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The guidelines presented in this handbook have been taken from reference standards having
a wider content, hence the guidelines given herein may not include all matters for all situations.
In structural design for any actual construction project, the official rules must be checked using
the original standards that apply. The accuracy of the content of this manual has been carefully
reviewed. Nevertheless, SSAB Europe Oy or the authors do not accept responsibility for pos-
sible errors or damage, whether direct or indirect, caused by the use of this handbook. The data
in this book is only for guidance, so the user is responsible for verifying the accuracy of the re-
sults by calculations. All rights to any changes are reserved.



SSAB DOMEX TUBE STRUCTURAL HOLLOW SECTIONS

FOREWORD - SSAB handbook (2016 edition)

This publication is the SSAB edition of the former 2012 handbook for Ruukki structural hollow
sections. The motivation to publish this edition comes from the merge of SSAB and Rautaruukki
in 2014. In consequence of this merge, the former Ruukki’'s EN 10219 structural hollow sections
are now SSAB’s EN 10219 structural hollow sections. At the same time also the structural hol-
low sections’ product families and their features have been renewed. The product families for
structural hollow sections are now SSAB Domex Tube and Strenx Tube.

The above-mentioned need for this edition has also enabled to correct the misprints which have
been discovered in the 2012 publication, as presented in the separately published Errata dated
20.4.2016 for the Ruukki handbook 2012 edition. In addition, also some further improvements
of editorial nature have been carried out.

Like the principle with the Ruukki handbook, also this SSAB handbook is based on the up-to-
date standards and design codes, being valid at the time of publishing. Though it has already
passed four years since publishing the 2012 edition, the most important reference standards
related to this handbook (i.e. product standard EN 10219, applicable Parts of EN 1991 and EN
1993 for structural design, applicable Parts of EN 1090 for execution of steel structures) have
still stayed unchanged. This enables that the standard-based content of the handbook has also
been kept unchanged (except the misprints and certain changes related to the technical featu-
res of the hollow section products, as stated above). The applied reference standards and
their related revisions of that time, have been presented more detailed on the next page,
see Foreword - Ruukki handbook 2012 edition. The applied reference standards and their
revisions have been presented in full details at References, located in this handbook at the end
of each Chapter.

The above-stated holds true with one exception: In 2014, Part EN 1993-1-1 of Eurocode was
amended with a fully new annex (Annex C), published as Amendment A1:2014. It gives provi-
sions for selection of execution class (EXC). These provisions differ from former ones pre-
sented in standard EN 1090-2. In order to be applied, Annex C of EN 1993-1-1 requires national
choices, which are to be determined in a National Annex (NA). In Finland, Annex C is not yet
applicable, since Finland has not published a new revision for the related National Annex, that
would be required. This is also why Annex C is not presented in this handbook, but the selection
of execution class has been presented according to provisions given in the current EN 1090-2.

The current reference standards are the reason why CE marking, presented in Chapter 1 of this
handbook, is still based on the Construction Products Directive (CPD) of the European Union,
though it has been superseded already in 2013 by the Construction Products Regulation
(CPR): the current product standard EN 10219 for structural hollow sections as well as EN 1090
for the execution of steel structures, are still based on the CPD, though it is superseded.

The handbook for Ruukki structural hollow sections has a long history in Finland. Consequently,
even though the Swedish SSAB and the Finnish Rautaruukki have now merged, the Finnish
background is still present in the book: the national choices determined in Eurocode context
are presented herein as given in the Finnish National Annex.

The handbook has been revised into SSAB context by Petri Ongelin (M.Sc.Tech), Jussi Mink-
kinen (M.Sc.Tech) and Petteri Steen (Lic.Sc.Tech).
Hameenlinna 24.5.2016

SSAB Europe Oy
Tubes and Sections
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FOREWORD - Ruukki handbook (2012 edition)

This volume is a fully revised edition of the handbook for Rautaruukki structural hollow sections
(publication MEF 27/99), that replaces all the former editions.

The aim of this book is to provide design guidance for structures manufactured of Ruukki struc-
tural hollow sections. It is also intended as a textbook. The book is primarily based on the Eu-
ropean design code for steel structures, Eurocode 3 (EN 1993). In the book also the Amend-
ment Corrigendas (AC) to the different Parts of Eurocode, published by the end of year 2011,
have been taken into account.

The rules of Eurocode 3 have been complemented, when necessary, by design guidance pub-
lished by CIDECT (Comité International pour le Développement et I'Etude de la Construction
Tubulaire) for structures made of structural hollow sections. It should be noted, however, that
the renewed rules by CIDECT published in the years 2008 - 2009 have not been used as source
material because they differ somewhat from the current rules in Eurocode 3.

The primary scope of this handbook is building construction, but it can also be used in machine
construction, where applicable.

The main focus of the book is in the structural design, but also the workshop manufacturing,
transport and erection of structures made of structural hollow sections are briefly discussed. In
respect to the steel structure designer, the essential matters related to workshop processing of
structural hollow sections are presented based on EN 1090. This enables that the requirements
related to workshop manufacturing can be taken into account already in the designing phase.
In the book also Amendments (A1) to the different Parts of EN 1090, published by the end of
year 2011, have been taken into acount. The design provisions of Eurocode 3 apply to steel
structures which shall be executed according to EN 1090.

The handbook supersedes the former volume which was based on the ENV version of Euroc-
ode, that was in design praxis at that time. Although the rules of EN-Eurocode have basically
stayed the same as in the ENV version, a lot of changes have also taken place. Both design
systems themselves are their own ensemble. Different parts of them are not allowed to be com-
bined with each other.

The handbook is written by Petri Ongelin (M.Sc.Tech): Chapters 1-7 and llkka Valkonen
(M.Sc.Tech): Chapters 8-10. In making the book, mechanical technician Mirkka Salonen and
engineer Markus Tupala as well as engineering student Kaisa Saari and engineering student
Jesse Saari have all assisted. In checking the book, (M.Sc.Tech) Jouko Kouhi, (M.Sc.Tech)
Jouko Kansa, (M.Sc.Tech) Jan Jensén, (M.Sc.Tech) Juha Ikkala, (M.Sc.Tech) Juha Rajala
(Chapter 1), M.Sc.(Tech) Jussi Minkkinen (Chapter 1), (M.Sc.Econ) Mikko Alinikula,
(D.Sc.Tech) Jyri Outinen (fire design) and (M.Sc.Tech) Unto Kalamies (EN 1090: execution of
steel structures, CE marking) have all participated. The layout of the book is done by Graafinen
Palvelu Martti Lepistd. The book is printed and bound by Otavan Kirjapaino Oy.

Any comments and suggestions for improving the contents of the handbook are welcome.

Hameenlinna 28.5.2012
RAUTARUUKKI OYJ
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SSAB DOMEX TUBE STRUCTURAL HOLLOW SECTIONS

INTRODUCTION

The structural hollow section is a modern and versatile element for steel structures. It is also
an environmentally friendly choice, since it is easy to recycle and re-use. The simplistic form of
hollow sections and their excellent strength properties make hollow section structures a light-
weight and cost-efficient solution.

SSAB structural hollow sections provide the engineer with a wide range of dimensions which,
when combined with the appropriate choice of steel grade for the structure, makes it possible
to optimize the functionality and cost-efficiency of the structure. Additionally, structural hollow
sections make it possible to create visually imposing structures, and especially the laser tech-
nology having become a more common cutting method, has improved the usability of circular
hollow sections.

In a lattice structure, the high buckling resistance of hollow sections enables the use of long
spans and a large spacing between diagonals. Due to the superior torsional stiffness of the
closed cross-sectional shape, lattice structures made of hollow sections, as well as individual
hollow sections, have good resistance to lateral-torsional buckling. The simple joint details are
cost-efficient to fabricate. The rounded corners and easily accessible joints facilitate the surface
treatment.

By using structural hollow sections, it is possible to design light-weight and rigid frame struc-
tures, since their torsional and bending stiffness in all directions is high. The torsional stiffness
of the hollow sections can be utilised also in various console and cantilever structures. In brac-
ing members, the high stiffness serves to produce a low amount of deflection.

Another well-suited application for hollow sections is in composite structures. When using a
concrete-filled composite column, the properties of steel and concrete can be optimally utilised
under on-site execution, normal loading and fire situation.

The design of a hollow section structure is easy and quick. The simple geometry can be ex-
pressed with few parameters, which makes software-based design a feasible option. The
weight, resistance and stiffness of the structure can be optimized by changing the wall thick-
ness, without needing to change the external dimensions of the hollow section or the geometry
of the structure.

This handbook includes data on materials and dimensions of the structural hollow sections
manufactured by SSAB. It also provides instructions for the structural design of cross-sections,
joints and structures. In addition to statically loaded structural hollow sections, the book covers
also fatigue design and fire design of structural hollow sections.

The handbook is complemented by the WinRami design software, developed by SSAB (Ruukki)
especially for structural design of hollow section structures (see Annex 11.6). Additional infor-
mation on WinRami software is available on Ruukki web site [www.ruukki.com].

Although the main focus of the book is in the structural design, also workshop manufacturing,
transport and erection of structures made of structural hollow sections are briefly discussed. In
respect to the steel structure designer, the essential matters related to workshop processing of
structural hollow sections are presented based on EN 1090. This enables that the requirements
related to workshop manufacturing can be taken into account already in the designing phase.
In the book also Amendments (A1) to the different Parts of EN 1090, published by the end of
year 2011, have been taken into acount.
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The design rules in the manual are based on Eurocode 3 (EN 1993), which is the European
design code for steel structures. The design provisions of Eurocode 3 apply to steel structures
which shall be executed according to EN 1090. In regard to Eurocode, the different Parts and
Annexes of Eurocode are used as applicable. In the book also the Amendment Corrigendas
(AC) to the different Parts of Eurocode, published by the end of year 2011, have been taken
into account. Worked examples in the handbook are based on the general assumptions
and recommended values of Eurocode, unless otherwise mentioned.

The Eurocode shall always be used together with the National Annex (NA) of the relevant
country to the applied Part of Eurocode. In the handbook, along with each presented sub-
ject, the rules given in the Finnish National Annex are separately presented when the item is
subjected to national choices.

The rules of Eurocode 3 have been complemented, when necessary, by design guidance pub-
lished by CIDECT (Comité International pour le Développement et I'Etude de la Construction
Tubulaire) for structures made of structural hollow sections. It should be noted, however, that
the renewed rules by CIDECT published in the years 2008 - 2009 have not been used as source
material because they differ somewhat from the current rules in Eurocode 3.
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SSAB DOMEX TUBE STRUCTURAL HOLLOW SECTIONS Chapter 1

1. SSAB COLD-FORMED STRUCTURAL HOLLOW SECTIONS

SSAB manufactures high-quality cold-formed structural hollow sections in product families of
Strenx Tube and SSAB Domex Tube. By cold-forming, high dimensional accuracy and surface
quality are obtained.

SSAB Domex Tube and Strenx Tube families comprise the steel grades presented in Table 1.1.

SSAB Domex Tube product family comprises structural hollow sections in steel grades S235-
S550. Compared to the requirements in the product standard, the entire SSAB Domex Tube
product family has in many respects better properties guaranteed. The standard steel grade for
SSAB structural hollow sections is SSAB Domex Tube Double Grade, which meets or exceeds
the requirements of product standard EN 10219:2006 for both steel grades S355J2H and
S420MH. It is provided with material certificates in regard to the both steel grades separately.

Strenx Tube product family comprises structural hollow sections in steel grades S700-S960.
Their compliance for structural design by Eurocode 3 (EN 1993) must be considered in each
case separately.

All SSAB Domex Tube and Strenx Tube structural hollow sections in steel grades S235-S700
are CE marked.

The design provisions given in this handbook cover cold-formed SSAB Domex Tube structural
hollow sections in steel grades S235-S460 complying with product standard EN 10219:2006
[1,2]. Structural hollow sections in steel grades S235-S460 of EN 10219:2006 comply with de-
sign provisions given in Eurocode 3 (EN 1993), where they are deemed to satisfy the mechani-
cal properties as required for the materials to be used [3,4,5].

The worked-out Examples in this handbook are based on using SSAB Domex Tube Double
Grade. The Examples include also a comparison showing the potential weight-saving of steel
material, enabled by utilising the higher strength of S420MH instead of usual S355J2H.

Table 1.1 Cold-formed SSAB Domex Tube and Strenx Tube structural hollow sections. Grades

SSAB structural hollow section EN 10219:2006 compatibility | prEN 10219:2016 compatibility
SSAB Domex Tube 235JRH @) S235JRH S235JRH
H SSAB Domex Tube 355J2H @) $355J2H S355J2H
SSAB Domex Tube Double Grade 2 S420MH / $355J2H S420MH / S355J2H
SSAB Domex Tube 460MH 2) S460MH S460MH
SSAB Domex Tube 500MH ) = S500MH
SSAB Domex Tube 550MH ©) = S550MH
2) | Strenx Tube 700MH,MLH - S700MH,MLH
Strenx Tube 900MH ) = S900MH
Strenx Tube 960MH ) = S960MH

grades S235-S460.

1) This handbook covers design provisions by Eurocode 3 (EN 1993) for structural hollow sections in steel

2) This handbook does not cover structural design of steel grades over S460. Part EN 1993-1-12 of Eurocode
gives supplementary design provisions for steel grades S500-S700 also in respect to hollow sections, but
grades S500-S700 are not covered in current product standard EN 10219:2006, and their compliance
for structural design by Eurocode 3 (EN 1993) must be considered in each case separately.

a) SSAB Domex Tube structural hollow sections meet or exceed the requirements of EN 10219:2006.
b) Steel grades S500-S960 are not covered in the current product standard EN 10219:2006. The forthcoming
revision of the standard (draft prEN 10219:2016) is anticipated to include also steel grades S500-S960.
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1.1 SSAB Domex Tube structural hollow sections

SSAB Domex Tube product family comprises structural hollow sections in steel grades S235-
S550 as presented in Table 1.1. From those steel grades, the grades S235-S460 are covered
in the current product standard EN 10219:2006, and grades S500-S550 are anticipated in the
forthcoming revision of the standard (draft prEN 10219:2016).

The design provisions given in this handbook cover cold-formed SSAB Domex Tube structural
hollow sections in steel grades S235-S460 complying with product standard EN 10219:2006
[1,2]. Structural hollow sections in steel grades S235-S460 of EN 10219:2006 comply with de-
sign provisions given in Eurocode 3 (EN 1993), where they are deemed to satisfy the mechan-
ical properties as required for the materials to be used [3,4,5].

Compared to the requirements in the product standard, the entire SSAB Domex Tube product
family has in many respects better properties guaranteed. The standard steel grade for SSAB
structural hollow sections is SSAB Domex Tube Double Grade, which meets or exceeds the re-
quirements of product standard EN 10219:2006 for both steel grades S355J2H and S420MH.
It is provided with material certificates in regard to the both steel grades separately.

SSAB Domex Tube structural hollow sections apply in welded structures even at operating tem-
peratures below -50 °C. The subject is covered more detailed in Chapter 5.

SSAB Domex Tube structural hollow sections have good weldability also within the corner re-
gion. For welding at the corner of the cold-formed structural hollow sections, there are provi-
sions and requirements in Part EN 1993-1-8 of Eurocode. SSAB Domex Tube structural hollow
sections fulfill the given requirements, why they can be welded also at the corner without spe-
cial actions (see more details in clause 1.12).

In addition to the basic requirements of EN 10219, all longitudinally welded *) SSAB Domex
Tube structural hollow sections fulfill also the following additional requirements:

all products are manufactured using fully aluminium-killed non-aging fine grain steels
suitable for cold-forming (Alistg 20,02 %)
impact toughness testing at -40°C
chemical composition: better values than in EN 10219
carbon equivalent: maximum value better than in EN 10219
welding at the corner permitted without restrictions (fulfills requirements of EN 1993-1-8)
guaranteed non-existence of cracks in corners
tolerance of wall thickness: better than in EN 10219:
the tolerance of wall thickness is guaranteed at -5% / +10 %,
however, the minimum of £0,2 mm and maximum of 0,5 mm
the products meet the following EN 10219:2006 options:
- option 1.2: contents of alloying elements will be reported in the inspection certificate
- option 1.3: impact properties are verified also for quality grades JR and JO
- option 1.4: suitability for hot-dip galvanizing
- option 1.5: no weld repairs are made to the base material of structural hollow sections
- option 1.6: inspection and testing per delivery lot also for quality grades JR and JO

More detailed information on product properties is presented in clause 1.6, and on web site
[www.ssab.com].

* Spirally welded structural hollow sections are not included in SSAB Domex Tube product fa-
mily, and their technical delivery conditions are to be agreed separately for each order.
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1.2 Manufacture of structural hollow sections

SSAB manufactures the structural hollow sections from hot-rolled steel strip by cold-forming
and welding. Hollow sections in square and rectangular cross-sections, and small circular (d <
323,9 mm) hollow sections, are seam-welded longitudinally using high-frequency welding
(HFW), Figure 1.1. Large circular sizes (d > 406,4 mm) are seam-welded spirally using sub-
merged arc welding (SAW), Figure 1.2.

Quality control of the structural hollow sections is performed at all tube mills according to cer-
tified EN ISO 9001 quality system and EN ISO 14001 environmental managing system.

Longitudinally welded structural hollow sections

The material used in longitudinally welded hollow sections is steel strip, cut accurately to cor-
respond the width of the external dimensions of the section. At the beginning of the production
line, the steel strip is decoiled and the strip ends are welded together. The strip is then fed into
a strip-accumulator to enable continuous manufacturing process.

The steel strip is shaped with forming rolls at room temperature step-by-step into a circular hol-
low section preform. The edges of the preform are heated to the welding temperature with high-
frequency current using an induction coil, and then pressed together. External weld flash is re-
moved from the hollow section. Seam quality is ensured using a continuous eddy current or ul-
trasonic inspection. Peeling the inside weld flash off is possible if separately agreed.

The diameter of the circular hollow section is calibrated to its final dimension. After this, the
cross-section can be further formed to square or rectangular shape with profiling rolls. A con-
tinuous marking is made to the hollow section, and it is cut to the length according to customer
orders. Samples are taken from the hollow section for testing the mechanical properties, and
the destructive testing of welding will be performed according to EN 10219 and the quality sys-
tem of the fabricating tube mill.

Strip coil

Figure 1.1 Longitudinally welded structural hollow sections. Manufacturing principle by

cold-forming
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After cutting, the dimensions of the hollow sections are checked and the products are packed
in bundles. The specific hollow section which contains the welded end-to-end joint is scrapped.
Each bundle is marked with an identification label specifying the properties of the products and
their identification code. Based on the identification label, the properties of the hollow section
can be traced back to the manufacture of the steel material.

Spirally welded structural hollow sections

SSAB also manufactures circular structural hollow sections in diameters @406,4...1219 mm
from hot-rolled steel strip by spirally welding. At the beginning of the production line, the single
steel strips are welded to form a continuous strip which is then straightened and formed into a
spirally welded tube using three-roll bending at room temperature. The spiral seam is welded
both inside and outside using submerged arc welding.

The mechanical properties are tested using test coupons which are cut from the hollow section.
The hollow sections are cut to the length according to customer orders, inspected and delivered
to customers.

Forming unit Strip coil

Feeding roll Roll straightening

Welding

Weld inspection

Welding unit for strip
continuity

Roll cutter

Figure 1.2  Spirally welded structural hollow sections. Manufacturing principle by
cold-forming

1.3 Approvals

The whole fabrication chain from the steel mill to the finished tube is covered by the certified
EN ISO 9001 quality system and EN ISO 14001 environmental managing system.

SSAB is entitled to CE marking of structural hollow sections made according to EN 10219, is-
sued by Inspecta Sertifiointi Oy. CE marking is discussed in more details in clause 1.13.

20



SSAB DOMEX TUBE STRUCTURAL HOLLOW SECTIONS Chapter 1

1.4 Cross-sections, Dimensions, Cross-sectional properties
and Marking on drawing

SSAB'’s production programme covers circular, square and rectangular cold-formed structural
hollow sections according to EN 10219. The dimensions and cross-sectional properties of the
hollow sections are presented in the tables of Annex 11.1. The dimensions apply to SSAB’s
standard steel grade for structural hollow sections, SSAB Domex Tube Double Grade. For other
steel grades, the dimensions and their availability, as well as the possiblity for customer-de-
signed dimensions, should be checked from SSAB sales office or on the web site
[www.ssab.com].

The cross-sectional properties have been calculated using the nominal cross-section
dimensions 4, b, d and t and the nominal external radius » according to EN 10219, stated at
the top of the tables.

By separate agreement, structural hollow sections can also be supplied in other steel grades,
with other surface protection or surface treatment, cut off to specific lengths, and manufactured
with special tolerances.

Spirally welded structural hollow sections are manufactured only by separate agreement.

Marking on drawing

Marking of SSAB structural hollow sections on drawing and order is presented in Figure 1.3.

SSAB
structural hollow section 18000 - CFRHS - EN 10219 - S460MH - 300x300x12,5 - Options1.2 1.4 1.5 - 3.1

Name

Length

Cross-section form

Number of EN-standard

Steel grade

External dimensions and wall thickness (mm)
Options specified in accordance with EN 10219-1:2006
Inspection certificate EN 10204:2004

Keys:
- CFRHS = cold-formed square or rectangular structural hollow section
- CFCHS = cold-formed circular structural hollow section
- S460MH

S = structural steel
460 = yield strength (N/mm?)
M = required impact energy 40J using a 10x10 mm?2 V-notch specimen acc. to EN 1ISO148-1.
Required impact test temperature -20°C (EN 10219:2006)
(on SSAB Domex Tube 460MH, required impact toughness is 27J / -40°C, which
exceeds EN 10219 requirement 40J / -20°C, see EN 10219-1 / EN 1993-1-10)
H = hollow section

Figure 1.3  Marking of SSAB structural hollow sections
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1.5 Tolerances on dimensions

SSAB guarantees for its longitudinally welded SSAB Domex Tube structural hollow sections a
better thickness tolerance than required in EN 10219. All other dimensional tolerances are es-
tablished according to EN 10219 as presented in Table 1.2 [2]. By request also different toler-
ances may be agreed.

For spirally welded structural hollow sections, technical delivery conditions are to be agreed
separately for each order.

Table 1.2  Longitudinally welded SSAB Domex Tube structural hollow sections.
Tolerances on dimensions

CHARACTERISTIC Tolerance (equal or better than in EN 10219-2:2006)
Square and rectangular structural hollow Circular structural hollow section
section
Outside dimensions For b, <100 mm: +1 %, at least +0,5mm |-
(b, h) @ For 100 mm < b, h <200 mm:+0,8 %
For b, h>200mm: +0,6 %
Outside diameter (d) a) |- +1 %, with a minimum of +0,5 mm and
a maximum of £10 mm
Out-of-roundness ©) - 2 %, for d/t <100 ®)
Thickness (7) 5% /+10% X), with a minimum of For d<323,9mm:
+0,2mm and a maximum of £0,5 mm -5% /+10% ), with a minimum of
+0,2 mm and maximum of £0,5mm
x) EN 10219 requirement: x) EN 10219 requirement:
-10% /+10% -10% /+10%
External corner radius |For /<6 mm: 1,6xt...2,4xt —
(r) For6mm<7<10mm 2,0x7...3,0x¢
For t>10mm: 2,4xt...3,6xt
Squareness of side 90°+1° -
Concavity/convexity
of side © 0,8 % with @ minimum of 0,5 mm -
Twist 2mm+0,5mm/m —
Straightness 0,15 % of total length d) 0,20 % of total length d)
Mass +6 % on individual delivered lengths +6 % on individual delivered lengths
Mill length 26000 mm: 0/+50 mm >6000 mm: 0/+50 mm
Exact length To be agreed when ordering To be agreed when ordering

a) All external dimensions on square sections shall be measured at a distance of at least b, and on rectan-
gular sections at a distance of at least /, or on circular cross-sections at a distance of at least d from the
end of the hollow section. The distance shall, however, be at least 100 mm.

b) For d/t>100, tolerance shall be agreed when placing the order.

c) Tolerance of concavity/convexity is independent of tolerance on outside dimensions.

) Local out-of-straightness maximum 3 mm over any 1 m length.
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1.6 Materials to be used

1.6.1 Steel grades

SSAB manufactures its structural hollow sections using steel grades which are all fully alumin-
ium-killed non-aging fine grain steels suitable for cold-forming (Aliig 20,02 %).

SSAB Domex Tube product family comprises structural hollow sections in steel grades S235-
S550 as presented in Table 1.1. From those steel grades, the grades S235-S460 are covered
in the current product standard EN 10219:2006, and grades S500-S550 are anticipated in the
forthcoming revision of the standard (draft prEN 10219:2016).

The design provisions given in this handbook cover cold-formed SSAB Domex Tube structural
hollow sections in steel grades S235-S460 complying with the current product standard EN
10219:2006 [1,2]. Structural hollow sections in steel grades S235-S460 of EN 10219:2006
comply with design provisions given in Eurocode 3 (EN 1993), where they are deemed to sat-
isfy the mechanical properties as required for the materials to be used [3,4,5].

The material properties of SSAB Domex Tube structuctural hollow sections for aforementioned
steel grades S235-S460 are presented on next pages on Tables 1.3 - 1.6. For structural hollow
sections in steel grades over S460, the compliance for structural design by Eurocode 3 (EN
1993) must be considered in each case separately.

All SSAB Domex Tube structural hollow sections are CE marked.

The standard steel grade for SSAB structural hollow sections is SSAB Domex Tube Double
Grade. The chemical composition according to Table 1.3 and mechanical properties according
to Table 1.4 are guaranteed for SSAB Domex Tube Double Grade.

The product complies with EN 10219 and fulfills the requirements set therein for the both
steel grades S420MH and S355J2H. Thereby the design calculations for the hollow sec-
tion structure may be performed at designer’s own choice either according to grade
S$420 or grade S355. The product is provided with material certificates in regard to the
both steel grades separately. The product is CE marked.

More detailed information on product properties is presented on web site [www.ssab.com].
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Table 1.3  Comparison of the chemical composition of SSAB structural hollow section
standard steel grade SSAB Domex Tube Double Grade, and the EN 10219

steel grades S355J2H and S420MH

Steel grade Chemical composition (%)
c |si | m P | s | Alga | CEVY

SSAB Domex Tube Double Grade

S355J2H Maximum 0,16 0,25 a) 1,60 0,020 | 0,012 |0,020 b) 0,39

S420MH Minimum | 0,16 | 0,252| 1,60 | 0,020 | 0,012 |0,020”| 0,39
EN 10219:2006

S355J2H Maximum 0,22 0,55 1,60 | 0,035 | 0,035 |0,020°| 0,45

S420MH Minimum 0,16 0,50 1,70 0,035 | 0,030 {0,020 b) 0,43

SSAB Domex Tube structural hollow sections meet or exceed the requirements of product standard EN 10219.

a) Sicontent guaranteed at 0,15...0,25 %
(corresponds to class 3 for hot-dip galvanizing in flat steel standard EN 10025-2, and to class B in hot-dip
galvanizing standard EN ISO 14713-2)

b) Minimum %

c) Weldability is good when the value of the carbon equivalent is CEV < 0,41.
Formula for carbon equivalent, see clause 1.12.

Table 1.4  Comparison of the mechanical properties of SSAB structural hollow section
standard steel grade SSAB Domex Tube Double Grade, and the EN 10219

steel grades S355J2H and S420MH

Steel grade | Wall thickness ReH Rm (N/mm2) Ag Impact Impact
t minimum wall thickness # (mm) |minimum [toughness |energy
test minimum 2
temperature
(mm) (N/mm2) 1<3 | 3<t<16 (%) (°C) J)
SSAB Domex Tube Double Grade
S355J2H 2,0-12,5 355 510-680 | 470 -630 202 -40 40
S420MH 2,0-12,5 420 500 - 660 | 500 - 660 192 -40 40
EN 10219:2006
S355J2H 355 510-680 | 470-630 20 2) -20 27
S420MH 420 500 - 660 | 500 - 660 19 2) -20 40

SSAB Domex Tube structural hollow sections meet or exceed the requirements of product standard EN 10219.
SSAB tests the mechanical properties of the structural hollow sections using longitudinal test specimens. On
rectangular hollow sections, the mechanical properties are tested on the longer side of the cross-section.

a) For structural hollow sections with d/t < 15 (circular) or (b+h)/2t < 12,5 (square and rectangular),
the minimum value for elongation is 2 % -units smaller.

b) Impact energy using a 10 x 10 mm? V-notch test specimen in accordance with EN ISO 148-1.

The impact testing according to EN ISO 148-1 is performed on thicknesses > 6 mm.
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Table 1.5  Non-alloy SSAB Domex Tube structural hollow sections. Mechanical properties

Steel grade | Wall thickness Ren Rm (N/mm2) As Impact Impact

EN 10219 t minimum wall thickness # (mm) [minimum [toughness |energy
test minimum
temperature

(mm) (N/mm?) 1<3 | 3<1<16 (%) (°C) (J)

SSAB Domex Tube

S235JRH 2,0-12,5 235 360-510 | 360-510 242 -40" 27

S355J2H 2,0-12,5 355 510-680 | 470-630 20 2) -40°) 27

SSAB Domex Tube structural hollow sections meet or exceed the requirements of product standard EN 10219.
SSAB tests the mechanical properties of the structural hollow sections using longitudinal test specimens. On
rectangular hollow sections, the mechanical properties are tested on the longer side of the cross-section.

a) For structural hollow sections with d/t < 15 (circular) or (b+h)/2t < 12,5 (square and rectangular),
the minimum value for elongation is 2 % -units smaller.

b) SSAB guaranteed value (EN 19219 requirement for test temperature is +20 °C).

c) SSAB guaranteed value (EN 10219 requirement for test temperature is -20 °C).

d) Impact energy using a 10 x 10 mm?2 V-notch test specimen in accordance with EN ISO 148-1.
The impact testing according to EN ISO 148-1 is performed on thicknesses > 6 mm.

Table 1.6  Fine grain SSAB Domex Tube structural hollow sections. Mechanical properties

Steel grade Wall thickness RenH Rm Ag Impact Impact
EN 10219 t minimum minimum |toughness |energy
test minimum ©
temperature
(mm) (Nfmm2) | (N'/mm?) | (%) (°C) )

SSAB Domex Tube
S460MH | 20-125 | 460 [530-720 | 172 [ -40® | 27D
SSAB Domex Tube structural hollow sections meet or exceed the requirements of product standard EN 10219.

SSAB tests the mechanical properties of the structural hollow sections using longitudinal test specimens. On
rectangular hollow sections, the mechanical properties are tested on the longer side of the cross-section.

a) For structural hollow sections with d/t < 15 (circular) or (b+h)/2t < 12,5 (square and rectangular),
the minimum value for elongation is 2 % -units smaller.

b) SSAB guaranteed impact toughness value 27 J / -40 °C corresponds to 40 J / -30°C (see EN 1993-1-10),
which exceeds EN 10219 requirement 40 J / -20°C.

c) Impact energy using a 10 x 10 mm?2 V-notch test specimen in accordance with EN ISO 148-1.
The impact testing according to EN ISO 148-1 is performed on thicknesses > 6 mm.

In addition to the aforementioned steel grades, SSAB manufactures cold-formed structural hol-
low sections also in other steel grades, as in Strenx Tube 700MH-960MH and SSAB Weathe-
ring Tube 355WH-500WH. Their compliance for structural design by Eurocode 3 (EN 1993)
must be considered in each case separately. For these steel grades the mechanical properties,
chemical composition, design guidance and dimensional ranges are presented on web site
[www.ssab.com].
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1.6.2 Material requirements in Eurocode for steel grades S235-S460
and nominal strength values of the materials

Eurocode provides that the steel material to be used shall have sufficient ductility. The ductility
is expressed by setting limits for the following characteristics:

« the ratio between the minimum values of ultimate tensile strength f,, and yield strength fy
+ minimum value of elongation at failure on gauge length L = 5,65A/Zo

+ minimum value of ultimate strain g, (total uniform elongation) corresponding to
ultimate tensile strength £,

The minimum values for the above stated characteristics may be defined in the National Annex.
For steel grades S235-S460, the recommended values in Eurocode are [3,4,5]:

* fu /va >1,10

+ elongation at failure on gauge length L, = 5,65A/AT, at least 15 %
(or elongation A5 at least 15 %)

* g,215¢,, where g, is the yield strain (g, =]}/E)

Finnish National Annex to standard EN 1993-1-1 [6]:

Recommended values of Eurocode are used if not otherwise
stated in some Part of EN 1993 or in a National Annex to
some Part of EN 1993.

In structural design, as it comes to the material properties, steels of grades S235-S460 have
thereby sufficient toughness and deformability to apply, in addition to the theory of elasticity,
also the theory of plasticity:

« resistances can be calculated according to plastic theory, if the cross-section
of the member fulfills the requirements of cross-section Class 1 or 2

 forces and moments can be calculated using plastic theory in the global analysis of
the structure (or part of the structure), if the cross-section of the member fulfills the
requirements of cross-section Class 1.

In Part EN 1993-1-1 of Eurocode, it is stated that the EN 10219 cold-formed structural hollow
sections are deemed to satisfy the requirements set for the materials to be used [3,4,5].

Finnish National Annex to standard EN 1993-1-1 [6]:

Additionally those steel grades can be used that have a valid
product approval.

Comment by the author:

In Finland, one form of product approvals is Certified Product
Declaration. The Finnish Constructional Steelwork Association
keeps up-to-date record covering the valid Certified Product
Declarations, issued for steel construction applications.

The list of the certificates, and the certificates in pdf-format, are
placed on the web site of FCSA: [www.terasrakenneyhdistys.fi]

It has been proved also in praxis by research that the material ductility of EN 10219 cold-formed
structural hollow sections is sufficient also for plastic design. Thereby, in praxis, the cross-sec-
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tion Class dependent geometric deformation capacity of the structural member becomes deci-
sive in structural design, instead of the ductility of the material [7]. Furthemore, it has also been
proved that there is no essential difference between cold-formed and hot-formed hollow sec-
tions in regard to the form of moment-rotation characteristic, or in the rate of the available plas-
tic rotation capacity [7].

In calculations, the nominal values of material properties are used as characterictic values. The
nominal values of yield strength ]3, and ultimate tensile strength f,, are obtained for structural
hollow sections as follows [3,4,5]:

a) either by adopting the values f, = R,y and f, = R, direct from the
product standard (EN 10219)

b) or by using the simplified nominal values presented in Eurocode (EN 1993-1-1) and
in Table 1.7.

The method to be used may be defined in the National Annex.
Finnish National Annex to standard EN 1993-1-1 [6]:
Both alternatives may be used.

In the calculated Examples of this handbook, for structural hollow sections of steel
grades S235-S460 the values presented in Table 1.7 according to Eurocode have been
used. In the table, the designations of different steel grades have been combined and short-
ened when applicable.

The material to be used shall also have sufficient fracture toughness to avoid brittle fracture of
tensile elements at the lowest operating temperature expected to occur within the intended de-
sign life of the structure. Furthermore, the structural details can cause a risk to lamellar tearing,
that can be avoided by requiring improved through-thickness properties for the material. Mate-
rial selection in respect to brittle fracture and lamellar tearing is covered in Chapter 5.

Table 1.7  Nominal values of yield strength and ultimate tensile strength stated in Part
EN 1993-1-1 of Eurocode for EN 10219 cold-formed structural hollow sections
in steel grades S235-S460 [3,4,5]

Standard and steel grade Wall thickness t < 40 mm

EN 10219-1 f, (N/mm?) f, (N/mm?)
S235H 235 360

S275H 275 430

S355 H 355 510

S275 NH/NLH 275 370

S355 NH/NLH 355 470

S460 NH/NLH 460 550

S275 MH/MLH 275 360

S355 MH/MLH 355 470

S420 MH/MLH 420 500

S460 MH/MLH 460 530

The values in this table are the simplified values presented in Part EN 1993-1-1 of Eurocode. These values
have been used in the calculated Examples of this handbook. The national provisions shall be checked
from the National Annex of the relevant country.
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1.6.3 Design values of the material coefficients

The material coefficients to be adopted in design calculations for structural hollow sections at
ambient temperature, shall be taken as follows [3,4,5]:

« Young’s modulus of elasticity E = 210000 N/mm®

+ shear modulus G = _E . 81 000 N/mm”
2(1+vVv)

« Poisson’ s ratio in elastic stage v =03

« coefficient of linear thermal expansion o = 12 - 10°%°C (for T< 100 °C)

* unit mass p = 7850 kg/m3

1.7 Inspection document

Structural hollow sections are supplied with an EN 10204 inspection document as agreed upon
in the order contract. In the inspection document, the cast analysis is reported in compliance
with EN 10219 option 1.2. Usually the inspection certificate EN 10204 -3.1 is used, if not other-
wise agreed. Inspection certificate EN 10204-3.1 meets also the requirements specified in EN
1090-2 for the execution of steel structures (Table 1.8).

Table 1.8  Determination of the type of inspection document according to EN 1090-2
and EN 10025-1 [9,10]

Standard Inspection document

EN 1090-2:

Structural steels (incl. structural hollow sections) EN 10025-1: according to Table B.1 a)
Welding consumables 2.2

Structural bolting assemblies 219

a) For structural steel grades S355 JR or JO, inspection document 3.1 is however required in execution classes
EXC2, EXC3 and EXC4.
b) If certificate type 3.1 is required, this may be substituted by a manufacturing lot identification mark.

EN 10025-1:

Specified minimum yield strength for the thinnest thickness range 22
<355N/mm2and a specified impact energy tested at a temperatu-

re of 0°C or 20°C

Specified minimum yield strength for the thinnest thickness range 3.10r3.2

<355 N/mm? and a specified impact energy tested at a temperatu-
re less than 0°C

Specified minimum yield strength for the thinnest thickness range 3.10r3.2
> 355 N/mm?

1.8 Length

The standard lengths of structural hollow sections are 6 and 12 metres, and for large square
and rectangular hollow sections (up from sizes 100 x 100 / 120 x80 mm) also 18 metres. By
agreement, square and rectangular hollow sections are available in specified lengths up to 12
or 24 metres depending on the size, and circular hollow sections in specified lengths up to 12
or 16 metres.
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SSAB provides also various cut-off services. The hollow sections can be band-sawed to the
lengths required by the customer. Also laser cutting is available. Laser cutting is recommenda-
ble when, for example, the end of the hollow section requires mitre cutting or ‘profiled’ cutting
to a specific prescribed form. Cutting to a prescribed form, enabled by 3D-laser, is useful espe-
cially considering the joints of circular hollow sectons. The subject is discussed in more details
in Chapter 8.

1.9 Surface protection

Structural hollow sections are delivered by agreement either without surface protection (deliv-
ery state ‘dry’) or lightly oiled. By agreement, structural hollow sections can also be delivered
shot blasted and primer coated.

1.10 Identification

SSAB'’s longitudinally welded structural hollow sections are marked with continuous ink-jet la-
bel indicating the following information:

» the SSAB emblem

+ dimensions of the hollow section

« identification number to ensure the traceability of the hollow sections back to the
proper productions and material data.

1.11 Surface treatment of structural hollow sections
1111 Painting

The metal surface to be painted should be as smooth and round-cornered as possible. Hollow
sections apply in this respect excellently also for spray painting, since they are by nature round-
cornered. The outside surface protection of the hollow sections is cheaper than that of the cor-
responding open sections due to the closed form of the hollow sections. The painting surface
of the hollow sections (i.e. external surface area A ) is presented in the tables of Annex 11.1.

Paint coating shall be done to a dry and clean surface according to the specifications by the
paint manufacturer. Recommended surface preparation methods and paint combinations are
presented in EN ISO 12944. Paint coating is covered more detailed in Chapter 9.

111.2  Hot-dip galvanizing

To ensure the suitability for hot-dip galvanizing, the silicon content of SSAB Domex Tube
Double Grade structural hollow sections is guaranteed at 0,15...0,25 % Si. This corresponds to
class 3 for hot-dip galvanizing in flat steel standard EN 10025-2, and to class B in hot-dip gal-
vanizing standard EN ISO 14713-2. With an appropriate galvanizing procedure this silicon con-
tent enables a zinc coating thickness of over 100 iwm being sufficient for most applications (Fig-
ure 1.4).

The Si content of other steel grades depends on the steel grade. On some steel grades, silicon
and phosphorus content is Si+P <0,04 %. With an appropriate galvanizing procedure this sili-
con content enables a thin zinc coating (below 100 wm). In this case, the surface quality of zinc
coating will be smoother and shinier than with 0,15...0,25 % Si. Should there be specific re-
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quirements regarding silicon and phoshorus content, these shall be agreed when placing the
inquiry and order. Hot-dip galvanizing is discussed in more details in Chapter 9.

Coating

thickness
um
400

350
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/1
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Figure 1.4 Hot-dip galvanizing. The thickness of zinc coating in relation to the Si-content.
When the Si-content is on the shaded area in the graph, the thickness and ad-
hesion of the zinc coating can be controlled well, provided an appropriate galva-
nizing procedure is applied.

1.12 Welding

SSAB Domex Tube structural hollow sections manufactured in steel grades presented in Tables
1.3-1.6 have good weldability with all common welding methods. In normal workshop condi-
tions, elevated working temperature is not required when welding material thicknesses applied
in hollow sections.

The weldability of steel is usually evaluated by the value of carbon equivalent (CEV) calculated
on the basis of chemical composition of steel. The smaller the carbon equivalent, the better the
steel is to weld. The most commonly used formula to calculate the carbon equivalent is the for-
mula by lIW (International Institute of Welding):

Cr+ Mo + V+Cu+Ni

5 15 @D

CEV = C+%+

As regard to cold cracking (hydrogen cracking), the steel is easily weldable by any common
process, when the CEV value is less than 0,41. On SSAB structural hollow section standard
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steel grade SSAB Domex Tube Double Grade, the maximum value of carbon equivalent is 0,39,
as stated in Table 1.3.

The cold-formed SSAB Domex Tube structural hollow sections have good weldability also with-
in the corner region. For welding at the corner of the cold-formed structural hollow sections,
there are provisions and requirements in Part EN 1993-1-8 of Eurocode. The SSAB Domex
Tube structural hollow sections fulfill the given requirements, why they can be welded also at
the corner without special actions (see more details in Chapter 3, Table 3.7).

1.13 CE marking and attestation of conformity

1.13.1 Construction Products Directive and
new Construction Products Regulation

Directives are legal acts of European Union, addressed to the Member States in order to be
implemented in their national legislation accordingly. Normally they are not directly effective
laws in Member States, but after a Directive has been set into force by European Union, its con-
tent shall be implemented in the national legislation of each Member State within a specified
time schedule [12].

Unlike a Directive, a European Union Regulation is, after it has been set into force by European
Union, immediately an effective regulation which has to be complied in each Member State.
Thus, it does not require national implementation into a part of legislation in each Member
State. However, when a Regulation comes into force, national decrees shall be changed if
needed so that they are not in contradiction with the Regulation of EU [12].

Construction Products Directive

Construction Products Directive 89/106/EEC is a so-called New Approach directive that en-
ables CE marking of products.

CE marked construction products can be marketed and used, without technical barriers to
trade, on markets of all countries within the European Economic Area. The objective of the Di-
rective is to create a single internal market area covering the whole European Economic Area
without any national technical barriers to trade.

Construction products cannot be CE marked due to the Directive only, but it requires also a har-
monised product standard covering the specific product group, or a manufacturer and product
specific European Technical Approval. To be entitled to affix CE marking to a product, the man-
ufacturer has to comply to a harmonised product standard (hEN) or a European Technical Ap-
proval (ETA).

In most Member States of EU, CE marking of construction products has been regulated oblig-
atory for those products having a harmonised product standard whose co-existence period has
expired. In some Member States (Finland, Sweden, Great Britain and Ireland, and additionally
also Norway as from the countries of the European Economic Area) CE marking is not obliga-
tory, unless it has been particularly regulated obligatory for a specific product group [12].

New Construction Products Regulation

The first CE marked construction products on the basis of European Technical Approval came
to the markets in the year 2000, and the first CE marked products on the basis of a harmonised
product standard in the year 2001.
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Now that the system has already extended to cover hundreds of product groups, it has been
discovered that the implementation of the CE marking system, based on the Construction Prod-
ucts Directive, has proven to be non-uniform in extent of the European Economic Area. Non-
uniformity has appeared, for example, in obligatoriness of CE marking, in withdrawal of national
overlapping product approval systems, in accreditation and policy of Notified Bodies, and also
in market surveillance of construction products. The above mentioned inconsistent practices
have caused the problem that the CE marking system, based on Construction Products Direc-
tive, has not fully attained the goals the European Union has set to it.

To remove the above mentioned problems, the European Commission has drawn up a proposal
for a Construction Products Regulation that, when coming into force, will supersede the former
Construction Products Directive.

Construction Products Regulation (CPR) has been completed and has been published on
9.3.2011 (Regulation (EU) No 305/2011). The regulation comes into force in two steps:

» 24.4.2011: Construction Products Regulation comes into force in specific parts
+ 1.7.2013: Construction Products Regulation comes into force in all parts.

In order to simplify, and due to a still ongoing transition period, and due to some still
open national consequences and interpretations, the general information and referenc-
es given on the following pages of this handbook in regard to CE marking, are still based
on Construction Products Directive. However, it should be mentioned already now, that
when the Construction Products Regulation supersedes the former CPD, the manufac-
turer will be obliged to provide a Declaration of Performance (DoP) instead of the former
Declaration of Conformity (DoC). The DoP shall comprise all the same information and
product characteristics, which are presented on the next pages according to former CPD
for Declaration of Conformity and the CE marking. In regard to structural hollow sections
as well as hollow section structures, the product group specific requirements are based
on the effective harmonised product standards EN 10219-1 and EN 1090-1 respectively.

1.13.2  General rules regarding CE marking of construction products

The product standard EN 10219 [1,2] covers structural hollow sections. Furthermore, load-
bearing hollow section components that are to be used in load-bearing structures, are covered
by product standard EN 1090 for load-bearing structures [8,9]. The Part 1 of both aforemen-
tioned standards is a so-called harmonised standard that comprises a specific annex, Annex
ZA, assigning the provisions for the product-specific CE marking, and provisions for the product
characteristics to be presented in the CE marking.

In EN-Eurocode, the primary provision is that concerning steel structures, the design rules and
reliability levels hold true for structures which are executed exclusively according to EN 1090.

Under Construction Products Directive (CPD, 89/106/EEC), CE marking is obligatory on inter-
nal market of EU for those construction products that have been published on Official Journal
(OJ) of European Union, and for which the therein stated co-existence period of CE marking of
the harmonised product standard has expired.

Apart from other Member States, based on the legislation in Finland, Sweden, England and Ire-
land, CE marking is for the time being basically a voluntary product approval system. However,
CE marking will come obligatory also in these countries latest along with the Construction Prod-
ucts Regulation (CPR).
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The main goal of the Construction Products Directive is to remove the technical barriers to
trade, caused by the different national requirements set to construction products in Member
States. In harmonised product standards and in European Technical Approvals, the character-
istics to be required for the product are harmonised as well as the methods how to present
these properties. This way the technical barriers to trade due to different product requirements
set by national authorities, should automatically vanish. Under national regulations, the user of
a CE marked product cannot be required to carry out a new testing procedure or to assess the
product under a national approval system. Thus, the attestation of conformity carried out, for
example, in Finland is sufficient for placing the product on market on the whole European Eco-
nomic Area [11].

The regulations concerning CE marking shall be applied equally for construction products
which are produced only to domestic market, as well as products to be exported to the Euro-
pean Economic Area, as also to products imported to Finland.

CE marking is not a mark of origin, and it does not prove that the product has been manufac-
tured within the European Economic Area. CE marking must be affixed to a construction prod-
uct by the manufacturer or its authorized representative. By fastening the CE mark, the manu-
facturer declares that the product conforms to the harmonised product standard, or to the Eu-
ropean Technical Approval (ETA), under which it is manufactured. This means in praxis that:

» the manufacturer has manufactured the product in compliance with the referred document
+ the manufacturer has taken care of Factory Production Control as well as relevant testing
procedures as appropriate
+ a Notified Body (such as a testing laboratory, inspection body or assessment body),
being independent from the manufacturer, has carried out the tasks assigned to it,
if such tasks are necessary regarding the relevant product.

Conformity of the CE marked construction product is the responsibility of the natural or legal
person who places the product on the market. Primarily this means the manufacturer of the
product. In case of a non-domestic product, the importer is responsible for the conformity of the
product on the Finnish market, no matter is the product manufactured in some country inside
the European Economic Area, or outside it [11].

It is the responsibility of market surveillance of construction products to ensure that on the mar-
ket of European Economic Area there are only such CE marked construction products, which
are in compliance with the requirements. In Finland it is TUKES (Turvatekniikan keskus) who
acts as the market surveillance authority for the CE marked construction products, authorized
by the Ministry of the Environment. The market surveillance is directed to the products placed
on the market in Finland, no matter are they manufactured in Finland, or in some other country
of the European Economic Area, or outside it [11].

In the CE marking, it is not always necessary to declare all the harmonised characteristics. If
there are Member States not having regulated requirements for a specific characteristic of the
product in a specific application, the manufacturer is not obliged to declare conformity of those
characteristics in those Member States. In the CE marking, such a characteristic may be
marked thereby as NPD, No Performance Determined. When given in the harmonised stan-
dard, the marking NPD may also be used to tell that a specific characteristic is not relevant for
that product. (This marking should not be confused with marking NDP, Nationally Determined
Parameter, used commonly in Eurocode.)
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Each Member State decides, based on its own national premises, whether all the characteris-
tics established for the product in the harmonised standard or Technical Approval shall be de-
clared, or only some of them. However, any other or differing characteristics for the product can-
not be required by the authorities [11].

Requirement levels to be set to the structures and their components are still regulated on na-
tional level, and the fit-for-purpose of the product is always judged on the basis of these require-
ments. In national regulations, there are special requirements and classifications that depend
on climatic and geographic conditions, why it is always necessary to check the fulfillment of
those requirements when considering a specific product. In Finland and other Nordic countries,
a typical requirement of this kind is the freeze-thaw durability. This is why a product, even if it
conforms to a European harmonised standard or European Technical Approval and thereby
carries CE marking, cannot necessarily be used for the same application in all countries of Eu-
ropean Economic Area [11].

Attestation of Conformity (AoC or AC) means those procedures, with which the conformity of
(i) the manufacture of the product, (ii) the characteristics of the product, and (iii) the control of
the product characteristics, is specified in accordance to the requirements in the harmonised
standard or European Technical Approval.

Additionally, in many cases it is required (in the extent as required by the AoC system of the
specific product), that also a third-party performs assessment, control and testing. Only an in-
dependent Notified Body (NB) having designated competence in respect to the specific product
group, can act as the third-party. Such bodies may exist several for each product group, and the
manufacturer is free to choose anyone of them for the surveillance contract. The manufacturer
may choose any such Notified Body in any country within the European Economic Area [11].
Up-to-date lists of the designated Notified Bodies under Construction Products Directive, are
published for each standard on web site of European Commission (entry: NANDO).

Table 1.9  Systems of AoC, and the tasks of different parties [11]

Systems of Attestation of Conformity

CONTROL MEASURES 1+ 1 2+ 2 3 4
Initial type-testing of the product gjaglojo|jlojlo|lalo
Testing of samples taken from factory O|l0O | O o

Audit testing of samples taken from factory, market or ]

site

Factory production control QO OO0 |0 |0]|0
Initial inspection of factory and its production control a a a a [l a

Continuous surveillance, assessment and approval of ] a (] a
production control

Q = manufacturer O = assessing body (so-called notified body)
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Various systems of AoC are presented in Table 1.9. As for the system of AoC of the load bearing
structures, EN 1090-1 designates system 2+. This means, among other things, that a third-par-
ty is required to carry out the initial inspection of the Factory Production Control, as well as con-
tinuous surveillance [8].

Conformity assessment covers tasks of the manufacturer for continuous factory production
control (sampling, testing frequency, analysis of results) and also corresponding tasks of the
Notified Body (for example initial type-testing, initial inspection of the quality control of the fac-
tory, as well as continuous surveillance).

Provisions for conformity assessment are usually presented in the harmonised product stand-
ard itself, or in the therein stated reference standard. It is to be noted that in harmonised product
standards or European Technical Approvals, all characteristics may not be required to be de-
termined by testing. In addition to (or instead of) a testing method, the standard may for exam-
ple comprise a table from which the quantitative value for a product characteristic may be di-
rectly taken for CE marking. Or the standard may define a calculating method, or reference to
a calculating method, by which the characteristic can be determined. In case of load bearing
structures and components, the standards refer to EN-Eurocode for the calculation method, or
the standards present a calculating method that is based on Eurocode.

The execution standard of steel structures EN 1090-1 provides [8], that when the manufacturer
declares in the CE marking also product performance values regarding structural resistance,
the conformity assessment shall also cover the related design matters (design personnel, ap-
plied design tools / software).

When the provisions concerned are fulfilled and the Notified Body has drawn up the certificate
underneath, the manufacturer or its representative on European Economic Area shall draw up
and keep up-to-date a Declaration of Conformity that entitles the manufacturer to affix the CE
marking to the product. The Declaration shall have the following information [11]:

name and address of the manufacturer or its authorized representative on European
Economic Area, and the place of production

description of the component (for example type, identification data, intended use etc.)

and copy of the information accompanying the CE marking

requirements which the product fulfills (for example, Annex ZA of the EN standard concerned)
special provisions regarding the use of the product (for example, requirements regarding
its use under special terms etc.)

the number of the accompanying factory production control certificate

name of, and the position held by, the person who is empowered to sign the Declaration of
Conformity on behalf of the manufacturer or its authorized representative.

Along with the Declaration there shall be a Certificate drawn up by the Notified Body about the
internal factory production control system of the manufacturer. In addition to the information
stated above, the Certificate shall have the following information:

* name and address of the Notified Body

» the number of internal factory production control certificate

+ conditions and period of validity, where applicable

* name of, and position held by, the person who is empowered to sign the Certificate

By request, the manufacturer or importer of the CE marked construction product is responsible
to present for a public authority the above defined Declaration and Certificate in the official lan-
guages of the Member State where the product is intended to be used. In Finland this means
Finnish and Swedish [11].

35



Chapter 1

1.13.3

Part EN 10219-1 of the standard EN 10219 is a harmonised product standard. For these prod-
ucts, the co-existence period has expired on 1.2.2008. That means, under Construction Prod-
ucts Directive, that CE marking is obligatory for these steel products (however, as presented on
previous pages, note the different interpretation in certain countries like Finland). As for the sys-
tem of AoC for structural hollow sections complying with EN 10219, system 2+ shall be applied.

In the CE marking of structural hollow sections complying with EN 10219, the manufacturer

shall present the following information [1]:

identification number of the Notified Body

SSAB DOMEX TUBE STRUCTURAL HOLLOW SECTIONS

CE marking of a structural hollow section (EN 10219-1)

name or identifying mark and the registered address of the manufacturer
the last two digits of the year in which the marking is affixed
the number of the EC certificate of conformity, and the name or number of the Notified Body

that has approved the internal factory production control system
« reference to this EN standard (SFS-EN 10219-1)

 product designation

* “No performance determined” (NPD) for characteristics where this is relevant.

‘\IHmH |

01234

AnyCo Ltd, PO Box 21, B-1050
06

01234-CPD-00234

EN 10219-1:2006

Cold-formed steel hollow sections for building and
civil engineering

Product designation: S$355J2H
Dangerous substance: NPD
Durability: NPD

(by coating)

Figure 1.5
(1]

CE conformity marking, consisting of the
“CE”-symbol given in Directive 93/68/EEC.

Identification number of the Notified Body

Name or identifying mark and registered address
of the manufacturer

Last two digits of the year in which the marking
was affixed

Certificate number

No. of European standard

Description of product and information on
regulated characteristics

Example of CE marking of a structural hollow section complying with EN 10219
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1.13.4 CE marking of a structural component (EN 1090-1)
made of structural hollow sections

Part EN 1090-1 of the standard EN 1090 is a harmonised product standard, for which an ex-
ceptionally long co-existence period of 1.1.2011-1.7.2014 has been announced (originally the
co-existence period was supposed to be 1.1.2011-1.7.2012, that however proved to be inad-
equate due to certain problems in praxis).

As for the system of AoC for the load bearing structures complying with EN 1090, system 2+
shall be applied.

According to EN 1090-1, CE marking of a structural component or a sub-structure (for example
a column or a roof truss), shall always include the following information [8]:

Basic data:

identification number of the certification body (Notified Body)
name or identifying mark and the registered address of the manufacturer
the last two digits of the year in which the marking is affixed
the number of the EC factory production control certificate
reference to this EN standard (EN 1090-1)
description of the components:

generic name, materials, dimensions and intended use
information of those product charasteristics related to the chosen
CE marking method (Methods 1-3; these are described on next pages)
NPD (No Performance Determined) for characteristics where this is relevant
the execution class (EXC) of the component referring to EN 1090-2
reference to the component specification.

EN 1090-1 defines different alternative methods to provide a CE marking. The methods differ
from each other in regard to the content of the CE marking, i.e. in regard to the product char-
acteristics that shall be declared in addition to the above stated basic data. The manufacturer
shall for each case adopt a relevant method [8].
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Method 1:
Declaration of product characteristics by material properties and geometric data:

The manufacturer shall specify the applied materials and the geometrical data of the product,
that are needed for determining the structural resistance of the product by calculations. In ad-
dition to the information stated on previous pages under the title Basic data, also the following
properties shall be declared [8]:

geometrical data (tolerances in dimensions and shape)
weldability, if needed, otherwise NPD is declared
requirement of the minimum value of impact toughness of the used steel grade
reaction to fire:
to be declared that the materials are classified as Class A1,
or;
if a coating with organic content larger than 1 %,
the relevant class on the basis of the organic content in accordance with EN 13501-1
(in this context, anodizing or galvanizing is not considered as coating)
release of cadmium and its compounds:
NPD to be declared
emission of radioactivity:
NPD to be declared
durability:
to be declared according to component specification
structural resistance:
NPD to be declared
reference to component specification
execution class (EXC)

An example of CE marking according to Method 1 for a column, made of structural hollow sec-
tion, is presented in Figure 1.6.

A unique mark shall be used to identify the component and trace it back to its component spec-

ification and manufacturing information. In the example in Figure 1.6, ‘M 101’ is used as the
identification mark.
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7

01234

AnyCo Ltd, PO Box 21, B-1050
11

01234-CPD-00234

EN 1090-1:2006+A1:2011

Steel column - M 101
CFRHS - EN 10219 - S355J2H - 300x300x12,5

Tolerances on geometrical data: EN 1090-2.

Weldability: Steel S355J2H according to
EN 10219-1.

Impact toughness: 27 J at -20 °C.

Reaction to fire: Material classified: Class A1.
Release of cadmium: NPD.

Emission of radioactivity: NPD.

Durability: Surface preparation according to
EN 1090-2, preparation grade P3.

Surface painted according to EN ISO 12944-5,
paint system S.1.09.

Structural characteristics:

Design: NPD.

Manufacturing: According to component
specification CS-034/2006, and EN 1090-2,
execution class EXC2.

Figure 1.6

Chapter 1

CE conformity marking, consisting of the
“CE”-symbol given in Directive 93/68/EEC.

Identification number of the Notified Body

Name or identifying mark and registered address
of the manufacturer

Last two digits of the year in which the marking
was affixed

Certificate number

No. of European standard

Description of product and information on
regulated characteristics

Example of CE marking according to Method 1 [8]
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Method 2:
Declaration of the strength value(s) of the component:

This Method is used when the manufacturer declares and is responsible also for structural
properties and resistance of the component, determined according to EN-Eurocode [8].

The properties of the component can be declared in two ways [8]:
* option 2a:
a structure designed in accordance to Eurocode for a known location,
which thereby shall be declared in the CE marking
 option 2b:
a structure designed in accordance to Eurocode, but without the knowledge of the location
(the product is manufactured and sold ‘from stock’)

In addition to the information stated on previous pages under the titles Basic data and Method
1, also the following resistance related information, determined according to EN-Eurocode,
shall be declared in the CE marking, under the title Structural characteristics:

* load bearing capacity

 deformation (deflection) at serviceability limit state
« fatigue resistance

« fire resistance

« reference to the design calculations

The resistances may be determined either as characteristic values (all) or as design values
(all). When designing according to Eurocode, the Nationally Determined Parameters (NDP)
may be chosen either as the recommended values given in Eurocode, or as the values accord-
ing to the National Annex of the country where the structure is to be located.

In practice, the aforementioned data is declared in the CE marking by making reference to EN-
Eurocode and to the specific design document (design brief) of the component, and by declar-
ing about the NDP-values whether the recommended values of Eurocode or the NDP-values
of the National Annex of a specific (which) Member State have been adopted.

An example of CE marking according to Method 2a for a roof truss is presented in Figure 1.7.
This also means that the product has been manufactured to an identified construction project.

A unique mark shall be used to identify the component and trace it back to its component spec-

ification and manufacturing information. In the example in Figure 1.7, ‘M 102’ is used as the
identification mark.
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7

01234

AnyCo Ltd, PO Box 21, B-1050
11

01234-CPD-00234

EN 1090-1:2006+A1:2011

Roof trusses in steel,
to be used in Berlin library - M 102

Tolerances on geometrical data: EN 1090-2.

Weldability: Steel S355J2H according to
EN 10219-1.

Impact toughness: 27 J at -20 °C.

Reaction to fire: Material classified: Class A1.
Release of cadmium: NPD.

Emission of radioactivity: NPD.

Durability: Surface preparation according to
EN 1090-2, preparation grade P3.

Surface painted according to EN ISO 12944,
paint system S.1.09.

Structural characteristics:

Load bearing capacity: Design according to
EN 1993-1, see accompanying design brief and
design calculations. NDPs for Germany apply.
Reference: DC 102/3.

Deformation at serviceability limit state: NPD
Fatigue strength: NPD.

Resistance to fire: Calculated value: R30,

see DC 102/3.

Manufacturing: According to component
specification CS-016/2006, and EN 1090-2,
execution class EXC3.

Figure 1.7

Chapter 1

CE conformity marking, consisting of the
“CE”-symbol given in Directive 93/68/EEC.

Identification number of the Notified Body

Name or identifying mark and registered address
of the manufacturer

Last two digits of the year in which the marking
was affixed

Certificate number

No. of European standard

Description of product and information on
regulated characteristics

Example of CE marking according to Method 2a [8]
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Method 3a:
Declaration of conformity based on component specification given to the manufacturer:

This Method is used when the component is been designed by others than the manufacturer.
This also thereby means, that the design process and structural calculations are not covered
by the CE marking.

Requirements to the manufacturing of the component are identified by the component specifi-
cation which is based on information from the design of the component. The component spec-
ification is been prepared by the purchaser, or by the purchaser in cooperation with the manu-
facturer [8].

In addition to the information stated on previous pages under the titles Basic data and Method
1, also the following information shall be declared in the CE marking under the title Structural
characteristics:

« reference to the design made by other parties (purchaser)

An example of CE marking according to Method 3a is presented in Figure 1.8.

A unique mark shall be used to identify the component and trace it back to its component spec-

ification and manufacturing information. In the example in Figure 1.8, ‘M 103’ is used as the
identification mark.
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7

01234

AnyCo Ltd, PO Box 21, B-1050
11

01234-CPD-00234

EN 1090-1:2006+A1:2011

Steel column,
to be used in the National Theatre
of Luxembourg City - M 103
CFRHS - EN 10219 - S355J2H - 300x300x12,5

Tolerances on geometrical data: EN 1090-2.

Weldability: Steel S355J2H according to
EN 10219-1.

Impact toughness: 27 J at -20 °C.

Reaction to fire: Material classified: Class A1.
Release of cadmium: NPD.

Emission of radioactivity: NPD.

