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FOREWORD

This publication is one of a series of “Green Books” that cover a range of steelwork connections. This
publication provides guidance for moment-resisting joints, designed in accordance with Eurocode 3 Design of
steel structures, as implemented by its UK National Annexes. A companion publication, Joints in Steel
Construction: Simple Joints to Eurocode 3 (P358), covers design of nominally pinned joints.

This publication is the successor to Joints in steel construction — Moment connections (P207/95), which covers
connections designed in accordance with BS 5950.

The major changes in scope compared to P207/95 are:

e The adoption of the published design rules in BS EN 1993-1-8 and its UK National Annex. Although most
checks are almost identical, some differences will be observed, such as the modest revisions to the yield
line patterns and the allowance for the effect of shear in the column web panel.

e Indicative resistances of connections are given, instead of comprehensive standardised details,
recognising that software is most often used for the design of moment-resisting joints.

e The ‘hybrid’ connections, comprising welded parts and parts connected using pre-tensioned bolts, have
been omitted, since they have little use in the UK.

The primary drafters of this guide were David Brown and David lles, with assistance from Mary Brettle and
Abdul Malik (all of SCI). Special thanks are due to Alan Rathbone and Robert Weeden for their comprehensive
checking of the draft publication.

This publication was produced under the guidance of the BCSA/SCI Connections Group, which was
established in 1987 to bring together academics, consulting engineers and steelwork contractors to work on the
development of authoritative design guides for steelwork connections.

The BCSA/SCI Connections Group members, at the date of publication, are:

Mike Banfi Arup
David Brown Steel Construction Institute
Tom Cosgrove BCSA

Peter Gannon

Watson Steel Structures Ltd

Bob Hairsine CADS

Alastair Hughes Consultant

Fergal Kelley Peter Brett Associates

Abdul Malik Steel Construction Institute

David Moore BCSA

Chris Morris Tata Steel

David Nethercot Imperial College

Alan Pillinger Bourne Construction Engineering Ltd
Alan Rathbone CSC UK Ltd

Roger Reed Consultant
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1 INTRODUCTION

1.1 ABOUT THIS DESIGN GUIDE

This publication provides guidance for designing
moment-resisting  joints in  accordance  with
Eurocode 3. The publication covers:

e Bolted end plate connections between beams
and columns in multi-storey frames and portal
frames.

e Welded beam to column connections in multi-
storey frames.

e Splices in columns and beams, including apex
connections in portal frames.

e Column bases.

All connections described in procedures, examples
and appendices are between | section and H section
members bending about their major axes.
Nevertheless, the general principles presented here
can be applied to connections between other member

types.

Design procedures

Design procedures are included for all the
components in the above types of connection.
Generally, the procedure is to calculate the design
resistances for a given connection configuration, for
the lowest mode of failure, and to ensure these are at
least equal to the design moments and forces.

The design of moment-resisting joints can be a
laborious process if undertaken by hand, especially
as a number of iterations may be required to obtain
the optimum connection configuration. In most cases,
the connection design will be carried out using
software. The procedures in this publication will serve
as guidance for developing customised software and
for manual checks on a completed design.

Design examples

Worked examples illustrating the design procedures
are included for all the above types of moment-
resisting joints

Standardisation

Although there are no standard moment-resisting
joints, the principles of standardisation remain
important for structural efficiency, cost-effective
construction and safety. The following are generally
recommended, at least for initial design:

e M20 or M24 property class 8.8 bolts,
threaded.

e Bolts at 90 or 100 mm cross-centres (‘gauge’).

fully

e Bolts at 90 mm vertical centres (‘pitch’).

e S275 or S355 fittings (end plates, splice plates
and stiffeners).

Introduction — About this design guide

e 20mm end plates with M20 bolts; 25 mm end
plates with M24 bolts.

Examples of typical configurations are given in
Appendix A.

Steel grades

The connections described in this guide are suitable
for members in steel grades up to S460.

