CODE COMPARISON OF TS 648, EUROCODE 3 : PART 1.1
AND LOAD AND RESISTANCE FACTOR DESIGN - AISC
FOR
STEEL CONNECTIONS

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
THE MIDDLE EAST TECHNICAL UNIVERSITY

BY

HAKAN BAYRAM

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE DEGREE

OF
MASTER OF SCIENCE
IN
THE DEPARTMENT OF CIVIL ENGINEERING
o3t
DECEMBER 2001

g YiRE CaneT i KTRULD
POKUDIANTASYON




ABSTRACT

CODE COMPARISON OF TS 648, EUROCODE 3: PART 1.1
AND LOAD AND RESISTANCE FACTOR DESIGN-AISC
FOR
STEEL CONNECTIONS

BAYRAM, Hakan
M.S., Department of Civil Engineering
Supervisor : Prof.Dr. Engin Keyder
December 2001, 132 pages

In this thesis, three building codes for steel structures, namely TS

648, AISC-LRFD and EUROCODE 3: PART 1.1 are compared with
regard to structural steel connections.

First, the philosophies of the three different codes are discussed

and then the major differences for connection designs are stated. The

comparison is based on the live load to dead load ratio, which is the
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TS 648, EUROCODE 3: BOLUM 1.1 VE YUK VE DAYANIM
KATSAYILARI TASARIMI-AISC SARTNAMELERININ
CELIK YAPI BAGLANTILARI ICIN KARSILASTIRILMASI

BAYRAM, Hakan
Yiiksek Lisans, Ingaat Mithendisligi Boliimii
Tez Yoneticisi : Prof.Dr. Engin Keyder
Aralik 2001, 132 sayfa

Bu tezde, TS 648, AISC-LRFD ve EUROCODE 3: Bolim 1.1
sartnameleri ¢elik yapilarda baglantilar agisindan karsilastiriimagtir.

Oncelikle ti¢ sartnamenin baglant: tasarim kriterleri tartisiimis,
daha sonrada en 6nemli farkliliklar: belirtilmistir. Karsilastirmada esas
faktor hareketli yiik- zati yik orami olarak almmgtir. Dort farkl

baglant: tipi aragtinlmigtir. Sonug olarak, tagima giiciine gére tasarim
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CHAPTER1

INTRODUCTION

For the design of steel structures, the Allowable Stress Design
(ASD) method has been used for all types of steel structural members
in Turkey, in the United States, in Europe, and many other countries
around the world. Codes like TS648[1], AISC-ASD, DIN 18800, etc.
use Allowable Stress Design. In ASD approach, the load effects such
as bending moments, axial forces and shear forces and environmental
effects such as earthquake forces and thermal effects on structural
members are computed according to accepted methods of structural
analysis for the working loads specified by the appropriate codes and
the elastic stress caused by these effects on the structural members is
compared with the elastic capacities of these members. Elastic
capacities that are divided by a factor of safety are called the
allowable stresses. In allowable stress design approach, the allowable
stresses are increased for short term loading combinations such as the
earthquake force. However, only a single factor of safety is applied to

all load combinations, and this leads to a non-uniform safety margin.



The load and resistance factor design is a probabilistic approach for
the design of steel structures. It involves explicit consideration of limit
state, multiple load factors, and implicit probabilistic determination of
reliability. The designation LRFIj-AISC[Z] and Eurocodes reflects the
concept of factoring both the loads and material resistances. Factoring
both loads and resistances differentiate this approach from the Part 1
of the allowable stress design 1978 AISC Specification and the TS
648, where only resistances are divided by a common load factor. In
LRFD approach, the load and resistance factors exist to account for
the uncertainties and variabilities inherent in loads, analysis, limit-
state model, material properties, geometry, fabrication, erection and so
on. Different than the allowable stress method, which defines only one
uniform factor of safety for a limit state, LRFD employs multiple load
factors which provide a refinement in the design that can account for
the different degrees of uncertainties and variability of the design
parameters, and this offers the designer a greater flexibility, more
rationality, consistency and possible overall economy, especially for
varying load conditions.

Eurocode 3 Part 1.1[3] applies to the design of buildings and civil
engineering works in steel. The design rules are only concerned with
the requirements for resistance, serviceability and durability of such
structures.

Eurocodes are the European standards for structural design. Why
are Eurocodes necessary?[7] The establishment of international
standards for structural design is not a new idea. The process of
drawing up of the European design standards has been given a fresh

impetus with the drive towards the political and economic unification




of the EC. There are several advantages to be gained from having
design standards which are accepted by all member states. The first
and foremost reason is that the provisions of Eurocodes and the
associated European standards for construction products will help
lower trade barriers between the member states. This will allow
contractors and consultants from all member states to compete fairly
for work within Europe. This may lead to a pooling of resources and
the sharing of expertise, thereby lowering production costs. It is
further believed that such standards will boost the international
standing of European engineers which should help in increasing their
chances of winning contracts abroad. A further benefit is that these
codes make it easier for engineers to practise within all EC countries.
The main objective of this search is to examine the specification
Eurocode 3 Part 1.1 and AISC-LRFD code and compare them with the
code in use in Turkey, TS648. The comparison is made for the design

of connections.




CHAPTER 2

INTRODUCTION TO TS 648

TS648 is the specification for steel structures used in Turkey.
This code dictates the use of allowable stress method in the design of
members and connections. The allowable stress method (ASD) was
the first design method that was developed for the design of steel
structures. The criterion for acceptable design strength is that the
calculated maximum stress, assuming elastic behavior up to the
anticipated maximum loads, is kept lower than a specified allowable
stress. The allowable stress is intended to be less than the calculated
stress at buckling or yielding, by a factor of safety. Typical values of
this factor are 1.65 to 2.50[17]. By keeping the actual stress levels
under a fraction of some specified stress, such as yield stress, the
allowable stress method typically provides conservative results in

some cases and liberal results in some others.

2.1  Introductory Comments on TS648

Ordinary structural steel and high strength steels are all included
in this code. Ordinary structural steel is designated by Fe37. The



physical and chemical properties of ordinary structural steel are
provided in TS908, TS909, TS910, TS911, TS912, TS913 and TS
2162[17].

TS648[1] covers all structures with load carrying components
having a minimum thickness of 4 mm and their connections.
Temporary and re-locatable structures are also included. Special
purpose structures such as highways and railroad bridges, cranes and
transmission towers are not covered by TS648.

TS648 permits the designer to select his/or her method of
analysis provided that results are not contrary to the code regulations
and that the material is assumed to be linearly elastic. In case the
designer uses uncommon formulas, reference must be given.
Otherwise it becomes necessary to explain the formulas in sufficient

detail.

2.2  Design Loads

TS648 refers to TS498 for the design loads. According to
TS648, the loads that a structure is to resist are divided into two
groups:

e Main Loads (EY): They include dead load, live load (snow load
included but not together with the wind load), inertial forces of
machines.

o Superimposed Loads (EIY): Wind load, earthquake load, break
force, horizontal force component (i.e., cranes), loads of cranes

that are seldomly used in mounting and repairing jobs (the dead




load and repetitive load of such cranes belong to the first group),

operational and atmospheric effects.

There are two types of loading cases to be considered for stress
analysis and stress checks:

e Loading case EY: This case consists of all main loads acting on the

structure.
e Loading case EIY: This case consists of all main loads and

superimposed loads acting on the structure.

The allowable stresses for these two cases are generally different.
If, apart from its own dead weight, a structure is subjected to
superimposed loads only, the largest one of these superimposed loads
is treated as a main load. The loading case which results in the largest
cross section shall be used for design. In general, stresses and support
reactions shall be determined separately for each loading case. The
sections are selected for the governing case. After selection is
completed, maximum stresses are determined and they are compared
with the allowable stresses. Allowable stresses for EIY are 15%
higher than the EY case.

2.3 Basis of Design

For an acceptable design, it is necessary to go through the
following checks:
e Stress checks,
e Stability checks,




e Deflection checks.

These checks shall be made during the construction, shipping,
assembly, and operation stages. Stress analysis is made for each one
of the EY and EIY loading cases separately.

In this thesis work, the primary concern is the connection design.

So the text will go on with this subject, hereafter.

2.4 Connections

The purpose of the connectors is to transmit the stresses from a
structural member to another safely, and thereby make them to act as a
unit. Bolts and the welds are the common type of connectors used in
today’s design media. In the selection of the specific type of
connector, the designer should consider the following:

o Connection strength required,

e Space limitations of the connection,

e Available work force to fabricate and erect the structure,
o Service conditions and

e Total cost of the installation.

2.4.1 Bolted Connections

Bolts are short pieces of round steel bars with generally a
hexagonal head at one end and a threaded portion at the other. Nuts
are used to secure the bolts in place. For a better distribution of
pressure and keeping the threaded part outside the grip, washers are

used between the nut and the plate.




2.4.1.1 Types of Bolts

There are several type of bolts which can be used for connecting
structural steel members. These include unfinished bolts, turned bolts,
ribbed bolts, interference bolts and high-strength bolts.

High-strength bolts are the most popular types used in today’s
steel construction area. These bolts made from 10K and 8G steel. In
the US, they are designated by ASTM as A325 and A490 bolts. 10K
high-strength bolts have an ultimate tensile strength of 10000 kg/cm®
and a yield strength of 9000 kg/cm?. These bolts are heavy hexagon-
head bolts used with heavy semi-finished hexagon nuts. They may be
tightened to develop high tensile stress in them which results in a
predictable clamping force on the connection. This permits the loads
to be transferred by friction. For the design of this type of bolt, TS648
refers to DIN 1050.

The bolts can be classified on the basis of the mode of the load
transmission. They may be subjected to shear or tension. If the load is
transmitted through the bearing between the plate and the shank,
producing shear in the connector, connector is said to be in shear. If
the load is transmitted through the bearing between the plate and the
head of the fastener, the fastener will undergo tension.

In bolted type of structures, two type of joint can be mentioned.
When the load is transmitted by shear in only one section in a bolt, the
connection is called a “Lap Joint”. The bolt is in single shear in this
type of joint. If the bolts connect three members, then the joint is

called a “Butt Joint” and the bolts are in double shear.




2.4.1.2 Modes of Failure

The following modes of failure are observed in the simple (lap
or butt) type of bolted connections:
e Tension failure of the connected member,
e Shear failure of the bolt,
e Bearing failure of the bolt,
e Bearing failure of the connected members,
e Shear-out failure of the connected members,
o Tension failure of the bolts.

Normally, minimum edge distance limitation prevents shear-out
failure, that is also called Block-Shear Failure, so the shear-out
stresses need not to be checked. Tension failure of the connected
members is prevented by using net cross-sectional area in the design

of the member. Therefore, only shear, bearing and tensile stresses
should be checked.

2.4.1.3 Spacing Limitations

Different spacing limitations are given for various type of
fasteners. In general there are two types of fasteners: load carrying
fasteners and stitch fasteners. The notations used in the Turkish Code
will be explained next.

The fastener hole diameter and the minimum plate thickness are
denoted by d; and t.;, respectively. “e” is the center-to-center spacing
of fasteners in a direction parallel to the applies load. “g” is the center-

to center spacing of fasteners in a transverse direction to the




appliedload and usually taken as in between 3d; and 3.5d, in Turkish
practice. “el” is the edge distance in a direction parallel to the applied
load and “e2” is the edge distance in a transverse direction to the
applied load.

