm 2 f, = 460 N/mm’ , f,, ... = 249,4 N/mm’, L = 1249 mm:

- Diagonal 1 (F=9779 kN): N, 4 = 550x40x460/1000 = 10120 kN

- Diagonal 2 (F = 4595 kN): N, 4 = 440x40x460/1000 = 8096 kN

- Diagonal 1 (Fv = sin(40,8)x9779 = 6390 kN): V, 4 = 310x40x460/(V3x1000) = 3293 kN
- Diagonal 2 (Fv = sin(40,8)x4595 = 3002 kN): V,, 4 = 253x40x460/(V3x1000) = 2688 kN
A part of the vertical force of diagonal 1/2 needs to go through the chord but this is not governing:
- Normal stress = 990x1000/(1249x40) = 19,8 N/mm?
- Shear stress = 10437x1000/(1249x40) = 208,9 N/mm?
- Bending stress = 2176x1000000x6/(1249°x40) = 209,2 N/mm?
- Combined stress = V((19,8+209,2)’+3x208,9%) = 428,2 N/mm? < 460 N/mm?

Welds gusset plate — chord (v =22 mm = 20 mm effective):

- Normal stress = 19,8x40/(2x20) = 19,8 N/mm?
- Shear stress = 208,9x40/(2x20) = 208,9 N/mm?
- Bending stress = 209,2x40/(2x20) = 209,2 N/mm?

- Combined stress = V((19,8+209,2)’+3x208,9%)/V3 = 247,2 N/mm? < 249,4 N/mm?
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TRUSS 11 NODE 11:

291 246 |1 246 398

310
/
20,00

Rx=3840kN Rz=1030kN M=761kNm Fd1=871kN Fv=933kN Fd2 = 5100 kN

Gusset plate thickness = 25 mm 2 f, = 460 N/mm’ , f,, ., = 249,4 N/mm’, L = 1181 mm:

- Diagonal 1 (F =871 kN): N, 4 = 380x25x460/1000 = 4370 kN

- Diagonal 2 (F=5100 kN): N, 4 = 520x25x460/1000 = 5980 kN

- Diagonal 1 (Fv =sin(40,8)x871 = 569 kN): V4 = 216x25x460/(V3x1000) = 1434 kN
- Diagonal 2 (Fv = sin(40,8)x5100 = 3332 kN): V, 4 = 310x25x460/(V3x1000) = 2058 kN
A part of the vertical force of diagonal 2 needs to go through the chord but this is not governing:
- Normal stress = 1030x1000/(1181x25) = 34,9 N/mm?
- Shear stress = 3840x1000/(1181x25) = 130,1 N/mm?
- Bending stress = 761x1000000x6/(1181°x25) = 130,9 N/mm?
- Combined stress = V((34,9+130,9)*+3x130,1%) = 279,7 N/mm” < 460 N/mm>

Welds qusset plate — chord (v = 12 mm =2 10 mm effective):

- Normal stress = 34,9x25/(2x10) = 43,6 N/mm?
- Shear stress = 130,1x25/(2x10) = 162,6 N/mm?
- Bending stress = 130,9x25/(2x10) = 163,7 N/mm®

- Combined stress = V((43,6+163,7)°+3x162,6%)/V3 = 201,9 N/mm? < 249,4 N/mm?*
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TRUSS 11 NODE 13:

264

Rx=6639 kN Rz =497 kN M = 1507 kNm Fd1=8962kN Fv=7111kN Fd2=0kN

Gusset plate thickness = 40 mm 2 f, = 460 N/mm’ , f,, .. = 249,4 N/mm’, L = 915 mm:

- Diagonal 1 (F =8962 kN): N, 4 = 530x40x460/1000 = 9752 kN
Shear:
- Diagonal 1 (Fv = sin(40,8)x8962 = 5956 kN): V, 4 = 378x40x460/(V3x1000) = 4016 kN
A part of the vertical force of diagonal 1 needs to go through the chord but this is not governing:
- Normal stress = 497x1000/(915x40) = 13,6 N/mm?
- Shear stress = 6639x1000/(915x40) = 181,4 N/mm?
- Bending stress = 1507x1000000x6/(915°x40) = 270,0 N/mm?
- Combined stress = V((13,6+270,0)*+3x181,4%) = 423,2 N/mm” < 460 N/mm’

Welds qusset plate — chord (v =22 mm =2 20 mm effective):

- Normal stress = 13,6x40/(2x20) = 13,6 N/mm?
- Shear stress = 181,4x40/(2x20) = 181,4 N/mm?*
- Bending stress = 270,0x40/(2x20) = 270,0 N/mm?®

- Combined stress = V((13,6+270,0)°+3x181,4%)/V3 = 244,4 N/mm? < 249,4 N/mm?*
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8.3 Appendix III

This appendix displays the calculation of the buckling resistances of the sections in the current and
new design. The buckling resistances of the sections are dependent on the cross-sectional area (A),
the moment of inertia (I, and I,) and the buckling length (L.). For H-sections all parameters are
known. For box sections the cross-sectional area and the moment of inertia about both axis has to be
calculated. A space of 20 mm is required to weld the plates to the sections. The height of the plates
(hp) is therefore the height of the section —40 mm. The total cross-sectional area is than calculated:

A = Asection + 2xhpxt where t is the thickness of the plates.

The moment of inertia about the strong axis:

ly = Iy section +2xtxh,>/12

The moment of inertia about the weak axis:

l, = 1 section +2xh,,xt3/12+2xh,,xtx(b/2+t/2)2 where b is the width of the section.

If the thickness of the plates is large enough the moment of inertia about the weak axis would be
larger than the moment of inertia about the strong axis which would essentially make the weak axis
the strong axis. To avoid confusion the terms strong and weak axis are therefore used to describe the
axis of the section alone. When doing so the direction of the “strong” axis is always the same even if
in reality it is the weak axis.

With the described formulas the cross sectional properties of all box sections were calculated. The
properties of all sections is shown in Table 8-5 and Table 8-6. In these tables the maximum buckling
length is also shown for “long” (Table 8-5) and “short” (Table 8-6) columns.

Section A ly Iz Buckling length | Weight
[mm?] [mm?] [mm?] [mm] [keg/m]
(x10%) (x10%)
SHS600x100 200000 866667 789867 10460 1570,0
UC356x406x634 + 2x100PL | 167750 411988 695333 10460 1316,8
UC356x406x634 + 2x75PL | 146000 377691 504313 10460 1146,1
UC356x406x634 + 2x60PL | 132950 357113 403834 10460 1043,7
UC356x406x634 + 2x50PL | 124250 343394 342465 10460 975,4
UC356x406x634 + 2x40PL | 115550 329675 285438 10460 907,1
UC356x406x634 80750 274800 98130 9820 633,9
UC356x406x551 70109 226900 82670 9820 550,4
UC356x406x393 + 2x50PL | 88060 192327 253777 10460 691,3
UC356x406x393 + 2x40PL | 80460 183181 207225 9820 631,6
UC356x406x340 43300 122500 46850 9820 339,9

Table 8-5: Properties of “long” columns
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Section A ly Iz Buckling length | Weight
[mm?] [mm?] [mm?] [mm] [kg/m]
(x10%) (x10%)
UC356x406x634 + 2x100PL | 167750 411988 695333 5380 1316,8
UC356x406x634 + 2x75PL | 146000 377691 504313 5760 1146,1
UC356x406x634 + 2x60PL | 132950 357113 403834 5380 1043,7
UC356x406x634 + 2x50PL | 124250 343394 342465 5380 975,4
UC356x406x634 + 2x40PL | 115550 329675 285438 5380 907,1
UC356x406x634 + 2x30PL | 106850 315956 232621 5380 838,8
UC356x406x634 + 2x20PL 98150 302238 183884 4350 770,5
UC356x406x634 80750 274800 98130 5380 633,9
UC356x406x551 70109 226900 82670 5410 550,4
UC356x406x467 59490 183000 67830 7000 467,0
UC356x406x393 + 2x50PL 88060 192327 253777 5380 691,3
UC356x406x393 + 2x40PL 80460 183181 207225 5410 631,6
UC356x406x393 + 2x30PL 72860 174036 164222 3950 572,0
UC356x406x393 50060 146600 55370 7000 393,0
UC356x406x340 43300 122500 46850 7000 339,9
UC356x406x287 36570 99880 38680 7000 287,1
UC356x406x235 29900 79080 30990 7000 234,7
UC356x368x202 25720 66260 23690 6890 201,9
UC305x305x240 30580 64200 20310 6890 240,1
UC305x305x198 25240 50900 16300 7000 198,1
UC305x305x158 20140 38750 12570 6890 158,1
UC254x254x167 21290 30000 9870 6890 167,1
UC254x254x132 16810 22530 7531 6890 132,0
UC203x203x86 10960 9449 3127 6890 86,0

Table 8-6: Properties of “short” columns

With the use of these properties the buckling resistance can be calculated (Table 8-7 and Table 8-8).
The plastic capacity of the sections can be calculated with:

Np|le = AXfy

The yield strength is dependent on the thickness of the member:

- Fort<40mm f, =355 N/mm’
- For40<t<80mm f, =335 N/mm?
- For80<t<100mm  f,=315 N/mm?’