Durability: Surface preparation according to
EN 1090-2, preparation grade P3.

Surface painted according to EN ISO 12944,
paint system S.1.09.

Structural characteristics:

Design: Provided by purchaser,

doc. Ref. no 123.

Manufacturing: According to component
specification CS-017, and EN 1090-2,
execution class EXC3.

Figure 1.8

Chapter 1

CE conformity marking, consisting of the
“CE”-symbol given in Directive 93/68/EEC.

Identification number of the Notified Body

Name or identifying mark and registered address
of the manufacturer

Last two digits of the year in which the marking
was affixed

Certificate number

No. of European standard

Description of product and information on
regulated characteristics

Example of CE marking according to Method 3a [8]
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Method 3b:
Declaration of the strength value(s) of the component based on purchaser’s order

This Method is used when the manufacturer is responsible also for the structural design of the
component (based on the initial data /requirements given by the purchaser), complying with the
regulations (other than EN-Eurocode) valid in the country where the structure is to be located

8.

In addition to the information stated on previous pages under the titles Basic data and Method
1, also the following information shall be declared in the CE marking under the title Structural
characteristics:

design brief, standards and any other design specifications
load bearing capacity

fatigue resistance

fire resistance

reference to the design calculations

The resistances may be determined either as characteristic values (all) or as design values (all)
with the definitions for those terms given in the relevant design provisions.

In practice, the aforementioned data is declared in the CE marking by making reference to the
relevant design provisions (design codes) and to the specific design document (design brief) of
the component.

An example of CE marking according to Method 3b is presented in Figure 1.9.

A unique mark shall be used to identify the component and trace it back to its component spec-

ification and manufacturing information. In the example in Figure 1.9, ‘M 104’ is used as the
identification mark.
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7

01234

AnyCo Ltd, PO Box 21, B-1050
11

01234-CPD-00234

EN 1090-1:2006+A1:2011
4 steel lattices for bridge Bergen - M 104
Tolerances on geometrical data: EN 1090-2.

Weldability: Steel S355J2H according to
EN 10219-1.

Impact toughness: 27 J at -20 °C.

Reaction to fire: Material classified: Class A1.

Release of cadmium: NPD.
Emission of radioactivity: NPD.

Durability: Surface preparation according to
EN 1090-2, preparation grade P3.

Surface painted according to EN ISO 12944,
see component specification for details.

Structural characteristics:

Load bearing capacity: Design according to
NS 3472 and specification RW 302 from the
Railway administration, see accompanying
design brief and design calculations,

DC 501/06.

Deformation at serviceability limit state:
See accompanying design brief and design
calculations, DC 501/06.

Fatigue strength: RW 302.

Resistance to fire: NPD.

Manufacturing: According to component
specification CS-506/2006, and EN 1090-2,
execution class EXC3.

Figure 1.9

Chapter 1

CE conformity marking, consisting of the
“CE”-symbol given in Directive 93/68/EEC.

Identification number of the Notified Body

Name or identifying mark and registered address
of the manufacturer

Last two digits of the year in which the marking
was affixed

Certificate number

No. of European standard

Description of product and information on
regulated characteristics

Example of CE marking according to Method 3b [8]
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2. RESISTANCE OF HOLLOW SECTION STRUCTURES

21 Limit state design and partial safety factors

The resistance of a structure means its ability to bear the loads it is subjected to without failure
or excessive deformation. Resistance and load vary according to time and location. Thus, they
do not have a single absolute value, but their values are distributed according to statistic prob-
ability. In design, the dispersion of resistance and load must be taken into account by using par-
tial safety factors.

The Examples in this handbook have been calculated using recommended values as
given in EN-Eurocode, if not otherwise mentioned. The national values must be checked
from the National Annex of the relevant country.

The design rules given in Eurocode may be regarded as complex when compared with the con-
ventional national rules. It is good to remember though, that the designer is always allowed to
make such kind of simplifications, which lead to the safe side.

The general format of the design condition for the Ultimate Limit State (ULS) is:

R

E,<R, & yp E <2 2.1)
Ym

where Yr s the partial safety factor for load

Yy is the partial safety factor for resistance

E; s the design value of the force or moment caused by the load

E; s the characteristic value of the force or moment caused by the load
R, is the design value of resistance

R, is the characteristic value of resistance

The design condition in expression (2.1) can be written also in the following form which shows
directly the utilisation ratio of the resistance considered:

E
—4<1,0 2.2)
Rd

The design value R, of resistance is usually presented in the form R/, where R, is the
characteristic value of resistance and ¥, is the partial safety factor for resistance. The partial
safety factor y;, can obtain variable values as presented later on.

The design values F; of the single loads are obtained by multiplying the characteristic values
I, of the loads by partial safety factors 7} for the loads. The characteristic values of the loads
are defined in various Parts of Eurocode 1 (EN 1991).

In practice, the design values of the loads have to be determined as a load combination of the
simultaneously acting loads.
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At ultimate limit state, in usual situations without accidental loads, the load combination can be
determined by following expression [1,1a]:

Y Y6, Gk, "+ Y0.19k.1 "+ ZYQ.i%.i O (2.3)

=1 i>1

or alternatively by following expressions, from which always the more unfavourable is selected:

Y Y6,Gk; "+ Yo Vo1 9, "+ > Yo.iVoi Q. (2.4a)
j=1 i>1
Y E-vj'YG__/ij "+” Y019k "+ > Y0.i Vi O (2.4b)
j=1 i>1
where “+” means “to be combined with”
(i.e. simultaneous action of the loads)
J is the index for permanent load
i is the index for variable load
Gk_j is the characteristic value of permanent load

Qy.; s the characteristic value of the leading variable load

Qy.; s the characteristic value of other variable load

Y6, is the partial safety factor for permanent load (Table 2.1)

Yo.1 is the partial safety factor for the leading variable load (Table 2.1)
Yo.i is the partial safety factor for other variable load (Table 2.1)

Yy ; is the combination factor for the leading variable load (Table 2.4)
Yy is the combination factor for other variable load (Table 2.4)

éj is the reduction factor for unfavourable permanent load (Table 2.1).

Expressions (2.4a) and (2.4b) have been taken into use because expression (2.3) is overly con-
servative for heavy structures. Expressions (2.4a) and (2.4b) lead in steel structures usually to
smaller loads than expression (2.3).

The National Annex will define whether expression (2.3) or expressions (2.4a) and (2.4b) shall
be used.

Finnish National Annex to standard EN 1990 [2]:

Expressions (2.4a) and (2.4b) are used as well as thezpartial safety
factors and combination factors presented in Tables 2.1 and 2.4.
In expression (2.4a) only the permanent loads are taken into account.

For fire design, the load combinations are presented in Chapter 6.

For Serviceability Limit State (SLS), the load combinations and deflection limits are presented
in Chapter 7.

For fatigue design, the load combinations are defined in those Parts of Eurocode that cover fa-
tigue loaded structures, such as EN 1993-2 (Bridges) and EN 1993-6 (Crane supporting struc-
tures). Fatigue design in respect to the resistance of the structure is presented in Chapter 4 of
this handbook.
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Load factor Kr; which appears together with partial safety factors in Table 2.1, is applied only
at ultimate limit state for load combinations in persistent or transient design situations, and
therein only for unfavourable loads as presented in Table 2.1. The factor is not applied in fire
design, fatigue design or in serviceability limit state. The value of the factor depends on the re-
liability class (RC1-RC3) of the structure or the member, as presented in Table 2.2. The relia-
bility class on its behalf depends on the consequences class (CC1-CC3) of the structure, pre-
sented in the same table. The consequences class depends on the severity of the possible col-
lapse of the structure. The consequences class and reliability class of a single member may be
higher or lower than the classification of the other part of the structure [1,1a,2].

Table 2.1 Buildings, partial safety factors for loads [1,1a,2,22...25]

Design case Permanent loads () | Variable loads (}q) a)
Leading variable load | Other variable loads
The effect of the load is EN 1990 © :1,35xKg | EN 1990 :1,50xKg, | EN 1990 :1,50xKEg,
unfavourable Finland © :1,35xKg | Finland ®) :1,50xKg, | Finland 2 :1,50xKg
The effect of the load is favourable | EN 1990 1,0 EN 1990 0 EN 1990 0
Finland 0,9 Finland 09 Finland 09
Fatigue design EN 1993-1-9: 1,0 EN1993-1-9 : 1,0 EN1993-1-9 : 1,0
Finland 1,0 Finland 01,0 Finland 01,0
Fire design EN 1990 1,0 EN 1990 1,0 EN 1990 1,0
Finland 1,0 Finland 1,0 Finland 1,0
Serviceability limit state EN 1990 1,0 EN 1990 1,0 EN 1990 1,0
Finland 1,0 Finland 1,0 Finland 1,0

a) The loads presented in Table 2.4 are variable loads

b) In expression (2.4a) only permanent loads are taken into account in Finland

¢) In expression (2.4b) a reduction factor §= 0,85 is used (so that éyGKH =0,85x1,35xKg; = 1,15xKg))
d) This value is not presented in the Finnish National Annex, but this is the intended value

In this table the partial factors are presented according to Eurocode (EN 1990 and EN 1993) and Finnish
National Annex. The values valid in other countries must be checked from the National Annex
of the relevant country.

Table 2.2  Values of load factor K; in different reliability classes [1,1a,2]

Consequences class Reliability class Load factor K,
CC3 RC3 EN1990 : 1,1
Finland :1,1
CC2 RC2 EN1990 :1,0
Finland :1,0
CcC1 RC1 EN 1990 :0,9
Finland :0,9

In this table the values of load factor K¢, are presented according to Eurocode (EN 1990) and Finnish
National Annex. The values valid in other countries must be checked from the National Annex
of the relevant country.
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Table 2.3  Definition of consequences classes and reliability classes [1,1a,2]
Consequences | Reliability | Description Examples of buildings and civil engineering
class class works
CC3 RC3 EN 1990 and Finland: EN 1990:

Grandstands, public buildings where

High consequence for loss | consequences of failure are high
of human life or economic, | (e.g.a concert hall)

social or environmental

consequence very great Finland:

The load bearing system a) with its bracing parts

in building which are often occupied by a large

number of people for example:

- residential, office and business buildings with

more than 8 storeys ?)

- concert halls, theatres, sports and exhibition

halls, spectator stands

- heavily loaded buildings with long spans

Special structures such as high masts and

towers.

a) Roofs and floors are however in class CC2 if
they do not form a part of the stiffening system
of the whole structure.

b) Underground floors included.

CC2 RC2 EN 1990 and Finland: EN 1990:

Residential and office buildings, public buildings

Medium consequence for | where consequences of failure are medium (e.g.
loss of human life or an office building)
economic, social or
environmental Finland:
consequences Buildings and structures not belonging to classes
considerable CC3 or CC1.

CC1 RC1 EN 1990 and Finland: EN 1990:

Low consequence for loss
of human life, and
economic, social or
environmental
consequences small or
negligible

Agricultural buildings where people do not
normally enter, greenhouses

Finland:
Structures, which when damaged, don’t pose
major risk.

Examples of structures belonging to different consequences classes (reliability classes) are presented in
more details in Eurocode Parts EN 1990 and EN 1991-1-7 as well as in their National Annexes.

In this table the definitions of consequences classes and reliability classes are presented according to
Eurocode (EN 1990) and Finnish National Annex. The definitions valid in other countries must be
checked from the National Annex of the relevant country.

50




SSAB DOMEX TUBE STRUCTURAL HOLLOW SECTIONS Chapter 2

Table 2.4  Buildings, combination factors for loads [1,1a,2]
Load EN 1990 Finland

Yo Wi V2 Yo Vi Y2

Imposed loads in buildings
(see EN 1991-1-1)

- Category A: residential areas 0,7 0,5 0,3 0,7 0,5 0,3
- Category B: office areas 0,7 0,5 0,3 0,7 0,5 0,3
- Category C: congregation areas 0,7 0,7 0,6 0,7 0,7 0,3
- Category D: shopping areas 0,7 0,7 0,6 0,7 0,7 0,6
- Category E: storage areas 1,0 0,9 0,8 1,0 0,9 0,8
- Category F: traffic areas,
vehicle weight <30 kN 0,7 0,7 0,6 0,7 0,7 0,6
- Category G: traffic areas,
30 kN < vehicle weight <160 kN 0,7 0,5 0,3 0,7 0,5 0,3
- Category H: roofs 0 0 0 0 0 0
Snow loads on buildings b)
(see EN 1991-1-3) @)
- Finland, Iceland, Norway, Sweden 0,7 0,5 0,2 0,79 0,49 0,29
079 059 029
- Other CEN Member States, when 0,7 0,5 0,2

the altitude is H > 1000 m
above the sea level

- Other CEN Member States, when 0,5 0,2 0
the altitude is H < 1000 m
above the sea level

Ice load © 0,7 0,3 0
Wind loads on buildings 0,6 0,2 0 0,6 0,2 0
(see EN 1991-1-4)

Temperature (non-fire) in buildings 0,6 0,5 0 0,6 0,5 0

(see EN 1991-1-5)

a) For countries not mentioned below, see relevant local conditions.

b) Finland: Snow load on outdoor terraces and balconies: /g = 0 in connection with categories A, B, F and G
¢) Finland: when sy < 2,75 kN/m?

d) Finland: when sy > 2,75 kN/m?

e) Added to the Finnish National Annex.

In this table the combination factors are presented according to Eurocode (EN 1990) and Finnish National Anne x.
The values valid in other countries must be checked from the National Annex of the relevant country.

Eurocode 3 defines the partial safety factors for resistance as well as the designations and rec-
ommended numerical values for them separately in each Part of Eurocode. In respect of build-
ings, the most essential Parts of Eurocode and the partial safety factors given in them are pre-
sented in Table 2.5. The presented values are the recommended values of Eurocode. The val-
ues valid in each country must be checked from the National Annex of the relevant coun-
try. In the table also the values valid in Finland are presented.

It can be seen in Table 2.5 that although the definitions, designations and numerical values in
different Parts of Eurocode 3 are generally the same, there do exist also some differences. For
example, EN 1993-1-1 uses designation ¥,,, as the partial safety factor for tension resistance
of net section, whereas EN 1993-1-8 uses the same symbol as the partial safety factor for the
joints presented in the table. Also the numerical values may differ in different Parts of Eurocode:
EN 1993-1-1 gives a recommended value 1,0 for the partial safety factor y;,; to stability of a
member, whereas EN 1993-2 (Bridges) gives a recommended value 1,1. The partial safety fac-
tors to be used shall always be chosen according to the context and according to the Part of
Eurocode to be applied.
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Table 2.5  Partial safety factors for resistance [3...25]

Standard Design case Partial factor | Value of the partial factor
Recommen- |Finland
ded value of
Eurocode

EN 1993-1-1: | General rules for steel structures:

Resistance of cross-section (whatever the Yno 1,0 1,0
cross-section Class is), also for local buckling
and distortional buckling.

Note:

Class 4 circular hollow sections:

see EN 1993-1-6

Resistance of a member to instability, when the Yatt 1,0 1,0
calculations are made as a member check.
Resistance of net cross-section in tension to Va2 1,25 1,25
fracture (holes deducted from the gross cross-
section)
Resistance of joints see EN 1993-1-8
EN 1993-1-2: | Structural fire design:
Resistance in fire design |YM.f1 1,0 | 1,0

EN 1993-1-3: | Supplementary rules for cold-formed members and sheeting:

Partial safety factors Yy and Yy, and Yy, as for EN 1993-1-1 above

EN 1993-1-5: | Plated structural elements:

Partial safety factors Yo and Yy, are chosen according to the applied Part of Eurocode (EN
1993-1-1...EN 1993-6)

EN 1993-1-6: | Shell structures:

Resistance to local buckling |’YM1 | 11 | 11
EN 1993-1-8: | Joints:
Resistance of members and cross-sections see EN 1993-1-1

Resistance of bolts
Resistance of rivets
Resistance of pins Va2 1,25 1,25

Resistance of welds
Resistance of plates in bearing

Slip resistance

- at ultimate limit state (Category C) Y3z 1,25 1,25
- at serviceability limit state (Category B) VM3 ser 11 1.1
Bearing resistance of an injection bolt o 1,0 1,0
Resistance of joints of structural hollow sections Vs 1,0 1,0

in lattice structures

Resistance of pins at serviceability limit state Y6 ser 1,0 1,0

Preload of high strength bolts Vw7 1,1 1,1
EN 1993-1-9: | Fatigue:

‘Damage tolerant’ principle

- low consequences of failure Yme 1,0 1,0

- high consequences of failure Yt 1,15 1,15

‘Safe life’ principle

- low consequences of failure Yme 1,15 1,15

- high consequences of failure Ymr 1,35 1,35

In this table the partial safety factors for resistance are presented according to the above mentioned Parts of Euro-
code 3 (EN 1993) and the corresponding Parts of Finnish National Annex. In other Parts of Eurocode 3 other
values may be presented for the partial safety factors of resistance. Partial safety factors must always be
chosen according to the applied Part of Eurocode and the National Annex of the relevant country.
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2.2 Co-ordinate system of a member

The co-ordinate system of a member is according to Figure 2.1.

Figure 2.1 Co-ordinate system of a member and designations for the cross-section’s
dimensions

2.3 Classification of cross-sections

The role of cross-section classification is to identify in which extent local buckling of the cross-
section limits its resistance and rotation capacity.

Cross-sections are divided into four Classes (Table 2.6). A single structure may contain struc-
tural members with cross-sections of different Classes. Different parts of a single cross-section
(flanges and webs) may also belong to different Classes. The Class depends on the width-to-
thickness ratio and the stress state of the compressed parts. The compressed part of the cross-
section includes every part where the load combination to be considered causes either full or
partial compression. The Class of a single structural hollow section may be different in bending
than in compression. The Class may vary in the longitudinal direction of the member depending
on the ratios between bending moment and normal force [3,4,5].

Class 1: The whole cross-section is effective. The cross-section can form a plastic hinge with
plastic bending resistance with the rotation capacity needed for plastic theory.

Class 2: The whole cross-section is effective. The cross-section can form a plastic hinge with
plastic bending resistance, but rotation capacity is limited due to local buckling.

Class 3: The whole cross-section is effective. In a bended cross-section the compressive
stress can reach the yield strength in the extreme fibre of the cross-section. Local buckling
takes place before the internal bending moment has reached the plastic bending resistance. In
a uniformly compressed cross-section the whole cross-section can reach the yield strength.
(Note: In calculations the stress maximum is in praxis limited to the design value of the yield

strength £, = £,/ Yo )
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Class 4: Only part of the cross-section is effective. In the cross-section local buckling takes
place before the maximum compressive stress in some plane element has reached the yield
strength. The calculation of bending resistance and compression resistance is based on the ef-
fective cross-section. The resistances of the cross-section are then calculated according to only
the effective areas of the elements. When calculating the resistance for Class 4 circular hollow
sections, effective cross-section cannot be used, but the calculation is based on the full cross-
section (gross cross-section) with respect to local buckling stress of a cylindrical shell
[3,4,5,16].

The forces, moments and resistances of the structure can be calculated in all Classes accord-
ing to theory of elasticity, if the effect of local buckling to the resistance of the cross-section is
taken into account. Theory of plasticity can be used to calculate resistances in Class 1 and 2,
and forces and moments in Class 1. In practice, for simplicity, the forces and moments can be
calculated according to the most governing (i.e. highest) Class [3,4,5].

As a relief to the aforementioned requirements, in case of continuous beams in Class 2, EN
1993-1-1 gives the possibility to utilise the redistribution of moments (so-called levelling of mo-
ments) according to theory of plasticity by modifying the bending moments calculated accord-
ing to theory of elasticity at highest 15 % (as calculated from the peak moment) provided that:

+ the internal forces and moments of the frame remain in equilibrium with the external loads and

+ all members where the moments are reduced belong to Class 1 or 2 and
* lateral-torsional buckling of the members is prevented.

Table 2.6  Design methods in different cross-section Classes [3,4,5,16]

Cross-section Class Method for calculating Method for calculating | Stress distribution when
resistance forces and moments resistance is reached
1 theory of plasticity theory of plasticity

square, rectangular and

fy
circular hollow sections

2 theory of plasticity theory of elasticity
square, rectangular and
circular hollow sections

(continues)
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Table 2.6 Design methods in different cross-section Classes [3,4,5,16]
(continued)

Cross-section Class Method for calculating Method for calculating | Stress distribution when
resistance forces and moments resistance is reached
3 theory of elasticity theory of elasticity

square, rectangular and
circular hollow sections

4 effective cross-section theory of elasticity
square and rectangular
hollow sections

4 local buckling stress of theory of elasticity
circular hollow gross cross-section
sections

The entire cross-section is usually classified on the basis of its compressed part into the most
governing (i.e. highest) Class. Alternatively the Class can be specified for the flange and web
separately. If the web is designed for shear forces only and the web is not designed for bending
and normal force, the cross-section may be classified into Class 2, 3 or 4 on the basis of clas-
sification of the flanges alone [13,14].

In Tables 2.7 and 2.8 the limits for different cross-section Classes are presented according to
EN 1993-1-1. The limits for Class 3 calculated according to EN 1993-1-5 differ slightly from the
limits presented in EN 1993-1-1 (see Table 2.7). The difference is a consequence of incomplete
harmonisation between different Parts of Eurocode [26,27].

The determination of the Class is favourable to perform ‘from top to bottom’ such that first the
conditions for Class 1 are checked, then the conditions for Class 2 etc. This way the limit for
Class 3 will be checked according to EN 1993-1-1, which is slightly more favourable than the
limit calculated according to EN 1993-1-5. The cross-sections that do not meet the require-
ments of Class 3, belong to Class 4.

When checking the conditions for Classes 1 or 2, the distribution of stresses and the location
of neutral axis (plastic neutral axis) are assumed to be according to theory of plasticity. Only
the final result of the cross-section verification shows, whether the cross-section has deforma-
tion capacity high enough to develop the plastic stress distribution that was initially assumed.
Determination of the location of plastic neutral axis is presented in clause 2.9.1.5.1.
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A cross-section having its web in Class 3 and the compressed flange in Class 1 or 2, can be
classified into Class 2 using effective web (so-called Class 2 effective cross-section). In this
case the depth of the compressed portion of the web is chosen to be 20€¢ under the com-
pressed flange, and 20&¢ above the plastic neutral axis of the effective cross-section, as pre-
sented in Figure 2.2 [3,4,5].

1 f,
e [ 1,5t
20¢et

1 Compression

2 Tension

3 Plastic neutral axis of the effective cross-section
4 Non-effective part of the web to be neglected

Figure 2.2  Effective cross-section in Class 2 [3,4,5]

The limits for Class 3 given in the expressions of Tables 2.7 and 2.8 can be eased by replacing
the factor € by factor £*, except when calculating the buckling resistance of a member [3,4,5]:

/
ek = 1/ Yo o= [ 235 2.5)
GcomEd YMO ’ cscom,Eaf

where & = [235/f, [f,] = N/mm’

}; is the nominal yield strength of the material
Ymo is the partial safety factor for resistance (Table 2.5)
O.om.Ed 1S the design value of maximum compressive stress in the considered

plane element

This allowance is favourable when the maximum compressive stress of the considered plane
element falls under the yield level. The maximum allowable value of the compressive stress is
commonly O, 4 =fy/')/M0 , in which case expression (2.5) is returned back to the original
expression of factor € presented in Tables 2.7 and 2.8.
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When calculating the buckling resistance of a member, the aforementioned allowance shall not
be done, but the limits for Class 3 are determined according to the original expressions given
in Tables 2.7 and 2.8.

EN 1993-1-1 gives also provisions how to determine the cross-section Class for a web or flange
subject to simultaneous compression and bending (Tables 2.7 and 2.8). However, for calculat-
ing the resistance of a member in simultaneous compression and bending, unambiguous in-
structions are not given. As an interpretation it has been concluded, that the cross-section
Class can be determined for pure compression and for pure bending separately, whereafter the
resistances are calculated respectively for pure compression and for pure bending separately,
and then applied in the interaction formulae. Alternatively, when verifying the interaction, the
cross-section Class and one effective cross-section are determined using the real (resulting)
stress distribution calculated from the simultaneously acting forces and moments. This way the
resistances to be applied in the interaction formulae will be based on one cross-section and one
Class. However, if using this procedure in case of Class 4, the additional moment (AM = Ng, x
ey) resulting from the shift of the neutral axis location, changes the stress distribution in the
cross-section causing the need to calculate a new effective cross-section iteratively [13,14].

The limits of Classes 1 and 2 for a web or flange subject to simultaneous compression and
bending, depend on factor & which represents the compressed part of the considered plane
element (Table 2.7). In this case the plastic stress distribution of the cross-section is determined
in relation to its plastic neutral axis. Determination of the location of plastic neutral axis is pre-
sented in clause 2.9.1.5.1.

When having simultaneous compression and bending, if the relative portion of compression is
very large and bending small, the situation approaches uniform compression in regard to stress
distribution. In this case the results obtained as mathematical limits (when o« —1,0) from the
expressions given in Table 2.7 for the plane elements subject to simultaneous compression and
bending, are the same results as presented for limits of purely compressed Class 1 and 2 plate
elements. The corresponding result can be obtained from Table 2.7 also for Class 3.

The limits of cross-section Classes for different steel grades of structural hollow sections are

obtained from Table 2.9. The limits given for uniformly compressed Classes 1...3 can be applied
as conservative limits for a cross-section subject to simultaneous compression and bending.
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Table 2.7  Limits for cross-section Classes.
Square and rectangular hollow sections [3,4,5]

Internal compression parts (= compressed plane elements restrained on two edges)

b
| | b=h-3tor b-3t @
h b Axis of bending
ol
Class Part subject to Part subject to Part subject to
bending compression bending and compression b)
f, f,
Stress 4 4 ©)
distribution b + —
in parts b
(compression !
positive) —
fy fy
when 00> 0,5: b/t < 396€
1 b/r<72e b/r< 33 B § Z“"
when 00<0,5: b/t < 368
o
when 00> 0, 5: b/t < ﬂ
2 b/r< 83 /1< 38 B ]i‘*‘]
when 0.<0,5: b/t < 2LIE
o
f, fy f,
Stress Y y
distribution _ _ —
in parts -~ |b + b b
(compression b/2
positive)
f, vy
- 42¢
wheny>-1: b/t < —=-———
3 b/t< 1248 9 b/t<42e © 0,67 +0,33y
whenyw<-1%: b/t <6281 - ) f—y)
f, 235 275 355 420 460
€= [235/f Y
y € 1,0000 0,9244 0,8136 0,7480 0,7148

a) The calculatory width 4 drawn in the picture has not been determined unambiguously in EN 1993-1-1.
The herein presented definition according to expression given in EN 1993-1-5 is recommended.

b) A conservative estimate is obtained when the cross-section Class is deter mined acc. to pure compression.

c) Determination of depth for the compressed part (factor &¢), see clause 2.9.1.5.1

d) If calculated according to EN 1993-1-5 the limit value will be: b/t < 121,43€

e) If calculated according to EN 1993-1-5 the limit value will be: b/t < 38,25¢

f) According to EN 1993-1-5 the limit value depends on the local buckling factor k; and stress ratio y

g) Case y<-1 applies, where either the compression stress 6<f, or the tensile strain €, > f,/E
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Table 2.8  Limits for cross-section Classes.
Circular hollow sections [3,4,5]

Circular hollow section

t d
Class Cross-section in bending and/or compression
1 d/t<50€’
2 d/t<70€°
s d/1<90e?
Note. For d/t > 90€°, see EN 1993-1-6.
fy 235 275 355 420 460
— € 1,0000 0,9244 0,8136 0,7480 0,7148
e= [235/ f,
g2 1,0000 0,8545 0,6620 0,5595 0,5109

Table 2.9 Limits for cross-section Classes for grades S235-S460

t
h t
| b

| L4 ]
Load case Bending Compression @)
[ [
Class 1 [ 2 | 3 1 | 2 | 3
f, (N/mm?)
235 b/t (flange) 36,0 41,0 45,0 36,0 41,0 45,0
h/t (web) 75,0 86,0 127,0 36,0 41,0 45,0
275 b/t (flange) 33,5 38,1 41,8 33,5 38,1 41,8
h/t (web) 69,6 79,7 117,6 33,5 38,1 41,8
355 b/t (flange) 29,8 33,9 37,2 29,8 33,9 37,2
hit (web) 61,6 70,5 103,9 29,8 33,9 37,2
420 b/t (flange) 27,7 31,4 34,4 27,7 31,4 34,4
hit (web) 56,9 65,1 95,8 27,7 31,4 34,4
460 b/t (flange) 26,6 30,2 33,0 26,6 30,2 33,0
h/t (web) 54,5 62,3 91,6 26,6 30,2 33,0
(continues)
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Table 2.9  Limits for cross-section Classes for grades S235-S460

(continued)
Load case Bending or compession

or simultaneous bending and compression
Class 1 | 2 | 3
f, (N/mm?)
235 d/t (entire cross-section) 50,0 70,0 90,0
275 d/t (entire cross-section) 42,7 59,8 76,9
355 d/t (entire cross-section) 33,1 46,3 59,6
420 d/t (entire cross-section) 28,0 39,2 50,4
460 d/t (entire cross-section) 25,5 35,8 46,0

a) The limit values for different cross-section Classes given for uniformly compressed cross-section can be
applied for web and flange of cross-section as conservative limits of that Class also in case of simultaneous
compression and bending. The exact limits of Classes for a web simultaneously in compression and bending
can be determined according to Table 2.7.

24 Effective cross-section in Class 4
(square and rectangular hollow sections)

For square and rectangular Class 4 hollow sections, local buckling is taken into account using
effective widths of the compressed parts, which then form the effective cross-section (Figure
2.3). The effective properties of the cross-section (4, > Ieﬁr, W) are determined by the effec-
tive cross-section formed this way. The effective widths are calculated from Table 2.10. The re-
duction factor p needed in the table is calculated according to clauses 2.4.1 and 2.4.2. When
determining the effective width of the flange, the stress ratio Y is calculated on the basis of the
properties of the gross cross-section. When determining the effective width of the web, the
stress ratio is calculated on the basis of the effective width of the compressed flange and gross
cross-section of the web.
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real stress distribution

beff / 2 assumed stress distribution

Figure 2.3  Schematic picture of effective width method, when local buckling takes place
in case of uniformly compressed (Y = 1) plane element restrained on two edges

In Class 4 local buckling can be taken into account, instead of effective width, alternatively by
using method basing on reduced stress presented in EN 1993-1-5. The method basing on re-
duced stress is equivalent with the effective width method in case of single plane elements, but
not necessarily in relation to the entire cross-section, because in the method of reduced stress-
es the load distribution between the plane elements is not taken into account. The method of
reduced stresses is not presented in this handbook, because therein the stress limits of the
weakest part of the cross-section may govern the resistance of the whole cross-section, and
because the effective width method allows the use of more slender plane elements [13,14,28].

In global analysis (i.e. when calculating the internal forces and moments of the structure) the
influence of local buckling of the plane elements on the stiffness may be neglected when the
effective cross-section of the compressed part is greater than p;,, times gross cross-sectional
area of the same part [13,14]. The value for the aforementioned limit can be defined in National
Annex. The recommended value given in EN 1993-1-5 is p;;,, = 0,5. If the plane element is
partially in compression and partially in tension, like a web subject to bending, the rule is ap-
plied to the compressed part [28].

Finnish National Annex to standard EN 1993-1-5 [15]:
The recommended value of Eurocode py;,, = 0,5 is used.

If the aforementioned condition is not satisfied, the influence of local buckling on the stiffness
shall be taken into account in global analysis by determining the effective cross-section accord-
ing to Table 2.10 and clause 2.4.1 using the loads at ultimate limit state. The second moment
of area /4 of the effective cross-section can be converted into a constant value /5. for the
considered length according to expression (2.13) (the expression shall be applied using load
combination at ultimate limit state or at serviceability limit state, whichever is relevant).
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Table 2.10 Effective width of internal compression elements
(= compressed plane elements restrained on two edges) [13,14]

Stress distribution (compression positive) Effective width bgs
=1
O1 + o2 d _
beﬁ =p b
bes B ‘ bes ber = 0.5byy
b by = 0.5b,5
O0<y<lI
o + G2 —
beff = p b
ber| ‘ bez bes = 2bg /(5 - W)
b be2 - bef]" bel
c b
b t w<0
G1 beffzpbc=pz/(]'ll/)
+ bel = 0,4beﬁ"
bet| ‘ bea| — | 02 bey = 0,6byy
- b -— 7
v=0,/0, | -3sy<-19| -I I<y< 0 0 O<y <1 1
Local buckli 8,2
fctor ke 0| 5.98(1-w)? | 239 | 7.81-629y+978y? | 781 o5y |40
a) The expression is corrected according to [14].
Dimension b is determined according to Table 2.7.
241 Effective cross-section at ultimate limit state

In the effective width method the reduction factor p presented in Table 2.10 is calculated for the
compressed plane element of the square or rectangular hollow section as follows [13,14]:

p=10 for X, <0,5+ /0, 085=0, 055y (2.6a)

p = te=0. 0f25(3+W)g1,0 for kp>0,5+,J0,085- 0,055y (2.6b)
Ay

The non-dimensional slenderness of a plane element is calculated as follows [13,14]:

Ay = ng 2.7)
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The elastic critical local buckling stress ©,,. of a plane element is calculated as follows:

=k

5 4G, (2.8)

cr

where oOp is Euler stress that is calculated as follows:
’E -2 -2

Oy = —Z(t/b) = 190000 - (t/b) (2.9)

12(1-V7)

When the Young’s modulus of elasticity for steel is £ =2,1-10% N/mm? and Poisson’s ratio v =
0,3, the expression presented in EN 1993-1-5 for the non-dimensional slenderness of a plane
element can be derived from expressions (2.7) - (2.9) as follows:

hy = — Lt (2.10)
28, 4, [k
where b is the calculatory width of the hollow section (= b - 3f) or
the calculatory depth of the web (= / - 3f)
t is the wall thickness

2
€ = /235/fy [fy]—N/mm
]3, is the nominal yield strength of the material
ks s the buckling factor corresponding to stress ratio y and

boundary conditions on the edges of the plane element (Table 2.10)

When the maximum compressive stress of the_plane element to be considered falls under the
yield level, the non-dimensional slenderness lp can be replaced by a reduced value of the
non-dimensional slenderness as follows [13,14]:

N _ ’Gcom.Ed
lp.red = 7\,19 fy—/'YM() (2]1)

where Xp is the non-dimensional slenderness of the plane element
according to expression (2.10)
va the nominal yield strength of the material
Yao is the partial safety factor for resistance (Table 2.5)

O.om.E4d 18 the design value of the maximum compressive stress of the
plane element, determined on the basis of effective cross-section
when all the simultaneously acting loads are taken into account

The aforementioned method is conservative, but it requires iterative calculations where the
stress ratio Y is determined on each iteration cycle from stresses that are calculated on the
basis of the effective cross-section obtained from the previous iteration cycle.
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When calculating in Class 4 the buckling resistance or lateral-torsional buckling resistance the
non-dimensional slenderness of plane elements may be calculated as a reduced value Kp‘,ed
according to expression (2.11) only if o,,,, g; is determined according to second order anal-
ysis taking into account the global imperfections. Otherwise the normal value of the non-dimen-
sional slenderness lp according to expression (2.10) shall be used [13,14].

If the maximum compressive stress reaches the yield level (0,,,, g4 =fy/7/M0), the value of
Ap.rea according to expression (2.11) returns back to non-dimensional slénderness kp.

In Annex E of EN 1993-1-5 also an alternative method to calculate the non-dimensional slen-
derness of a plane element is given. It will not be presented in this handbook, because it is an-
yways not allowed for determining the effective cross-section when calculating the buckling re-
sistance or lateral-torsional buckling resistance.

24.2 Effective cross-section at serviceability limit state

To calculate the second moment of area needed at serviceability limit state, the effective cross-
section is determined as at ultimate limit state but using the non-dimensional slenderness
Ap.ser , Which is calculated as follows [13,14]:

— (O ser
}\«p.ser — 7\4p Lor;(.‘Ed“se (212)
y

where Ap is the non-dimensional slenderness of the plane element
according to expression (2.10)
fy is the nominal yield strength of the material
Ocom.Edser 1S the maximum compressive stress in the considered

plane element, based on the effective cross-section applying
the loads at the serviceability limit state when all the
simultaneously acting loads are taken into account

The effective second moment of area 1,/ calculated on the basis of the effective cross-section
varies as a function of span. Instead of a variable value it is possible to use one fictive constant
value ;. for the whole span (or for the considered length) that is calculated using the loads at
serviceability limit state to determine the maximum absolute value of the span moment, and
using the following interpolation [11,13,14]:

o

Ific = [gr_GCO#[Igr_le_f(ccom.Ed.ser)] (213)
com.Ed.ser

where

Igr is the second moment of area of the gross cross-section (Annex 11.1)

Ccom.gr is the maximum compressive bending stress in the considered span

(or in the considered length) using the loads at serviceability limit state
Lo (Ocom.Ed.ser) 1S the second moment of area of the effective cross-section

that is calculated on the basis of the maximum compressive

stress Ocopm. Ed.ser = Ocom.gr @cting in the considered span

Serviceability limit state will be discussed further in Chapter 7.
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25 Resistance of a structural hollow section subject to
normal force

2.51 Tension resistance
Any cross-section subject to tension is fully effective no matter what the cross-section Class is,

hence the slenderness of the cross-section has therein no importance. The design condition
for a member subject to tension is [3,4,5]:

Nga< N, ra (2.14)

where Npg,; s the design value of the tension force applied to an axially
loaded member at ultimate limit state
N; pa is the design tension resistance of the cross-section

The tension resistance of the cross-section NV, p; is the smaller of the following values [3,4,5]:

Nira = Nyiga = Ay (2.15)
Yo
Nira = Nyra = % (2.16)
V2
where Npi.ra is the design plastic resistance of the gross cross-section according to
plastic theory
N, ra s the design ultimate resistance of the net cross-section at fastener holes
A is the gross cross-section area (Annex 11.1)
A,.; s the net cross-section area at fastener holes
]3, is the nominal yield strength of the material
Ju is the nominal ultimate tensile strength of the material

Yumo s the partial safety factor for resistance to yielding (Table 2.5)
Yuz  is the partial safety factor for resistance to fracture (Table 2.5)

Where the so-called capacity design is requested (e.g. in seismic design, EN 1998), the design
plastic resistance of the gross cross-section N,; p; is not allowed to be greater than the design
ultimate resistance of the net section to fracture at fastener holes N, ;. In other words, the
net cross-section is not allowed to experience fracture before the gross cross-section yields
[3,4,5]. This requirement can be presented using expressions (2.15) and (2.16) as follows:

Apery 1 Yuz Jy (2.17)
A 0’9 YM() fu

With bolted connections in Category C (see EN 1993-1-8), the design tension resistance of the
net cross-section at fastener holes N, p; is calculated as follows [3,4,5]:

Nyerga = —==2 (2.18)
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Net area of cross-section:

The net area of a cross-section should be taken as its gross area less appropriate deductions
for all holes and other openings. The reduction for a single fastener hole should be the gross
cross-section area of the hole in the plane of its axis. For countersunk holes, the countersunk
portion shall be taken into account [3,4,5].

If the fastener holes are not staggered, the total area to be deduced for fastener holes should
be the maximum sum of the sectional areas of the holes in any cross-section perpendicular to
the member axis (Figure 2.4, fracture line 2).

In case of staggered holes, the net area of the cross-section is the smaller of the following val-
ues [3,4,5]:

« direct fracture line (Figure 2.4, fracture line 2):
Aoy = A=31d, (2.19)

» staggered fracture line (Figure 2.4, fracture line 1):

2
Aoy = A= tdy + 2% (2.20)
where A, is the net cross-section area at the fastener holes
A is the gross cross-section area (Annex 11.1)
t is the wall thickness
dy s the diameter of the hole
K is the distance of the centres of two adjacent staggered holes in the chain

measured parallel to the member axis
p is the distance of the centres of two adjacent staggered holes
measured perpendicular to the member axis

Figure 2.4 Determination of the net cross-section. Fracture lines 1 and 2 [3,4,5]
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2.5.2 Compression resistance (buckling excluded)

2.5.21 Compression resistance of square and rectangular hollow sections and
Class 1, 2 and 3 circular hollow sections (buckling excluded)

When determining the resistance of the cross-section of a compressed member, only the local
stability phenomenon are taken into account, i.e. the effect of possible local buckling of the
plane elements to the resistance. When determining the compression resistance of the entire
member, also the global loss of stability is taken into account, i.e. possible global buckling in its
different forms (clause 2.5.3).

The design condition for the cross-section of compressed members is [3,4,5]:

Nga<Nera 2.21)
where Npg, s the design value of the compression force at ultimate limit state
N, pq is the design compression resistance of the cross-section

The design compression resistance of the cross-section N, p; to concentric uniform compres-
sion is calculated as follows [3,4,5]:

A
Nera = Nprga = 7 Jy Jor Class 1, 2 and 3 (all hollow section forms) (2.22)
MO
_ Aty
N, pg = 2= for Class 4 (square and rectangular) (2.23)
Ymo
where Npi.ra is the design plastic resistance of the gross cross-section according to
plastic theory
A is the gross cross-section area (Annex 11.1)
A is the effective cross-section area in concentric compression
fy is the nominal yield strength of the material

Yumo s the partial safety factor for resistance (Table 2.5)

Provided the fastener is placed in the hole, the fastener holes need not be taken into account
when calculating the resistance of a member subject to compression and bending, except for
oversized or slotted holes according to EN 1090 [3,4,5,29].

The resistance of the cross-section for members subject to eccentric compression is deter-

mined using interaction formulae for combined effect of compression and bending according to
clause 2.9.1.5.
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2.5.2.2 Compression resistance of Class 4 circular hollow section
(buckling excluded)

The design condition for the compression resistance of Class 4 circular hollow sections is:

Npa<N,pa (2.24)
where Npg, isthe design value of the compression force at ultimate limit state
N, raq s the design compression resistance of the cross-section

The design compression resistance of the cross-section N, p, for concentric uniform compres-
sion is determined on the basis of local buckling strength )(xf as follows, when there is an end-
plate or a rigid ring welded at both ends of the hollow sectlon that prevent the deformation of
the cross-section (or the hollow section is welded at its ends to the surrounding structure in the
corresponding way) [16]:

A
Noga = 22 %y (2.25)
Ymi
where X s the reduction factor for elastic-plastic local buckling of a shell
A is the gross cross-section area (Annex 11.1)
J,  the nominal yield strength of the material
Y is the partial safety factor for resistance according to EN 1993-1-6
(Table 2.5)
The reduction factor y, for elastic-plastic local buckling is calculated as follows [16]:
X, = 1,0 for A:<0,2 (2.26a)
o= 1-0,625702 T < (2.26b)
7\'plx - 07 2
o, =
Xe = = for Ay > Apl. (2.26¢)
A
where o, s the elastic imperfection reduction factor for local buckling
Ay is the non-dimensional slenderness
lpl‘x is the value of plastic limit non-dimensional slenderness
The elastic imperfection reduction factor ¢, is obtained from the formula [16]:
o, = 0.02 (2.27)
1+1,91(Aw,/t)”
where Awy, is the characteristic value of the imperfection amplitude
t is the wall thickness
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The characteristic value of the imperfection amplitude Awj, needed in the expression (2.27) is
calculated as follows [16]:

Tt
Aw, = 22 (2.28)
0
roo= d—t (2.29)
2
where r,, s the radius of the centreline of the hollow section wall thickness

t is the wall thickness

d is the external diameter of the hollow section

Q s the fabrication quality parameter according to the tolerances of
the hollow section, that is obtained from Tables 2.11 and 2.12.

The fabrication quality parameter Q is determined according to fabrication tolerance quality
classes A...C (A is the best) given in EN 1090-2 for circular cylinders [29]. On circular hollow
sections the most essential geometrical tolerance is usually the tolerance for out-of-roundness.
When the external diameter is d <400 mm and d/¢< 100, the SSAB hollow sections meet the
out-of-roundness quality class B (Tables 1.2 and 2.12). Thereby parameter Q obtains the value
Q = 25 (Table 2.11). With other dimensions, the applicable fabrication tolerance quality class
shall be checked case by case.

The plastic limit non-dimensional slenderness Xp[,x is [16]:

Mpix = 04 (2.30)

The non-dimensional slenderness Xx is [16]:
A = | (2.31)

where fy is the nominal yield strength of the material
O, s the elastic critical local buckling stress

The elastic critical local buckling stress of a circular hollow section o, is calculated as follows
[16]:

6, = —L __.c L -o6056C, L (2.32)
l3(]_vz) rm rm
where E is the Young’s modulus of elasticity
t is the wall thickness
r,, is the radius of the centreline of the hollow section wall thickness
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EN 1993-1-6 defines the factor C, as a function of the length of the cylinder-like structure con-
sidered. In practice, in hollow section structures the length of a circular hollow section is usually
more than (1...2)xd. In such case the value obtained from Eurocode is C, = 0,6. This value
may be used also for shorter lengths as a conservative simplification.

Table 2.11 Fabrication quality parameter Q for different fabrication tolerance quality classes
of circular hollow sections [16]

Fabrication tolerance quality class Description 0
Class A Excellent 40
Class B High 25
Class C Normal 16

Table 2.12 Permitted out-of-roundness in different fabrication tolerance quality classes [29]

Out-of-roundness: permitted deviation A 2
Fabrication tolerance Internal diameter
quality class d,<0,50 m® 05m<d;<1,25m?® d;21,25m"®
Class A A=+0,014 A=+[0,007 +0,0093(1,25-d;)] A =+0,007
Class B A =1+0,020 A=%[0,010+0,0133(1,25-d;)] A=+0,010
Class C A =+0,030 A=%[0,015+0,0200(1,25-d;)] A=%0,015
flattening: unsymmetrical:

a) Out-of-roundness:
Difference between the maximum and
minimum values of the measured internal
diameter, relative to the nominal internal
diameter:

b) d; is the nominal internal diameter in metres

Example 2.1

Calculate the cross-section compression resistance of a hollow section 200x 100x 5. The
cross-section is subjected to uniform compression only.

The steel grade is SSAB Domex Tube Double Grade, which fulfills the EN 10219 require-
ments for both steel grades S420MH and S355J2H. Thereby the design calculations may be
performed at designer’s own choice either according to grade S420 or grade S355. Grade
S420 is chosen in this Example as design basis.

A =2836 mm® (Annex 11.1)
f, =420 N/mm’

Yaro = 1,0
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Check the cross-section classification (Table 2.9):

Flange:

b/t = 100/5 = 20,0<27,7 = Class 1
Web:

h/t = 200/5 = 40,0> 34,4 = Class 4

The whole cross-section shall be classified into Class 4 according to its most critical plane
element.

Calculate the effective cross-section area:
Flanges are fully effective.

Webs:

b=h-3t=200-3-5= 185 mm

y=1, ks=4,0

i, = b/t (200-3-5)/5 — 0,8709

28, 4efk, 28,4 .J235/420- J4,0

Ap = 0,8709> 0,5+ 0,085 0,055y = 0,5+,/0,085-0,055-1 = 0, 6732
o - Ap—0,055(3+ ) _ 0,8709- 10,0554
~2

xp 0, 8709°
hyy = pb = 0,8582- 185 = 158, 8 mm

=0,8582<1,0

The non-effective part and non-effective area of the
web is hence:

Byoney = (1= p)b = (1-0,8582)- 185 = 26,23 mm

2
Anoneg = 2 Mon 1 = 2:26,23:5 = 2623 mm’, 0

The effective cross-section area:
Aeff =4 _Anon.eff = 2836-262,3 = 2574 mm2

The compression resistance of the cross- section:
_ Aoty _ 2574420
Ymo 1,0

= 1081 kN |

NCRd

Comparison S420 vs $355:

In case the design calculations would be performed according to grade S355, the compres-
sion resistance of the cross-section would be 945,0 kN (Class 4, A = 2662 mmz). In both
cases the cross-section belongs to Class 4, telling the cross-section is not fully effective. In-
crease of the material strength S355 — S420 further decreases the cross-section’s effective-
ness. Nevertheless, increase of the yield strength by 18 % improves the compression

resistance in this Example by 14 %.
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Example 2.2

Calculate the cross-section compression resistance of a circular hollow section 323,9x 5.
The cross-section is subjected to uniform compression only.

The steel grade is SSAB Domex Tube Double Grade, which fulfills the EN 10219 require-
ments for both steel grades S420MH and S355J2H. Thereby the design calculations may be
performed at designer’s own choice either according to grade S420 or grade S355. Grade
S420 is chosen in this Example as design basis.

A = 5009 mm® (Annex 11.1)
=420 N/mm’
Y = 1.1 (Class 4 circular hollow section, EN 1993-1-6)

Check the cross-section classification (Table 2.9):
d/t = 323,9/5 = 64,8> 50,4 = Class 4

The elastic critical local buckling stress and non-dimensional slenderness of the hollow sec-

tion are:
o, =0, 605ECxi =0,605-2,1- 105 -0,6 - % = 2390 N/mm2

Ty

Ao = Jf,/0. = A/420/2390 = 0,4192

The hollow section has d < 400 mm and d/t< 100 whereby it satisfies the requirements spe-
cified for the fabrication tolerance quality class B (Tables 1.2 and 2.11)

=0 =25 (Table 2.11)

Nt _ 159,55 _ 1 130

Awk =
0 23
a, = b6 - 002 = 0,5064
1+1,91(Aw,/t)” 1+1,91-(1,130/5)"

N Oy 0, 5064

Lo Rl (09064 g,
Aot 0,4 0,4 )
0,2 <A< Apix
=
to= 10622702 _ . 0492202 _ ) g5
* ’ Apin— 0,2 T 1,125-0,2 ’

The compression resistance of the cross-section is finally:

_ XeAS, _0,8578 - 5009 - 420

N ., = = 1641 kN
.Rd Y1 1,1

c
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Comparison S420 vs $355:

In case the design calculations would be performed according to grade S355, the compres-
sion resistance of the cross-section would be 1422 kN. In both cases we have Class 4 circular
cross-section, and increase of the material strength S355 — S420 further increases the
cross-section’s non-dimensional slenderness. Nevertheless, increase of the yield strength by
18 % improves the compression resistance in this Example by 15 %.

2.5.3 Buckling resistance

2.5.31 Buckling resistance of square and rectangular hollow sections and
Class 1, 2 and 3 circular hollow sections

A structural hollow section is superior as a compressed member, because its material is effi-
ciently located far from the centre point of the cross-section. Due to high torsional stiffness, the
torsional buckling or torsional-flexural buckling need not be taken into account. With structural
hollow sections, only flexural buckling needs to be checked with respect to both principal axes.

The design condition for a compressed member against buckling is [3,4,5]:
Nga< Ny ra (2.33)

where Npg,  is the design value of the compression force in an axially compressed
member at ultimate limit state
Np ra s the design buckling resistance of an axially compressed member

The buckling resistance need not to be determined if the non-dimensional slenderness of the
member is A_<0,2 or if Ng;/N,.<0,04 [3,4,5]. The determination of the non-dimensional
slenderness A and the elastic critical buckling force N, is presented later on.

The resistance of eccentrically compressed members shall be determined using the interaction
formulae for combined compression and bending as presented in clause 2.10.1.

The design buckling resistance N, p, for each related buckling mode and direction, is calcu-
lated as follows [3,4,5]:

A
Ny pa = )EY Jy for Class 1, 2 and 3 (all hollow section forms) (2.34)
Mi
A .
Ny ra X'Y etrly for Class 4 (square and rectangular) (2.35)
MI
where X s the reduction factor for the related buckling resistance

A is the gross cross-section area (Annex 11.1)

A is the effective cross-section area in concentric compression
is the nominal yield strength of the material

Y s the partial safety factor for resistance (Table 2.5)
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When calculating the areas 4 and 4,4 the fastener holes at the ends of the column need not
be taken into account [3,4,5]. h

The reduction factor ¥ in the expressions (2.34) and (2.35) is calculated as follows:

x=1,0 for A<0,2 (2.36a)
] —
X=——x<X1,0 for A>0,2 (2.36b)
@+ Ao’ 2
®=0,5[1+0(h=0,2)+1] (2.37)
where o is the imperfection factor of the related buckling curve

(cold-formed structural hollow sections: o = 0,49)
A is the non-dimensional slenderness of the member

The imperfection factor o is determined on the basis of the buckling curve (i.e. buckling class)
to be applied. According to Eurocode 3, for cold-formed structural hollow sections the buckling
curve ¢ (whereby o = 0,49) shall always be applied for all directions and for all grades S235-
S460 [3,4,5]. The initial geometrical curvature of the compressed member needs then meet the
tolerances for execution as specified in EN 1090-2 (Chapter 8).

The non-dimensional slenderness ), needed in expressions (2.36) - (2.37) is calculated as fol-
lows [3,4,5]:

- A

A= ny for Class 1, 2 and 3 (all hollow section forms) (2.38)

T o A

A= N—y for Class 4 (square and rectangular) (2.39)
cr

where A is the gross cross-section area (Annex 11.1)

Agﬁc is the effective cross-section area in concentric compression
fy is the nominal yield strength of the material

is the elastic critical buckling force for the related

buckling mode and direction

The elastic critical buckling force N, is calculated for the flexural buckling as follows, wherein
the properties of the cross-section are determined for all cross-section classes according to
gross cross-section [3,4,5]:

2 2
T E] T EA
N, = — = — (2.40)
Lcr (Lcr/l)
where E is the Young’s modulus of elasticity
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1 is the second moment of area of the gross cross-section
with regard to the relevant axis (Annex 11.1)
is the buckling length of the member in flexural buckling
to the relevant direction
A is the gross cross-section area (Annex 11.1)
I is the radius of gyration of the gross cross-section

with regard to the relevant axis (Annex 11.1)

The buckling length of the member L, for different buckling modes and directions is deter-
mined by taking into account the degree of restraint at the ends of the member with regard to
the related buckling mode and direction. However, in lattice structures it is usually conservative
to use as buckling length the real length of the member, and in frame structures the theoretical
buckling length, ignoring the stiffness of the joints in both aforementioned cases. The determi-
nation of the buckling length is presented in more details in Chapter 7.

2.5.3.2 Buckling resistance of Class 4 circular hollow section

The design condition for the buckling resistance of Class 4 circular hollow sections is:
Nea= Ny ra (2.41)

where Npg,  is the design value of the compression force in an axially
compressed member at ultimate limit state
Np ra s the design buckling resistance of an axially compressed member

The design buckling resistance N, p; is calculated for Class 4 circular hollow sections as fol-
lows:

Nyra = XA Nera (2.42)
where N, ra s the compression resistance of the cross-section according to
clause 2.5.2.2
X is the reduction factor for flexural buckling

The reduction factor y for flexural buckling is calculated in the same way as for Classes 1...3in
clause 2.5.3.1 (the cross-section of Class 4 circular hollow section is always fully effective), but
now in expression (2.38) the yield strength fy is replaced by local buckling strength )(xfy , Wwhere
the reduction factor y, for elastic-plastic local buckling is calculated according to clause 2.5.2.2.
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Example 2.3

Calculate the compression resistance of a hollow section
200x200x 5. The member is simply supported at both ends g 200

and the buckling length for flexural buckling is 4 m about both |
axes.

4000

The steel grade is SSAB Domex Tube Double Grade, which
fulfills the EN 10219 requirements for both steel grades
S420MH and S355J2H. Thereby the design calculations may —
be performed at designer’s own choice either according to  —
grade S420 or grade S355. Grade S420 is chosen in this
Example as design basis.

A = 3836 mm’
I =2410-10* mm* (Annex 11.1)
=420 N/mm’

Yaro = 1,0
Y1 = 1,0

Check the cross-section classification (Table 2.9):

Web and flange:
h/t=>b/t=200/5=40,0> 34,4 = Class 4

Since the cross-section is classified into Class 4, calculate the effective cross-section area:
y=1, k;=40

Lo _ b/t _(b=30/t _ (200-3-5)/5
) - -

= 0, 8709
28, 4¢ Jkg 28, 4e,Jky 28,4 235/420 - J4,0

Ay = 0,8709> 0,5+ /0,085 0,055y = 0,5+ /0,085-0,055-1 = 0, 6732
o= l=0, 025(3+1p) _ 0.8709-0.055-4 _ § gserc ;g

A 0,8709°

The effective part and non-effective part of the cross-section are hence:
by = pb = 0,8582-(200-3-5) = 158, 8 mm

b = (b=3t)=b,;r = (200-3-5)-158,8 = 26,2 mm

non.e,

Calculate effective area based on above obtained effective cross-section:

Ayp = A—(4 by oy 1) = 3836 —(4-26,2 - 5) = 3312 mnt’

The compression resistance of the cross-section:
Aoty _ 3312420
Ymo 1,0

Ny = = 1391 kN
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Since local buckling of the cross-section has now been considered, flexural buckling of the
member can be checked next.

Although the cross-section belongs to Class 4, the elastic critical force N, for flexural buck-
ling shall be determined by using gross cross-section properties.

_ n’El _ 2100002410 - 10°

o 4000°

cr

N, = 3122 kN

Non-dimensional slenderness of the member:

_ A .

A= | orly 3312 42(3) = 0,6675>0,2
Ner 312210

For flexural buckling, buckling curve ¢ (a = 0,49) shall be used for cold-formed structural
hollow sections. Hence:

®=0,5[1+0uh=0,2)+A1=0,5-[1+0,49-(0,6675—-0,2)+0,6675°] = 0,8373

X = ! = ! =0,7447<1,0

O+ B2 N 0,8373+40,8373° 0, 6675
The buckling resistance of the member is finally:

N o XAeply 0,747 3312420
b.Rd — -
Vi 1,0

Comparison S420 vs S355:

In case the design calculations would be performed according to grade S355, the buckling
resistance of the member would be 950,5 kN. In both cases the cross-section belongs to Class
4, telling the cross-section is not fully effective. Increase of the material strength S355 —
S420 further decreases the cross-section’s effectiveness and increases the member’s non-di-
mensional slenderness for flexural buckling. Nevertheless, increase of the yield strength by
18 % improves the buckling resistance in this Example by 9 %.

= 1036 kN

Example 2.4

Calculate the compression resistance of a hollow section 200x 200x 8. The member is simply
supported at both ends and the buckling length for flexural buckling is 4 m about both axes.

The steel grade is SSAB Domex Tube Double Grade, which fulfills the EN 10219 require-
ments for both steel grades S420MH and S355J2H. Thereby the design calculations may be
performed at designer’s own choice either according to grade S420 or grade S355. Grade
S420 is chosen in this Example as design basis.

A = 5924 mm’ (Annex 11.1)
I =3566-10* mm? (Annex 11.1)
f, =420 N/mm?
Yo = 1.0
Y = 1.0
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Check the cross-section classification (Table 2.9):

Web and flange:
h/t=b/t=200/8 =250<27,7 = Class 1

Calculations for effective cross-section are not needed in cross-section Classes 1, 2 and 3,
since therein the cross-section is fully effective.
The compression resistance of the cross-section:

4 .
Ny = Ay 2 3924420 _ 5054y

Next, check flexural buckling of the member.

The elastic critical force for flexural buckling:
N = TEI_ w-210000-3566 - 10"

o 4000°

cr

= 4619 kN

Non-dimensional slenderness of the member:
_ A .
R [Mro 924420 733950,
Ner  N4619- 10
The reduction factor for flexural buckling (buckling curve c: o0 = 0,49):

®=0,5[1+0uh=0,2)+A1=0,5-[1+0,49-(0,7339-0,2)+0, 7339°] = 0, 9001

X = ! = ! = 0,7036<1,0

D+ Jqfif 0. 9001 + A0, 9001° - 0, 7339’

The buckling resistance of the member is finally:

A : :
Ny = X Jy_ 0.7036-5924-420 _ 1s; 0y

Yumi 1,0

Comparison $420 vs $355:

In case the design calculations would be performed according to grade S355, the buckling
resistance of the member would be 1557 kN. In both cases the cross-section belongs to Class
1, telling the cross-section is fully effective. However, increase of the material strength S355
— 8420 increases the member’s non-dimensional slenderness for flexural buckling. Nevert-
heless, increase of the yield strength by 18 % improves the buckling resistance in this Examp-
le by 12 %.
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Example 2.5

Calculate the compression resistance of the circular hollow section 323,9x 5 from Example
2.2. The cross-section is classified into Class 4. The member is simply supported at both ends
and the buckling length for flexural buckling is 4 m about both axes.

The steel grade is SSAB Domex Tube Double Grade, which fulfills the EN 10219 require-
ments for both steel grades S420MH and S355J2H. Thereby the design calculations may be
performed at designer’s own choice either according to grade S420 or grade S355. Grade
S420 is chosen in this Example as design basis.

A = 5009 mm’ (Annex 11.1)

I =6369-10* mm* (Annex 11.1)

=420 N/mm?

Y1 = 1.1 (Class 4 circular hollow section, EN 1993-1-6)

The compression resistance N, p, of the cross-section and reduction factor Y, for elastic-
plastic local buckling are the same as calculated in Example 2.2:

2 = 0,8578
N, g = 1641 kN

Next, check flexural buckling of the member:

The elastic critical force for flexural buckling:
_ m’El _ 1’ 210000 - 6369 - 10°
4000°

cr 2

L

cr

= 8250 kN

Non-dimensional slenderness of the member:

_ A : ~
7 - W _ Jo, 8578 50093 20 _ o 467750, 2
N, 8250 - 10

The reduction factor for flexural buckling (buckling curve c: o = 0,49):

®=0,5[1+0(L-0,2) +712] =0,5[1+0,49-(0,4677-0,2) + 0,4677°1= 0,6750
1 _ 1

O+ 2% 0.6750+ .0, 6750° 0, 4677

The buckling resistance of the member is finally:
Nyri =% Nopa = 0,8608 - 1641 = 1413 kN

=0,8608<1,0

X:

Comparison S420 vs $355:

In case the design calculations would be performed according to grade S355, the buckling
resistance of the member would be 1249 kN. In both cases we have Class 4 circular cross-
section, and increase of the material strength S355 — S§420 further increases the cross-sec-
tion’s non-dimensional slenderness and increases the member’s non-dimensional slender-
ness for flexural buckling. Nevertheless, increase of the yield strength by 18 % improves the
buckling resistance in this Example by 13 %.
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2.6 Resistance of a structural hollow section subject to
bending moment

2.6.1 Bending resistance of square and rectangular and
Class 1, 2 and 3 circular hollow sections

A structural hollow section applies well to structures subject to bending. It is especially advan-
tageous, when subject to multiaxial loading. In bending about the weaker axis, the bending re-
sistance of the structural hollow section is better compared to I-sections. With structural hollow
sections, the lateral bracing needed for a structure can be performed by using a longer distance
between the bracing.

The design condition for a cross-section subject to bending moment is [3,4,5]:
Mgy<M, gy (2.43)

where Mg, s the design value of the bending moment at ultimate limit state,
on a circular hollow section subject to M), ; and M, g,
the total moment is

My = My ga + Mg
M,

R4 s the design bending resistance of the cross-section

The design bending resistance of the cross-section M,. p; is calculated in different cross-sec-
tion Classes as follows [3,4,5]:

W
M, ps = My gy = Yp—lfy Class I and 2 (all hollow section shapes) (2.44)
MO
M =M _ Wty Class 3 (all hollow section shapes) (2.45)
crd = Meppa = Yoo P :
w
M pg = Mygpq = Yefffy Class 4 (square and rectangular) (2.46)
MO
where Wp, is the plastic section modulus of the cross-section (Annex 11.1)

W,; is the elastic section modulus of the cross-section (Annex 11.1)
Wy is the section modulus of the effective cross-section

fy is the nominal yield strength of the material

Yuo s the partial safety factor for resistance (Table 2.5)

The plastic and elastic section moduli for structural hollow sections are obtained from the tables
presented in Annex 11.1. The effective section modulus for Class 4 is calculated as follows:
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Wegre = Ie—” (2.47)

Wess = Ly (2.48)
¢

Wer = minlWepe s Wegg ] (2.49)

where Wy is the section modulus for the compressed side of the effective cross-section

Weg is the section modulus for the tension side of the effective cross-section
Iy is the second moment of area of the effective cross-section
- is the distance at effective cross-section from the outer surface of the
compressed flange to the neutral axis of the effective cross-section
e is the distance at effective cross-section from the outer surface of the
tension flange to the neutral axis of the effective cross-section

The determination of the effective cross-section is presented in clause 2.4.