The specified distances are presented as Table 14 in TS648. For
load carrying and stitch fasteners (do not carry load), the minimum

and maximum spacings are tabulated as follows;

Table 2.1 Minimum and Maximum Spacings for Load

Carrying Fasteners
Spacing Minimum Maximum
€ 3d, 8d; or 15tn
€ 2d, 3d; or 6ty

Table 2.2 Maximum Spacings for Stitch Fasteners

Spacing Compression Members Tension Members
e 8d; or 15tnin 12d; or 25tmin
e 3d; or 6tmin 3d; or 6tmin
e 3d, or 6tmin 3d, or 6tmin

10




As a reminder, the bolt hole diameter is taken 1mm larger than

the diameter of the bolt.
2.4.1.4 Design Considerations and Allowable Stresses
The factors determining the strength of a fastener are its
diameter and the thickness and the arrangement of the pieces being
connected.
For lap joints, the allowable shear load per bolt is given by,
Nem=(7/4) d Ten (2.1)
and the allowable bearing load per bolt is given by,
Nez =d tm'm Gez ( 2.2 )
For butt joints, the allowable shear load per bolt is given by,
Nem=2(7n/4)d* Ten (2.3)
and the allowable bearing load per bolt is given by,

Nez = d tmin ez (2.4)

where, d = diameter of the bolt,

tmin = minimum plate thickness,

11




Tem = allowable shearing stress,

O, = allowable bearing stress.

Allowable Stresses:
The nominal stresses in the fasteners are defined as the
total load coming to the fastener divided by the area involved in a
particular type of failure.
The allowable stresses for rivets as specified by TS648 are
given in the Table 2.3. However, nowadays, rivets are no longer as

popular as bolts.

Table 2.3 Allowable Stresses for Rivets
According to TS648 (kgf/em?)

Rivet Steel Rivet Steel
St 34 St44
Loading EY EIY EY EIY
Shear, Tem 1400 1600 2100 2400
Bearing, o.; | 2800 3200 4200 4800
Tension, Geem 480 540 720 810

12



Allowable stresses that are given by TS 648 for unfinished (black)
bolts, turned bolts and anchorage bolts subjected to different loading

conditions are given as follows:

Table 2.4 Allowable Stresses for Bolis
According to TS648 (kgf/cm?)

St38or4D |[St38 or4D | St 52 or 5D Anch
Unfinished Turned Turned ;; (l)trage
Bolts Bolts Bolts OHs

Loading EY | EIY | EY |EIY| EY |EIY| EY | EIY
Shear, e, | 1120 | 1260 | 1400 {1600| 2100 (2400 - -
Bearing, c., | 2400 | 2700 | 2800 |3200{ 4200 |4800| - -

Tension, oeem | 1120 | 1120 | 1120 |1120| 1500 {1500| 1120 | 1120
For St37 | For St 52

The allowable stresses for high-strength bolts are not included in
this table. The allowable stresses either refer to American or German
specifications.

In a high-strength bolted connection, loads are carried by either
friction or shear or bearing. Therefore in the specifications these type
of bolts are classified as friction type or bearing type bolts. For the
friction type bolts, there is a high factor of safety against slippage, and
for bearing type this factor of safety is reduced. Thus, the allowable

shearing stresses for bearing type are equal to or larger than those for

13



friction type showing that bearing type gives better economy due to
requirement of less number of bolts in a connection.

The
specification for high strength bolts are given in Tables 2.5, 2.6 and
2.7.

allowable and classification according to German

Table 2.5 Allowable Shear Stresses, Tem for SL and SLP Bolts (kgf/cmz)

SL SLP

Loading

EY

EIY

EY

EIY

Shear, Tey

2400

2700

2800

3200

Table 2.6 Allowable Bearing Stresses, o, for SL and SLP Bolts (kgf/cm?)

St 37 St 52
Type Preload EY EIY EY EIY
0 2800 | 3200 | 4200 | 4700
SL > 0.5 Py 3800 | 4300 5700 | 6400
0 3200 | 3600 | 4800 | 5400
SLP >0.5Py 4200 | 4700 6300 | 7100

Table 2.7 Allowable Bearing Stresses, o, for GV and GVP Bolts (kgf/cmz)

Gez

Connected Material
St 37 St 52
EY EIY EY EIY
4800 5400 7200 8100

14




SL and SLP type high-strength bolts are designed for shear and
bearing. Shank and threaded parts for these bolts are specified in DIN
7968. If the difference between the hole diameter and shank diameter
is less than or equal to 1.0 mm, this bolt is defined as SL type. If the
difference between the hole diameter and shank diameter is less than
or equal to 0.3 mm, this bolt is defined as SLP type.

GV and GVP type high-strength bolts are used for the friction
type of connections. If the difference between the hole diameter and
shank diameter is less than or equal to 1.0 mm, this bolt is defined as
GV type. If the difference between the hole diameter and shank
diameter is less than or equal to 0.3 mm, this bolt is defined as GVP
type. GV bolts carry loads only by friction. GVP bolts carry loads not
only by friction but also by shear and bearing.

2.4.2 Welded Connections

Welding is a process of joining metal parts by means of heat and
pressure which causes fusion of the parts (resistance welding), or by
heating the metal to the fusion temperature, with or without the
addition of weld metal (fusion welding). Fusion welding usually
employs either an electric arc or an oxyacetylene flame to heat the
metal to the fusion temperature. The electric arc is used for most
structural welding.

Welds are classified according to their types, their position and

types of joints.

15




2.4.2.1 Classification of Welds

Types of Welds :

A groove or butt weld is made in the opening, that is called a
groove, between two parts being joined. To use groove welds in every
situation would mean that the members would have to fit almost
perfectly which is most generally not the case. For this reason, groove
welds constitute roughly 15 percent of the total weld usage. Fillet
weld, which is triangular in shape, joins surfaces which are at an angle
with one another. Fillet welds are more economical and fabricated
more easily. They generally require less precision in the “fitting up”
since the plates do not need special preparation. A plug weld is made
by depositing weld metal in a circular hole in one of two lapped
pieces. The hole must be filled completely. A slot weld is similar, the
only difference being that the hole is elongated. Holes and slots can
also be fillet-welded around the circumference, but these are not plug
or slot welds. The two latter ones are occasionally used in lap joints
when the desired length of fillet welds can not be obtained. They are

also useful in preventing overlapping parts from buckling.

Position of Weld :

According to the positions, welds can be classified as being flat,

horizontal, vertical and overhead. The flat welds are the most

16




economical welds. Welding in the flat position is executed from
above, the weld face being approximately horizontal. The horizontal
position is similar, but the weld is harder to make. Work in the
overhead position is from the underside of the joint; this is the most
difficult weld to make. The longitudinal axis of the weld is vertical in

vertical-position welding.

Type of Joint :

Welded joints are classified as butt, lap, tee, corner and edge. The
butt joint is groove-welded, while the lap joint is fillet-welded. The tee
joint can be groove-welded or it can be fillet-welded with one fillet on
each side. Edge joints are generally not used for structural purposes.
They are for keeping two or more plates in a given plane or
maintaining initial alignment.

Many types of welding processes are used in arc welding. They
are manual or automatic[17]. Other terminology, such as shielded-
metal-arc welding (SMAW) or submerged-arc welding (SAW), is also
used.

Most manual welding (stick welding) is performed with the
shielded-metal arc process. In this process the electrode is placed in an
electrode holder to establish electrical contact and positioned by the
welder. Shielding is obtained by the use of electrodes heavily coated
with a material of such composition that large quantities of gas are
produced in the heat of the arc.

Automatic arc-welding processes produce high quality welds at
very high welding speeds. They are commonly used in construction

and fabrication.

17



2.4.2.2 Design Requirements and Allowable Stresses

Turkish specifications on welding are given in TS 3357 which
covers all welded steel constructions subject to, generally, stationary
loads.

General Provisions :

TS 3357 is valid only for St 37 and St 52 structural steels. If St

33 steel is used then the allowable stresses shall be half of those given

below. St 37 plates thicker than 30 mm and St 52 plates thicker than
25 mm require special welding tests for bending check before they are
used in welded structures.

According to TS 3357, for the following cases, there is no need
to check the resultant stress c,:
i) In fillet welds where o=0 or =0
ii) In a connection which is subject to moment, shear force and axial

force, if the following assumptions are made:

1. Moment is carried by the flange welds

2. Shear force is carried by the web welds.

3. Axial force is carried by all welds.

iii) The values of & andy/ 1°+1,,> are those given in Table 2.8.

Table 2.8 Allowable Stresses (kg/cmz)

Type of Steel
St 37 St 52

o and ,112 + 1442 750 1200

o +\; 2 + 144 1100 1700

18




Table 2.9 Allowable Stresses in Welds (kg/cm?)

Type Type Type of Steel
of of St 37 St 52
Weld Stress EY EIY EY EIY

1- Butt Welds,
K-Welds Compression | 1400 | 1600 | 2400 | 2700

Compression,
2- Fillet Welds Tension, 1100 1250 1700 1900
Resultant
3- All Welds Shear 1100 | 1250 1700 | 1900

Tp > Lap Joint (Single Shear)

ﬂi T j'——w Butt Joint (Double Shear)
P

Figure 2.1 Types of Joints for Bolted Connections

Groove Weld

Fillet Weld

Figure 2.2 Types of Welds
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CHAPTER 3

INTRODUCTION TO EUROCODE 3 PART 1.1

This chapter describes the contents of Part 1.1 of Eurocode 3[3],
the new European standard for the design of buildings in steel. First, a
general information is given in introduction part and then the

connection design is explained in detail in the connection part.

3.1 Introduction

3.1.1 Scope of Eurocode 3 Part 1.1

Eurocode 3 (EC3) applies to the design of buildings and civil
engineering works in steel. It is based on limit state principles and
comes in several parts as shown in Table 3.1. The Eurocode is only
concerned with the requirements for resistance, serviceability and
durability of structures. Other requirements, e.g. concerning thermal
and sound insulation are not considered.

Eurocode 3 does not cover the special requirements of seismic

design. Rules related to such requirements are provided in ENV 1998
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Eurocode 8 “ Design of structures for earthquake resistance” which

adapts the rules of Eurocode 3 specifically for this purpose.

Table 3.1 Overall Scope of Eurocode 3

Part | Subject

1.1 | General rules and rules for buildings
1.2  |Fire resistance

1.3 | Cold formed thin gauge members and sheeting
Bridges and plated structures
Towers, masts and chimneys

Tanks, silos and pipelines

Piling

Crane Structures

Marine and maritime structures
Agriculture

OO\ [WIN

Part 1.1 of Eurocode 3 gives a general basis for the design of
buildings and civil engineering works in steel. Part 1.1 of Eurocode 3
is hereafter referred to as EC3. It was first published in draft form in
1984 and then a European pre-standard, reference no. DD-ENV 1993-
1-1: 1992, in September 1992.

EC3 is published in two volumes and deals with the following

subjects:

Volume 1:
Chapter 1: Introduction (covers layout of code, important
conventions and assumptions.

Chapter 2: Basis of Design
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Chapter 3:
Chapter 4:
Chapter 5:
Chapter 6:
Chapter 7:
Chapter 8:
Chapter 9:

Volume 2:

Annex B:
Annex C:
Annex E:
Annex F:
Annex J:
Annex K:
Annex L:
Annex M:
Annex Y:

There are two types of Annex in EC3: normative and
informative. Normative Annexes have the same status as the main
body of the text, while the Informative Annexes provide additional

information. The Annexes generally contain more detailed material or

Materials

Serviceability Limit State

Ultimate Limit State

Connection Subjected to Static Loading
Fabrication and Erection

Design assisted by Testing

Fatigue

Reference Standards

Design against Brittle Structure

Buckling Length of a Compression Member
Lateral-torsion Buckling

Beam to Column Connections

Hollow Section Lattice Girder Connections
Column Bases

Alternative Method for Fillet Welds

Guidelines for Loading tests

material which is used less frequently.