Indicative connection resistances

To facilitate, at an early stage in the design, an
assessment of whether the calculated design moment
at a joint can be transferred by a reasonably sized
connection, indicative connection resistances are
provided in Appendix B.

1.2 EUROCODE 3

Design of connections in steel structures in the UK is
covered by BSEN1993-1-8" and its National
Annex?.

The following partial factors are defined in the UK
National Annex (UK NA). The worked examples and
indicative resistances in Appendix B have used these
values.

Table 1.1 Partial factors in NA to BS EN 1993-1-8

Partial | Value | Comment

Factor

M2 1.25 Used for the resistance of bolts and
welds

M2 1.25 Used for the resistance of plates in
bearing*

M3 1.25 Used for slip resistance at ULS

YM3,ser 1.1 Used for slip resistance at SLS

*ym2 = 1.5 should be used if deformation control is
important but this is not generally necessary for
connections covered in this publication.

The resistance of members and sections, and the
local buckling resistance of components such as
splice cover plates, is given by BS EN 1993-1-1. The
UK NA defines the following partial factors:

Table 1.2 Partial factors in NA to BS EN 1993-1-1

Partial Value | Comment

Factor

Mo 1.0 Used for the resistance of sections

ML 1.0 Used for buckling resistance

M2 11 Used for the resistance of net
sections in tension




Introduction — Joint classification

1.3 JOINT CLASSIFICATION

BS EN 1993-1-8 requires that joints are classified by
stiffness (as rigid, semi-rigid or nominally pinned) and
by strength (as full strength, partial strength or
nominally pinned). The stiffness classification is
relevant for elastic analysis of frames; the strength
classification is for frames analysed plastically. The
Standard defines joint models as simple, semi-
continuous or continuous, depending on stiffness and
strength. Moment-resisting joints will usually be rigid
and either full or partial strength and thus the joints
are either continuous or semi-continuous.

In most situations, the design intent would be that
moment-resisting joints are rigid, and modelled as
such in the frame analysis’. If the joints were in fact
semi-rigid, the behaviour of the joint would need to be
taken into account in the frame analysis but the UK
NA discourages this approach until experience is
gained with the numerical method of calculating
rotational stiffness.

Clause 5.2.2.1(2) of the Standard notes that a joint
may be classified on the basis of experimental
evidence, experience of previous satisfactory
performance in similar cases or by calculations based
on test evidence.

The UK NA offers further clarification, and in NA.2.6
comments that connections designed in accordance
with the previous version of this publication® may be
classified in accordance with the recommendations in
that publication. It is expected that the reference will
in due course be updated to refer to the present
publication, which provides equivalent guidance on
classification below.

Rigid joint classification

Well-proportioned  connections that follow the
recommendations for standardisation given in this
guide and designed for strength alone can generally
be assumed to be rigid for joints in braced frames and
single-storey portal frames. For multi-storey unbraced
frames, joint rotational stiffness is fundamental to the
determination of frame stability. The designer must
therefore either evaluate joint stiffness (in accordance
with BS EN 1993-1-8) and account for this in the
frame design and assessment of frame stability or, if
rigid joints have been assumed in the frame analysis,
ensure that the joint design matches this assumption.

" In multi-storey unbraced frames, the sensitivity to second
order effects depends not only on the stiffness of the beams
and columns but also on the stiffness of the joints. If the joints
are considered to be rigid when calculating sensitivity to second
order effects (measured by o), this assumption must be
realised in the joint details.

For an end plate connection, it may be assumed that
the connection is rigid if both the following
requirements are satisfied:

e Mode 3 (see Section 2.5, STEP 1) is the critical
mode for the top row of bolts. This will mean
adopting relatively thick end plates and may
mean that the column flange has to be stiffened.

e The column web panel shear force does not
exceed 80% of the design shear resistance. If
this is not possible, a stronger column should be
used, or suitable strengthening should be
provided.

Semi-rigid joint classification
Where a rigid joint cannot be assumed, the joint
should be assumed to be semi-rigid.