Compression
G4 (<f,/Ymo)

Neutral axis of the Non-effective o
gross cross-section o
Neutral axis of the - A
effective cross-section N
- ——
| o
o
N

Tension
G2 (< fy/Ymo)

Figure 2.5 Class 4 effective cross-section subject to bending moment

When the cross-section is subject to bending only, the neutral axis of the effective cross-section
is located in the centre of gravity of the effective (as if ‘perforated’) cross-section, Figure 2.5. In
Class 4, the bending moment causes a shift of the neutral axis even in case of double symmet-
rical cross-section. On square and rectangular hollow sections, the location of the neutral axis
at effective cross-section can be calculated in the easiest way as follows, when the cross-sec-
tion is subject to bending only (in other case the location of the neutral axis has to be deter-
mined on the basis of force equilibrium condition of the effective cross-section X F = Ng;):
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- Z[Anan.eﬁfi ’ Znon.eﬁfi]

Zp o = (2.50)
7 A- ZAnon.ef[ﬁi
where A is the gross cross-section area (Annex 11.1)
) is the z-coordinate of the neutral axis at the gross cross-section
(zg=hi2)

Apon.efi 18 the area of a considered non-effective part of the cross-section
Znon.effii 1S the z-coordinate for centre of gravity of the considered non-effective
part of the cross-section

When the place of the effective cross-section is known, the effective second moment of area
can be calculated using the following expression that bases on the Steiner rule:

[eff =1+ A(ZO - Z().eff)2 - Zlnon.efﬁi - Z[Anonejfi(znan.qﬂfi - ZO.eff)z ] (251)
where 1 is the second moment of area of the
gross cross-section (Annex 11.1)
A is the gross cross-section area (Annex 11.1)
Zy is the z-coordinate of the neutral axis at the gross cross-section
(ZO = h/2 )
Z0.eff is the z-coordinate of the neutral axis at the

effective cross-section from expression (2.50)
Lyon.ei is the second moment of area of a considered non-effective part
about its own centre of gravity
(for a rectangular part of cross-section 1 = ab’/12,
where a is the width of the rectangle and b is the
depth of the rectangle)
Apon.efri 18 the area of a considered non-effective part of the cross-section
Znon.effi 1S the z-coordinate for centre of gravity of the considered non-effective
part of the cross-section

2.6.2 Effect of holes to the bending resistance

The fastener holes located in the tension flange need not be taken into account, if the design
ultimate resistance of the net cross-section of the flange is at least equal to the design plastic
resistance of the gross cross-section of the flange [3,4,5]:

0 9Afnetf A/fv

(2.52)
Y2 Yumo

where Afper is the net cross-section area of the flange in tension
f, is the nominal ultimate tensile strength of the material
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Y s the partial safety factor for resistance to fracture (Table 2.5)
Af is the gross cross-section area of the tension flange,
on structural hollow section A, = 0,5 - [4 - 2(h-31)t]
fy is the nominal yield strength of the material
Yuo s the partial safety factor for resistance to yielding (Table 2.5)

Expression (2.52) can also be presented in the following form (cf. expression (2.17)):

> L D Jy (2.53)

This condition ensures that the so-called capacity design principle will be met, cf. clause 2.5.1.

If the aforementioned condition is not met, the cross-section area of the tension flange shall be
reduced in the calculations in such an amount, that the condition is satisfied. Alternatively, as
a conservative simplification a reduced bending resistance can be applied in the calculations
for the gross cross-section as follows:

Mred.cARd = kred ’ MCARd (254)
A,
ko =09 0 Ju Ay g (2.55)
Yuz Jy Af
where M,. pq is the design bending resistance of the gross cross-section

The fastener holes in the tension region of the web need not be taken into account, if the design
condition (2.52) of the tension flange is satisfied for the entire tension region respectively. The
tension region consists of the flange in tension and the tension part of the web.

Fastener holes on the compressed region, if the fastener is placed in the hole, need not be tak-
en into account, except when oversized or slotted holes according to EN 1090 [3,4,5,29].

2.6.3 Bending resistance of Class 4 circular hollow section

For a Class 4 circular hollow section, the design bending resistance of the cross-section M. p;
is calculated on the basis of the local buckling strength foy as follows:

w,
M,y = letly (2.56)
Tmi
where X is the reduction factor for elastic-plastic local buckling according to
clause 2.5.2.2

W, is the elastic section modulus of the cross-section (Annex 11.1)

]3, is the nominal yield strength of the material

Yy s the partial safety factor for resistance according to EN 1993-1-6
(Table 2.5)
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2.6.4 Bending resistance in biaxial bending
2.6.4.1 Class 1 and 2

When there is no shear force or normal force present, the design condition for Class 1 and 2 in
biaxial bending is [3,4,5]:

M o M B

e s (2.57)
MplAy.Rd plz.Rd

where o =f =1,66 (square and rectangular hollow sections)

oa=p=2 (circular hollow sections)
and M, rq and M, . g, are calculated as presented in clause 2.6.1.

2.6.4.2 Class 3

When there is no shear force present, the axial stress 0, ¢, is not allowed to exceed the design
value of yield strength at any point of the cross-section [3,4,5]:

G, < 2o (2.58)

where fy is the nominal yield strength of the material
Yuo s the partial safety factor for resistance (Table 2.5)

The fastener holes shall be taken into account when needed, see clause 2.6.2.

On square and rectangular hollow sections, 0, g, is calculated at the point to be considered
first for each bending moment M, p; and M, ¢, separately, after which the stresses caused
by each moment are summed up.’In praxis, the condition (2.58) can be replaced by linear sum-
mation of utilisation ratios as follows:

M M
T I N square and rectangular hollow sections (2.59)
Mely.Rd MelAz.Rd

On circular hollow sections, o, p; can be calculated directly using the total moment caused by
the moments M,, p; and M, ;. The total moment is calculated as a vector sum (in which case
the situation is returned to uniaxial bending):

Mg, = A/MyZ,Ed + M: circular hollow sections (2.60)
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2.6.4.3 Class 4
When there is no shear force present, on square and rectangular hollow sections it shall be ver-

ified that the axial stress 0, ;; does not exceed the design value of the yield stress at any point
of the cross-section [3,4,5]:

G, gy < (2.61)

where fy is the nominal yield strength of the material
Yaro s the partial safety factor for resistance (Table 2.5)

The axial stress 0, ; is determined in Class 4 on the basis of the effective cross-section.
The fastener holes shall be taken into account when needed, see clause 2.6.2.

On circular hollow sections, it shall be verified using the gross cross-section and the total
moment M, , p; according to expression (2.60), that the axial stress 0, p; does not exceed
the design value of the local buckling strength of the hollow section at any point of the cross-
section:

(2.62)

where X s the reduction factor for elastic-plastic local buckling according to
clause 2.5.2.2
]3, is the nominal yield strength of the material
Y is the partial safety factor for resistance according to EN 1993-1-6
(Table 2.5)

Example 2.6
Class 1.

Calculate the bending resistance of a hollow section 140x 140x 6.

The steel grade is SSAB Domex Tube Double Grade, which fulfills the EN 10219 require-
ments for both steel grades S420MH and S355J2H. Thereby the design calculations may be
performed at designer’s own choice either according to grade S420 or grade S355. Grade
8420 is chosen in this Example as design basis.

Wy = 1553-10° mm® (Annex 11.1)
" =420 N/mm?
Yo = 1.0

Check the cross-section classification (Table 2.9):

Flange:
b/t = 140/6 = 23,3< 27,7 (compression) = Class 1
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Web:
h/t = 140/6 = 23,3 <56, 9 (bending) = Class 1

The whole cross-section shall be classified into Class 1. Thereby the bending resistance can
be determined using the plastic section modulus of the cross-section.

The bending resistance of the cross-section:

v Tt 155,310 420
I.Rd

b = 65,2 kNm
Ymo 1,0

Comparison S420 vs $355:

In case the design calculations would be performed according to grade S355, the bending
resistance would be 55,1 kNm. In both cases the cross-section classification for bending is
Class 1, telling the bending resistance can be determined according to plastic bending
resistance M, py. Consequently the increase of the yield strength S355 — S420 can be fully
utilised for the bending resistance (= + 18 %).

The values for bending resistance and section modulus are also given in the tables presented
in Annex 11.1.

Example 2.7
Class 2.

Calculate the bending resistance of a hollow section 150x 150% 5.

The steel grade is SSAB Domex Tube Double Grade, which fulfills the EN 10219 require-
ments for both steel grades S420MH and S355J2H. Thereby the design calculations may be
performed at designer’s own choice either according to grade S420 or grade S355. Grade
S§420 is chosen in this Example as design basis.
W, = 153,0-10° mm* (Annex 11.1)

p 2
Jy =420 N/mm

Yo = 1,0

Check the cross-section classification (Table 2.9):

Flange:

b/t = 150/5 = 30,0< 31,4 (compression) = Class 2
Web:

h/t = 150/5 = 30,0< 56, 9 (bending) = Class 1

The whole cross-section shall be classified into Class 2 according to its most critical plane
element. Thereby the bending resistance can be determined using the plastic section modu-
lus of the cross-section.
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The bending resistance of the cross-section:
Wof, _ 153,010 420

= = 64,3 kNm
Ymo 1,0

Mpl.Rd =

Comparison S420 vs S355:

In case the design calculations would be performed according to grade S355, the bending
resistance would be 54,3 kNm. In both cases the cross-section classification for bending is
Class 2, telling the bending resistance can be determined according to plastic bending
resistance M, p;. Consequently the increase of the yield strength S355 — §420 can be fully
utilised for thp bending resistance (= + 18 %).

Example 2.8
Class 3.

Calculate the bending resistance of a hollow section 160x 160x 5.

The steel grade is SSAB Domex Tube Double Grade, which fulfills the EN 10219 require-
ments for both steel grades S420MH and S355J2H. Thereby the design calculations may be
performed at designer’s own choice either according to grade S420 or grade S355. Grade
S§420 is chosen in this Example as design basis.

W, = 150,3 103mm (Annex 11.1)
e =420 N/mm’

Yoo = 1,0

Check the cross-section classification (Table 2.9):

Flange:

b/t = 160/5 = 32,0< 34,4 (compressed) = Class 3
Web:

h/t = 160/5 = 32,0< 56, 9 (bended) = Class 1

The whole cross-section shall be classified into Class 3 according to its most critical plane
element. Thereby the bending resistance shall be determined using the elastic section modu-
lus of the cross-section.

The bending resistance of the cross-section:
Wer f, _ 150,3- 10" 420
Yo 1,0

Comparison S420 vs $355:

In case the design calculations would be performed according to grade S355, the cross-sec-
tion would turn out to satisfy the conditions for cross-section Class 2. This means that the
cross-section’s deformation capability (as S355) would be good enough to enable calcula-
tions for bending resistance according to plastic bending resistance My, g, resulting in the
value 62,2 kNm. Hence we can notice, that in such cases where a change in yield strength
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causes a Class2/Class3-change in cross-section classification, the difference of bending re-
sistance between grades S420 and S355 is quite small. However, in certain applications the
structural member may need to satisfy cross-section classification for Class 1 or Class 2 (e.g.
welded joints of hollow section trusses, see Chapter 3). In such cases, if a hollow section
with desired cross-section dimensions does not meet the needed cross-section classification
when treated as S420, it still may be possible (when having SSAB Domex Tube Double Gra-
de) to satisfy the requirements by designing the member according to grade S355.

Example 2.9
Class 4 square hollow section.

Calculate the bending resistance of a hollow section 200x200x 5.

The steel grade is SSAB Domex Tube Double Grade, which fulfills the EN 10219 require-
ments for both steel grades S420MH and S355J2H. Thereby the design calculations may be
performed at designer’s own choice either according to grade S420 or grade S355. Grade
8420 is chosen in this Example as design basis.

A = 3836 mm’ (Annex 11.1)
I =2410-10* mm* (Annex 11.1)
f, = 420 N/mm’

Yoo = 1,0

Check the cross-section classification (Table 2.9):

Flange:

b/t = 200/5 = 40, 0> 34, 4 (compression) = Class 4
Web:

h/t = 200/5 = 40,0< 56, 9 (bending) = Class 1

Since the web belongs to Class 1, it is fully effective.

The whole cross-section shall be classified into Class 4 according to its most critical plane
element.

Calculate the effective width of the compressed flange:

b=h-3t=200-3-5= 185 mm

w=1, kzg=4,0

R, = bt (200-3-5)/5
28, 4¢ Jkg 28,4 4235/420 - J4,0

Ay = 0,8709> 0,5+ ,0,085—-0,055y = 0,5+ /0,085-0,055-1 = 0,6732

o= Ap=0,055(3+y) _ 0,8709-0,055 -4

I 0,8709°

boy = pb = 0,8582- 185 = 158,8 mm

= 0,8709

=0,8582<1,0
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The non-effective part and non-effective area of the flange are 1 st 0,5p,5 buon.efy 0,5bey 1,5t

hence: ) —»\ ‘<—>‘<—>‘<—>‘ ‘4—

buomey = (1= p)b = (1-0,8582) - 185 = 26,23 mm
2

Aponeg = Moot = 26,235 = 131,15 mm

e}
The neutral axis for the effective cross-section is shifted + 1
downwards. The new location of the neutral axis is calculat- t
ed with expression (2.50):

5 _ AZO - Z[Anon.ejfi ’ Znoneff.i]
0. -
< A- zAnon.eff.i

_ 3836-100-131,15-(200-5/2) _ 95 55 pm

3836-131,15

The second moment of area for the effective cross-section is calculated with expression
(2.51):

2 2
]e = I+ A(ZO - 204eff) - Z[non.eﬂ.'i - Z[Anon.ej)fi(znon.eﬂfi - 204ejj") 1

26,235

= 2410-10" +3836 - (100 - 96, 55)° 131,15 -[(200-5/2) - 96,551

= 2281-10" mm’
The maximum edge distance is greater on the compressed side of the cross-section. The sec-
tion modulus for the effective cross-section is therefore:
wo o gy 2281107

The bending resistance of the effective cross-section.

WSy _ 220,510 420
MO

= 92,6 kNm
1,0

Meff.Rd =

Comparison S420 vs $355:

In case the design calculations would be performed according to grade S355, the bending
resistance would be 80,7 kNm (Class 4, Woyp= 227,31 0 mm? ). In both cases the cross-sec-
tion belongs to Class 4, telling the cross-section is not fully effective. Increase of the material
strength S355 — §420 further decreases the cross-section’s effectiveness. Nevertheless, in-
crease of the yield strength by 18 % improves the bending resistance in this Example by 15
%.

Example 2.10
Class 4 circular hollow section.

Calculate the bending resistance of the circular hollow section 323,9x 5 from Example 2.2.
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The steel grade is SSAB Domex Tube Double Grade, which fulfills the EN 10219 require-
ments for both steel grades S420MH and S355J2H. Thereby the design calculations may be
performed at designer’s own choice either according to grade S420 or grade S355. Grade
S§420 is chosen in this Example as design basis.

W, = 393,3-10° mm® (Annex 11.1)

f, =420 N/mm®
Y = 1.1 (Class 4 circular hollow section, EN 1993-1-6)

The procedure to check the cross-section classification has been presented in Example 2.2.

The buckling strength for hollow section 323,9x 5 has been calculated in Example 2.2:
XSy = 0,8578 - 420 = 360, 3 N/mm’

The bending resistance of the cross-section:
APerfy _ 0,8578-393,3-10° - 420
Ymi 1,1

M, gy =

c

= 128, 8 kNm

Comparison S420 vs $355:

In case the design calculations would be performed according to grade S355, the bending
resistance would be 111,7 kNm. In both cases we have Class 4 circular cross-section, and
increase of the material strength S355 — S420 further increases the cross-section’s non-di-
mensional slenderness. Nevertheless, increase of the yield strength by 18 % improves the
bending resistance in this Example by 15 %.

2.6.5 Lateral-torsional buckling resistance

When a member is subject to bending about the stronger axis, the compressed flange may
loose its stability by buckling into the lateral direction. At the same time the member rotates
about its longitudinal axis. The phenomenon is called lateral-torsional buckling.

Lateral-torsional buckling is influenced by the length of the member, loading, cross-sectional
properties, support conditions of the member and the material properties. The higher the cross-
section is compared to its width, the more sensitive the beam is to lateral-torsional buckling. A
member subject to bending about the weaker axis does not experience lateral-torsional buck-
ling. Within different load types, uniform moment is the most severe.

When compared to open sections such as I- or H-sections, the structural hollow sections have
especially good lateral-torsional buckling resistance due to the high torsional stiffness of their
box-like cross-section.

In practice, circular or square hollow sections are not susceptible to lateral-torsional buckling,
hence their lateral-torsional buckling need not be taken into account [3,4,5].

On rectangular hollow sections however, the lateral-torsional buckling resistance can become
governing in design, if long structural hollow sections are used and if their ratio b/% is low. The
calculation of lateral-torsional buckling resistance presented here, can be alternatively substi-
tuted by checking the distance between the lateral restraints of the compressed flange of the
member. The method is presented in clause 2.6.6.
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The design condition for lateral-torsional buckling of a member subject to bending is [3,4,5]:

Mgy <My pq (2.63)

where My, is the design value of the bending moment at ultimate limit state
My, gy is the design lateral-torsional buckling resistance

Part EN 1993-1-1 of Eurocode gives two different methods to calculate the lateral-torsional
buckling resistance. Here the more favourable one is presented (see EN 1993-1-1: 6.3.2.3):

The lateral-torsional buckling resistance need not to be determined (i.e. lateral-torsional buck-
ling does not reduce the bending resistance), if the non-dimensional slenderness of the mem-
ber in lateral-torsional buckling is Ar7< Ay 7 orif Mg, /M, < A7 7o [3.4,5]. Calculation of the
non-dimensional slenderness A;7 and the elastic critical lateral-torsional buckling moment
M, is presented later on. The value for the parameter A; 7, can be presented in the National
Annex. The recommended value given in Eurocode is A; 7= 0,4 [3,4,5].

Finnish National Annex to standard EN 1993-1-1 [6]._
For cold-formed structural hollow sections the value A; o= 0,4 is used.

The design value of lateral-torsional buckling resistance M), p; is calculated for a laterally un-
restrained member subject to bending about stronger axis as follows [3,4,5]:

My gy = WVX”f’ (2.64)
Ymr
where W,= Wy, forClass 1and 2 (Annex 11.1)
Wy,= W, forClass 3 (Annex 11.1)
W), = Wep,, for Class 4
XLT is the reduction factor for lateral-torsional buckling resistance
fy is the nominal yield strength of the material
Y is the partial safety factor for resistance (Table 2.5)

When calculating the section modulus the fastener holes at the ends of the member need not
be taken into account [3,4,5].

The reduction factor y;  for lateral-torsional buckling resistance is calculated as follows [3,4,5]:

Xpr< 1,0
1
Xir = but <10 (2.65)
O+ |0 BXZ Xirs——
LT LT~ PMLT ALT
- = =2
D, =0,5-[1+0,7(Ar—Arr0) + PALT] (2.66)
where oy 7 is the imperfection factor of the related lateral-torsional buckling curve
A7 is the non-dimensional slenderness of the member in lateral-torsional
buckling
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The values for parameters A; 7, and 3 needed in expressions (2.65) and (2.66), as well as
the lateral-torsional buckling curve and the corresponding imperfection factor ¢; r to be ap-
plied, can be determined in the National Annex. Eurocode does not present any recommended
values specifically for structural hollow sections.

Finnish National Annex to the standard EN 1993-1-1 [6]:
For cold-formed structural hollow sections the following values are used.:

Airo =04
B =0,7

Lateral-torsional buckling curve and the imperfection factor oy are
chosen according to Tables 2.13 and 2.14.

The steel grade (S235-S460) has thus no influence to the determination of the lateral-torsional
buckling curve.

Table 2.13 Imperfection factor for lateral-torsional buckling curves [3,4,5]
Lateral-torsional buckling curve a b c d
Imperfection factor o 7 0,21 0,34 0,49 0,76

Table 2.14 Determination of lateral-torsional buckling curve according to
Finnish National Annex [6]

Cross-section Limits Lateral-torsional buckling curve
Cold-formed structural hollow sections h/b< 2 c
2<h/b<31 d

The reduction factor ;  for lateral-torsional buckling resistance can be improved by taking into
account the form of the moment diagram between the lateral restraints as follows [3,4,5]:

Xt

XLT.mod . ]’ 0
XLT.mod = 7 but 1,0

(2.67)
XLT.mod S =5—
ALt

where the value for factor f can be presented in the National Annex. Eurocode recommends
the following maximum value [3,4,5]:

f=1-0,51-k)[1-2hr-0,8)°1<1,0 (2.68)

where k

. is the correction factor according to Table 2.15.

Finnish National Annex to standard EN 1993-1-1 [6]:
The value = 1,0 is used.
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Table 2.15 Correction factor k. [3,4,5]

Form of the moment plane k..
| 1,0
y=1
'TI-I-I'ITl'l'l'l'rl'ﬁ-v-----.-.\| ]
1,33-0,33y
-1<y<1
0,94
0,90
A 0,91
T .
0,86
0,77
0,82

The non-dimensional slenderness XLT of the member needed in expressions (2.65) - (2.66) is
calculated as follows [3,4,5]:

_ W f

A= |22 2.69,
LT . (2.69)

where Wy is the section modulus according to the cross-section Class

(see expression 2.64)
jg, is the nominal yield strength of the material

M., is the elastic critical lateral-torsional buckling moment

The elastic critical lateral-torsional buckling moment M., is calculated for the rectangular hol-
low section subject to bending about the stronger axis as follows. The properties of the cross-
section are determined in all cross-section Classes according to gross cross-section [3,4,5,30]:
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m’EL[ (kL)' GI,
2

M., =C +(C22g)2—CZZg

(2.70)

where

"Ly

T EI

z

C; and C, are coefficients that depend on the loading (Table 2.17)

~ Q quNNN

bl

is the second moment of area about the weaker axis (Annex 11.1)
is the St. Venant torsional constant (Annex 11.1)

is the Young’s modulus of elasticity

is the shear modulus

is the length of the member between the laterally supported points
(distance between the lateral restraints)

is the effective length factor depending on the support conditions
at the ends of the member (Table 2.16)

when the load acts downwards at the top flange of the hollow section
(i.e. towards the torsional center, destabilizing effect)

when the member is subject to only a bending moment, which is
uniform or linearly varying between the ends of the member

when the load acts downwards at the bottom flange of the

hollow section (i.e. away from the torsional center, stabilizing effect

In the formula (2.70) it is assumed that both ends of the member are supported so that the lat-
eral displacement and the rotation about the longitudinal axis are prevented (so-called fork
bearing). Other support conditions and the type of loading (i.e. form of the moment diagram)
are taken into account in expression (2.70) by the various parameters appearing in it (see Ta-
bles 2.16 and 2.17). The effect of warping has not been taken into account, because its effect
on hollow sections is small.

Table 2.16 Lateral-torsional buckling of a rectangular hollow section.
Effective length factors for different support conditions [30,31]

Support conditions at the ends of the member against the rotation about the v ertical axis

Rotation prevented at both ends of the member k =0,5
Rotation free at both ends of the member k =10
Rotation prevented at one end of the member, the other end is free to rotate k =0,7
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Table 2.17 Values of the factors C; and C, corresponding to the effective length factor &

[30]
Loading and support conditions Bending moment diagram k Values of factors
Cy C,
1,0 1,132 0,459
iiirrral S fos 0972|0304
T 777%7
1,0 1,285 1,562
TTITTIT] N A los  |orz  |ogss
l 1,0 1,365 0,553
W 05 1,070 0,432
/L///// 7777A77
l 1,0 1,565 1,267
7' V 0,5 0,938 0,715
i i 1,0 1,046 0,430
A W 0,5 1,010 0,410
7777 Yoviiza
va | ua | ua | La
\ \
L
2.6.6 Prevention of lateral-torsional buckling by using
lateral bracing of the member
2.6.6.1 Bracing distance (non-braced maximum length of the member)

As stated before, circular or square hollow sections are in practice not susceptible to lateral-
torsional buckling, hence their lateral-torsional buckling need not be taken into account [3,4,5].

On rectangular hollow sections however, the lateral-torsional buckling resistance can become
governing in design. Calculation of the lateral-torsional buckling resistance can be alternatively
substituted by checking the distance between the lateral restraints of the compressed flange of

the member as follows:

According to Eurocode, lateral-torsional buckling does not reduce the bending resistance of the
member, if its non-dimensional slenderness in lateral-torsional buckling is Ar7<0,4.Basedon
that condition, a conservative value can be derived from expressions (2.69) and (2.70) for the
maximum distance L. between the lateral restraints for a rectangular hollow section:
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L,<2% T [EL)GI) 2.71)
A
where k is the effective length factor depending on the support conditions

at the ends of the member (Table 2.16)
E is the Young’s modulus of elasticity
G is the shear modulus
I is the second moment of area about the weaker axis (Annex 11.1)
1, is the St. Venant torsional constant (Annex 11.1)
fy is the nominal yield strength of the material
W, is the section modulus according to cross-section Class
(see expression 2.64)

In expression (2.71) it is assumed that there is fork bearing at the ends of the member and the
member is subject to uniform moment, which is within the different loadings the most critical
one when considering lateral-torsional buckling.

From expression (2.71), the following approximation can be derived for Class 3 hollow sections:

L. 2
< <042 T B3EG. YT Py (2.72)
h—t k I1+3y NI+y
b—
=2 2.73
V== (2.73)
where k is the effective length factor depending on the support conditions

at the ends of the member (Table 2.16)

is the Young’s modulus of elasticity

is the shear modulus

is the width of the rectangular hollow section
is the depth of the rectangular hollow section
is the wall thickness

- QI

The limit values for the distance between the bracing of the compressed flange according to
expression (2.72) are presented in Table 2.18 and in Figure 2.6 for Class 3 rectangular hollow
sections, wherein the effective length factor k has conservatively been taken as k= 1,0.

In Classes 1 and 2, an approximation corresponding to expression (2.72) and Table 2.18 is ob-
tained by reducing the limit value obtained from them by the ratio of the elastic and plastic sec-
tion moduli W,/ Wy,

If the above presented condition for the bracing distance L, according to the related cross-sec-

tion Class is not satisfied, the lateral-torsional buckling resistance of rectangular hollow sec-
tions need to be checked more accurately according to clause 2.6.5.
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Table 2.18 Limit values for distance L. between lateral restraints of compressed flange of
Class 3 rectangular hollow sections, below which lateral-torsional buckling need

not be taken account

b—t L,
h—t h—t

5235 5275 $355 $420 S460
0,25 27,8 23,8 18,4 15,6 14,2
0,33 41,8 35,8 27,7 23,4 21,4
0,40 54,8 46,8 36,3 30,6 28,0
0,50 738 63,1 48,9 43 37,7
0,60 93,2 79,6 61,7 52,1 476
0,70 12,7 96,3 74,6 63,0 57,6
0,80 132,2 112,9 87,5 73,9 67,5
0,90 151,5 129,5 100,3 84,8 77,4
1009 | 1708 146,0 113,1 95,6 87,3

a) According to EN 1993-1-1, square hollow sections are not susceptible to lateral-torsional buckling.

conservative value k = 1,0 for the effective length factor.

The values in the table have been determined for a fork-bearing-supported member, and by using a

Additionally it has been assumed that the member is subject to uniform moment which is within the different
loadings the most critical one when considering lateral-torsional buckling.
For Classes 1 and 2 the limit values are obtained by multiplying the values in the table by the ratio W, / W y .
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Depth (h-t) [mm]

f, = 355 N/mm? b-t

45 h-t
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35 0,80
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Figure 2.6a Limit value curves for lateral-torsional buckling corresponding to Table 2.18

(f, = 355 N/mm?)

98




SSAB DOMEX TUBE STRUCTURAL HOLLOW SECTIONS Chapter 2

f, = 420 N/mm? b-t
h-t
45 T
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Figure 2.6b Limit value curves for lateral-torsional buckling corresponding to Table 2.18
(f, = 420 N/mm?)

2.6.6.2 Lateral bracing when the structure contains plastic hinges

The global analysis of the structure may be performed on the basis of the plastic theory provid-
ed that lateral-torsional buckling of the different parts of the frame is prevented in the following
ways [3,4,5]:

* lateral restraints are placed at ‘rotated’ plastic hinges, and

« it shall be verified that the distance between the aforementioned
lateral restraints and other lateral restraints does not exceed the
stable length L,,. Because there are no instructions given in Eurocode
to calculate the stable length Lm for structural hollow sections,
it is recommended to use the limit value of the lateral bracing distance
according to expression (2.71) (as a section modulus the plastic section
modulus of Class 1 is now applied).

In case that it can be verified, that at every ultimate limit state load combination the plastic hinge
does not ‘rotate’, the lateral restraints are not needed in that particular hinge [3,4,5].
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If it is not practical to place the lateral restraint directly at the plastic hinge, it may be placed at
a distance of not more than /2 from the plastic hinge in the direction of the member axis
[3,4,5].

The design of lateral bracing is presented more thoroughly in EN 1993-1-1.

Example 2.11

Check the lateral-torsional buckling of a hollow section 300x 100x 5. The length of the
beam is 7 m and it has a rigid connection to a hollow section column at both ends in such a
way, that the displacements and rotations are fully restrained about all axes. The beam is
subjected to uniform load on the top flange about the major axis of the section.

The steel grade is SSAB Domex Tube Double Grade, which fulfills the EN 10219 require-
ments for both steel grades S420MH and S355J2H. Thereby the design calculations may be
performed at designer’s own choice either according to grade S420 or grade S355. Grade
8420 is chosen in this Example as design basis.

I, =2044 -10% mm? (Annex 11.1)

Lo =7228-10%mm’ (dnnex11.1) 7z i i
Wy =271,0-10° mm (Annex 11.1) g v vvvy Y \
Wyiy = 3482 107 mm® (Annex 11.1) /!

I =420 N/mm’

Yo =10

Y =10

Check the cross-section classification (Table 2.9):

Flange:
b/t = 100/5 = 20,0< 27,7 (compression) = Class 1

Web:
h/t = 300/5 = 60,0<65, 1 (bending) = Class 2

The whole cross-section shall be classified into Class 2.

The bending resistance of the cross-section:
Wty _ 348,2-10° - 420

= 146,2 kNm
Ymo 1,0

MpLRd =

Calculate the elastic critical moment for lateral-torsional buckling:
k=05 (Table 2.16)

C;=0,712 (Table 2.17)

C,=0,652 (Table 2.17)

Zg = h/2=300/2 =150 mm (expression 2.70)
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2 2

’EL[ |(kL)’GI

M, =C { 4 (G2 - Gz,
(kL) n’ElL

' 210000- 722, 8 -10"
(0,5 - 7000

0,712-

+0,652-150)°=(0,652-150)

U(O,& 7000)°- 81000 - 2044 - 10°
7’ 210000 722, 8 - 10"

931, 7 kNm

Non-dimensional slenderness of the member for lateral-torsional buckling:

_ [w / 10>

ALr = ]éfy = 348,2-10 4620 =0,3962< 0,4 = lateral-torsional buckling doesn’t
er 931,7-10 reduce the bending resistance

Corresponding result can be obtained also by using the maximum bracing distance L.

A conservative approximation for maximum bracing distance L, is obtained from Table 2.18
by applying it for cross-section Class 2 as follows:

y=220 2 20070 2 320,33

X w 10’
¢ _ 23’4 ely — 23,4271,0 ]03
Wity 348,210
L,=182 -(h—t) =182-(300-5) = 5,4m<L =7m

= 18,2

= since the actual length exceeds the approximated value of the maximum bracing distan-
ce, a more accurate value for the maximum bracing distance needs to be calculated from ex-
pression (2.71). This way also the restraints at beam ends (factor k) can be taken into
account according to actual situation:

L. fW k/\/(E[)(G])

=016 ™ 210000722, 8- 10%) - (81000 - 2044 - 107

420-348.2-10° 0,5

10,9m=L = 7m = lateral torsional-buckling doesn’t
reduce the bending resistance

Comparison S420 vs $355:

According to grade S420 the hollow section shall be classified into cross-section Class 2,
and according to grade S355 into cross-section Class 1 respectively. In both cases the ben-
ding resistance of the cross-section can be determined according to plastic bending resistan-
ce. Consequently the increase of the yield strength S355 — S420 can be fully utilised for the
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cross-section’s bending resistance (= + 18 %). Regarding lateral-torsional buckling, ex-
pression (2.71) shows that when designing according to grade S420, the distance between
lateral restraints needs to be shortened in same respect with the yield strengths, in order to
avoid the lateral-torsional buckling to reduce the cross-section’s increased bending resis-
tance obtained by the higher yield strength.

2.7 Resistance of a structural hollow section subject to
shear force

The provisions presented herein are assigned for determining the shear resistance of beam el-
ements. The shear resistance in respect to beam-to-column joints or lattice joints; see EN
1993-1-8 and Chapter 3 of this handbook.

The design condition for shear resistance can be presented in the form:
Via<Via (2.74)

where Vg s the design value of the shear force at ultimate limit state,
on circular hollow sections subject to shear forces V), gy and V, g4
the total shear force is
2 2
VEd = I/y4Ed + VZ.Ed
Vgra s the smaller of the following values:
plastic shear resistance V), p; or shear buckling resistance V7, g4

271 Shear resistance of square and rectangular hollow sections

The procedure to determine the shear resistance depends on the slenderness of those webs
in the cross-section, which are parallel to the applied load. The web’s slenderness limit given
in Parts EN 1993-1-1 and EN 1993-1-5 of Eurocode, is presented therein using the cross-sec-
tional measures applied for welded sections. The corresponding web’s slenderness limit is ap-
plied for structural hollow sections as follows:

% < 72¢ +3 = calculate plastic shear resistance (clause 2.7.1.1) (2.75a)
n
- calculate shear buckling resistance (clause 2.7.1.2)
ke 7—512 +3 =1 - the web shall be provided with transverse stiffeners (2.75b)
at the supports
where h is the depth of the hollow section in the direction of the shear force

t is the wall thickness

e = [235/f, If] =N/mm’
fy is the nominal yield strength of the material
n is the factor taking the strain hardening into account
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Strain hardening is not utilised when calculating shear resistance for structural hollow sections.
Therefore, when determining the web’s slenderness limit using expression (2.75), the slender-
ness of the web will not be reduced with the factor 7, i.e. the value 11 = 1,0 can be applied
[3,4,5].

The web’s slenderness limit according to expression (2.75) is presented in Table 2.19 based on
the above presented value 711 = 1,0. In practice only on a few structural hollow sections shear
buckling turns out to be governing in design.

If the slenderness limit of the web does not require the section to be equipped with transverse

stiffeners at supports, the resistance of the unstiffened web to the support reaction force shall
be checked at end support according to clause 2.11.

Table 2.19 Limit values for web’s slenderness. If exceeded, the shear buckling resistance
will become governing

l Veg
E E S235 S275 §355 S420 S460
e

b ‘ 75,0 69,6 61,6 56,9 54,5

~ I

The values in the table have been determined by using 17 = 1,0 for structural hollow sections [3,4,5].

2711 Plastic shear resistance of square and rectangular hollow sections

When there is no torsion present, the shear resistance according to the theory of plasticity
V1 ra is calculated from the formula [3,4,5]:

p
1,73
Virra = Ay - = (2.76)
Ymo
where Ay is the shear area
]3, is the nominal yield strength of the material
Ymo s the partial safety factor for resistance (Table 2.5)
The shear area is [3,4,5]:
Ay =4 I 2.77)
b+h
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where A is the cross-section area (Annex 11.1)
h is the depth of the hollow section in the
direction of the shear force
b is the width of the hollow section

According to EN 1993-1-1 the fastener holes need not be taken into account when calculating
the shear resistance, except when calculating the shear resistance at connection zones ac-
cording to EN 1993-1-8 [3,4,5]. In EN 1993-1-8 there are, however, no general instructions how
to take the hole deduction into account when calculating the shear resistance. In this handbook
it is recommended, that regarding the hole deduction, the following method can be used:

At the fastener holes expression (2.77) is substituted by the following expression when the fas-
tener hole is in the plane element carrying the shear load (i.e. in the plane element parallel to
the shear load):

e . h —
Ay =4 =3 (dy1) (2.78)

where A is the cross-section area (Annex 11.1)

h is the depth of the hollow section in the direction of the shear force

b is the width of the hollow section

dy is the diameter of the hole in the plane element carrying the shear force

t is the wall thickness

2.71.2 Shear buckling resistance of square and rectangular hollow sections

The determination of shear buckling resistance is presented in Part EN 1993-1-5 of Eurocode
[13,14]. Shear buckling resistance consists of the contribution from the web and the contribu-
tion from the flanges. The contribution from the web, on its behalf, depends on the slenderness
of the web and the way of stiffening. Thereby the procedure becomes rather complex.

Because on hollow sections the shear buckling resistance becomes critical very rarely, the
presentation is limited herein to an EN 1993-1-5 based conservative and simplified method,
where the contribution from the flanges has not been taken into account, and the contribution
from the vertical stiffeners of the web has been considered according to the weakest stiffening
category.

Thereby the shear buckling resistance of unstiffened and stiffened webs ¥}, p; can be calcu-
lated from the following formula:

Xow Sy
3 Ymi

Vira = Viwra = Ay~ (2.79)

104



SSAB DOMEX TUBE STRUCTURAL HOLLOW SECTIONS Chapter 2

where Vpw.ra is the contribution from the web to shear buckling resistance
Xw is the reduction factor for the contribution from the web (Table 2.20)
Ay is the shear area according to expression (2.77)
fy is the nominal yield strength of the material

Yy is the partial safety factor for resistance (Table 2.5)

The reduction factor y,,, for the contribution from the web is determined from Table 2.20.

Table 2.20 Contribution from the web to shear buckling resistance. Reduction factor y,,

L, <0,83 1,00
0,83 <X, < 1,08 0,83/ M,
A, 1,08 0,83/ A,

The non-dimensional slenderness of the web iw needed in Table 2.20 is calculated as follows:

Lo b/t _ (h=30/t

.= - 2.80
86,4 86,4¢ (2:80)

where h is the depth of the hollow section in the direction of shear force
t is the wall thickness

e = J235/f, [f,]=N/mm’

fy is the nominal yield strength of the material

2.7.2 Shear resistance of circular hollow sections

The procedure to calculate shear resistance of circular hollow sections is determined as fol-
lows:

Class1,2and 3 = calculate plastic shear resistance (clause 2.7.2.1)
Class 4 = calculate shear buckling resistance (clause 2.7.2.2)

2.7.21 Plastic shear resistance of circular hollow sections

When there is no torsion present, the shear resistance according to the theory of plasticity
V1 ra is calculated from the formula [3,4,5]:

P
1,73
Votra = Ay "= (2.81)
Tmo
where Ay s the shear area

fy is the nominal yield strength of the material
Yuo s the partial safety factor for resistance (Table 2.5)
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The shear area is [3,4,5]:

A, =42 (2.82)
T

where A is the cross-section area (Annex 11.1)

2.7.2.2 Shear buckling resistance of circular hollow sections

The design shear buckling resistance of the cross-section V}, ; is determined on the basis of
shear buckling strength x . f; V3 as follows, when there is an end-plate or a rigid ring welded
at both ends of the hollow séction that prevent the deformation of the cross-section (or the hol-
low section is welded at its ends to the surrounding structure in the corresponding way) [16]:

Vira = Apr- M (2.83)
Yui
Ay = Tr, t (2.84)
where Apy s the calculatory area for shear buckling
r,, is the radius of the centreline of the hollow section wall thickness
t is the wall thickness

X s the reduction factor for elastic-plastic shear buckling of a shell

fy is the nominal yield strength of the material

Yar1 18 the partial safety factor for resistance according to EN 1993-1-6
(Table 2.5)

The reduction factor y, for elastic-plastic shear buckling is calculated as follows, cf. clause
2.5.2.2[16]:

Xe=1,0 for h:<0,4 (2.85a)
Yo = 1-0, 6M for 0,4< %< Apie (2.85b)
-0,4
oL - =
Xt = = for Ae2hpis (2.85¢)
At
where o s the elastic imperfection reduction factor for shear buckling (Table 2.21)

A: s the non-dimensional slenderness for shear buckling
7»],11 is the value of plastic limit non-dimensional slenderness for shear buckling

The elastic imperfection reduction factor ¢, is determined from the fabrication tolerance quality
classes A...C (A is the best) given in EN 1090-2 [29]. On circular hollow sections the most es-
sential geometrical tolerance is usually the tolerance for out-of-roundness. When the external
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diameter is d < 400 mm and d/t< 100, the SSAB hollow sections meet the out-of-roundness
quality class B (Tables 1.2 and 2.12). Thereby the elastic imperfection reduction factor o,
obtains the value o, = 0,65 (Table 2.21). With other dimensions, the applicable fabrication tol-
erance quality class shall be checked case by case.

Table 2.21 Elastic imperfection reduction factor o for shear buckling [16]

Fabrication tolerance quality class Description o
Class A Excellent 0,75
Class B High 0,65
Class C Normal 0,50

The plastic limit non-dimensional slenderness XP/I for shear buckling is [16]:

_ o
Apiz = r; (2.86)

Non-dimensional slenderness XT for shear buckling is [16]:

o[BS
TC}”

where fy is the nominal yield strength of the material
7., is the elastic critical shear buckling stress

(2.87)

The elastic critical shear buckling stress of circular hollow section 7,,. is calculated as follows
[16]:

t t 3/4

T, = 0,75EC,- |L. [_] (2.88)
L Lr,

where is the Young’s modulus of elasticity

E
L is the length of the hollow section
t is the wall thickness

,,

is the radius of the centreline of the hollow section wall thickness

EN 1993-1-6 defines the factor C; as a function of the length of the cylinder-like structure con-
sidered. As a conservative simplification the value CT =1,0 can be used.
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Example 2.12

Calculate the shear resistance of a hollow section 400 x 200 x 6. 200

The steel grade is SSAB Domex Tube Double Grade, which ful- ‘
fills the EN 10219 requirements for both steel grades S420MH \
and S355J2H. Thereby the design calculations may be perfor- | 6
med at designer’s own choice either according to grade S420
or grade S355. Grade S420 is chosen in this Example as design

400
|

basis. \

A =6963 mm’ (Annex 11.1) t

f, =420 N/mm? IVE y
Y =10

First, check whether the shear buckling of the web needs to be
considered. For the hollow section chosen in this Example we get:

h _ 400 _ 66,67>z8+3 = W+3 = 56,86

t 6 n 1,0

= shear buckling of the web needs to be considered and the web has to be provided with
transverse stiffeners at the supports.

Non-dimensional slenderness of the web.

fo = DL (h=30/t (400-3:-6)/6 _ ) gg5;

86,48 86,4 $6,4../235/420
0,83<A\,<1,08

The reduction factor of the web to buckling is obtained from Table 2.20:
Xw = 0, 83/hy = 0,83/0,9851 = 0, 8426

The shear area of the hollow section:
Ay =4 b_h_ = 6963 . 290

20— 4642 mm®
+h 200 + 400

The shear buckling resistance of the hollow section:

Vona = Vowna = Ay Sl = ggq2 08926920 _ o405 4y
NERTY J3-1,0
Comparison S420 vs $355:

In case the design calculations would be performed according to grade S355, the shear
buckling resistance of the hollow section would be 871,9 kN. In both cases shear buckling is
the critical failure mode, and increase of the material strength S355 — S420 further increa-
ses the web’s non-dimensional slenderness. Nevertheless, increase of the yield strength by
18 % improves the shear buckling resistance in this Example by 9 %.
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Example 2.13

Calculate the shear resistance of a hollow section 400x 200 x 8 when subjected to a shear
load in stronger direction.

The steel grade is SSAB Domex Tube Double Grade, which fulfills the EN 10219 require-
ments for both steel grades S420MH and S355J2H. Thereby the design calculations may be

performed at designer’s own choice either according to grade S420 or grade S355. Grade
S420 is chosen in this Example as design basis.

A =9124mm’ (Annex 11.1)
]S, =420 N/mm?

b0 g5 DI s

= the shear buckling of the web does not need to be considered
Calculate the plastic shear resistance of the hollow section:

The shear area of the hollow section:

Ay =A- I = 0124 390 _ 45083 mm?
b+h 200 + 400
The plastic shear resistance:
/03
Vorra = Ay LB o3 420/ _ sy
: 0
YM() )

Comparison S420 vs $355:

In case the design calculations would be performed according to grade S355, the shear re-
sistance would be 1247 kN. In both cases the shear resistance can be determined according
to plastic shear resistance V), p; . Consequently the increase of the yield strength S355 —
8420 can be fully utilised for the shear resistance (= + 18 %).

Example 2.14

Calculate the shear resistance of the Class 4 circular hollow sec-
tion 323,95 from Example 2.2, when its length is 6 m. Shear for-
ce is assumed to be constant within the whole length.

The steel grade is SSAB Domex Tube Double Grade, which fulfills
the EN 10219 requirements for both steel grades S420MH and
S355J2H. Thereby the design calculations may be performed at
designer’s own choice either according to grade S420 or grade
S355. Grade §420 is chosen in this Example as design basis.
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£, =420 N/mm?
Y1 = 1.1 (Class 4 circular hollow section, EN 1993-1-6)

On circular hollow section, the shear resistance shall be determined according to shear
buckling resistance if the cross-section is classified into Class 4.

The critical shear buckling stress and non-dimensional slenderness:

t 13 5 5 73 2
0, 75EC,- [_J = 0,75-210000-1,0- [ J = 338, 7N/mm
er 6000 | 7593

- /fv/f3 1420/ 3
A = 3357 = 0, 8461

The hollow section has d < 400 mm and d/t< 100 whereby it satisfies the requirements spe-
ciﬁed for the fabrication tolerance quality class B (Tables 1.2 and 2.11)

= 0,65 (Table2.21)

plr— ’ [0 0 1 275

0,4< l-c < 7\1)1‘1

T

=
X = 1- 05M=1_(),5.M=0,6Q41
Moo 0,4 1,275-0,4

The calculatory area for shear buckling:
Ayy = Tr,t = - 159,55 = 2505 mm’

The shear buckling resistance is finally:

/A3
Vo= Ay BB s QO AR g
MI s

Comparison S420 vs $355:

In case the design calculations would be performed according to grade S355, the shear
buckling resistance of the hollow section would be 345,8 kN. In both cases shear buckling is
the critical failure mode, and increase of the material strength S355 — S420 further increa-
ses the cross-section’s non-dimensional slenderness. Nevertheless, increase of the yield st-
rength by 18 % improves the shear buckling resistance in this Example by 11 %.
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Example 2.15
Calculate the shear resistance of a circular hollow section 323,9 % 8.

The steel grade is SSAB Domex Tube Double Grade, which fulfills the EN 10219 require-
ments for both steel grades S420MH and S355J2H. Thereby the design calculations may be
performed at designer’s own choice either according to grade S420 or grade S355. Grade
S420 is chosen in this Example as design basis.

On circular hollow section, the shear resistance shall be determined according to plastic
shear resistance if the cross-section is classified into Class 3 (d/t = 40,5 < 50,4):

A =7939mm® (Annex 11.1)
f, =420 N/mm?

Yo =10

The calculatory shear area:

A, = Ai - 7939-13t = 5054 mm’
The plastic shear resistance:

Ak
LB spsg 420403

Ymo 1,

= 1226 kN

VpLRd =4y

Comparison S420 vs $355:

In case the design calculations would be performed according to grade S355, the shear re-
sistance would be 1036 kN. In both cases the shear resistance can be determined according
to plastic shear resistance V), p; . Consequently the increase of the yield strength S355 —
8420 can be fully utilised for the shear resistance (= + 18 %).

2.8 Resistance of a structural hollow section subject to
torsional moment

The structural hollow sections apply excellently to structures that are subject to torsion. Their
torsional stiffness is superior when compared to open sections. Moreover, calculation of the tor-
sional resistance is considerably simpler on structural hollow sections than on open sections.

The design condition for torsional resistance can be presented in the form:
MmEd < MxARd (289)

where M.

X

M

X

Eq is the design value of the torsional moment at ultimate limit state
R4 is the smaller of the following values:

plastic torsional resistance M, ,; gy or

torsional buckling resistance M, ;, rs

According to EN 1993-1-1, on structural hollow sections subject to torsional moment, the cal-
culation is allowed to be simplified by assuming that the whole external moment is carried by
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St. Venant torsion alone (i.e. the effects of torsional warping may be neglected regarding the
total torsional moment and stresses) [3,4,5]. Thereby the design value of torsional moment can
be presented in the form:

M gs =M, gy (2.90)

where M, g, is the design value of St. Venant torsion

When calculating the torsional resistance, also the shear resistance and shear buckling resist-
ance of the single plane elements shall be taken into account. [3,4,5]. That is why calculation
of the torsional resistance is presented in the following by separating it into different procedures
in the similar way as the shear resistance in clause 2.7.

2.8.1 Resistance of square and rectangular hollow sections to
torsional moment

The procedure to calculate the resistance to torsion depends on the slenderness of the plane
elements in the cross-section correspondingly as the shear resistance in clause 2.7.1:

max(b,h) _ 72¢
— =

M > %c: + 3 = calculate torsional buckling resistance (clause 2.8.1.2) (2.91b)

+3 = calculate plastic torsional resistance (clause 2.8.1.1)  (2.91a)

where b is the width of the cross-section
h is the depth of the cross-section
t
€

is the wall thickness
2
= /235/fy [fy] = N/mm
fy is the nominal yield strength of the material
n is the factor taking the strain hardening into account

For the reduction factor 7, on structural hollow sections the value 17 = 1,0 is used (see clause
2.7.1).

The slenderness limit according to expression (2.91) is presented in Table 2.19 based on the
above presented value 11=1,0. As with regard to shear buckling, in practice only on a few struc-
tural hollow sections torsional buckling turns out to be governing in design.

2811 Plastic torsional resistance of square and rectangular hollow sections

The torsional resistance of a structural hollow section according to the theory of plasticity
Mx‘pl.Rd is [32]

/A3 /A3

M, pira = 5 [VVt ALY 24,1 (2.92)
Ymo Y mo

where W, s the torsional section modulus of the cross-section (Annex 11.1)

A; is the area limited by the centreline of the hollow section wall thickness
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t is the wall thickness
fy is the nominal yield strength of the material
Yuo s the partial safety factor for resistance (Table 2.5)

2.81.2 Torsional buckling resistance of square and rectangular hollow sections

The torsional buckling resistance of a structural hollow section M, ; p; can be calculated on
the basis of torsional buckling strength xtjfv/ﬁ from the expression:

/A3 /A3

M, = bl thzx,fy [-2/1[; (2.93)
Ymr Yumr

where X: s the reduction factor for torsional buckling

W, s the torsional section modulus of the cross-section (Annex 11.1)

A, s the area limited by the centreline of the hollow section wall thickness
t is the wall thickness

fy is the nominal yield strength of the material

Y is the partial safety factor for resistance (Table 2.5)

The reduction factor y, for torsional buckling is calculated according to clause 2.7.1.2 like %;,,,,
but in the expression for slenderness (2.80) now the bigger (i.e. the governing) of the cross-
sectional dimensions b or & will be applied.

2.8.2 Resistance of circular hollow sections to torsional moment

The procedure to calculate torsional resistance of circular hollow sections is determined as fol-
lows:

Class1,2and 3 = calculate plastic torsional resistance (clause 2.8.2.1)
Class 4 = calculate torsional buckling resistance (clause 2.8.2.2)

2.8.21 Plastic torsional resistance of circular hollow sections
The torsional resistance of circular hollow sections according to theory of plasticity Mx.pl.Rd is

[32]:

/A3 /A3
M .plL.Rd = f;) [ w, z.f;) [ : 2Att (294)

X t
Tmo Tmo

where W, s the torsional section modulus of the cross-section (Annex 11.1)
A, isthe area limited by the centreline of the hollow section wall thickness
t is the wall thickness

fy is the nominal yield strength of the material
Yo s the partial safety factor for resistance (Table 2.5)
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2.8.2.2 Torsional buckling resistance of circular hollow sections

The torsional buckling resistance of circular hollow sections M, ; r; is calculated on the basis
of torsional buckling strength thv/ﬁ from the expression:

M,y = L L X’fy/ﬁ-ZA,t (2.95)

Ymi Ymi

where X: s the reduction factor for torsional buckling
W, s the torsional section modulus of the cross-section (Annex 11.1)
A, is the area limited by the centreline of the hollow section wall thickness
t is the wall thickness
]; is the nominal yield strength of the material
Y is the partial safety factor for resistance according to EN 1993-1-6
(Table 2.5)

The reduction factor y, for torsional buckling is calculated for circular hollow sections according
to clause 2.7.2.2 like ;.

Example 2.16

Study the hollow section 400x 200 x 6 from Example 2.12, when 200
subjected to torsional moment M, g; = 170 kNm.

The steel grade is SSAB Domex Tube Double Grade, which ful-

fills the EN 10219 requirements for both steel grades S420MH
and S355J2H. Thereby the design calculations may be perfor-
med at designer’s own choice either according to grade S420
or grade S355. Grade S420 is chosen in this Example as design
basis.

. =877,1 - 103mm3 (Annex 11.1)
]3, =420 N/mm?

Yur = 1,0

First, check whether the torsional buckling needs to be considered. For the hollow section
chosen in this Example we get:

max(tb h) _ 6 = 66,67 > 712]8 +3 = 72A/2]350/420+3 = 56,86

= the torsional resistance shall be determined according to the torsional buckling resis-
tance.

The cross-section’s most slender plane element is the web, for which the non-dimensional
slenderness can be obtained by applying expression (2.80) for torsional buckling:

%, = b/t _ (h=30/t _ (400-3-6)/6
86,4e  86,4e 86,4 ,/235/420
0,83<\:< 1,08

= 0,9851
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The reduction factor for torsional buckling is obtained from Table 2.20 (%, = X,):
X =0, 83/\ = 0,83/0,9851 = 0, 8426

The torsional buckling resistance:

XS,/ A3 0, 8426 - 420/ 3
MxAb,Rd = L Wz = [

-877,1-10° = 179,2 kNm=M, ,, OK
Y 1,0 ’

Comparison S420 vs $355:

In case the design calculations would be performed according to grade S355, the torsional
buckling resistance would be 164,7 kNm, which is not sufficient. In both cases torsional re-
sistance shall be determined according to torsional buckling, and increase of the material
strength S355 — S§420 further increases the web’s non-dimensional slenderness. Neverthe-
less, increase of the yield strength by 18 % improves the torsional buckling resistance in this
Example by 9 %.

Example 2.17

Study the Class 4 circular hollow section 323,9x 5 from Example
2.14, when subjected to torsional moment M, g; = 110 kNm.

The steel grade is SSAB Domex Tube Double Grade, which ful-
fills the EN 10219 requirements for both steel grades S420MH
and S355J2H. Thereby the design calculations may be perfor-
med at designer’s own choice either according to grade S420 or
grade S355. Grade S420 is chosen in this Example as design
basis.

W, =786,6 -10° mm® (Annex 11.1)
f, =420 N/mm®
Y1 = 1,1 (Class 4 circular hollow section, EN 1993-1-6)

On circular hollow section, the torsional resistance shall be determined according to tor-
sional buckling resistance if the cross-section is classified into Class 4.

On circular hollow section, the reduction factor ), for torsional buckling is the same as the
reduction factor ), for shear buckling, which is calculated already earlier in Example 2.14:

Xie = X = 0,6941

The torsional buckling resistance:

XS,/ A3 0, 6941 - 420/ 3
Mx.b.Rd = L Wz = [

. 786,6-10° = 120,4 kNm>M, ,, OK
Ymi 1,1 B
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Comparison S420 vs $355:

In case the design calculations would be performed according to grade S355, the torsional
buckling resistance would be 108,6 kNm, which is not sufficient. In both cases torsional re-
sistance shall be determined according to torsional buckling, and increase of the material
strength §355 — S420 further increases the cross-section’s non-dimensional slenderness.
Nevertheless, increase of the yield strength by 18 % improves the torsional buckling resis-
tance in this Example by 11 %.

29 Cross-sectional resistance of a structural hollow
section subject to combined actions, when buckling
and lateral-torsional buckling are prevented

Resistance to concentrated load and its interaction with other forces and moments is presented
in clause 2.11.

291 Square and rectangular and
Class 1, 2 and 3 circular hollow sections

29141 Limitation of stresses (von Mises yield criterion)

Verification of resistance according to theory of elasticity is always allowed in all cross-section
Classes, provided that in case of Class 4, the effective cross-section properties are used
[3,4,5].

If there is no other applicable formula given to verify the combined effects, the elastic verifica-
tion of the resistance can be performed at the critical point of the cross-section by using the
following yield criterion based on von Mises equivalent stress [3,4,5]:

[ Ov £ T{ O-.rd T_[ Ov £ J[ O- £a }3[ TEd TSLO (2.96)
s/ Vo S/ Yo S5/ Yo LS /Yo 5/ Ymo
where O, 4 is the design value of the longitudinal stress at the point of consideration

(compression is positive)

O, 4 is the design value of the transverse stress at the point of consideration
(compression is positive)

Tg, s the design value of the shear stress at the point of consideration

]3, is the nominal yield strength of the material

Yaro 18 the partial safety factor for resistance (Table 2.5)

Verification according to expression (2.96) can be conservative, because partial plastification
is therein not taken into account. The latter is permitted also in elastic design in certain situa-
tions. Therefore this method is recommended only when the combined effects cannot be veri-
fied by the single resistances Np;, Mp; and Vi, [3,4,5].
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2.9.1.2 Shear force and torsional moment

The interaction of torsion and shear force is taken into account in different Parts of Eurocode in
slightly different ways. The provisions of Part EN 1993-1-1 shall be applied when the shear re-
sistance of the cross-section is equal to the plastic shear resistance V),; z;, and the provisions
of Part EN 1993-1-5 shall be applied when shear buckling reduces shéar resistance, i.e. V}, py
< VplRra-

2.9.1.2.1 Shear force and torsional moment,
when shear buckling does not reduce shear resistance

According to EN 1993-1-1, when shear force and torsional moment act simultaneously, the
plastic shear resistance V), p; is reduced to the value ¥, 7 p; and the shear force shall satisfy
the following condition [3,4,5]:

Vea<Vyirra (2.97)

The plastic shear resistance V,,; 7 g reduced by the torsional moment can be calculated for
structural hollow sections from ‘fhe formula [3,4,5]:

Ui.Ed
Vorrra = |1— m' Voira (2.98)
Tpa = M’V[E" ~ fo (2.99)
M gg = M, gq (2.100)
where Vpi.ra 1s the plastic shear resistance according to clause 2.7

T, g4 18 the portion of shear stresses due to St. Venant torsion

M, g, is the design value of acting torsional moment

M, g, is the portion of St. Venant torsion from the acting torsional moment
(see clause 2.8)

W, is the torsional section modulus of the cross-section (Annex 11.1)
A, is the area limited by the centreline of the hollow section wall thickness
t is the wall thickness

fy is the nominal yield strength of the material
Yuo s the partial safety factor for resistance (Table 2.5)

2.9.1.2.2 Shear force and torsional moment,
when shear buckling reduces shear resistance

These assessments according to Part EN 1993-1-5 of Eurocode are needed only on some few
square and rectangular hollow sections, because on circular hollow sections the shear resist-
ance is always determined in cross-section Classes 1, 2 and 3 on the basis of plastic shear
resistance (see clause 2.7.2), in which case the interaction of shear force and torsional moment
is checked according to preceding clause 2.9.1.2.1.
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In EN 1993-1-5, the effects of torsion are included in shear buckling verifications so, that the
shear caused by possible torsion shall be already taken into account in determining the acting
shear force Vg, [13,14]. On square and rectangular hollow sections the effect of torsion to
shear force can be calculated as follows:

AV = 1,4, (2.101)

where T, g4 is the shear stress caused by torsion according to expression (2.99)
Ay is the shear area in the direction of the shear force V', according to
expression (2.77)

2913 Bending moment and shear force

Provisions for the interaction of simultaneous bending and shear are presented in Parts EN
1993-1-1 and EN 1993-1-5 of Eurocode. The provisions of Part EN 1993-1-1 shall be applied
when the shear resistance of the cross-section is equal to the plastic shear resistance V), ry,
and the provisions of Part EN 1993-1-5 shall be applied when shear buckling reduces shear
resistance, i.e. Vp pg < Vpipa-

2.9.1.3.1 Bending moment and shear force,
when shear buckling does not reduce shear resistance

According to Part EN 1993-1-1 of Eurocode, the effect of shear force to bending resistance
shall be taken into account if the shear force exceeds half of the plastic shear resistance, i.e.
VEa> 0,5V, ra- In this case bending resistance of the related cross-section Class is reduced
by applying a reduced yield strength (1 -p)];, for the shear area in the direction to be consid-
ered. Factor p is calculated as [3,4,5]:

2V 2
b= [ Ed_,} (2.102)
VplARd

where Vig  is the design value of the shear force in the direction to be considered

Vyira is the plastic shear resistance in the direction to be considered
according to clause 2.7.1.1 (square and rectangular hollow sections) or
according to clause 2.7.2.1 (circular hollow sections)

Instead of reducing the yield strength, it is alternatively possible to reduce the thickness of the
corresponding cross-section element by using thickness (1-p) ¢ for that element [3,4,5].

Square and rectangular hollow sections (all Classes):

The design value of bending resistance reduced due to shear force can be alternatively calcu-
lated in all cross-section Classes as a reduced value of the plastic bending resistance by ap-
plying the following formula, but after that it shall be checked that the bending resistance M. z;
of the cross-section corresponding to its real cross-section Class calculated according to
clause 2.6.1, is not exceeded [3,4,5]:
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2
pAV( f,
My, g = {Wpl.y_ =7 et but My, gg <M., pq (2.103)
L I\ Yumo
where Wpl is the plastic section modulus of the cross-section (Annex 11.1)
M_ ), pq is the bending resistance of the cross-section according to its real
cross-section Class according to clause 2.6.1
p is calculated according to expression (2.102)
Ay is the shear area corresponding to shear force V, p; in z-direction
according to expression (2.77)
t is the wall thickness
fy is the nominal yield strength of the material

Yao is the partial safety factor for resistance (Table 2.5)

By changing the applied axes in expression (2.103), the bending resistance about z-axis re-
duced by the shear force in y-direction, can be calculated respectively.

For biaxial bending with simultaneous shear forces, EN 1993-1-1 does not assign any specific
interaction formula (nor does the preceding prestandard ENV 1993-1-1), only general level in-
structions are presented. Therefore, in this respect, the Eurocode’s provisions have been inter-
preted in different sources in slightly different ways. Based on the different interpretations the
following interaction formulae can be presented [33,34]:

M, 7% [ M, b

[ v.Ed } + [ z.Ed } <1,0 Class 1 and 2 (2.104)
My, ra My . ra
M M

[ yEd } + [ =.Ed } <1,0 Class 3 and 4 (2.105)
MVy.Rd MVJARd

where the values for factors o and 3 are taken as @ = 8 = 1,66 according to clause 2.6.4.1.