22




3.1.2 Distinction between Principles and Application Rules

In order to produce a document which is concise, describes the
overall aims of the design and gives specific guidance as to how these
aims can be achieved in practice, the material in EC3 is divided into
‘principles’ and ‘application rules’.

Principles are general statements, definitions, analytical
methods, etc. for which no alternative is permitted. The principles are
printed in roman type.

Application rules are generally recognized rules which follow
the principles and satisfy their requirements.

Application rules each contain one suggested method for
satisfying the corresponding principle. It is permissible to use
alternative design rules provided that it can be shown that they satisfy
the relevant principles and do not negate the other aspects, e.g.

serviceability, durability, of the structure.

3.1.3 Assumptions

In EC3, the following assumptions are specified at the
beginning.
o Structures are designed by appropriately qualified and experienced
personnel.
o Adequate supervision and quality control is provided in factories,
in plants and on site.
o Construction is carried out by personnel having the appropriate

skill and experience.
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e The construction materials and product are used as specified in
EC3 or in the relevant material and product specifications.

e The structure will be adequately maintained.

e The structure will be used in accordance with the design brief.

3.1.4 Units

S.I. units shall be used. (kN, m and kg/m’, etc.)

3.1.5 Basis of Design

In EC3, there are some fundamental requirements specified for
a sound design. A structure shall be designed and constructed in such
a way that two basic conditions should be fulfilled.

First, with acceptable probability, it will remain fit for the use
which it is required, having due to regard to its intended life and its
cost.

Secondly, with appropriate degrees of reliability, it will sustain
all actions (loads) and influences likely to occur during construction
period and service period and adequate durability in relation to
maintenance costs.

These two basic items in design stage can be satisfied by the
choice of materials, by appropriate design and detailing and by

specifying control procedures for production, construction and use.
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EC3 is a limit state code in which the principles and rules are

given for the verification of Serviceability Limit State (SLS) and
Ultimate Limit State (ULS)[7].

The limit states are the states beyond which the structure no

longer satisfies the design performance requirement.

The principal serviceability limit states in Eurocode 3 are listed

below.

Deformations or deflections which affect the appearance or
effective use of the structure;

Vibrations, oscillation or sway (i.e. dynamic effects) which
causes discomfort to the occupants of a building or damage to its
contents;

Damage to finishes or non-structural elements due to
deformations, deflections or dynamic effect.

The principal ultimate limit states for steel structures and

components are also listed below.

@

Static equilibrium of the structure,

Rupture or excessive deformation of a member,

Transformation of the structure into 2 mechanism,

Instability induced by the second-order effects, e.g. lack of fit,
thermal effects, sway;

Fatigue,

Accidental damage (may include fire resistance).

In the context of elemental design, the designer is principally

concerned with the ultimate limit states which affect the strength of

the member, e.g. yield, buckling and rupture and the serviceability

limit state of deflection.
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3.1.6 Actions

Before proceeding with load cases considered in Eurocode 3,
the term ‘action’ is defined. All the details about actions are
introduced in Eurocode 1 : Basis of Design and Actions on Structures.

An action means two things. Firstly, it may be a force or a load
that is applied to a structure. This one is also called as direct action.
Secondly, it may be an imposed deformation, e.g. temperature effects
or differential settlement. This one is also termed as indirect action.
The letter “F” stands for the action in Eurocode terminology.

Actions are classified in three groups. First one is the permanent
actions. The letter “G” stands for permanent actions in Eurocode
terminology. It comprises such loads as self-weight of structures,
fittings, ancillaries and fixed equipment, etc. The second group of
actions are called as variable actions. The letter “Q” represents this
type of actions. Imposed loads, wind load and snow load can be
thought as this type of loading. The letter “q” is used for imposed
loads in Eurocode terminology, and the letters “w” and “s” are used
for wind loads and snow loads, respectively.

The term ‘characteristic value of an action’ means the real
naked values and not factored by the partial safety factors, yet. Fy
stands for the characteristic value of an action. The characteristic
values of actions are either specified in Eurocode 1 or other relevant
loading codes, or by client or the designer in consultation with the
client, provided that the minimum provisions specified in the relevant

loading codes or by the competent authority are observed.
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The ‘design values of actions’ are obtained by multiplying the
characteristic actions by the appropriate partial safety factor for

actions. It can be expressed in general terms as follows;
Fa=v¢*Fx (3.1)

where F.  isthe characteristic, i.e. unfactored value of
action.
vs  1is the partial safety factor for the action considered
by taking into account of the possibility of
unfavorable deviations of the actions, the
possibility of inaccurate modeling of the actions
and uncertainties in the assessrhent of the limit

state considered.

Another term used in Eurocode 3 is ‘the effects of actions’ that
is denoted by letter “E”. The effects of actions are responses of the
structure to the actions. Examples of these responses are internal
forces and moments, stresses, strains, deflections and rotations.
Design values of the effects of actions are determined from the design
values of actions, geometrical data and material properties. "E4” is the

letter used to denote the design values of actions.
3.1.7 Material Properties

Table 3.2 shows the characteristic yield and ultimate strength

of structural steelwork recommended for use by Eurocode 3.
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Table 3.2 Nominal Values of Yield Strength, fy, and Ultimate Tensile
Strength, f,, for Structural Steel to EN 10025

. Thickness, t (mm)
;‘;‘;:nal steel t<40 mm 40 mm<t < 100 mm
£, Nmm®) | £ NVmm®) | £, QV/mm®) f, N/mm”)
Fe 360 735 360 215 340
Fe 430 275 430 255 410
Fe 510 355 510 335 490

t is the nominal thickness of the element
- of the flange of rolled sections
- of the particular elements of the welded sections.

fy = yield strength
fu = ultimate tensile strength

The table above is arranged in accordance with BS EN
10025:1990. The latest version, BS EN 10025:1993, uses “S” instead
of “Fe”. For example, the designation S275 is used in stead of Fe 430
and S355 is used in stead of Fe 510. For the new designation style,
numeric character shows the yield strength of the steel grade used.

The below table shows the typical material coefficients used in

the design.

Table 3.3 Design Values of Material Coefficients

Modulus of elasticity E= 210000 Mpa
Shear modulus G= 81000 Mpa
Coefficient of thermal expansion |a= 12¥10° 1/C
Density p= 7850 kg/m’
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In Eurocode 3, the material properties for steel structures are
generally represented by the nominal values used as characteristic
values, i.e. unfactored. X is used to denote this feature.

For steel structures, the design resistance, Ry, is generally
determined directly from the characteristic values of the material

properties and geometrical data as follows:

Rd = R(Xka aka'-') / Y™ (32)

where vy is the partial safety factor for the resistance
that are introduced in Table 3.4.
X isthe characteristic values of the material
properties.

ax is the characteristic values of the geometrical data.

Table 3.4 Partial Safety Factors for the Resistance

- at Ultimate Limit States:
- resistance of class 1,2 or 3 cross-sections vmo = 1.1
- resistance of class 4 cross-section i = 1.1
- resistance of members to buckling v = 1.1
- resistance of net sections at bolt holes vz = 1.25
- resistance of bolted connections yme = 1.25
- resistance of welded connections Tvw = 1.25
- at Serviceability Limit States:
- slip resistance of preloaded bolts YMs.ser = 1.1
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3.1.8 Classification of Cross-sections

For a designer the usual procedure is to choose a cross-section
in such a way that the maximum capacity is not controlled by local
buckling but is associated with the bearing load of a particular
member of the structure. Therefore, the local buckling plays an
important role in the design of structural steel. The critical level over
which local buckling appears is defined by the classification of cross-
sections.

For the check of cross-sections and members at Ultimate Limit
State, the steel cross-sections shall be classified. The classification of
cross-sections allows to evaluate beforehand their behavior, their
ultimate resistance and their deformation capacity, taking into account
the possible limits on the resistance due to local buckling of the
compression elements of cross-sections.

The classification of cross-section permits to guide the selection
of the global analysis of the structure, i.e. elastic or plastic global
analysis. It also allows to determine the criteria to be used for ultimate
limit state checks of the cross-sections and members, e.g. utilization of
the partial safety factors.

Four classes of cross-section are defined according to the
slenderness of its compression elements (width-over-thickness ratios
of web or flange), the yield strength of steel and the applied loading.

‘Class 1 cross-sections’ are those which can form a plastic
hinge with the rotation capacity required for the plastic analysis.

‘Class 2 cross-sections’ are those which can develop their

plastic moment resistance, but have limited rotation capacity.
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‘Class 3 cross-sections’ are those in which the calculated
stresses in the extreme compression fiber of the steel member can
reach its yield strength, but local buckling is liable to prevent
development of the plastic moment resistance.

‘Class 4 cross-sections’ are those in which it is necessary to
make explicit allowances for the effects of local buckling when
determining their moment resistance or compression resistance.

The ultimate resistance of cross-sections and of members
submitted to bending and/or compression, depends on class of cross-

sections and is based on the properties tabulated below.

Table 3.5 Properties of Cross-sections

Distribution of stresses | Cross-section properties| ULS partial

across the section for ULS check formulas | safety factors
- full plastic distribution )
Class 1 or 2 y Plastic prop. (Wp) YMO
- at the level of yield str.

- elastic distribution
Class 3 - with yield str. reached Elastic prop. (Wer) Mo

in the extreme fiber

- elastic distribution

across the effective sect.

considering local )
Effective
Class 4 buckling YM1
.y prop.(Aets, Wes)
- with yield strength

reached in the extreme
fiber.
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3.1.9 Design Requirements

In order to achieve a proper design in accordance with the
Eurocode 3, it shall be verified that no relevant limit state is exceeded.
All relevant design situations and load cases shall be considered.
Possible deviations from the assumed directions or positions of
actions shall be considered. Calculations shall be performed using
appropriate design models involving all relevant variables. The
models shall be sufficiently precise to predict the structural behavior,
commensurate with the standard of workmanship likely to be
achieved, and with the reliability of the information on which the
design is based.

For serviceability limit state, it shall be verified that :

Eq < Cq (3.3)

where Eq is the design effects of actions determined on the
basis of one of the load combinations given in
Table 3.6
C4 is anominal value or a function of certain
properties of materials related to design effect of

actions considered.

For example, Ey may be mid-span deflection of a beam, and the

Cg4 will be the limiting value for deflection, say L/200.
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Table 3.6 Combinations of Actions for Serviceability Limit State

Load combinations to be considered:

Gy- permanent actions, e.g. self-weight

1 ZGix + Qumax Q —variable actions, e.g. imposed

loads, snow loads, wind loads

2. G + 0.92Qx Qu max — the variable action which

causes the largest effect

For the ultimate limit state, considering a limit state of rupture
or excessive deformation of a section, member or connection, it shall

be verified that:

Sq¢ <Ry (3.4)

where S;  is the design value of an internal force or moment
determined on the basis of one of the load combinations
given in Table 3.7

Ry  is corresponding design resistance.

For example, Mgy < Mpgq should be satisfied. Mgy is the design
moment and Mgy is the design resisting moment.

For the ultimate limit state, the load combinations are given in
Table 3.7.
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Table 3.7 Combination of Actions for Ultimate Limit State

Load combinations to be considered:

Y6* ZGx + vQ™ Qrmax
1. 1.35%2Gy +1.50* Qumax

v6* ZGx + 0.9 yo* Qx
2. 1.35%2Gg +1.35% Qx

If the dead load G counteracts the
Variable action Q, e.g. wind load,

il 1.00

If the variable load Q counteracts the
dominant loading,

Q= 0.00

The load combination which gives the
largest effect (i.e. internal forces or

moment) is decisive.