1.4 COSTS

Moment-resisting joints are invariably more expensive
to fabricate than simple (shear only) connections.
Although the material cost of the components in the
connection (the plates, the bolts etc.) may not be
significant, moment-resisting joints generally have
much more welding than other connections. Welding
is an expensive operation and also involves
inspection after completing the welds.

Local strengthening adds further expense: increasing
the resistance of the main members should always be
considered as a cost-effective alternative. Local
strengthening often makes the connections to the
minor axis more difficult to achieve, adding further
cost.

Haunches involve a large amount of welding and are
therefore expensive. When used to increase the
resistance of the member, such as in a portal frame
rafter, their use is justified, but haunches can be an
expensive option if provided only to make a bolted
connection feasible.

The indicative connection resistances provided in
Appendix B allow designers to make a rapid
assessment of the resistance of connections without
haunches.
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1.5 MAJOR SYMBOLS

The major symbols used in this publication are listed below for reference purposes. Others are described

where used.

A; tensile stress area of a bolt

a effective throat thickness of a fillet weld (subscript c refers to column web/flange weld, b refers to beam to
column weld and p refers to beam to end plate weld)

b  section breadth (subscript ¢ or b refers to column or beam)

do hole diameter

d depth of web between fillets or diameter of a bolt

e distance from the centre of a fastener to the nearest edge (subscripts are defined for the particular use)

f,  vyield strength of an element (subscript fb,fc or p refers to beam flange, column flange or end plate)

f,  ultimate strength of an element (subscript fb,fc or p refers to beam flange, column flange or end plate)

f.o  ultimate tensile strength of a bolt

Fp rq design bearing resistance of a bolt

F.rqa design shear resistance of a bolt

F.ra design tension resistance of a bolt

F.eq design tensile force per bolt at ULS

F.eq design shear force per bolt at ULS

h  section height (subscript ¢ or b refers to column or beam)

m distance from the centre of a fastener to a fillet weld or to the radius of a rolled section fillet (in both
cases, measured to a distance into the fillet equal to 20% of its size)

p  spacing between centres of fasteners (‘pitch’ - subscripts are defined for the particular use))

w  horizontal spacing between lines of bolts in an end plate connection (‘gauge’)

M;rq design moment resistance of a joint

r root radius of a rolled section

s leg length of a fillet weld (s = y2a for symmetric weld between two parts at right angles); stiff bearing
length (or part thereof)

tr  thickness of flange (subscript c or b refers to column or beam)

ty  thickness of web (subscript c or b refers to column or beam)

t,  thickness of plate, or packing

W  elastic modulus (subscript b refers to bolt group modulus)

Lengths and thicknesses stated without units are in millimetres.
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2 BOLTED BEAM TO COLUMN CONNECTIONS

2.1 SCOPE

This Section covers the design of bolted end plate
connections between | section or H section beams
and columns such as those shown in Figure 2.1. The
design approach follows that described in
BS EN 1993-1-8. Bolted end plate splices and apex
connections, which use similar design procedures,
are covered in Section 4.3.

2.2 DESIGN BASIS

The resistance of a bolted end plate connection is
provided by a combination of tension forces in the
bolts adjacent to one flange and compression forces
in bearing at the other flange. Unless there is axial
force in the beam, the total tension and compression
forces are equal and opposite. Vertical shear is
resisted by bolts in bearing and shear; the force is
usually assumed to be resisted mainly by bolts
adjacent to the compression flange. These forces are
illustrated diagrammatically in Figure 2.2.

At the ultimate limit state, the centre of rotation is at,
or near, the compression flange and, for simplicity in
design, it may be assumed that the compression

T MT—

.._____/'_'_--
Full depth end plate

..,__‘-_/'_'_--
Extended end plate

resistance is concentrated at the level of the centre of
the flange.

The bolt row furthest from the compression flange will
tend to attract the greatest tension force and design
practice in the past has been to assume a ‘triangular’
distribution of forces, pro rata to the distance from the
bottom flange. However, where either the column
flange or the end plate is sufficiently flexible (as
defined by NA.2.7 of the UK NA) that a ductile failure
mode is achieved, the full resistances of the lower
rows may be used (this is sometimes referred to as a
plastic distribution of bolt row forces).