All the preceding verifications for (M+V) interaction can be alternatively substituted on
Classes 3 and 4 by a stress verification basing on von Mises yield criterion according to
clause 2.9.1.1 (whereas no calculatory reductions due to shear forces shall be done to
the thicknesses or strengths, and the stresses - and in case of Class 4 one effective
cross-section - are calculated having all forces and moments acting simultaneously).

Circular hollow sections (Class 1, 2 and 3):

The design value of bending resistance reduced due to shear force can be calculated as a con-
servative simplification by using reduced yield strength (1 -p)fy for the whole cross-section:
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Mygs = (1-p)M_ gy (2.106)

where p is calculated according to expression (2.102) using for the shear force

the value Vy, = A/ Vigd + Ve
M

¢.».Ra 1 the bending resistance of the cross-section according to its real
cross-section Class according to clause 2.6.1

For biaxial bending with simultaneous shear forces, the following interaction formula is obtained
by applying expression (2.106) and clause 2.6.4:

M o M B
[ v.Ed J + [ z.Ed } <10 (2107)
MVAy.Rd V.z.Rd

where the values for factors o and [ are taken as o = f§ = 2. Because on circular hollow
sections My, pg = My . g4, the expression (2.107) simplifies to the form:

My <My g, (2.108)

[ 2 2
where Mg, = NMyEgq + M: Ea

2.9.1.3.2 Bending moment and shear force,
when shear buckling reduces shear resistance

These assessments according to Part EN 1993-1-5 of Eurocode are needed only on some few
square and rectangular hollow sections, because on circular hollow sections the shear resist-
ance is always determined in cross-section Classes 1, 2 and 3 on the basis of plastic shear
resistance (see clause 2.7.2).

If the cross-section is so designed that the flanges are alone able to carry the acting bending
moment (i.e. Mg, < MﬁRd)’ the interaction of bending and shear need not be taken into account
(calculation of bending resistance of the flanges on square and rectangular hollow sections is
presented later on).

Otherwise the interaction of bending and shear buckling shall be taken into account if the shear
force exceeds half of the contribution from the web to shear buckling resistance according to
clause 2.7.1.2,i.e.if Vg;> 0,5V}, pq [3,4,5,13,14].

In this case, on square and rectangular hollow sections, the interaction formula for bending and
shear is [13,14]:
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_ M, _ _ M
n1+[1_ﬂ}(2n3_1)2s 1,0 when i, > =L (2.109)
pl.Rd MpLRd
M
N, = —4 (2.110)
MpLRd
y
n; = —4 (2.111)
wa.Rd
where My, s the design value of the bending moment at ultimate limit state

Mf.Rd is the design plastic bending resistance of the cross-section, when
only the effective flanges are taken into account

M,,; ga is the design plastic bending resistance of the cross-section, when
the cross-section consists according to its cross-section Class of
effective flanges, and independently of its cross-section Class of
a fully effective web

VEd is the design value of the shear force at ultimate limit state,
including the shear caused by possible torsion

V. rais the contribution from the web to shear buckling resistance of the
cross-section (clause 2.7.1.2)

The interaction formula (2.109) is valid for all cross-section Classes. However, it should be not-
ed that the definition of the plastic bending resistance applied therein according to EN 1993-1-
5, differs from the definition given in EN 1993-1-1 (cf. expression (2.44)).

The interaction formula (2.109) need not be checked in a such cross-section that is at a dis-
tance of not more than £,,,/2 from a support having vertical stiffeners of web [13,14].

The bending resistance of the effective flanges Mg, alone, can be calculated for square and
rectangular hollow sections as follows [13,14,28]:

A € f
Mgy = L2 (h-1) (2.112)
Ymo

A/»= [A-2(h-30)t]/2 (2.114)
Apponey = (1=p)(b—=30)1 (2.115)
where h is the depth of the cross-section in respect to the bending axis

b is the width of the cross-section

A is the gross cross-section area (Annex 11.1)

Af is the gross area of the flange

Afeﬂc is the effective area of the compressed flange

Afpon.ef is the non-effective area of the compressed flange

P is the reduction factor for the effective width according to clause 2.4.1
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fy is the nominal yield strength of the material
Ymo is the partial safety factor for resistance (Table 2.5)

Expression (2.109) describes the fact, that shear load which is carried mainly by the web, does
not influence the capacity of the flanges to carry the bending moment. High shear load reduces
thus only the portion of the webs usable for bending resistance (the first parenthetical expres-
sion). The shear stress of the flange, caused by possible torsion or shear force parallel to the
flange, has more influence. In such case, on expression (2.111), the shear buckling resistance
of the web is substituted by the appropriate shear resistance of the flange (i.e. plastic shear
resistance or shear buckling resistance), and the shear force V', is substituted by the shear
force acting in the flange (however at least half of the shear resistance of the flange). At the
same time M,p, = 0 shall be applied in expression (2.109), and factor 1; from expression
(2.110) shall be substituted by factor 1, calculated from the expression [13,14]:

Ngq M .Ed+NEdeNy+Mz,Ed+NEdeNz<] 0

n, = 2 (2.116)
Aoty Yo Wegrn " Yuo — Wegrzdy /Yo
where Ay is the effective cross-section area when only uniform compression

is acting on the cross-section
Weff is the section modulus of the effective cross-section when
only bending moment is acting about the considered axis
ey is the shift of the neutral axis to the considered direction, when the
cross-section is subject to only uniform compression.
Thereby, due to double symmetry, on structural hollow sections

eNy= 0 and eN; = 0

From the interaction formula (2.109) it is possible to derive the following expression for the re-
duced bending resistance of the cross-section about y-axis, when the shear force acts in the z-
direction only:

My ga = Mygg+ My pg— Mg ) (1 = Ppy,) (2.117)
2V, pa 2

o [feEd 1} 2.118

pb“ [wa.Rd ( )

The expression (2.117) is valid under the same conditions as the expression (2.109).

The bending resistance of expression (2.117) consists of the sum of the bending resistance of
the flanges and the reduced portion of the web. When comparing expressions (2.117) - (2.118)
to the preceding provisions presented in clause 2.9.1.3.1, it can be seen that if the slenderness
of the web of the cross-section is small enough that V7, p; — V) pa . €xpression (2.117) re-
sembles the provisions presented in Part EN 1993-1-1 of Eurocode, in which the bending re-
sistance related to the cross-section Class is reduced by applying a reduced yield strength (1-
p)f, for the shear area. Despite of the similarity of provisions in Parts EN 1993-1-1 and EN
1993-1-5, the results differ from each other mainly because the provisions of EN 1993-1-5 is
applied for all cross-section Classes, while in EN 1993-1-1 a reduction is applied for the bend-
ing resistance according to the cross-section Class. Also the definitions of the terms used in

the formulae differ slightly from each other.
122



SSAB DOMEX TUBE STRUCTURAL HOLLOW SECTIONS Chapter 2

29.1.4 Bending moment, shear force and torsional moment

According to Part EN 1993-1-1 of Eurocode, the effect of torsion to bending resistance shall be
taken into account if the shear force exceeds half of the plastic shear resistance reduced due
to torsion, i.e. Vg;> 0,5V, 7.g4- I this case the reduced bending resistance is calculated ac-
cording to clause 2.9.1.3.1, but p is calculated from the following formula [3,4,5]:

p = [ 2Va —JT (2.119)

Vpl.T.Rd

where V), 7 g4 is calculated according to clause 2.9.1.2.1.

The provisions given in EN 1993-1-1 for interaction of torsion, are assigned according to clause
2.9.1.3.1 for a case where shear buckling does not reduce the plastic shear resistance. Other-
wise, if shear buckling does reduce shear resistance, the interaction verifications shall be car-
ried out according to clause 2.9.1.3.2. In this case the effect of possible torsion shall be taken
into account in the acting shear force V; according to clause 2.9.1.2.2 [13,14].

2915 Bending moment and normal force

Verification of combined bending moment and normal force is based on verification of the
cross-section resistance, when buckling and lateral-torsional buckling of the member are not
taken into account. Determination of the cross-section Class depends on the cross-section’s
stress distribution. In order to simplify, the cross-section Class may be determined on the basis
of compression only, which leads to a conservative result.

2.9.1.51 Class1and?2

In a bended cross-section, a simultaneous normal force causes a change of the stress distri-
bution and thereby a shift of the neutral axis location (Figure 2.7). When designing according
to the theory of plasticity (Class 1 and 2), the shift of the neutral axis affects on square and rec-
tangular hollow sections the limits of the cross-section Classes through factor o according to
Table 2.7 (on circular hollow sections, the location of the neutral axis has no effect on the cross-
section Class, see Table 2.8). The o -factor can be calculated on square and rectangular hollow
sections from the formula:

N
0=05- [1 + £d } (2.120)
2(h—-31)t- fy/YMo
[Nea| < 2(h=301- £,/ Va0 (2.121)
where N, is the design value of the normal force at ultimate limit state
(compression is positive)
h is the depth of the cross-section in respect to the bending axis
t is the wall thickness

fy is the nominal yield strength of the material
Yuo s the partial safety factor for resistance (Table 2.5)

Expression (2.120) can be used when the acting normal force Ng,; is at its maximum equal to
expression (2.121), indicating the plastic neutral axis is located within the region of the calcula-
toryweb (0 <o < 1).
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Compression fya =fy/Ymo

-3
\
|
\
o

Tension fya = fy/Ymo

Figure 2.7  Location of the plastic neutral axis defined with factor o for a cross-section
subject to simultaneous compression and bending (Class 1 and 2)

The bending resistance of the cross-section decreases due to the influence of the normal force.
The design condition is thereby written as [3,4,5]:

My My g (2.122)

where Mg, s the design value of the bending moment at ultimate limit state
My ra s the reduced bending resistance of the cross-section due to normal force

The design value of reduced bending resistance according to the theory of plasticity depends
on the form of the cross-section. The resistances of different cross-sections can be calculated
from the following formulae [3,4,5]:

Square and rectangular hollow sections,
when the fastener holes need not be taken into account:

* bending about y-axis:
0,5(4 - 2bt)fv

and Ngg <0,25N, 5, (2.1230)
Ymo

My, ra = My pa when Ng; <

in other cases:

I—-n
MN.y.Rd =M

Ly Rd T30 but - My gy < My pa (2.123b)
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* bending about z-axis:

0,5(4 - 2h1),

My.pa = M, .pa When Ng;< and Npg <0,25N, py  (2.124a)

V4
Ymo
in other cases:
I1-n
My ra = Mpl.sz Tjaf but My gy < Mpl.sz (2.124b)
where n = NEd/Npl.Rd
a,,=(A-2bt)/A but a,<0,5
ar = (4-2ht)/ 4 but ar<05
In biaxial bending the interaction formula is [3,4,5]:
M a M p
[ y.Ed } + [ z.Ed } <1,0 (2.125)
MN.de MN.sz

where the values for factors o and 3 can be taken on square and rectangular hollow sections
conservatively as o = § = 1, or the values can be calculated as follows [3,4,5]:

1, 66

0 but o= P<6 (2.126)
1-1,13n

o=p=

As a conservative simplification the following interaction formula basing on the linear summa-
tion of utilisation ratios can be used [3,4,5]:

NEd MyAEd MzEd <1,0 (2127)

+ <
ALy Yo Woi /Yo Worzty/Yuo

Circular hollow sections, when the fastener holes need not be taken into account:

7

1,
Myga = My ga(1=n"") but My pg< My gy (2.128)
where n= NEd/Npl.Rd

In biaxial bending the interaction formula is [3,4,5]:

M, ., 1 M., 1B
[ y.Ed } +[ z.Ed } <1,0 (2.129)
MN.de MN.sz

where the values for factors o and [3 are taken on circular hollow sections as o = 3 = 2. Be-
cause on circular hollow sections My, p; = My ; pg. €xpression (2.129) simplifies to the form:

Mgy <My pq (2.130)
where My, = A MjEd + Mk
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2.9.1.5.2 Class3

When designing according to the theory of elasticity, in a bended cross-section the shift of the
neutral axis due to a simultaneous normal force changes the stress ratio y of the edge stresses
of the cross-section. Thereafter the limits of the cross-section Classes change according to Ta-
ble 2.7.

When there is no shear force present, the axial stress 0, r; is not allowed to exceed the design
value of yield strength at any point of the cross-section [3,4,5]:

Gy ra S I (2.131)
MO

The fastener holes are taken into account when needed, see clauses 2.5.1 and 2.6.2.
Expression (2.131) can be presented also as a sum of utilisation ratios as follows:

Square and rectangular hollow sections:

N M M
Ed + v.Ed + z.Ed < 1, 0 (2132)
Afy an Wez.yfy Yo Wel.zfy Yo

Circular hollow sections:

M
Nea Ed__ <10 (2.133)
Afy /Yo Werdy " Yuo

[ .2 2
where Mgy, = NMy ga + Mz Ea

2.9.1.5.3 Class4

On square and rectangular structural hollow sections, when there is no shear force present, the
axial stress 0, ; is not allowed to exceed the design value of yield strength at any point of the
cross-section [3,4,5]:

o< (2.134)

Ymo

The axial stress 0, r; is determined in Class 4 on the basis of the effective cross-section. The
fastener holes shall be taken into account when necessary, see clauses 2.5.1 and 2.6.2.

As an alternative to condition (2.134), the following interaction formula can be applied
[3,4,5,13,14]:

N, M, pi+ Nggen, M. g+ Ngge
T.II = Ed y,Ed Ed N)/ + z.Ed Ed %Nz S ]’ 0 (2]35)
A /Yo Wegry Sy / Yaro W=ty Yaro
where Aeﬁr is the effective cross-section area when only uniform compression

is acting on the cross-section
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Wef is the section modulus of the effective cross-section when
only bending moment is acting about the considered axis

ey s the shift of the neutral axis to the considered direction, when the
cross-section is subject to only uniform compression.
Thereby, due to double symmetry, on structural hollow sections
eny=0 and ey, =0

The signs of the terms Ny, M, g, and M, ; depend on the combination of the produced
axial stresses.

29.1.6 Bending moment, normal force and shear force

As in case of combined bending moment and shear force (clause 2.9.1.3), also in case of
(M+N+V) combination the verification is separated in Eurocode into Parts EN 1993-1-1 and EN
1993-1-5 depending on whether shear buckling reduces the plastic shear resistance of the
cross-section. The provisions of Part EN 1993-1-1 shall be applied when the shear resistance
of the cross-section is equal to the plastic shear resistance V', p;, and the provisions of Part
EN 1993-1-5 shall be applied when shear buckling reduces shear resistance, i.e. Vj py <

Voird-

2.9.1.6.1 Bending moment, normal force and shear force,
when shear buckling does not reduce shear resistance

According to Part EN 1993-1-1 of Eurocode the effect of shear force to bending resistance need
not be taken into account, if the shear force does not exceed half of the plastic shear resistance,
i.e. Vpg < 0,5V, pq- In such case only the combined effect of bending moment and normal
force needs to be checked according to clause 2.9.1.5.

In other case the resistances according to combined bending moment and normal force (clause
2.9.1.5) shall be further reduced by applying a reduced yield strength (1-p) f for the shear
area in the direction to be considered (i.e. for the plane elements parallel to the shear force).
Factor p is calculated according to clause 2.9.1.3.1 [3,4,5].

Instead of reducing the yield strength, it is alternatively possible to reduce the thickness of the
corresponding cross-section element by using thickness (1-p) ¢ for that element [3,4,5].

As a conservative simplification it is possible to use the reduced yield strength (1- p)f or alter-
natively the reduced thickness (1-p) 1 for the whole cross-section.

2.9.1.6.1.1 Class 1 and 2

The shift of the neutral axis takes place as in the case of simultaneous bending and normal
force (see clause 2.9.1.5.1).

The design condition for simultaneous bending moment, normal force and shear force is [3,4,5]:
My <My yra (2.136)
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where Mg, is the design value of the bending moment at ultimate limit state
My v ra is the reduced bending resistance of the cross-section due to normal force
and shear force

The design value of reduced bending resistance according to the theory of plasticity depends
on the form of the cross-section.

The resistances of different cross-sections can be calculated from the following formulae. The
formulae are of their basic structure largely the same as the (M+N) interaction formulae in
clause 2.9.1.5.1, but now the reducing effect of the shear force is additionally taken into account
in the resistances (areas) of the shear-force-bearing cross-section elements, and that way in
the whole cross-section [3,4,5,34]. It should be noted in this context, that EN 1993-1-1 differs
herein slightly from its own practice applied in clause 2.7.1.1 on calculation of the shear area.

Square and rectangular hollow sections,
when the fastener holes need not be taken into account:

* bending about y-axis (Ngq and V,gq and Mygq):
0,54

My yora = My, pa when N, < Y—Mody and Np,;<0,25N,p; (2.137a)

in other cases:

Myyyra = Myyra % but My yy,ga <My, pa (2.137b)
> V

where ny =Ngg INy pa

ay = Ay, rea | Aot red but ay <05

Awired =(1 'pz) (4 'th)
Atotired =4- pz(A 'th)

Ny ra = Atotreaty! Yo
pz and My, g, are calculated according to clause 2.9.1.3.1

¢ bending about z-axis (Ngg and Vygq and M, gq):

0,54,,
My g = My g when Ny, < q{;"fy and Ny <0,25N;, 2 (2.138a)
MO
in other cases:
1—-ny
Myy.ra = My_.ra T=0354. but My y.ra<My_ra (2.138b)
-0, aV
where ny =Ngg I Ny pa

ay = Af.'red /Atot.red but ay <05
Af.red =(1 'Py)(A -2ht)
Atotired =4- py(A -2ht)

Ny.ra = Awotreaty ! Yo
py and My p; are calculated according to clause 2.9.1.3.1
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For biaxial bending with simultaneous shear forces, EN 1993-1-1 does not assign any specific
interaction formula (nor does the preceding prestandard ENV 1993-1-1), only non-specific gen-
eral guidelines are presented. Therefore, in this respect, the Eurocode’s provisions have been
interpreted in different sources in slightly different ways. Based on the different interpretations
the following interaction formula can be presented [33,34]:

M o M B
[ y.Ed J + [ z.Ed J < 1’ 0 (2139)
MN.V‘y‘Rd MN.V.Z.Rd

where factors o and [3 are determined according to clause 2.9.1.5.1, however with the differ-
ence that when calculating factors & and 3 for square and rectangular hollow sections from
expression (2.126), factor nj shall be used instead of factor . Factor nj, is calculated sepa-
rately for factors o and 8 according to the definitions presented with expressions (2.137) and
(2.138).

Circular hollow sections, when the fastener holes need not be taken into account:

17
My yra = Myga(1=n"") but My yra <My gy (2.140)

where n= NEd/Npl.Rd
My pa is calculated according to clause 2.9.1.3.1

For biaxial bending the interaction formula is:

M o M p
[ y.Ed J + [ z.Ed J <10 (2.141)
My vy ra My y.ra

where for the factors o and 3 the same values are applied on circular hollow sections as in
clause 2.9.1.5.1, i.e. o = B = 2. Because on circular hollow sections My ra = My .z Ra- €%
pression (2.141) simplifies to the form:

Mpg< My yra (2.142)

[ .2 2
where Mg, = NMyEa + M:Ea

2.9.1.6.1.2 Class 3 and 4

According to Part EN 1993-1-1 of Eurocode, in Class 3 and 4 the combined effect of shear force
shall be taken into account by applying a reduced strength (1-p)f, for the shear area, when
resistances and cross-sectional properties are calculated. The red)L}Jced strength can alterna-
tively be taken into account by applying a reduced thickness (1-p) for the shear area, when
using the effective cross-section and calculating the cross-sectional properties. The factor p is
calculated according to clause 2.9.1.3.1.

This way the calculations may become however rather complex, especially if the shear forces
act simultaneously both in y- and z-directions. In practice it is sensible to make a conservative
simplification by using the reduced strength (1 -p)j;, for the whole cross-section. The interac-
tion formula can thereafter be presented in the following forms:
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e Class 3 (all forms):

N M M
Ed + v.Ed + z.Ed < (1 _ p) (2]43)
Afy/YMo Wel.yfy Yo Weszy Yo

* Class 4 (square and rectangular hollow sections):
Ngq M, py+ Nggey, + M. gq+ Nggen.

Aol Yo Wy s /Yo Wegrzdy /Yo

<(1-p) (2.144)

where the left side of the equations is calculated (without the reductions due to shear force)
respectively like (M+N) combination in clause 2.9.1.5. If the shear force acts simultaneously
both in y- and z-directions, term (1-p) on the right side of the equation is substituted by the
governing (i.e. smallest) of the terms (1-py) or (1-p,). Due to double symmetry, on structural
hollow sections the shift of the neutral axis'in expression (2.144) is ey, =0 and ey, = 0. Factor
p is calculated from expression (2.102).

The preceding verifications for (M+N+V) interaction can be alternatively substituted on
Classes 3 and 4 by a stress verification basing on von Mises yield criterion according to
clause 2.9.1.1 (whereas no calculatory reductions due to shear forces shall be done to
the thicknesses or strengths, and the stresses - and in case of Class 4 one effective
cross-section - are calculated having all forces and moments acting simultaneously).

2.9.1.6.2 Bending moment, normal force and shear force,
when shear buckling reduces shear resistance

These assessments according to Part EN 1993-1-5 of Eurocode are needed only on some few
square and rectangular hollow sections, because on circular hollow sections the shear resist-
ance is always determined in cross-section Classes 1, 2 and 3 on the basis of plastic shear
resistance (see clause 2.7.2).

If there is in addition to bending moment and shear force also normal force acting in the cross-
section, the combined effect shall be verified as presented in clause 2.9.1.3.2 for combined
bending and shear, however with the difference that [13,14]:

* M, pq shall be substituted by reduced bending resistance My p,
which shall be calculated on the basis of clause 2.9.1.5.1 (by assuming
a cross-section that consists according to its cross-section Class
of effective flanges and independently of its cross-section Class
of fully effective web, as presented in clause 2.9.1.3.2)

M g, shall be substituted by the reduced bending resistance of the
flanges My rrq

The reduced bending resistance of the flanges M 1, can be calculated for square and rec-
tangular hollow sections from the formula: i

N
Morn, = Mool 1 —Ed} 2.145
N.fRd /ARd[ 2Af fy o (- )
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where the bending resistance of the flanges Mf.Rd is calculated from expression (2.112) and
the area of the flange Af from expression (2.114).

If the normal force is so high that the webs are compressed on their entire height (% - 3f), the
aforementioned reductions shall not be done. In such case the combined effect of bending mo-
ment, normal force and shear force shall be checked directly using expression (2.109) present-
ed in clause 2.9.1.3.2, but the value of the bending resistance of the flanges shall be set in this
case as Mf_Rd = 0 and the value of factor 1; from expression (2.110) shall be substitued by
the value of factor 1, from expression (2.116) [13,14].

If shear force is present in the flange due to possible torsion or due to shear force parallel to
flange, the combined effect shall be checked as presented in clause 2.9.1.3.2 for the corre-
sponding situation. Thereby also the combined effect of the normal force will become taken into
account. This procedure shall be followed no matter whether the webs are fully compressed or
not [13,14].

291.7 Bending moment, normal force, shear force and torsional moment

Due to shear force, the verification of the combined effect is separated in Eurocode again into
Parts EN 1993-1-1 and EN 1993-1-5 depending on whether shear buckling reduces the plastic
resistance of the cross-section. The provisions of Part EN 1993-1-1 shall be applied when the
shear resistance of the cross-section is equal to the plastic shear resistance 7, ;. and the
provisions of Part EN 1993-1-5 shall be applied when shear buckling reduces shear resistance,

i.e. Vpra<Vpira-

2.9.1.7.1 Bending moment, normal force, shear force and torsional moment,
when shear buckling does not reduce shear resistance

As in clause 2.9.1.4, the additional effect of torsion need not be taken into account, if the shear
force does not exceed half of the plastic shear resistance reduced due to torsion according to
clause 2.9.1.2.1,i.e. Vgz< 0,5V, 7 g4 In such case only the combined effect of bending mo-
ment and normal force needs to be checked according to clause 2.9.1.5.

In other case the combined effect shall be checked as without torsion (i.e. according to clause
2.9.1.6.1), but p shall be calculated taking into account the reducing effect of torsion according
to clause 2.9.1.4.

2.9.1.7.2 Bending moment, normal force, shear force and torsional moment,
when shear buckling reduces shear resistance

These assessments according to Part EN 1993-1-5 of Eurocode are needed only on some few
square and rectangular hollow sections, because on circular hollow sections the shear resist-
ance is always determined in cross-section Classes 1, 2 and 3 on the basis of plastic shear
resistance (see clause 2.7.2).

The combined effect of bending moment, normal force, shear force and torsional moment can
be checked according to clause 2.9.1.6.2, because as stated before, in verifications of Part
1993-1-5 of Eurocode the effects of possible torsion shall be taken into account in the acting
shear force Vp, (effect of torsion to the shear force Vg, see clause 2.9.1.2.2) [13,14].
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2.9.2 Class 4 circular hollow section

Cross-section resistance of Class 4 circular hollow section can be checked for all combinations
of forces and moments by using following stress-based verifications of axial stress and shear
stress in the gross cross-section:

The axial tensile stress is not allowed at any point of the cross-section to exceed the design
value of the yield strength, and the axial compressive stress is not allowed to exceed the design
value of the buckling strength [16]:

NEd MEd

Oppy = — 1= 2.146
x.E A Wel ( )
s N

O pg S — when G, s tension (2.147)
Tmo
ety . .

O, pu S — when G p,; is compression (2.148)
Ymi

where Oy g4 is the design value of axial stress at the point to be considered

N, is the design value of normal force at ultimate limit state
(compression is positive)

A is the gross cross-section area (Annex 11.1)

Mp, is the design value of bending moment at ultimate limit state,
Mg, = /\/MyZ.Ed + Mg

W, is the elastic section modulus of the cross-section (Annex 11.1)

X s the reduction factor for elastic-plastic local buckling according to
clause 2.5.2.2

fy is the nominal yield strength of the material

Yaro 18 the partial safety factor for resistance according to EN 1993-1-1
(Table 2.5)

Y is the partial safety factor for resistance according to EN 1993-1-6
(Table 2.5)

The maximum value of shear stress 7, caused by shear force and/or torsion is not allowed to
exceed the design value of shear buckling strength [16]:

v M
Tgg = —24 4 X (2.149)
Tcrm t VVI
/3
Sy I (2.150)
Tmi
where Trg  is the maximum value of elastic shear stress

Viqa  is the design value of the shear force at ultimate limit state,
2 2
Via = NVyEa + VzEa
is the radius of the centreline of the hollow section wall thickness

t is the wall thickness
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M, g4 is the design value of torsional moment at ultimate limit state

W, is the torsional section modulus of the cross-section (Annex 11.1)

X is the reduction factor for elastic-plastic shear buckling according to
clause 2.7.2.2

fy is the nominal yield stength of the material

Yy is the partial safety factor for resistance according to EN 1993-1-6
(Table 2.5)

Combined effect of simultaneous normal stress and shear stress can be checked at the critical
point of the cross-section by using following simplified stress verification that bases on the local
buckling strengths, which has been derived from the interaction formula presented in Part EN
1993-1-6 of Eurocode for shell structures for a general case [16]:

[—G"‘Ed T‘Y+ {—TEC‘ rs 1,0 (2.151)
Xy /Y uai % (/N3 Yoy

k.= 1,254+0,75%, (2.152)
ke =1,754+0,25%, (2.153)
where O, £ is the design value of axial stress at the point to be considered

(compression is positive)

Tr; s the design value of shear stress at the point to be considered

X s the reduction factor for elastic-plastic local buckling according to
clause 2.5.2.2

Xr s the reduction factor for elastic-plastic shear buckling according to
clause 2.7.2.2

]3, is the nominal yield strength of the material

Y is the partial safety factor for resistance according to EN 1993-1-6
(Table 2.5)

If the axial stress is tension, o, ;= 0 shall be applied in expression (2.151) [16].

Example 2.18

Calculate the resistance of a hollow section 400x200x6
when subjected to combined bending moment and shear for-
ce. Calculations of the shear buckling resistance already per- {
|
|

formed in Example 2.12 for the same hollow section can be
utilised here, as well as the observation that shear buckling _
reduces the cross-section’s shear resistance. | . @

The steel grade is SSAB Domex Tube Double Grade, which .
fulfills the EN 10219 requirements for both steel grades \ —
S420MH and S355J2H. Thereby the design calculations may
be performed at designer’s own choice either according to f
grade S420 or grade S355. Grade S420 is chosen in this
Example as design basis.
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Loads:
Vg =650 kN
Mg, = 320 kNm

A =6963 mm2 (Annex 11.1)
Wy =906,0 - 103 mm’ (Annex 11.1)
1,0 = 420 N/mm?

Yoo = 1,0

Vi ra = 948,5 kN (contribution from the web to shear buckling resistance, obtained from
Example 2.12)

Check the cross-section classification (Table 2.9):

Flange:
b/t = 200/6 = 33,3 < 34,4 (compression) = Class 3

Web:

h/t = 400/6 = 66,7<95,8 (bending) = Class 3

The flanges and the whole cross-section are thus fully effective.

Calculate the bending resistance of the effective flanges only:
A= [A-2(h-30)t]/2 = [6963-2-(400-3-6)-61/2 = 1190 mm’ = Af o

fefffy hp) = 1190-420

M
SR = 1,0

(400 - 6) = 196, 9 kNm <M, = 320 kNm

The bending resistance of the flanges alone is not sufficient to carry the acting bending mo-
ment

= the webs are needed to supplement the flanges, consequently the combined effect of bend-
ing and shear has to be checked.

Check the magnitude of the shear force against the web’s shear buckling resistance:
Viag = 650kN >0,5V,, pa = 0,5-948,5 = 474, 3 kN

The shear force is more than half of the web’s contribution to shear buckling resistance, thus
the shear force reduces the bending resistance.

The plastic bending resistance of the effective flanges supplemented with the web (which is
assumed to be fully effective), is here equal to the gross cross-section’s plastic bending re-
sistance:

Worty _ 906,0-10° - 420

M =
[.Rd Yoo 1, 0

o = 380,5 kNm
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The factors needed when verifying the design condition for combined effect:

q, = Mea 23200 _ 9419
My  350.3

i, = Vea  _ 650,0 _ 4 se53
Vo oy 948,35

Check the design condition for combined effect:

) M )
n1+[I—Mf'R"}(2n3—1)2= 0,8410{1—;;3 ﬂ(z 0,6853—1)° = 0,0073< 1,0 OK
plL.Rd

i

Comparison S420 vs $355:
In case the design calculations would be performed according to grade S355, the calcula-
tions would follow basically the same principles (i.e. shear buckling determines the shear
resistance, and shear force reduces bending resistance). If S355, the cross-section would
withstand both loadings separately, but not their combined effect, since the last interaction
formula would result in 1,11 > 1,0 telling the resistance is not sufficient. By comparing the
‘utilisation ratios’ of the interaction formula, we could see that in this Example the increase
of the material strength S355 — S420 improves the overall resistance approximately in the
same respect with the yield strengths, telling the increase of the yield strength can be fully
utilised.

Example 2.19
Check the resistance of the hollow section 200x200x 8
from Example 2.4, when subjected to the load combina- ‘

. . M
tion shown in the figure. ‘ P

The steel grade is SSAB Domex Tube Double Grade, ' V., Ed
which fulfills the EN 10219 requirements for both steel /
grades S420MH and S355J2H. Thereby the design calcu- Ci) M, 5y
lations may be performed at designer’s own choice either

according to grade S420 or grade S355. Grade S420 is V. Ed
chosen in this Example as design basis.

Loads:

Ngg = 1400 kN
My.Ed =55 kNm
M, pg = 50 kNm
V.gy =500 kN

Viea =200 kN

A =594 mm’ (Annex 11.1)
W, =420,9 - 103mm (Annex 11.1)
jj, =420 N/mm’
Yo = 1.0
i =10
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Check the cross-section classification using a conservative simplification by assuming pure
uniform compression (Table 2.9):

ht="b/t =200/8 =25<27,7 = Class 1

The procedure to calculate the shear resistance depends on the slenderness of the webs (Ta-
ble 2.19):

Wt =200/8 =25<56,9

=shear buckling does not reduce the shear resistance, thus the shear resistance of the cross-
section shall be determined according to the plastic shear resistance (in direction of both
axes)

The plastic shear resistance of the cross-section is here equal in direction of both axes:

Ay =a- =500 200 _ = 5962 mm’
b+ 200+ 200
/3
Vorra = Ay fyy B 205 22005 1 24w
MO 5

Bending about y-axis:

The plastic bending resistance of the cross-section:
Woiy S, _ 420,910 - 420

= 176,8 kNm
Ymo 1,0

MplA)ARd =

Check whether the shear force has to be considered for combined effect:

Vopa = S00 kN> 0,5V, g = 0,5-718,2 = 359,1 kN

= the shear force needs to be considered for combined effect in z-direction

The proportional reduction of the bending resistance caused by the shear force is determined
by the factor p:

b3% : 2. 2
p. = [ Z-Ed_zJ - [2_500_1J = 0,1540
V. pira 718,2

The bending resistance reduced due to shear force:

2 2
A .
M,,de=[W, _P=Ay VM_fy ): [420,9.103_MK@) = 167.9 kNm
PR 8t 1 (Y 8-8 1,0

Next, check the conditions given in expression (2.137a) to find out whether the effect of the
normal force has to be considered for the bending resistance:

the calculatory areas reduced due to shear force:

Ayved = U=p)(A-2bt) = (1-0,1540)-(5924-2-200-8) = 2305 mm’

Appyrog = A—p(A=2b1) = 59240, 1540 - (5924 —2-200 - 8) = 5505 mm’
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the normal force resistance reduced due to shear force:
Nyra = Aiorreaty/ Yuo = 5505-420/1,0 = 2312 kN2Ng, OK

Ny = 1400 kN> 0, 25N, o, = 0,25 - 2312 = 578,0 kN

= the acting normal force exceeds at least this limit value of those two limit values given in
expression (2.137a), thus the effect of the normal force has to be considered when determin-
ing the bending resistance

ny = Ngg/Nygpg = 140072312 = 0, 6055
ay = Ay g’/ Ayprreq = 230575505 = 0,4187<0,5
I-ny

1-0,6055 _ _
Moy =My s pi pgga = 107,955 om0 = 83,8 km < My, = 167, ki

My yopg = 83.8 kNm=M,p, OK

Bending about z-axis:

The plastic bending resistance of the cross-section:
Woizty _ 420,9- 10" 420

= 176,8 kNm
Ymo 1,0

MplAzARd =

Check whether the shear force has to be considered for combined effect:

Viga = 200 kN<0,5V, gy = 0,5-718,2 = 359,1 kN

= the shear force does not need to be considered for combined effect in y-direction, thus the
combined effect about z-axis can be checked according to (M+N) interaction only:

Next, check the conditions given in expression (2.124a) to find out whether the effect of the

normal force has to be considered for the bending resistance:

A .
NpLRd = i = %0420 = 2488kN

Ngg = 1400 kN> 0, 25N, s = 0,25 - 2488 = 622,0 kN

= the acting normal force exceeds at least this limit value of those two limit values given in
expression (2.124a), thus the effect of the normal force has to be considered when determin-
ing the bending resistance

n = Ngg/Nypa = 1400/2488 = 0,5627
ap = (A-2h1)/A = (5924-2-200-8)/5924 = 0,4598<0, 5

I-n 1-0,5627
My . ra=M, =176,8 -

R T o = 100.4 KNm S M, gy =176,8 KNim
- Y f - Y s

My pg = 100,4 kNm
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As concluded earlier, the shear force in y-direction is so small, that it can be neglected when
determining the bending resistance about z-axis. Thus we can take:

Myy.pa = My.pq = 100,4 kNm2M. p,  OK

Combined effects in biaxial bending:

Calculate factor o for bending about y-axis (the effect of the shear force is considered by
using here factor ny instead of factor n):

1,66 1,66

5 = 2:2,834S6
1-1,13n, 1-1,13-0,6055

o =

Calculate factor B for bending about z-axis (as concluded earlier; the effect of the shear
force can be neglected in this direction, thus ny=n):

_ ],662: 1,66 = 1,66 2:2,585S6
1-1,13n,, 1-1,13n 1-1,13-0,5627

Check the design condition (2.141) for combined effect:

M, o M B 2,834 2,585
[I_‘E‘f} 1{;‘”} =[£} 1{5_0} = 0,4681<1,0 OK
My vy ra My y:ra 83,8 100,4

Comparison S420 vs $355:

In case the design calculations would be performed according to grade S355, the calcula-
tions would follow basically the same principles, but already when doing the verifications
about y-axis, it would be concluded that the cross-section is not strong enough to withstand
the (M+V) interaction.
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210 Resistance of a structural hollow section
subject to combined actions, when buckling or
lateral-torsional buckling can occur

2.10.1 Bending moment and normal force

Unless second-order analysis is performed, the resistance of a member subject to bending mo-
ment and normal force shall be checked according to the following provisions when buckling or
lateral-torsional buckling can take place. (Additionally the resistances of the cross-section shall
be checked according to clause 2.9 at the critical points of the member.)

For the members of a structural system, verification of the resistances can be performed basing
on assessment of single members, which are thought to be separated from the structure. On
sway structures, second-order effects (P-A-effects) are taken into account either by end mo-
ments of members or by using appropriate buckling lengths (see clause 7.2.1) [3,4,5].

In the interaction formulae the influence of second-order effects to resistance is taken into ac-
count in respect to the considered member itself. The formulae are based on the modelling of
simply supported single span members with end-fork-conditions (with or without continuous lat-
eral restraints between the supports), and the member is subject to compression, end moments
and/or transverse loads. The combined effect of possible transverse loads and shear force will
be taken into account indirectly through the equivalent uniform moment factors which depend
on the form of the moment diagram (Table 2.25).

For members subject to combined bending and axial compression the following design condi-
tions shall be checked [3,4,5]:

N, M, ..+ AM M_ .. +AM
Ed + kyy y.Ed /VAEd + kyz z.Ed z.Ed S ], 0 (2154)
NRk My4Rk Mz.Rk
Rk i Rk

" Y Ymi Ymi

Ny 4 kaMyEd +AM,, gy tk, M, g+ AM, g, <10 (2.155)
N M, gy M. gy

v LT -
Ymi Ymi Ymi

where NEgg» M, gq and M g, are the design values of the compression force and

maximum moments of the member

AM,, gy and AM ;  are the moments due to the shift of the
neutral axis on Class 4,
see also the provisions in Table 2.22

Ngi» M), gy @nd M; gy are according to cross-section Class
the characteristic values of the compression resistance
and bending resistances (Table 2.22)

Xyand x, are reduction factors for flexural buckling according to
clause 2.5.3
XLT is the reduction factor for lateral-torsional buckling

according to clause 2.6.5

kyy. k. k., and k. are interaction factors (Tables 2.23 and 2.24)
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The interaction factors k,,,, k., k;,, and k.. are presented in EN 1993-1-1 for two alternative
methods. Method 1 is more accurate, but the calculations are more complex. Method 2 gives
results which are more conservative, but the calculations are simpler. The National Annex de-
fines which method shall be used.

Finnish National Annex to standard EN 1993-1-1 [6]:

Method 2 is used if it is applicable.
Also Method 1 may be used.

The interaction factors given in EN 1993-1-1 for Method 2 are presented in Tables 2.23 and
2.24. The tabulated values for Method 2 are separated in EN 1993-1-1 on product basis into
two groups: I-sections and rectangular hollow sections (including also square hollow sections).
In this handbook the tabulated values of Method 2 are presented only in respect to hollow sec-
tions.

For circular hollow sections there are no specific guidelines presented regarding Method 2.
Nevertheless, according to [35] Method 2 can be applied also for circular hollow sections.
Thereby all members, so also circular hollow sections, can be in practice verified according to
Method 2. Also in this handbook it is taken that the provisions given in Method 2 for rect-
angular hollow sections shall be applied also for circular hollow sections.

Circular and square hollow sections are in practice not susceptible to lateral-torsional buckling,
so their lateral-torsional buckling need not be taken into account, and the value of factor y; r

can be taken as ;7= 1,0. The interaction factors k,,,, k,., k.,, and k. are obtained from Table
2.23.

On rectangular hollow sections lateral-torsional buckling can, however, turn out to be critical. If it
has been verified according to clauses 2.6.5 or 2.6.6 that lateral-torsional buckling is not critical,
the value of factor y; 7 can be taken as y; 7= 1,0 and the interaction factors k,,, k., k., and
k,, are obtained from Table 2.23. If lateral-torsional buckling is critical, the reduction”factor y; r
for lateral-torsional buckling shall be calculated according to clause 2.6.5 and the interaction
factors ky,, k., k-, and k_, are obtained from Table 2.24.

Table 2.22 Partial safety factors 7;,; and values for Ngy , Mj rx and AM; g4

in different cross-section Classes

Class 1,2 and 3 Class 4
Square, rectangular and circular hollow sections Square and Circular
rectangular hollow sections
hollow sections
Variable Class 1 Class 2 Class 3 Class 4 Class 4
NRi f,A f,A f,A fy At 2dyA D
b
My.Rk nypI.y nypI.y nyeI.y nyeff.y xxfywel.y )
Mz.Rk nypI.z nypI.z nyeI.z nyeff.z foywel.z b)
AMy.Ed 0 0 0 eNyNEd a) 0
AM, g 0 0 0 enzNgg? 0
1 see Table 2.5 see Table 2.5 see Table 2.5 see Table 2.5 see Table 2.5
(EN 1993-1-1) | (EN 1993-1-1) | (EN 1993-1-1) | (EN 1993-1-1) | (EN 1993-1-6)
a) Because of double symmetry, on stuctural hollow sections ey, = 0 and ey, = 0.
b) The reduction factor y, for elastic-plastic local buckling is calculated according to clause 2.5.2.2.
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Table 2.23 Interaction factors k;; for members not susceptible to torsional deformations

[3,4,5]
Design assumptions
In;g::?g:g)n secgi:;):?- e Elastic cross-section properties Plastic cross-section properties
yp Class 3 and 4 Class 1 and 2
Rectangular Ng Ng
Kyy hollow C, [1+0 6\ —d] [I‘f'OL 02)—d]
sections X Np/ Y Xy New/ Y
Ny Ng
<c, [1+0 6——"_] <c, [1+()8_——d ]
Xy New/ Y Xo New/ Y
Rectangular
Kyz hollow Kz 0,6 k;,
sections
Rectangular
Kzy hollow 0,8 kyy 0,6 kyy
sections
Ng
c, [1+0 61 __.__L._} [1+(x 02).___....__]
Rectangular Xz NR//’YMI Xz NRk/YMJ
K2z hollow N, N,
sections <c,. [1+06 Ed ] <C,. [1+08 Ed }
X=Nrw/ Yui X Nre/ Yaai

- On rectangular hollow sections subject to axial compression and uniaxial bending Mygq ,
the value for factor k,, can be taken as k,, = 0.

- The limit values presented in the table for the factors k;; do not represent validity conditions,
but limit values to be used in the calculations for the relevant factor.
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Table 2.24  Interaction factors k;; for members susceptible to torsional deformations
[3,4,5]
Design assumptions
Interaction - - - - . -
factors Elastic cross-section properties Plastic cross-section properties
Class 3 and 4 Class 1 and 2
Kyy kyy according to Table 2.23 kyy according to Table 2.23
Kyz ky, according to Table 2.23 ky according to Table 2.23
[1_ 0,05 . Ny } [1_ 0,1 . N }
‘ (Courr=0,25) XN/ Yuns (Courr=0,25) XNpi/Yaus
zy
2[1_ 0, 05 Ny ] 2[1_ 0,1 - Ngg ]
(Courr=0,25) XN/ Yans (Courr=0,25) X Npi/Yaas
when 1, <0,4:
k,, = 0,6+ s
(Courr=0,25) X Npi/ Vs
Kz, k,, according to Table 2.23 k., according to Table 2.23

The limit values presented in the table for the factors k;; do not represent validity conditions, but limit values to

be used in the calculations for the relevant factor.
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Table 2.25 Equivalent uniform moment factors C,,,; in Tables 2.23 and 2.24 [3,4,5]

Chy and C; and Cy 1

Moment diagram Range Uniform load Concentrated load
M -1 sysit 0,6 + 0,4y>0,4
yM
3 0<o,<1 |-1<y<1 0,2 +0,80,>0,4 0,2 +0,80,>0,4
M 4, M AYM
T\;ﬁﬂ h 0 <y<1 0,1-0,80,>04 -0,80,20,4
-1 <o,
0 = M,/ My %<0 [ cy<0 | 0.1(1y)- 080,204 | 0.2(-y) - 0,80,204

M th 0<oy<1 |-1<y< 0,95 + 0,050, 0,90 + 0,100y,
h
0 <y<1 0,95 + 0,050, 0,90 + 0,100y,
-1<
o =My / My 1=0y<0 17 <y<0 | 0,95+ 0,050,(1+2y) | 0,90+0,100,,(1+2y)
a)

For members with sway buckling mode the equivalent uniform moment factor should be taken C,,, = 0,9 or
Cinz = 0,9 respectively.

The factors Cpy, Cyyz @and Cyy 1 are obtained according to bending moment diagram between the relevant
braced points as follows:

Moment factor ~ Bending axis Points braced in direction
Crny y-y z-z
Crmz z-z y-y
Crnir yy vy

a) The expression is corrected according to [5].

The limit values presented in the table for the factors kij do not represent validity conditions, but limit values to
be used in the calculations for the relevant factor.

210.2 Bending moment, normal force and shear force

For a combination of simultaneous bending moment, normal force and shear force, Eurocode
assigns specific interaction formula only in respect to cross-section resistance. For this combi-
nation of forces and moments there are no instructions presented for a member in respect to
buckling or lateral-torsional buckling.

However, for a member prone to buckling or lateral-torsional buckling, the combined effect of
(M+N+V) combination is included implicitly in the combined effect of (M+N) combination ac-
cording to clause 2.10.1, where the combined effect of possible transverse loads and shear
force will be taken into account indirectly through the equivalent uniform moment factors which
depend on the form of the moment diagram (Table 2.25).
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Example 2.20
Ngg= 700 kN
Check the resistance of the hollow section 200x 200 x 5
from Example 2.3, when subjected to the combination — ___ d 200

of normal force and bending moment caused by uni- —
form transverse load. The transverse load acts only in
z-direction. The member is simply supported at both
ends about both axes.

The steel grade is SSAB Domex Tube Double Grade, v
which fulfills the EN 10219 requirements for both steel v
grades S420MH and S355J2H. Thereby the design cal- B Mpy=20kNm
culations may be performed at designer’s own choice

either according to grade S420 or grade S355. Grade

S420 is chosen in this Example as design basis.

4000
200
W

Aoy =3312 mm’ when subjected to compression only (obtained from Example 2.3)

Wﬁv =220,5-10°mm> when subjected to bending only (obtained from Example 2.9)

€

£, =420 N/mm’
My =10

This Example is limited to check the combined effect of the loads only in respect to the sta-
bility of the member:

1t is a task for the Reader to verify the resistance of the cross-section to single loads (Ng,,
Mgy, Vig) and their combined effect at the critical points of the member (i.e. at support the
effect of combined normal force and shear force, and at mid-span the effect of combined
bending moment and normal force).

Based on Example 2.3, it can be easily concluded that the cross-section shall be classified
into Class 4 (in case of bending the compressed flange determines the cross-section Class).

The non-dimensional slenderness, the reduction factor for flexural buckling, and the buck-
ling resistance of the member can be obtained from Example 2.3:

A= 0,6675
X = 07447
N pa = 1036 kN

The values given above are the same about both axes, since the cross-section is symmetrical
and the buckling length (the restraint conditions of the member) is here the same about both
axes.

Since the form of the hollow section is square, it can be concluded that the member is not
susceptible to lateral torsional buckling, i.e. lateral-torsional buckling does not reduce the
bending resistance. Consequently, the reduction factor for lateral-torsional buckling can be
taken as x;r= 1,0 and interaction factors k. k., k., and k., can be obtained from Table
2.23. Since bending moment acts only about y-axis (M, g; = 0), only the interaction factors
k,, and k, are needed here.
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When verifying the combined effect for the member, the characteristic values of the cross-
section’s compression resistance and bending resistance are needed.

Nui = fyAgy = 4203312 = 1391 kN

3
M, g = M, g = [, Wy = 420-220,5- 107 = 92,6 kNm
Factor C,,,,, which depends on the form of the moment diagram, can be obtained from Table
2.25 by applying factor oy, given in the same table:

M,

ahzﬁz

N

Cpy =0,95+0,050, = 0,95+ 0 = 0,95

Next, calculate the interaction factors k,,, and k;, by applying Table 2.23:

_ N
by = Cop| 140,68, ——2 |
Xy Nri/ Y

=0,95[1+0,6-0,6675~ 700
0.7447 - 1391/1.0

however, the maximum value of kyy is limited to:

J = 1,207

NEd
k, =1,207scmy[1 + 0,6—J = 0,95 [1 +0,6-
Xy Nrw/ Yars

=0,8 k, =0,8-1,207 = 0,9656

700 } = 1,335
0.7447-1391/1.0

k.,

Check the design condition for combined normal force and bending moment:

Nea +k,, M, pq+ AM,, vk, M. py+ AM, gy _
NRk My4Rk MZARk

p LT —_—

Yo Ymi Ymi

L]wu,zowzo—*ggéw = 0,9364<1,0 OK
0, 7447 . 1391 1,0. 220
7.0 7.0

in addition, the following design condition needs to be checked:

Nea o Mypa+AMypg  \ Mopa+ AM. g _
NRk - My.Rk = Mz]?k
— LT —

" Y Ymi Ymi

0,7447- 222 10 %2
5,0 1,0
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Comparison S420 vs $355:

In case the design calculations would be performed according to grade S355, the result of
the (M+N) interaction verification would be (S420: 0,9364 —) S355: 1,037 > 1,0, telling
the member is not strong enough. By comparing the ‘utilisation ratios’ of the interaction for-
mula, we can see that in this Example the increase of the material strength S355 — S420
improves the overall resistance approximately 10 %.

Example 2.21

Check the resistance of the hollow section 160x 160x 5
from Example 2.8, when subjected to the load combina-

tion shown in the figure. The buckling length for flexural g e
buckling is 4 m about both axes, and the member is
simply supported at both ends about both axes.

4000

The steel grade is SSAB Domex Tube Double Grade, M

which fulfills the EN 10219 requirements for both steel vEd
grades S420MH and S355J2H. Thereby the design cal- L
culations may be performed at designer’s own choice
either according to grade S420 or grade S355. Grade
8420 is chosen in this Example as design basis.

MzEd

Loads:

Ngg =400 kN (compression)

M,y =12 kNm | "
M, gy =12 kNm ps --Jyg-Ed
)

A =3036 mm® (Annex 11.1) i

I 1202 - 10* mm*  (Annex 11.1) /N( (P L
W, =150,3-10° mm’® (Annex 11.1) Ed =Ed
fy = 420 N/mm’

Y =10

This Example is limited to check the combined effect of the loads only in respect to the sta-
bility of the member:

1t is a task for the Reader to verify the resistance of the cross-section to single loads and their
combined effect at the critical points of the member (i.e. in this Example at support and at
mid-span).

Based on Example 2.8, it can be easily concluded, that the cross-section shall be classified
into Class 3 (in case of bending the compressed flange determines the cross-section Class).
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For compressed hollow section, the reduction factor ) for flexural buckling shall be calcu-
lated according to buckling curve ¢ (clause 2.5.3.1):

_ nZEI n’ - 210000 - 1202 - 10
4000°

A= / 3036 - 420_09050>02
/\/1557 10°

D= 0,5-[1+a(k—0,2)+7»]=0,5-[1+0,49-(0,9050—0,2)+0,90502]= 1,082

N, = 1557 kN

y = ! - ! = 0,5970<1,0
D+ DX 1,082+ 1,082° - 0,9050°

The buckling resistance of the member for only the normal force:

XAS, _ 0,5970 - 3036 - 420

YMI 17 0

= 761,2 kN>N,, = 400 kN OK

Ny ga =

The values given above are the same about both axes, since the cross-section is symmetrical
and the buckling length (the restraint conditions of the member) is here the same about both
axes.

Since the form of the hollow section is square, it can be concluded that the member is not
susceptible to lateral torsional buckling, i.e. lateral-torsional buckling does not reduce the
bending resistance. Consequently, the reduction factor for lateral-torsional buckling can be
t2alzc§n as xpr= 1,0 and interaction factors ky,, k., k., and k.. can be obtained from Table

When verifying the combined effects for the member; the characteristic values of the cross-
section’s compression resistance and bending resistance are needed:

Npp = f,4 = 420 3036 = 1275 kN
3
Mg = Mg = f, W, = 420-150,3 - 10° = 63,1 kNm

Factors C,,, and C,,, ,which depend on the form of the moment diagram, can be obtained
from Table 2.25 by applying factor oy, given in the same Table:

bending about y-axis (uniform loading):

s

Cpy = 0,95+0,050,, = 0,95+0 = 0,95

bending about z-axis (concentrated load at mid-span):

s

C,.= 0,90+0,100, = 0,90+0 = 0,90
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Interaction factors from Table 2.23:
bending about y-axis:

_ N
iy = Cop| 140,68, —~E |
Xo Nre/ Vui

=0,95[1+0,6-(),9050- 400

0,5970-1275/1, 0

however, the maximum value of kyy is limited to:

N
k, =1,221 scmv[z + 0,6—’”} = 0,95 [1 +0,6-
: ’ Xy Nri/ Yo

k, =038k, =038 1,221 = 0,9768

} = 1,221

400
0,5970-1275/1,0

} = 1,250

bending about z-axis:

_ N
Cm{J + 0,67@—5”}
X Nere/ Vi

= 0,90[1+0,6-(),9050-

k

zZZ

400
0,5970-1275/1, 0

} = 1,157

however, the maximum value of k.. is limited to:

400
0,5970-1275/1,0

N
kzz=1,157scmz[1 +0,6_LJ - 0,90[1 +0,6-

} = 1,184
X=Nri’/ Y1

k.= k. =1,157

vz

Check the design condition for combined normal force and bending moments:

NEd +k My.Ed +k Mz.Ed —
x NRk yyX My.Rk . Mz,Rk
Rk i Rk
" Y Ywmi Ymi
_4_007”,221-%]”,157-% = 0,9777<1,0 OK
05970 1273 1,0 91 63,1
1,0 1, 1,0
in addition, the following design condition has to be checked:
NEd +k MVAEd +k MZ.Ed -
N M T Mo
Y1 Ywmi Ymi
4—001275+O,9768- 12 +1,157.%:0,9313s1,0 OK
0,5970 - == 1,0 =~ =
1,0 1,0 1,0
Comparison S420 vs $355:

In case the design calculations would be performed according to grade S355, the result of
the (M+N) interaction verification would be (S420: 0,9777 —) S355: 1,114 > 1,0, telling
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the member is not strong enough. By comparing the ‘utilisation ratios’ of the interaction for-
mula, we can see that in this Example the increase of the material strength S355 — S420
improves the overall resistance almost 14 %.

Example 2.22

Check the resistance of the Class 4 circular hollow section
323,9x5 from Example 2.17, when subjected to the load com-
bination shown in the adjacent figure. The length of the mem-
ber is 6 m. The bending moments about both axes are assumed
to be constant within the whole length. The member is simply
supported at both ends about both axes.

The steel grade is SSAB Domex Tube Double Grade, which ful- =
fills the EN 10219 requirements for both steel grades S420MH  Ngq4 “
and S355J2H. Thereby the design calculations may be perfor- M. gq
med at designer’s own choice either according to grade S420

or grade S355. Grade S420 is chosen in this Example as design basis.

Loads:

Ngg; =700 kN (compression)
Mvad =18 kNm
M, gy =18 kNm

A =5009 mm® (Annex 11.1)

[ =6369 - 10* mm? (Annex 11.1)

W, =393,3-10° mm? (Annex 11.1)

f, =420 N/mm’

Y1 = 1.1 (Class 4 circular hollow section, EN 1993-1-6)

This Example is limited to consider the combined effect of the loads only in respect to the
stability of the member:

It is a task for the Reader to verify the resistance of the cross-section to single loads and their
combined effect.

The compression resistance N, p, of the cross-section and reduction factor Y, for elastic-
plastic local buckling are the same as calculated in Example 2.2:

2 =0,8578
N, gag = 1641 kN

Next we can check flexural buckling of the member. The elastic critical force for flexural
buckling:
N - n’El _ 2100006369 - 10°

o 6000°

cr

= 3667 kN

Non-dimensional slenderness of the member:

, A 5009
a W _ Jo, $578 5009420 _ o 701550, 2
N, 3667 - 10
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Reduction factor for flexural buckling (buckling curve c: = 0,49):
®=0,5[1+0(rL-0,2) +XZ] =0,5-[1+0,49-(0,7015-0,2) + 0, 70152] = 0, 8689

¥ = ! - ! = 0,7238<1,0

D+ D 70,8689+ 40,8689° — 0, 7015
The buckling resistance of the member is finally:
Nygrg = X Nogg = 0,7238- 1641 = 1188 kN=N,, OK

The values given above are the same about both axes, since the cross-section is symmetrical
and the buckling length (the restraint conditions of the member) is here the same about both
axes.

Since the form of the hollow section is circular, it can be concluded that the member is not
susceptible to lateral torsional buckling, i.e. lateral torsional buckling does not reduce the
bending resistance. Consequently, the reduction factor for lateral torsional buckling can be
taken as xpr= 1,0 and interaction factors k, k., and k., can be obtained from Tuble
2.23.

When verifying the combined effect for the member, the characteristic values of the cross-
section’s compression resistance and bending resistance are needed (for Class 4 circular
hollow section, the characteristic values of the cross-section’s compression resistance and
tbenfmg resistance shall be calculated by using the buckling strength ¥, f, of the cross-sec-
ion

Neg = Xof, 4 = 0,8578 420 5009 = 1805 kN

yz’

My g = M. g = %of, Wy = 0,8578 - 420 -393,3 - 10° = 141, 7 kNm

Factors C,,, and C,,,, which depend on the form of the moment diagram, can be obtained

from Table QV 25 by applying factor v, which is the ratio of the end moments of the member:

bending about y-axis (uniform bending moment):
y=1
Cmy =0,6+0,4y = 0,6+0,4-1 = 1,0 (however 0,4 as minimum,)

Jfor bending about z-axis, the results will be herein the same, i.e. C,,, = C,,, = 1,0.

Inte dacttoz Jactors from Table 2.23:
ing about y-axis.

= N,
Cpy | 140,68, —=|
Xy Nri/ Yui

1,0[1+0,6-0,7015~

kyy

700
0,7238-1805/1, 1

J = 1,248

however, the maximum value of k is limited to:

700
0,7238 -1805/1,1

k, =1,248<C,, [1+06 } - 1,0[1+0,6. J = 1,354

XyNRk/YA/u
kzy =038 kyy =0,8-1,248 = 0, 9984
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bending about z-axis:

- N
Cm{z + 0,67%—5”’}
X=Nri/ Y

= 1,0[1+0,6-0,7015-

k

zZZ

700
0,7238-1805/1, 1

however, the maximum value of k_, is limited to:

J = 1,248

700
0,7238-1805/1,1

N,
kZZ:I,248SCm{I +0,6—Ed} - 1,0[1 +0,6-

J = 1,354
X:Nre/ Yui

k.= k.= 1248

vz

Check the design condition for combined normal force and bending moments:

Nigq ik, M, pq ik, Mgy _
X Ney My 7 Moy
N LT ——
" Y1 Vi
700180 +1,248-—1‘j41 7+1,248-% = 0,9382<1,0 OK
0,7238- 180 10 145 ,
1,1 1,1 T

in addition, the following design condition has to be checked.:

NEd + kzy M)’-Ed + kzz Mz.Ed —
N M, ri M gy
zZ N LT
Vi Ywmi Ymi
7001805+0, 9984-—1‘541 7+1,248-% = 0,9033<1,0 OK
0, 7238 1802 0. 4L, )
1,1 1,1 T

Comparison S420 vs $355:

In case the design calculations would be performed according to grade S355, the result of
the (M+N) interaction verification would be (S420: 0,9382 —) S355: 1,058 > 1,0, telling
the member is not strong enough. By comparing the ‘utilisation ratios’ of the interaction for-
mula, we can see that in this Example the increase of the material strength S355 — S420
improves the overall resistance almost 13 %.

2.1 Resistance of a structural hollow section to
concentrated loads

2111 Resistance to concentrated loads

The provisions presented here are assigned for determining the resistance of beam elements
to concentrated loads. The resistance to concentrated loads in respect to beam-to-column
joints or lattice joints; see EN 1993-1-8.

Concentrated loads comprise, in addition to ordinary concentrated loads, also the support re-

actions of a beam.
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Because the walls of the hollow sections are relatively thin, the local resistance of the hollow
section’s web shall be checked when a concentrated load is present. The wider the region onto
which the concentrated load can be distributed, the higher resistance will be achieved.

In respect to hollow sections, Eurocode does not present specific instructions to determine their
resistance to concentrated loads.

On circular hollow sections it is advisable to avoid the existence of localized concentrated
loads by structural means, e.g. by using welded end-plates to carry the loads as shear force by
the whole cross-section.

On square and rectangular hollow sections the resistance to concentrated loads can be de-
termined by using, as a conservative estimation, the provisions given in EN 1993-1-3 for cold-
formed sections, but applied for hollow sections as follows:

The design condition for the resistance to concentrated loads is written as:

F
k<10 (2.156)
2F]w4Rd
where Fg,; isthe design value of the concentrated load applied to the

hollow section at ultimate limit state
F;,, rais the design value of concentrated load resistance per one web

In expression (2.156) it has been assumed that the concentrated load F',; is applied to both
webs of the hollow section symmetrically. Thereby the concentrated load resistance of the hol-
low section is the sum of the resistances of both webs. In non-symmetric load case the concen-
trated load resistance of each web shall be checked separately in respect to the portion of the
concentrated load applied to it. As a conservative simplification it is always allowed to assume
that each web carries the whole concentrated load alone.

Concentrated load resistance of one web is calculated from the following formula:

2
t

Fryra = Cr- Y—fy (2.157)
Ml

where F .. ra s the design value of concentrated load resistance per one web

Cr is the factor according to the relevant load type from Table 2.26
t is the wall thickness

fy is the nominal yield strength of the material

Yui is the partial safety factor for resistance (Table 2.5)

In Table 2.26 the concentrated loads are separated into four cases according to whether the
concentrated load acts on one side of the beam or on both opposite sides, and whether the
concentrated load acts far from or near to the beam end. Concentrated load resistance is al-
ways substantially smaller, if the concentrated load acts near to the unstiffened end of the
beam.
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Table 2.26 Concentrated load resistance of square and rectangular hollow sections.
Factor Cr for different load types

Load type Concentrated load resistance
One concentrated load: when s4/t<60:
c<15(h-t) (h=1)/t S
Cp = ok [5,92—__][1 +0,01 :]
les.s] £ 132 t
Type 1
ypeta uul when sg/t>60:
< C J—
. T |G =kikok] 5,00 =D/t 0.71 +0,015f£}
132 t
One concentrated load: when sg/t<60:
c>15(h-t)
Cr = ksk k| (14,7 - =0/ 1+0,007s_5]
les.n] 49,5 | t
Type 1b
ype luu when sg/t>60:
c e
T |Cr=kikk| 14,7 - =070, 75+0,011S_S]
49,5 t
Two opposite concentrated loads: {when e <1,5(h-t):
c<1,5(h-t) r _ )
Cp = kkoks] 6,66 - M}[z +0,01§]
S L 64 t
Type 2a W

e C. e$‘
>{ }* }‘SS»‘

TTTTT Note a) and b)

Two opposite concentrated loads: (when e < 1,5(h-t):
C>1,5(h-t) (h t)/t Ky
C _kkk[ZI 0- }[1+0,013£}
s, U 16,3 t
Type 2b LI

- C—»‘

\/\

k el
il
nm Note a) and b)

k, = 1,33-0,33k, k,=1,15-0,15(r;/t) but k,20,50 and k,<1,0
ky = 1,0 L ky=1,22-0,22k k5= 1,06-0,06(r;/t) but ks<1,0
where: r; = internal corner radius , k =fy/228 [fy] = N/mm?

a) In case of two equal opposite concentrated loads, if the lengths of stiff bearing sg are unequal,
the smaller value is used.

b) If e>1,5(h-t), the case shall be assessed according to Type 1 for each of the single loads
separately.
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In Table 2.26 a so-called length of stiff bearing s is needed, i.e. the length on which the con-
centrated load is assumed to calculatory apply on the hollow section. The length of stiff bearing
can be determined on the basis of Figure 2.8. The load is thereby assumed to be distributed at
45° angle [13,14]. The measure s, is not allowed to be larger than (4 - f).