Gy- permanent actions, e.g. self-weight

Qg —variable actions, e.g. imposed

loads, snow loads, wind loads

Qx.max — the variable action which

causes the largest effect

Yc — partial safety factors for
permanent loads

Yq — partial safety factors for
variable loads

3.2 Design of Connections

In this part, design of connections subjéct to static loading in

accordance with Eurocode 3 Part 1.1 is emphasized in more details.

Firstly, some basic design ideas about connections are given and then

general points are presented such as applied forces and moments to

connections, how they resist to these forces, design assumptions

which are fundamental in all aspects and finally remarks on

fabrication and erection of steel structures.
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3.2.1 Basis of Design

All connections shall have a design resistance such that the
structure remains effective and is capable of satisfying all the basic
design requirements.

The partial safety factors concerning the resistances of bolts,
welds and slip resistance of preloaded bolts are given in Table 3.4.

In order to get the forces and moments applied to the
connections, global analysis of the structural system shall be carried
out in accordance with Eurocode 3. These applied forces and moments
shall include second order effects, the effects of imperfections and
effects of connection flexibility in the case of semi-rigid connections.
Having obtained these force resultants, the connections may be
designed by distributing the internal forces and moments in whatever
rational way is best. In order to achieve this, there are some
fundamental points to be taken under consideration. First one is that
the assumed internal forces and moments are in equilibrium with the
applied forces and moments. Second one is that each element in the
connection is capable of resisting the forces or stresses assumed in the
analysis. Third one is that the deformation implied by this distribution
are within the deformation capacity of the fasteners or welds and the
connected parts. The last point is that the deformation assumed in any
design model based on the yield lines are based on rigid body
rotations and in-plane deformations which are physically possible. In
addition, the assumed distribution of internal forces shall be realistic
with regard to relative stiffnesses within the joint. The internal forces

seek to follow the path with the greatest rigidity. This path shall be
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clearly identified and are consistently followed throughout the design
of the connection. Also another point is that the residual stresses and
stresses due to ordinary accuracy of fit-up need not normally be
allowed for.

The resistance of a connection is determined on the basis of
resistances of the individual fasteners or welds. Linear elastic analysis
is generally used in the design of connections. As an alternative to this
procedure, non-linear analysis of the connection can be employed
provided that it takes into account of the load deformation
characteristics of all the components of the connection.

In the design of connections, there are points to be considered
with regard to ease of fabrication and erection. Attention should be
paid to the clearances necessary for safe erection and for tightening
fasteners, the need for access for welding. Moreover, all inspections,
surface treatment and maintenance of the connections should be
followed closely.

Another point while making a connection design is to arrange
the meeting of members at a joint coincident with their centroidal axes
intersecting at a point. In case of an eccentricity, this should be taken
into account. In the case of joints with angles or tees connected by at
least two bolts at each connection, the setting out lines for the bolts in
the angles or tees may be substituted for the centroidal axes for the

purpose of intersection at the joints.

3.2.2 Classification of Connections

Connections may be classified by considering two criteria. One

is rigidity and the other one is strength.
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In terms of rigidity, three types of connections are defined.
These are nominally pinned connections, rigid connections and semi-
rigid connections. A nominally pinned connection is designed in such
a way that it can not develop significant moments which may
adversely affect members of structure. They should be capable of
transmitting the forces and free of rotation. A rigid connection, on the
other hand, is designed on the basis that its deformation has no
significant influence on the distribution of internal forces and
moments in the structure. The deformations of rigid connections
should be such that they do not reduce the resistance of the structure
by more than 5 %. The semi-rigid connections are the ones which do
not meet any of the criteria mentioned for both pinned and rigid
connections. This type of connections should provide a predictable
degree of interaction between the members based on the moment-
rotation characteristics of the joint.

Another criteria for the classification of joints is strength. There
are again three types defined in terms of strength. These are nominally
pinned connections, full-strength connections and partial strength
connections. Pinned connections do not allow the development of the
moment. They have enough rotation capacity to enable all the
necessary plastic hinges to form under the design loads. Full strength
connections should provide design resistance not less than that of the
member connected. The rigidity of a full-strength connection should
be such that, under the design loads, the rotations at the necessary
plastic hinges do not exceed their rotation capacities. The last type of
connection is partial strength connections. The design resistance of

this type of connections shall not be less that that necessary to transmit
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the calculated design forces and moments, but may be less than that of
the member connected. Moreover, the rotation capacity of a partial
strength connection which occurs at a plastic hinge location shall not
be less than that needed to enable all the necessary plastic hinges to
develop under the design loads.

3.2.3 Bolted Connections

The nominal values of the yield strength, f;, and ultimate

tensile strength, f,, of bolts are shown in Table 3.8.

Table 3.8 Nominal Bolt Strengths

Bolt grade f,5 (N.mm™) fipo (N.mm™)
46 240 400
4.8 320 400
5.6 300 500
5.8 400 500
6.8 480 600
8.8 640 800
10.9 900 1000

The nominal clearances in standard holes for bolted connections
and the nominal clearances in oversize holes for slip-resistant

connections should be as shown in Table 3.9.
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Table 3.9 Clearances in Holes for Fasteners

Standard holes Oversized holes
for bolted connections for slip-resistant connections
Bolt diameter (mm) | Clearance (mm) | Bolt diameter (mm) | Clearance (mm)
M12-M14 1 M12 3
M16-M24 2 M14-M22 4
M27 and larger 3 M24 6
M27 and larger 8

3.2.3.1 Positioning of Bolts
The next subject is the positioning of the bolts. It should be such
that no corrosion and local buckling take place. Also it should ease the

installation of the bolts.

Minimum End Distance:

The end distance, e;, from the center of a fastener hole to the
adjacent end of any part, measured in the direction of load transfer,
should not be less than 1.2d,, where d, is the hole diameter. The end

distance should be increased to provide adequate bearing resistance.
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Minimum Edge Distance:

The edge distance, e,, from the center of a fastener hole to the
adjacent edge of any part, measured at right angle to the direction of
load transfer should not be less than 1.5d,.

Maximum End and Edge Distances:

Under normal conditions, the end and edge distances should not
exceed 12t or 150 mm, whichever is larger, where t is the thickness of
the thinner outer connected part. Also, edge distance should not also
exceed the maximum to satisfy the local buckling requirements for an

element.

Minimum Spacing:

The spacing between, p;, the centers of fasteners in the direction
of the load transfer should not be less than 2.2d,,.

The spacing, p;, between the rows of fasteners, measured
perpendicular to the direction of load transfer should not be less than

3.0d,.

Maximum Spacing in Compression Members:

The spacing, p;, of the fasteners in each row and spacing, p,,
between row of fasteners should not exceed the lesser of 14t or 200

mm. Adjacent rows of fasteners may be symmetrically staggered.
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Moreover, the center-to-center spacing of fasteners should not
exceed the maximum width which satisfies the local buckling

requirements for an internal element.

Slotted Holes:

The minimum distance, e;, from the axis of a slotted hole to the
adjacent end or edge of any part should not be less than 1.5d,.

The minimum distance, e4, from the center of the end radius of
a slotted hole to the adjacent end or edge of any part should not be less
than 1.5d,.

3.23.2 Categories of Bolted Connections

Eurocode 3 categorizes the bolted connections as shear carrying
connections and tension connections. Category A, B and C include the
shear connections. Category D and E include the tension connections.

Category A consists of bearing type of bolted connections.
Ordinary bolts and high strength bolts of all grades shall be used as
this type. No pre-loading and special provisions for contact surfaces
are required. The design ultimate shear load shall not exceed design

shear resistance nor the design bearing resistance.

Fysa £Fyra (3.5)
Fysa £ Fora (3.6)
where Fysq¢ = design shear force per bolt for the ultimate limit
state.
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Fyrq = design shear resistance per bolt.

Fore = design bearing resistance per bolt.

In Category B, the bolted connections are required to be slip-
resistant at serviceability limit state. Pre-loaded high strength bolts
with controlled tightening shall be used. Slip shall not occur at the
serviceability limit state. The design serviceability shear load shall not
exceed the design slip resistance. In addition to this check, the design

ultimate shear load shall not exceed design shear resistance nor the

design bearing resistance.
Fv.Sd.se:r < Fv.Rd.ser (37)
Fysd <Fyrd (3.5)
Fysds <Fpra (3.6)
where F, saser= design shear force per bolt for the serviceability
limit state.

F, ra.ser= design slip resistance per bolt for the

serviceability limit state.

In Category C, the bolted connections are required to be slip-
resistant at ultimate limit state. Pre-loaded high strength bolts with
controlled tightening shall be used. Slip shall not occur at the ultimate
limit state. The design ultimate shear load shall not exceed the design

slip resistance nor the design bearing resistance.
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Fysa £ Fsra (3.8)
Fysd < Fpra (3.6)

where Fsra = design shear force per bolt for the ultimate

limit state.

Category D consists of tension connection with no pre-loading.
Ordinary bolts and high strength bolts of all grades shall be used as
this type. This category shall not be used where the connections are
frequently subjected to variations of tensile loading. The design

ultimate tensile load shall not exceed design tension resistance.

Fisa < Firq (3.9)

where Fisq = design tensile force per bolt for the ultimate
limit state.

Fi.ra = design tension resistance per bolt.

Category E consists of tension connection with pre-loading.
Only high strength bolts with controlled tightening shall be used as
this type. If this type of connection is subject to both tension and
shear, special surface treatment of the contact area may be needed.

The design ultimate tensile load shall not exceed design tension

resistance.

Fisa £ Firg (3.9)
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3.2.3.3 Distribution of Forces between Fasteners

The distribution of internal forces between fasteners at the
ultimate limit state shall be proportional to the distance from the
center of rotation, for Category C slip resistant connections and other
shear connections where the design shear resistance of the connection
is less than the design bearing resistance.

In other cases the distribution of internal force between bolts at

the ultimate state may be either as stated above or plastic.

3.2.3.4 Design Resistance of Bolts

At the ultimate limit state the design shear force F, sq on a bolt
shall not exceed the lesser of :

- the design shear resistance Fy, rq

- the design bearing resistance F, rq

At the ultimate limit state the design tensile force F;gq4, inclusive
of any force due to prying action, shall not exceed the lesser of :

- the design tension resistance F; g

- the design punching shear resistance F rq

3.2.3.5 Design Shear Resistance

If the shear plane passes through the threaded portion of the
bolt, the design shear resistance per shear plane, F,rq, for strength

grades 4.6, 5.6 and 8.8 bolts is given by

Fyra= 0.6 fup As/ vmp (3.10)
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and for strength grades 4.8, 5.8, 6.8 and 10.9 bolts is given by

Fyra= 0.5 fip As/ Mo (3.11)

If the shear plane passes through the unthreaded portion of the

bolt, the design shear resistance is given by

Fyre=0.6 £ A / Yo (3.12)

where A = the gross cross-section area of the bolt,
A, = tensile stress area of the bolt,
d = bolt diameter,

d, = the hole diameter.

Note that these values for design shear resistance apply only
where the bolts are used in holes with nominal clearances specified
previously.

As a special note for “long joints”, where the distance L;
between the centers of the end bolts in a joint is more than 15d, the
design shear resistance, F,rqy, of all the bolts shall be reduced by a

reduction factor, B.s, given by

Bs=1—(L;—15d)/200d (3.13)

where 0.75 < B¢ < 1.00 should be followed.
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3.2.3.6 Design Bearing Resistance

The design bearing resistance, Fy rg, is given by

Fora=2.5a f,dt/ v

where o is the smallest of:

(e1/3do);  (p1/3do)-1/4; fu/f or

and, e; = end distance in the direction of load,

p1 = spacing of bolts in the direction of load,

fup = tensile strength of a bolt,

f, = tensile strength of the connected material.