2.3 DESIGN METHOD

The full design method for an end plate connection is
necessarily an iterative procedure: a configuration of
bolts and, if necessary, stiffeners is selected; the
resistance of that configuration is evaluated; the
configuration is modified for greater resistance or
as appropriate;
until

the revised
a satisfactory

greater economy,
configuration is re-evaluated,
solution is achieved.

Mr——

...______/'_'_--
Stiffened extended end plate

-
Haunched beam (may also be extended)

Beam with mini-haunch

Figure 2.1 Typical bolted end plate beam to column connections
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Figure 2.2 Forces in an end plate connection

The verification of the resistance of an end plate
connection is summarised in the seven STEPS
outlined below.

STEP 1

Calculate the effective tension resistances of the bolt
rows. This involves calculating the resistance of the
bolts, the end plate, the column flange, the beam web
and the column web. The effective resistance for any
row may be that for the row in isolation, or as part of a
group of rows, or may be limited by a ‘triangular’
distribution from compression flange level.

The conclusion of this stage is a set of effective
tension resistances, one value for each bolt row, and
the summation of all bolt rows to give the total
resistance of the tension zone. (These resistances
may need to be reduced in STEP 4.)

STEP 2

Calculate the resistances of the compression zone of
the joint, considering the column web and the beam
flange.

STEP 3

Calculate the shear resistance of the column web.
(Note: the influence of the shear force in the column
web on the resistances of the tension and
compression zones will already have been taken into
account in STEPS 1 and 2.)

STEP 4

Calculate the ‘final’ set of tension resistances for the
bolt rows, reducing the effective resistances
(calculated in STEP 1) where necessary in order to
ensure equilibrium (if the total effective tension
resistance exceeds the compression resistance
calculated in STEP 2) or to match the limiting column
web panel shear resistance calculated in STEP 3.

Calculate the moment resistance. This is the
summation of the products of bolt row force multiplied
by its respective lever arm, calculated from the centre
of compression.

STEP 5

Calculate the shear resistance of the bolt rows. The
resistance is taken as the sum of the full shear
resistance of the bottom row (or rows) of bolts (which
are not assumed to resist tension) and 28% of the
shear resistance of the bolts in the tension zone
(assuming, conservatively, that they are fully utilised
in tension).

STEP 6
Verify the adequacy of any stiffeners in the
configuration. See Section 2.4 for types of

strengthening covered in this guide.

STEP 7

Verify the adequacy of the welds in the connection.
(Note that welds sizes are not critical in the preceding
STEPS but they do affect the values of m and if the
assumed weld sizes need to be modified, the values
calculated in previous STEPS will need to be
re-evaluated).

Components in compression in direct bearing need
only a nominal weld, unless moment reversal must be
considered.

The above STEPS involve the determination of
resistance values of 14 distinct components of an end
plate connection. These components are illustrated in
Figure 2.3.

For haunched beams, an additional STEP is required:

STEP 8

Verify the adequacy of the welds connecting the
haunched portion to the beam and the adequacy of
the beam web to resist the transverse force at the
end of the haunch.
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ZONE REF COMPONENT Procedure
a Bolt tension STEP IA
b End plate bending STEP IA
c Column flange bending STEP IA
TENSION d Beam web tension STEP IB
e Column web tension STEP IB
f Flange to end plate weld STEP 7
g Web to end plate weld STEP 7
HORIZONTAL h Column web panel shear STEP 3
SHEAR
j Beam flange compression STEP 2
COMPRESSION k Beam flange weld STEP 7
I Column web STEP 2
m Web to end plate weld STEP 7
VERTICAL n Bolt shear STEP 5
SHEAR
p Bolt bearing (plate or flange) STEP 5