The buckling resistance can be calculated with:

- Ng = °xExI/L?

- et = V(Npira/Ner)

- ¢ =0,5x(1+0x(Ae-0,2)+Are’)
- X = (S Ner’))

- Npra = XXNpira/ V1 ymi=1

a is the imperfection factor for curve a0, a, b, cord




Section Curve A (o) X Nb,Rd
[KN]

0,423 0,628 0,917 48442
0,393 0,624 0,901 44073
0,392 0,624 0,902 40160
0,411 0,636 0,891 37097
0,435 0,652 0,879 34015
0,463 0,672 0,863 30900
0,404 0,632 0,895 29435

UC356x406x634 + 2x100PL
UC356x406x634 + 2x75PL
UC356x406x634 + 2x60PL
UC356x406x634 + 2x50PL
UC356x406x634 + 2x40PL
UC356x406x634 + 2x30PL
UC356x406x634 + 2x20PL

UC356x406x634 0,620 0,796 0,773 20916
UC356x406x551 0,633 0,807 0,765 17977
UC356x406x467 0,833 1,002 0,641 12778

UC356x406x393 + 2x50PL
UC356x406x393 + 2x40PL
UC356x406x393 + 2x30PL

0,402 0,630 0,896 26435
0,428 0,648 0,882 23782
0,334 0,589 0,932 22738

ofoflojlojlojlojlofofojlojlojojlofofojlo|lojojlojlo[o|o | T

UC356x406x393 0,846 1,016 0,633 10619
UC356x406x340 0,856 1,027 0,627 9100
UC356x406x287 0,891 1,066 0,606 7861
UC356x406x235 0,900 1,076 0,600 6368
UC356x368x202 0,940 1,123 0,576 5257
UC305x305x240 1,106 1,334 0,481 5220
UC305x305x198 1,140 1,380 0,463 4152
UC305x305x158 1,141 1,382 0,463 3308
UC254x254x167 1,324 1,652 0,379 2862
UC254x254x132 1,347 1,689 0,369 2205

UC203x203x86 c 1,688 2,290 0,261 1014
Table 8-7: Buckling resistance of “short” columns

Section Curve A [0) X Nb,Rd
[kN]
SHS600x100 b 0,649 0,787 0,812 51142
UC356x406x634 + 2x100PL b 0,823 0,944 0,710 37531
UC356x406x634 + 2x75PL b 0,827 0,948 0,708 34617
UC356x406x634 + 2x60PL C 0,762 0,928 0,686 30567
UC356x406x634 + 2x50PL C 0,800 0,967 0,662 27563
UC356x406x634 + 2x40PL C 0,845 1,015 0,634 24529
UC356x406x634 C 1,133 1,370 0,467 12639
UC356x406x551 C 1,150 1,394 0,458 10768
UC356x406x393 + 2x50PL b 0,900 1,024 0,661 19508
UC356x406x393 + 2x40PL C 0,777 0,943 0,676 18234

UC356x406x340 c 1,200 1,465 0,434 6290
Table 8-8: Buckling resistance of “long” columns

It is visible that the resistance of the “long” columns have significantly been reduced. The same
applies for the “short” columns with a buckling length of about 7 m. In this case the use of very small
columns leads to a very small effectiveness of the columns (UC203x203x86).
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The sections used in the new design and their properties are shown in Table 8-9 and Table 8-10.

Section A ly Iz Buckling length | Weight
[mm?] [mm?] [mm?] [mm] [kg/m]
(x10%) (x10%)
HD400x677 + 2x40PL 121541 356259 300181 5380 954,1
HD400x677 + 2x30PL 112741 342062 245613 5760 885,0
HD400x677 + 2x20PL 103941 327865 195339 5380 815,9
HD400x818 104300 392191 135529 5380 818,8
HD400x744 94810 342121 119932 5380 744,3
HD400x634 80800 274171 98251 5380 634,3
HD400x592 75490 250161 90172 4350 592,6
HD400x463 58950 180162 67035 5380 462,8
HD400x382 48710 141317 53616 5410 382,4
HD400x347 44200 124945 48085 7000 347,0
HD400x551 70140 226110 82495 5380 550,6
HD400x509 64900 204528 75401 5410 509,5
HD400x463 58950 180162 67035 3950 462,8
HD400x287 36630 99706 38783 7000 287,5
HD400x262 33460 89406 35019 7000 262,7
HD400x216 27550 71138 28254 7000 216,3
HD400x187 23760 60183 23922 7000 186,5
HD360x162 20630 51539 18562 6890 161,9
HD360x147 18790 46289 16722 6890 147,5
HD360x134 17060 41509 15078 7000 133,9
HD360x134 17060 41509 15078 6890 133,9
HD320x127 16130 30824 9239 6890 126,6
HD320x97,6 12440 22929 6985 6890 97,7
HD260x68,2 8682 10455 3668 6890 68,2
Table 8-9: Properties of “short” columns
Section A ly Iz Buckling length | Weight
[mm?] [mm?] [mm?] [mm] [kg/m]
(x10%) (x10%)
SHS600x80 160000 690453 629973 10460 1256,0
HD400x677 + 2x55PL 134741 377555 390471 10460 1057,7
HD400x677 + 2x45PL 125941 363358 329131 10460 988,6
HD400x677 + 2x40PL 121541 356259 300181 10460 954,1
HD400x677 + 2x30PL 112741 342062 245613 10460 885,0
HD400x677 + 2x20PL 103941 327865 195339 10460 815,9
HD400x509 64900 204528 75401 9820 509,5
HD400x463 58950 180162 67035 9820 462,8
HD400x382 +2x40PL 79105 177898 205197 10460 621,0
HD400x382 +2x25PL 67705 164180 141951 9820 531,5
HD400x287 36630 99706 38783 9820 287,5

Table 8-10: Properties “long” columns
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The buckling resistance is again calculated. The yield strength is also in this case dependent on the
thickness. If the section thickness is larger than 82 mm a yield strength of 450 N/mm? is used. If the
welded plates are thicker than 40 mm a yield strength of 430 N/mm? is used, otherwise 460 N/mm?
is used. The resistances for “short” and “long” columns are shown in Table 8-11 and Table 8-12.

Section Curve A (o) X Nb,Rd
[KN]
HD400x677 + 2x40PL b 0,510 0,683 0,880 49186
HD400x677 + 2x30PL b 0,581 0,734 0,846 43890
HD400x677 + 2x20PL b 0,585 0,736 0,845 40387
HD400x818 a 0,695 0,794 0,850 39889
HD400x744 a 0,705 0,801 0,845 36071
HD400x634 a 0,727 0,819 0,835 31027
HD400x592 a 0,593 0,717 0,893 30998
HD400x463 a 0,752 0,840 0,822 22295
HD400x382 a 0,768 0,855 0,813 18225
HD400x347 a 1,000 1,084 0,666 13536
HD400x551 a 0,739 0,830 0,829 26736
HD400x509 a 0,748 0,837 0,824 24605
HD400x463 a 0,552 0,689 0,907 24605
HD400x287 a 1,013 1,099 0,656 11056
HD400x262 a 1,019 1,106 0,652 10036
HD400x216 a 1,030 1,117 | 0,645 8171
HD400x187 a 1,039 1,128 0,638 6974
HD360x162 a 1,082 1,178 0,608 5773
HD360x147 a 1,088 1,185 0,604 5222
HD360x134 a 1,109 1,211 0,590 4628
HD360x134 a 1,092 1,190 0,602 4721
HD320x127 a 1,356 1,541 0,440 3264
HD320x97,6 a 1,370 1,561 0,433 2478
HD260x68,2 a 1,579 1,892 0,341 1362