(3.14)

Note that the values of the design bearing resistance only apply

where the edge distance e, is not less than 1.5d, and the spacing p; is

not less than 3.0d,, where e, is the edge distance perpendicular to the

direction of load, p, is spacing of bolts in the transverse direction of

load. If e, is reduced to 1.2dy and/or p, is reduced to 2.4d,, then the

bearing resistance Fyrq should be reduced to 2/3 of the original value.

3.2.3.7 Design Tension Resistance

The design tension resistance of a bolt is given by

Fora = 0.9 fip As/ Mo
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When the plate thickness t, is smaller than 0.5d, the design
punching resistance of the bolt head and the nut shall be checked and

evaluated as follows:

Bp‘Rd=(O.6’TCdmtpfu)/'YMb (316)

3.2.3.8 Interaction of Shear and Tension

Bolts subject to both shear and tension shall in addition satisfy

the following criterion;

(Fysa/Fyra) + (Fisa/ 1.4Fra ) < 1.0 (3.17)

3.2.3.9 High Strength Bolts in Slip-resistant Connections

When the slip-resistance is needed in the serviceability limit
state, the design for a preloaded high-strength bolt shall be carried out.

The design serviceability shear load should not exceed the
design slip-resistance of a preloaded bolt, Fsrg, that is given by

Fs.Rd = ksn U 1:p.Cd / YMs.ser (318)

where ks = 1.0 where the holes in all plies have standard
nominal clearances as outlined before, k, = 0.85 for
oversize or short slotted holes and k; = 0.70 for long
slotted holes.
n = number of friction interfaces,
u = slip factor,
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Fpca = design pre-loading force. It is given by
Fp,Cd =0.7 fub As (319)

The design slip resistance of a pre-loaded high strength bolt at
the ultimate state can be taken as given in formulae (3.18) with Y
substitutes Vs ser-

The slip factor, y, is dependent on the specified class of surface
treatment. u = 0.5 for class A surfaces where surfaces are blasted with
shot or grit, with any loose rust removed, or spray-metallized with
aluminum. p = 0.4 for class B surfaces where surfaces are blasted with
shot or grit, and painted with alkali-zinc silicate paint to produce a
coating thickness of 50-80 um. p = 0.3 for class C surfaces where
surfaces are cleaned by wire brushing or flame cleaning with any
loose rust removed. 1= 0.2 for class D surfaces where surfaces are not

treated.

3.2.3.10 Block Shear Check

Near the end of a member with a group of fastener holes in the
webs the block shear failure shall be prevented by using appropriate
hole spacing. The design value of shear force applied to the beam web

shall be less than, Vegrg, given by

chf.Rd = 0.6 fub Av.net /'YM2 (320)
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where Verrra = the design value of the effective resistance to
block shear,
A, et = effective shear area,

f, = ultimate tensile strength.
3.2.3.11 Net Section Resistance for Tension Members
For members in axial tension the design value of the tensile

force N, g4, at each cross-section shall be checked for the net section

rupture at holes for fasteners, as given by

Nu.Rd = 0.9 fu Anet /'YMZ (320)
where N, rq = the design ultimate resistance of the net cross-
section,

A, = net area of a member or element cross-section
with appropriate deductions for holes and other
openings,

f, = ultimate tensile strength.

3.2.4 Welded Connections

Eurocode 3 also classifies the weld types in two types, namely,
fillet welds and butt welds. Butt welds can be further divided into two
classes as full penetration butt welds and partial penetration butt

welds.
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3.2.4.1 Fillet Welds

Fillet welds may be used for connecting parts where fusion
faces form an angle of 60° and 120°. Smaller angles than 60° are also
permitted. However, the fillet weld in such cases acts as a partial
penetration butt weld. For angles over 120°, fillet welds are not safe in
terms of transmitting forces.

The throat thickness, a, of a fillet weld is defined as the largest
triangle which can be inscribed within the fusion faces and weld
surface, measured perpendicular to the outer side of this triangle. The
minimum throat thickness is specified as 3 mm.

In order to check the capacity of the fillet weld, the design
forces transmitted through the weld is determined first. This design
force is calculated as a resultant force of all three components, two of
which are the shears in parallel and perpendicular directions to weld
direction, and the third component is the out-of-plane normal force.

This resultant force is given as shown below;

Fuse= VN’Lsq V7 Lsa + Viysq (3.21)

The design resistance of a fillet weld ,Fy sq, is given by

Fusi=aLf,/ (V3 By (3.22)
where a = throat thickness,

L = weld length,
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f, = ultimate tensile strength of the weaker part joined,
Bw = correlation factor. 0.80 for S235 steel, 0.85 for
§275, 0.90 for S355, 0.95 for S420 and 1.0 for S460.

3.2.4.2 Butt Welds

As mentioned previously, there are two types of butt welds,
namely, full penetration butt welds and partial penetration butt welds.
A full penetration butt weld is defined as a butt weld that has complete
penetration and fusion of weld and parent metal throughout the
thickness of the joint. On the other hand, a partial penetration butt
weld is defined as a butt weld that has a penetration thickness less
than the thickness of the parent metal.

The throat thickness for a full penetration butt weld is taken as
the thickness of the thinner parent metal. For partial penetration butt
welds, throat thickness is the depth of penetration that can be achieved
for a particular joint.

The design resistance of a full penetration butt weld is taken as
equal to the design of the weaker of the parts joined.

The design resistance of a partial penetration butt weld is

determined as for a deep penetration fillet weld.
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CHAPTER 4

INTRODUCTION TO LRFD-AISC

This chapter describes the contents of Load and Resistance
Factor Design (LRFD) released by American Institute of Steel
Construction (AISC)[2]. The acronym LRFD and AISC will be used
throughout the text. First, a general information is given in
introduction part and then the connection design is explained in detail

in the connection part.

4.1 Introduction

4.1.1 Scope of LRFD-AISC

LRFD-AISC applies to the design, fabrication and erection of
steel-framed buildings. As an alternative, ASD-AISC, Allowable
Stress Design, is also permitted.

Seismic design of buildings, design of single-angle members,
design of hollow structural members and the design of nuclear

structures are not included in this specification.
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LRFD is a method of proportioning the structures so that neither
of the limit states is exceeded when the structure is subjected to all
appropriate factored load combinations.

The limit states that should be satisfied are the Ultimate Limit
State, also called Strength Limit State, and Serviceability Limit State.
Strength limit states are related to the safety and concern maximum
load carrying capacity. Serviceability limit states are related to the

performance under normal service conditions.

4.1.2 LRFD Philosophy

Today, there are two widely recognized philosophies that are
being used in the design of steel structure. These are Allowable Stress
Design method and the Load and Resistance Factor Design method.

The most common method for designing steel structures until
the late 1980s was the allowable stress design because of its simplicity
and so much of experience gained for years for safe and reliable
design. The allowable stress design philosophy is based on keeping
the stresses in a member below some fraction of a specified stress in
the steel. By keeping the actual stress levels under a fraction of some
specified stress, such as the yield stress, this method typically
provides conservative results. It has been the primary design
philosophy used since the introduction of steel as a building material.
However, with the introduction of LRFD by AISC in 1986, the trend
changes toward this alternative design method.

The LRFD method approaches structural steel design using a

probabilistic approach, that incorporates the variability of loads and
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member resistance, to arrive at a more rational and cost effective
solution. A simplified view of this method states that when members
are loaded they respond by resisting that load. The failure of a
member can occur because either the loads on a member are larger
than those for which it was designed or because the resistance of the
member is smaller than what was anticipated. In this respect, it is
understood that the loads and member resistances are indeed variable
over the life of the structure.

The loads on structures may consists of dead loads, live loads,
wind loads, earthquake loads and snow loads. These loads are very
different in terms of predictability. The uncertainty of a dead load
should be relatively small as compared to the variability associated
with the wind loads or earthquake loads. As a designer of a structure,
one should have a good handle on the major components of dead load
such as self weight, but possibly be less certain of the live load
requirements of the structure. Therefore, one must logically states that
live loads are more unpredictable than dead loads.

Tﬁe resistance of a member to applied loads is also variable
based on manufacturing, age and dimensions. When designer specify
St 37 steel, this means that it is supposed to have a minimum yields
strength of 2400 kg/cm®. But there is small percentages of St 37 steel
members with a yield strength less than 2400 kg/cm®. The resistance
of some steel members may also decrease with age because of
processes such as corrosion which may reduce the effective cross-
sectional area needed for resistance.

All these variability in loads and resistances are taken into

account in LRFD by using a probabilistic design approach.
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4.1.3 Limit States

When a member no longer functions, it is said to have exceeded
a limit state. In the LRFD approach, as in ASD, there are two types of
limit states which are discussed; strength limit states and serviceability
limit states. Designers are primarily concerned with strength limit
states such as moment capacity and shear capacity. Serviceability limit
states are primarily related to deflection, vibration and drift. The focus
of the most codes is on the strength limit states because of the great
concern for public safety.

The limit state violations in allowable stress design are
expressed in terms of a factor of safety against failure. From a design
perspective, the major shortcoming with this philosophy is that the
factors of safety for various behaviors, such as bending, shear, etc., all
have different values. These values emerged from years of practical
design experience and not from a rational basis. This has led to
designs in which identical members experiencing different conditions,
such as different loading types, would actually be very different in
terms of a safety margin against failure. This is not to say that the
allowable stress method worked poorly; on the contrary, it has worked
well. But the philosophy, while working well in terms of public safety,
is providing non-uniform reliability to all members.

In the LRFD method, the reliability index f is used in place of

factor of safety. The reliability index ,§, is the number of standard
deviations where the mean value of a combined resistance and loading
probability lies away from the point of failure. The concept of
probabilistic approach of LRFD is best explained in a thesis work
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called “Comparison of Load and Resistance Factor Design and TS648
for Structural Members” by Cagatay Nuhoglu, 1996. One of the main
goals of the LRFD philosophy is the establishment of uniform
reliability between all types of members subjected to all types and
combination of loads.

LRFD is unique as a philosophy because it provides a uniform
reliability for all members in a structure based on a probabilistic
approach to load factors and member resistances. This leads to the

designs of more cost effective and reliable structures.
4.1.4 Basis of Design

The design method for LRFD can be expressed in one general

equation:

Design Strength > Required Resistance

or

¢ Ry 22y; Q; (4.1)

where ¢ = resistance factor (¢ < 1),
R, = nominal resistance of the member,
v; = load factors (y; > 1)
Q; = different load effects.

The required resistance will be the factored moment, shear or
axial load which are applied to a particular member. The required

resistance is computed by considering all load combinations.
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4.1.5 Load Combinations for LRFD

The load factors used for the required resistance by the LRFD
were developed by the American National Standards Institute (ANSI
A58.1, now ASCE 7-88) for the purpose of specifying minimum
acceptable load criteria for buildings. LRFD uses the basic load
combinations suggested by this standard as the minimum requirement
for load carrying structure. As already mentioned, the LRFD
specification states that the design strength of a member has to be
greater than or equal to the required resistance which is the effect,
such as moment, shear, etc., caused by the highest factored load
combination as stated in ASCE. These load combinations with their

respective load factors are given in Table 4.1.