Figure 2.8 Concentrated load and the length of stiff bearing

If the bearing surface which applies the load rests at an angle to the surface of the hollow sec-
tion (Figure 2.8, the last case), the length of stiff bearing shall be taken as s, = 0 [13,14].

In the fourth case of Figure 2.8, when the load is applied through two bearing rollers, the veri-
fication shall be performed as two different cases: at first the resistance is checked using for the
load F'g,; the length s, according to Figure 2.8, and after that the situation is checked for each
of the single loads F';;/2 separately using the length s, = 0 [28].

Generally, if there are several concentrated loads near to each other, the resistance shall be
checked for each of the single loads and also for the total load. In the latter case the value of
length s, is taken as the distance of the centres of the outermost concentrated loads [13,14].

load from load from
I-section hollow section

t

Figure 2.9 Length of stiff bearing when the concentrated load is applied from a hot rolled
section or from a hollow section. Details
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The first and fifth case of Figure 2.8 have been presented in more details in Figure 2.9. On the
basis of the figures the following formulae can be derived for the length of stiff bearing s, :

sy = b+ 26+ 2(2 - A[Z)r[ (load from rolled section) (2.158)

Sy = b, + 2+ 2/2a (load from welded section) (2.159)

s, = 2t+(2- ﬂ)ri (load from hollow section, when the corner (2.160)
space has filled with a weld, see Fig. 2.9 Det.2)

where t is the thickness of the web of I-section

ty is the thickness of the flange of I-section

r;  is the internal corner radius of hot rolled

I-section or structural hollow section
a is the throat thickness of the web-to-flange weld of welded I-section
t is the wall thickness of the hollow section

2.11.2 Combined effect of concentrated load and bending moment

Because the resistance to concentrated loads has above been determined basing on EN 1993-
1-3, also the combined effect related to concentrated load shall be checked basing on the same
Part of Eurocode. Therein only the combined effect of concentrated load and simultaneous
bending moment needs to be checked.

The combined effect is checked according to the following simplified criteria [11]:

M,
Ed__<1,0 (2.161)
f etr” VMo
2FF_Ed <10 (2.162)
Iw.Rd
M F
Ed + Ed <1,25 (2.163)

SWer/ Yo 2F 10 ra

where Mg, is the design value of the bending moment at ultimate limit state
Weyr  is the section modulus of the effective cross-section
(in case of cross-section Classes 1...3 the elastic section modulus W,;)

fy is the nominal yield strength of the material
Y0 is the partial safety factor for resistance (Table 2.5)
Fgy is the design value of the concentrated load applied to the

hollow section at ultimate limit state
Fy,,. ra s the design value of concentrated load resistance per one web
according to clause 2.11.1

In expression (2.163) the bending moment M, can be calculated at the edge of the support
[11].
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Example 2.23

Calculate the resistance of hollow sections 200x200x 10 and 100x 100x 5 to transverse
concentrated forces, when subjected to load shown in the figure. The thickness of each flange
plate is t, = 10 mm.

The steel grade is SSAB Domex Tube Double Grade, which fulfills the EN 10219 require-
ments for both steel grades S420MH and S355J2H. Thereby the design calculations may be
performed at designer’s own choice either according to grade S420 or grade S355. Grade
S420 is chosen in this Example as design basis.

0,5Fg, 0,5Fg,

100x100% 5

200x200x 10

r;/t = 1,0 for hollow section 100x100x 5
ri/t = 1,5 for hollow section 200x200x 10

=420 N/mm?
Mar = 1,0

Resistance of hollow section 200x200x 10 to transverse concentrated forces:

In regard to the figure on the right, calculate the length of stiff bearing s..
First, calculate s, without the flange plates:
S, = 20+ (2= = 2-54+(2-42)-5 = 12,9 mm

= on the surface of hollow section 200x 200 x 10 the remaining non-loaded length, restrict-
ed by the left and right web of hollow section 100x 100x 5, would be 100 - 2-12,9 = 74,2
mm.

The flange plates (t, = 10 mm) increase the length of stiff bearing s, ‘outwords and inwards’
in proportion to their thickness as follows:

Asg iy = Asg oy = L+ 1, = 10+ 10 = 20 mm

The calculatory length of stiff bearing s shall not exceed the existing real length. Therefore
it must be checked whether the lengths s, on the left and on the right do overlap each others
at ‘inner side’:

2-(sg+As ) =2-(12,9+20) = 65,8<b = 100 mm

= the lengths s, do not overlap each others, thus the increase of the length s, developed by
the flange plates can be fully utilised.
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The calculatory values for the lengths s are thus finally altogether:

Ss.lefttot = Ss.right.tot =85t Ass‘in + Ass.out

=12,9420+20=52,9 mm<h—t =190 mm OK

The concentrated loads 0,5F g, are located near to each other, but still separated from each
others (because the related lengths s, do not overlap, as concluded above). Therefore the
loads originated from the hollow section 100x 100x 5 have to be considered as two different
cases: first as two separate loads 0,5F g, each, and then as one combined total load F; (see

the right-hand figure).
First, consider the loads on the right-hand figure as two separate loads 0,5F g, each:

Load application is herein type 1b (Table 2.26):

k =f,/228 = 420/228 = 1,842

ky = 1,0

=1,22-0,22k = 1,22-0,22- 1,842 = 0,8148

ks = 1,06-0,06(r;/t) = 1,06-0,06-1,5 = 0,97<1,0
Sslefiior/t = 52,9710 = 5,29 <60

Cal
Ny
|

/’l—f)/t Ss.left.tot

c :kkk[14,7—( }[1+0,007—} =
F =3 ks 79,5 y

147 _(200-10)/10

1,0-0,8148.0,97[
705

][1 +0,007-5,29] = 11,73

2 2

t .

Frora = CF-JX = 11,73.ig__f_2_0 = 492,7 kN
' Yumi 1,0

= on the right-hand figure, the resistance to concentrated force 0,5F; is 492,7 kN

= when based on separate concentrated loads, the resistance for the total load Fgy is:
Fro=2-492,7 = 985,4 kN

Next, consider the concentrated loads on the right-hand figure as one combined load
0!5FEd + 0’5FEd = FEd N

Herein, the lengths sg shall be taken as the centre-to-centre distance of the outermost loads
(now the flange plates do not give any benefit, because they do not change the centre-to-cen-

tre distance of the loads):

Seromt = b=2-(s./2) = 100-2-(12,9/2) = 87,1 mm

Ssjotal/t = 87, 1710 = 8, 71 <60

h— f)/t Ss.total
C =kkk[]4,7—( }[1+0,007—} =
PR 49,5 t
147 (200-10)/10

1,0-0,8148‘0,97[
795

}[1+0, 007-8,711 = 12,00
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£f, 10° - 420
Frora = Cp- == = 12,00- —5 = 504, 0 kN

Ymi 1,
= when based on one combined load, the resistance for the total load Fg, is 504,0 kN.

For hollow section 200x 200 x 10, the critical case is thus the combined load, where the re-
sistance for the total load F, is 504,0 kN.

Resistance of hollow section 100x 100 x5 to transverse concentrated forces:

In regard to the figure on the left, calculate the length of stiff bearing s .
First, calculate s; without the flange plates:

S, = 20+ (2=2)r; = 2104 (2= 4/2)- 15 = 28,8 mm

Next, consider also the flange plates. The calculatory length s is:

= 5,4 AS 1t AS, gy = 28,8 420420 = 68,8 mm<h—t= 95mm OK

S s.right —

s.tot

When looking on the left-hand figure and using the same definitions as given on Table 2.26,
it can be concluded even without more precise data that:

c<1,5(h—t) = 1,5-(100-5) = 142, 5 mm

= load application is herein type 1a. Therefore:

k=1,/228 = 420/228 = 1,842

1,33-0,33k = 1,33-0,33-1,842 = 0,7221

1,15-0,15(r;/t) = 1,15-0,15-1,0 = 1,0 (k,20,5 ja k,<1,0)
k;y=1,0

Sg/t = 068,8/5 = 13,76 <60

bl
NN
I

h—t)/t Ss.tot
Co=k k,k [5,92—( J[uo,oz_} =
F 1273 132 ¢

0,7221-1,0-1,0[5,92—%2515][“0,01-13,76] = 4,745

2 2

t .

F]WARd=CF.;f¥=4’745.5 220
Vi ’

= on the left-hand figure, for each hollow section 100x 100x 5, the resistance for concent-

rated load Fr, is the sum of the front-side web and back-side web:
Fro=2F; g =2-49,8 = 99,6 kN

= 49,8 kN

For the whole joint, the resistance to transverse concentrated force is thus determined by the
hollow section 100x 100x 5. The maximum allowed value for the concentrated loads acting
in this joint is hence Fry;= 99,6 kN.
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Comparison S420 vs $355:

In case the design calculations would be performed according to grade S355, the hollow sec-
tion 200x 200 x 10 would have resistance of 459,0 kN, and the hollow section 100x 100x 5
would have resistance of 95,2 kN. Increase of the material strength S355 — S420 improves
the resistance to transverse concentrated forces in this Example hence by 5...10 % depen-
ding on the case.
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3. DESIGN OF HOLLOW SECTION JOINTS

3.1 Design of welded joints in lattice structures

Joints in lattice structures are usually assumed to be nominally pinned, and brace members are
designed for axial force only. Depending on the dimensions of the chord versus brace mem-
bers, the effect of joint stiffness can be accounted for, thereby reducing the buckling length of
the brace member (see clause 7.4.3). Transverse loads along the chord span introduce also
bending moments, in which case the chord shall be designed for compression and bending. In
terms of compression resistance, a hollow section with thin walls is the most favourable solu-
tion. However, when considering the resistance of the joint, a thin-walled, wide chord is not as
good as a thick-walled narrow chord.

In lattice structures the design conditions shall be checked separately on each member of the
joint. The design condition can be presented in general form as follows (written here on purpose
in ‘backward’ order):

NiraZ N a (3.1)

1

where N; ra is the design resistance of brace member i

N; gq is the design value of the normal force acting in
brace member i at ultimate limit state

In design condition (3.1) it is generally possible to perform the verification by checking the (joint)
resistances of brace members alone, because in the joint resistance tables (Annex 11.3) also
the resistance of the chord has been determined by the resistance of the brace members (for
example the chord face failure by yielding is in the formulae of the table determined as the high-
est ‘allowable’ force, i.e. resistance, acting in the brace member).

1 3 2  brace members
03
02
91 chord
FEq

Figure 3.1  Example. KT lattice joint (brace members 1,2,3) which is additionally subject to
external concentrated load / support reaction Fggy

The member forces acting in lattice joints are normally calculated assuming the ends of the

brace members to be pinned. For example in a case like in Figure 3.1 the design condition (3.1)
can be thereby written for each of the brace members in the following form:
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Brace member 1: N, p;=N,; s |- sinb, 3.2)
thus:
N gasin® 2N, gy sin®; = N, ggsin®, ”+” Nj g, sin; " +" Fp,

Brace member2: N, ;2 N5 p; |- sin, (3.3)
thus:

. . . ” ”n . ” ”
N; 2 Sin®; 2N, pysin®, = N;p,sin®; " +" N; p,8in0; "+ Fpy

Brace member 3: N; p, 2N g, |- sin6; (3.4)
thus:
N; g Sin0; 2N; gy sin®; = Ny, sin®, " +7 N, g,sin0, " +” Fpy
where N; pa is the design resistance of brace member i
N; g4 is the design value of the normal force acting in brace member i
at ultimate limit state
Fg, is the design value of the possible external concentrated load /support
reaction at ultimate limit state (if such load does not exist, set F/z;=0).
Also regarding the chord and the structural member transferring the
load F'g,; to the chord, the corresponding design condition Fp; > Fy
shall be checked, where the resistance of the joint F'p; is calculated
using the applicable resistance table in Annex 11.3
(usually X joint, presented in Tables 11.3.2 and 11.3.4,
or plate-to-chord joint, presented in Table 11.3.15)
“+” means “to be combined with” (i.e. simultaneous action of the forces)
(signs of the forces are determined case by case)

When checking the resistances of the lattice joints it shall be kept in mind, that the resistances
presented in the resistance tables (Annex 11.3) apply only to the joint resistances of the mem-
bers. Regarding the members connecting to the joint (brace members and chords) it
shall always be remembered to check in addition also:

* resistance of the cross-section (Chapter 2) and
* buckling resistance of the compressed members (Chapter 2) and
+ resistance of the welds (clause 3.3).

The designations used for the members in lattice joints are presented in Figure 3.2. The sub-
scripts for members are defined as follows:

0 = chord

1 = compression brace member

2 = tension brace member

3 = middle brace member (in case of three brace members in the joint)
1 = overlapping brace member (in case of overlap joint)

J = overlapped brace member (in case of overlap joint)
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b) Overlap joint, designations of the members

Figure 3.2 Designations of the members in the joint [4,5,6]

Additional essential parameters regarding calculation of the joint are presented in Figures 3.3
and 3.4.

Different joint types of uniplanar trusses are collected in Table 3.2. Joint types of multiplanar
trusses are presented in [12] and [13].

Different failure modes appearing in hollow section lattice joints are presented in Table 3.3. The
critical failure mode depends on the dimensions of the chord and brace members, and on the
joint geometry.

The calculation formulae of lattice joints presented in EN 1993-1-8 are partly based on test re-
sults. In this handbook, calculation formulae for different hollow section lattice joints are pre-
sented in Annex 11.3. In each of its tables the critical failure modes and resistances for the con-
sidered joint type are presented. The resistance of the joint shall be calculated for each failure
mode presented in the table, whereafter the governing (lowest) value is adopted as the final
resistance of the joint. When using the tables compression is positive. In design of joints, the
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maximum absolute value of axial force (or correspondingly the stress) acting in the chord mem-
ber is denoted as N, ;. When the horizontal components of the forces acting in brace mem-
bers are excluded, the axial force of the chord member is denoted as N, z; (see Figure 3.2).

The resistance of the weld between a brace member and a chord is not taken into account in
the joint resistance tables, as it is supposed that the resistance of the welds is designed to be
sufficient. The design of welds is presented later on in clause 3.3.

The resistances calculated using the formulae of the tables are valid up to grade S355. When
using grades of higher strength, the resistances shall be multiplied by a correction factor ac-
cording to Table 3.1 [4,5,6].

Table 3.1 Correction factor for resistances of hollow section lattice joints in different
steel grades [4,5,6]

Grade Correction factor for resistance
S$235...8355 1,0
S420...S460 0,9
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Table 3.2  Joint types in lattice structures
Joint type Gap joint Overlap joint

KT
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Table 3.3

SSAB DOMEX TUBE STRUCTURAL HOLLOW SECTIONS

Failure modes of joints in lattice structures [4,5,6]

Failure mode

Structure in which the failure mode
is possible

Plastic failure of the chord face or
failure of the whole cross-section by
plastification

Thin-walled chord and narrow
brace member versus chord

Failure of the chord side wall by
yielding or by local buckling due to
compression of the brace member

S —
F—————F———— Bl
11T
o — E—————4

High and thin-walled chord of equal
width as the brace member

Chord shear failure

Low and thin-walled chord

Punching shear failure of the chord
face

Thin-walled and wide chord,
brace member slightly narrower
than chord

Failure of the brace member or weld

Thin-walled brace member and
thick-walled chord

Local buckling of brace member or
chord member

Chord:
Thin-walled and wide

Brace member:
Thin-walled and wide sides

Shear of the brace members
off the chord

Overlap joint, when extent of
overlapping is Agy > Aoy jim
or

when brace members have
h1 <b1 orh2<b2
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a) Definition of gap
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b) Definition of overlap

Figure 3.3 Gap and overlap in a joint [4,5,6]
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Figure 3.4  Eccentricity of the joint [4,5,6]
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According to Figure 3.4 eccentricity obtains a positive value, when the neutral axes of the brace
members intersect on the opposite side from the chord’s centroidal axis. Correspondingly the
eccentricity is negative, when the intersection point is located on the brace member’s side from
the chord’s centroidal axis. The joint’'s gap refers to the space between the brace members. The
joint is overlapped, when the brace members are partially or completely overlaid by each other.
The overlap can also be expressed as a gap having a negative value. Eccentricity and gap are
interrelated with each other as follows [13]:

g = (e+@)3i7(91f92)_ h B (3.5)
2 ) sin®,sin®, 2sin®; 2sin0,
_ ( }'z] N I.zz +g) s.inelsinez _}2 (3.6)
2sin®; 2sin0, sin(0,+06,) 2
where 0, s the smaller angle between the brace member and the chord

h; is the depth of the brace member
hy s the depth of the chord

Moments caused by the eccentricity of the joint need not be taken into account in the calcula-
tion of the joint’s resistance, if the system length L of the brace member and chord as well as
the eccentricity of the joint satisfy the following conditions [4,5,6]:

L>6h (3.7)
-0, 55h,<e<0,25h, (3.8)

where # is the depth of the cross-section of the member to be considered (brace member or
chord) and 4, is the depth of the cross-section of the chord in the plane of the lattice. In case
of circular hollow sections, in the aforementioned expressions the depth / of the cross-section
is substituded by the diameter d of the hollow section.

Also in the design of members, the moments caused by joint eccentricity need not be taken
into account regarding brace members and tension chord, if both of the aforementioned condi-
tions are satisfied. However, in case of compression chord the moments caused by joint eccen-
tricity shall always be taken into account. In such case the moments caused by eccentricity are
distributed between the compression chord members on each side of the joint on the basis of
their relative stiffness coefficients //L, where L is the system length of the member [4,5,6].

If either one of the conditions (3.7) or (3.8) is not met, the moments caused by eccentricity shall
be taken into account in the design of both the joint and its members. In such case the moments
caused by eccentricity are distributed between all members of the joint on the basis of their rel-
ative stiffness coefficients //L [4,5,6].

The secondary moments caused by the rotational stiffness of the joints can be ignored in the
design of members and joints, if the length of the member satisfies condition (3.7) and if the
geometry of the joint conforms to the conditions presented in the resistance tables [4,5,6].

Summary of the cases where the moments shall be taken into account is presented in Table
3.4.
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Table 3.4  Allowance for bending moments [4,5,6]

Source of the bending moment

EIem_ent or joint to be Secondary effects Transverse loading Eccentricity

considered

Compression chord No, if the condition (3.7) is Yes

Tension chord gﬁ\tt' :Q:fgrgn?:’t‘;ﬁ‘rzg ofthe Ve No, if the condition (3.7)

B b o . and (3.8) are met, and if

réce member coqd;tlons ?rzlsented inthe geometry of the joint

Joint resistance tables conforms to the conditions
presented in the resistance
tables

Table 3.5  General requirements for hollow section lattice joints [4,5,6]

Members to be joined

the cold-formed structural hollow sections are circular or square or rectangular structural hollow sections
conforming to EN 10219

the joints may be constructed also by using aforementioned structural hollow sections and open sections
together

wall thickness of the hollow section is at least # > 2,5 mm
(Note: SSAB recommends ¢ = 3 mm in order to ensure fit-up and weldability in assembly of the lattice’s
components)

compressed plane elements of the members shall meet the requirements of Class 1 or 2 (deter mined
for uniform compression), if not otherwise specified in the resistance table of that specific joint

Geometry of the joint:

« the angles between chords and brace members, as well as angles between adjacent brace members, shall
be at least 0; > 30°

« the ends of the members meeting in the joint are fabricated so that the form of the cross-section of the hollow
sections does not change (i.e. the provisions do not cover joints of hollow sections which are flattened at their
ends)

Gap joints (see Figure 3.3):

« to ensure sufficient clearance in gap joints to enable proper welds, the gap between brace
members shall be at least g > (¢; + 1,)

Overlap joints (see Figure 3.3):

« when the wall thicknesses and /or steel grades of the members to be overlapped are different, the member
having the smallest value of ¢; 'szi shall be set uppermost

« when the width of the overlapping brace members is different, the narrower member shall be set on top of
the wider member

« in partially overlapping joints, SSAB recommends that also the hidden seam of the brace member
shall always be welded to the chord (according to EN 1993-1-8 this need not be done, provided that the axial
forces in the brace members are such that their components perpendicular to the chord do not differ by
more than 20 %)

« in overlap joints, the overlapping shall be large enough to transfer the shear force from one brace member
to another. The overlap shall be at least A, > 25 %

* If Ayy> Ay i OF if on rectangular brace members hy < by and/or hy <b,, also the shear of
the brace members off the chord (in the direction of the chord) shall be checked:
Aov.lim =60 % if the hidden seam of the overlapped brace member is not welded to the chord
ov.lim =80 % if the hidden seam of the overlapped brace member is welded to the chord

When using the resistance formulae of lattice joints, it shall be checked that the joint
meets the validity conditions presented in the resistance tables. The validity conditions of
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the tables are assigned both to the geometry of the joint, and to the cross-section Classes and
cross-sectional dimensions of the hollow sections forming the joint. The general requirements
given in EN 1993-1-8 for joints are presented in Table 3.5. Additional requirements specific for a
certain joint type are presented hereafter in clauses 3.1.1-3.1.2, and in the tables of Annex 11.3.

3.11 Joint of circular, square and rectangular brace members
to a square or rectangular chord

Before determining the resistance of the joint, the members shall be designed for the loads
which they are subjected to (Chapter 2). The joints are usually assumed to be pinned, so the
brace members are designed for axial force only. The weld between the brace member and
chord is normally designed to have equal strength with the brace member (see clause 3.3). Mo-
ments caused by eccentricity of the joint need not be taken into account in the calculation of
the joint’s resistance, if the system length of the members forming the joint and eccentricity of
the joint meet the conditions presented in clause 3.1.

The compressed plane elements of the members shall meet the requirements of Class 1 or 2
(determined for uniform compression), if not otherwise specified in the resistance table of that
specific joint [4,5,6].

In case of gap joint of type N, K or KT, the gap g (Figure 3.3) shall fulfill the following conditions
[4,5,6,13]:

g2t;+1, (3.9)
0,5(1-B)b,<g<1,5(1-B)b, (3.10)
d,+d by+b,+h;+h
Bp=-—_L_2 o L2 1 2 for N or K joint (3.11)
2b, 4b,
d,+d,+d by+b,+bs+h,+h,+h
p=L_2 3 o L2 3 1 2 3 for KT joint (3.12)
3b, 6b,
where t; is the wall thickness of the brace member
d; is the diameter of the brace member’s cross-section
b; is the width of the brace member’s cross-section
h; is the depth of the brace member’s cross-section

by s the width of the chord’s cross-section

If the gap is larger than the limit values above, the joint shall be treated as two separate joints
[4,5,6].

The chord’s normal force and bending moment have an impact on the resistance of the chord
face. This interaction is considered by parameter n [4,5,6]:

Sora_ _ _ Nowa My (3.13)
S0/ Yus Ao Lo/ Yus  WeroSyo/ Yus

where Ny gg 1s the maximum absolute value of the normal force acting in the chord
(Figure 3.2)
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M, g4 is the bending moment acting in the chord (Figure 3.2)

Ay is the cross-section area of the chord (Annex 11.1)

W, o is the elastic bending modulus of the chord (Annex 11.1)
Jyo s the nominal yield strength of the chord

Yus  is the partial safety factor for hollow section lattice joints (Table 2.5)

The resistance of joints is calculated in Examples 3.1-3.6 according to the tables of Annex
11.3. The resistance of a joint is calculated in the resistance tables for different failure modes,
from which the lowest value is adopted as the final resistance of the joint. In the design of hollow
section lattice joints, partial safety factor ¥,,5 is applied for the resistance of joints (see Table
2.5), for which the recommended value 93,5 = 1,0 has been used as given in EN 1993-1-8.

When using the tables, it shall be checked that the members of the lattice and the geometry of
the joint meet the requirements presented in the tables. The validity conditions of the joints are
met in Examples 3.1 - 3.6, but the checking of them is not presented in this context.

The steel grade is in all Examples SSAB Domex Tube Double Grade, which fulfills the EN
10219 requirements for both steel grades S420MH and S355J2H. Thereby the design calcula-
tions may be performed at designer’s own choice either according to grade S420 or grade
S355. In the following Examples the design calculations have been carried out according to
grade S420, unless otherwise specified.

In the tables of Annex 11.3 and in Examples 3.1 - 3.6, it has been supposed that the value
of partial safety factor 9,5 for hollow section lattice joints is 93,5 = 1,0 according to the
recommended value in Eurocode and Finnish National Annex. The values valid in other
countries must be checked from the National Annex of the relevant country. The tables
in Annex 11 3 apply to steel grades, for which the yield strength is not higher than [, =
460 N/mm?. When using steel grades of yield strength higher than fy 355 N/mm?, fvhe
joint resistances shall be multiplied by the correction factor according to Table 3.1.

Example 3.1
Y joint, brace member subjected to tension (Table 11.3.1)

The geometry and forces of the joint are as
follows:

o

Chord: 200x200x 8 / o
Ay =5924 mm’ (Annex 11.1) !

Brace member: 100x 100 x5
A; = 1836 mm’ (Annex 11.1) w w

N — -
|
|

91:450 | | ‘ bo ‘
B=b,/by=100/200 = 0,5
n=nh;/by=100/200 = 0,5

Nogg =936 kN (compression)
N; ga =590 kN (tension)
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The normal stress Oy g, in the chord face has an impact on the joint’s resistance by the
parameter k,,:

_ Sord _ _ Nog + My pa _ 936 10° +0 = 0,3762
fy()/YM5 Aofyo/Ym Wel.ofy()/Ym 5924 -420/1,0
k,=1,3- 0’—4@ =1,3- 0.4-0,3762 _ 0,9990< 1,0 (chord in compression)

0,5

Chord face failure by yielding:
Since B=0,5< 0,85, check the resistance to chord face failure:

2
kn.f ZLO 2 ;
Ny =09 (]—B)y;)in o (sinne] + 4A/1—B)/YM5 (S420: resistance factor = 0,9)

2

0,9990-420-8%(2-0,5

=0,9.-% 0 4 4,/1-0,5 /1,0 = 290,0 kN <N, , = 590 kN
(1-0,5) sin45 (sin45 ) I.Ed

Joint’s resistance:
The joint's resistance is hereby the joint resistance of the brace member 1 (i.e. i = 1) being

N ra = 290,0 kN, which is substantially lower than the brace member’s normal force N; g,
= 590 kN. Hence, in order to achieve sufficient resistance for the joint, a bigger hollow sec-
tion has to be chosen for the brace member, or the chord face needs to be reinforced.

In addition to the preceding verification of the joint’s resistance, also the following needs to
be specifically checked:

* the welds of the joint, and

* the cross-section resistance of the brace member and the chord, and

* the buckling resistance of the compressed member (chord).

Comparison S420 vs $355:

In case the design calculations would be performed according to grade S355, the joint’s re-
sistance would be 257,3 kN. Hence, increase of the material strength S355 — S420 improves
the joint’s resistance in this Example by approx. 13 %.

Example 3.2
T joint, brace member subjected to compression (Table 11.3.1).

The geometry and forces of the joint are as N Ea ‘
follows: %

Chord: 100x 1006 AN A ¥
Ay = 2163 mm’ (Annex 11.1) ‘ ! [y

Brace member: 100x 100 x5
A; = 1836 mm’ (Annex 11.1)

6, = 90°
B=b;/by=100/100= 1,0 B

No.ga =400 kN (compression)
N; ga =350 kN (compression)
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N, M 10
_ Sord _ 0Ed__ 0.Ed _ 400 - 10 +0 = 0,4403
5o/ Vs Ao S0/ Vs Werofyo/Yus  2163-420/1,0
ko= 1,300y 3 0404403 nys 0 =k =10

" B 1,0

Chord side wall buckling or yielding:
Because B = 1,0 chord side wall buckling / yielding may be the critical failure mode. First,
calculate buckling stress by using buckling curve c:

hy [1 100 [1
—_ 21 [ .
(to ) sin®, ( 6 2) 5in 90

A=346- 20~ 11 =346 = 0,7224
n.F o |21
Jyo 420
®=0,5[1+0(h=0,2)+A] = 0,5-[1+0,49-(0,7224-0,2) + 0,7224°] = 0, 8889

X = ! = ! =0,7108<1,0

D4 JDP 30,8889+ 40,8889 —0,7224°

For T joint:
fo =% foo = 0,7108 - 420 = 298,5 N/mm’

Now we can calculate the resistance in respect to the chord side wall:

k,foto( 2h .
Nipa=0,9- ) (sin é] +10t0)/yM5 (§420: resistance factor = 0,9)
- 0,9-1’0'?98’5'6(2j’00+10-6)/1, 0 =419, 1 kN
sin 90 sin 90

Brace member failure by yielding:
The effective width of the brace member:

-t .
byy = _]0_.];0__0.1;1 = 10 4206 4 - 72mm<b, = 100 mm
T by/ty fyr oty 10076 420-5
Niga=0,91,1t,(2h;—4t,+2b,)/ Vs (S420: resistance factor = 0,9)

=0,9-420-5-(2-100-4-5+2-72)/1,0 = 612,4 kN

Joint’s resistance:

The joint’s resistance is hereby governed by the chord’s side wall resistance, which is deter-
mined by the resistance of the brace member 1 (i.e. i = 1) being

N],Rd:419’lkN2N1.Ed OK

In addition to the preceding verification of the joint’s resistance, also the following needs to
be specifically checked:
* the welds of the joint, and
* the cross-section resistance of the brace member and the chord, and
o the buckling resistance of the compressed members (brace member and chord).
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Comparison S420 vs $355:

In case the design calculations would be performed according to grade S355, the joint’s re-
sistance would be 413,6 kN. Hence, increase of the material strength S355 — 5420 does not
improve the joint’s resistance very much in this Example.

Example 3.3
X joint, brace members subjected to compression (Table 11.3.1)

The geometry and forces of the joint are as
follows: ‘

Chord: 200x200x 8
Ay =5924 mm’ (Annex 11.1)

Brace members: 180x180x6
A; = 4083 mm’ (Annex 11.1)

01: 30°

B=b,/by=180/200 = 0,90
n=h,/by=180/200 = 0,90
Y=0,5by /1) =0,5-200/8 = 12,5

Noga= 620kN (tension) =k, =10
Ny gg=1000 kN (compression)

Chord face punching shear:
Since 0,85 < B< 1-(1/y) = 0,92, chord face punching shear must be checked:

0 , _ 10

b,, = ;= <180 = 72mm<b, = 180 mm
P b/t 200/ 8
-t 2h
Niga=0,9- Jyo " lo ( L+ 2beAp)/YM5 (S420: resistance factor = 0,9)
ﬁsin@l sin®,;
= 0,9.%20-8 -(2j180+2~72)/1,0 = 3017 kN
ﬁsin30 sin30

Chord face yielding and chord side wall buckling / yielding:

Since 0,85 < < 1,0, chord’s resistance must be checked in respect to chord face and chord
side wall. First, calculate joint’s resistance in respect to chord face when B = 0,85, and in
respect to chord side wall when 3= 1,0. After that, apply linear interpolation with the actual
value B= 0,9:

176



SSAB DOMEX TUBE STRUCTURAL HOLLOW SECTIONS Chapter 3

2

k t

Nigs = 0,9- nJvo . ( ?n + 41— B)/YMj (5420: resistance factor = 0,9)
: (1 -B)sin®, \sinb,

2
=0,9. 104208 (2'0’9+4A/1—0,85y1,0 = 1661 kN

(1-0,85)sin30 \sin30
b) B=1,0:
h
(t—o_z)/\/sirfe (220_2)'«/ ‘130
_ Sin
A=3,46--0 T V1 _ 346. = 1,602

E'F o |21-10
To 420

®=0,5[1+(h=0,2)+A1=0,5[1+0,49-(1,602—0,2)+1,602°] = 2,127

y = ! - ! = 0,2836<1,0

O+ O 2,127+ 42,1277~ 1,602°
For X joint:
o= 0,8%" fyp - sin®; = 0,8-0,2836 - 420 - sin30 = 47,6 N/mm®

k, f,t 2h
Nipa=0,9- ,fb 0 ( - +10t0)/yM5 (5420: resistance factor = 0,9)
' sin®; \sin0,
= 0,9.L0-47.6-8 (2', ]80+10-8)/1,0 = 548,4 kN
sin 30 sin30

When = 1,0, check whether the above calculated resistance 548,4 kN can be directly
adopted, or must the chord shear be checked, too:

cos®;, = cos30 = 0,8660<h,/h, = 180/200 = 0,9
= chord shear does not need to be checked

Next, interpolate the chord’s resistance from the above calculated results:

Ny = 1661+ 228221061 9_ ¢ g5y = 1290 v
~ 7,0-0,85

Brace member failure by yielding:
The effective width of the brace member is:

t .
off = i.M.bl = 10 420-8 ;e = 96,0 mm<b, = 180 mm
bo/ty fo1 - 200/8 420-6
N, a= 0,9 'fvo t;(2h; - 4t1+2beff)/yM5 (S420: resistance factor = 0,9)

=0,9-420-6-(2-180-4-6+2-96,0)/1,0 = 1198 kN
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Joint’s resistance:
The joint’s resistance is the smallest of the above obtained results, i.e.
N].Rd:]198kN2N].Ed OK

In addition to the preceding verification of the joint’s resistance, also the following needs to
be specifically checked:

* the welds of the joint, and

* the cross-section resistance of the brace members and the chord, and

o the buckling resistance of the compressed members (brace members and chord).

Comparison S420 vs $355:

In case the design calculations would be performed according to grade S355, the joint’s re-
sistance would be 1125 kN. Hence, increase of the material strength §355 — S420 improves
the joint’s resistance in this Example by approx. 6,5 %.

Example 3.4
Gap K joint (Table 11.3.2)

The geometry and forces of the joint are as
follows:

Chord: 200x200x 8

Ay = 5924 mm? (Annex 11.1) T T Nom ! 0]
QJ‘—»—— \——/———«—: S e G
|
Brace members: 150x150% 6 b e w ‘
Ay =A5=3363 mm? (Annex 11.1) b0 |
01 = 92 =45°
g =28 mm

No.ga = 1364 kN (compression)
N;gg= 600 kN (compression)
N5 pa = 600 kN (tension)

B lutbathithy 150+150+150+150

=0,75
4b, 7-200
b
Y = 20— & =125
2ty 2-8
_ Sori _  Nop + My ga _ 1364 10° 10 = 0,5482
Soo/ Vs  AoLyo/Yus Werofyo/Yus  5924-420/1,0
k, = 1,3_M=1,3_M=1,008>1,0 =k, =10
B 0,75
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Check the validity conditions of the joint’s gap:
g=28mmz2t;+t, = 6+6 = 12mm OK

g/b, = 28/200 = 0,14>0,5(1-B) = 0,5-(1-0,75) = 0,125 OK
g/by=0,14<1,5(1-B) = 1,5-(1-0,75) = 0,375 OK

= the joint’s gap meets the validity conditions

Check the validity conditions of the joint’s eccentricity:
h h in0,sin®, h

e:( ‘1 + .2 +g)s.m |59,

2sin®; 2sinb, sin(0;+06,) 2
_ ( 150 150 +28) s.in45sin45 _ 200

2sin45  2sin45 sin(45+45) 2

—0,55h) =-110mm<e = 20,1 mm<0,25h, = 50 mm OK

= the joint’s eccentricity meets the validity conditions

= 20, 1 mm

When calculating the resistance of the joint, only the brace member 1 needs to be checked,
because both brace members are equal in respect to their size, their angle and their loading.

Chord face failure by yielding:

8,9 -k, -f -t b,+b,+h,+h
Niga =09 .fy() 2 ﬁ( L2 ! 2)/71\45 (S420: factor = 0,9)
‘ sin®,; 4b,,
2
L 0.9.89:1,0.420-8 .m.(150+150+150+150) 8074 &N
sin45 4-200

Chord face punching shear:
Since B<1-(1/y) = 0,92, chord face punching shear must be checked:

o= A0y = L0450 = 60mm<b, = 150 mm
» = bt 20078
t, ( 2h
Niga=09- Jyo1o ( ! +b1+bep)/YM5 (S420: resistance factor = 0,9)
ﬁsinej sin®,
-0, 9-M(2" 150, 150 +60)/1,0 = 1566 kN
ﬁsin45 sin45
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Chord shear:
The shear resistance of the chord at the location of the joint is:
o = ! 5 = ! 5 = 0, 2402
1+ 4% 1+4 282
3t 3-8
A,y = Chy+abyt, = (2-200+0,2402-200) -8 = 3584 mm’
N — 0 9 fy() AVO / . 7 —
Jra = 0,9 22— /v, (5420: resistance factor = 0,9)
f?sinel
= 0,0.%20-338% /1 0 — 1106 kN
J}sin45

Chord'’s resistance to normal force at the location of the joint’s gap:
Nogapra = Nopa—Nipgcos0, = 1364—-600 - cos45 = 939, 7 kN (compression)

Vo gap.ga = Nigasin®, = 600 -sind5 = 424,3 kN

h
Ayy = Ay —0 = 5924. 290 _ 2962 m®
T 200 + 200
YNE
Vira = Ayo-fyoy B 296242008 _ 515 54w
MO )

2
N().gap.Rd =09 [(AO_AV())fy() + Av()fy() /\/1 _(V().gap.Ed/ Vpl.Rd) ]/YM5 (S420 = 019)

= 0,9 (5924~ 3584) - 420 + 3584 - 420 - |1~ (424,3/718,2)°1/1,0 = 1978 kN
N().gap.Rd = 1978 kN ZN().gap.Ed = 939’ 7 kN OK

Brace member failure by yielding:
The effective width of the brace member is:

10 hoty o 10 4208
N by/ty fo 1, 1 20078 420-6
Niga=0,9-f,,1,(2h;=4t,+b,+ b))/ Vs (S420: resistance factor = 0,9)
0,9-420-6-(2-150—4-6+ 150+ 80)/1,0 = 1148 kN

<150 = 80 mm<b, = 150 mm

Joint’s resistance:
In respect to the forces acting in the chord, the joint’s resistance is governed by the chord’s
resistance at the gap Ny g4 pg = 1978 kN 2 Ny g, gg = 939,7 kN OK

In respect to the forces acting in the brace members, the joint’s resistance is governed by
chord face failure by yielding, where the resistances of the brace members are:
NI,Rd:807’4kN2 N].Ed OK

N2_Rd2807,4kN2 NZ.Ed OK
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In addition to the preceding verification of the joint’s resistance, also the following needs to
be specifically checked:

* the welds of the joint, and

* the cross-section resistance of the brace members and the chord, and

* the buckling resistance of the compressed members (chord and brace member 1).

Comparison S420 vs $355:

In case the design calculations would be performed according to grade S355, the joint's re-
sistance would be 1741 kN. Hence, increase of the material strength S355 — S420 improves
the joint’s resistance in this Example by almost 6,5 % in respect to the brace members, and
almost 14 % in respect to the chord.

Example 3.5

Overlap K joint (Table 11.3.3)

The geometry and forces of the joint are as NiEa N2k “171_2"

Sfollows: o

Chord: 180x 1808 L

Ay = 5284 mm’ (Annex 11.1) Hi Ed) ‘
S

q

Brace members: 140x140x6 ISR SR s S i ‘

A;=A5=3123 mm?® (Annex 11.1) ‘ bo ‘

0;=0,=060°

q = -g = 90 mm (overlap)

Ny gg=1500 kN (tension) .
N;gg= 800 kN (compresszon)
N> g = 800 kN (tension)

Check the validity conditions of the joint’s eccentricity:
A A . .
( oy )smejsmez _hy
2sin®; 2sinb,

8 )5ine,v0,) 2
_ ( ]'40 + 1‘40 + _90)) s.in60sin60 _ 180
2sin60  2sin60 sin(60 + 60) 2
-0,55hy =-99 mm<e=-27,9mm<0,25h, =45 mm OK
= the joint’s eccentricity meets the validity conditions

= -27,9 mm

The overlap ratio A, is (Figure 3.3):
p = h;/sin®, = 140/sin60 = 161,7 mm
Ay, = (q/p)- 100 % = (90/161,7)- 100 % =557 %225 % OK
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Shear of the brace members off the chord:
This failure mode must be checked if one of the following conditions takes place:

if Aoy> Ny jim =80 % (When the hidden seam is welded to the chord)
if hy<b, or h,<b,

= now neither one of the above conditions takes place, thus shear of the brace members off
the chord will not become critical.

When the chord is a square or rectangular hollow section, in case of overlap joint, the resis-
tance of the overlapping member (i.e. the member located on top) is always calculated first
(see Table 11.3.3):

Brace member 1 (= overlapping brace member):
Brace member failure by yielding:
Now 50 % < A, <80 %, thus the effective width is:
p oo 10 Sy to poo 10 420-8
N bty fot, | 180/8 420-6
0 to Jyr "l
10 St o 10 42006
YT by/ty fot, 1T 140/6 420-6
Niga = 0,9 [yt (boy+ b, o+ 20 —41))/ Vs (S420: resistance factor = 0,9)
0,9-420-6-(83+60+2-140-4-6)/1,0 = 904,9kN 2N, ,, OK

<140 = 83 mm<b;, = 140 mm

<140 = 60 mm<b, = 140 mm

Brace member 2 (= overlapped brace member):

The resistance of the overlapped brace member is obtained by setting its utilisation ratio to
be the same as the overlapping brace member’s:

Ay 1o _3123-420

=222 7. 904,9 = 904,9 kN >N, OK
A fy T 3123420 2.Ed

Noga =

In addition to the preceding verification of the joint’s resistance, also the following needs to
be specifically checked:

o the welds of the joint, and

* the cross-section resistance of the brace members and the chord, and

* the buckling resistance of the compressed member (overlapping brace member 1).

Comparison $420 vs $355:

In case the design calculations would be performed according to grade S3535, the joint’s re-
sistance would be 849,9 kN. Hence, increase of the material strength S355 — S420 improves
the joint’s resistance in this Example by approx. 6,5 %.
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Example 3.6
Cranked-chord joint at bottom corner of a lattice
structure (Table 11.3.14 => 11.3.3).

The resistance of a cranked-chord joint at bottom corner
of a lattice structure can be calculated with formulae of
an overlap joint by imagining the bottom chord to contin-
ue straight forward without any angle (see lower figure).

The geometry and forces of the joint are as

follows:
Cranked-chord joint at bottom

Chord: 120x120x 6 corner of a lattice structure
Ay =20643 mm’ (Annex 11.1)

Brace member: 100x100x 5
A; = 1836 mm’ (Annex 11.1)

0,=90°
0, =45°

N;gg =3500kN (compression)
Ny1ga=3500kN (tension, left chord)
Ny ,gq =707 kN (tension, right chord) \ \

The calculation model
The joint will be designed to have the joint eccentricity e = 0.

In order to achieve eccentricity e = 0 as wanted, the needed amount of overlap (= negative
gap) can be derived from the joint gap formula by setting therein the eccentricity to be e = 0.

Thereby the overlap will be (expression 3.5):

_ [(e+h0)sin(91+92) h, h, }
7= 2 )'sin®,sin®, 2sin®, 2sind,

=_K0+£(_))sin(90+45)_ 100 120
2 ) sin90sin45  2sin90 2sin45

J = ()74, 9 mm

The overlap ratio A, is (Figure 3.3):
p = h;/sin®;, = 100/sin90 = 100 mm
Ay, = (g/p)- 100 % = (74,9/100)- 100 % =74,9%>25% OK

Shear of the brace members off the chord:
This failure mode must be checked if one of the following conditions takes place:

if Apy> Ny jim =80 % (when the hidden seam is welded to the chord)
if hy<b; or h,<b,

= now neither one of the above conditions takes place, thus shear of the brace members off
the chord will not become critical.
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When the chord is a square or rectangular hollow section, in case of overlap joint, the resis-
tance of the overlapping member (i.e. the member on the top) is always calculated first (see
Table 11.3.3):

Brace member 1 (= overlapping brace member):

Brace member failure by yielding:
Now 50 % < A, < 80 %, thus the effective width is:

.t .
beffzi.m.blz_m_.w.mo:éommgblz10()mm
by/ty for 1y 12076 4205
10 Jooolo o 10 420-6 100 _ 6o m<b, = 100 mm

v =57t fot, 1 12076 3203
Niga = 0.9 fo1t1 (boyt by o+ 20 —41))/ Y ys (S420: resistance factor = 0,9)
0,9-420-5-(60+60+2-100—4-5)/1,0 = 567,0 kN2 N, p; = 500 kN  OK

Brace member 2 (= overlapped brace member):

The resistance of the overlapped brace member is obtained by setting its utilisation ratio to
be the same as the overlapping brace member’s:

Ay fya 2643420

el =——-567,0 = 816,2 kN =N, = 700 kN OK

Nrpa =

Joint’s resistance:
The resistance of the real joint is governed hence by the brace member’s resistance:
N].Rd:567’0kN2N].Ed OK

In addition to the preceding verification of the joint’s resistance, also the following needs to
be specifically checked:

* the welds of the joint, and

* the cross-section resistance of the brace member and the chord, and

* the buckling resistance of the compressed member (brace member).

Comparison S420 vs $355:

In case the design calculations would be performed according to grade S355, the joint’s re-
sistance would be 532,5 kN. Hence, increase of the material strength S355 — §420 improves
the joint's resistance in this Example by approx. 6,5 %.

3.1.2 Joint of circular brace members to a circular chord
The joint of a circular brace member to a circular chord is calculated according to the tables of
Annex 11.3. With the lattices fabricated from circular hollow sections, otherwise same calcula-

tion principles will be followed as in clause 3.1.1 on square and rectangular hollow sections.

A compressed brace member and chord shall meet the requirements of Class 1 or 2 [4,5,6].
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In case of gap N, K or KT joint, the gap g (Figure 3.3) shall satisfy the following condition
[4,5,6,13]:

g1, +1, (3.14)

where t; is the wall thickness of the brace member

1
The chord’s normal force and bending moment have an impact on the resistance of the chord
face. In case of chords made of circular hollow sections, this interaction is considered by
parameter 7, (cf. parameter 7 in clause 3.1.1):

0 = Oped  _ N, g + M gy (3.15)
! Fo/ Vs Ao S0/ Vs WeroSfvo/ Yus
where Np£a=Nogd - ZN;Ea cos0;
Ny gq is the maximum absolute value of the normal force acting in the chord

(Figure 3.2)
N; g4 s the normal force acting in the brace member (see Figure 3.2)
0; is the angle between the brace member and chord
Ay is the cross-section area of the chord (Annex 11.1)
M, g4 is the bending moment acting in the chord (see Figure 3.2)
W, o is the elastic bending modulus of the chord (Annex 11.1)
Jyo s the nominal yield strength of the chord
Yus  is the partial safety factor for hollow section lattice joints (Table 2.5)

The resistance of joints is calculated in Examples 3.7 - 3.10 according to the tables of Annex
11.3. The resistance of a joint is calculated in the resistance tables for different failure modes,
from which the lowest value is adopted as the final resistance of the joint. In the design of hollow
section lattice joints, partial safety factor ¥,,5 is applied for the resistance of joints (see Table
2.5), for which the recommended value 7,5 = 1,0 has been used as given in EN 1993-1-8.

When using the tables it shall be checked, that the members of the lattice and geometry of the
joint meet the requirements presented in the tables. The validity conditions of the joints are met
in Examples 3.7 - 3.10, but the checking of them is not presented in this context.

The steel grade is in all Examples SSAB Domex Tube Double Grade, which fulfills the EN
10219 requirements for both steel grades S420MH and S355J2H. Thereby the design calcula-
tions may be performed at designer's own choice either according to grade S420 or grade
S355. In the following Examples the design calculations have been carried out according to
grade S420, unless otherwise specified.

In the tables of Annex 11.3 and in Examples 3.7 - 3.10, it has been supposed that the val-
ue of partial safety factor ¥,,5 for hollow section lattice joints is %,5 = 1,0 according to
the recommended value in Eurocode and Finnish National Annex. The values valid in
other countries must be checked from the National Annex of the relevant country. The
tables in Annex 11.3 apply to steel grades, for which the yield strength is not higher than
f, =460 N/mm?. When using steel grades of yield strength higher than fy = 355 N/mm?,
tﬁe joint resistances shall be multiplied by the correction factor according to Table 3.1.
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Example 3.7
T joint (Table 11.3.4)

The geometry and forces of the joint are as follows:

Chord: 219,1x10
Ay = 6569 mm’ (Annex 11.1)

do

Brace member: 168,3x5
A; = 2565 mm’ (Annex 11.1)

0, =190°

N;iga= 3550kN (compression)

Ny ga=1020 kN (compression)

The normal stress Oy gy in the chord face has an impact on the joint’s resistance by the
parameter k,:

n = Oprd  _ N, g + My g _ 1020 10°
b fyo/YM5 Aofyo/YM5 Weio fyo/YM5 6569 -420/1,0
k, =1, 0-0,3|n —0,3n12] =1,0-0,3-0,3697-0,3 - 0,36972 = 0,8481<1,0

+0 = 0,3697

i

d

B = - 1683 _ ) 7681
d,  219,1
d

y=20 2091 _ 4 g6
21, 210

Chord face failure by yielding:
In respect to chord face failure by yielding, the joint’s resistance is:

0,2 2
ko . f
Nigg =09 Y{”—efyoo (2,8 +14,2P°)/Yys  (S420: resistance factor = 0,9)
sin®,
0,2 2
= 0,9.10.9 '0’.849801’420' 107 (2,8 +14,2-0,7681°)/1,0 = 578,4 kN
Sin

Chord face punching shear:
Chord face punching shear must be checked because
d;=168,3mm<d,-2ty= 1991 mm:

. 1+5sin0
Nipa= 0,9 -Jig ty nd][ SZZ IJ/YA“ (S420: resistance factor = 0,9)
3 2sin” 0,
=09 -@~10-n-168,3-(1+s—i2’190)/1,0 = 1154 kN
J3 2sin” 90
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Joint’s resistance:
The joint s resistance is governed hence by the brace member’s failure by yielding, wherein:
NI.Rd:578’4kN2N].Ed OK

In addition to the preceding verification of the joint’s resistance, also the following needs to
be specifically checked:

* the welds of the joint, and

* the cross-section resistance of the brace member and the chord, and

o the buckling resistance of the compressed members (brace member and chord).

Comparison S420 vs $355:

In case the design calculations would be performed according to grade S355, the joint’s re-
sistance would be 519,7 kN < N; g4, telling the joint’s resistance is not sufficient. Increase
of the material strength S355 — S420 improves the joint'’s resistance in this Example by ap-
prox. 11 %.

Example 3.8
Xjoint (Table 11.3.4)

The geometry and forces of the joint are as follows:

Chord: 219,1x 10
Ay = 6569 mm’ (Annex 11.1)

Brace members: 193,7x6
A; = 3538 mm’ (Annex 11.1)

do
9

0, = 90°

Njgg= 550kN (compression)

N, gqa = 1020 kN (compression)

n = Oprd  _ N, g + My g _ _1020- 10°
’ 5o/ Vs Ao Syo/ Vs Werofyo/Yus  6569-420/1,0

k, = 1,0-0,3|n —O,j’nf, = 1,0—0,3~0,3697—0,3-0,36972 =0,8481<1,0

0 = 0,3697

i

Chord face failure by yielding:
In respect to chord face failure by yielding, the joint’s resistance is:

2
ky Jyolo( 5,2 .
Niga=0,9- iinygl (1_ 0:81 B )/YM5 (S420: resistance factor = 0,9)

2
_ 0’9.0,8481..420.]() ( 5,2 )/1,0=587,2kN
sin90 1-0,81-0,8841
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Chord face punching shear:
Chord face punching shear must be checked because
d; =193, 7mm<dy- 2ty = 199,1 mm:

1+5sin®
Niga= 0,921, Ttd,[ LZL ’Yurs (S420: resistance factor = 0,9)
3 2sin” 0,
= 0,9-%22 19. 7. 193, 7(%)/1,0 = 1328 kN
,\B 2sin” 90

Joint’s resistance:
The joint’s resistance is governed hence by the brace member’s failure by yielding, wherein:
NI.Rd:587’2kN2NI.Ed OK

In addition to the preceding verification of the joint’s resistance, also the following needs to
be specifically checked:

* the welds of the joint, and

* the cross-section resistance of the brace members and the chord, and

* the buckling resistance of the compressed members (brace members and chord).

Comparison S420 vs $355:

In case the design calculations would be performed according to grade S355, the joint’s re-
sistance would be 527,6 kN < N, g, telling the joint’s resistance is not sufficient. Increase
of the material strength S355 — S420 improves the joint’s resistance in this Example by ap-
prox. 11 %.

Example 3.9
Gap K joint (Table 11.3.5)

The geometry and forces of the joint are as fol-
lows:

Chord: 219,1x 10
Ay = 6569 mm’ (Annex 11.1)

Brace members:
168,3 x5 (compression brace)
A; = 2565 mm’ (Annex 11.1)

139,7x5 (tension brace)
Ay =2116 mm® (Annex 11.1)

0,=>50°
6, =60°
g=25mm

Njgg =600 kN (compression)
N5 gg=3530,7 kN (tension)

Ny pq=036,4 kN (compression)
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3
Oprd o Nppa  Mopa __636,4-10" ., _ 4 530;

- S0/ Yus  AoSoo/Yus  WeroSyo/Yus 6569 -420/1,0
k, = 1,0-0,3|n,|~0,3n) = 1,0-0,3-0,2307-0,3-0,2307" = 0,9148<1,0

Check the validity conditions of the joint’s gap:
g=25mmz2t;+t, =5+5=10mm OK
= the joint’s gap meets the validity conditions

Check the joint's eccentricity (expression (3.6)) and the permitted limit values for it (expres-
sion (3.8)):
d d in®,sin®, d
=( L, +g)s.ln 150, d,
2sin®; 2sinb, sin(0;+06,) 2

(168 3 139,7 +25) s.in50sin60 _219,1 _ 42,6 mm
2s5in50  2sin60 sin(50 + 60) 2

-0,55d,=-120,5 mm<e=42,6 mm<0,25d,=54,8§ mm OK

= the joint’s eccentricity meets the validity conditions
Brace member 1 (= compression brace member):

Chord face failure by yielding:

1,2 1,2
ko= 2 1 2024 0T g 0602 | g4 00241096 ) gy

<
(£—1,33j ( 25 33)
21, 710
1

l+e +e

ky ky Syt d,
Nipa =09 —y (1 8+10,2 - Z )/YM5 (S420: resistance factor = 0,9)

sin®,;
= 0,9-1’97"0’9_148'420"0 (1 8+10,2- M)/Lo = 857.2 kN
sin50 219, 1

Chord face punching shear:
Chord face punching shear must be checked because
d;=168,3mm<d,-2ty=199,1 mm:

1+5in@
Niga= 0,9 ~% ty ndl( : tw?e ! J/YM5 (5420: resistance factor = 0,9)
sin”0,

420

=0,9.%2% 10.n 168,3-(M
J3

5 )/1,0=1736kN
2sin” 50
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The resistance of the compression brace member is hence governed by the chord face failure
by yielding, wherein:
N].Rd:857’2kN2N].Ed OK

Brace member 2 (= tension brace member):

Chord face failure by yielding:
Resistance can be calculated from that of the compression brace member:
sin®, sin50

—— Ny gy = ——=-857,2 = 758, 2 kN
sin®, sin60

2.Rd =

Chord face punching shear:
Chord face punching shear must be checked because
dy=139,7mm<d,-2ty=199,1 mm:

1+sin0
Nypa= 0,9 -&Q ty nd{—Sl’;—gJ/YA“ (S420: resistance factor = 0,9)
NE] 2sin"0,
= 0,9-£0~10~n~139,7-(1+s—i2”"0)/1,0 = 1192 kN
J3 2sin’ 60

The resistance of the tension brace member is hence also here governed by the chord face
failure by yielding, wherein:
NZ.Rd: 758,2 kNZNZ.Ed OK

In addition to the preceding verification of the joint’s resistance, also the following needs to
be specifically checked:

* the welds of the joint, and

* the cross-section resistance of the brace members and the chord, and

* the buckling resistance of the compressed members (chord and brace member 1).

Comparison S420 vs $355:

In case the design calculations would be performed according to grade S355, the joint’s re-
sistance would be still governed by the chord face failure by yielding, wherein the compres-
sion brace member’s resistance would be 788,4 kN and the tension brace member’s
resistance would be 697,4 kN. Increase of the material strength S355 — S§420 improves the
joint’s resistance for both brace members in this Example by approx. 9 %.

Example 3.10
Overlap K joint (Table 11.3.6)
The geometry and forces of the joint are as follows:

Chord: 219,1x10
Ay = 06569 mm’ (Annex 11.1)

Brace members: 139,7x5
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A;=A, = 2116 mm? (Annex 11.1)

0, =40°
6, =50°
q =-g =85 mm (overlap)

N;gg =600 kN (compression)
N5 gy =503,5 kN (tension)

Np:Ed =636,4 kN (compression)

Opri _ _Npwa ,  Mopy 6364100, _ 4 50

- Foo/ Vs Ao S0/ Yus Wel.()fy()/Ym 6569 -420/1,0
kp =1, O—O,S‘np‘ —0,3}'1127 =1,0-0,3- 0,2307—0,3-0,2307 = 0,9148<1,0

Check the validity conditions of the joint's eccentricity:
d d in®,sin0, d
=( @ +g)s'zn 15in0, d,
2sin®, 2sinb, sin(0,+0,) 2
(139 7 139,7 1397 —85)) sin40sin50 219, 1
2sind0  2sin50 sm(40+50) 2
-0,55d, = -120,5 mm<e =-53,0 mm<0,25d,= 54,8 mm OK
= the joint’s eccentricity meets the validity conditions

= -53,0 mm

The overlap ratio A, is (Figure 3.3):
p =d,/sin®, = 139,7/sin50 = 182, 4 mm

N, = (q/p)-100% = (85/182,4)- 100 % = 46,6 %>25 % OK

Shear of the brace members off the chord.:
This failure mode must be checked if one of the following conditions takes place:

if Xp> Ay jim =80 % (When the hidden seam is welded to the chord)

ifh,<b; or h,<b, (this concerns rectangular sections only)

= now neither one of the above conditions takes place, thus shear of the brace members off
the chord will not become critical.

When the chord is a circular hollow section, in case of overlap joint, the resistance of the
overlapped member (i.e. the member located underneath) is always calculated first (see Ta-

ble 11.3.6):
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Brace member 1 (= overlapped brace member):

Chord face failure by yielding:

0,024 -y"?

1,2
k=2 |10 202 T g 9602 | 14 20221096 1 5 597
£ (:ﬂ-],j’}) [*85_1 33)
7, 2770
I+e I+e
2
k’. k.- -t d
Niga=09- M(l,(‘? +10,2- -2 )/'\{M5 (S420: resistance factor = 0,9)
sin®,; d,
2
= 0,9.2:297:0,9148 42010 (1,8+10,2- ﬂz)u,o: 1026 kNN, ,, OK
sin40 219,1 :

Brace member 2 (= overlapping brace member):

Resistance can be calculated from the resistance of the overlapped brace member:
sin®, ) _ sin40
sin®, LR Sin 50

Rd = 1026 = 860,9 kKN>N,,, OK

In addition to the preceding verification of the joint’s resistance, also the following needs to
be specifically checked:

* the welds of the joint, and

* the cross-section resistance of the brace members and the chord, and

* the buckling resistance of the compressed members (chord and brace member 1).

Comparison S420 vs $355:

In case the design calculations would be performed according to grade S355, the joint’s re-
sistance would be still governed by the chord face failure by yielding, wherein the compres-
sion brace member’s resistance would be 943,6 kN and the tension brace member’s
resistance would be 791,8 kN. Hence, increase of the material strength S355 — S420 im-
proves the joint’s resistance for both brace members in this Example by approx. 9 %.

313 Joint of circular, square and rectangular brace members
to an I-section chord

The joints are designed according to the same principles as in clause 3.1.1, but now the Tables
11.3.7 and 11.3.8 of Annex 11.3 shall be used.

3.2 Welded joints in frame structures

There is both bending moment and axial forces present in the joints of frame structures. The
stiffness of the joint influences the magnitude of joint moment, and the joint moment influences
the stiffness of the joint. To determine the final distribution of action effects, the calculation
should be done by iteration. Usually a conservative method is to model all joints of the structure
first as fully pinned, whereby maximum span moments are obtained, and then as fully rigid,
whereby the maximum actions for the joints and through them those to the adjacent elements
are obtained. Annex 11.4 gives instructions for estimating the stiffness of the joint, when square
or rectangular hollow sections are applied.
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A moment-rotation curve of a frame structure joint is presented in Figure 3.5. The slope of the
curve represents the stiffness of the joint, which depends on the beam width to column width
ratio, and the wall thicknesses of the joint elements. The bigger the b;/b, ratio and wall thick-
ness is, the stiffer the joint is.

“ LI e
M b1/bo= 1 e
N
L~ M
I
[y b
==
b1/bo< 0,85 I
| |
I #:,, bo
0
Figure 3.5 Stiffness of a frame structure joint
3.21 Joints of square and rectangular hollow sections

subject to bending moment

Table 11.3.11 of Annex 11.3 presents calculation formulae for joints of square and rectangular
hollow sections subject to bending moment in the plane of the lattice (in-plane, Mip) or perpen-
dicular to the plane of the lattice (out-of-plane, Mop).

The joints of brace members to the chord, when the brace members are subject to simultane-
ous bending and normal force, are designed using the following interaction formula [4,5,6]:

N].Ed+ Mip.].Ed+ M{)p.].Ed < 1’ 0 (316)

Niga Mipira Mopira

where N g4 is the normal force acting in the brace member
N ra is the joint resistance of the brace member to normal force

according to clause 3.1.1

My, 1. ga is the bending moment acting in the brace member
in the plane of the lattice

My, 1.ra s the bending resistance of the brace member joint
in the plane of the lattice (Annex 11.3)

M, 1 ga s the bending moment acting in the brace member
in the plane perpendicular to the lattice

M, 1.ra is the bending resistance of the brace member joint
in the plane perpendicular to the lattice (Annex 11.3)
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The design value of the internal moment M, p; may be determined at a point where the cen-
treline of the brace member intersects the surface of the chord [4,5,6].

In addition to the interaction verification, the resistance of the joint shall be checked separately
also for the normal force alone (clause 3.1.1) and for the bending moment alone (Table 11.3.11
of Annex 11.3).