Table 8-11: Buckling resistance of “short” columns

In this case the heaviest HD section used is the HD400x818. The thickness is smaller than 100 mm so
buckling curve a is used for all H-sections. The largest box section consist of an HD400x677 section.
The buckling curve b is in this case always used.
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Section Curve A (o) X Nb,Rd
[KN]
SHS600x80 b 0,759 0,883 0,749 51546
HD400x677 + 2x55PL b 0,900 1,024 0,661 38306
HD400x677 + 2x45PL b 0,932 1,059 0,641 34691
HD400x677 + 2x40PL b 0,992 1,126 0,602 33679
HD400x677 + 2x30PL b 1,056 1,203 0,562 29151
HD400x677 + 2x20PL b 1,137 1,305 0,514 24558
HD400x509 a 1,357 1,543 0,439 | 13119
HD400x463 a 1,372 1,564 0,432 11712
HD400x382 +2x40PL b 1,039 1,183 0,572 20829
HD400x382 +2x25PL b 1,010 1,148 0,590 18390
HD400x287 a 1,422 1,639 0,407 6865

Table 8-12: Buckling resistance “long” columns

The required welds to connect the plates to the flanges are based on the design buckling resistance
of the members. The weld sizes are based on an initial deflection of the column. For all columns
buckling curve b is valid. For this buckling curve the initial deflection is L/200. According to NEN-EN
1993-1-1 5.3.2 (7) this initial deflection can be replaced by an equivalent distributed load of
8xNggxeo/L> which results in a maximum shear force of V = 4xNggxeo/L. Neg cannot be larger than the
buckling resistance and e/L=1/200 so the maximum shear force in the column V = 4xN,r4/200. This
value should be multiplied by the factor n/(n-1) where n = F./Nprs. When the maximum shear force
is known the shear flow (s) can be calculated with the use of s = VxS/I. Where S is the area-moment
of the plate and | is the moment of inertia. With the use of the maximum allowable stress in the weld
(fw,ua) the effective thickness of the partial penetration welds can be calculated with veg = s/(2xfy, 4, q)-
The total thickness is the effective thickness + 2 mm. The minimum weld sizes based on strength are
shown in Table 8-13.

Nb,Rd| Fcr e*/L| n |n/n-1| V S I fwud veff v

(kNI | [kN] | [-1 | [-[] | [[] | [kN]| [mm?] [mm?* | [N/mm?]| [mm]| [mm]
SHS600x80 51546 | 130795 |1/200| 2,54 | 1,650 | 1701 | 12480000 | 6904533333 244,8 6,3 9
HD400x677 + 2x55PL |[38306 | 73968 |1/200|1,93 (2,074 | 1589 | 5844300 | 3904707733 | 244,8 4,9 7
HD400x677 + 2x45PL (| 34691 | 62348 |1/200|1,80|2,254 | 1564 | 4682700 | 3291309600 244,8 4,5 7
HD400x677 + 2x40PL (| 33679 | 56864 |1/200|1,69|2,453|1652 | 4118400 | 3001814533 249,4 4,5 7
HD400x677 + 2x30PL [[29151 | 46527 |1/200|1,60 | 2,678 | 1561 | 3022800 |2456132400| 249,4 3,9 6
HD400x677 + 2x20PL (| 24558 | 37004 |1/200|1,51|2,973|1460| 1971200 | 1953394267 249,4 3,0 5
HD400x382 +2x40PL |20829 | 38871 |1/200|1,87|2,154| 898 | 3389600 | 2051974933 | 249,4 3,0 5
HD400x382 +2x25PL (18390 | 30510 |1/200|1,66|2,517| 926 | 2047250 | 1419514333 249,4 2,7 5

Table 8-13: Minimum size of the welds connecting the additional plates to the flanges

On the 2 following pages the used sections in the current design are shown. Marked columns
indicate that the column is not supported at the intermediate floor (“long” columns). The columns
are 2 stories high so every 2 stories a column splice is required. This is indicated by the lines between
the used columns. The splice is located 900 mm above the top of the steel beam used to support the
floor.
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The influence of possible bending moments is checked with the use of NEN-EN 1993-1-1 and the
national annex. For Lateral torsional buckling the critical bending moment (M) is required in order
to be able to calculate the reduction factor. M, = keaXC/LeXV(ExI,xGxl;). For all of the used sections
the value for k. is 1,0. C depends on the support conditions and the type of loading. L, is the
distance between 2 lateral restraints (in this case equal to the length of the column). The factor C is
calculated with the following formula:

C = mxCyxLy/Lirs X (V(1+(xS?/Lis” X (C,°+1)))+1xCoxS/Li1s) (Lire = Lg in this case)
S = V(Exl,,/(Gxl)) with I, = I,xh?/4 for H-sections

C, and C, are dependent on the load. For a simply supported beam with an end moment at one side
only (Figure 5-7) C, becomes 1,75 and C, is 0. All factors are now known and the critical bending
moment can be rewritten to a formula only dependent on the section properties and the column
length:

C = 1,75xmxV(1+10°xS?/L?)
My = 1,75xmxvV(1+70°xS%/L%) /LxV(ExI,xGxl,)

Only bending moments about the strong axis of the sections are considered because bending
moments about the weak axis are very small (only small differences in beam reaction forces occur at
the columns for bending about the weak axis). The differences between the beam reaction forces at
the strong axis of the columns are much larger. These differences are at most 500 kN for internal
columns and 800 kN for perimeter columns. The eccentricity of the connection depends on the
section used. In all cases the eccentricity is assumed to be the height of the section divided by 2 +
120 mm. Because the difference in force is dependent on the location of the column and the relevant
floor the bending moments are different for all sections. For all sections the eccentricities and the
maximum force and bending moment are shown in Table 8-14 and Table 8-15.

Section e* | Force | Moment Section e* |Force | Moment
[mm] | [kN] | [kNm] [mm]| [kN] | [kNm]
SHS600x100 420 | 1000 420 SHS600x80 420 | 1000 420
UC356x406x634 + 2x100PL | 357 | 500 179 HD400x677 + 2x55PL | 362 | 500 181
UC356x406x634 + 2x75PL 357 | 315 112 HD400x677 + 2x45PL | 362 | 315 114
UC356x406x634 + 2x60PL 357 | 300 107 HD400x677 + 2x40PL | 362 | 300 109
UC356x406x634 + 2x50PL 357 | 270 96 HD400x677 + 2x30PL | 362 | 270 98
UC356x406x634 + 2x40PL 357 | 200 71 HD400x677 + 2x20PL | 362 | 200 72
UC356x406x634 357 | 300 107 HD400x509 343 | 300 103
UC356x406x551 348 | 700 244 HD400x463 338 | 700 237
UC356x406x393 + 2x50PL 330 | 220 73 HD400x382 +2x40PL | 328 | 220 72
UC356x406x393 + 2x40PL 330 | 700 231 HD400x382 +2x25PL | 328 | 700 230
UC356x406x340 323 | 300 97 HD400x287 317 | 300 95

Table 8-14: Additional bending moments current (left) and new design (right) “long” columns
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Section e* Force | Moment | |Section e* | Force | Moment
[mm] | [kN] [kNm] [mm] | [kN] | [kNm]
UC356x406x634 + 2x100PL | 357 930 332 HD400x677 + 2x40PL | 362 | 930 337
UC356x406x634 + 2x75PL 357 885 316 HD400x677 + 2x30PL | 362 | 885 320
UC356x406x634 + 2x60PL 357 430 154 HD400x677 + 2x20PL | 362 | 430 156
UC356x406x634 + 2x50PL 357 500 179 HD400x818 377 | 500 189
UC356x406x634 + 2x40PL 357 220 79 HD400x744 369 | 220 81
UC356x406x634 + 2x30PL 357 300 107 HD400x634 357 | 300 107
UC356x406x634 + 2x20PL 357 700 250 HD400x592 353 | 700 247
UC356x406x634 357 200 71 HD400x463 338 | 200 68
UC356x406x551 348 900 313 HD400x382 328 | 900 295
UC356x406x467 338 900 304 HD400x347 324 | 900 292
UC356x406x393 + 2x50PL 330 300 99 HD400x551 348 | 300 104
UC356x406x393 + 2x40PL 330 700 231 HD400x509 343 | 700 240
UC356x406x393 + 2x30PL 330 400 132 HD400x463 338 | 400 135
UC356x406x393 330 400 132 HD400x287 317 | 400 127
UC356x406x340 323 500 162 HD400x262 323 | 500 162
UC356x406x287 317 | 1400 444 HD400x216 317 | 1400 444
UC356x406x235 310 700 217 HD400x187 314 | 700 220
UC356x368x202 307 100 31 HD360x162 302 | 100 30
UC305x305x240 296 800 237 HD360x147 300 | 800 240
UC305x305x198 290 700 203 HD360x134 298 | 700 209
UC305x305x158 284 400 114 HD360x134 298 | 400 119
UC254x254x167 265 700 186 HD320x127 280 | 700 196
UC254x254x132 258 600 155 HD320x97,6 275 | 600 165
UC203x203x86 231 650 150 HD260x68,2 245 | 650 159