Table 4.1 Lozd combinations for LRFD

1-14D

2-12D+16L+05(LiorSorR)

3-1.2D+(05Lor08W)+1.6(L,orSorR)

given by ASCE
4-12D+05L+13W+ 05(L;orSorR)

5-12D+ 1.0E+05L+028

6-09D+(13Worl.0E)

With D = gravity dead loads, L = gravity live loads,
L, =roof live loads, W = wind load,
E = earthquake load, S = snow load,

R = load to initial rainwater of ice.
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4.1.6 Resistance Factors for LRFD

The resistance factors, i.e. partial safety factors as used in
Eurocode terminology, to be used in member design for LRFD

specification is given in Table 4.2.

Table 4.2 Resistance (Partial Safety) Factors for LRFD

1- Axial compression $=0.85
2- Shear ¢ =0.90
3- Bending Moment $=0.90
4- Yielding in a tension member $=0.90
5- Fracture in a tension member ¢ =0.75
6- Bolts $=0.75
7- Welds in - shear o= 0.75

- tension or compression | ¢ =0.80

9- Slip-Critical Connections

- Standard holes ¢=1.00
- Over-sized short slotted »=0.85
- Longslotted L to F $»=10.70
- Longslotted //to F o =0.60
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4.1.7 Units

In LRFD-AISC 1999]2], the values and equations are given in
both U.S. customary and metric, i.e. SI, units. This is a new feature in
LRFD-AISC which was lacked in the previous versions. This shows
the trend of U.S. designers toward using the same units with the rest
of the world as a result of overseas works that they are intending to

get.
4.1.8 Material used in LRFD-AISC
The designation of the steel used in buildings and bridges in

United States are somewhat different than the Europeans. Some

typical types of steel used are given in Table 4.3.

Table 4.3 Steels Used in Buildings and Bridges in U.S.A.

ASTM fy fu Common
Steel Type ) i )
Designation | (ksi)| (ksi) Usage
Carbon A36 32 58-80 General Buildings
High-strength Low
gh gth A441 40 60 Welded Construction
Alloy
Corrosion Resistant A242 42 63 Weathering Steel
Quenched and
Tempered low A514 90 |100-130 Plates for Welding
alloy
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4.2 Design of Connections

In this part, design of connections subject to static loading in
accordance with LRFD-AISC is emphasized in more details. Firstly,
some basic design ideas about connections are given and then general
points are presented such as applied forces and moments to

connections, and how they resist to these forces, etc.

4.2.1 General Remarks

Connections consists of elements of connected members, such
as beam webs, connecting elements, such as gussets, angles, brackets,
and connectors, such as welds, bolts and rivets. These components are
proportioned so that their design strength equals or exceeds the
required strength determined by the structural analysis for factored
loads acting on the structure.

Three types of connections are defined in LRFDJ[2]. First one is
the hinge type of joints. These are the joints where the rotational
restraint at the ends of the member is as little as practicable. For
beams, only shear transfer is intended. It is usually assumed to exist
when the original angle between the intersecting members may
change approximately 80% or more of the amount it theoretically
would change if frictional hinged connections could be used. In
LRFD, ‘partially restrained’ term is used for hinge type of connections
and it is designated by “Type PR”.

The second type of connection is defined as rigid connections. It

is the situation where full continuity is provided at the connection so
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that the original angle between the intersecting members are
maintained essentially constant during the loading of the structure. In
LRFD, ‘fully restrained’ term is used for this type of connection and it
is designated as “Type FR”.

The last type of connection defined in LRFD is the semi-rigid
joints where the rotational restrained is approximately between 20%
and 90% of that necessary to prevent relative angle change. This
means that the moment transmitted across the joint is neither zero nor
the full moment as in the case of rigid joints. In LRFD, “Type PR” is
also designates these types of connections. Semi-rigid connections are
not used in structures when plastic analysis is used in design, and are
not commonly used in Allowable Stress Design because of the
difficulty in obtaining the moment-rotation relationship for a given
connection.

In LRFD, minimum strength criterion is provided in connection
design. All the connections should resist a factored load of 44 kN
except for lacing, sag rods and girts.

Another point is the placement of the welds and bolts. The
center of gravity of the group of welds or bolts at the ends of a
member should be coincident with the center of gravity of the member
itself.

In such cases where the bolts and welds are used together, one
should care about the loads shared by the connectors. LRFD says that
the bearing type of bolted connections do not share any load in
combination with welds. Welds are assumed to take all the loads in

that particular connection.
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4.2.2 Bolted Connections

The need to join steel members together has existed since the
introduction of steel as a building material in the latter half of the
nineteenth century. Steel structures of every type require fastening of
individual members to achieve their ultimate structural form. Two of
the most common methods of connecting steel structures{11] in US
are high-strength bolting and riveting.

An early method of connecting steel members that was widely
accepted was riveting. They have virtually been replaced in today’s
world with high-strength bolts due primarily to economic
considerations.

High-strength bolting is one of the most common procedures
used today in the connection of structural steel members. The two
most common ones are the A325 bolt and the A490 bolt. The A325
bolt is the most common high-strength bolt used today and is made
from heat-treated medium carbon steel, while A490 bolt is a higher
strength bolt manufactured from an alloy steel.

The proper installation of bolts in some connections requires
that the bolts be “fully tensioned”, while in other connections the bolts
need only be “snug-tight”. The snug-tight condition brings the plates
being joined into firm contact, and is achieved by a few impacts of an
impact wrench or the complete effort of a worker using a spud
wrench. A fully tensioned connection is based on achieving adequate
clamping forces between the members being joined. This clamping

force is provided by attaining the proper tension in the bolts, which is
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required to prevent slippage of the plates being connected and to

prevent the bolts becoming loose. This is especially critical in

structures that are subject to repeated stresses or stress reversals.

Minimum bolt tensions for fully tensioned A325 and A490 bolts given
by LRFD[2] are shown in Table 4.4.

Table 4.4 Minimum Bolt Pretension, kN

Bolt Size, mm A325 Bolts A490 Bolts
M16 91 114
M20 142 179
M22 176 221
M24 205 257
M27 267 334
M30 326 408
M36 475 595

Minimum bolt tensions are equal to 0.70 of minimum tensile strength of the bolt.
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4.2.2.1 Design Requirements
4.2.2.2 Tensile Strength of Fasteners

In accordance with the fracture limit state in tension, the

nominal strength R, of one fastener in tension is given by
R, =F.' A, (4.2)

where F,° is the tensile strength of the bolt material. The net area A,
should be the area through the threaded portion of the bolt, known as

the “tensile stress area”.
A,=0.7854 [D-(0.9743 /n) J? (4.3)

D is the diameter of the bolts in inches, and n is the number of threads
per inch. The ratio of tensile stress area to the gross area A, ranges
from 0.75 and 0.79. Thus, in terms of the gross area A; of one bolt
Eq. 4.3 becomes

R,=F.°(0.75 Ay) (4.3)

The design strength ¢R, based on the tension strength of the

fastener is given by,

O Ra=0F,(0.75 Ap) (4.4)
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where ¢ is resistance factor for fracture in tension and equals to 0.75.

Then, Eq. 4.4 becomes
o R,=0.75F,” (0.75 A,) (4.5)
4.2.2.3 Bearing Strength of Fasteners

The bearing limit state relates to deformation around a bolt hole.
The bearing strength R is the force applied against the side of the hole
to split or tear the plate. The larger the end distance, L, measured from
the center of the hole to the edge, the less the possibility of having a
splitting failure.

The design strength ¢R, based on the bearing strength at bolt

holes is prescribed in several categories:

1. For usual conditions (standard holes or short-slotted holes, end
distance not less than 1.5d, bolt center-to-center spacing not less

than 3d, and with the two or more bolts in the line force) ,
OR,=0(24dtF,) (4.6)
where ¢ = 0.75

d =nominal diameter of bolt (not at threads)

t = thickness of the connected part

F, = tensile strength of steel comprising connected part
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For long-slotted holes perpendicular to the direction of the
applied load, end distance not less than 1.5d, bolt center-to-
center spacing not less than 3d, and with the two or more bolts

in the line force,

dR.=6(2.0dt F,) (4.7)

where ¢ = 0.75.

For the bolt closest to the edge when conditions of Eq. 4.6 and
Eq. 4.7 are not satisfied,

dR,=¢(LtF,) (4.8)

where ¢ =0.75
L = end distance in line of force, from the center of a
standard hole or oversized hole, or from the mid-width of

a slotted hole, to an edge of a connected part.

When hole elongation greater than 0.25 in. and hole

“ovalization” can be tolerated, then

OR,=¢(3.0dtFy) (4.9)

where ¢ = 0.75.
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4.2.2.4 Shear Strength of Fasteners

In accordance with the fracture limit state as the basis for
fastener strength, the nominal strength R, for one fastener will be the
ultimate shear stress 1, across the gross area Ay of the bolt times the

number, m, of shear planes: thus,

R,=m Ay, T, =m A, (0.60 F,°) (4.10)

Note that the ultimate shear strength was found experimentally to be
about 62% of ultimate tensile strength: about the same ratio as for the
yield strengths. The practical coefficient 0.60 is used instead of 0.62.
Equation 4.10 assumes no threads to be in the shear planes. If
threads are in the shear planes, the area at the root of the threads
should be used in place of A,. Since the area at the root of the threads
is somewhat smaller than the tensile stress area, the root area is taken

as 0.70 of the gross area. As a result, Equation 4.10 becomes

R, =m (0.70 Ap) (0.60 F,” ) (4.11)

R,=0.45m Ay F.° (4.12)
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The design shear strength ¢R,, for no threads in the shear
planes, based on the shear strength of the fastener, according to LRFD

is,

dR,=0 (0.60F,.)m A, (4.13)

o Ra=0.75 (0.60 F,> ) m A, (4.14)

where ¢ =0.75,
F,° = tensile strength of bolt material, (See Table 1.1),
m = the number of shear planes participating
m = 1 for single shear
m = 2 for double shear

Ay = gross cross-sectional area across the unthreaded shank of
the bolt.

The design shear strength ¢R,, for threads in the shear planes,
based on the shear strength of the fastener is

OR,=0 (0.45F,” Ym A, (4.15)

¢ R, =0.75 (0.45F.> Ym A, (4.16)

4.2.2.5 Slip-Critical Fasteners

When slip resistance at service load is desired, the connection is

referred to as slip-critical connection or friction-type connection. All
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tensioned high-strength bolted connections actually resist load by
friction. The applied pretension force, T, at the bolts equals the
clamping force between the pieces being fastened. The resistance to
shear is provided by means of frictional force uT, where p is the
coefficient of friction depending on the surface condition.

Slip is an action when the friction bond between the pieces
being jointed is totally broken and the surfaces between the pieces slip
with respect to each other with a considerable amount. The AISC
specifications use the “shear stress” approach to provide adequate slip
resistance in joints where slip at service load can not be tolerated. The
limit state of slip in the joint is a serviceability requirement. Since the
resistance to slip in slip critical connections is a limit state to be
analyzed under service loads, the limiting “shear stresses” to be used
are in concept the same for LRFD and ASD.

The design of slip-critical connections requires full
consideration of strength limit states, namely, the strength of fasteners
in shear, bearing and direct tension. These strength requirements
should be fulfilled to resist factored loads. Moreover, the service load
that must be transferred by friction without slip should not exceed the
allowable.

Accordingly, the service load capacity R, per bolt based on

shear in a slip-critical connection is

R,=F, m A, (4.17)

where F, is the maximum acceptable unfactored service load shear per

bolt divided by the nominal area.
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4.2.2.6 Minimum Spacing of Bolts in Line of Transmitted Force

The minimum spacing of bolts in a line is three bolt diameters
and shall not be less than 8/3 bolt diameters.
Under all conditions, the following equation gives the minimum

center-to-center spacing of bolts.