Figure 2.3 Joint components to be evaluated
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2.4 METHODS OF STRENGTHENING Table 2.1  Methods of strengthening columns
Careful selection of the members during design will
often avoid the need for strengthening of the joint and DEFICIENCY
will lead to a more cost-efficient structure. | 5
Sometimes, there is no alternative to strengthening | TYPE OF COLUMN c cl|E ol g o
one or more of the connection zones. The range of | STIFFENER a2 R e
stiffeners which can be employed is indicated in g SIS S § a| =
Figure 2.4. 2| E|l 3
(=}
o| =

The type of strengthening must be chosen such that it | |, -ontal stiffeners
does not clash with other components at the
connection. This is often a problem with conventional Full depth . . .
stiffeners when secondary beams connect into the Partial depth . . .
column web.

Supplementary web plates . . .
There are usually several ways of strengthening each
zone and many of them can contribute to overcoming | Diagonal stiffeners (N & K) . . .
a deficiency in more than one area, as shown in —
Table 2.1. Morris stiffeners . . .

Flange backing plates .
Partial depth Full depth
stiffener stiffener Cap plate Flange backing

/ plates

N

Stiffener for

beam web
TENSION STIFFENERS
[ I [ I
i
E o
1 Lf ]

COMPRESSION STIFFENERS

'N' stiffener 'Morris' stiffener 'K' stiffener Provides tensile
compression and
shear reinforcement

/] 11

L — L —

SHEAR STIFFENERS SUPPLEMENTARY WEB PLATE
Figure 2.4 Methods of strengthening
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2.5 DESIGN STEPS

The following pages set out the details of the eight
Design STEPS described above. Worked examples
illustrating the procedures are given in Appendix C.

The connection geometry for an end plate connection
with three rows of bolts in the tension zone is shown
in Figure 2.5. The geometry for a haunched
connection in a portal frame would be similar,
although the beam would usually be at a slope and
there would be more bolt rows.

P12
P23 _ N
w e &
/ me
5 be| e ptie [k T
I’C{( ;‘SW
g
b —1r L L SN
For the end plate: where:
Wt w is the horizontal distance between bolt centrelines (gauge)
b : .
M= —% ~0.8s b, s the end plate width
b. is the column flange width
bhw t.w IS the beam web thickness
=
2 2 twe is the column web thickness
For the column flange: s is the weld leg length (s = v2a, where a is the weld throat)
(subscripts f and w refer to the flange and the web welds
respectivel
mc:ﬂ_tw_c_o-src . P . ) . .
2 2 re is the fillet radius of the rolled section
(for a welded column section use s, the weld leg length)
e P W
2 2

For the end plate extension only:
my =X — 0.8s;
Adjacent to a flange or stiffener:

m, is calculated in a similar way to my, above. m; is the distance to the face of the flange or stiffener, less 0.8 of the
weld leg length.

Note: dimensions m and e, used without subscripts, will commonly differ between column and beam sides

Figure 2.5 Connection geometry
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STEP 1

RESISTANCES OF BOLT ROWS IN THE TENSION ZONE

GENERAL

The effective design tension resistance for each row
of bolts in the tension zone is limited by the least
resistance of the following:

Bending in the end plate.
Bending in the column flange.

Tension in the beam web.

Tension in the column web.

Additionally, the resistance of a group of several rows
may be less than the sum of the resistances of the
individual rows because different failure modes apply.

Resistances of Individual Rows

The procedure is first to calculate the resistance for
each individual row, F,;. For a typical connection with
three bolt rows, the values F,, F,, F;; etc. are
calculated in turn, starting at the top (row 1) and
working down. At this stage, the presence of all the
other rows is ignored.

The detailed procedure for each element is given in:

¢ Column flange bending/bolt failure......... STEP 1A
¢ End plate bending/bolt failure................. STEP 1A
e Column web intension............cccccovenneen. STEP 1B
e Beamweb intension...........ccccooninnnenn. STEP 1B

For each bolt row, an effective length of equivalent
T-stub is determined, for each of the possible yield
line patterns shown in Table 2.2 that are relevant to
the location of the fastener, and the design resistance
of each element is calculated. The effective design
resistance of the row is the lowest of the resistances
calculated for the beam and column sides of the
connection.