Table 8-15: Additional bending moments current (left) and new design (right) “short” columns

For all H-sections reduction factors are required to determine the bending moment resistance of the

columns. The calculation of the reduction factor is similar to the one for buckling. For all H-sections

used in the current and new design buckling curve a is used. Stronger steel grades in this case do not

give the advantage of using a smaller imperfection factor. The bending moment resistance can be

calculated with:

- Mg = 1,75xmxV(1+7°xS%/L%) /LxV(ExI,xGxl,)

- )\rel = V(MpI,Rd/Mcr)
- ¢ = Or5X(1+aX(Arel'012)+)\reI2)

- Xus = 1/(¢+V(¢2'7\re|2))
- My = XureXMgira/ Y

Melrg is used for class 3 sections

a is the imperfection factor for curve a (0,21)

ymi=1

For all sections the reduction factors and the reduced bending moment resistances are shown in

Table 8-16 for “H-sections in the current design and in Table 8-17 for H-sections in the new design.
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Section Mpl,Rd | Length Mcr A [0) X Mb,Rd
[kNm] [mm] [kNm] [kNm]
UC356x406x634 4770 9820 28437 0,410 0,606 0,950 4533
UC356x406x634 4770 5380 57359 0,288 0,551 0,980 4676
UC356x406x551 4047 9820 21554 0,433 0,618 0,944 3819
UC356x406x551 4047 5410 43704 0,304 0,557 0,976 3952
UC356x406x467 3350 7000 23233 0,380 0,591 0,958 3209
UC356x406x393 2754 7000 16805 0,405 0,603 0,952 2621
UC356x406x340 2345 9820 8486 0,526 0,672 0,916 2148
UC356x406x340 2345 7000 12890 0,426 0,615 0,946 2217
UC356x406x287 2063 7000 9529 0,465 0,636 0,935 1929
UC356x406x235 1664 7000 6759 0,496 0,654 0,925 1540
UC356x368x202 1410 6890 5089 0,526 0,673 0,916 1291
UC305x305x240 1508 6890 5982 0,502 0,658 0,924 1393
UC305x305x198 1221 7000 4109 0,545 0,685 0,910 1111
UC305x305x158 951 6890 2768 0,586 0,712 0,895 852
UC254x254x167 861 6890 2822 0,552 0,689 0,907 781
UC254x254x132 663 6890 1804 0,606 0,727 0,888 589
UC203x203x86 347 6890 734 0,687 0,787 0,854 296
Table 8-16: Reduced bending moment resistance current design
Section Mpl,Rd | Length Mcr A [0) X Mb,Rd
[kNm] [mm] [kNm] [kNm]
HD400x818 8667 5380 93629 0,304 0,557 0,976 8463
HD400x744 7727 5380 77789 0,315 0,562 0,974 7525
HD400x634 6541 5380 57430 0,337 0,571 0,969 6336
HD400x592 6044 4350 66686 0,301 0,556 0,977 5907
HD400x551 5543 5380 43985 0,355 0,579 0,964 5345
HD400x509 5074 9820 18494 0,524 0,671 0,917 4651
HD400x509 5074 5410 37806 0,366 0,585 0,961 4878
HD400x463 4544 9820 15332 0,544 0,684 0,910 4134
HD400x463 4544 5380 31887 0,377 0,590 0,959 4356
HD400x463 4544 3950 49152 0,304 0,557 0,977 4437
HD400x382 3664 5410 22457 0,404 0,603 0,952 3487
HD400x347 3284 7000 13384 0,495 0,654 0,926 3040
HD400x287 2674 9820 6204 0,657 0,763 0,867 2319
HD400x287 2674 7000 9560 0,529 0,674 0,915 2447
HD400x262 2420 7000 8134 0,545 0,685 0,910 2201
HD400x216 1961 7000 5854 0,579 0,707 0,898 1760
HD400x187 1505 7000 4585 0,573 0,703 0,900 1354
HD360x162 1303 6890 3550 0,606 0,726 0,888 1157
HD360x147 1183 6890 3056 0,622 0,738 0,881 1043
HD360x134 1073 7000 2573 0,646 0,755 0,872 935
HD360x134 1073 6890 2639 0,638 0,749 0,875 939
HD320x127 989 6890 1878 0,725 0,818 0,835 826
HD320x97,6 680 6890 1225 0,745 0,835 0,826 562
HD260x68,2 385 6890 575 0,818 0,899 0,785 302

Table 8-17: Reduced bending moment resistance new design




The combination of compression and bending is checked with the use of NEN-EN 1993-1-1 6.3.3
which describes the following formulas:

Nea/ (XyXNri) + KyyXMeo/ (XirXMgi) < 1 Nea/ (XXNri) + KyXMea/ (XiiXMgy) <1

The factors k,, and k,, are dependent on the shape of the bending moment diagram, the slenderness
of the member and the unity check for buckling. For box sections the factor k,, = 0 and the factor k,,
is calculated with: Kyy = CnyX(1+(Ay-0,2)x Nea/(X,XNri)) S CroyX(1+0,8x% Nea/ (XyXNri))

For class 1 and 2 H-sections: Ky, = CrnyX(1+(A,-0,2)x Neg/(XyXNgi)) < CrnyX(1+0,8% Neg/(X,XNri))
kyy = 1-0,1xA,/(Crai1-0,25)% Neg/ (X:XNri) 2 1-0,1/(Cni7-0,25)x Neo/ (X:XNri)
if\,<0,4 k,y = 0,6+A, £ 1-0,1xA,/(Crni1-0,25)x Neg/ (X XNry)
For class 3 and 4 H-sections: Ky, = CiyX(1+0,6XA,X Neg/(XyXNgi)) £ CrnyX(1+0,6X Neg/(X,XNri))
k,y=1-0,05XA,/(Crnit-0,25)X Nea/(X:XNgk)21-0,05/(Crnit-0,25)% Neg/ (X XNry)

In all cases the factors C,, and C.r are equal to 0,6 which corresponds to a beam loaded by a
bending moment at one end only.

All sections used in the current design are class 1 sections. This is however not the case for the
sections used in the new design. The use of higher strength steel results in smaller allowable
width/thickness ratios for all classes. Because of these reduced ratios the amount of class 1 and 2
sections is reduced for S460 as opposed to S355. The sections mentioned below are class 3 sections
(used in the new design only). All other sections are class 1 sections.

- HD400x187
- HD360x162
- HD360x147
- HD360x134
- HD320x97,6
- HD260x68,2

Because the occurring bending moments, the bending moment resistance and all buckling
parameters are known all the relevant factors (k,, and k,,) can be calculated. With the use of these
factors the maximum allowable compressive force is determined. This has been done with a number
of iterations because all the parameters depend on this compressive force.

For all sections used in the current design the maximum allowable forces are shown in Table 8-18 for
“short” columns and in Table 8-19 for “long” columns.

For the sections used in the new design these forces are shown in Table 8-20 for “short” columns and
in Table 8-21 for “long” columns.

The percentage shown next to the maximum allowable force displays the percentage of buckling
resistance that remains when the bending moment is applied.