Spacing = (P/¢Fyt )+dy/2 (4.18)

where ¢ = 0.75
P = factored load acting on one bolt
F, = tensile strength of plate material
t = thickness of plate material

dy, = diameter of the bolt hole
4.2.2.7 Minimum End Distance in Direction of Transmitted Force

If the generally accepted strengths given by Eq. 4.6 and Eq. 4.7
are used, the minimum end distances must be at least 3/2 bolt

diameters. When higher bearing strengths are used, the minimum end

distance, L, is given by LRFD as follows;

L>(P/¢Fut) (4.19)

where ¢ =0.75

P = factored load acting on one bolt
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F, = tensile strength of plate material

t = thickness of plate material

The end distance actually must be larger of that computed from

Eqg. 4.19 and the minimum prescribed by Table 4.5.

Table 4.5 Minimum Edge Distance, mm.

Bolt Diameter, mm At Sheared Edges At Rolled Edges
16 28 22
20 34 26
22 38 28
24 42 30
27 48 34
30 52 38
36 64 46

4.2.2.8 Nominal Hole Dimensions

There are several types of holes allowed to use in LRFD. The
standard type of holes are the general hole type used in member to
member connections. The oversized holes are allowed to be used in
slip critical connections, but they shall not be used in bearing type of

connections. The short-slotted holes are allowed for both slip critical
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and bearing type of connections. The direction of the slot is not
important in slip-critical connection, but its length shall be normal to
the direction of the load in bearing type of connections. Long-slotted
holes are allowed in only one of the connected parts of either slip-
critical or bearing type of connection at an individual joined surface.
Its position with respect to the direction of loading is the same as
described for short-slotted holes.

The maximum size of holes are given in Table 4.6.

Table 4.6 Nominal Hole Dimensions, mm

_ Hole Dimensions
Standard Oversize Short-slotted | Long-slotted
Mlé6 18 20 18x22 18 x 40
M20 22 24 22x 26 22 x50
M22 24 28 24 x 30 24 x 55
M24 27 30 27x%x32 27 x 60
M27 30 35 30 x 37 30x 67
M30 33 38 33x40 33x 75
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4.2.2.9 Combined Shear and Tension

In case of connections having shear and tension simultaneously,

the design strength of a bolt is given by,

OR,=¢ F; Ay (4.20)

where ¢ = 0.75
F. = nominal tension stress, in MPa, as a function of {,, the
required shear stresses produced by the factored loads.
F, for A325 bolts and where the threads included in the shear

plane, is given by,

F,=807-2.51, <621 (4.21)

F; for A325 bolts and where the threads not included in the

shear plane, is given by,

F,=807-2.0 f, <621 (4.22)

F, for A490 bolts and where the threads included in the shear

plane, is given by,

F,=1010-2.5 £, < 779 (4.23)
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F; for A490 bolts and where the threads not included in the

shear plane, is given by,

F,=1010-2.0£, <779 (4.24)

4.2.3 Welded Connections

Welding can be thought of as the fusing two pieces of metal
together to form a continuous, rigid plate. Groove weld and fillet weld

are common types used.

4.2.3.1 Groove Welds

The effective area of groove welds shall be considered as the
effective length of the weld times the effective throat thickness. The
effective length of a groove weld shall be the width of the part joined.
The effective throat thickness of a complete-joint-penetration groove
weld shall be the thickness of the thinner part joined. For the partial
penetration groove weld, it equals to the depth of the chamber.
Minimum throat thickness is 3 mm, where the thicker part is less than
6 mm, 5 mm for t in between 6 and 13 mm, 6 mm for t in between 13

and 19 mm, etc.

4.2.3.2 Fillet Welds

The effective throat thickness of a fillet weld shall be the
shortest distance from the root of the joint to the face of the weld.
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The minimum size of the fillet welds, defined as the fillet leg
angle, a, is 3 mm for thickness up to 6 mm (thicker part), 5 mm for t in
between 6 and 13 mm, 6 mm for t in between 13 and 19 mm, and 8
mm for t > 19 mm.

The minimum size of the fillet weld shall not be less than the
required to transmit the calculated forces. The maximum size of the
fillet weld shall not be greater than the thickness of the material along
the edges of the material less than 6 mm thick, and it shall not be
greater than the thickness of the material -2 mm along the edges of

the material more than 6 mm thick.

4.2.3.3 Design Requirements

Groove Welds:

The design strength per unit length of the groove welds depends
on the type of stress.
1. Tension and compression normal to the effective area and
tension and compression parallel to the axis of weld:

¢ Rnw =090 F, t. base material (4.25)

¢ Rpw =0.90 Fyy t.  weld metal (4.26)
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2. Shear on effective area:

¢ Raw=0.90 1, t. base material (4.27)

¢ Ry =0.80 1y, t.  weld metal (4.28)
where

1, =0.60 Fy

Tyw = 0.60 FEEX

where Fgpy is electrode tensile strength.

Fillet Welds:

The design strength per unit length of a fillet weld is based on
the shear resistance through the throat of the weld as follows;

& Ryw = 0.75 (0.60 Frex ) te  fillet weld (4.31)

but not less than the shear rupture strength of the adjacent base metal.

¢Rw=075(060F,)t basemetal (4.32)

te = effective throat thickness = 0.707a, t is the thickness of the plate.
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CHAPTER 5

COMPARISON AMONG CODES TS 648, LRFD-AISC
AND EUROCODE 3 PART 1.1 DESIGN
AND PRESENTATION OF RESULTS

5.1  General

In this section, numerical examples of connections subjected to
varying magnitude of load effects, such as shear and/or moment, are
analyzed and designed according to the stipulations of the three codes,
which are TS 648, LRFD-AISC, and Eurocode 3 Part 1.1 in order to
make comparisons among these three codes.

The analysis is performed for four types of beam to column
connections. They are,
o Hinge type bolted connections
Rigid type bolted connections
o Hinge type welded connections
o Rigid type welded connections

The connections are analyzed under the effects of dead loads and

live loads. The load combination considered in the design of
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connections by TS 648 is DL+LL, by LRFD-AISC is 1.2DL+1.6LL,
and by Eurocode 3 is 1.35DL+1.50LL, where the notations DL and
LL represent the dead load and live load, respectively. The analyses
are performed considering different live load to dead load ratios
starting from 1 with 25% increments up to live load to dead load ratio
of 10.

Only elastic analysis is performed since TS 648 does not accept
plastic design. The calculations are utilized by means of spread sheets

to ease the work.

78



5.2 Hinge Typed Bolted Connections

This is a simple end beam connection where beam is connected
from only its web to column, that means, bolts carry shear only (no or
negligible moment). To obtain the connection, an equal angle is used
which can be double or single. Due to the eccentricity of the shear
force at the end of the beam with the neutral axis of bolt group
nominal small moment occurs which is used for bolt design. This
eccentricity causes eccentric shear in angle leg to beam web. Angle to
column flange changes the behavior whether it is single or double
such that if double angle is used, concentric shear occurs due to
symmetry and if single angle is used, eccentric shear occurs due to

eccentricity as mentioned above.

r““‘"x\d

[

Figure-5.1
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5.2.1 Definition of the Design Parameters

The following parameters are used in the design of hinge type

of bolted connection.

Steel type : St 37, £, = 370 N/mm?, f, = 240 N/mm’,
Beam: I 400 t, = 14.4 mm.
Column: HEA 400 te=19.0 mm.
Double Angle: 1. 100.100.10 t,=10.0 mm.
Bolt: M16 Grade 10.9 with no pretension (SL type),
£, = 1000 N/mm?, £, = 900 N/mm’,
Tem = 240 N/mm?, 6., = 280 N/mm?,
A =201.1 mm?, A, =157 mm’,
Loading : EY ( Dead load + Live Load)

Assumptions: 1- shear in unthreaded portion of the bolt.

2- edge distance in the direction of loading, e;=2d,,

spacing in the direction of loading, p;=3d,.

Design Requirement:

Determination of number of bolts required for beam web-to-angle

connection and for column flange-to-angle connection.

In the next part, the solutions procedures given by each code

will be presented.
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Solution by TS 648:

Beam web- to — angle connection;

Design shear resistance per bolt (Double Shear);

Fop = 2%¥A* 1, =2%201.1*%240 = 96528 N = 96.5 kN.
Design bearing resistance per bolt (t = ty, =14.4 mm.);
Fop = d* tyin Tem = 16%14.4%280 = 64512 N = 64.5 kN.
Number of Bolts Required, n ;

n=Vgy/Fy

Column flange- to — angle connection;

Design shear resistance per two bolt, due to double angle arrangement
(Single Shear);

Fyp= 1*A* 1,,*2 = 1*201.1*240*2 = 96528 N = 96.5 kN.

Design bearing resistance per two bolt, due to double angle
arrangement (t = ty,; =10.0 mm.);

Fop = d™ tmin Tem™2 = 16%10.0*280%2 = 89600 N = 89.6 kN.

Number of Bolts Required, n ;

n=Vy/Fy

Solution by Eurocode 3:

Beam web- to — angle connection;

Design shear resistance per bolt (Double Shear);

Fup = 2%0.60%f,*A / vy = 2%0.6%¥1000%201.1/1.25= 193.0 kN.
Design bearing resistance per bolt (t = ty;, =14.4 mm.);

o= 0.75 for e;=2d,

Fup =2.5%a*f,*d*t / yap = 2.5%0.75*370%16%14.4/1.25= 127 .8 kN.
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Number of Bolts Required, n ;
n= Vd / be

Column flange- to — angle connection;

Design shear resistance per two bolt, due to double angle arrangement
(Single Shear);

Fuo =2%0.60%f,* A / ymp = 2*0.6%1000%201.1/1.25=193.0 kN.

Design bearing resistance per two bolt, due to double angle
arrangement (t = ty;,; =10.0 mm.);

o= 0.75 for e;=2d,

Fyp =2%2.5%a*f,*d*t / ypp =2%2.5%0.75%370*16*10.0/1.25=177.6 kN.
Number of Bolts Required, n ;

n=Vy4/Fu

Solution by LREFD-AISC:

Beam web- to — angle connection;

Design shear resistance per bolt (Double Shear);

Fuyp =2*%0*0.60%f,,*A = 2*0.75*%0.6*1000*201.1= 181.0 kN.
Design bearing resistance per bolt (t = ty, =14.4 mm.);

Fpp = 0*2.4%f *d*t = 0.75%2.4*370*16*14.4= 153.4 kN.
Number of Bolts Required, n ;

n=Vy/Fu

Column flange- to — angle connection;

Design shear resistance per two bolt, due to double angle arrangement
(Single Shear);
Fuwp = 2*%¢*0.60*f,*A =2%0.75*%0.6*1000*201.1= 181.0 kN.
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Design bearing resistance per two bolt, due to double angle
arrangement (t = ty;, =10.0 mm.);

Fop =2%0*2.4%f *d*t =2*% 0.75*2.4*370%16*10.0=213.1 kN.

Number of Bolts Required, n ;

n=Vgq/Fup

Solution Tables:

Solutions according to TS 648 are given in Table 5.1.
Solutions according to Eurocode 3 are given in Table 5.2.
Solutions according to LRFD are given in Table 5.3.

Summary of designs for each of codes are given in Table 5.4.