Example 3.11
T joint subjected to compression and bending My, 1 k4
(Tables 11.3.1 and 11.3.11)
N " bi

The members and forces of the joint are as follows: {Ej’J B N

il | |
Chord: 150x150x 6 g 1L } |
Ay = 3363 mm’ (Annex 11.1) 7L,,,,L,,T,,lzu ) ‘ ‘ ‘

0
Brace member: 150x150x6 < \#77+77\L Wj‘Lii
i

A =3363 mm? (Annex 11.1) 2 |
Wy =179,9 10° mm’® (Annex 11.1) |

Loads:
M: 1.Ed = 15 kNm

1)

Njgg=150kN (compression)
ﬁ:b]/b() =150/150 = ],0
Bending resistance of the joint (Table 11.3.11):

Chord side wall failure by yielding:
Since B= 1,0, check the chord side wall failure by yielding :

T joint: fur. = fy0
M, 1ga = 0,9 0,51, ty(h; + 5t0)2/yM5 (§420: resistance factor = 0,9)

ip.
=0,9-0,5-420-6-(150+5-6)°/1,0 = 36,7 kNm

Brace member failure by yielding:
Since = 1,0, also brace member failure by yielding must be checked:

-t .
by = A0 Lol o 1042006 45y 6 s, = 150 mm
U A 15076 4206

l

b .
My iza = 0:9-f,, -[Wp,,, - (1 - )b, (h, 1)) t,} /Yags (5420 resistance factor = 0,9)
1

0,9-420- [179,9- 103—(1—%00)- 150 - (150 6) - 6}/1,0 = 38,6 kNm

The joint’s bending resistance is the smallest of the above obtained results, i.e.
M: .].Rd:36’7kNm2Mip.1.Ed OK

1)
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Compression resistance of the joint (Table 11.3.1):

Brace member’s compression resistance at the joint shall be calculated according to clause
3.1.1. Since the brace member and the chord have equal width (i.e. B = 1,0), brace member
failure by yielding and also chord side wall buckling / yielding must be checked:

Chord side wall buckling or yielding:
First, calculate buckling stress by using buckling curve c:

hy [1 150 [1
0_2). LoV 2.
(t() ) sin®, ( 6 2) sin 90

A=346-—0 "~ U ' =346 = 1,133

n.F o [22-10
Jyo 420

®=0,5[1+a(h-0,2)+N1=0,511+0,49-(1,133-0,2)+ 1,133’1 = 1,370

X = ! = ! = 0,4672<1,0
qn+m 1,370+ 41,370° = 1, 135’
T joint:

fo = %Sy = 0.4672-420 = 196,2 N/mm®

Because the chord has no other loads except the brace member loads, we will get:

_ Sora _ _ Nog My pa —0+0=0
Joo/ Yus Aofy()/Ym Werofy0” Yus
ko= 1,3-0400 13 02 13 b k<10 =k =1,0
knf t() 2h .
Niga= 09 Sinbel (sin 9]1 +10t0)/yM5 (§420: resistance factor = 0,9)
- 0,9-1’0",96’2'6(2j150+10-6)/1,0 = 381, 4 kN
sin 90 sin 90
Brace member failure by yielding:
t .
= 2 Lele sy 104206 sy ) mm<h, = 150 mm
T bty Sty 150/6 420-6
Niga=0,9f,,t;(Qh;—41;+2b,) /5 (S420: resistance factor = 0,9)

0,9-420-6-(2-150-4-6+2-60)/1,0 = 898,1 kN

The joint’s compression resistance is the smallest of the above obtained results
NI.Rd:38]r4kN2N].Ed OK
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Interaction formula for the joint:
NI.Ed+Mip.I.Ed+Mop.1.Ed _ 150 15

+
Niga Mipira Mopira 3814 36,7

I o

+0=0,8020<1,0 OK

In addition to the preceding verification of the joint’s resistance, also the following needs to
be specifically checked:

* the welds of the joint, and

* the cross-section resistance of the brace member and the chord, and

o the buckling resistance of the compressed members (brace member).

Comparison S420 vs $355:

In case the design calculations would be performed according to grade S355, the result of
the (M+N) interaction verification would be (§420: 0,8020 —) S355: 0,8137. By comparing
the ‘utilisation ratios’ of the interaction formula, we can see that in this Example the inc-
rease of the material strength S355 — S420 does not improve the joint’s overall resistance
very much.

3.2.2 Joints of circular hollow sections
subject to bending moment

Table 11.3.12 of Annex 11.3 presents calculation formulae for joints of circular hollow sections
subject to bending moment in the plane of the lattice or perpendicular to the plane of the lattice.

The joints of brace members to the chord, when the brace members are subject to simultane-
ous bending and normal force, are designed using the following interaction formula (cf. square
and rectangular hollow sections earlier) [4,5,6]:

N g + [Mip.I‘Esz + M()pJAEdS 1.0 (3.17)
Nira My ra op.1.Rd

where  N;p; isthe normal force acting in the brace member
N; ra s thejoint resistance of the brace member to normal force
according to clause 3.1.2
My, 1. Eq s the bending moment acting in the brace member
in the plane of the lattice
My, 1.ra s the bending resistance of the brace member joint
in the plane of the lattice (Annex 11.3)
M, 1 ga s the bending moment acting in the brace member
in the plane perpendicular to the lattice
M, 1 ra is the bending resistance of the brace member joint
in the plane perpendicular to the lattice (Annex 11.3)

The design value of the internal moment M; p; may be determined at a point where the cen-
treline of the brace member intersects the surface of the chord [4,5,6].

In addition to the interaction verification, the resistance of the joint shall be checked separately
also for the normal force alone (clause 3.1.2) and for the bending moment alone (Table 11.3.12
of Annex 11.3). 196
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Example 3.12
T joint subjected to compression and
bending (Tables 11.3.4 and 11.3.12) My 1 Ea

The members and forces of the joint are
as follows:

Chord: 219,1x5
Ay =3363 mm’ (Annex 11.1)

Brace member: 219,1x5
A; = 3363 mm’ (Annex 11.1)

Loads:
Mi 1.Ed =~ 33 kNm
Njgg =100 kN (compression)

N, gq =300 kN (compression)

6, = 90°
B=d;/dy=2191/2191=10
y=0,5dy/ty=0,5-219,1/5=21,91

First, calculate the parameters related to the normal stress Oy gy acting in the chord face:
Oprd  _ N, g + My g _ 300- 10°
fyo/YM5 Aofyo/YMj Wel,ofyo/Ym 3363-420/1,0

~0,3n) = 1,0-0,3-0,2124-0,3-0,2124° = 0,9227<1,0

+0 = 0,2124

ny

k, = 1,0-0,3|n,)

Bending resistance of the joint (Table 11.3.12):

Chord face failure by yielding:
485 Yk, f 0y d,

M, 1 ga = 0,9 ) B/ Yus (S420: resistance factor = 0,9)
2
=09 4,85 21,91 .0,?29207.420.5 -219,1 1,0/1,0 = 43,4 kNm
sin

Chord face punching shear:
Chord face punching shear does not need to be checked because
d;=2191mm>dy-2ty=219,1-2-5=209,1 mm.

Hence, the joint’s bending resistance is
M; .I.Rd:43r4kNm2Mip.1.Ed OK

1)
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Compression resistance of the joint (Table 11.3.4):

Brace member’s compression resistance at the joint shall be calculated according to clause
3.1.2.
Chord face failure by yielding:

0,2 2
Y .kp.f;/().t

Nipa=009- o 0.(2,8+14,2 BZ)/YM5 (S420: resistance factor = 0,9)
s5in®;
0,2 2
=0,9. 2L '0’.9%7'420'5 (2,8 +14,2-1,0°)/1,0 = 274, 8 kN
sin

Chord face punching shear:
Chord face punching shear does not need to be checked because
d;=2191mm>dy-2ty=219,1-2-5=209,1 mm.

Thus, the compression resistance of the joint, governed by the chord face, is
NI.Rd:274’8kN2N].Ed OK

Interaction formula for the joint:

NJ.Ed+[Mip.l.EdT_'_MopJ.Ed _ 100 _{ 33 T+0 _ 0942110 OK
Nigra LMy 1ra My, 1ra 274,88 L43,4

0,

In addition to the preceding verification of the joint’s resistance, also the following needs to
be specifically checked:

* the welds of the joint, and

* the cross-section resistance of the brace member and the chord, and

* the buckling resistance of the compressed members (brace member and chord).

Comparison $420 vs $355:

In case the design calculations would be performed according to grade S355, the result of
the (M+N) interaction verification would be (5420: 0,9421 —) S355: 1,075 > 1,0, telling
the joint’s resistance is not sufficient. By comparing the ‘utilisation ratios’ of the interaction
formula, we can see that the increase of the material strength S355 — S420 improves the
joint’s overall resistance in this Example by approx. 14 %.

3.3 Design of welds
3.31 General

Welds to be done on site should be avoided if possible, because welding is more troublesome
on construction site than in the workshop. Moreover, quality assurance of welding can be per-
formed easier in the workshop.

The provisions presented herein are based on Part EN 1993-1-8 of Eurocode, the rules of
which cover common arc welding methods with welding consumables (e.g. metal-arc welding
with covered electrode, MIG/MAG welding, submerged arc welding) and when the thickness of
the plates to be joined is at least 4 mm and the wall thickness of the structural hollow sections
is at least 2,5 mm [4,5,6].

It should be noted, that the provisions presented in Eurocode do not cover laser welding.
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The welding consumables to be used shall conform to the reference standards presented in EN
1993-1-8. The welding consumables shall be chosen to have their yield strength, ultimate ten-
sile strength, elongation at failure and Charpy-V impact energy at least equivalent minimum val-
ues as those of the parent metal to be welded [4,5,6].

EN ISO 5817 defines the weld quality levels for the welded joints [15]. There are three quality
levels which are designated by symbols D (moderate), C (intermediate) and B (stringent). The
quality levels are based on permitted weld imperfections, for which the limits are given in the
standard itself (see more details in clause 8.5.1 of this handbook). The required quality level for
the weld is determined according to the execution class chosen in EN 1090-2 for the structure
or the member, as presented in Table 3.6 [14]. The execution classes (EXC) which are needed
when using the table, and the procedure to select between them, is presented in Chapter 8.
Usually the quality level B or C will be chosen for the weld. The choice of weld quality level has,
however, no influence to the calculation of the resistance of the welds.

Table 3.6  Determination of weld quality levels according to EN 1090-2 [14]
Execution class (EN 1090-2)

EXC1 EXC2 EXC3 EXC4
b)

Weld quality level @ Quality level D Quality level C Quality level B Quality level B+ ©

a) Weld quality level according to EN ISO 5817 except imperfection types:
- “Incorrect toe” (505)
- “Micro lack of fusion” (401)
that are not taken into account.
b) Generally quality level C, except quality level D for the following imperfection types:
- “Undercut” (5011,5012)
- “Overlap” (506)
- “Stray arc” (601)
- “End crater pipe” (2025)
c) Quality level B, and additional requirements according to Table 17 of EN 1090-2.

Lamellar tearing of welds shall be avoided. Lamellar tearing is discussed in Chapter 5.

Welded joints shall be designed to have sufficient deformation capacity. In joints where plastic
hinge may develop, the welds shall be designed to have at least the same design resistance as
the weakest of the parts to be joined. In other joints where deformation capacity is required due
to the possibility of excessive straining, the welds require sufficient strength not to rupture be-
fore general yielding in the adjacent parent material [4,5,6].

On hollow sections, the welds between brace members and chord shall be designed such that
they have sufficient resistance to withstand uneven stress distributions and also enough defor-
mation capability for redistribution of bending moments. The design resistance of the weld, per
unit length of perimeter of a brace member, should normally not be less than the design resist-
ance of the cross-section of that member per unit length of perimeter. This requirement can be
neglected, if smaller weld size can be justified both in regard to resistance, and deformation
capacity and rotation capacity, taking at the same time into account that only part of the weld
length is effective [4,5,6].
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3.3.2 Welding a structural hollow section and cold-formed corner

In welded joints of structural hollow sections, usually the weld goes around the whole perimeter
of the hollow section, being either a butt weld or a fillet weld or combination of both of them. In
lattice joints, the choice of the weld type is made on the basis of the angle between the brace
member and the chord (see Chapter 8, Figures 8.15-8.18). According to EN 1993-1-8, on
square and rectangular hollow sections also flare groove welds can be used, Figure 3.6.

Preparation of the parts to be welded and execution of welding is presented in more details in
Chapter 8.

Figure 3.6 Flare groove weld in a square or rectangular hollow section, and its design
throat thickness [4,5,6]

According to EN 1993-1-8, the cold-formed corner of a hollow section and the region 5¢ on both
sides of it is allowed to be welded provided the conditions presented in Table 3.7 are fulfilled. If
the conditions of the table are not met, the cold-formed regions shall be normalized after cold-
forming but before welding [4,5,6].

The cold-formed SSAB Domex Tube structural hollow sections fulfill the requirements of EN
1993-1-8 presented in Table 3.7, thus they can be welded without normalizing before welding.
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Table 3.7  Conditions for welding in the cold-formed region or adjacent to it [4,5,6]

Strain in the surface| Maximum permitted
r/t ri/t due to cold-forming thickness @
) st (%) (mm)

>26 >25 <2 all

] Tt >11 >10 <5 all

5{ ' 24,0 >3,0 <14 24
>3,0 22,0 <20 12

>2,5 21,5 <25 10

>2,0 >1,0 <33 6

a) When using fully killed steel with Al > 0,02 %

Cold-formed hollow sections according to EN 10219:2006 which do not fulfill the limits presented in this table,
are deemed to fulfill these limits provided that all of the following conditions are fulfilled:
- the wall thickness is not more than 12,5 mm
- the steel is aluminium-killed according to the condition (a)
- the steel grade is one of the following: J2H, K2H, MH, MLH, NH or NLH
- the chemical analysis of the steel fulfills the following conditions: C <0,18 %
P <0,020 %
S <0,012 %

3.3.3 Fillet welds

Fillet welds may be used to join parts, when the angle between fusion faces is 60-120°. Also
angles smaller than 60° are permitted. In such case the weld is, however, considered to be a
partial penetration butt weld (clause 3.3.4), where the weld thickness is chosen to be not more
than the thickness which can consistently be achieved (to be proved with welding tests). When
the angle is more than 120° the resistance of the fillet weld shall be determined by testing ac-
cording to the provisions presented in Part EN 1990 of Eurocode for “Design assisted by test-
ing” [4,5,6].

The effective throat thickness of a fillet weld is the height of the largest triangle (with equal or
unequal legs) that can be inscribed within the fusion faces and weld surface, measured perpen-
dicular to the outer side of this triangle, see Figure 3.8 [4,5,6]. Normally the aim is to use fillet
welds with equal legs.

S S G

Figure 3.7  Effective throat thickness of a fillet weld [4,5,6]
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For a load carrying fillet weld, the throat thickness shall be at least 3 mm [4,5,6]:

a=3 mm (3.18)

Welding technology related aspects affect the weld size, when it is not determined on the basis
of requirements of structural engineering. In such case, due to the cooling rate of the weld, the
throat thickness is advised in [16] to be determined for grades S235-S420 as follows:

a2 Jt mm-0,5mm (3.19)

where ¢ is the material thickness (thicker of the plates to be joined). If the throat thickness of
the weld is smaller than the value according to expression (3.19), the part to be joined shall be
preheated.

The designer always marks in the workshop drawing the effective throat thickness obtained
from calculations without the effect of penetration. When using mechanized welding, in the
workshop it is possible to consider exploitation of penetration according to Figure 3.8, provided
that it is proven by welding tests that the required penetration can consistently be achieved with
the applied welding procedure [4,5,6].

N

L3

Figure 3.8  Effective throat thickness of a fillet weld, when penetration is exploited [4,5,6]

The effective length of a fillet weld Ieﬁz should be taken as the length over which the fillet is full-
size. This may be taken as the overall length of the weld reduced by twice the effective throat
thickness. Provided that the weld is full-size throughout its length including starts and termina-
tions, no reduction in effective length need to be made for either the start or the termination of
the weld.

Fillet welds having the effective length less than 30 mm or 6 times the throat thickness, which-
ever is larger, shall not be considered as load carrying [4,5,6]:

lef]-z max[6a ; 30 mm] (3.20)

Fillet welds are not permitted to be finished at the ends or sides of parts, but they shall be weld-
ed to be continuous and full-sized around the corner for a distance of twice the leg length of the
weld, if the configuration of the joint makes it possible. In case of intermittent fillet welds this
rule is applied only to the last weld at corners [4,5,6].
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The resistance of a fillet weld is calculated by using either the Directional method or the Sim-
plified method as presented in the following.

3.3.31 Resistance of a fillet weld by using the Directional method
In the Directional method the forces transmitted by a unit length of weld are divided into com-
ponents parallel and transverse to the longitudinal axis of the weld and normal and transverse

to the plane of its throat [4,5,6].

The design throat area of the weld is [4,5,6]:
A4, = Zaleff (3.21)

where a is the effective throat thickness of a fillet weld
Loy is the effective length of a fillet weld

The location of the design throat area of the weld is supposed to be concentrated in the root of
the weld [4,5,6].

The stresses are divided on the throat section of the weld to the components according to Fig-
ure 3.9. Each component is supposed to be distributed uniformly on the throat section of the
weld [4,5,6].

e o, isthe normal stress perpendicular to
the throat

e o) isthe normal stress parallel to the axis
of the weld

e 1, isthe shear stress perpendicular to the
axis of the weld (in the plane of the
throat)

e 1) isthe shear stress parallel to the axis
of the weld (in the plane of the throat).

S

Figure 3.9  Stresses on the throat section of a fillet weld

The normal stress o), parallel to the axis of the weld is not considered when verifying the re-
sistance of the weld [4,5,6]. The normal stress parallel to the axis develops because the weld
is obliged to stretch in the longitudinal direction the same amount as the joined parts. In respect
to the weld, this stress is secondary because it is not caused by a primary force loading the
weld. That is why it is not considered when calculating the static resistance of the weld.
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The design conditions of a fillet weld are [4,5,6]:

Joi +3(17+ 1)) < Ju (3.22)

BW'YMZ
0,9f1,

Ym2

o, < (3.23)

where fu is the nominal ultimate tensile strength of the weakest part to be joined
B,, s the appropriate strength factor (Table 3.8)
Y s the partial safety factor for resistance (Table 2.5)

On a fillet weld with equal legs, condition (3.22) will always be the governing one.

Table 3.8 Strength factor of the weld for different steel grades [4,5,6]

Correlation factor of the weld f3,
8235 0,8
S275 0,85
$355 0,9
$420 1,0
S460 1,0

In welded joints of hollow section lattices local stress concentrations are developed in the re-
gion of the joint. Plastic yielding, however, evens out the stress concentrations. That is why the
welds of joints are normally designed to have equal strength with the members.

By applying condition (3.22) (on a fillet weld with equal legs condition (3.22) is always govern-
ing) and by setting the weld resistance per unit length of the perimeter of the hollow section to
be at least equal to the plastic tension resistance of the wall of the hollow section ¢ 1., /310,
the throat thickness required for a fillet weld (single-sided and with equal legs) is derlvedyso that
the weld will have equal strength in respect to axial tension, compression and/or bending mo-
ment applied to the hollow section [17]:

> B_ Tm2 ]:-t (3.24)
/\[2 YM() u
where t is the wall thickness

fy is the nominal yield strength of the material

f,  is the nominal ultimate tensile strength of the material

B,, s the appropriate strength factor (Table 3.8)

Y2 and ¥y, are partial safety factors for resistance (Table 2.5)

Table 3.9 gives the required throat thickness for an equal strength fillet weld (having equal legs
and welded around the whole perimeter of the hollow section) determined according to expres-
sion (3.24), when the hollow section is subject to axial tension, compression and/or bending
moment. The weld has hereby also sufficient deformation capability. For example, the throat
thickness for the welds of the brace members in lattice structures can be chosen accord-
ing to Table 3.9.
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Table 3.9  The required throat thickness for an equal strength fillet weld made around the
perimeter of the hollow section which is subject to axial tension, compression
and/or bending

Yield Ultimate tensile| Throat thickness
strength @ | strength @ | of the weld
Steel grade | f, (N/mm?) | f, (N/mm?)
S235H 235 360 0,92-t
I FEd S275H 275 430 0,96-t
S355H 355 510 1,11-t
t S275NH 275 370 1,12-t
a S355NH 355 470 1,20-t
S460NH 460 550 1,48-t
S275MH 275 360 1,15-t
S355MH 355 470 1,20t
S420MH 420 500 1,48-t
S460MH 460 530 1,53t

a) Nominal strength values according to Table 1.7.
b) However at least a > 3 mm.

- The values in this table have been calculated using the recommended values Yy 0=1,0 and Yy, =1,25
as given in Parts EN 1993-1-1 and EN 1993-1-8 of Eurocode. National requirements must be checked
from the National Annex of the relevant country.

- The throat thickness values of this table are valid:

- when the hollow section to be joined is subject to axial tension or compression and /or bending

- when the weld is made around the perimeter of the hollow section to be joined

- when the hollow section to be joined is of the same grade or lower grade than the adjacent member

- when using a welding consumable having its yield strength and ultimate tensile strength at least
equivalent minimum values as those of the hollow section to be joined.

3.3.3.2 Resistance of a fillet weld by using the Simplified method

The resistance of a fillet weld can be alternatively calculated using so-called Simplified method.
In this case the resultant of the forces applied to the weld are supposed always to cause only
shear in the throat section of the weld, no matter what is the actual direction of the force result-
ant and weld (a conservative simplification). From the design condition (3.22) given on the Di-
rectional method, the following formula can be derived for the design (shear) strength of the
weld [4,5,6]:

f/ 3

Jowd = T (3.25)
B Yar2

where Ju is the nominal ultimate tensile strength of the weakest part to be joined

B,, is the appropriate strength factor (Table 3.8)
Y s the partial safety factor for resistance (Table 2.5)

The benefit of this method is, that the direction of the force resultant need not be known, be-
cause calculating this way it has no effect to the design resistance of the weld. Only the mag-
nitude of the force resultant applied to the weld is needed. On the other hand the method leads
slightly to oversizing, depending on the direction of the force.
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The design condition for a weld is [4,5,6]:

Eypa<Fyra (3.26)
where F,, g4 1s the design value of the force acting per unit length of the weld
F\, ra is the design weld resistance per unit length

The design weld resistance per unit length is calculated from the formula [4,5,6]:

FwRd = fvwda (327)
where Jow.a is the design shear strength of the weld according to expression (3.25)
a is the throat thickness of the fillet weld

By applying expression (3.27) and by supposing that the force, applied to unit length of the pe-
rimeter of the wall of the hollow section to be joined, is equal to its plastic tension resistance
t- fy /Yo itis possible to derive the required throat thickness (as a conservative simplification)
for'an equal strength single-sided fillet weld with equal legs. Thereby the following expression
for the required throat thickness will be obtained:

a3, P2ty (3.28)
Ymo Ju
where t is the wall thickness

fy is the nominal yield strength of the material

f,  is the nominal ultimate tensile strength of the material

B,, s the appropriate strength factor (Table 3.8)

Yu2 and ¥, are partial safety factors for resistance (Table 2.5)

Table 3.10 gives the required throat thickness for an equal strength fillet weld (having equal legs
and welded around the whole perimeter of the hollow section) determined according to expres-
sion (3.28), when the hollow section may be subject to loads causing normal stress and/or
shear stress. The values of the table can be applied regardless of the direction of the resultant
of the forces applied to the hollow section. The weld has hereby also sufficient deformation ca-
pability.

The throat thicknesses presented in Table 3.10 are about 22 % bigger than those in Table 3.9,
which is limited to the case where the hollow section is subjected to loads causing normal
stresses only. If the wall thickness of the hollow section is more than 8 mm, the required throat
thickness begins to be so big that it is beneficial to consider execution of the weld according to
clause 3.3.4 as a partial or full penetration butt weld, reinforced when needed with a fillet weld
[17].

If only shear stress acts in the wall of the hollow section, the throat thicknesses in Table 3.10
are clearly oversized, and it is more efficient to design correspondingly also the weld for only
the shear acting in the wall of the hollow section. Thereby it is possible to achieve over 40 %
smaller throat thickness.

206



SSAB DOMEX TUBE STRUCTURAL HOLLOW SECTIONS Chapter 3

Table 3.10 The required throat thickness for an at least equal strength fillet weld made
around the perimeter of the hollow section which is subject to axial tension,
compression, bending and/or shear

Yield Ultimate tensile| Throat thickness
strength @ | strength @ | of the weld
Steel grade | f, (N/mm?) | f, (N/mm?)
S235H 235 360 1,13+t
S275H 275 430 1,18t
t S355H 355 510 1,36-t
S275NH 275 370 1,37t
a S355NH 355 470 1,47 t
S460NH 460 550 1,81-t
S275MH 275 360 1,41t
S355MH 355 470 1,47t
S420MH 420 500 1,82-t
S460MH 460 530 1,88t

a) Nominal strength values according to Table 1.7.
b) However at least a > 3 mm.

- The values in this table have been calculated using the recommended values Yy 0=1,0 and Yy, =1,25
as given in Parts EN 1993-1-1 and EN 1993-1-8 of Eurocode. National requirements must be checked
from the National Annex of the relevant country.

- The throat thickness values of this table are valid:

- regardless of the direction of the resultant of the stresses acting in the w all of the hollow section

- when the weld is made around the perimeter of the hollow section to be joined

- when the hollow section to be joined is of the same grade or lower grade than the adjacent member

- when using a welding consumable having its yield strength and ultimate tensile strength at least
equivalent minimum values as those of the hollow section to be joined.

3.34 Butt welds

Welded end-to-end splice joints of hollow sections and some of the brace member joints in hol-
low section lattices (see Chapter 8, Figures 8.15 - 8.18) are executed as full penetration or par-
tial penetration butt welds.

According to EN 1993-1-8, the resistance of a full penetration butt weld may be assumed equal
to the resistance of the weakest part to be joined, provided that the welding consumables to be
used have their yield strength and ultimate strength at least equivalent minimum values as
those of the parent metal to be welded [4,5,6].

The resistance of a partial penetration butt weld shall be calculated according to clause 3.3.3
like the resistance of a penetration fillet weld. The throat thickness of a partial penetration butt
weld shall be chosen to be not more than the depth of penetration that can be consistently
achieved (to be proven by welding tests) [4,5,6].
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a=t t a<t

a) Full penetration butt weld b) Partial penetration butt weld

Figure 3.10 Butt welds in a half V-groove

So, as stated above, in case of a full penetration butt weld Eurocode allows to assume that the
resistance of the joint is equal to the resistance of the weakest part to be joined. However, if the
resistance of a full penetration butt weld would be calculated using the Directional method and
applying consistently the provisions given for resistance of a partial penetration weld, the out-
come would be that the results obtained from the calculation model are not fully compatible with
the assumption of equal strength, see Table 3.11.

Table 3.11 Theoretical resistance of a full penetration butt weld if applying calculation
provisions assigned for partial penetration butt weld using the Directional method
Yield Ultimatetensile| Resistance of
strength @ strength @ the weld
Steel grade fy (N/mm?) fy (N/mm?)
S235H 235 360 1,00N i rg
I Fed S275H 275 430 1,00-Npy g
¢ $355H 355 510 1,00-Np rq
> ~ S275NH 275 370 0,97-Npird
S355NH 355 470 0,95-Ny rd
/ S460NH 460 550 0,86-Np Ry
S275MH 275 360 0,94-NyRd
S355MH 355 470 0,95-NyiRd
S420MH 420 500 0,86:N i Rd
S460MH 460 530 0,83-Npy rd

a) Nominal strength values according to Table 1.7.

b) Ny rd = t-fy/Ymo is the plastic resistance of the hollow section wall per unit length of the perimeter of the
hoﬁow section. The design resistance is limited as maximum to the resistance N, rq of the hollow section
wall. According to EN 1993-1-8, the resistance of a full penetration butt weld can be assumed equal to the
resistance of the weakest part to be joined.

- The values in this table have been calculated using the recommended values Yy 0=1,0 and Yu2=1,25
as given in Parts EN 1993-1-1 and EN 1993-1-8 of Eurocode. National requirements must be checked
from the National Annex of the relevant country.

- The values of this table are valid:

- when the weld is made around the perimeter of the hollow section to be joined

- when the hollow section to be joined is of the same grade or lower grade than the adjacent member

- when using a welding consumable having its yield strength and ultimate tensile strength at least
equivalent minimum values as those of the hollow section to be joined.
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3.35 Welded joints between different steel grades
3.3.51 Choice of welding consumable

The welding consumable should be slightly more alloyed than the parent metal, in order to
achieve in the final weld the strength and impact toughness properties comparable with those
of the parent metal. In practice the welding consumable is chosen on the basis of both the steel
grade and the impact strength quality class. When welding hot-rolled steels, it is recommended
to use a welding consumable with similar or a little higher (5...10 %) strength than the parent
metal [18].

In Eurocode nor in EN 1090-2, there are no instructions for the choice of welding consumable
in a case, where steels of different grades are to be joined. In such case the welding consum-
able is, however, normally chosen according to the lower grade, unless there is a specific rea-
son to determine otherwise [16].

In case of a full penetration butt weld, when materials with the same thickness but different
grades are joined, it is obvious that the resistance of the lower grade material governs the re-
sistance of the whole joint (provided the welding consumable is chosen to have at least the
same strength as the concerned parent metal). The resistance can not be increased, even
though the welding consumable were chosen according to the stronger parent metal.

The same holds true also in regard to a fillet weld: in the design according to Eurocode the the-
oretical resistance of the joint can not be increased, even though the welding consumable were
chosen according to the stronger parent metal.

On the other hand, if using unnecessarily strong (= alloyed) welding consumable, high residual
stress state and increased risk to distortion and cracking is produced as a consequence.

3.3.5.2 Design of welds between different steel grades
3.3.5.2.1 Fillet welds

The resistance of a fillet weld between different grades shall be calculated according to the pro-
visions presented in clause 3.3.3. When determining the resistance of the weld, the ultimate
tensile strength f,, applied in expressions (3.22) - (3.28) shall always be chosen according to
the weaker parent metal, and the strength factor f3,, of the corresponding steel grade in Table
3.8 shall be applied [4,5,6].

Table 3.12 gives the required throat thickness (determined by the Directional method according
to expression (3.24) presented in clause 3.3.3.1) for a tube-to-plate joint between different steel
grades conforming to an equal strength fillet weld (having equal legs and welded around the
whole perimeter of the hollow section) in respect to the concerned hollow section, when the hol-
low section is subject to axial tension, compression and/or bending moment. For example, the
throat thickness for an equal strength fillet weld between a hollow section column and base
plate can be chosen according to Table 3.12.

Table 3.13 gives the required throat thickness (determined by the Simplified method according
to expression (3.28) presented in clause 3.3.3.2) for a tube-to-plate joint between different steel
grades conforming to an equal strength fillet weld (having equal legs and welded around the
whole perimeter of the hollow section) in respect to the concerned hollow section, when the hol-
low section may be subject to loads causing normal stress and/or shear stress. The values of
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the table can be used regardless of the direction of the resultant of the forces applied to the
plate.

It can be noticed, that when looking at Table 3.12 and Table 3.13 as well, there may be some
illogicality in the throat thickness values between different steel grades. This is due to the dis-
continuity caused by the grade specific strength factor f3,, defined in Eurocode.

Table 3.12 Welds between different steel grades. The required throat thickness for an
equal strength fillet weld made around the perimeter of the hollow section
which is subject to axial tension, compression and/or bending

Plate Throat thickness of the weld )
Ultimate tensile Structural Structural
strength a) hollow section | hollow section
Steel grade | f, (N/mm?) S355H S420MH
I Fed $235 360 1,39t 1,65t
hollow section wall S275 430 1241 1481
t $355 490 1,15t 1,36-t
a S275N 390 1,37t 1,62t
S355N 490 1,15-t 1,36t
plate S420N 520 1,11+t 1,48t
S460N 540 1,11-t 1,48t
S275M 370 1,441 1,71t
S355M 470 1,20t 1,42t
S420M 520 1,11+t 1,48t
S460M 540 1,11t 1,48t

a) Nominal values of the ultimate tensile strength presented in EN 1993-1-1 for flat steels in grades S235-S460
conforming to EN 10025, when t <40 mm.
b) However at least a > 3 mm.

- The values in this table have been calculated using the recommended values Yy 0=1,0 and Yu2=1,25
as given in Parts EN 1993-1-1 and EN 1993-1-8 of Eurocode. National requirements must be checked
from the National Annex of the relevant country.

- The throat thickness values of this table are valid:

- when the hollow section to be joined is subject to axial tension or compression and /or bending

- when the weld is made around the perimeter of the hollow section to be joined

- when using a welding consumable having its yield strength and ultimate tensile strength at least
equivalent minimum values as those of the weaker part to be joined.
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Table 3.13 Welds between different steel grades. The required throat thickness for an
at least equal strength fillet weld made around the perimeter of the hollow section
which is subject to axial tension, compression, bending and/or shear

Plate Throat thickness of the weld )
Ultimate tensile|  Structural Structural
strength a) hollow section | hollow section
Steel grade | f, (N/mm?) S355H S420MH
) S235 360 1,71t 2,02 t
hollow section wall 275 430 152-t 1,80t
t $355 490 1,41-t 1,67t
a S275N 390 1,68t 1,98t
S355N 490 1,41t 1,67t
plate S420N 520 1,36-t 1,82t
S460N 540 1,36t 1,82-t
S275M 370 1,77t 2,09t
S355M 470 1,47t 1,74t
S420M 520 1,36t 1,82-t
S460M 540 1,36t 1,82-t

a) Nominal values of the ultimate tensile strength presented in EN 1993-1-1 for flat steels in grades S235-S460
conforming to EN 10025, when t <40 mm.
b) However at least a > 3 mm.

- The values in this table have been calculated using the recommended values Yy 0=1,0 and Yy, =1,25
as given in Parts EN 1993-1-1 and EN 1993-1-8 of Eurocode. National requirements must be checked
from the National Annex of the relevant country.

- The throat thickness values of this table are valid:

- regardless of the direction of the resultant of the stresses acting in the w all of the hollow section

- when the weld is made around the perimeter of the hollow section to be joined

- when using a welding consumable having its yield strength and ultimate tensile strength at least
equivalent minimum values as those of the weaker part to be joined.

3.3.5.2.2 Butt welds

The resistance of a partial penetration butt weld between different grades shall be calculated
according to the provisions presented in clause 3.3.4. When determining the resistance of the
weld, the ultimate tensile strength f,, applied in expressions (3.22) - (3.28) shall always be cho-
sen according to the weaker parent metal, and the strength factor f3,, of the corresponding
steel grade in Table 3.8 shall be applied [4,5,6].

According to EN 1993-1-8, the resistance of a full penetration butt weld may be assumed to be
equal to the resistance of the weakest part to be joined, provided that the welding consumables
to be used have their yield strength and ultimate strength at least equivalent minimum values
as those of the parent metal to be welded [4,5,6].

Table 3.14 gives the resistance of a full penetration butt weld for a tube-to-plate joint between
different steel grades in respect to tube’s own plastic tension resistance ¢ - fy /Yo, if deter-
mined by the Directional method according to provisions presented for partial penetration butt
weld (see clauses 3.3.4 and 3.3.3.1).
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Table 3.14 Welds between different steel grades. Theoretical resistance of a full penetration
butt weld if applying calculation provisions assigned for partial penetration butt
weld using the Directional method

Plate Resistance of the weld )
Ultimate tensile|  Structural Structural
strength a) hollow section | hollow section
. Steel grade | f, (N/mm?) S355H S420MH
Ed

hollow section wall $235 360 0,66-Npird 0,56-NpiRrg
t 8275 430 0,77 . NpI.Rd 0,65 N NpI.Rd
> - $355 490 0,99-Nyra | 0,84Nyigrg

/ S275N 390 O|77'NpI.Rd 0165'NpI.Rd

S355N 490 0,99-Np rd 0,84-Np rd

plate S420N 520 1,00 Nygg | 0.86-Npirg
S460N 540 1,00-Npi Rrg 0,86-Np rd

8275M 370 0’75'Np|.Rd 0,63'Np|_Rd

S355M 470 0'95.Np|.Rd 0,81 'Npl.Rd
S420M 520 1,00-Ny rg 0,86-NpiRd

S460M 540 1,00-Ny rg 0,86-NpRrd

a) Nominal values of the ultimate tensile strength presented in EN 1993-1-1 for flat steels in grades S235-S460
conforming to EN 10025, when t <40 mm.

b) Npird = t-fy/Ymo is the plastic resistance of the hollow section wall per unit length of the perimeter of the
hoﬁow section. The design resistance is limited as maximum to the resistance N, rq of the hollow section
wall. According to EN 1993-1-8, the resistance of a full penetration butt weld can be assumed equal to the
resistance of the weakest part to be joined.

- The values in this table have been calculated using the recommended values Yy 0=1,0 and Yu2=1,25
as given in Parts EN 1993-1-1 and EN 1993-1-8 of Eurocode. National requirements must be checked
from the National Annex of the relevant country.

- The values of this table are valid:

- when the weld in made around the perimeter of the hollow section to be joined
- when using a welding consumable having its yield strength and ultimate tensile strength at least
equivalent minimum values as those of the weaker part to be joined.

34 Bolted hollow section joints

3.41 End-to-end bolted joints

It is usually favourable to manufacture the steel components in the workshop by welding, and
then connect these components on site with bolted joints. Bolted joints are quicker and easier
to prepare at on-site conditions than welded joints. Various versions for hollow section bolted
joints are presented in Figure 3.11.
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Figure 3.11 Alternatives for end-to-end joints of hollow sections

When designing a joint, it is essential to ensure that the load is as concentric as possible in
relation to the cross-section and that the rigidity of the joint components is uniform. In this re-
spect, a tension joint is best constructed using the versions b, c, f or g. In these joint types the
tension load is transmitted through a more direct path to the hollow section, than in joints a, d
or e, which also include the risk of lamellar tearing. In flange-plate joints d and e, the thickness
of the flange-plate should be chosen big enough to keep small the bolt prying forces due to
flange elasticity.

3.4.141 End-to-end bolted joints using flange-plates

In Eurocode there are no instructions for the flange-plate joints for hollow sections. The Euroc-
ode-compatible instructions presented herein are based on [12,13,19].

3.4.1.1.1 Flange-plate tension joint of square and rectangular hollow sections

A flange-plate joint can be designed by modelling it as a two-dimensional joint of T elements,
where the bolts are placed at opposite sides of the hollow section (Figure 3.12). Due to tension
load, a plastic hinge is developed in the flange-plate at hollow section walls (Figure 3.13). The
tension resistance of the flange can be determined using the plastic moment.
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Figure 3.12 End-to-end joint with flange-plates, when having square or rectangular hollow
sections
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Figure 3.13 Structural model of a flange-plate joint
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The calculation model for a flange-plate joint (Figure 3.13) is in principal similar with the so-
called equivalent T-stub model applied for flange-plate joints of I-sections, where the failure
mode is the bolt failure with simultaneous yielding of the flange-plate. The T-stub calculation
model for I-sections does not, however, fully apply for hollow sections where e.g. the plastic
hinges are located in slightly different places (as shown by the tests) than in the flange-plate
joints of I-sections.

When calculating the forces and resistances of the bolts, the additional loads due to the prying
forces need not be separately taken into account, because they are already implicitly included
in the calculating model in the same way, as in the equivalent T-stub calculation model for the
flange-plate joints of I-sections in EN 1993-1-8. However if wanted, the effect of prying forces
can be separately calculated as presented later on.

The applied calculation method is semi-empirical, and it has been tested for the flange-plate
thicknesses 12...26 mm. The method can be used, when the joint fulfills the following conditions
[19]:

« the bolt rows are positioned at uniform spacing on two opposite
sides of the flange-plate joint according to Figure 3.12

« the number of bolts is: 4 <n<2(h;/p,) +2

+ the nominal clearance of bolt holes is as specified in EN 1090-2 for
normal round holes

* positioning of the holes (Figure 3.12):
e;21,2d, , where d, = diameter of the bolt hole
€ > 1,2d() and € < 1,2561
e3> p,/ 2, the distance exceeding the lower limit shall not be, however, exploited
in the resistance of the flange-plate
2,4d)<p, <min[14¢, ;200 mm], recommendation: p, = (3...5) xd,

To minimize the prying forces and to maximize the resistance of the joint in return, it is advisable
to keep the distance e; as small as possible so that e; = (1,5 ... 2) x d) (however, at least 5
mm shall be left between the bolt head and the weld in the flange-plate), and for the distance
e, the value e, = 1,25¢; should be chosen [19].

The calculation of the resistance of a flange-plate joint begins with determination of the factor
6 which represents the relative net area of the bolt row [19]:

dy
P>

5 = (3.29)

where dy s the diameter of the bolt hole
p> s the spacing between centres of the holes
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An auxiliary variable K related to the plastic moment of the flange-plate is calculated as follows
[19]:

4p'

K = (3.30)
0,9 (fyp" Ymo) - P>

b =e,-0,5d+1, the lever arm of the bolt row to plastic hinge (3.31)

where e; is the distance of the hole centre from the edge of the hollow section

(Figure 3.12)
d is the nominal diameter of the bolt
t;  is the wall thickness of the hollow section
p> s the spacing between centres of the holes (Figure 3.12)
];p is the nominal yield strength of the flange-plate
Yaro 18 the partial safety factor for resistance (Table 2.5)

The thickness of the flange-plate - shall be chosen between the following minimum and max-
imum values [19]:

K-F .Ed
/ﬁ <t,< JK-F, (3.32)

where F, g4 is the normal force per one bolt (= N; g;/n)

When calculating the resistance of the joint at ultimate limit state, the tension force acting in the
bolts F; ; in expression (3.32), is supposed to be the tension resistance of the bolts 7, p; (to
be presented later on).

A parameter (g is calculated taking into account the influence of the holes to the plastic mo-
ment of the flange-plate at bolt-line in relation to the plastic moment at the wall of the hollow
section, when the tension force in bolts is supposed to be equal to the tension resistance of the
bolts [19]:

o, = | K Fra_ [M}zo (3.33)
Rd 2 d-(e,+e,+1;)

p

The resistance of the joint is derived by setting equal the work in plastic hinges and the work
done by external load [19]:

2
t,(1+3d0g,)n

= (3.34)

Niga =

where n is the number of bolts

Partial safety factor y;,,, which has been incorrectly written in the corresponding expression in
[19], has been left away from expression (3.34) (the preceding expression for factor K includes
already the needed safety margin both in implicit and explicit way).
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Finally the following design conditions shall be checked [19]:

N, ga SN ra resistance of the joint (3.35)
Nigasn-F,p, tension resistance of the bolts (3.36)
Nyga<n-B,pq punching shear resistance of the bolts (3.37)

Additionally the resistance of the weld between the hollow section and the flange-plate shall be
checked according to clause 3.3.

The tension resistance of the bolt F; p; and the punching shear resistance B), g, in expres-
sions (3.32) - (3.37) are calculated from the following expressions [4,5,6]:

kyfpA4
Fopg = 2Juds (3.38)
M2
B, gq = 0,61d,, 1, f, /Yy (3.39)
where k5 = 0,63 for countersunk bolts

k> = 0,90 for other bolts
Sfup s the nominal ultimate tensile strength of the bolt
A, is the tensile stress area of the bolt (area in the threaded portion)

d,, the punching shear diameter, which is the smaller of the following values:
- the mean of the across points and across flats dimensions of the bolt head,
or
- the mean of the across points and across flats dimensions of the nut

t is the thickness of the flange-plate

4
Ju is the nominal ultimate tensile strength of the plate material (flange-plate)
Y s the partial safety factor for resistance (Table 2.5)

The expression for punching shear resistance (3.39) is not valid for countersunk bolts.

If wanted, the total force in the bolts including also the effect due to prying forces can be calcu-
lated as follows (as stated earlier, the prying forces need not be separately taken into account
because their influence is already implicitly included in the calculation of the joint resistance
presented above) [13]:

b S0y }
F =Fp|1+= ——— 3.40
b.Ed t.Ed [ a T+00,, (3.40)
a =e,+0,5d (3.41)
K-F
0y, = (_Z’Ed-zj é (3.42)
t
P
where Fy, g 1s the total bolt force per one bolt including the prying force

The total force acting in the bolt F} p; shall be smaller than the tension resistance of
the bolt F; p; and the punching shear resistance B), p;.
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Example 3.13

Calculate the tension resistance of the flange-plate
Jjoint in the figure. The thickness of the flange-plate
is 35 mm and the steel grade is S355J2. The bolts

are M24 in class 10.9.

P2 €3

The hollow section is 120x 120x8. The steel grade is
SSAB Domex Tube Double Grade, which fulfills the
EN 10219 requirements for both steel grades
S420MH and S355J2H. Thereby the design calcula-
tions may be performed at designer’s own choice ei-
ther according to grade S420 or grade S355. Grade NjEa
S§420 is chosen in this Example as design basis. |

T
D
D
N
&

€3

SR
| |
A, = 3364 mm® _ (Annex 11.1) } ‘ }
. =420 N/mm’ yield strength (hollow section) } }
]yp =355 N/mm2 yield strength (plate) P
wp =490 N/mm? _ultimate tensile strength (plate) lﬁz/} B - 1\E>|I
Jup =1000 N/mm? ultimate tensile strength (bolts) === ‘T::}::T‘ ===
Yo = 1.0 N
Yo = 1,25 | ~ |
The parameters defining the positioning of the NN
holes in the flange-plate: !
d =24 mm N ga
dy =26 mm
pr =90 mm
e; =45 mm
e, =55mm
e; =45 mm

Check the conditions for the positioning of the holes:
e;=45mm=12d,=312mm OK

e, =55mmz=12dy,=312mm OK

e, =55mm<125e; =56,3mm OK

e3=45mmz=p,/2=45mm OK

p2=90mm=24dy=62,4mm OK

P, =90 mm< min[14tp 200 mm)] = min[490 mm ; 200 mm] = 200 mm OK

Check the condition for the number of bolts:
4<n =4<2(h;/p,)+2 =2-(120/90)+2 = 4,7 OK

Tension resistance of the cross-section of the hollow section:

4
N, oy = Y_fy = 3364920 _ 1413 kv
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Resistance of the welds:
Design the throat thickness of the weld to have at least equal strength with the plastic tension

resistance of the hollow section N, p,;, when the hollow section is welded to flange-plate of
grade S355J2 (Table 3.12):

a=1,36-t;, = 1,36-8 = 10,9 mm

= choose a = 11 mm

Resistance of the bolts:
The tension resistance per bolt:
A, = 353 mm’ tensile stress area of a M24 bolt (area in the threaded portion)
k A, . .
Fo = 2fw Ay 091000353 _ 554 54y
' Y2 1,25

The punching shear resistance per bolt:
d, = 37,8 mm  M24 bolt, punching shear diameter of the nut or the bolt head
B, pa=0,61d,1,f,/ Yy, =0,6-1-37,8-35-490/1,25= 977, 6 kN

= the resistance of the bolts is governed by the tension resistance 254,2 kN

Resistance of the flange-plate joint:
Calculate the auxiliary parameters needed:

d
S=1-20-7-26_07111
P> 90
b'=e,~0,5d+t, = 45-0,5-24+8 = 41,0 mm
4b 4-41,0

= 5,703 107 mm’/N

" 0,9,/ M) P2 0,9-(355/1,0)-90

Check the conditions regarding the thickness of the flange-plate:

The minimum and maximum values for the thickness of the flange-plate are calculated by the
formula:

K- Ft.Ed

s <1, <K Fopy

Since the force applied to a bolt is here unknown, and the task is to determine the joint's re-
sistance at ultimate limit state, the force acting in a bolt F, g; shall be assumed to be equal
to the tension resistance of the bolt F; p; = 254,2 kN.

Thereby the minimum and maximum values for the thickness of the flange-plate will be:

A/5, 703107 254.2- 10°
T+ 0. 7111

<t,<45,703- 107 254,210’

29,]mm£tpmmS38,1mm

=>tp=35mm=0K
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The resistance of the joint is finally:

K-F +0,5d
ons = (S ] [ttt

t d-(e,+e,+1;)

_ 5,703~10*3-254,2-103_1 [ 55+0,5-24 J=01600>0
57 0,7111-(55+ 45+ 8) ’ B
2
21+ 80 2. : :
N, ° R _ 357 (1+0.7111-0,1600)-4 _ 457 o 1y
: K 5,703-10°°

Resistance of the whole joint:
The resistance of the whole joint is governed by the smallest of the above obtained results,
which is the resistance of the flange-plate joint 957 kN.

Effect due to prying forces:

1t is not necessary to explicitly calculate the prying forces, because the above calculated re-
sistance of the flange-plate joint N p, already implicitly takes into account the prying forc-
es, too. Nevertheless, the total force acting in a bolt F), p,; due to the prying forces can be
calculated when assuming that the flange-plate joint is subjected to a force equal to its re-
sistance Ny gy = Nj pg = 957,0 kN, whereby the normal force per one bolt is 957,0 kN / 4 =
239,3 kN:

_ (K- Figa 1 _(5,703-107-239,3-10° 1
ocEd_( - —1]-8_[ : 1| o = 0, 1604
tp 35 s
a' = e,+0,5d = 55+0,5-24 = 67,0 mm
Y02 :
FbEd=F,Ed-[1+ii-—Ed—-} =239,3[1+i’{. 0,7111- 0,1604 J = 254,3 kN
: : a T+o0,, 67 1+0,7111-0,1604

254,3kN<F,p, = 254,2kN OK
254,3 kN<B, z, = 977,6 kN OK

Fb.Ed

FbAEd

It can be seen, that when the flange-plate joint is subjected to a normal force which is equal
to its resistance Ny pg = 957,0 kN, the total bolt force, including also the prying forces, is in
this Example Fj, p; = 1,06 x F; gy = 254,3 kN, being in practice equal to the bolt’s tension
resistance F, py (if having different initial joint data, the portion of the prying forces could

be significantly higher).

In other words, when the thickness of the flange-plate has been chosen within the minimum
and maximum values calculated from expression (3.32), the resistance of the flange-plate
Jjoint is reached by the same normal force applied to the hollow section N g, with which
the total bolt force Fy, , reaches the bolt’s tension resistance.

Thus, by this Example we can see that the total force in the bolt will not be exceeded even if

the effect due to prying forces was not separately checked. In other words, the effect due to
prying forces is implicitly included, as stated in the preceding design guidance.
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Comparison S420 vs $355:

In case the design calculations would be performed according to grade S355 in respect to
the hollow section, the resistance of the flange-plate joint would still vemain the same 957
kN. But as it comes to the weld, a slightly smaller throat thickness would be sufficient: a >
L15t=92mm = a= 10 mm (Table 3.12). However, increase of the hollow section’s
material strength S355 — S420 does not improve the resistance of the flange-plate joint in
this Example.

3.4.1.1.2 Flange-plate tension joint of circular hollow sections

A flange-plate joint between circular hollow sections and the symbols for its dimensions is pre-
sented in Figure 3.14. The calculation method is similar to that of rectangular hollow sections
in the sense that additional forces due to prying forces need not either here be separately taken
into account when calculating the loading and resistance of the bolts, since prying forces are
implicitly included in the calculation model.

Figure 3.14 End-to-end joint with flange-plates, when having circular hollow sections
The calculation method can be used, when the joint fulfills the following conditions [19]:

« the bolts are positioned in the flange-plate at uniform spacing around the hollow section
» the number of bolts is: n >4

» the nominal clearance of bolt holes is as specified in EN 1090-2 for
normal round holes

* positioning of the holes (Figure 3.14):
e; 21,2d, , where d, = diameter of the bolt hole
ey 2 1,2d() and ey < 1,2561
2,4d) < p, < min[14t, ; 200 mm]
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To minimize the prying forces and to maximize the resistance of the jointin return, it is advisable
to keep the distance e; as small as possible so that e; = (1,5 ... 2) x d; (however, at least 5
mm shall be left between the bolt head and the weld in the flange-plate), and for the distance
e, the value e, = 1,25¢; should be chosen [19].

The design conditions for the joint are [19]:

t T
N, g I’Zf”; /s complete yielding of the flange-plate (3.43)
“Tmo
N, gy < n-0,67F, g, bolt failure with simultaneous yielding of the (3.44)
11— 1 + ! flange —plate
i filn(r,/7y)
Nigisn-F,p, tension resistance of the bolts (3.45)
NipaS<n-B, g, punching shear resistance of the bolts (3.46)
where N, g4 is the design value of the normal force acting in the hollow section

at ultimate limit state
F, pq is the tension resistance of one bolt according to expression (3.38)
B, pais the punching shear resistance of one bolt according to expression (3.39)

P
1y, is the number of bolts
(- is the thickness of the flange-plate

fyp is the nominal yield strength of the flange-plate
Yumo s the partial safety factor for resistance (Table 2.5)

Additionally the resistance of the weld between the hollow section and the flange-plate shall be
checked according to clause 3.3.

Expression (3.44) above has been supplemented with reduction factor 0,67 (which is missing
in [19]) with which the effect of the prying forces is taken into account [12].

The parameters needed in expressions (3.43) - (3.44) are calculated as follows [19]:

1

Sy = g ths= k- 4k)) (3.47)

1

k;, = In(r;/r;) (3.48)

ky =k, +2 (3.49)
d

rp = 71 te tey (3.50)
d

r, = ?’+e1 (3.51)
d;—t

r; = % (3.52)

e, = minfe,; 1,25e,] (3.53)
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The dimensionless factor f3 is alternatively obtained from Figure 3.15.

The required thickness for the flange-plate and number of bolts can be derived directly from the
preceding expressions (3.43) - (3.44):

2Ny g Ymo
{2 — 3.54
e 539

n> N ga 1

/
S0 67F, [ A ln(rl/rz)} (3:33)

10,0

g0 /
8,0
7.0
6,0
5,0
4,0
3,0
2,0
10

do-to
0,0 T T T T T dO + 2e1
0,00 0,10 0,20 0,30 0,40 0,50 0,60 0,70 0,80 0,90 1,00

Figure 3.15 Geometry-dependent parameter f; for a flange-plate joint on circular hollow
sections

3.4.1.2 In-line tension joint with splice plates

An in-line tension joint applies well as a splice joint of the bottom chord in a lattice structure,

because the loading direction is parallel to the plates. When the joint is executed as in Figure
3.16, there is no risk of lamellar tearing of the splice plates.
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P P

Figure 3.16 In-line tension joint with splice plates

The resistance of the joint is determined by calculating separately the resistance of the bolts
and the resistance of the splice plates. The bolts transmit the force acting in the joint by their
shear strength. The shear resistance of a bolt per one shear plane is calculated as follows
[4,5,6]:

» when the shear plane passes through the threaded portion of the bolt:

Fora = 0.6, A/ Vs Jfor bolt classes 4.6, 5.6, 8.8 (3.56)
Fora = 0,50, A/Yy>  for bolt classes 4.8, 5.8, 6.8, 10.9 (3.57)

» when the shear plane passes through the unthreaded portion of the bolt:
Fori = 0.6f,0 A/ Y Sfor all bolt classes (3.58)

where F, rq is the shear resistance of the bolt per shear plane
Jup  is the ultimate tensile strength of the bolt
A is the tensile stress area of the bolt (area in the threaded portion)
A is the cross-section area of the bolt
in the unthreaded portion of the bolt

Y2 is the partial safety factor for resistance (Table 2.5)

In important load carrying shear joints it is always recommendable to use partially-threaded
bolts so that the shear plane passes through the unthreaded portion of the bolt. In secondary
joints (e.g. when joining the stairs of a stairway to its side girder), fully threaded bolts can be
used.

If it may occur, that due to the tolerances of the bolts and the tolerances of the parts to be joined,
there is a risk that the shear plane may pass through the threaded portion of the bolt, it is rea-
sonable to make the calculations already in the beginning by an assumption that the threads
shall be in the shear plane.
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In respect to the splice plates the following shall be checked:

+ the tension resistance of the net cross-section N, z,
« the bearing resistance of the bolted joint F, p;
+ the block tearing resistance of the bolted joint V4 py

The tension resistance of the net cross-section of the splice plate can be determined using the
same principle as the tension resistance of the hollow section (clause 2.5.1).

The bearing resistance of the splice plate depends also on the positioning of the holes and
strength of the bolts as follows [4,5,6]:

Fyra = ko f,dt/ Yy, (3.59)
where Ju  is the nominal ultimate tensile strength of the part to be considered

d is the nominal diameter of the bolt

t is the thickness of the part to be considered

Y2 s the partial safety factor for resistance (Table 2.5)

The factors k; and oy, needed in expression (3.59) are determined as follows:

* in the direction parallel to the force:

oy, = min[l, 0, %’ ; ;—é(j for end bolts (3.60a)
oy = min[], 0; f“—b ; (p—l - 1)} for inner bolts (3.60b)
fu 3d, 4
* in the direction perpendicular to the force:
k, = min[2,5 ; (2,8 “_ 17 ) ; (1,4’2 ~1,7 )J for edge bolts (3.60¢)
dy dy
k;, = min [2,5 ; (1,41;—2 -1, 7)} for inner bolts (3.60d)
0
where Ju is the nominal ultimate tensile strength of the part to be considered

Jfup s the nominal ultimate tensile strength of the bolt
dy is the nominal diameter of the bolt hole
Y s the partial safety factor for resistance (Table 2.5)
e;, p; and e, , p, are the positioning of the bolt holes in the direction
parallel to the force and perpendicular to the force according to Figure 3.17

The minimum distances for positioning of holes are presented in Table 3.15.

For fatigue loaded structures the minimum spacing between the hole centres and the minimum
edge and end distances are presented in EN 1993-1-9 [8,9,10].
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Figure 3.17 Symbols for the distances between fasteners [4,5,6]

Table 3.15 Requirements for minimum distances of holes [4,5,6]

End and edge distances

spacing betwe::fhe hole centres Minimum value
(see Figure 3.17)
End distance ey 1,2dy
Edge distance e, 1,2dy
Centre distance p; 2,2dy
Centre distance p, 2,4dy

For fatigue loaded structures the minimum spacing between the hole centres and the minimum edge and end
distances are presented in EN 1993-1-9.

A group of bolts can break at the end of a joint-plate or at the end of the member according to
Figure 3.18. The phenomenon is called block tearing, which is caused by tensile fracture of the
parent metal in the face subject to tension force, while the face subject to shear force fails by
yielding in shear. Breaking takes place in the net cross-section along the centre lines of the
bolts. Block tearing can be governing the resistance of the joint, when high steel strength and
small edge distances of the bolts are used.

Block tearing resistance is calculated by the following formulae [4,5,6]:

Verr 1.Ra :qum/yM2+(I/AB)];AM/YMO concentric load (Figure 3.19a) (3.61)

Vefﬁle:0’5qunt/’YM2+(]/"B)fy‘4nv/’YM0 eccentric load  (Figure 3.19b)  (3.62)

where Ju is the nominal ultimate tensile strength of the part to be considered
fy is the nominal yield strength of the part to be considered
A,; s the net cross-section area subject to tension (Figure 3.18)
A, s the net cross-section area subject to shear (Figure 3.18)
Y2 and ¥y, are partial safety factors for resistance (Table 2.5)
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1 Small tension force
2 Large shear force
3 Small shear force
4 Large tension force

a) Concentric load

T

[ - T |

b) Eccentric load

Figure 3.18 Block tearing [4,5,6]
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Example 3.14

el pi S i
Cualculate the tension resistance of the 4 ool "
Jjoint in the figure. The splice plates are of ~— <" | &‘¢ ¥ éj S VELL,
steel grade S355J2. The bolts are M24 in L Igomodl g
class 8.8. Partially-threaded bolts shall be do
applied. The length of the bolts shall be Ly o~
chosen so that the shear planes will not T “‘,,‘f, ,,,,, 5
pass through the threaded portion of the <+Ed et t, Nea

tion is assumed to be other than Category

C.

bolts. The category of the bolted connec- I ‘e‘l DL
1

The hollow section is 150x 150x 6. The steel grade is SSAB Domex Tube Double Grade,
which fulfills the EN 10219 requirements for both steel grades S420MH and S355J2H.
Thereby the design calculations may be performed at designer’s own choice either according to
grade S420 or grade S355. Grade S420 is chosen in this Example as design basis.

A =3363mm’  (Annex 11.1)

[}

f, =420 N/mm* yield strength (hollow section)

ﬂv, =500 N/mm® ultimate tensile strength (hollow section)

Jp =335 N/mmj yield strength (splice plates)
w = 490 N/mm”  ultimate tensile strength (splice plates)

Sup =800 N/mm®  ultimate tensile strength (bolts)

Yuo = 1,0

YW = 1,25

The parameters defining the joint geometry:

t; =20mm
t, =10mm
h, =170 mm
d =24 mm
dy =26 mm
e; =40 mm
e, =45 mm

p; =p>=80mm

Check the conditions for the positioning of the holes:
e, =40mmz=1,2d, = 31,2mm OK

e, =45mmz=1,2d, = 31,2mm OK
p; =80mm=2,2d, = 57,2mm OK
p,=80mmz=2,4d, = 62,4 mm OK
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A. Tension resistance of the cross-section of the hollow section:

A .
Nt.Rd = NIARd = 'Y_f:‘i = w = ]412kN

B. Shear resistance of the bolts:

The shear resistance per bolt, when the shear plane passes through the unthreaded portion
of the bolt:

A="9 T 27 _ 45 mmz M?24 bolt, unthreaded cross-section area

Fora = 0,6f, A/ Yy = 0,6-800-452/1,25 = 173,6 kN  per shear plane

The joint has two shear planes (regarding the splice plate in the middle), thereby the shear
resistance per bolt is:

Fopg=2-173,6 = 347, 2 kN

v

In total 4 bolts, thereby the shear resistance for the whole joint is finally:
Fopg = 4-347,2 = 1389 kN

C. Middlemost splice plate in the joint:

Tension resistance at the net cross-section:

The splice plates can be assessed respectively as any cross-section under tension. Thereby
the resistance of a cross-section having holes can be calculated by applying expressions
(2.15) and (2.16):

A= t;h, = 20170 = 3400 mm’
Ao = 1, (hy=2dy) = 20 (1702 - 26) = 2360 mm’
Af,, _ 3400355 _

Niogg = Nyjpg = =—2£ = ————= = 1207 kN
t.Rd pl.Rd Yoro ]’ 0
0,94 . .
Nigg = Nypg =~ = 2 5332 490 _ 8326 kN
YMZ )

The tension resistance of the splice plate in the middle is thereby governed by its tension re-
sistance at the net cross-section 832,6 kN.

229



Chapter 3 SSAB DOMEX TUBE STRUCTURAL HOLLOW SECTIONS

Bearing resistance:

The bearing resistance of the bolted connection in the splice plate, when having the position-
ing of the holes as given herein, is as follows:

in the direction parallel to the force:

0, = min[z,o; Jub . if_} = min[1,0 ; 1,633 ; 0,5128] = 0,5128  end bolts
fup 3d0

0, = min[l,O M (ﬂ - 1)} = min[1,0,1,633;0,7756 1 = 0,7756  inner bolts
7o \3d,” 7

in the direction perpendicular to the force
(in this Example all bolts are so-called edge bolts):

k, = min[2,5; (2,823—1,7); (1,4%-1,7)} = min[2,5; 3,146 ; 2,608] = 2,5
0 0

The bearing resistance per bolt is thereby:
Fypa =kioy f,dt/ Yy, =2,5-0,5128-490-24-20/1,25 =241,2 kN end bolts

Fypg =k o, f,dt /Yy, = 2,5-0,7756 -490- 2420/ 1,25 = 364,8 kN inner bolts

The design resistance of a group of bolts may be taken as the sum of the design bearing
resistances Fy, p, of the individual bolts provided the design shear resistance F,, p, of each
individual bolt is greater than or equal to its design bearing resistance Fy, p, . Otherwise the
design resistance of a group of bolts shall be taken as the number of bolts multiplied by the
smallest design resistance (either Fy p; or F, pg whichever is the smaller) of any of the in-
dividual bolts [4,5,6].

It can be seen, that in respect to the inner bolts their shear resistance 347,2 kN is smaller
than their bearing resistance 364,8 kN, thus the resistance of the entire joint cannot be de-
termined here as the sum of bearing resistances.

= the resistance of the entire joint shall be taken here as the number of bolts multiplied by
the smallest design resistance of any of the individual bolts, i.e..

4-241,2 = 964,8 kN

Block tearing resistance:

The block tearing resistance shall be calculated here for a block that consists of four bolts.