Section kyy kzz Nb,Rd Nmax | Relative
[kN] [kN] [%]
UC356x406x634 + 2x100PL 0,730 0,000 48442 46870 96,8
UC356x406x634 + 2x75PL 0,748 0,000 44073 42728 96,9
UC356x406x634 + 2x60PL 0,728 0,000 40160 40160 100,0
UC356x406x634 + 2x50PL 0,723 0,000 37097 37097 100,0
UC356x406x634 + 2x40PL 0,717 0,000 34015 34015 100,0
UC356x406x634 + 2x30PL 0,710 0,000 30900 30899 100,0
UC356x406x634 + 2x20PL 0,665 0,000 29435 29434 100,0
UC356x406x634 0,683 0,825 20916 20652 98,7
UC356x406x551 0,684 0,831 17977 16793 93,4
UC356x406x467 0,724 0,779 12778 11833 92,6
UC356x406x393 + 2x50PL 0,755 0,000 26435 26059 98,6
UC356x406x393 + 2x40PL 0,746 0,000 23782 23219 97,6
UC356x406x393 + 2x30PL 0,673 0,000 22738 22712 99,9
UC356x406x393 0,734 0,768 10619 10208 96,1
UC356x406x340 0,734 0,769 9100 8590 94,4
UC356x406x287 0,722 0,792 7861 6428 81,8
UC356x406x235 0,736 0,771 6368 5676 89,1
UC356x368x202 0,743 0,736 5257 5164 98,2
UC305x305x240 0,729 0,751 5220 4553 87,2
UC305x305x198 0,731 0,754 4152 3580 86,2
UC305x305x158 0,739 0,743 3308 2980 90,1
UC254x254x167 0,739 0,766 2862 2341 81,8
UC254x254x132 0,739 | 0,772 2205 1757 79,7
UC203x203x86 0,713 0,835 1014 584 57,6

Table 8-18: Maximum allowable compressive forces “short” columns current design

Section kyy kzz Nb,Rd Nmax | Relative
[kN] [kN] [%]
SHS600x100 0,844 0,000 51142 50568 98,9
UC356x406x634 + 2x100PL 0,965 0,000 37531 36664 97,7
UC356x406x634 + 2x75PL 0,970 0,000 34617 34088 98,5
UC356x406x634 + 2x60PL 0,951 0,000 30567 30566 100,0
UC356x406x634 + 2x50PL 0,929 0,000 27563 27562 100,0
UC356x406x634 + 2x40PL 0,905 0,000 24529 24529 100,0
UC356x406x634 0,765 0,719 12639 12424 98,3
UC356x406x551 0,765 0,728 10768 10268 95,4
UC356x406x393 + 2x50PL 1,012 0,000 19508 19146 98,1
UC356x406x393 + 2x40PL 0,954 0,000 18234 17937 98,4
UC356x406x340 0,780 0,724 6290 6085 96,7

Table 8-19: Maximum allowable compressive forces “long” columns current design
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Section kyy kzz Nb,Rd Nmax | Relative
[kN] [kN] [%]
HD400x677 + 2x40PL | 0,756 0,000 49186 48763 99,1
HD400x677 + 2x30PL || 0,767 0,000 43890 43889 100,0
HD400x677 + 2x20PL || 0,741 0,000 40387 40386 100,0
HD400x818 0,710 0,805 39889 39172 98,2
HD400x744 0,715 0,800 36071 35758 99,1
HD400x634 0,723 0,795 31027 30609 98,7
HD400x592 0,684 0,837 30998 29912 96,5
HD400x463 0,734 0,788 22295 22022 98,8
HD400x382 0,733 0,795 18225 16998 93,3
HD400x347 0,777 0,734 13536 12582 93,0
HD400x551 0,728 0,792 26736 26321 98,4
HD400x509 0,729 0,795 24605 23642 96,1
HD400x463 0,675 0,846 24605 23970 97,4
HD400x287 0,787 0,725 11056 10640 96,2
HD400x262 0,785 0,730 10036 9499 94,6
HD400x216 0,761 0,770 8171 6584 80,6
HD400x187 0,749 0,878 6974 5980 85,7
HD360x162 0,760 0,860 5773 5642 97,7
HD360x147 0,730 0,886 5222 4156 79,6
HD360x134 0,732 0,885 4628 3714 80,3
HD360x134 0,746 0,873 4721 4198 88,9
HD320x127 0,742 0,766 3264 2670 81,8
HD320x97,6 0,706 0,895 2478 1826 73,7
HD260x68,2 0,683 0,927 1362 695 51,0

Table 8-20: Maximum allowable compressive forces “short” columns new design

Section kyy kzz Nb,Rd Nmax | Relative
[kN] [kN] (%]
SHS600x80 0,906 0,000 51546 51383 99,7
HD400x677 + 2x55PL | 1,011 0,000 38306 37517 97,9
HD400x677 + 2x45PL | 0,994 0,000 34691 34691 100,0
HD400x677 + 2x40PL | 0,992 0,000 33679 33678 100,0
HD400x677 + 2x30PL | 0,952 0,000 29151 29150 100,0
HD400x677 + 2x20PL | 0,909 0,000 24558 24558 100,0
HD400x509 0,807 0,719 13119 12909 98,4
HD400x463 0,804 0,726 11712 11225 95,8
HD400x382 +2x40PL 1,073 0,000 20829 20506 98,4
HD400x382 +2x25PL 1,012 0,000 18390 18389 100,0
HD400x287 0,819 0,723 6865 6661 97,0

Table 8-21: Maximum allowable compressive forces “long” columns new design
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UC356x406x393 + 2x50PL UC356x406x634 UC356x406x634 UC356x406x634 UC356x406x634
UC356x406x393 + 2x40PL UC356x406x634 UC356x406x551 UC356x406x551 UC356x406x551 UC356x406x393
UC356x406x551 UC356x406x551 UC356x406x393 UC356x406x393 UC356x406x340
UC356x406x551 UC356x406x551 UC356x406x467 UC356x406x467 UC356x406x393
UC356x406x551 UC356x406x551 UC356x406x467 UC356x406x467 UC356x406x393
UC356x406x634 UC356x406x467 UC356x406x467 UC356x406x467 UC356x406x393
45|  UC356x406x634 + 2x20PL UC356x406x393 + 2x40PL UC356x406x393 + 2x40PL UC356x406x551 UC356x406x551 UC356x406x467 UC356x406x467
44l  UC356x406x634 + 2x20PL UC356x406x393 + 2x50PL UC356x406x634 UC356x406x634 UC356x406x634 UC356x406x551
43| UC356x406x634 + 2x20PL UC356x406x393 + 2x50PL UC356x406x634 UC356x406x634 UC356x406x551 UC356x406x551
42| UC356x406x634 + 2x20PL UC356x406x393 + 2x50PL UC356x406x634 UC356x406x634 UC356x406x551 UC356x406x551
41ff UC356x406x634 + 2x20PL UC356x406x634 UC356x406x634 UC356x406x551 UC356x406x393 UC356x406x393
40 UC356x406x634 + 2x40PL UC356x406x634 + 2x30PL UC356x406x393 + 2x30PL UC356x406x634 UC356x406x634 UC356x406x634
38 UC356x406x634 + 2x50PL UC356x406x393 + 2x50PL UC356x406x634 UC356x406x634 UC356x406x634
37 UC356x406x634 + 2x30PL UC356x406x393 + 2x40PL UC356x406x393 + 2x40PL UC356x406x634 UC356x406x634 UC356x406x551
28| UC356x406x634 + 2x60PL UC356x406x634 + 2x30PL UC356x406x393 + 2x40PL UC356x406x634 UC356x406x634 UC356x406x634 UC356x406x551
27| UC356x406x634 + 2x30PL UC356x406x393 + 2x50PL UC356x406x634 UC356x406x634 UC356x406x634 UC356x406x551
25| UC356x406x634 + 2x60PL UC356x406x634 + 2x40PL UC356x406x634 + 2x40PL UC356x406x634 + 2x30PL UC356x406x634 + 2x30PL UC356x406x634 + 2x20PL
23| UC356x406x634 + 2x50PL UC356x406x393 + 2x50PL UC356x406x634 UC356x406x634 UC356x406x634 UC356x406x551 UC356x406x551
22| UC356x406x634 + 2x50PL UC356x406x393 + 2x50PL UC356x406x634 UC356x406x634 UC356x406x634 UC356x406x551
20| UC356x406x634 + 2x60PL UC356x406x634 + 2x50PL UC356x406x634 + 2x50PL UC356x406x634 + 2x30PL UC356x406x634 + 2x30PL UC356x406x634 + 2x20PL
18| UC356x406x634 + 2x100PL UC356x406x634 + 2x50PL UC356x406x634 + 2x50PL UC356x406x634 + 2x30PL UC356x406x393 + 2x30PL UC356x406x393 + 2x40PL UC356x406x393 + 2x40PL
15 UC356x406x634 + 2x50PL UC356x406x634 + 2x50PL UC356x406x634 + 2x40PL UC356x406x634 + 2x30PL UC356x406x634 + 2x30PL UC356x406x634 + 2x20PL
UC356x406x634 + 2x40PL UC356x406x393 + 2x50PL UC356x406x393 + 2x50PL UC356x406x393 + 2x50PL UC356x406x393 + 2x40PL UC356x406x634
E UC356x406x634 + 2x60PL UC356x406x634 + 2x60PL UC356x406x634 + 2x40PL UC356x406x634 + 2x40PL UC356x406x634 + 2x30PL
UC356x406x393 + 2x50PL UC356x406x634 UC356x406x634 UC356x406x634 UC356x406x551 UC356x406x467
UC356x406x393 + 2x50PL UC356x406x634 UC356x406x634 UC356x406x634 UC356x406x551
UC356x406x634 + 2x50PL UC356x406x634 + 2x40PL UC356x406x393 + 2x50PL UC356x406x393 + 2x50PL UC356x406x393 + 2x40PL
UC356x406x634 + 2x60PL UC356x406x634 + 2x60PL UC356x406x634 + 2x40PL UC356x406x634 + 2x30PL UC356x406x634 + 2x40PL
UC356x406x634 + 2x100PL UC356x406x634 + 2x60PL UC356x406x634 + 2x60PL UC356x406x634 + 2x60PL UC356x406x634 + 2x40PL
Column Ground 1 2 3 4 5 6 7 8 9 10 11 12 12M
Height| 5,760 5,700 5,020 5,380 5,200 3,950 3,950 3,950 3,950 3,950 3,950 4,350 5,410 4,410