Notations used in Tables:

VoL = unfactored dead load shear,
V11 = unfactored live load shear,
LL/DL = live load to dead load ratio,
VqpL = factored dead load shear,
Va1 = factored live load shear,

V4 = total factored design shear.
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5.3 Rigid Type Bolted Connection

This is a rigid end beam connection where beam is connected
from both its web and flange to column, that means, bolts carry not
only shear but also moment together with axial load. For this
connection as discussed at hinge type an equal angle for web
connection and a T-shape angle which can be either half of a rolled
section (1/2I, 1/2IPE, 1/2IPBv etc.) or T-angle. Web connection is
totally same as the hinge connection, therefore, the web design will
not be repeated here. Flange connection also has two different
behavior. One is at the angle to beam flange which is direct or
concentric shear and the other is at the angle leg to column flange

which is direct tension.

Ny

2 ae
e o

Figure-5.2
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5.3.1 Definition of the Design Parameters

The following parameters are used in the design of rigid type

of bolted connection.

Steel type : St 37, £, = 370 N/mm’, £, = 240 N/mm’,
Beam: 1400 tr=21.6 mm.
Column: HEA 400 te=19.0 mm.
Tee Angle: %1240 te=13.1 mm. t, = 8.7 mm.
Bolt: M16 Grade 10.9 with no pretension (SL type),
f,, = 1000 N/mm?, £,;, = 900 N/mm?,
Tem = 240 N/mm?, o, = 280 N/mm’, F, ;4 = 56.5 kN,
A =201.1 mm’, A;= 157 mm’,
Loading : EY ( Dead load + Live Load)

Assumptions: 1- shear in unthreaded portion of the bolt.

2- edge distance in the direction of loading, e;=2d,,

spacing in the direction of loading, p;=3d,.

Design Requirement:

Determination of number of bolts required for beam flange-to-angle
connection and for column flange-to-angle connection due to tension

resulting from moment, Ty = M, / (0.4087).

In the next part, the solutions procedures given by each code

will be presented.
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Solution by TS 648:

Beam flange- to — angle connection;

Design shear resistance per bolt (Single Shear);

Fyo = 1*A* 1o, = 1%201.1%¥240 = 48.2 kN.

Design bearing resistance per bolt (t = t,, =8.7 mm.);
Fop = d* tmin Tem = 16*8.7%280 = 38.9 kN.

Number of Bolts Required, n ;

n="Ty/Fu

Column flange- to — angle connection;

Design tension resistance per bolt;
F, a1 =56.5 kN for M 16 bolts.
Number of Bolts Required, n ;
n=Ty/Fea

Solution by Eurocode 3:

Beam web- to — angle connection;

Design shear resistance per bolt (Single Shear);

Fyp = 1*0.60*f,*A / yvp = 1*0.6*1000*201.1/1.25= 96.5 kN.
Design bearing resistance per bolt (t =t,, =8.7 mm.);

o= 0.75 for e;=2d,

Fop = 2.5*a*f,*d*t / ypp = 2.5%0.75%370%16*8.7/1.25= 77.2 kN.
Number of Bolts Required, n ;

n="Tq/Fy
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Column flange- to — angle connection;

Design tension resistance per bolt;

Fian = 0.90*f,,*As / ymp = 0.9%1000%157/1.25= 113.0 kN.
Number of Bolts Required, n ;

n="Ty/Fey

Solution by LREFD-AISC:

Beam web- to — angle connection;

Design shear resistance per bolt (Single Shear);

Fup = 1*¢*0.60*f,*A = 1*¥0.75%0.6%1000*201.1= 90.4 kN.
Design bearing resistance per bolt (t =t,, =8.7 mm.);

Fop = ¢*2.4*f,*d*t = 0.75%2.4*370%16%8.7= 92.7 kN.
Number of Bolts Required, n ;

n=Vy/F,

Column flange- to — angle connection:

Design tension resistance per bolt;

Fran = ¢*fp* A= 0.75%1000*157=117.8 kN.
Number of Bolts Required, n ;

n=Ty/Fea

Solution Tables:

Solutions according to TS 648 are given in Table 5.5.
Solutions according to Eurocode 3 are given in Table 5.6.
Solutions according to LRFD are given in Table 5.7.

Summary of designs for each of codes are given in Table 5.8.
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5.4 Hinge Type Welded Connection

As it was discussed for the hinge type bolted connection,
connection of this type only carries shear, no moment. Web
connection is provided with fillet welds. Equal angle also has the
option to be double or single. In the examples, the double angle is

selected.

r.%\.\]

Figure-5.3
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5.4.1 Definition of the Design Parameters

The following parameters are used in the design of hinge type

of welded connection.

Steel type : St 37, £, = 370 N/mm?’, £, = 240 N/mm’,
Beam: I 400 tw = 14.4 mm.
Column: HEA 400 tr=19.0 mm.

y
L
L
/l
Vg
X
Ls
L P
7 I
e Xp
Figure- 5.4
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Solution Procedure:

According to Figure-5.4, the calculation steps are as follows;

xy =12/ (2*L;+L,)

e=L- Xp
V=V4/2 M=V.e
Ar=a,*L, A,=a,*L, a, = throat thickness.

L = 2% A *(Ly/2)° + (1/12)*a,*L,°

I, = 2%(1/12)*a,*L +2%a, * L *(L1/2-xp) 2, ¥Lo*x,
L=L+I,

T =V /(2*A+Ay)

T =M*y /L= M*(Ly/2) /1,

T’ =M*x/L,=M*L-e) /1,

=T 1

T=1 +1"

ov=(tu’+7)”

Design Requirement:

Determination of weld length required to carry the applied shear load.

In the next part, the weld resistances given by each code will be

presented.
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Solution by TS 648:

Design weld resistance;

T = 1.1 t/cm?

Solution by Eurocode 3:

Design weld resistance per unit weld length;
Tan = ay* £, / (V3*Bo*yaw) = 213.6 2, N/mm
for a,,= 5mm, T, = 1068 N/mm

for ay, = 6mm, T, = 1281 N/mm

for a, = 7Tmm, T, = 1495 N/mm

Solution by LRFD:

Design weld resistance per unit weld length;
T = 9*a,,*0.60%f, = 0.75% a,,*0.60*370 = 166.5 a,, N/mm

for ay, = Smm, Ty = 832.5 N/mm

Solution Tables:

Solutions according to TS 648 are given in Table 5.9.
Solutions according to Eurocode 3 are given in Table 5.10.
Solutions according to LRFD are given in Table 5.11.

Summary of designs for each of codes are given in Table 5.12.
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Notations used in Tables:

V4 = total factored design shear.
a,, = throat thickness
Lt = total length of weld required.

o, = design shear acting on the weld group.
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5.5 Rigid Type Welded Connection

Beam is welded to column directly both form its web and flanges.
In this case, the web is assumed to carry both moment, shear and axial
loads at the same time. In the examples, only shear and moment force
resultants acting on the connection. In order to satisfy the weld

resistance requirements, the beam section is selected accordingly.

.

J\\\]

I
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Figure-5.5

5.5.1 Definition of the Design Parameters

The following parameters are used in the design of rigid type

welded connection.

Steel type : St 37, £, = 370 N/mm?, £, = 240 N/mm”,

S

Figure 5.6
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Solution Procedure:

According to Figure-5.6, the calculation steps are as follows;

A=2%a,*h,, a,, = throat thickness for web.
Ar=2%a*bf; ar= throat thickness for flange.
Az=4*as*bf,

A=4%as t;

Ar=A 1+ A+ Az + Ay

J=2%(1/12)*a,*h,’ + Ay*dy? + Ag*dy” + Ay*d,?
Stress Check at welding in web:

T =V /(Ay) < Ta

c;=M*c /]

Gy =( 2+ 6, )0'5 < Call,w

Stress Check at welding in top flange:

o1=M*c/J< Call,f

. Design Requirement:

Determination of weld length and resulting beam section required to

carry the applied shear load and moment.

In the next part, the weld resistances given by each code will be

presented.
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Solution by TS 648:

Design weld resistance;
Ta = 0.75 t/cm?
Gallw = 1.10 t/sz

Calr= 0.75 t/sz

Solutior by Furocode 3:

Design weld resistance per unit weld length;
T = 2y *f, / (V3*Bo*yuw) = 213.6 2, N/mm

for a,,= Smm, 1t = 1068 N/mm

Solution by LRFD:

Design weld resistance per unit weld length (shear) for web;

T = $*a,,*0.60*f, =0.75% 2,,*0.60*370 = 166.5 a,, N/mm

for a,, = Smm, T, = 832.5 N/mm

Design weld resistance per unit weld length (tension) for web;
Caw = 0*2,*0.60*f, = 0.80* a,%0.60*370 =177.6 a,, N/mm
for a,,= 5mm, G, = 888.0 N/mm

Design weld resistance per unit weld length (tension) for flange;
Gas= $*a,*0.60*f;, = 0.80* a,*0.60*370 =177.6 a,, N/mm

for a, = 7mm, Oy ¢= 1243 N/mm
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Solution Tables:

Solutions according to TS 648 are given in Table 5.13.
Solutions according to Eurocode 3 are given in Table 5.14.
Solutions according to LRFD are given in Table 5.15.

Summary of designs for each of codes are given in Table 5.16.

Notations used in Tables:

V4 = total factored design shear.
M, = total factored design moment.
a,, = throat thickness of web

aw = throat thickness of flange
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CHAPTER 6

CONCLUSIONS

LRFD and EC3 are based on probabilistic concepts. They
promise consistent reliability over elastic design especially for cases

where loads and load effects can be reasonably determined.

6.1 Conclusions

This study covers four type of connections as mentioned in
Chapter 5. Since the codes are adopted for steel buildings in general,
the lower values of LL/DL ratios (LL/DL may be less than 1 for
bridges, etc.) are not considered in the comparison of codes. Only
high-strength bolts with no pretension are used for bolted-type of
connections. The load combinations involve dead and live loads.

Within this scope, the following conclusions can be stated;
1.  Generally, for the intermediate values of LL/DL ratios, the

results are very close to each other, especially for LL/DL ratios

upto 3 or4.
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For the extreme values of LL/DL ratios, LRFD and EC3 give
more economical results compared to TS648.

For hinge type of welded connections studied in this thesis,
TS648 produces more economical solutions over LRFD and
Eurocode 3.

For rigid type of welded connection studied in this thesis, the
use of the limit state codes, LRFD and Eurocode 3, is more
advantageous compared to TS648. Especially, Eurocode 3 gives
very economical solutions.

For bolted type of connections studied in this thesis, when
comparing the results of two limit states codes, LRFD results in
less number of bolts with respect to Eurocode 3.

For welded type of connections studied in this thesis, when
comparing the results of two limit state codes, Eurocode 3
produces more economical designs compared to LRFD.

LRFD and Eurocode 3 allow various combinations of different
load types by applying different load factors.

LRFD and Eurocode 3 allow to use larger bolt holes and slotted
holes which is very good from the erection point of view. On

the other hand, the bolt holes are standard in TS648.

In general, TS648, LRFD and Eurocode 3 produce similar

designs for the ratios of LL/DL that are frequently encountered in the

design of common types of buildings.

It will be very beneficial to start to use LRFD or Eurocode 3 in

Turkey because they insure the consistency in reliability due to its
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probabilistic nature. The same thing can not be said for the allowable
stress design. Moreover, the results are more rational from the design
point of view in LRFD and EC3. In addition, in case of acceptance of
Turkey to European Union, it will be mandatory to use Eurocodes. So

it is better to experience now.

6.2 Suggestions For Further Research

1.  The study may be extended to cover other types of connections,
such as semi-rigid, end plate, etc.

2. Other load combinations including earthquake, wind, etc. can
also be studied.

3.  Lower values of LL/DL ratios (less than 1) may be studied.

4.  High-strength bolts with pre-tensioning may be included in the
study.
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