Resistances of Groups of Rows

As well as determining the effective resistance of
individual rows, the resistances of groups of bolt rows
are evaluated, using the same procedures. The
effective lengths of equivalent T-stubs for groups of
rows are given by the yield line patterns in Table 2.3.
The effective design resistance of the group of rows
is the lowest of the resistances calculated for the
beam and column sides of the connection. If rows are
separated by a flange or stiffener, no behaviour as a
combined group is possible and the resistance of the
group is not evaluated.

Effective Resistances of Rows

For rows not separated by a flange or stiffener, the
bolt rows are usually sufficiently close together that
the resistance of a group of rows will be limited by a

group failure mode. In such cases, to maximise the
bending resistance provided by the rows in tension, it
is assumed that the highest row provides the
resistance that it would as an individual row and that
lower rows in the group provide only the additional
resistance that each row contributes as it is added to
the group.

The procedure for determining these reduced
effective design resistances of the rows may be
summarised as follows:

Fure = [resistance of row 1 alone]

Fiore = lesser of:
resistance of row 2 alone
(resistance of rows 2+1)-Fgy

Fisre = least of:
resistance of row 3 alone
(resistance of rows 3+ 2)-FyRg

(resistance of rows3+2+1)-Fyorq - Fiprd

and in a similar manner for subsequent rows.

The process is therefore to establish the resistance of
a row, individually or as part of a group, before
considering the next (lower) row.

Limitation to Triangular Distribution

Additionally, if the failure mode for any row is not
ductile, the effective design resistances of lower rows
will need to be limited to a ‘triangular’ distribution —
see STEP 1C.
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STEP 1 RESISTANCES OF BOLT ROWS IN THE TENSION ZONE

RESISTANCES OF T-STUBS Mode 3 Bolt Failure

The resistances of the equivalent T-stubs are Frzpy = Y Fpy
evaluated separately for the end plate and the column ’

flange. The resistances are calculated for three -
possible modes of failure. The resistance is taken as
the minimum of the values for the three modes.
The design resistance of the T-stub flange, for each H—F & Fira
of the modes, is given below. Frara )
A ——
Mode 1 Complete Flange Yielding —
Using ‘Method 2’ in Table 6.2 of BS EN 1993-1-8:
b ¢ Fird
(8n-2e, )M, 1n
Frird =
2mn-e, (m + n) —
N ~- where:
~—H0= Mpi,1,ra @Nd M2 g @re the plastic resistance moments
Ew of the equivalent T-stubs for Modes 1 and 2,
E given by:
TR Mpl,l,Rd =0.25 zzeﬁ.ltfz fy /'YMO

M ora =0.25Z 1 o, tf2 f, /7M0

Ler1 IS the effective length of the equivalent T-stub for
Mode 1, taken as the lesser of (g, and lesnc

B—p (see Table 2.2 for effective lengths for individual
— rows and Table 2.3 for groups of rows)

Ler2 IS the effective length of the equivalent T-stub
for Mode 2, taken as /e (See Table 2.2 for
effective lengths for individual rows and

Mode 2 Bolt Failure with Flange Yielding Table 2.3 for groups of rows)
2M s +1 (thRd ) t is the thickness of the T-stub flange
Frard = : - (=tyorty)
m+n

fy is the yield strength of the T-stub flange (i.e. of
the column or end plate)

EFra is the total tension resistance for the bolts in
the T-stub (= 2Frq for a single row)

F—— Fira ew =d,/4

dw is the diameter of the washer or the width
across the points of the bolt head, as relevant

m is as defined in Figure 2.5
n is the minimum of:

I~ Ft,Rd

e. (edge distance of the column flange)
e, (edge distance of the end plate)

1.25m (for end plate or column flange, as
appropriate)

10



Bolted beam to column connections — Design steps

STEP 1 RESISTANCES OF BOLT ROWS IN THE TENSION ZONE

Backing Plates

For small section columns with thin flanges, loose
backing plates can increase the Mode 1 resistance of
the column flange. Design procedures for backing
plates are given in STEP 6E.