51 UC356x406x467 UC356x406x467 UC356x406x393 UC356x406x287 UC356x406x235 UC254x254x132

50 UC356x406x235 UC356x406x235 UC356x406x235 UC356x406x235 UC356x406x235 UC356x406x202
49 UC356x406x235 UC356x406x235 UC356x406x202 UC356x406x202 UC305x305x198 UC356x406x202
48 UC356x406x287 UC356x406x287 UC356x406x235 UC356x406x235 UC356x406x235 UC356x406x202
47 UC356x406x287 UC356x406x287 UC356x406x235 UC356x406x235 UC356x406x235 UC356x406x202
46 UC356x406x287 UC356x406x287 UC356x406x235 UC356x406x235 UC356x406x235 UC356x406x202
45 UC356x406x340 UC356x406x287 UC356x406x287 UC356x406x235 UC356x406x235 UC356x406x202
44 UC356x406x393 UC356x406x393 UC356x406x340 UC356x406x287 UC356x406x235 UC356x406x202
43 UC356x406x467 UC356x406x340 UC356x406x287 UC356x406x235 UC356x406x235 UC356x406x202
42 UC356x406x467 UC356x406x393 UC356x406x340 UC356x406x235 UC356x406x235 UC356x406x202
41 UC356x406x287 UC356x406x287 UC356x406x235 UC356x406x235 UC356x406x235 UC356x406x202
40 UC356x406x551 UC356x406x393 UC356x406x393 UC356x406x340 UC356x406x287 UC305x305x198

38 UC356x406x467 UC356x406x467 UC356x406x393 UC356x406x287 UC356x406x287 UC305x305x158

37 UC356x406x393 UC356x406x393 UC356x406x340 UC356x406x287 UC356x406x235 UC356x406x202
28 UC356x406x393 UC356x406x340 UC356x406x287 UC356x406x235 UC356x406x235 UC356x406x202
27 UC356x406x467 UC356x406x467 UC356x406x340 UC356x406x235 UC356x406x235 UC203x203x86

25 UC356x406x551 UC356x406x551 UC356x406x551 UC356x406x467 UC356x406x340 UC305x305x158

23 UC356x406x393 UC356x406x340 UC356x406x287 UC356x406x235 UC356x406x235 UC356x406x202
22 UC356x406x393 UC356x406x393 UC356x406x340 UC356x406x287 UC356x406x235 UC254x254x167

20 UC356x406x634 UC356x406x634 UC356x406x551 UC356x406x393 UC356x406x287 UC254x254x132

18 UC356x406x551 UC356x406x393 UC356x406x393 UC356x406x340 UC356x406x287 UC356x406x202
15 UC356x406x551 UC356x406x551 UC356x406x467 UC356x406x393 UC356x406x393 UC305x305x240

13 UC356x406x467 UC356x406x467 UC356x406x393 UC356x406x287 UC356x406x235 UC356x406x202
11 UC356x406x634 UC356x406x634 UC356x406x551 UC356x406x467 UC356x406x340 UC254x254x167

9 UC356x406x393 UC356x406x393 UC356x406x287 UC356x406x235 UC356x406x235 UC356x406x202
7 UC356x406x393 UC356x406x393 UC356x406x340 UC356x406x287 UC356x406x235 UC254x254x167

4 UC356x406x551 UC356x406x551 UC356x406x467 UC356x406x287 UC356x406x287

2 UC356x406x634 UC356x406x467 UC356x406x467 UC356x406x340 UC356x406x287

1 UC356x406x393 + 2x50PL UC356x406x393 + 2x40PL UC356x406x634 UC356x406x551 UC356x406x467

Column 13 14 15 16 17 18 19 20 21 22 24

Height 4,010 3,950 3,950 3,950 3,950 3,950 3,950 4,350 6,040 7,000 5,890 0,000




8.4 Appendix IV
The resistances of the connections are calculated in this appendix. There are 4 types of connections
used:

- Box section — box section (welded connection)

- Boxsection — H-section (welded connection)

- H-section — H-section (welded and bolted connection) (t; > 50 mm)
- H-section — H-section (bolted connection)

In all cases the axial force is transferred by bearing. Therefore the connections do not have to be
designed with the use of the entire axial force. In all cases the connections should be able to resist
the following forces:

- 0,25xNgg + My gq + M, 4 (results in forces or stresses dependent on the type of connection)
- M=0,25xMgq

- M=0,25xM,rq4

-V =0,025xNggq

Box section — Box section

Bolted connections are not an option in this case so the splice has to be welded. The strength of the
welds depend on the thickness of the thickest plate. Plates with a thickness exceeding 40 mm have a
reduced tensile strength and therefore the strength of the welds will also be reduced. The splice
consists of 2 box sections welded on site. The size of the weld is dependent on the maximum stress
that can occur due to the different forces. The maximum stress is the maximum value of:

- 0,25xNgg/A + My ea/W, o1 + My ea/W,

- 0,25xMyga/W,y ¢

- 0,25xM_pg/W, el

- 0,025xNgg/min(2xbexte ; 2xbpxt,) (f = flange, p = plate)

The last stress is a shear stress. A reduced strength should be applied for shear stresses. They are
however not governing in any of the designs. The cross-sectional properties are based on the flanges
and the welded plates only. The web cannot be welded so it is excluded from the calculation of the
occurring stresses.

When the maximum stress is known the required weld size can be calculated. The maximum
allowable weld stress is in all cases: Omax = 0,9%f./ym2 Which results in 0,72xf,. For plates with a
thickness up to 40 mm a maximum stress of 388,8 N/mm? is allowed. For thicker plates the tensile
strength is 530 N/mm? and the maximum stress in the weld is 381,6 N/mm?. The stress in the weld
can be calculated by using the thickness of the flange or plate and the size in the weld. The stress in
the weld is equal to:

Oweld = tXO'/V

t is the thickness of the flange or plate. o is the maximum design stress for the welds and v is the
effective throat size of the welds.



If full contact between the top and bottom column is not possible an additional plate is welded to the
bottom column. The thickness of the plate is such that the stresses are transferred with an angle of
45° to the column below.

Box section — H-section

The design of the welds is similar to the method used for the box section — box section connections,
however an additional side plate is added to the H-section so the entire force can be transferred
through bearing. The force present in the side plates of the box section is transferred entirely
through the additional side plate of the H-section. This force is determined with the use of the
maximum stress in the section (without reducing the compressive force):

- NEd/A + My,Ed/Wy,eI + |VIZ,Ed/VVz,eI

By multiplying the compressive stress with the area of the side plate (A = b,xt,) the maximum force in
the side plate is obtained. The plate is checked for a shear force and a bending moment. The shear
force is equal to F/2 and the bending moment is Fxb,/4. The welds connecting the plates to the
flanges are checked for the shear force only.