The net cross-section area subject to shear:
A,, =2t(e;+p,—dy—dy/2) = 2-20-(40+80-26-26/2) = 3240 mm’
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The net cross-section area subject to tension:
A, = t,(p,—dy) = 20-(80-26) = 1080 mm’

The block tearing resistance for concentric tension load:

Verr1ra = JupAnt/ Yz + (1/«[3)fypAnv/VMo
= 490-1080/1,25 + (I/A/g) -355-3240/1,0 = 1087 kN

D. Outermost splice plates in the joint:

The edge distances of the bolts in the outermost splice plates are herein the same as edge
distances in the middlemost plate. Thereby the resistances calculated above for the middle-
most plate can be exploited also here:

Tension resistance at the net cross-section:

t

Ny = 28326 = 10.832,6 = 416,3 kv
i t; 20

= for two plates the resistance is in total 832,6 kN

Bearing resistance:

10

t
Fy g = 72'241’2 = 557 241,2 = 120,6 kN per bolt (end bolts)
1
Foo=2.360.8 =10 364 8 = 182, 4 kN bolt (inner bol
b‘Rd—E‘ 0 =557 ,0 = ) per bolt (inner bolts)

It can be seen, that in respect to the inner bolts their shear resistance 173,6 kN (in respect
to an outermost splice plate, the joint has only one shear plane) is smaller than their bearing
resistance 182,4 kN, thus the resistance of the entire joint cannot be determined here as the
sum of bearing resistances.

= the resistance of the entire joint shall be taken here as the number of bolts multiplied by
the smallest design resistance of any of the individual bolts, i.e.:

4-120,6 = 482,4 kN
= for two plates the resistance is in total 964,8 kN

Block tearing resistance:
t; 10
Vesr1.ra = o 1087 = 2—0-1087 = 543,5 kN

= for two plates the resistance is in total 1087 kN
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E. Resistance of the welds:

The throat thickness for double-sided fillet weld shall be chosen here as a = 5 mm, since it
can be welded with a single run.

According to the above obtained results the resistance of the joint is governed by the net sec-
tion tension resistance of the splice plates N, p; = 832,06 kN (= resistance of the outermost
splice plates in total = resistance of the middlemost splice plate).

Next, determine the length of the weld L,, (see the figure) to provide for the weld at least
equal strength in respect to the tension resistance of the splice plates N, pg = 832,6 kN.

The tension force Ng, applied in the joint causes only shear stress for the welds. The weld
may be designed using expression (3.22):

6, =0 (= condition (3.23) does not need to be checked here)
T, =0

Nt.Rd/4 — Nt.Rd

A4, 4L,.a

w

ch+3(rf+r||2) = J0+3~(0+r||2) = /31 SB

T =

Suw

w¥ M2

The required length for the weld can now be derived:
I > Nira BuYi

The ultimate tensile strength of the weaker part to be joined shall be adopted for the ultimate
tensile strength of the weld [4,5,6]:

Juw = minlf, ; f,,1 = min[500 ; 490] = 490 Nimm® (= 8355)
B, = 0,9 (strength factor for the weld, Table 3.8) (=S355)

The required length for the weld is:

Nira BuYaz _ 832,6-10° 0,9-1,25
da f /.3 43 490/ 3

= L,, = 170 mm shall be chosen.

>

w =

= 165, 5 mm

F. Resistance of the joint:
The net section tension resistance of the splice plates governs hence the resistance of the en-

tire joint:

Nt‘Rd = 832,6 kN
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Comparison S420 vs $355:

In case the design calculations would be performed according to grade S355 in respect to
the hollow section, the resistance of the joint would still remain the same 957 kN as governed
by the splice plates. Also the length of the weld would remain the same 170 mm. Hence, in-
crease of the hollow section’s material strength S355 — S420 does not improve the resistan-
ce of the joint in this Example.
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3.4.2 Bolted beam-to-column joints

A hollow section or an I-section can be joined to a hollow section column by several different
techniques, as shown in Figures 3.19-3.25. To make the joint rigid requires the use of end-
plates, which means that the tolerance on length must be more rigorous. In structures with mul-
tiple spans the variations of length may accumulate, why the length deviation must be evened
out on one span by using packing plates. More elastic joints, where the bolts transmit shear
forces, give more possibilities for adjusting. In elastic joints it should be remembered to consid-
er also moments that are caused by eccentricity of shear force to column.

Fig. 3.19 A joint between I-section beam and hollow
section column subject to shear, bending and normal
forces. The joint resistance is usually limited by the col-
umn web by buckling or plastification in shear.

Fig. 3.20 A typical beam-to-column joint between I-
section beam and hollow section column. The end of
the I-section should be stiffened with a plate, which then
transmits the shear force, through contact in bearing, to
the stiff portion of the support component. The joint is
suitable mainly for beams with minor shear force.

Fig. 3.21  Semi-rigidity of the joint is obtained by us-
ing very stiff end-plates. The most practical way is nor-
mally to assume the joint to be pinned and take the
bending moment of the extension into account in the
column design. Due to its simplicity, this type of joint is
frequently used in lattice structures. Complex joint de-
tails are made by welding. Simple straight members are
connected to the outstands (which are starting from the
corners) by flange-plate joints. The joint stiffness be-
tween the column and the outstand can be estimated
as given in Annex 11.4.

Fig.3.22 The joints shown in Figures 3.22 a and b
behave in a very similar way with each other. When the
bolted joint is made as an ordinary joint, carrying the
load by bolt shear, the clearances between the bolts
and the holes make the joint indeterminate with regard
to transmission of bending moment. With a friction-grip
bolted joint, the forces and bending moments can be
transferred from the beam to the support plate, preserv- +
ing the rigidity. =l |

If the joint is subject to shear force only, the support | }
plate can be connected directly to the column flange. In \
a joint carrying bending moment or axial force, the col- ‘
umn flange usually must be stiffened with a reinforcing

plate. —
= 5@ Figure 3.22b
]
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Fig. 3.23  Figures a and b show examples of connecting
a bracing to the column.

Fig.3.24 End-to-end joint of a chord in a lattice struc-
ture. Diagonals should not be welded to the end-plates, but
directly to the chord. The gap g of the joint is determined
in this case as a distance between the brace member and
the end-plate and it shall fulfill the requirements given in the
joint resistance tables in Annex 11.3.

Fig. 3.25 Figures 3.25 a and b show beam-to-column
joints in which the beam is continuous. For the proper func-
tioning of this kind of joint, it is essential that the loads dur-
ing erection and use of the structure are close to symmet-
rical. When bending moments and shear forces from the
beams are unequal, the column shall be sufficiently strong
to resist bending. The column flange-plate joint is taken as
a hinge in relation to flexural buckling, unless the stiffness
of the joint is increased with specific methods.

erning the bending resistance of the entire joint. Com-

Figure 3.23
\ Det 1

Figure 3.25b
3.4.21 Flange-plate joint of a hollow section subject to bending moment
The flange-plate joint is capable of transmitting both the T =
bending moment and the shear force. bl
|
When calculating the bending resistance, the joint is di- Mgy ( *} -] 11 i
vided into components, the most critical of which is gov- [ o
[
| |

ponents to be considered in the resistance of the joint
are:

* bending resistance of the column web

+ shear resistance of the column web

« tension resistance of the flange-plates and bolts
* resistances of the welds of the joint
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The welds of the joint are designed according to clause 3.3. In welded joints subject to bend-
ing moment the welds shall be designed such that the bending resistance of the entire joint is
always governed by other components of the joint than the welds [4,5,6]. A conservative sim-
plification is to design the welds always to have at least equal strength with the hollow sections
to be joined.

The resistances for the other components of the flange-plate joint subject to bending moment
can be checked as follows:

Bending resistance of the column web

The bending resistance of the column web can be estimated by applying the formulae for weld-
ed lattice joints, wherein the column is considered to represent a chord member (Table
11.3.11). In this context it shall be remembered to check that the column fulfills the require-
ments set in the resistance table for the welded lattice joint and the chord member in it. The
flange-plate (welded on all four sides to the column) represents now a brace member having
equal width with the chord member. Thereby the bending resistance of the column’s web (i.e.
the chord’s web) can be obtained from the table as follows:

2
M, 1ra = 0.5 frg -ty (hy+5t,)" /Y s (3.63)

where h; is the depth of the cross-section of the beam (conservative simplification)
typ is the wall thickness of the column
4};() is the nominal yield strength of the column
Yars 1s the partial safety factor for resistance (Table 2.5)

Shear resistance of the column web

The shear resistance of the column must also be
checked, since the moment load is transferred from
beam flanges to the column as shear force. It is as-
sumed that the column has no external shear load,
and the column shear force then consists of the
joint load only. The bending resistance of the joint
when governed by the shear is obtained by multi-
plying the shear resistance of the column webs by
the beam depth:

Figure 3.27 Calculation model for the bending
resistance of the joint determined
by the shear resistance of the

column web
Rk
Mpy = Vyga(hy—t)) = Ay = (hy=1)) (3.64)
Mo
where Vy1.ra is the design plastic shear resistance

Ay is the shear area of the column according to clause 2.7.1.1
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h; is the depth of the cross-section of the beam (conservative simplification)
t;  isthe thickness of the beam flange

fyO is the nominal yield strength of the column

Yuo s the partial safety factor for resistance (Table 2.5)

Because expression (3.64) for bending resistance is based on the plastic shear resistance of
the column, the slenderness of the column webs shall fulfill the conditions presented in clause
2.7.1 for exploiting the plastic shear resistance. Thereafter the column web is also deemed to
have sulfficient rotation capability, in case plastic global analysis should be applied for the struc-
ture.

Tension resistance of flange-plates and bolts

The resistance of the flange-plates and bolts can be calculated based on the same design
method as presented in clause 3.4.1.1.1 for the flange-plate tension joint, provided the geom-
etry of the joint fulfills the requirements presented therein. The design of the joint is split in this
case into two separate parts (the beam and the flange-plate as one part, and the column and
the flange-plate as the other part), wherein the tension resistance of the weaker part governs
the bending resistance of the entire joint (see Figure 3.28).

In respect to the flange-plate joint and its bolts, the design can be simplified by considering it
as a flange-plated end-to-end joint between two beam ends subjected to bending moment,
where in place of the column there is a hollow section of depth equal to the beam but width
equal to the column (a conservative simplification).

A joint is usually subject also to shear force, in which case the lowest bolt row (or some of the
lowest bolt rows as needed) can be reserved in calculations to carry only the shear force. In cal-
culations the remaining bolt rows carry in this case the bending moment alone, in which case the
conservative simplification is to divide the bolt forces to different bolt rows according to elastic
theory (elastic theory can always be used). When the topmost bolt row reaches its tension resist-
ance, the forces acting simultaneously in the other bolt rows is distributed in proportion to the
distance from the compression centre according to Figure 3.29. The compression centre is sup-
posed to be located in the centreline of the wall thickness of the compressed flange of the beam.

FiRra

Figure 3.28 Calculation model for a flange-plate joint

237



Chapter 3 SSAB DOMEX TUBE STRUCTURAL HOLLOW SECTIONS
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Figure 3.29 Distribution of bolt forces to different bolt rows according to elastic theory
The tension resistance of the topmost bolt row is calculated as follows:
£(1+ dap,n
Fpy = L—rn (3.65)
: K
where n =2 is the number of bolts in the topmost bolt row

The other variables needed in expression (3.65) are determined according to clause 3.4.1.1.1,
but the force acting in the bolt F; g, is substituded by the tension resistance of the bolt I p;.

The bending resistance of the joint (the beam to flange-plate, or the column to flange-plate) is
now obtained from expression:

Mpy = Firazi+ Y Fipaz; (3.66)

where z; is the distance of the appropriate bolt row from the compression centre that is sup-
posed to be located in the centreline of the wall thickness of the compressed flange, see Figure
3.29.
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Example 3.15

Calculate the bending resistance of the flange-plate 300%200%8
joint in the figure. The thickness of the flange-plates
is 20 mm and the steel grade is S355J2. The bolts are
M22 in class 8.8.

The column is a hollow section 200x200x 7,1 and ‘
the beam is a hollow section 300x200x 8. The steel Mgq

grade is SSAB Domex Tube Double Grade, which
fulfills the EN 10219 requirements for both steel !
grades S420MH and S355J2H. Thereby the design =
calculations may be performed at designer’s own
choice either according to grade S420 or grade S355.

Grade S420 is chosen in this Example as design basis. b

=420 N/mm®  yield strength (tube) F====1

5

f,i =500 N/mm* ultimate tensile strength (tube)

fop =355 N/mmj yield strength (plate)
wp = 490 N/mm”  ultimate tensile strength (plate)

fp =800 N/mm’ ultimate tensile strength (bolt)

Yo = 1,0
'}/MZ :],25
Yus = 1,0

The parameters defining the positioning of the holes in the flange-plate:
d =22mm

dy =24 mm
P> =200 mm
e; =50 mm
e, =50 mm

e3 = 100 mm (see Figure 3.29)

The bending resistance of the cross-section of the hollow sections is:
300x200x8: M, pg=318,0kNm (Annex 11.1)

200%200%7,1: My pg = 159,3 kNm (Annex 11.1)

Chapter 3

200x200x7,1

Usually there is also shear force present in a joint, which needs to be taken into account in

design. Therefore the lowest bolt row may be reserved herein to carry

the potential shear

force, and the bending resistance may be determined based on the topmost bolt row alone
(in respect to the bending resistance, the role of the lowest bolt row would anyway be quite

marginal, only about 4 %).

A. Bending resistance of the column web:

The bending resistance of the column web is determined by applying the formulae for lattice
Joints, wherein the column shall fulfill the requirements set for the chord in the considered
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resistance table (Annex 11.3.11). It may be noted, that the column in this Example fulfills the
aforementioned requirements, though the verifications are not presented herein.

The bending resistance of the column web is:
My, ga = 0,9-0,5f,9t(h; + 5t0)2/7M5 (§420: resistance factor = 0,9)
0,9-0,5-420-7,1-(300+5-7,1)°/1,0 = 151, 0 kNm

B. Shear resistance of the column web:

The shear resistance of the column is calculated as presented in Chapter 2.
Check the condition for the slenderness of the web in respect to the plastic shear resistance:

b 2000 550<728 3 0 72-4235/420 5 _ 569 ok

t 71 n 1,0
A = 5305 mm’ cross-section area of the column
Ay =A4- I 5305 =290 _ 2653 mm’  shear area of the column
b+h 200 + 200
/3
Vira = AV-']; 3 = 2653 - 4203 = 043,3 kN plastic shear resistance of the
P Ymo » 0

column

Based on the shear resistance of the column web and the depth of the beam, the bending re-
sistance of the joint is hence:

Mpy = Vyga(hy—1,) = 643,3-10° - (300~ 8) = 187, 8 kNm

C. Resistance of the flange-plates and the bolts:
C.1 Bolts and the flange-plate in the beam:

Resistance of the bolts:

The tension resistance per bolt is:

A, = 303 mm’ tensile stress area of a M22 bolt (area in the threaded portion)
ks fup A . .
Foo = 2JwAs _ 0,9-800-303 _ 170 s in
‘ Yaura 1,25

Calculate the punching shear resistance in respect to the chosen flange-plate thickness:
d, = 35,7 mm (M22 bolt, punching shear diameter of the nut or the bolt head)
B, pa=0,61d,1, f,/Yy>=0,6-7357-20-490/1,25 = 527, 6 kN

= the resistance of the bolts is governed by the tension resistance 174,5 kN
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Resistance of the flange-plate joint:

Check the conditions for the positioning of the holes:
e; =50mmz=12dy,=288mm OK
e;=50mmz=12d,=288mm OK
e, =50mm<1,25¢; =62,5mm OK
e3=100mm=p,/2=100mm OK

P2 =200mm = 2,4dy= 57,6 mm OK
p, = 200 mmSmin[Mtp 200 mm)] = min[280 mm ; 200 mm] = 200 mm OK

Check the condition for the number of bolts:
4<n =4<2(h;/p,)+2 =2-(300/200)+2 =5 OK

Calculate the auxiliary parameters needed:

d
S=1-20=7-2% _ ¢ ss
7 200
b =e,—0,5d+1, = 50—0,5-22+8 = 47 mm
4b _ 447

- - = 2,942 107 mm’/N
0.9/ Yar0) P> 0.9-(355/1,0)- 200

Check the conditions regarding the thickness of the flange-plate:

since the force applied to a bolt is here unknown, and the task is to determine the joint’s re-
sistance at ultimate limit state, the force acting in a bolt F, p; shall be assumed to be equal
to the tension resistance of the bolt F; p; = 174,5 kN.

The minimum and maximum values for the thickness of the flange-plate are calculated by the

formula:
(K i pa
TS St, < JK-Fopy

Jz, 042107 174,5- 10°
750,58

16,5 mm<t,<22,7 mm
ﬁtp=20mm=OK

<t,<:2,942.107 1745 10°
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The tension resistance of the topmost bolt row of the flange-plate joint is hence:

K-F +0,5d
ons = (L] [ttt

‘ d-(e,+e,+1;)

_3 3
:(2,942-10 -174,5-10_1][ 040322 1= 0,181920

0 0,88 (30 +50+8)

2
t,(1+80p)n _ 207 (140,88 - 0,1819)- 2
K 2,942-107

Fira= =315,5 kN (topmost bolt row: n=2)

In respect to the flange-plate attached in the beam, the bending resistance of the flange-plate
Jjoint is (since the lowest bolt row is reserved to carry the potential shear force):

z, = 200+ 50-8/2 = 246 mm distance of the topmost bolt row from the
compression centre

My = Fypgzy+ S Fipgz; = 315,5-10°- 246+ 0 = 77,6 kNm

C.2 Bolts and the flange-plate in the column:

Since the thickness of the flange-plate is the same as in case of the beam, the results obtained
above in clause C.1 can directly be exploited here.

Resistance of the bolts:

The same as above in clause C.1.

Resistance of the flange-plate joint:

The conditions for the positioning of the holes and for the number of bolts have already been
checked in clause C.1.

Calculate the auxiliary parameters needed:

d
S=1-20-7-2% _ ¢ ss
P2 200
b =e,—0,5d+1, = 50-0,5-22+7,1 = 46,1 mm
4b 446, 1

- - = 2,886 107 mm’/N
0.9,/ Ya0) P> 0.9-(355/1,0)-200
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The minimum and maximum values for the thickness of the flange-plate are calculated by the
formula:

A/2, 886-107-174.5-10°
7+0.88

I6,4mm£tpS22,4mm
:>tp:2()mm:0K

<t,<.2,886- 107 1745 10°

The tension resistance of the topmost bolt row of the flange-plate joint is hence:

oy = K‘Ft_Rd_] [ e,+0,5d }
R t; 0-(e,+e,+1;)

J =0,1676>0

_ (2886107 174,5-10" [ 50+0,5-22
20 0,88 (30+30+7,1)

2
_ (I +8op)n _ 20° (140,88 - 0,1676)- 2

Fipa = % — =318, 1 kN (topmost bolt row: n=2)
2,886 - 10

In respect to the flange-plate attached in the column, the bending resistance of the flange-
plate joint is (since the lowest bolt row is reserved to carry the potential shear force):

z; =200+ 50-8/2 = 246 mm distance of the topmost bolt row from the
compression centre
Mypy = Fipazy+ S Fipgz; = 318,1-10°- 246+ 0 = 78, 3 kNm

C.3 Bending resistance of the flange-plates:

The bending resistance of the beam’s flange-plate and bolts is smaller than that of the col-
umn, thereby the beam’s bolts and flange-plate governs the bending resistance of the whole
flange-plate joint:

My, = 77,6 kNm

D. Design of the welds:
Beam to flange-plate:

In welded joints subject to bending moment the welds shall be designed such that the bend-
ing resistance of the entire joint is always governed by other components of the joint than

the welds [4,5,6].

A conservative simplification is to design the welds always to have at least equal strength
with the hollow sections to be joined. In case of hollow sections this principle is generally
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adopted, because in hollow section joints the stiffness of the joint varies around the joint,
which causes for the weld an uneven distribution of the forces. By designing the weld to have
equal strength to the hollow section wall, the sufficient resistance and deformation capabil-
ity is ascertained for the weld to be able to even out the stresses.

In respect to the beam to flange-plate weld, the throat thickness needed for the fillet weld
(when welded around the perimeter of the hollow section) by applying the Simplified method,
is a> 1,67t (Table 3.13). If applying the more accurate Directional method, the sufficient
throat thickness would be a > 1,36t (Table 3.12), when the beam is subjected to only bend-
ing, which causes normal stress.

Hence, the required throat thickness for the weld is:
a>1,36-t=1,36-8 = 10,9 mm
= a = 11 mm shall be chosen around the whole hollow section.

Column to flange-plate:

The flange-plate is welded to the column on all four sides of the plate. The weld is designed
to have equal strength with the column (correspondingly as the weld between the beam and
the flange-plate earlier), whereby the required throat thickness for the weld is:
a>1,36-t=1,36-7,1 = 9,7 mm

= a = 10 mm shall be chosen around the whole hollow section.

E. Bending resistance of the whole joint:

The resistance of the bolts and flange-plate attached at the beam end is the smallest, thus it
governs the bending resistance of the whole joint:

Mgy = 77,6 kNm

Note:
In case the joint would be subject in addition to the bending moment also to shear force (as
the case usually is), the following shall also be checked in addition to the preceding verifi-
cations:
* in respect to both flange-plates, the resistance of the vertical welds to the applied

shear force too
* in respect to the lowest bolt row, the shear resistance to the applied shear force

Comparison S420 vs $355:

In case the design calculations would be performed according to grade S355 in respect to
the hollow section, the resistance of the joint would still remain the same 77,6 kNm as go-
verned by the the bolts and flange-plate at the beam end. In respect to the weld, a somewhat
smaller throat thickness would be sufficient: a > 1,36t — 1,15t (Table 3.12). However,
increase of the hollow section’s material strength S355 — S420 does not improve the resis-
tance of the joint in this Example.
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Example 3.16

Check the resistance of the lap joint in the fig- Fg, 200x200x7.1

ure. 200 x 200 x7,1 A Lo
| _ i il 1 N

The normal force in the column is Ng; = 300 I | [ I E—

kN (compression). The joint is subjected to a T m TR S

force Fry = 150 kN at beam end. The thick- FW:G,S‘ ] 5b =

ness of the splice plates is 15 mm and the € 1 Tl B

steel grade is S355J2. The bolts are M20 in 85 TN I

class 8.8. H Ed
| S

. . L w \

Hollow section 200x200x 7,1 is chosen for TN %

the column and for the beam. The steel grade === ﬁi} S

is SSAB Domex Tube Double Grade, which

Sulfills the EN 10219 requirements for both 100

steel grades S420MH and S355J2H. Thereby
the design calculations may be performed at
designer’s own choice either according to
grade 8420 or grade S355. Grade S420 is cho-
sen in this Example as design basis.

The bolted connection presented in the figure is supposed to act as nominally pinned and
thereby not transmitting any moment. However, the eccentricity of the vertical load Fpy,
causes the following moments:

* the moment applied to the root of the splice plate connected to the column
(and the welds therein):
Mgy =150-0,05 = 7,5 kNm

* the moment applied to the column (to be considered in the design of the column):
Mg, =150 (0,05 +0,2/2) = 22,5 kNm

* the moment applied to the root of the splice plate connected to the end-plate of the beam
(and the welds therein):
Mg, =150-0,05=7,5 kNm

* the moment applied to the end-plate of the beam (and the welds therein):
Mg, =150 (0,05 + 0,015) = 9,75 kNm

A =5305mm’ (Annex 11.1)
f, =420 N/mm? yield strength (hollow section)
fz =500 N/mm’ ultimate tensile strength (hollow section)
Loy =355 N/mm? yield strength (plates)
P 2
f,ip =490 N/mm ultimate tensile strength (plates)
Jup =800 N/mm? ultimate tensile strength (bolts)
Yvo = 1,0
N = ],25
Yus = 1,0
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The parameters defining the joint geometry:

t, =15 mm
d =20mm
dy =22 mm
e; =40 mm
e, =35 mm
p; =120 mm
h, =200 mm

Check the conditions for the positioning of the holes:
40mmz=1,2d, = 26,4 mm  OK

e, =35mmz1,2d, = 26,4 mm OK
p; = 120mm=2,2d, = 48,4 mm OK

€

A. Bolts; shear resistance:

The shear resistance per bolt, when the shear plane passes through the threaded portion of
the bolt (conservative assumption):

A, = 245 mm’ tensile stress area of a M20 bolt (area in the threaded portion)
Fopa = 0,6, A/ Vs = 0,6-800-245/1,25 = 94,1 kN

The joint has two bolts and one shear plane per bolt

= Fopg=2"941=1882kN>Fp; OK

B. Splice plates; bearing resistance:

The bearing resistance of the splice plates is calculated as in Example 3.14:

in the direction parallel to the force:

o, = min[l,O; e i} = min[1,0 ; 1,633 ; 0, 60611 = 0,606] end bolis
Jup 34y

0, =min[1,0; Jub . (ﬂ—lﬂ = min[1,0;1,633; 1,568 1= 1,0  inner bolts
7, \3d,” 3

in the direction perpendicular to the force
(in this Example all bolts are so-called edge bolts):

k, = min[2,5; (2,82—1,7); (1,4’2—1,7ﬂ = min[2,5;2,755 ;-1 = 2,5
dy dy
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The bearing resistance per bolt is thereby:

Fyra =kjog f,dt/ Yy, =2,5-0,6061-490-20-15/1,25 = 178,2 kN end bolt
Fyra=kiog f,dt/ Yy, =2,5-1,0-490-20-15/1,25 = 294,0 kN inner bolt

The design resistance of a group of bolts may be taken as the sum of the design bearing
resistances Fy, pg of the individual bolts provided the design shear resistance F,, py of each
individual bolt is greater than or equal to its design bearing resistance I}, p;. Otherwise the
design resistance of a group of bolts shall be taken as the number of bolts multiplied by the

smallest design resistance (either Fy, pg or F, pg wWhichever is the smaller) of any of the in-
dividual bolts [4,5,6].

It can be seen, that each bolt has F, p; < Fj, pg (see preceding clause A)

= thus the resistance of the entire joint can be determined here by multiplying the number
of bolts by the smallest design resistance of any of the individual bolts, i.e.:

2-94,1 = 188,2kN=2Fy; OK

C. Splice plates; block tearing resistance:
The block tearing resistance shall be calculated here for a block that consists of two bolts.
The net cross-section area subject to shear:

Ay = ty(e;+p;—dy—dy/2) = 15 (40+ 120~ 22-22/2) = 1905 mm’

The net cross-section area subject to tension:
A4, = tp(ez—d,)/2) =15-(35-22/2) = 360 mm’

The block tearing resistance for eccentric load:

Verrora = 0s 5fupAnt/’YM2+(]/"B)J;pAnv/’YMO
=0,5-490-360/1,25 +(1/AB) -355-1905/1,0 = 461,0 kN=2Fy; OK

D. Splice plates; shear resistance of the net cross-section:

The shear resistance of the net cross-section at fastener holes:
Ay e = (hy=2dy))t, = (200~2-22)- 15 = 2340 mm’

L a0,

MO ’

355/:3 _ 479 6insF,, OK

Vpl.net.Rd = AV.net ’
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E. Splice plates; resistance of the gross cross-section at the root of the plate:

The shear resistance of the gross cross-section at the root of the plate:
Ay = hyt, = 200- 15 = 3000 mm’

fy/ﬁ = 3000 -

Ymo )

Virra = Ay 355/3 _ 14, 0kn2F,, OK

The bending resistance of the splice plate is:

Weip = bl 2 152007 _ yp. 10
6 6
W, L10°
My pa = cipfyp _ 100-10° - 355 _ 35,5 kNm=My, = 7,5 kNm  OK
. Ymo 1,0

Combined effect of shear force and bending moment:
Via = 150 kNS 0,5V, g = 0,5-614,9 = 307,5 kN

= shear force does not reduce the bending resistance of the splice plate

F. Welded plate-to-column joint; resistance of the joint:

The resistance of the joint is calculated by applying the formulae given for welded lattice
Jjoints. A joint between a plate and a hollow section is presented in Annex 11.3 in Table
11.3.15. In this context, the column and the plate must fulfill the requirements given in Table
11.3.15. It may be noted, that the aforementioned conditions are met, although the verifica-
tions are not presented herein.

The normal stress Oy gy in the column (i.e. chord) face has an impact on the joint’s resis-

tance by the parameter k,, (compression is positive):

o= So0Ed  _ No g + My pq _ __300- 10°
5o/ Vs Ao fyo/ Vs Werofyo/Yus  5305-420/1,0

k,=1,3-1,3|n| = 1,3-1,3-0,1346 = 1,125>1 =k, = 1,0

+0 = 0,1346

Chord (i.e. column) face failure by yielding
(S420: resistance factor = 0,9):

Mgy = 05N, pahy = 0,50y 10,9k, frg- 1o (2h/by+ 4,/T=1;/b)1/ Yy
0,5-200-10,9-1,0-420-7,1° - (2-200/200 + 4./T—15/200)1/1, 0
11,1 kNm>My, = 7,5 kNm OK
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G. Welds; resistance of the welds:

Weld between the column and the splice plate:

In welded joints subject to bending moment the welds shall be designed such that the bend-
ing resistance of the entire joint is always governed by other components of the joint than
the welds [4,5,6]. A conservative simplification is to design the welds always to have at least
equal strength with the parts to be joined.

Since the root of the splice plate is now subjected to simultaneous bending and shear, Table
3.13 should be applied. Thereby the throat thickness for a single fillet weld would be a =
1,67t,. However; herein the splice plate shall be welded with a double-sided fillet weld, thus
the required throat thickness for each weld should be a = 0,841, = 0,84 15 = 12,6 mm =
13 mm. The weld size would thus become quite big.

1t is more favourable herein to design the weld in respect to the actual shear force, while re-
quiring at the same time also at least equal bending resistance to the above calculated bend-
ing resistance of the column face (that one being less than the bending resistance of the
splice plate), i.e. Vg, =150 kN and Mgy = M; py = 11,1 kNm. By applying the Directional
method presented in clause 3.3.3.1, the stress components of the weld at the edge of the
splice plate (top edge and bottom edge) are:

v
Tsza_E;
P

t 2o = Mg 1, 1

L Y W, 2a 3

The design conditions for the weld are (the ultimate tensile strength of the weaker part to be
Jjoined shall be adopted for the ultimate tensile strength of the weld):

S

wiM2

2 2 2
o, +3(t + 7)<

0,9
o <00

Y2

Try throat thickness 3 mm which is the smallest permitted throat thickness for a load carry-
ing fillet weld (see clause 3.3.3). Thereby the stresses of the weld, when having the fillet weld
on both sides of the plate, will be:

o = Vea _ 15010
V" 2ah, ~ 273200

MI.Rd. b 1 :”’_1‘106-£- 1 = 196, 2 N/mm’

Wep 2a 2 100-10° 2°3 /2

= 125 N/mm®

T, =0, =
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Check the both design conditions:

Jol +3(3 + 1) = 448, 2 Nimm® > Ju 490 _ 435 6 Njmm®  not OK
Bw"YMZ 0’9 1’25

0,9 .
o, = 196,2 Nimm® < 220 2 09490 _ 355 g Npmm® 0K
Y2 1,25
= throat thickness 3 mm is not adequate, however it can easily be seen that a = 4 mm would

be sufficient

In respect to the cooling rate of the weld (see clause 3.3.3.):
azJtmm—=0,5mm = J15-0,5 = 3,4 mm (t = thicker of the parts to be joined)
= a = 4 mm shall be chosen (the resistance and the cooling rate are both OK)

Weld between the beam end-plate and the splice plate:

The same throat thickness can be applied for the weld between the beam end-plate and the
splice plate.

Welds between the beam and the beam end-plate:

The depth and the width of the end-plate is chosen so that the end-plate shall exceed the
beam’s cross-section by 10 mm on each side in order to leave enough space for the fillet weld
running around the beam.

The vertical welds shall be designed to carry alone only the shear force, and the horizontal
welds shall be designed to carry alone only the bending moment.

Since the welds in the end-plate are subjected to the same shear force Vg, = 150 kN as the
welds in the root of the splice plate, and since the amount of the welds carrying the shear
force is the same in both cases, the same throat thickness which is applied for the splice plate
will be sufficient also for the vertical welds, i.e. the same a = 4 mm shall be chosen.

The horizontal welds are designed to carry alone the bending moment which is:
Mg, = 150-(0,05+0,015) = 9,75 kNm

Check whether the smallest permitted throat thickness a = 3 mm for a load carrying fillet
weld would be sufficient herein:

TH=0
o Mg, 11 _975-10° 101

1, =0, =2 L 1 - = 57,5 N/mm®
LT TR, BT 200 3200 )5 "

Check the design conditions for the weld:
Jol + 33+ 1) = 115,0 Nimm® < Jo o490 _ 435 6 Nmm® OK
Bw"YMZ 0’91725
2,091, _0,9-490
T Y 1,25

G, =575 N/mm = 352,8 Nmm®  OK
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It can be seen that a = 3 mm would be sufficient for the horizontal welds. However, the same
a =4 mm as already chosen for the vertical welds shall be adopted herein also for the hor-
izontal welds.

Resistance of the joint:

Based on the preceding verifications, it can be concluded that the joint has sufficient resis-
tance to carry the applied loads, provided the throat thicknesses of the welds are chosen as
specified above.

Comparison S420 vs $355:

In case the design calculations would be performed according to grade S355 in respect to
the hollow section, the resistance of the plate-to-column joint (clause F) would be 10,5 kNm
(S420: 11,1 kNm), which would be sufficient. In respect to the welds, the same throat thick-
nesses would be chosen. Hence, increase of the hollow section’s material strength S355 —
S420 does not make any big difference in this Example.

3.5 Joint of a structural hollow section to the foundation

Column bases should be of sufficient size, stiffness and resistance to transmit the axial forces,
bending moments and shear forces in columns to their foundations without exceeding the load
carrying capacity of the foundations.

In the usual anchor bolt joint shown in Figure 3.30 a base plate is welded to the bottom of the
column, and then fastened with anchor bolts (foundation bolts, holding-down bolts) to the con-
crete foundation. The number of anchor bolts shall be at least four if the column will be erected
as free standing. Because of the loads while erecting, at least the bolt size M20 shall be used
[20].

To ensure the immovability of the anchor bolts while casting the foundation, and especially to
keep the distances between individual bolts within permitted tolerances, the bolts are often fas-
tened to each other for example with angle sections according to Figure 3.30 so that a pre-fab-
ricated group of bolts (“bolt basket”) will be formed [20].

777
2L = t
grou

base plate

0%~ NNNNNYS %

anchor bolts

Figure 3.30 Column-to-foundation joint using anchor bolts [20]
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The joint between the column and the base plate may need to be strengthened using stiffener
plates. With the stiffeners the bearing pressure can be distributed more uniformly to the foun-
dation, which makes it possible to reduce the thickness of the base plate. In Eurocode there
are, however, no instructions regarding the influence of the stiffeners to the thickness of the
base plate. When needed, instructions can be found e.g. in [20]. It is, however, often more eco-
nomical to make the base plate thicker and leave the stiffeners away.

The tension and compression stresses acting in the column are transferred to the base plate
such that they act perpendicular to the rolling direction of the plate (the corresponding situation
exists also in the joints of beams, if executed using an end-plate welded to the end of the beam).
Avoiding lamellar tearing is then especially important. Lamellar tearing is presented in Chapter
5.

The design of anchor bolts and foundation comprises different load cases to be checked. In or-
der to determine the resistance of the foundation, the load case causing the highest bearing
pressure on the foundation has to be identified. The size and thickness of the base plate shall
be chosen so great that the compression stress of the concrete foundation does not exceed the
design strength j}d of the bearing pressure of the concrete foundation according to clause 3.5.1
[4,5,6].

The anchor bolts are chosen on the basis of tension resistance, shear resistance or combined
tension and shear resistance. If the anchor bolts are subject to tension, then also the tension
resistance of the flange-plate joint comprising the base plate and the column shall be checked
(cf. flange-plate joint in clause 3.4.1.1.1). In some cases the loads under erection period may
be the critical ones, wherein the anchor bolts are chosen on the basis of buckling resistance.

In a finished structure tension is usually critical when designing the anchor bolts. To transfer the
tension forces to the foundation the bolts shall be anchored to concrete. If utilising the bond
alone, the anchorage length would become very long. Therefore the anchor bolts are anchored
using a hook, washer plate or some other anchoring device which is adequately tested and ap-
proved. For the design resistance of the anchor bolts the smaller of the following values is cho-
sen: the design tension resistance of the (anchor) bolt according to clause 3.4.1.1.1 and the
design bond resistance of the concrete on the anchor bolt according to EN 1992-1-1. The an-
chorage length is determined according to EN 1992-1-1. When there is a hook at the end of the
anchor bolt, the anchorage length shall be chosen such that bond failure does not occur before
yielding of the anchor bolt. The hook-type anchorage shall not be used, if the yield strength of
anchor bolts ]}b is higher than 300 N/mm? [4,5,6].

One of the following methods is used to resist the shear force between the base plate and its
support [4,5,6]:

« frictional design resistance at the joint between the base plate and its support
« the design shear resistance of the anchor bolts
(determination of shear resistance for anchor bolts differs slightly from other bolts,

see EN 1993-1-8: 6.2.2(7))

« the design shear resistance of the surrounding part of the foundation
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If the above methods are not adequate to transfer the shear forces, it is possible to weld under
the base plate a dowel section that is designed to carry the shear force in one direction or in
both directions in regard to the principal axes. In this case the anchor bolts can be designed
only for tension or for compression (buckling resistance) applied under the erection period.

The concrete structure of the foundation and its reinforcement are designed according to Part
EN 1992-1-1 of Eurocode [1,2].

3.5.1 Joint of a normal force loaded column to the foundation

In case of a column subject to normal force the resistance of the foundation to the bearing pres-
sure caused by the normal force shall be checked. The bearing pressure is supposed to be uni-
formly spread onto the area presented in Figure 3.31.

The bearing pressure causes bending moment in the base plate. In order to avoid too large de-
formations, the value of the bending moment is limited to the elastic bending resistance of the
base plate. Thereby the design strength j?-d for the bearing pressure of the concrete determines
the size of the base plate as follows:

6M
t > |——pkd (3.67)
PN Loy fyp/ Yo

LS’
M, g = L= (3.68)
where I is the thickness of the base plate
MpAEd is bending caused by the bearing pressure of concrete to the base plate
leﬁr is the effective length of the base plate according to Figure 3.31
s is the extension of the base plate outside the perimeter of the column,

however neglecting the area exceeding the dimension ¢, i.e. s <c¢
as presented in Figure 3.31

fyp is the nominal yield strength of the base plate

Yuo is the partial safety factor for resistance (Table 2.5)

The design strength jj-d for the bearing pressure of the foundation is obtained as follows
[1,2,4,5,6]:

BF u
fia = (3.69)
eff “eff
Acl
FRdu = fchco a1 Sj)’Ofchco (370)
ACO
Jea = Occfer/ Ve (3.71)

The expressions (3.69) - (3.71) are presented here in the same form as in Eurocode. When tak-
ing into account that A4, = b, L.z, the expression for the design strength f;; of concrete’s
bearing pressure is derived in (?:e %Ilowing form:
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f}d = Bj ' kj : accf;:k/’YC (3 72)
P 3,0 (3.73)
J A, ]

where ﬁ] = 2/3, when the characteristic strength of the grout is at least 0,2 times the

characteristic strength of the concrete foundation and the thickness of the
grout is not greater than 0,2 times the smallest width of the steel base plate.
When the thickness of the grout is greater than 50 mm, the characteristic
strength of the grout is selected to be at least equal to the characteristic
strength of the concrete foundation.

kj is the concentration factor; k] =1 as a conservative default value
(more accurate calculation: see EN 1992-1-1: clause 6.7)
o, is a factor for the strength of concrete, the value is chosen

in the National Annex between 0,8 and 1,0
Finnish National Annex to standard EN 1992-1-1 [3]:
The value o, = 0,85 is used.
S is the characteristic compressive cylinder strength of concrete at 28 days
Yo s the partial safety factor for concrete, for which the recommended value in
EN 1992-1-1is y-=1,5
Finnish National Annex to standard EN 1992-1-1 [3]:
The recommended value of Eurocode Yo = 1,5 is used.
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Figure 3.31 Compressed area under the base plate
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The compressed area under the base plate is determined according to Figure 3.31. Dimension
¢ which determines the extension of the bearing area is calculated as follows [4,5,6]:

_f))p/YMO
c =1t |5 3.74
PN 3fa (3.74)

The entire base plate is included in the bearing area, if the following conditions are fulfilled (see
Figure 3.31):

(b-2t)<2c the area inside the hollow section is fully effective (3.75)
b,sb+2c ja a,<h+2c thearea outside the hollow section is fully effective (3.76)

where the dimensions a, and bp are the external dimensions of the base plate.

3.5.2 Joint of a normal force and bending moment loaded column
to the foundation

Depending on the ratios between normal force and bending moment the base plate can be to-
tally in compression or totally in tension, or one side of the joint may be in compression and the
other in tension.

In the foundation joint of a column subject to normal force and bending moment, the tension
resistance and anchorage resistance of the anchor bolts shall be checked in addition to the re-
sistance of the base plate and the foundation, if the anchor bolts are subject to tension. Also
the effect of shear force shall be taken into account.

When calculating the tension forces in the anchor bolts due to bending moments, the lever arm
shall not be taken larger than the distance between the centroid of the bearing area on the com-
pression side and the centroid of the bolt group on the tension side [4,5,6].

When the hollow section column is positioned concentrically to the base plate, the following
equilibrium equations are obtained from Figure 3.32:

Mg+ Nygl0,5a,~ (a,~d)] = N,(d~0,5) (3.78)

From the latter equation, it is possible to calculate the depth of the concrete section in compres-
sion:

Mg+ Nyg(d—0,5a,) = lyyf, (d-0,5y)
2
= 0,510y~ Ly figdy + [Mpy+ Ngy(d—0,5a,)] = 0

L J(—quf];dd)2 — 21, [Myy+ Ny (d—0,5a,)]
Logfia

Sy = (3.79)

where lef is the effective width of the base plate on the compression side (see Figure 3.31).
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Figure 3.32 Structural model of a column subject to compression and bending

The thickness of the base plate shall be determined regarding both compression and tension
side.

On the compression side, the thickness of the base plate shall be checked as presented in
clause 3.5.1.

On the tension side, the tension resistance of the flange-plate joint formed by the base plate
and the column shall be checked in the corresponding way as in clause 3.4.1.1.1. The joint shall
in this case fulfill the following conditions:

« the bolt rows are positioned on two opposite sides of the flange-plate joint
according to Figure 3.33

+ the number of bolts is: 4 <n<2(h/p,) +2

+ the nominal clearance of bolt holes is as specified in EN 1090-2 for
normal round holes

« the positioning of the holes (Figure 3.33):
e; 21,2d, , where d; = the diameter of the bolt hole
e;212d) and e,<1.25¢;
e3> p,/ 2, the distance exceeding the lower limit shall not be, however,
exploited in the resistance of the flange-plate
2,4d) < p,<min[14¢, ;200 mm], recommendation: p, =(3...5) x d,

Itis advisable to keep the distance e; as small as possible so that e; = (1,5 ... 2) x d,) (however,

at least 5 mm shall be left between the bolt head and the weld in the flange-plate) and for the
distance e, the value e, = 1,25¢; should be chosen.
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Figure 3.33 Positioning of the bolts in the base plate

The calculation is carried out as presented in clause 3.4.1.1.1, but in the case of base plate it
is supposed that no prying forces exist because of the great elongation length of the anchor
bolts and the thickness of the base plate. In this case the resistance of the base plate will be
lower, and it is calculated instead of expression (3.34) as follows:

(3.80)

where n; is the number of bolts on the tension side

The tension resistance of the anchor bolts F, ; shall be checked as presented in clause
3.4.1.1.1 (as a consequence of the thickness of the base plate, punching shear resistance
B,, ra Will not become critical).

Also the resistance of the weld between the hollow section and the flange-plate shall be
checked according to clause 3.3.
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Example 3.17

Check the resistance of the column-to-foundation

joint when using hollow section 200x200x8.
The base plate is made of steel grade S355J2,
and its dimensions are a,xb, = 400x400 and
the thickness is 40 mm.

The steel grade of the hollow section column is
SSAB Domex Tube Double Grade.

The bolts in the joint are not subjected to tension
(this will be verified later), why the positioning of
the bolts need not conform the conditions given
for a flange-plate tension joint. Thus the joint
may be constructed as presented in the adjacent

figure.

The loads of the column are as follows:

Ngg = 1500 kN
MEd =35 kNm
Vg =100 kN

Cross-section parameters:
I, =3566-10 mm’ (Annex 11.1)
=356,6-10° mm> (Annex 11.1)

VVel.y
A =5924mm’ (Annex 11.1)

Plate dimensions:

t, =40mm e; =50 mm
a, =400 mm e, =50 mm
b, =400 mm d =350mm

fp =355 Nimm? | f,,, = 490 N/mm?  when t< 40 mm

Yo = 1,0 (Table 2.5)
Yar = 1,25 (Table 2.5)
B, =09 (Table 3.8)

A. Base plate design:

Thickness of the base plate in respect to the compression side:

Strength of concrete:
C30/37

for = 30 N/mm?
Ye=15 [123]
0. =0385[123]
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Design strength of concrete’s bearing pressure:
Jia =B ki oS/ Yo =(2/3)1-0,85-30/1,5 = 11,3 N/mm’

Extension of the bearing area:

}fyp/YMo 1355/1,0
= (LA ST . ——, = 12
c=1t, 3f/.d 40 3 11,3 9, 4 mm

Effectiveness of the base plate’s bearing area inside the perimeter of the hollow section:
2c=2-129,4 = 258,8 mm 2b—-2¢t = 200-2-8 = 184 mm
= the bearing area inside the perimeter of the hollow section is fully effective

Effectiveness of the base plate’s bearing area outside the perimeter of the hollow section:
b+2c =200+2-129,4 = 458,8 mm 2b, = 400 mm

h+2c =200+2-129,4 = 458, 8 mm Zap = 400 mm
= the bearing area outside the perimeter of the hollow section is fully effective

= the entire base plate is fully effective, hence:
logr= b, = 400 mm

Extension of the base plate outside the perimeter of the column:
s=e;,+e, =50+50 = 100 mm <c = 129,4 mm

Check the thickness of the base plate in respect to compression:

LS fa 400 100°- 11,3
Mypg = —5— = 3 22 = 22,6 kNm

x| My [6:22,6-00" _ o0
P= Ny o/ Yo N400-355/1,0 ’

:>tp=4()mm=0K
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Thickness of the base plate in respect to the tension side:

First, check whether the anchor bolts will be subjected to tension when assuming the ulti-
mate limit state:

2
_ Ly fdt S Ly frad) = 21, fy [Myy+ Ny (d - 0, 5a,)]
o

(—400- 11,3 - 350)° ~2-400- 11,3 -

[35-10°+ 1500 - 10° - (350-0, 5 - 400)]
400- 11,3

= 263, 7 mm (or 436,3 mm)

400-11,3-350%

Ne=lypy - f;4=400-263,7-11,3 = 1192 kN  (compression)

N, = N,—Ng; = 1192-1500 = -308 kN
= the anchor bolts are not subjected to tension

= the thickness of the base plate need not be checked in respect to tension

If the anchor bolts would be subjected to tension, the positioning of the bolts should fulfill
the geometrical conditions presented in clause 3.5.2.

B. Anchor bolts:

Since the anchor bolts are not subjected to tension, only shear force needs to be considered
in design. Choose ribbed steel bolts 4xM30 from the table of the Manufacturer. Check the
resistance of the anchor bolts to conform the Manufacturer’s instructions. The normal force
resistance specified by the Manufacturer takes into account also the anchorage resistance.
If the applied concrete differs from the strength class specified in the Manufacturer’s table,
a correction factor has to be applied. The Designer of the foundation designs also the rein-
forcements for the foundation, wherein the chosen anchor bolt type has an impact.

The Manufacturer’s table is based on concrete strength class C25/30, thus the resistances
given in the table can be directly adopted for the bolts.

Tension resistance of the bolts:

According to the Manufacturer’s table the tension resistance of the bolt is:
N, pa = 222, 1 kN OK (the bolts are not subjected to tension)
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Shear resistance of the bolts:

The shear force Vg, is uniformly distributed to all four bolts. The shear force per bolt is
thereby:

Veq = 100,0/4 = 25,0 kN

According to the Manufacturer’s table the shear resistance of the chosen bolt is:
Fopa=27,2kN2250kN OK

Combined effect of normal force and shear force:

The combined effect does not need to be checked in the finished foundation.

The 300 mm centre-to-centre distance of the bolts satisfies the minimum distance declared
by the Manufacturer. Also the required minimum edge distances have to be checked, and ap-
propriate deductions for the resistances shall be carried out according to the Manufactur-
er’s instructions, when needed.

In addition, the resistance of the anchor bolts to the loads applied under the erection period
has to be checked (possible flexural buckling of the bolts).

C. Weld design:

The welds in the flange of the column:

Check whether the welds in the column will be subjected to tension. On the tension side of
the bending moment the stress at the centreline of the column wall thickness is:

Mgy h—t Nega_ 35-10° 200-8 1500-10°

CTIC T2 A4 3566100 2 5924

= the bending moment is not big enough to cause tension in the column and its welds.

=94,2-253,2 = —-159,0 kN

Compression can be transmitted to the foundation by exploiting contact in bearing, hence
the welds need to be designed only for tension and shear forces. In this case contact bearing
must be achieved between the base plate and the column base. This must be specified in the
manufacturing drawings.

The welds in the webs of the column:

When the compression is transmitted by contact in bearing, the welds in the column webs
can be designed to carry only the shear forces.

Try throat thickness 3 mm which is the smallest permitted throat thickness for a load carry-
ing fillet weld (see clause 3.3.3):
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When the weld is subjected to shear alone, the design condition for the weld is (the ultimate
tensile strength of the weaker part to be joined shall be adopted for the ultimate tensile
strength of the weld):

Jol+3¢ii 1)) =0+ 3-(0+83,3%) = 144,3 Nomm®

< Ju 490
h BWYMZ 0,9 ],25

=435,6 N'mm° OK

In respect to the cooling rate of the weld (see clause 3.3.3.):
a2 Jtmm=0,5mm = J40-0,5 = 5,8 mm (t = thicker of the parts to be joined)
= a = 6 mm shall be chosen around the whole column

In addition to the preceding verifications for the join'ts resistance, also the resistance of the
column itself has to be checked to compression, bending, shear, and their interaction.

The concrete foundation shall be designed according to Part EN 1992-1-1 of Eurocode.

Comparison S420 vs $355:

The assessments carried out in this Example are focused on the base plate and the anchor
bolts. Therefore the steel grade of the hollow section column may have influence only on the
design of the welds between the column and the base plate. In respect to the welds however,
in the calculation procedure in this Example it is the base plate that is governing, no matter
which steel grade (S355J2H or S420MH) shall be chosen as design basis for the hollow sec-
tion column
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3.6 References

[11 SFS-EN 1992-1-1:2005. (EN 1992-1-1:2004)
Eurocode 2. Design of concrete structures.
Part 1-1: General rules and rules for buildings.
Finnish Standards Association SFS. 222 pages.

[2] SFS-EN 1992-1-1: AC:2008. (EN 1992-1-1: AC:2008)
Corrigendum AC:2008 to standard EN 1992-1-1.
Finnish Standards Association SFS. 25 pages.

[3] Finnish National Annex to standard SFS-EN 1992-1-1.
15.10.2007 and corrigendum 16.1.2008. Ministry of the Environment. 15 pages.

[4] SFS-EN 1993-1-8:2005. (EN 1993-1-8:2005)
Eurocode 3. Design of steel structures.
Part 1-8: Design of joints.
Finnish Standards Association SFS. 149 pages.

[6] SFS-EN 1993-1-8:2005+AC:2005. (EN 1993-1-8:2005+AC:2005)
Contains also corrigendum AC:2005.
Finnish Standards Association SFS. 137 pages.

[6] SFS-EN 1993-1-8: AC:2009. (EN 1993-1-8: AC:2009)
Corrigendum AC:2009 to standard EN 1993-1-8.
Finnish Standards Association SFS. 21 pages.

[71 Finnish National Annex to standard SFS-EN 1993-1-8.
15.10.2007. Ministry of the Environment. 2 pages.

[8] SFS-EN 1993-1-9:2005. (EN 1993-1-9:2005)
Eurocode 3. Design of steel structures.
Part 1-9: Fatigue.
Finnish Standards Association SFS. 42 pages.

[9] SFS-EN 1993-1-9:2005+AC:2005. (EN 1993-1-9:2005+AC:2005)
Contains also corrigendum AC:2005.
Finnish Standards Association SFS. 37 pages.

[10] SFS-EN 1993-1-9: AC:2009. (EN 1993-1-9: AC:2009)
Corrigendum AC:2009 to standard EN 1993-1-9.
Finnish Standards Association SFS. 6 pages.

[11] Finnish National Annex to standard SFS-EN 1993-1-9.
15.10.2007. Ministry of the Environment. 3 pages.

[12] CIDECT. 1991. Design guide for circular hollow section (CHS) joints under

predominantly static loading. CIDECT Design Guide No 1.
Verlag TUV Rheinland GmbH. 68 pages.

263



Chapter 3 SSAB DOMEX TUBE STRUCTURAL HOLLOW SECTIONS

[13] CIDECT. 1992. Design guide for rectangular hollow section (RHS) joints under
predominantly static loading. CIDECT Design Guide No 3.
Verlag TUV Rheinland GmbH. 102 pages.

[14] SFS-EN 1090-2:2008+A1:2011. (EN 1090-2:2008+A1:2011)
Execution of steel structures and aluminium structures.
Part 2: Technical requirements for steel structures.
Contains also amendment A1:2011.
Finnish Standards Association SFS. 210 pages.

[15] SFS-EN ISO 5817:2006. (EN ISO 5817:2003)
Welding. Fusion-welded joints in steel, nickel, titanium and
their alloys (beam welding excluded). Quality levels for imperfections.
Finnish Standards Association SFS. 64 pages.

[16] SFS 2373:1980.
Hitsaus. Staattisesti kuormitettujen terasrakenteiden hitsausliitosten
mitoitus ja lujuuslaskenta. Suomen Standardisoimisliitto SFS ry. 38 pages.
Standardi on kumottu.

[17] Access Steel. 2006. NCCI:
Design model for welded joints in trusses using structural hollow sections.
Document SN040a-EN-EU. [www.access-steel.com] (12.4.2012)

[18] Hitsaajan opas. 2003. Rautaruukki Steel. 112 pages.

[19] Access Steel. 2006. NCCI:
Design models for splices in structural hollow sections.
Document SN044a-EN-EU. [www.access-steel.com] (12.4.2012)

[20] Terasrakenteiden suunnittelu ja mitoitus. Eurocode 3 -oppikirja. 2010.
Terasrakenneyhdistys ry. 183 pages.

264



SSAB DOMEX TUBE STRUCTURAL HOLLOW SECTIONS Chapter 4

4. FATIGUE RESISTANCE OF HOLLOW SECTION STRUCTURES

Hollow section structures always contain, in practice, also welded joints. The joints of lattice
members are usually executed by welding the hollow sections directly to each other. The joints
of beams and columns are in most cases executed as bolted joints, but even then there are first
various joint-plates, flange-plates or end-plates welded to the hollow sections to enable a bolted
joint. The fatigue resistance of the structural hollow section itself is seldom smaller than the fa-
tigue resistance of the joint.

In fatigue design of hollow section structures, basically the same provisions should be applied
as for welded structures in general. In fatigue design of hollow sections there are, however,
some special features included which are presented in this Chapter amongst the provisions for
fatigue design of welded structures, as necessary.

4.1 Fatigue loading

Fatigue loading may lead to failure of a structure within a certain time period, even though the
resistance of the structure for static loading were sufficient. Fatigue loading may vary in direc-
tion, magnitude or location, and the variation may have constant amplitude or variable ampli-
tude (Figure 4.1). A loading with constant amplitude causes at the point under consideration a
constant stress fluctuation. Such kind of situation may be caused, for example, by machines
working within a certain rotational speed domain. Usually fatigue loading has variable ampli-
tude, which means that stress fluctuation at the considered location varies over time. For ex-
ample, the loading caused by a crane to the crane runway beam is variable-amplitude loading,
as well as the loading caused by vehicles to a bridge.

In dynamically loaded structures, the effect of vibration on the stresses must be taken into ac-
count. The increase of stress is significant, if the natural frequency of the structure is near to
the vibration frequency of the load. In practice, structures are usually designed in such a man-
ner that the lowest natural frequency is higher than the frequency of the dynamic load. In this
way, the stress peaks due to resonance can be prevented. The frequency of the dynamic load
may also be higher than the natural frequency, if the resonance frequency is passed through
rapidly (e.g. machinery foundations).
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Figure 4.1  Constant-amplitude and variable-amplitude loading
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4.2 Fatigue of a welded structure

There are always small initial cracks in a welded structure (Figure 4.2), which grow and propa-
gate under influence of fatigue loading. Moreover, a crack may nucleate in a sound material due
to fatigue loading, growing and propagating in the same way as the initial crack. High stress
concentrations are developed at the tips of a crack promoting the growth of crack. Additionally
the discontinuities of the structure create stress peaks (Figure 4.3). In a welded structure the
critical place is the weld toe, i.e. the line between the weld and the parent metal. The crack may
nucleate in the weld or adjacent to it, from where the damage can then propagate. The fatigue
resistance of a welded joint is normally lower than that of the parent metal, why the quality of
welding has a considerable effect on the fatigue resistance of the whole structure.

The nucleation of the crack and its growth begins with the first stress fluctuation. The number
of stress cycles leading to rupture, i.e. the lifetime of the structure, depends on the character of
the loading. In principle it is the tensile stress, not compression, that causes the fatigue dam-
age. Normally, a loading where the stress fluctuation is partially on the compression side is
more favourable in respect to fatigue, than if the whole stress fluctuation is on the tension side.
In addition, when comparing different cases having equal stress fluctuations, the working life is
shorter when having a higher mean stress level [1].

Structural discontinuity Local notch Initial crack

Figure 4.2 Different types of discontinuities in a welded structure and typical place of an
initial crack [2]

The axiom above does not hold true in all cases but only for materials not having residual
stresses. When it comes to the fatigue phenomenon, the most important factor on welded joints
is the magnitude of the stress range Ac. The role of the nominal mean stress is minor in struc-
tures in welded state, because the residual stresses caused by welding keep the real stress
level high. The fatigue standards for welded structures in welded state are therefore based on
assumption, that the stress fluctuates down from the tensile yield strength, no matter what is
the sign of the nominal stress [1,2].
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A/
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. g

Figure 4.3  Discontinuities in structure

The fatigue resistance of a welded structure depends on the following factors:

« stress range

number of stress cycles

discontinuities in the structure (Figure 4.3)
geometry of the welds

size of the initial crack

residual stresses and

» toughness of the steel.

However, the fatigue resistance of a structure in welded state is not dependent on the strength
of the steel used: as stated above, in a welded structure there are always small initial cracks,
and their growth takes place in all weldable structural steels in practically same rate independ-
ently of the yield strength of the steel. High strength steel is profitable only if it is possible to
remove the initial cracks, since then the nucleation of the crack to the surface which is free from
initial defects becomes more difficult [2].

In a fatigue-loaded welded structure, increase of the yield strength is profitable in case the por-
tion of the permanent loads of the structure is high, or if the fatigue loading contains single high
maximum loads, for which the static resistance of a lower grade steel is not sufficient [3].

4.3 Stress range spectrum, Reservoir method

The real stress fluctuation has rarely constant amplitude, but the stresses have random varia-
tion i.e. the stress has variable amplitude. For design, the variable-amplitude loading needs to
be converted to usable form. There are many methods to convert the stress history into stress
range spectrum (stress range accumulation), of which the so-called Reservoir method is com-
monly in use. In Reservoir method (also called as water tank method) the stress fluctuations
are sorted out into stress range groups using suitable scaling, and the number of the cycles for
each stress range group is counted. When sorted out to the order of magnitude, the stress fluc-
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tuations form the stress range spectrum according to Figure 4.4, which can be utilised in fatigue
design when calculating the design value of the stress ranges or the Palmgren-Miner damage
sum [1].

It is also possible that standards contain standardized stress range spectra. For example, for
crane supporting structures there are in EN 1991-3 standardized stress range spectra present-
ed for different crane classes using damage equivalent factors.
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Figure 4.4 Reservoir method and stress range spectrum. In Reservoir method the stress
history is imagined as a water tank full of water. The largest stress range Ao,
corresponds to lowering of the water level, when the drain valve is opened at the
lowest place. Next, a valve is opened at a place where the next largest water level
lowering is attained, and the resultis Ao,. The process is continued, until all wa-
ter is drained away [1,2]

4.4 Fatigue analysis methods for a welded structure
The methods used in fatigue analysis can basically be divided into two main groups [1]:

» methods basing on Woéhler curves i.e. S-N curves
» methods basing on fracture mechanics
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a) Nominal stress method
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Cnom is the nominal stress (stress according to the linear theory of elasticity)
Ohs is the hot-spot stress (stress at the critical point of the discontinuity, also called
geometric stress)
Om is the nominal or membrane stress
Op is the shell bending stress
Oin is the notch stress
Onlp is the non-linear stress concentration due to the notch

Figure 4.5 Different types of stresses applied in fatigue assessment [4]

Methods basing on Wohler curves i.e. S-N curves are:

* nominal stress method

» geometric (hot spot) stress method

* notch stress method

* method basing on the strain at notch location
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In the methods basing on the S-N curves the fatigue strength is presented as curves according
to Figure 4.7 obtained as a result of fatigue tests. Letter S stands for the word “Stress” (actually
stress range) and letter N corresponds to the number of stress cycles leading to rupture.

In the nominal stress method (Figure 4.5a), the stresses in the structure are calculated ac-
cording to the theory of elasticity and the effects of structural discontinuities are not taken into
account, because they are already included in the loading tests. However, such macro-geomet-
ric effects which are not included in test results, should be taken into account when calculating
the stresses.

Hot spot stress method (Figure 4.5b) is applicable only to such cases where the crack growth
begins from the weld toe. The growth of the crack beginning from the root side will normally be
assessed using nominal stresses. Hot spot stress is the stress at a critical point of the structural
discontinuity, being therein dependent on the geometry of that point, and therefore called as
"geometric" stress. The crack is supposed to nucleate in the discontinuity point. The geometric
stress can be split into two parts, the membrane stress and the shell bending stress. The geo-
metric stress includes the stress concentration caused by the discontinuity of the structure and
is thus greater than the nominal stress at the critical point (hot spot point). The critical point is
normally located at the weld toe. The structure is modelled using a suitable FEM program to
determine the stresses, or the stresses are measured with strain gauges at the place to be in-
vestigated. Because the aim is to measure structural stress that does not include the peak
stress existing adjacent to the notch, the strain gauges must not be set too near to the weld toe
(the effect of the notch at the weld toe is included in the experimentally determined S-N curve).
Depending on the detail to be investigated, two or three measuring points are used. If two
measuring points are used, the hot spot stress is determined by measuring the stresses ac-
cording to Figure 4.6 at the distance of 0,4t and 1,0t from the weld toe (t is the plate thickness)
and using linear extrapolation to the point to be investigated. If three measuring points are used,
extrapolation is performed in a non-linear manner. In some cases the hot spot stress can be
calculated also by multiplying the nominal stress by a concentration factor. Concentration fac-
tors are presented in the literature [2,5,6]. Different symbols are used for concentration factor
in different sources, such as k¢, Kg or SCF (Stress Concentration Factor). As a result of the
multitude of the symbols, it should always be ascertained that the given stress concentration
factor is intended specifically for calculating hot spot stress.