H-section — H-section (t; > 50 mm)

For H-sections with flanges thicker than 50 mm it was chosen to weld plates between the flanges
parallel to the web and to connect these plates with bolts and splice plates. The plates are welded
with the use of half V-welds. For each welded plate 2 splice plates are used. In total 2 welded plates
are used per splice. The maximum compressive force in the welded plates is the maximum value of:

- 0;25XNEd/2 + My,Ed/(zxzy) + Mz,Ed/Zz
- 0,25xM,rd/(2xz,)
- 0,25xM,g4/z,

z, is the lever for bending about the strong axis (z, = (h-tf)/2) and z, is the lever for bending about the
weak axis. z, is in all cases the center to center distance of the welded plates. The maximum tensile
force in the welded plates is the maximum value of these values excluding the one with the design
loads.

The shear force is also of importance in this type of connection. The design shear force per weld
plate is determined with: V = 0,025 Ngy/2.

The bolts are all loaded in 2 shear planes. A reduction factor does not have to be applied because the
maximum amount of bolts in a row is 5.

The splice plates are checked for the maximum compressive and tensile force using the total cross-
section for the compressive force and the net section for the tensile force. The shear force causes a
bending moment: M = Vxel at the location of the first bolts. The net section at the bolts is checked
for the shear force and the bending moment.

The welded plates are checked at the locations of the welds and the bolts. A combination of shear
force and bending moment occurs in both sections. The bending moment M = Fxe2 is divided by ratio
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to a bending moment at the welds and at the bolts. By using the net section at the bolts the bending
moment is checked.

The shear force is multiplied by a factor to take account of the eccentricity. The factor is dependent
on the connection length and the end distance: (Lconnection + €1)/Leonnection- The increased shear force
also results in a bending moment equal to: M = Fxe2. The combination of shear force and bending
moment is checked at the welds and at the bolts. At the welds only a shear force occurs.

The welds are half V-welds. The stress in the welds depend on combined stress in the weld plates.
The stress in the weld is calculated with:

Oweld = txo/(vxVv3)

t is the thickness of the weld plates, o is the combined stress in the weld plates and v is the effective
throat thickness of the welds. The stress should be smaller than f,,q = 249,4 N/mm?>.

H-section — H-section

When the flanges of the H-sections are not thicker than 50 mm bolted splice plates are used. The use
of splice plates outside the section is not possible due to the required free space. The flanges are
therefore only connected with the use of splice plates inside the section. The web is connected with
the use of 2 splice plates. The maximum force in the splice plates differs for the splice plates
connecting the web and the ones connecting the flanges. The splice plates connecting the flanges are
assumed to transfer all the bending moments, 70% of the axial force and the shear force in the weak
direction. The splice plates connecting the web are assumed to transfer 30% of the axial force and
the shear force in the strong direction.

The maximum force in the web and flanges is calculated with the following formulas:

- 0,7%0,25XNgg + My ea/zy + M, e4/2, (Flanges)
- 0,25xMyre/z, (Flanges)
- 0,25xM,g4/z, (Flanges)
- 0,3x0,25xNgq (Web)

The shear force V = 0,025xNgq. z, = h-t;, z, = b/2.

The bolts connecting the web are loaded in 2 shear planes. The bolts connecting the flanges are
however loaded in single shear. It is therefore possible to assure that the shear plane is located at
the shaft of the bolt instead of the thread. The shear resistance is therefore larger because a larger
shear area may be used. The factor a, is 0,6 for every strength class so the use of 10.9 bolts becomes
more favorable in this case. The flanges are therefore connected with the use of 10.9 bolts.

The flange and web plates are checked for the maximum axial force and the shear force requirement.
The shear force also results in a bending moment equal to M = Fxel. The combination of shear force
and bending moment is checked for the net section at the first bolts.
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DETAIL 1: HD400X677 + 40PL (TOP) — SHS600X80 (BOTTOM)

Plote 440x40 Forces:
- Ngg=27350 kN
% - Myg=69 kNm
- Mygg=165kNm
o I
493 Capacities:
1

' - Ngg=55909 kN
ik Mypi,ra = 8840 KNm
ot - Mypra = 7322 kNm
11
11

=60

Section properties:

A = 104964 mm’
- W,¢ = 14153365 mm®
- W, = 11799509 mm?
00 - %=81,5mm
' ' - Ag=69764 mm’
- A, =35200 mm’
- f,=530 N/mm?
- fuua = 244,8 N/mm’
- Omax = 381,6 N/mm®

e

500

Maximum tensile stress in section:

- Ocombi = 0,25%27350x1000/104964 + (69/14153365 + 165/11799509)x1000000 = 84,0 N/mm?
- omy = 0,25x8840x1000000/14153365 = 156,1 N/mmz

- Owm, = 0,25x7322x1000000/11799509 = 155,1 N/mm?

- oy =0,025x55909x1000/(2x440x40) = 39,7 N/mm?

Welds (strong axis) v =36 mm =2 34 mm effective:

- Ouelq = 81,5x156,1/34 = 374,3 N/mm? < 381,6 N/mm?

Welds (weak axis) v=19 mm =2 17 mm effective:

- Oyelq = 40x156,1/17 = 367,4 N/mm? < 381,6 N/mm?
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DETAIL 2: HD400X677 + 20PL (TOP) — SHS600X80 (BOTTOM)

Plate 440x20 Forces:

- Ngg=44682 kN
My,Ed =26 kNm
~ Myes=0kNm

468

493 _ Capacities:

i - Npg=47813 kN
it Mypipa = 7950 kNm
it = Mypire = 5346 kNm
11
11

Section properties:

A = 87346 mm?>

A

600 - t%=81,5mm
' ' - Ag=69764 mm?
- A, =17600 mm’
- f,=530 N/mm?
- fuud = 244,8 N/mm?
Omax = 381,6 N/mm?

500

Maximum tensile stress in section:

Ocombi = 0,25x44682x1000/87346 + (26/12977602 +0/8327585)x1000000 = 129,9 N/mm?

- oOmy = 0,25x7950x1000000/12977602 = 153,1 N/mm2
- owm; =0,25x5346x1000000/8327585 = 160,5 N/mmz
- oy =0,025x44682x1000/(2x440x20) = 67,9 N/mm?

Welds (strong axis) v =37 mm = 35 mm effective:

- Ouelq = 81,5x160,5/35 = 373,7 N/mm? < 381,6 N/mm?

Welds (weak axis) v=11 mm = 9 mm effective:

- Ouelq = 20x160,5/9 = 356,6 N/mm? < 381,6 N/mm?

- W, =12977602 mm’
- W, = 8327585 mm’
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DETAIL 3: HD400X677 + 20PL (TOP) — HD400X677 + 20PL (BOTTOM)

Plate 440x20 Forces:

- Ngg=41412kN
My,Ed =9 kNm
Mg = 70 kNm

468

Capacities:

- Npq=47813 kN
Mypipa = 7950 kNm
- Mypre = 5346 kNm

Section properties:

A = 87346 mm?>

- W, = 8327585 mm’
- t%=81,5mm

- Aq=69764 mm’
- \ ] - A, =17600 mm’

- f,=530 N/mm?

foua = 244,8 N/mm?
- Omax = 388,8 N/mm?®

483

468

Plate 440xC

Maximum tensile stress in section:

Ocombi = 0,25x44682x1000/87346 + (9/12977602 +70/8327585)x1000000 = 127,6 N/mm?

- Omy = 0,25x7950x1000000/12977602 = 153,1 N/mm2
- owm; =0,25x5346x1000000/8327585 = 160,5 N/mmz
- oy =0,025x44682x1000/(2x440x20) = 67,9 N/mm?

Welds (strong axis) v =36 mm =2 34 mm effective:

- Ouwelq = 81,5x160,5/34 = 384,7 N/mm? < 388,8 N/mm?

Welds (weak axis) v=11 mm =29 mm effective:

- Oyelq = 20x160,5/9 = 356,6 N/mm? < 388,8 N/mm?