Chot sgot

Ob
=

Figure 4.6  Extrapolation of hot spot stress when using two measuring points
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Notch stress method (Figure 4.5c) is applicable to cases where fatigue begins either from the
weld toe or from the root side of the weld. The notch stress is the real stress at the bottom of
the notch. To calculate the notch stress, the non-linear peak stress, which is normally restricted
within a distance of about 0,3t-0,4t from the bottom of the notch, is added to those stresses
present in the hot spot stress (the membrane stress and the shell bending stress). To calculate
the notch stresses the structure shall be modelled using a suitable FEM program [2].

By using fracture mechanics, the fatigue life can be calculated on the basis of the growth rate
of the crack. The size and shape of the initial crack have a considerable effect on the working
life of the structure.

The above presented methods are described in more details e.g. in [2,3].

The fatigue assessment presented in Part EN 1993-1-9 of Eurocode is based mainly on the
nominal stress method, which can also be used on structural hollow sections.

In Annex B of EN 1993-1-9 there are also presented, for some cases, the detail’s fatigue cate-
gories for use with the hot spot stress method. However, in respect to hot spot stress method
Eurocode is very brief, and instructions for hollow sections are missing, although the hot spot
stress method is especially useful for the diverse forms of hollow section joints. In this Chapter
later on, Eurocode-compatible hot spot stress design provisions are presented for lattice joints
of structural hollow sections, based mainly on [5,6,7].

Other methods, such as the method basing on the strain at notch location or the method basing
on fracture mechanics, are not incorporated into EN 1993-1-9.

4.5 S-N curves and their use in fatigue assessments

The instructions and formulae to be presented in the following apply to the basic principles of
the S-N curves without the partial safety factors for design. The partial safety factors needed in
actual design calculations for the loads and for the material, shall be taken into account as pre-
sented in clause 4.6.

451 S-N curves for constant-amplitude loading

S-N curves (Figure 4.7) present the fatigue strength by using detail’s fatigue categories (in this
context shortly: detail category), which are characteristic for different structural details, corre-
sponding to detail categories presented in Tables 4.4-4.9. The detail category is indicated by
the symbol AGC which corresponds to the fatigue strength when the number of stress cycles
is N =2-10%, wherein the fatigue limit was traditionally thought to be reached.

In Part EN 1993-1-9 of Eurocode there are in total 14 different detail categories presented, hav-
ing the range of 36...160. In some sources also the designation FAT (Fatigue) is used for the
detail category. Only on non-welded products (mill edge plates and sections) it is possible to
reach the best detail category 160. The detail category for longitudinally welded structural hol-
low sections (when ¢ < 12,5 mm) is the very first below that, i.e. 140. In Eurocode’s tables it can
be seen, that the detail categories for all other members and details fall below that.

In fatigue tests carried out for different joint types and structural details, it has been discovered
that on each stress range Ao the number N of cycles leading to fatigue falls fairly well on a log-
log scale to a descending straight line, the slope of which is 1:3. When log(Ao) is plotted on
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the vertical axis and respectively log(N) on the horizontal axis, the sloping part of the S-N curve
complies with the equation [2]:

N-(Ac) = C = constant =N = & “.1)
3
(Ao)
where N is the number of cycles leading to fatigue

Ao s the stress range
C  is aconstant that is characteristic for each detail type

The constant C needed in expression (4.1) can be derived by the considered detail category
as follows:

C=2-10° (Acy)’ (4.2)

In the tests performed on constant-amplitude loading, it has been later on ended up to the out-
come that the actual fatigue limit, i.e. the stress range below which the working life can be sup-
posed to be infinite, is placed at N = 5- 108 cycles, why the S-N curve for constant-amplitude
loading turns there to horizontal (Figure 4.7, the part with dashed lines). For the corresponding
stress range, i.e. for the fatigue limit of the constant-amplitude loading, the symbol Aoy, is
used.

The fatigue limit Ao, for the constant-amplitude loading can be calculated by the considered
detail category from the formula:

1/3

Ao, = (2/5) Ao, = 0,737 Ao, 4.3)

45.2 S-N curves for variable-amplitude loading

On variable-amplitude loading the role of fatigue limit is smaller than in constant-amplitude
tests. If the stress fluctuation is higher than at fatigue limit, and if the number of cycles is great
enough, they nucleate to the bottom of the notch a sharp crack, which the stress fluctuations
even smaller than the fatigue limit are able to make grow. The greater the crack manages to
grow, the smaller stress fluctuations are able to make it grow further [2].

In S-N curves this becomes visible so, that at the fatigue limit of constant-amplitude loading the
curve does not turn to horizontal, but continues further downwards. However, this takes place
with a slope of 1:5, being thus less steep than in the first part of the curve, as presented in Fig-
ure 4.7. Consequently the curve is then called double -slope S-N curve. The fatigue limit of var-
iable-amplitude loading Ao is reached at N = 1:108, where the curve turns to horizontal. The
stress fluctuations smaller than the fatigue limit Ao; can be neglected in the fatigue assess-
ment of variable-amplitude loading. The curves in Figure 4.7 are used in the nominal stress
method also for structural hollow sections.

Corresponding to expression (4.1), the part of the S-N curve having the smaller gradient com-
plies hereby with the following formula:

C

N-(Ac) = C = constant =N = -
(Ao)

(4.4)
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The lower fatigue limit (cut-off limit) Ao for variable-amplitude loading (see Figure 4.7) is ob-
tained from the formula:

1
Ao, = (5/100)" Ac, = 0,549 A, = 0,405 - Ao, .5)
Constant-amplitude Cut-off limit (AG|)
fatigue limit (ACp)
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N
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Figure 4.7  Fatigue strength for normal stress ranges presented on double-slope S-N curves
on log-log scale

For shear stress ranges, a single-slope S-N curve having the slope of 1:5 is used on both con-
stant-amplitude and variable-amplitude loading according to Figure 4.8. On shear stress rang-
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es there i |s only one fatigue limit A7; for each detail category, that takes place at load cycles
N =1-108 where the curve turns to horizontal. The fatigue limit (cut-off limit) for a shear stress
range can be calculated from the formula:

At, = (2/100) At = 0,457 - A, (4.6)

The curves in Figure 4.8 are used in the nominal stress method also for structural hollow sec-
tions, when subjected to shear stress range.

(ATc) Cut-off limit (AT|)

1000

500
400

300

200 T~
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S N Detail category

50 100

/1]

30

Shear stress range [N/mm2] log(AT)

20

104 105 106 2.108 107 108 10°
Number of stress cycles log(N)

Figure 4.8  Fatigue strength for shear stress ranges presented on single-slope S-N curves
on log-log scale

On variable-amplitude loading, the fatigue assessment for stress ranges having different mag-
nitudes is carried out by using the so-called Palmgren-Miner rule, that is based on summation
of cumulative damage so that every Ao; -level damages the joint by the amount of n;/N;,
whereby the fatigue life of the structure is considered to be reached when the cumulative dam-
age reaches the value 1:

i 0 (4.7)
Sy st .
where n; is the number of cycles having the stress range Ao;
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N.

; is the number of cycles (fatigue life) leading to rupture in the considered

detail category according to S-N curve, when having the stress range Ao;

The calculation of Palmgren-Miner damage sum can be substituted by a so-called equivalent
constant-amplitude stress range. The equivalent stress range can be determined either by set-
ting the sum of partial damages equal to the total damage caused by the equivalent stress
range and the original total number of cycles, or alternatively the equivalent stress range can
be determined on the basis of any other reference number of load cycles. Often the equivalent
stress range is determined by choosing the load cycle N = 2-10% as the reference value. The
equivalent stress range Aoy, , corresponding to that is thereby:

(4.8)

where n; and Ao; are cycles and stress ranges above the fatigue limit Aoy, of the detail cate-
gory to be considered.

For double-slope S-N curve the expression (4.8) can be modified to the following form:

-2/3

S 80y +( =55 ] 50y 80
5-10

AG,, =3 . 4.9)
2-10

where n; and Ao; are, in the detail category to be considered, stress ranges above the
fatigue limit Aoy, and corresponding cycles
n; and AGJ- are, in the detail category to be considered, stress ranges between
the fatigue limit Aoy, and cut-off limit Aoy , and corresponding cycles
(stress ranges below Ao; are not taken into account)
C is the constant calculated from expression (4.2), corresponding to the
detail category of the structural detail to be considered

4.6 Fatigue resistance of a welded structure according to
Eurocode
4.6.1 Basic requirements

The provisions given in Part EN 1993-1-9 of Eurocode to verify the fatigue resistance of mem-
bers, connections and joints are based on the fatigue strength determined in the S-N curves.
The fatigue strengths of the S-N curves presented in the standard are based on full-scale fa-
tigue tests on big-sized samples, so they include effects from geometric and structural discon-
tinuities as well as effects of fabrication tolerances and residual stresses.
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The provisions of EN 1993-1-9 are valid for all structural steels, stainless steels and unprotect-
ed weather resistant steels, when [8,9,10]:

the stuctures are executed according to EN 1090-2 (quality of fabrication,

tolerances etc.)

(in the tables of EN 1993-1-9 related to different fatigue detail categories, there may
be additional requirements given, see Tables 4.4 - 4.9 of this handbook)

the material meets the toughness requirements according to EN 1993-1-10

the structures operate under normal atmospheric conditions and with sufficient corrosion
protection

the temperature of the structures is at highest 150 °C

the nominal, modified nominal or geometric stress ranges due to frequent loads y; O,
are for normal stresses at highest A< ],5]‘; and for shear stresses at highest

AT< 1,51,/43

In fatigue design, the reason to limit the maximum range of stresses is the need to prevent the
risk of alternating plastification (cyclic plastification) in a fatigue-loaded member. With that in
mind, the above presented limitation, basing on the design load y; Q. as written in Eurocode,
is not sufficient and it is in contradiction with the instructions presented later on in Eurocode
itself, where the actual calculation of stress ranges Ao and A7 is determined by using the de-
sign load nyQk (for example, see expressions (4.12) and (4.13)). Because of this, it is recom-
mendable that the limitation of stress ranges should be determined by applying the correspond-
ing design load as follows:

AS(Yrr QW) < 1,5, for normal stresses (4.10)
ATV Op) < 1,51, /A3 for shear stresses (4.11)
4.6.2 Reliability considerations

In fatigue design, the partial safety factor to be applied for the loads is given for example in EN
1993-2 (Steel bridges) and EN 1993-6 (Crane supporting structures), where the value Yrr= 1,0
is recommended. In general the value 1,0 can be applied for a fatigue load if not specifically
otherwise stated.

The partial safety factors for resistance Yyy are determined in fatigue design according to Table
4.1 depending on the applied design method and the consequences of the possible failure. The

National Annex may give provisions regarding the choice of the design method and the partial
safety factors of the resistance to be applied with it.

Finnish National Annex to standard EN 1993-1-9 [11]:

The values according to Table 4.1, as recommended in Eurocode,
are used. Usually the Safe life method is used.
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Table 4.1 The values for partial safety factor Ymy in fatigue design [8...11]

Assessment method Consequence of failure
Low consequence High consequence
Damage tolerant 1,00 1,15
Safe life 1,15 1,35
- In this table the recommended values given in EN 1993-1-9 have been presented.
- Finnish National Annex: the recommended values given in Eurocode are used.

Damage tolerant method, i.e. the principle allowing the growth of the crack, provides that by
using prescribed obligatory inspections regularly throughout the whole life of the structure, the
growing cracks shall be detected and shall be repaired. The designer shall determine the in-
spection instructions and the greatest permitted defect size taking into account the inspectabil-
ity and actual use of the structure, as well as give instructions how to repair the defect. In addi-
tion, it is provided that in case the fatigue failure however should occur, the redistribution of
loads can take place between the different members and that the remaining structure is capa-
ble to carry at least the applied load combination without collapse [8,9,10].

Safe life method gives an acceptable level of reliability for the whole design life of the structure
without the need of regular in-service inspection for fatigue damage. The Safe life method is
applied in cases where local formation of cracks in one component could rapidly lead to failure
of the structural element or the whole structure [8,9,10].

4.6.3 Fatigue assessments
Depending on the case, the fatigue assessment is carried out as follows [8,9,10]:

» by using nominal stress range according to the provisions given in
Tables 4.4 -4.9 for the structural detail (detail category) to be considered

* by using modified nominal stress range for the structural details, where
in the fatigue design such kind of macro-geometric effects appear, which are
not included in the considered case of Tables 4.4-4.9
(for example the cross-section changes rapidly nearby the crack nucleation point)

* by using a method basing on the geometric (hot spot) stress

4.6.3.1 Fatigue assessment by nominal stress method

The stresses are calculated at potential location of fatigue crack using loads at serviceability
limit state according to the linear theory of elasticity. In Class 4 the stresses are calculated ac-
cording to effective cross-section following the rules of Part EN 1993-1-5 of Eurocode [8,9,10].

In the calculation model of nominal stresses, all the effects of the discontinuities shall be con-
sidered, that have not been present in test specimens and thus are not implicitly included in the
considered structural detail of the Tables 4.4 -4.9.
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The relevant stresses in the parent metal are:
* nominal normal stress o
* nominal shear stress T

The relevant stresses in the welds are according to Figure 4.9: 5 5
+ normal stress transverse to the axis of the weld: G,y = NOL+ Ty
+ shear stress longitudinal to the axis of the weld: T = Ty

The method above differs from the method of EN 1993-1-8 presented herewith in clause 3.3.3
for fillet welds at ultimate limit state. A separate verification shall be done for both of the
stresses O,,r and 7,

Figure 4.9 Relevant stresses in the fillet weld [8,9,10]

Welded joints of hollow sections are normally executed as full penetration butt welds, or as fillet
welds designed to meet the equal strength condition (see clause 3.3). In both cases the most
critical point in respect to fatigue resistance is at the weld toe where the fatigue crack will nu-
cleate. In this case a separate fatigue assessment is normally not needed for the weld itself.
Instead of that, the fatigue assessment is based on the stress fluctuations of the parent metal,
no matter whether the fatigue assessment is performed by using the nominal stress method (in
respect to the detail’s fatigue category as given in the tables for the considered joint) or by using
the hot spot stress method.

The design value of stress range to be used in fatigue assessments is yzrA0g >, where Aoy ,
is the equivalent stress range at load cycle N = 2-10% (see clause 4.5.2).

The design values of the nominal stress ranges ¥+A0g ; and ¥zrAt ; are determined as fol-
lows [8,9,10]:

YrrAOg, = Ap- Ay Ay oo Ny, - AG(Yp,Qf)  for normal stresses (4.12)
YrrATe s = Ay Ry Ao oo Ay AT(Y R, O) for shear stresses (4.13)
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where the coefficients /ll- are damage equivalent factors that depend on the character of the
loading and on the stress range spectrum. These are obtained from the relevant Parts of Eu-
rocode, for example for crane supporting structures from EN 1991-3: Table 2.12.

If A; -factors are not known, the nominal stress range can be determined according to clauses

4.3 and 4.5. The peak values of the stress ranges that present less than 1 % of the total dam-
age, and small stress ranges that fall below the cut-off limit Ac;, can be neglected [8,9,10].

Fatigue strength:

Adopting the symbols by EN 1993-1-9, the fatigue strengths Aoy and Aty are calculated for
constant-amplitude nominal stress range as follows [8,9,10]:

AGENy = AGl-2-10°  with m=3 for N<5-10° (4.14)
AN, = AT -2-10°  with m=5 for N<1-10° 4.15)

For variable-amplitude loading the fatigue strengths of the normal stress Aoy, are calculated
based on the double-slope S-N curve as follows [8,9,10]:

Al -2-10°  with m=3 for N<5-10° (4.16)
Aoy -5-10°  with m=35 for 5-10°<N<1-10° 4.17)

Ay Ny
Ay Ny

The fatigue strengths according to expressions (4.14) - (4.17) correspond to the S-N curves pre-
sented in Figures 4.7 and 4.8, that are used also for structural hollow sections.

The fatigue test results for some structural details do not fully comply with the S-N curves of
fatigue strength according to Figure 4.7. To avoid the risk of non-conservative design, the struc-
tural details in Tables 4.4 - 4.9 having detail categories marked with asterisk (Ao*) are deter-
mined one detail category lower than the detail category corresponding to 2-10° cycles re-
quires. Alternatively it is possible to do so, that the detail category of the structural detail marked
with asterisk is increased by one category, provided that the constant-amplitude fatigue limit
Aop, is then determined according to Figure 4.10 as a reduced fatigue limit at 1-10" cycles,
using the value m = 3 for the slope of the S-N curve [8,9,10].

The reduced fatigue limit Ao}, .4 corresponding to load cycles N = 1-107 can be calculated
from the formula:

1/3

AGy o0 = (2/10)"°Ac. = 0,585 - Ao, (4.18)
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Figure 4.10 Alternative S-N curve for fatigue strength of structural details classified as Ao*
[8,9,10]

Fatigue verification:

The design conditions for fatigue verifications are [8,9,10]:

YrrAOE <70

for normal stress ranges (4.19)
AGc /Yy
AT
Yrr %2 <0 for shear stress ranges (4.20)
At /Y M
where  YprAOE  and YAty ; are determined according to expressions (4.12) and (4.13)
Yer is the partial safety factor for fatigue load (clause 4.6.2)
Ao and AT are detail categories of the considered structural detail
according to Tables 4.4-4.9
Ymr is determined according to clause 4.6.2

Regarding some structural details, design conditions (4.19) and (4.20) shall be checked in re-
spect to the principle stress ranges (see Table 4.7).

If not otherwise stated, with the structural details presented in Tables 4.4 - 4.9 also the following
interaction formula shall be verified when having combined stress ranges Ao, and ATy,
[8,9,10]:

. 3 i 5
[ YrrACE } + [ Yrr AT, } <1.0 4.21)
Aog /ny AT /ny

280



SSAB DOMEX TUBE STRUCTURAL HOLLOW SECTIONS Chapter 4

Some structural details and corresponding detail categories presented in EN 1993-1-9 in re-
spect to structural hollow sections and their applications, are presented in Tables 4.4-4.9.

4.6.3.2 Fatigue assessment by modified nominal stress method

In some situations the nominal stresses, stress ranges and fatigue strengths calculated accord-
ing to clause 4.6.3.1 shall be modified using correction factors before fatigue verification. The
provisions given in EN 1993-1-9 for the required modification are presented herewith in full, al-
though in respect to structural hollow sections only the last case is needed in practice (Lattice
joints of structural hollow sections).

Stress cycles in compression:
As presented on Figure 4.11, Eurocode allows the reduction of the compressive portion of the

stress range by factor 0,6, if the residual stresses have been removed from the welded struc-
ture by stress relief, or if there are no welds in the structure [8,9,10].

®
Gmax - N
\ AG= Oyl + 0,6 Ol
0,6 Opmin
©) + tension
o - compression
min

Figure 4.11 Reduction of the compressive portion of the stress range, when residual stresses
have been relieved from the welded structure or there are no welds in the struc-
ture [8,9,10]

Size effect:

The size effect due to thickness or other dimensional effects shall be taken into account accord-
ing to the provisions given in Tables 4.4 -4.9. The fatigue strength is then determined as follows
[8,9,10]:

AGe eq = k- Aoe (4.22)

where the factor k, is obtained from Tables 4.4-4.9.
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The plate thickness has an effect on the fatigue strength in three ways [2]:
+ as a geometric effect

* as a statistical effect

* as a technological effect

Geometric effect arises in the following way: The effect of notches on the surface of a thick
material extends deeper into the material than a in thinner member. That is why a crack started
to grow may proceed the growing a longer time in the region of the peak stress. Consequently
the working life of a thick member becomes shorter than normal. In plated structures the thick-
ness limit is supposed to be 25 mm, whereafter the fatigue strength is reduced for a thicker ma-
terial [2].

Statistical effect arises from the fact that there exists more weld in heavy structures, and
therefore a higher probability for an initial defect greater than normal to exist [2].

Technological effect arises from the fact that thicker materials are welded with greater values
of the welding process, why residual stresses and initial defects may be greater [2].

In EN 1993-1-9 the effect of plate thickness has been considered through reduction factor kg
applied in expression (4.22) and determined as follows [8,9,10]:

0,2
k, = (25;’””) for t> 25mm (4.23)

Lattice joints of structural hollow sections:

The structural analysis of an uniplanar truss made of structural hollow sections can be per-
formed using a simplified structural model where the chords are modelled as continuous but
the joints between the brace members and chords are supposed to be pinned. Regarding the
eccentricity of the joints the provisions given in Part EN 1993-1-9 of Eurocode are defective. In
this handbook the interpretation is that the joint eccentricity can be ignored when it does not
exceed the limits presented for lattice joints in Table 4.6.

In fact the joints have, however, stiffness that the simplified pinned model does not take into
account. The stiffness causes to the members secondary bending moments. To take them into
account the design value of modified nominal stress range Y Aoy ; is determined as follows
[8,9,10]:

YrrAGg, = Ky (YrrAGE ;) (4.24)
where yF_/vAcs;_Z is the design value of the stress range calculated using
the simplified pinned model of the lattice
YEr is the partial safety factor for fatigue load (clause 4.6.2)
k; is the magnification factor according to Table 4.3

Alternatively the effect of magnification factor k; can be taken into account by multiplying the
member forces (or the stresses) obtained from structural analysis directly by that factor. The

282



SSAB DOMEX TUBE STRUCTURAL HOLLOW SECTIONS Chapter 4

values of the magnification factor k; presented in Table 4.3 are approximate empirical or exper-
imental values.

On the lattice joints of structural hollow sections, the same single-slope S-N curve having the
slope 1:5 is applied for the normal stress ranges both for constant-amplitude and for variable-
amplitude loading according to Figure 4.12. The stress ranges have in each detail category only
one fatigue limit (cut-off limit) Ao, that is placed at load cycles N = 1-108, where the curve
turns to horizontal. The fatigue limits according to lattice joint S-N curves are presented in Table
4.2, where the values are calculated from the formula:

Ao, = (2/100)"

Aoy = 0,457 - Ao (4.25)
The stress ranges Ao can be modified to equivalent stress range Ao , by applying formula
(4.8) as follows: in the formula the value 3 as root and as exponent is substituted by value 5 to
correspond the single-slope lattice joint S-N curves having the slope 1:5. The stress ranges be-
low the cut-off limit Ao are not taken into account.

When the design value of the modified nominal stress range YzA0g > has been determined
according to above, the verification shall be performed as usual by using the design condition
(4.19).

The fatigue assessment shall be performed separately for each of the members of the joint
[8,9,10].

On lattice structures, the nominal stress method gives only a rough estimate of the fatigue re-
sistance of the structure. For example, by the nominal stress method the combined effect of the
stresses of the chord and brace members to the fatigue resistance is difficult to take into ac-
count in real. A more precise assessment using hot spot stress method is presented in clause
4.6.3.3 for the hollow section lattice joints.
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Figure 4.12 Single-slope S-N curves for hollow section lattice joints when using the nominal
stress method
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Table 4.2  Cut-off limit Ao; for the nominal stress range applied in the S-N curves of
hollow section lattice joints [7]
Detail category Cut-off limit A0,
(N/mm*) (N/mm?)
90 41
71 32
56 26
50 23
45 21
36 16
Table 4.3 &, -factors for hollow section lattice joints [8,9,10]
Type of joint Chords | Verticals Diagonals
Circular hollow sections
Gap joint K joint 1,5 - 1,3
N joint / KT joint 1,5 1,8 1,4
Overlap joint K joint 1,5 - 1,2
N joint 1,5 1,65 1,25
Square and rectangular hollow sections
Gap joint K joint 1,5 - 1,5
N joint / KT joint 1,5 2,2 1,6
Overlap joint K joint 1,5 - 1,3
N joint / KT joint 1,5 2,0 1,4

Table 4.4  Fatigue categories for structural hollow sections, longitudinally welded
structural hollow sections [8,9,10]
Detail Constructional detail Description Requirements
category
140 Automatic or fully Wall thickness
mechanized longitudinal t<12,5 mm
seam weld without
stop/start positions in
g hollow sections. 2
125 Automatic or fully Wall thickness
mechanized longitudinal t>12,5mm
seam weld without
stop/start positions in
\ hollow sections. @
90 - With stop/start positions. 2)

a) The longitudinally welded structural hollow sections by SSAB do not contain stop/start positions of welds.
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Table 4.5  Splice joints of structural hollow sections, when t < 12,5 mm [8,9,10]
Detail Constructional detail Description Requirements
category
71 1) Tube-plate joint, tube’s 1) Ao is calculated in

NY117)

end flattened, butt weld
(X-groove).

tube. Only valid for tube
diameter less than 200
mm.

71 o <45° 2) Tube-plate joint, tube 2) Ac is calculated in
63 o> 450 /o slitted and welded to plate. | tube.Shear cracking in the
;i Holes at end of slit. weld shall be verified using
— Table 4.8, detail 3).
\ ol
71 Transverse butt welds: Details 3) and 4):

3) Butt-welded end-to-end

connections between circular

hollow sections.

56

TTTI1Y
N

4) Butt-welded end-to-end
connections between
rectangular hollow sections.

- Weld convexity < 10 %
of weld width, with smooth
transitions.

- Welded in flat position,

inspected and found free
from defects outside the

tolerances of EN 1090.

- Classify 2 detail
categories higher if
t>8 mm.
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Table 4.5  Splice joints of structural hollow sections, when t < 12,5 mm [8,9,10]
(continued)
Detail Constructional detail Description Requirements
category
71 Welded attachments: 5)
- Non load-carrying
5) Circular or rectangular welds.

hollow sections, fillet-welded
to another section.

- Length of the weld in the
direction of the stress
1<100 mm.

- Oher cases,
see Table 4.7.

sections, fillet-welded
end-to-end with an
intermediate plate.

50 Welded splice joints: Details 6) and 7):
6) Circular hollow sections, | - Load-carrying welds.
butt-welded end-to-end
with an intermediate plate. |- Welds inspected and
@ found free from defects
outside the tolerances of
45 B 7) Rectangular hollow EN 1090.
””””””””””” sections, butt-welded
— ( ‘ end-to-end with an - Classify 1 detail category
”””” b= = |intermediate plate. higher if t > 8 mm.
40 ~ 8) Circular hollow sections, | Details 8) and 9):
**************** fillet-welded end-to-end
- @ with an intermediate plate. | - Load-carrying welds.
- Wall thickness
t<8 mm
36 9) Rectangular hollow
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Table 4.6 Welded lattice joints of structural hollow sections, when t < 8 mm [8,9,10]
Detail Constructional detail Requirements
category
90 Gap joints: K and N joints, circular hollow sections: Details 1)...4):
m=5 to /22,0 ) — Separate assessments
0 d;
g %ti g needed for the chords
\ ﬁ o and the braces.
45 ON %e | | ‘ ‘
m=5 t/t=10 - NI A~ i~ — For intermediate
L R (R I A = i~ values of the ratio ty / ;
; { (ORI
€ip to the detail catogory shall
@ be interpolated linearly
between the given detail
71 Gap joints: K and N joints, rectangular hollow sections: categories.
m=5 to /22,0 b;
0rH g '<’\ t — Fillet welds are
g 5\\\ AL 6 bo permitted for braces
TN v I with wall thickness
e = FE - = -1 <
% e — 8P [ | ™
m=5 |to/=10] " eip L ‘ t* - tpand t;<8 mm
©) 0 — 35°<0<50°
- (bo / to) X (to / tl) <25
- (do / to) X (to / tl) <25
71 Overlap joints: K joints, circular or rectangular hollow — 0,4<bj/by<1,0
m=5 to/t=1,4 | sections: - 0,25<d;/dy<1,0
d; b; — bp <200 mm
‘O ~ do <300 mm
Q t. O - - 0,5h0 < eip < 0,25h0
! - = O,5d0 < eip < O,25d0
— € <0,02bg
56 dO bO - eop < 0,02d0
m=5 |b/t=10 1 (eqp is out-of-plane
@ Eﬂjho eccentricity
777777777777777 'ty
I = s @ Detail 2):
0,5(b0 - bl) SgS1 ,1(b0 - bl)
and
71 Overlap joints: N joints, circular or rectangular hollow g>2t
m=5 |ty/t>1,4 |sections: -0
Details 3) and 4):
— 30% < overlap < 100%
— Overlap=(q/p)x 100%
Definition of p and q:
50
m=5 to / ti = 1,0 N 94
\\ ///
| N\ \ / / |
o =1 il
=
f====x =pre====== .
-~ -—q
p
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Table 4.7  Welded attachments and stiffeners [8,9,10]
Detail Constructional detail Description Requirements
category
80 L <50 mm Longitudinal The thickness of the
71 50<L <80 attachments: attachment must be
mm L less than its height.
55 [80<L=100 ‘% 1) The detail
il = = | tne longin L ofthe "
56 L >100 mm @ Plate or a flange attachment.
of a hollow section
7 L >100 mm 2) Longitudinal
o < 45° attachments to plate
or tube.
80 r>150 mm 3) Longitudinal fillet | 3) Smooth transition
welded gusset with | radius r formed by
Ah radius transition to | initially machining or
T r plate or tube; end of | gas cutting the
% e T fillet weld reinforced | gusset plate before
o (full penetration); welding, then
@ — length of reinforced | subsequently
reinforced weld >, grinding the weld
area parallel to the
direction of the
arrow so that the
transverse weld toe
is fully removed.
80 <50 mm Transverse Details 4) and 5):
‘ﬁ\l attachments: 4) Ends of welds to
\% 4) Welded to plate. | be carefully ground
- Plate or a flange 5) Vertical stiffeners to remove any
@ of a hollow section | welded to a beamn or | YNdercut that may
. be present.
plate girder.
) 5) Ao to be
@ = 6) (lj)laphralg(;jmdof bﬁx calculated using
71 50<17<80 girders welded to the principle stresses
mm S= flange or the Web. i ihe stiffener
May not be possible terminates in the
for s.maII hollow web, see left side.
i sections.
}_U_U; The values are
=" |also valid for ring
stiffeners.
80 7) The effect of
welded shear studs
T~ on base material.
@ Vaan
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Table 4.8  Load carrying welded joints [8,9,10]
Detail Constructional detail Description Requirements
category
o<t o=t Cover plates in_| 1) If the cover plate
beams and plate | is wider than the
* < — girders: flange, atransverse
%6 t=20 % end weld is
1) End zones of | needed. This weld
50 20<t<30f t<20 single or multiple| shall be carefully
t welded cover ground to remove
45 30<t<50| 20 <t<30 m Cj% t | plates, undercut. The
with or without | minimum length of
transverse end | the cover plate is
40 t>50 |30<t<50 weld. 300 mm.
36 - t>50 @
56 2) Cover plates | 2) Transverse end
reinforced transverse end weld inbeams and | weld is ground
plate girders. smooth. In addition,
<1/4 5t. is the if t. > 20 mm, front
minimum length | of the plate at the
T 5t = to | of the end to be ground
@ =< reinforcement | with a slope < 1:4.
weld.
80 3) Continuous | 3) AT to be
10 fillet welds calculated from the
m=5 mm transmitting a weld throat area.
shear flow, such
~ as web-to-flange| 4) AT to be

welds in plate
girders.

4) Fillet welded
lap joint.

calculated from the
weld throat area
considering the
total length of the
weld.

Tube socket joint
with fillet welds.

see EN Welded stud 5) AT to be
1994-2 shear calculated from the
(90 connectors: nominal cross-
m = 8) section of the stud.
@ = 5) For composite
application.
71 6) 6)
Tube socket joint| Weld toe to be
with 80 % full ground.
penetration butt | Ao is calculated in
welds. tube.
40 7) 7)

A0 is calculated in
tube.

Figure 4.10

* the detail category may be increased by one category, if the modified fatigue strength curve is used, see
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Table 4.9  Fatigue categories for bolted joints [8,9,10]
Detail Constructional detail Description Requirements
category
112 1) Double covered 1) Ao to be | For bolted
symmetrical joint with calculated in | connections
preloaded high strength bolts. | the gross (details1...6)
cross- in general:
section.
1) Double covered 1) .. En? .
symmetrical joint with gross cross- 'qucse'd
preloaded injection bolts. section. er=1,
90 2) Double covered joint with | 2) ... Edge
fitted bolts. net cross- | distance:
T~ section. e;>15d
Q 2) Double covered joint with | 2)
@ V non-preloaded injection bolts. | net cross- | SPacing:
section. p1225d
3) One sided connection with | 3) ... Spacing:
preloaded high strength bolts. | gross cross- py>25d
. 224,
section.
3) One sided connection with | 3) ... B
preloaded injection bolts. gross cross- | Detailing
section. according to
EN1993-1-8;
Figure 3.1.
4) Structural element with 4) ...
holes subject to bending and | net cross-
T ~ axial forces. section.
80 5) One sided connection with | 5) ...
fitted bolts. net cross-
section.
5) One sided connection with | 5) ...
non-preloaded injection bolts. | net cross-
section.
50 6) One sided or double 6) ...
covered symmetrical net cross-
connection with non-preloaded| section.
bolts in normal clearance
holes. No load reversals.
(continues)
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Table 4.9  Fatigue categories for bolted joints [8,9,10]
(continued)
Detail Constructional detail Description Requirements
category
50 7) Bolts and rods with rolled | 7) Ao to be calculated
or cut threads in tension. For | using the tensile stress
1) Q, large diameters (anchor area of the bolt.
= - bolts) the size effect has to be
taken into account with ks. | Bending and tension
@ resulting from prying
effects and bending
stresses from other
sources must be taken
into account.
Size effect for t > 30 mm: For preloaded bolts, the
reduction of the stress
ke = (30/t)0-25 range may be taken into
account.
100 Bolts in single or double 8) AT is calculated from
shear: the non-threaded cross-
m=5 ‘ section of the bolt shank.
m Thread is not in the shear
-] ! ‘ plane:
"" - fitted bolts
- normal bolts without load
reversal (bolts of grade 5.6,
- | 8.8 or 10.9)
\
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4.6.3.3 Fatigue assessment by hot spot stress method

In EN 1993-1-9 the design value of geometric (hot spot) stress range nyAGEQ is determined
as follows [8,9,10]: ’

YrrACg, = k- (YprAGE ) (4.26)

where the factor &, is a stress concentration factor, that can be obtained from handbooks, FEM
analysis or from strain gauge measurements. The guidelines presented in EN 1993-1-9 for the
hot spot stress method are adressed for fatigue assessment of the ‘ordinary’ welded plate struc-
tures adjacent to the weld, hence the corresponding detail’s fatigue categories presented in the
standard (EN 1993-1-9: Annex B) include the effect of the stress concentration factor such that
it makes it possible to use directly the same S-N curves for fatigue strength as used in the nom-
inal stress method.

The guidelines in EN 1993-1-9 are not as such applicable to hot spot assessment of hollow sec-
tion lattice joints. This is because in the hot spot assessment of lattice joints the fatigue strength
S-N curves have slightly different slope angles (consequently, for example, the calculation for-
mulae presented by the nominal strength method for the equivalent stress range Aoy, , are not
valid any more).

Lattice joints of structural hollow sections:

In the following the Eurocode-compatible hot spot design provisions are presented for hollow
section lattice joints, based mainly on [5,6,7].

In the hot spot assessment, the stresses of the lattice members are first calculated as in the
nominal stress method, i.e. the nominal stresses (or the stress ranges) calculated using the
simplified pinned joint model are multiplied using the magnification factors k; presented in Ta-
ble 4.3, but the joint eccentricity can be ignored when it does not exceed the limits presented
for lattice joints in Tables 4.12 and 4.13.

The nominal stresses (or the stress ranges) of the considered point are then multiplied by the
stress concentration factor kf that is assigned for the hot spot stress. The design value of the
hot spot stress range ¥rA0y, £ is determined as follows:

Vi AGy, p = ko k- (Ve Acy) (4.27)

where AGZ is the nominal stress range calculated using the simplified pinned model
of the lattice (see clause 4.6.3.2: Lattice joints of structural hollow sections)
Yer is the partial safety factor for fatigue load (clause 4.6.2)
k;  is the magnification factor according to Table 4.3
kf is the stress concentration factor for the hot spot stress

Determination of the stress concentration factor kf is presented later on in more details.
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For hollow section lattice joints, the S-/V curves and fatigue strengths by hot spot stress ranges
are presented in Figure 4.13. There is a separate curve for each hollow section wall thickness
(cf. the size effect in clause 4.6.3.2). As with the S-N curves for the nominal stresses, also with
the curves in Figure 4.13 the fatigue limit Ao, for constant-amplitude loading is located at N
=5-108 cycles and the fatigue limit (cut-off limit) Ao; for variable-amplitude loading is reached
at N =1-108. As stated earlier, the slopes of the curves differ, however, from the slopes of the
S-N curves for nominal stresses, why the formulae presented for nominal stress S-N curves
cannot be directly applied to the curves of Figure 4.13.

Constant-amplitude Cut-off limit (AG|)
fatigue limit (ACp)
1000 C
NV
N
AR
3 500 §SE‘ I
N
S wol N
J N
8 300 \§>§\\
< N
S \§\\::\\
£ 200 \\ :N‘
z AN
° \\\\\
b \\\§:\~
@© \\ \\\~~
© \\\ \\~~\
2 100 RS
3 NSO Wall thickness (mm)
=] NSNS NN 4
2 ~ NN ™ 5
= S 8
a NN 10
S 50 12,5
T
40
30
20
10
104 10° 106 5.106 107 108 109
Number of stress cycles log(N)

Figure 4.13 Hot spot stress based S-N curves and fatigue strength for hollow section lattice
joints. On wall thicknesses 2,5-4 mm the curve for 4 mm can be used [7].
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Table 4.10 Hot spot stress fatigue limits Ao, and Ao; applied in the S-N curves of
hollow section lattice joints [7]

Constant-amplitude loading Variable-amplitude loading
Wall thickness t Fatigue limit AOp Cut-off limit AO,.

(mm) (N/mm?) (N/mm?)

4 147 81

5 134 74

6 125 69

8 111 61

10 102 56
12,5 93 51

In the curves of Figure 4.13 the stress range for the fatigue strength and the corresponding
number of load cycles are calculated from the following formulae [5,6,7]:

e when 1-103 <N <5-10° :

log(AG,, z) = é [12, 476~ log(Ny) + 0, 18 - log(Ny) - log(-l-tg)] (4.28)
12,476 -3 - log(Ao,
log(Ny) = os 16’“) 4.29)
1-0,18- log(-;—)
or:
é - [12, 476~ log(Ng) + 0, 18 - log(Np) - log(176 H
AG, x = 10 (4.30)
12,476 -3 - log (AG,, )
1-0,18-log( 18
Ny = 10 «(7) 4.31)
o when 5-10° <N <1-108:
log(AG,, z) = é [16, 327~ log(Ny) + 2, 01 - log(]—f H (4.32)
log(Ny) = 16,3275 - log(AG,, z) + 2, 01 - log(%‘s) (4.33)
or:
é [16, 327~ log(Np) +2, 01 - l()g(176 )J
AG, g = 10 (4.34)
16
16,3275 - log(Ag, )+ 2, 01 - log[ L2
Ny = 10 et (7) (4.35)
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Because it is not possible to determine the design value of the equivalent stress range
YirAOys. . for hot spot stresses of lattice joints, the verification of fatigue resistance is per-
formed as follows:

-AG,
Yy 20k <1,0 or 2 < 1,0  for constant-amplitude loading (4.36)
AG, »/ Yy N
7/
ZJTEi <1,0 for variable-amplitude loading (4.37)
Ri

where:
« for constant-amplitude loading:
if the verification is based on the stress ranges:
nyAO'hS_E is the design value of the hot spot stress range
according to expression (4.27)
(stress ranges below the fatigue limit Aoy,
are not taken into account, Table 4.10)
YEr is the partial safety factor for fatigue load (clause 4.6.2)
Aoy, g is the fatigue strength for hot spot stress range at the
considered number of cycles ny according to the S-N
curves presented in Figure 4.13
Ymr is determined according to clause 4.6.2

or
if the verification is based on the number of cycles leading to the failure:
ng is the number of cycles corresponding to the considered
stress range YgrA0y i
(stress ranges below the fatigue limit Ao,
are not taken into account, Table 4.10)
Np is the working life (expressed in cycles) to the failure,
which is determined from the curve [(AG), r/ V) . Ng 1
(see instructions for calculations below)

« for variable-amplitude loading:
if the verification is based on the number of cycles leading to the failure:

ng; is the number of cycles corresponding to each of the
considered stress range VA0
(stress ranges below the cut-off limit Aoy
are not taken into account, Table 4.10)

Np is the working life (expressed in cycles) to the failure,
which is determined from the curve [(AG;,S,R/YM]') » Mgl
(see instructions for calculations below)
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The assessment on the basis of the number of cycles is based on the Palmgren-Miner damage
sum. In order to carry out the verification, the S-N curve of the fatigue strength shall be first
‘dropped’ downwards, as presented above, by amount of the partial safety factor Ymp and the
number of cycles Np; leading to the failure is calculated for each stress range AO',”EZ (multi-
plied by partial safety factor VFf) from the hereby ‘dropped’ curve. The partial safety factors are
thereby taken into account both in respect to the load () and in respect to the resistance
(Ya1y) in the corresponding way as in the verification based on the stress ranges in expression
(4. 36) The lowering of the S-N curves can be performed (by sufficient accuracy) by substituting
the wall thickness ¢ by an increased design thickness f;, which is calculated from formula
(4.38). When calculating the damage sum, each Np; is thereby calculated as follows:

* in expressions (4.31) and (4.35) the hollow section’s wall thickness 7 is substituted by
the increased design thickness f;, which is calculated from expression (4.38) and
* stress range A0y, p is substituted by the design value ¥rA0y, £; of each stress range.

The design value of the hollow section’s wall thickness is calculated as follows (Note: this pro-
cedure is applied only when the verification is based on the number of stress cycles):

ty= 1t (1)’ (4.38)

where t is the wall thickness
Yuy is determined according to clause 4.6.2

The stress concentration factor k, can be obtained from handbooks, FEM analysis or from
strain gauge measurements. Depending on the source, also the symbols Kg or SCF are applied
for the stress concentration factor.

The calculation of the concentration factors for stresses in hollow section lattice joints is studied
in [5,6]. The concentration factors have been expressed in parametric form, where the param-
eters are determined by the dimensions of the chord and the braces, and the dimensions of the
joint (gap or overlap, joint angle). The formulae for concentration factors for T, X and K joints
made of square hollow sections are presented in Tables 4.11 - 4.13 using the symbol SCF from
[6]. In [6] parametric formulae for concentration factors also for joints made of circular hollow
sections have been presented.

The value of the stress concentration factor varies in different places of the same lattice joint
and on different sides of the same joint (weld —chord or weld —brace). In Tables 4.11-4.13 the
stress concentration factors are presented for T, X and K joints at their critical points. The fa-
tigue assessment shall be performed separately for each critical point of the joint.
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ForT and X joints the critical points are presented in Table 4.11 using letters A ... E. The mem-
ber forces of the brace members and chords are calculated from the simultaneously acting
loads of the structure. The total value of the hot spot stress (Aoy, o or Aoy, ;) at each point
A...E to be considered is calculated by superposing the separate hot spot stresses induced
therein by the brace member and by the chord according to the following principle [5,6]:

chord (point B, C or D):
SCF, y - (k;-ANy) + SCFo.M(ip) -(k; 'AMip.o) +

) (4.39)

Aoy, ) =
hs.0 A() VVip,()
SCFyy - (k;-AN)  SCF, gy - (k- AM,, ) SCFy ) - (k- AM,
Ai I/Vipj Wop.i

brace member (point A or E):

_ SCFLN'(kJ 'ANi) +SCFiAM(ip)'(k] 'AMpAi) +

Ao, = SCF; ptopy - (ky - AM,,, ;) (4.40)
' 4; Wi Wop.i
where:
k; is the magnification factor for the nominal stresses
(Table 4.3)
Valoy is the hot spot stress range in the chord
SCFy N is the concentration factor at the considered point (A ... E)
for the stress caused by normal force in the chord
SCFy Mip) is the concentration factor at the considered point (A ... E)
for the stress caused by in-plane bending moment of the
chord
AN, is the normal force range of the chord
AM;, ¢ is the in-plane bending moment range of the chord
Y is the cross-section area of the chord
Wip.o is the in-plane section modulus of the chord
Aoy ; is the hot spot stress range in the brace member
CF; n is the concentration factor at the considered point (A ... E)
for the stress caused by normal force in the brace member
SCF; pip) is the concentration factor at the considered point (A ... E)
for the stress caused by in-plane bending moment of the
brace member
SCFE; M(op) is the concentration factor at the considered point (A ... E)
for the stress caused by out-of-plane bending moment of the
brace member
AN; is the normal force range of the brace member
AM;, ; is the in-plane bending moment range of the brace member
AM,,, i is the out-of-plane bending moment range of the brace
member
A4; is the cross-section area of the brace member
Wini is the in-plane section modulus of the brace member
Wop.i is the out-of-plane section modulus of the brace member
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As it can be seen from expressions (4.39) and (4.40), the simultaneous loading state in the
brace members (normal force, bending moment) has an effect on the hot spot stress of the
chord. Instead, the loading state of the chord has no effect on the hot spot stress of a brace
member. The above expressions present only the basic principle to be applied in the asses-
ment. The actual verification shall be done separately on each critical point A ... E of the brace
member and chord.

The stresses do not necessarily vary in the chords and brace members in same phase. The
stress range of the chord is calculated by the maximums of the range of the forces in the chord.
To the stress ranges of the chord, the values of the stress ranges of the brace members are
added, the latter being calculated by the forces acting simultaneously with the maximum forces
of the chord. Regarding brace members the procedure is similar, but now the maximum values
are calculated for the stress ranges of brace members.

For verication, the hot spot stress ranges calculated from expressions (4.39) and (4.40) shall
be multiplied by partial safety factor for fatigue load Yer (see expression 4.27), but the magni-
fication factor k; shall not be applied again any more.

On K joints the calculation is performed in a slightly different way. For K joints there are in Ta-
bles 4.12 and 4.13 calculation formulae directly given for the maximum values of the concen-
tration factors of the chord and brace members, why it is not needed to consider the stresses
at all points A ... E. At first the loading state in the joint is splitted for the assessment into two
‘partial loads’ in the way presented in Tables 4.12 and 4.13. After this the both partial loads are
considered separately using the stress concentration factors (SCF) according to Tables 4.12
and 4.13. At last, the total value of the hot spot stress is calculated by superposing the effects
of the partial loads 1 and 2 at the place to be considered (i.e. at the considered member) using
the same principle as presented in expressions (4.39) and (4.40), i.e. the simultaneous loading
state of the brace members has an effect on the hot spot stress of the chord, but the loading
state of the chord has no effect on the hot spot stress of the brace member. When calculating
the hot spot stresses, it should be remembered to apply the magnification factor k; of the nom-
inal stresses in the corresponding way as in expressions (4.39) and (4.40).
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Table 4.11 Stress concentration factors for T and X joints, when brace member is
square hollow section and chord is square or rectangular hollow section [6]
T joint X joint

1.ip 'ff\

an

b1

M1.ip 'f\‘
N1

t

N+
t

Loading:

Stress concentration factor SCF: - the minimum value for each concentration factor is 2

Brace member
loading (normal
force)

Effect to chord, points B, C, D:
2
2 1,377 +1,715-B-1,103-B~ 0,75
SCF; g = (0,143-0,204-B+0,064-B")-(2y) 1

2
2 1,565 +1,874-B—1,103-B° 0,75
SCFLN.C = (0,077-0,129-B+0,061- B —0,0003~2y)~(2~{) T

2
0,925+2,389-B— 1,881 -
SCF, +2,359 P07

2
v = (0,208-0,387-B+0,209-87)-(2y)
X-joints, when f=1,0: - SCF;y ¢ is multiplied by 0,65
- SCFi n.p is multiplied by 0,50
Effect to brace member, points A, E: - when fillet welds: SCF, and SCFg are multiplied by 1,40

0,790 + 1,898 B — 2,109 -B°

2
SCF, y4=SCF, yp = 0,013+0,693-B-0,278-B7 ) - (2v)

Brace member
loading
(in-plane
bending)

Effect to chord, points B, C, D:

2
2 1,722+ 1,151-B-0,697-B° 0,75
SCF, gy = (~0,011+0,085-B~0,073-B")-(27) T

—0,690+5,817-B—4,685-B° 0,75
T

)

2,084 -1,062-B+ 0,527 tho, 75

2
SCF; pipy.c = (0,952-3,062-B+2,382-B"+0,0228-2y)-(2y

2
SCF; pipy.p = (-0,054+0,332--0,258-B7)-(2y)

Effect to brace member, points A, E: - when fillet welds: SCFp and SCFg are multiplied by 1,40
2

2 —0,154+4,555-$-3,809-B
SCFLM(ip),A =SCFi'M(l.p)‘E =(0,390-1,054-B+ 1,115-B7)-(27)
Chord loading | Effect to chord, points B, C, D:
g:%rT:r' force | SCF, y g = SCFy iy = 0 (noeffect)
. 0,248-B 0,19
It?eglji:g) SCFy N = SCFO'M(IP)'C =0,725-(2y) ‘T
0,205-B 0,24
SCFynp= SCFO_M(WAD = 1,373-(2y) T
Effect to brace member, points A, E:
SCFy N4 = SCFQM(;’p),E = 0 (no effect)
Parameters: 3 =bq/bg Validity range: 0,35<f<1,0 [chord:
Y =bg/(2tp) 12,5 <2y< 25 |0,75<hg/bp<1,5
T =t/ty 025<7<1,0
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Table 4.12 The stress concentration factors for a gap K joint, when brace members are
square hollow sections and chord is square or rectangular hollow section [6]

Ncos6

Load 1:
balanced member forces
(normal forces in the brace members and chord)

Load 2:
chord forces only
(normal force and/or bending moment)

Stress concentration factor SCF :

- the minimum value for each concentration factor is 2

Load 1: The maximum effect of brace member load N to the chord:
2 2 2
SCF), g = (0.48-B-0.5-B"=0,012/B+0,012/g) - )" 7% 78 "2 (siney>
The maximum effect of brace member load N to the brace member:
SCFy, ;= (-0,008+0,45-B - 0,34- [32) . (2y)1’36- 0% (sin())l’ 2
Load 2: The maximum effect of chord load N,M to the chord:
0,27
SCFN.O = SCFM,O =(2,45+1,23-B)-(g")
The maximum effect of chord load N,M to the brace member
SCFN.i = SCFM.Z' = 0 (no effect)
Parameters: 3 =b4/bg Validity range: 0,35<3<1,0
Y =bg/(2ty) 10<2y <35
T =t4/t 0,25<1<1,0
g'=glty 9227
- eccentricity: -0,55<e/hy<0,25
- chord: 0,75 <hg/bg< 1,5
- brace members: 30°<0<60°
brace members square,
identical with each other
and in same angle of degree
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Table 4.13 The stress concentration factors for an overlap K joint, when brace members
are square hollow sections and chord is square or rectangular hollow section [6]

N+ N2 | b1,2‘
\\\ N - 7 =t
A % (.
AN e Ko, e |
1N \/ p [
L N / | | | 1
[ g [ toL
Q| o -— - — o ——] gt | g B
<
‘,,,,,,,,:g: R !
T 1 T
P Lbo |

N N
AN ¥ i i
0 N 4—6 >— N
— AL —
Ncos6 Ncos6 M M
Load 1: Load 2:
balanced member forces chord forces only
(normal forces in the brace members and chord) (normal force and / or bending moment)
Stress concentration factor SCF: - the minimum value for each concentration factor is 2
Load 1: The maximum effect of brace member load N to the chord:
SCFN 0= (0,5+ 2,38-B- 2,87~BZ— 2,18-B- Ov +0,39- Ov_ 1,43- sine)' (27)0’ 2. 10’ 7
2 -0,4-0,08-0
.0‘(3,73—5,53 (sin®) - (5in®) v
The maximum effect of brace member load N to the brace member:
2
SCFy ;= (0, 15+ 1,1-B—0,48- BZ— 0, 14/0vj~ (27)0’55~ 3 0;2’57”’ 62-B. (sin6)0’31
Load 2: The maximum effect of chord load N,M to the chord:
2
SCFN.O = SCFM.O =1,2+1,46-$-0,028-B
The maximum effect of chord load N,M to the brace member:
SCFN.i = SCFM.i = 0 (no effect)
Parameters: 3 =bq/bg Validity range: 0,35<p5<1,0
¥ =bo/(2tp) 10< 2y <35
T =t4/ty 0,25<71<1,0
O, = (q/p) x 100 % (see the figure) 50 % < 0O, <100 %
- eccentricity: -0,55<e/hy<0,25
- chord: 0,75 <hg/bg<1,5
- brace members: 30°<0<60°
brace members square,
identical with each other
and in same angle of degree
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4.7 Design of fatigue-loaded hollow section structures

A fatigue-loaded structure shall always be designed also for static loads at ultimate limit state,
as usual.

The selection of the steel grade is advisable to carry out, however, not until the member has
been first designed on the basis of fatigue, after which the greatest static stress can be calcu-
lated.

High steel strength is not necessarily profitable in fatigue design, because the fatigue strength
of a welded structure is not dependent on the steel strength, but on the stress fluctuations of
the structure. Increasing the cross-section reduces the stress range, but increases the weight
of the structure, while increasing the steel strength reduces the cross-section and weight of the
structure, but usually increases the stress range.

In a fatigue-loaded welded structure, increase of the yield strength is, however, profitable in
case the portion of the permanent loads of the structure is high, or if the fatigue loading contains
single high maximum loads, for which the static resistance of a lower grade steel is not sufficient

3].

By careful design of the joints and by geometrical design of the structure it is possible to con-
siderably influence the fatigue resistance of the entire structure. The joints are favourable to
place in such locations where the stress range is as small as possible.

The most effective way to improve the fatigue strength of welded structures is to decrease the
stress range either by placement of the joints or by increasing the cross-section of the member:
if the stress range is cut to half, the working life of the structure becomes 8 times longer (when
m = 3).

4.71 Design of welded joints

The welded joints are favourable to be placed at the least stressed locations in the structure, if
possible (Table 4.14).

In respect to fatigue, a welded splice joint be-

tween the hollow sections is beneficial to exe- a) b)
cute without splice plates according to Figure —
4.14b, in which case the detail’s fatigue category v

is better (Table 4.5). Regarding the resistance of
the weld, it is essential that the weld is free from
defects especially on the root side, because the | [ ] ‘
inspection of the root side is difficult. Use of ‘
steel backing is beneficial if root defects are pos-
sible to develop in welding (e.g. when having o ,,,J
thick materials). When using steel backing it | '
should be noted, however, that it arises a stress
concentration, that may reduce the fatigue re-
sistance. Figure 4.14 Fatigue resistance of a splice
joint is lower when executed
with a splice plate (a) than
without it (b)
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Enhancement of the weld quality level reduces the possibility of weld defects, whereby fatigue
resistance improves. The required quality level for the weld is determined according to the ex-
ecution class chosen in EN 1090-2 for the structure or the member, as presented in Table 3.6.
Standard EN 1090-2 defines the execution class for a fatigue-loaded structure to be, depending
on the case, EXC2-EXC4. Thereby the weld quality level shall be B or C according to Table 3.6
[12]. The choice of weld quality level has, however, no effect on the calculation of the static re-
sistance or the fatigue resistance of the welds.

High excess weld metal increases the stress peak at the weld toe, why a concave shape of the

fillet weld is better in respect to fatigue. Smooth weld toe angle and big radius of curvature at
the weld toe are factors that improve the fatigue strength of the weld.

Post-weld treatment

The fatigue resistance of the weld can be improved
also by post-weld treatment. The methods can be di-
vided into two main categories, i.e. improvement of
the weld geometry and the residual stress methods.
The weld geometry can be improved, for example, by
grinding the weld toe or by re-melting the toe either
with a TIG torch or a plasma torch. With these meth-
ods the initial cracks at the weld toe are removed and,
in addition, the smoother shaping of the weld reduces |E
the stress concentrations at the weld toe. The grind-
ing radius to be recommended is 10 mm for materials
having thickness less than 20 mm. Grinding is not
recommended, if the thickness of the material is less
than 10 mm [13]. Figure 4.15 Improving the fatigue
strength of a welded joint
by grinding the weld toe

Grinding

yvyy

Residual stress methods are used to affect the residual stresses at the weld. By using mechan-
ical cold-working, a compressive residual stress is developed in the surface layer of the mate-
rial, which then prevents further opening of the crack and reduces the effective stress fluctua-
tion. For example, shot blasting and peening are mechanical forming methods. It is also possi-
ble to use heat treatments to control the residual stresses. In stress-relief annealing, the yield
limit of the material is temporarily decreased by rising the temperature. The internal stresses of
the structure are relieved through plastic deformations. The heating and cooling rate should be
slow to prevent new stresses to develop [13].

The post-weld treatment can be profitable when the area to be treated is small, or if the post-
weld treatment can be automatized in the workshop. The post-weld treatment is also possible
as a repairing measure of old structures. The effect of post-weld treatment has not been taken
into account in the design provisions of EN 1993-1-9. An empirical observation is that grinding
increases the fatigue strength by 30-100 % (when N = 2-108load cycles) and re-melting by 10 -
170 % (when N = 2-10° load cycles). By shot blasting, the fatigue strength improvements of
30-170 % have been achieved (when N = 2-10% load cycles) [13].

Various methods for improving fatigue strength are discussed in more details in [2,3,13].
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Table 4.14 Methods for improving the fatigue resistance of a structure

Chapter 4

Method

Original detail

Improved solution

Stress reduction

G1

G1

|——|

!
| f—]
[
f

Reduction of bending moment in
flange plates

Connection placement in a location
subjected to lower load

Smoother attachment plate
geometry

Smoother splice plate geometry

Overlapping of a truss connection

L joint reinforcement with an
intermediate plate

Welding method selection

Manual welding

Machine welding

Weld end rounding by grinding

Det 1

Det 1

B8

grinding
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4.7.2 Design of bolted joints

In bolted joints the fabrication method of the holes has an effect on the fatigue resistance of a
bolted joint or bolted connection. The fatigue resistance of a hole made by drilling is better than
fatigue resistance of a hole made by punching. In EN 1090-2 the effect of the hole’s fabrication
method is taken into account as follows: punching is generally permitted, but in fatigue-loaded
structures the hole shall be, after punching, reamed to its final size in such a way that the quality
of the final hole corresponds to the quality of the drilled hole [12].

In bolted joints subject to tension the use of prestressed bolts improves the fatigue resistance
of the joint significantly. The fatigue-inducing stress decreases, if the prestressing force is great-
er than the tension load of the joint. In respect to fatigue, long and elastic bolts are beneficial,
because the elasticity of the plates in the joint does not substantially reduce the prestressing
force of the long bolts. In a flange-plate joint subject to tension, the bolts should be placed as
near to the weld as possible to reduce the additional stresses due to eccentricities.

The prestressing of the bolts is beneficial also in bolted joints subject to shear force. The pre-
stressing reduces the bearing stress in the material at the edge of the hole, since part of the
force is transmitted through friction between the splice plates. However, it is important to ensure
that the friction between the splice plates is sufficient to prevent the bolt from slipping against
the edge of the hole, which would result in the loss of the prestressing benefits.

4.7.3 Design of trusses

The fatigue resistance of a fatigue-loaded hollow section truss (i.e. lattice) can easily be im-
proved by structural means by favouring the following practices in design [5,6]:

« If the truss needs to be provided with a splice joint, it is favourable to place at the zero-point
of the moment (Table 4.14).

» An overlap K joint is better than a gap K joint (Table 4.6).

» On K joints, decreasing the degree of angle of the brace members improves the fatigue
resistance. The recommended value is 6 = 40°.

« A thick chord and thin-walled brace members are favourable.
(i.e.low values of T =t;/ty and 2y =by/t) or 2y =dylt,, see Tables 4.6 and 4.11-4.13)

« Avoid f3 values within the range §=0,5...0,7. The most beneficial values are near to = 1,0
whereby the lowest SCF values are achieved. However, in respect to fabrication, the recom-
mended value is = 0,8.

+ A butt weld is better than a fillet weld (see Table 4.11: factor 1,4 for fillet weld)

The welds in lattice joints should be made such that the start/ stop positions of the weld are not
located at the corners of the brace members or at the positions of stress concentrations in the
joint, since the start/stop positions are critical regarding fatigue. The correct welding sequence
is presented in Figures 8.10-8.11 of Chapter 8. To ensure the specified throat thickness when
the joint angle is less than 60°, the end of the brace member must be bevelled (clause 8.5.4).
In lattice joints, the throat thickness should be big enough to prevent the root side of the weld
from becoming critical in respect to fatigue (see clause 4.6.3.1). The reinforcing of lattice joints
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should be considered case by case. Reinforcing the components improves the static resistance
of the joint, but also generates discontinuities where stress concentrations arise. However,
when properly applied, it is also possible to improve the fatigue resistance with reinforcement
plates. More detailed instructions are presented in [6].

Example 4.1

Calculate the resistance of a hollow section

200x200x 8 subjected to a fatigue load ANg,. A Neq
non-loaded plate is welded to the side of the hollow

section. i

\

|

\

ﬁ

7]

Domex Tube Double Grade, which fulfills the EN
10219 requirements for both steel grades S420MH
and S355J2H. Thereby the design calculations
may be performed at designer’s own choice either
according to grade S420 or grade S355. Grade
8420 is chosen in this Example as design basis.

The steel grade of the hollow section is SSAB i

The load of the hollow section varies as follows:

ANEgq (kN) Number of load cycles (n;)
1 220 1,5-108
2 350 1108
3 50 1:107
The values of ANg4 presented herein do not include partial
safety factor for load g .

Assume the Safe life method is chosen and the possible failure would lead to high conse-
quences. Thereby the partial safety factor for resistance shall be:
Yy = 1,35 (Table 4.1)

In fatigue design the stresses are determined according to theory of elasticity. Calculate the
nominal stress range in the hollow section caused by the first load fluctuation:

AN, ga _ 220000 _

2
Ac, = 220000_ 37 1
1= 5024 i

For all load fluctuations correspondingly:

ANEgq (kN) Number of load cycles (n;) AC (N/mmz)
1 220 1,5-10% 37,1
2 350 1:10° 59,1
50 1-107 8,4
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Check the design condition given for fatigue assessment in respect to the maximum stress
range (condition (4.10)):

Yrr = 1,0  partial safety factor for fatigue load

Ve AG,, = 1,0-59,1 = 59,1 Nimm’ < 1,5f, = 1,5-420 = 630 N/mm’

OK
Perform fatigue assessment by the nominal stress method. The detail’s fatigue category for

a non-loaded welded plate attachment is 71, when the length of the plate is 75 mm (Table
4.7).

For normal stress range the fatigue limit in detail category 71 is (Figure 4.7):
Acy = 0,737-Ac. =0,737-71 = 52 Nimm® for constant-amplitude loading
Ao, = 0,405 -Ac. = 0,405-71 = 29 Nimm® for variable-amplitude loading

The fatigue assessment can be performed by using equivalent stress range ACy; 5 or by using
Palmgren-Miner damage sum. In this Example both methods shall be applied.

a) fatigue assessment by using Palmgren-Miner damage sum:

Stress range Ao falls on the less steep part of the S-N curve (m=35). The number of cycles
leading to failure can be calculated from formula (4.17) by setting Acg = Ac; whereby the
corresponding Ng ; can be derived. When also taking into account the partial safety factors,
the formula can be written in the following form (if the partial safety factor for load is al-
ready included in the original load values or stress ranges, it shall not be applied again any
more):

VAT AG AG
Np, = 5‘106(—0—}%) . for 2 >V AG, >_L
Yrr+ BO; Ymr Yy
N, = 5