- W, =12977602 mm®
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DETAIL 4: HD400X634 (TOP) — HD400X634 (BOTTOM)

Plote 280x35

—
I

ee&%@eeeeeer
%@@@EB(B(B%BEB@JP

n
[ |

Plate 220x30f

Splice plates:

- Fera = 2x280x30x460/1000 = 7728 kN

424

540

EaLzq

424

474

M36 8.8

474

Forces:

- Ngg = 29693 kN
M, eq = 85 kNm
- M,eq =398 kNm

Capacities:

- Npg= 37168 kN
Mypipa = 6541 kNm
- Mypre = 3274 kNm

Max force in weld plates:

- Feeg=5154 kN

- Feea= 4117 kN

- Vg = 465 kN

= Muyeig = 154,6 kKNm
= Myor = 51,5 kNm

- Fyua=2x10x313,7 = 6274 kN
- Fpua=10x26,58x30 = 7974 kN

- Fyra = 0,9%x2x(280-2x39)x30x540/(1000x1,25) = 4712 kN
- Shear + bending check: V(3x(465x1000/(2x(280-2x39)x35))* + (465x80x1000/(2x(280-

2x39)x30%/6))%) = 454,1 N/mm? < 460 N/mm?*

Weld plates:

- Geombiweld = V((154,6x1000000/(30x640%/6))* + 3x(5154x1000/(2x640x30))*) = 244,4 N/mm?*

- Ocombiport = V((51,5x1000000/(2x(30x640%/12-5x30x39°/12-2x30x39x(240°+120%))/640))* +
3x(5154x1000/(2x(640-5x39)x30))°) = 336,1 N/mm’

- Ocombiweldshear = V3X464x1000x(480+80)/(2x480x640x30) = 24,4 N/mm’

- Ocombipottshear = V(((464x1000x(480+80)x80/480)/((640-5x39)x307/6))* +
3x((464x1000x(480+80)/480)/((640-5x39)x30))?) = 326,6 N/mm?

Welds, f,.4.=249,4 N/mm?® v =19 mm = 17 mm effective:

- Oweld = 30x244,4/(17xV3) = 249,0 N/mm? < 249,4 N/mm?
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DETAIL 5: HD400X382 (TOP) — HD400X463 (BOTTOM)

Flote 280xF5
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- Fera = 2x280x20x460/1000 = 5152 kN
- Fyra = 0,9%x2x(280-2x30)x20x540/(1000x1,25) = 3421 kN
- Shear + bending check: V(3x(280x1000/(2x(280-2x39)x25))* + (280x80x1000/(2x(280-

2x39)x30%/6))%) = 369,2 N/mm? < 460 N/mm?

Weld plates:

- Geombiweld = V((71,9x1000000/(30x390°/6))* + 3x(2778x1000/(2x390x30))°) = 226,4 N/mm’

Forces:

- Ngg = 20493 kN
M, eq = 65 kKNm
- M,ee= 13 kNm

Capacities:

- Npg = 22407 kN
Mypipa = 3664 kNm
- Mypire = 1854 kNm

Max force in weld plates:

- Ferg=2778 kN

- Feea = 2489 kN

- Vg =280kN

= Muyeig = 71,9 kNm
= Myor = 18,3 kNm

- Fyua=2x8x176,3 = 2821 kN
- Fpua=8x19,44x30 = 4666 kN

Geombipot = V((18,3x1000000/(2x(30x390%/12-4x30x30°/12-2x30x30x(135°+457))/390))° +
3x(2778x1000/(2x(390-4x30)x30))’) = 298,7 N/mm?

Ocombiweld shear = V3X280x1000x(270+60)/(2x270x390x30) = 25,3 N/mm?

Gcombipottshear = V(((280x1000x(270+60)x60/270)/((390-4x30)x307/6))* +
3x((280x1000%(270+60)/270)/((390-4x30)x30))?) = 277,0 N/mm?

Welds, f,.4.=249,4 N/mm?® v =18 mm = 16 mm effective:

- Oweld = 30x226,4/(16xV3) = 245,0 N/mm? < 249,4 N/mm?
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DETAIL 6: HD400X382 (TOP) — HD400X382 +25PL (BOTTOM)

Plate 280x25 Forces:

= Neg = 17499 kN
= Myeq = 195 kNm
- Myeq =13 kNm

4356
416

Capacities:

- Ngg = 22407 kN
Mypipa = 3664 kKNm
- Mypre = 1854 kNm

Section properties:

A =57976 mm’
- W, o = 7479270 mm®
- W, = 6222551 mm’
- =48 mm
- Aq=38976 mm’
- A, =19000 mm’
- f,=540 N/mm?

foua = 249,4 N/mm?
- Omax = 388,8 N/mm?®

00

446
416

Plote 380x2

Maximum tensile stress in section:

- Ocombi = V((0,25x17499x1000/57976 +(195/7479270+13/6222551)x1000000)*) = 103,6 N/mm?
- Omy = 0,25x3664x1000000/7479270 = 122,5 N/mm’

- owm: = 0,25x1854x1000000/6222551 = 74,6 N/mm’

- oy =0,025x44682x1000/(2x440x20) = 29,5 N/mm?

- Ocombicomp = V((17499x1000/57976 +(195/7479270+13/6222551)x1000000)?) = 330,0 N/mm?

Welds (strong axis) v =18 mm = 16 mm effective:

- Opelq = 48x122,5/16 = 367,4 N/mm? < 388,8 N/mm?

Welds (weak axis) v=10 mm =8 mm effective:

- Opelq = 25%x122,5/8 = 382,7 N/mm? < 388,8 N/mm?

Cover plate F = 330,0x380x25/1000 = 3135 kN:

Ocombi = V((3135x1000x380/4/(20x600°/6))* + 3x(3135x1000/(2x20x600))?) = 335,9 N/mm?

Welds, a =11 mm:

Oweld = 3135x1000/(2x600x11) = 237,5 N/mm? < 249,4 N/mm?
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DETAIL 7: HD400X287 (TOP) — HD400X287 (BOTTOM)

Plote 170x20 Plote 220x10 Forces:
T - Ngg=14367kN
& - Myeq =60 kNm
- Myea =12 kNm
393 : Capacities:
—
f - Ngg = 16850 kN
Tt T ver 100 a @ M, = 2674 kNm
T TT= ' @ o _
e 1= H __% g JIT[:':;:' @ - Myre = 1360 kNm
e el | mMe4 =5 | ¢ ih e
Ile 003 :i E: o Max forces:
e [Il% I
i = o ' & Friange = 1806 kN
i 5 il e - Fueb = 1078 kN
H — - A - 4
(o) i
- ! Bolts:
- Fv,u,d,flange = 8X274,8 = 2198 kN
- Foudflange = 8x19,44x20 = 3110 kN
o - Fyugwen = 2x4x135,6 = 1085 kN

- Foudweb = 2x4x18,28x10 = 1462 kN

Flange plates (shear force = 0,025x16850/4 = 105 kN/flange plate):

- Niua = 0,9x2x(170-30)x20x540/(1000x1,25) = 2177 kN
- Gcomsi = V((105x1000x60/((20x170%/12-20x30%/12)x2/170))* + 3x(105x1000/((170-30)x20))?) =
92,6 N/mm?

Web plates (shear force = 0,025x16850/2 = 211 kN/flange plate):

- Niua = 0,9x2x(220-2x26)x10x540/(1000x1,25) = 1306 kN
- Ocombi = V((211x1000x55/((10x220%/12-2x10x26°/12-2x10x26x60%)x2/220))* +
3x(211x1000/((220-2x26)x10))%) = 283,7 N/mm?

184



DETAIL 8: HD400X187 (TOP) — HD360X162 (BOTTOM)
Plate 160x25 Plate 220x10 Forces:

= Negg=3130kN
= My = 442 kNm
- M,ee= 127 kNm

371

264 . Capacities:
— Capacities:
! - Ngg = 9590 kN

| | M27 109 MypI,Rd =1303 kNm
A s .

&
&
He | @ ____% & - szI,Rd =460 kNm
T ' T &
1Ile oo hed 5.8 o | Max forces:
EENER:- 3 ____2 & :
Hi ____; & : - Fﬂange = 2093 kN
i ¢ ! ~ Fuey =235 kN
[an]
w0
Bolts:
- Fv,u,d,flange = 8X274,8 =2198 kN
- Fpudfiange = 8x19,44x20 = 3110 kN
T - Fuudwes = 2x4x135,6 = 1085 kN

% - Foudweb = 2x4x18,28x10 = 1462 kN

Flange plates (shear force = 0,025x9590/4 = 59 kN/flange plate):

- Niua = 0,9x2x(160-30)x25x540/(1000x1,25) = 2527 kN
- Oeomsi = V((59%x1000x60/((25x160%/12-25x30%/12)x2/160))* + 3x(59x1000/((160-30)x25))?) =
46,1 N/mm?

Web plates (shear force = 0,025x9590/2 = 119 kN/flange plate):

- Ngya = 0,9x2x(220-2x26)x10x540/(1000x1,25) = 1306 kN
= Ocompi = V((119x1000x55/((10x220%/12-2x10x26°/12-2x10x26x60%)x2/220))* +
3x(119x1000/((220-2x26)x10))%) = 142,1 N/mm?
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