Stiffeners

The presence of web stiffeners on the column web
and the position of the beam flange on the end plate
will influence the effective lengths of the equivalent
T-stubs. Stiffeners (or the beam flange) will prevent a
group mode of failure from extending across the line
of attachment on that side of the connection. To
influence the effective lengths, the width of stiffener or
cap plate should be wider than the gauge and comply
with:

b=1.33w

where b is the width of beam, cap plate or overall
width of a pair of stiffeners.




Bolted beam to column connections — Design steps

STEP 1A

T-STUB FLANGE IN BENDING

Table 2.2

Effective lengths €4 for equivalent T-stubs for bolt row acting alone

for Frirg @and Frorg.

(@) Pair of bolts in an unstiffened end plate extension

Note: Use m, in place of m and e, in place of n in the expressions

Lel w Le]}
’ T 1

S o

o [ ] o

Circular patterns

Non-circular patterns

Circular vyielding

Zeff,cp = ZTEI'nX

yield

lines

Double curvature

b
feff,nc =L

2

Individual end yielding

Zeﬁvcp =71m, +2e,

Individual end yielding

Lefine = 4m, +1.25e,

Circular group yielding

Lefrop = MMy +W

Corner yielding

Lefinc =2mM, +0.625e, +e€

144

Group end yielding

Veftne = 2M, +0.6258, +%

applicable.

(b) Pair of bolts at end of column or

e|m
on a stiffened end plate extension
Note: The expressions below may also be used for a column € ° °
without a stiffener except that the corner yielding pattern is not m,

Circular patterns

Non-circular patterns

!
B

Circular yielding
geff,cp = ZTCm

Corner yielding

Vetinc = @M —(2m +0.625e) + e,

Individual end yielding,

Eeff,cp =1mm + 2ex

s

Corner yielding away from
the stiffener/flange (m, large)

Lefinc =2mM +0.625€e + e,

See Notes on Page 14

12




Bolted beam to column connections — Design steps

STEP 1A T-STUB FLANGE IN BENDING

Table 2.2 (continued)

Side yielding
(m, and e, large)

Letinc =4m+1.25e

(c) Pair of bolts in a column flange below a stiffener (or cap m
plate) or in an end plate below the beam flange

Circular patterns Non-circular patterns

Side yielding near beam
flange or a stiffener

Circular vyielding

feff,cp = 2TCm
% % ge"f'nc ) am
m e
A

(d) Pair of bolts in a column flange between two stiffeners
or in an end plate between stiffeners and beam flange

NB This pattern is not included in BS EN 1993-1-8 Moy

My

Circular patterns Non-circular patterns

Side yielding between two
stiffeners

l s =om+a'm—(4m+1.25e)

Circular yielding
geﬁ =27T.rn

a is calculated using myy

sl R

o' is calculated using my_

See Notes on Page 14

Table 2.2 (continued)

(e) Pair of bolts in a column flange away from any stiffener
or in an end plate, away from the flange or any stiffener

Circular patterns Non-circular patterns

13



Bolted beam to column connections — Design steps

STEP 1A T-STUB FLANGE IN BENDING

Side yielding
lef =4m+1.25e

Circular yielding

] o

Notes:
For each of the situations above, where there is more than one pattern of a type (circular or non-circular), use

the smallest value of lg ¢, OF Lot nc @S appropriate (see Tables 6.4, 6.5 and 6.6 of BS EN 1993-1-8).
The value of « depends on dimensions m and m, and is determined from the chart in Appendix G.
L.k is the length of the equivalent T-stub, not the length of the pattern shown.

For consideration as an effective stiffener or flange in restricting the yield line patterns, see the limiting minimum
value of b in STEP 1.

14



Bolted beam to column connections — Design steps

STEP 1A T-STUB FLANGE IN BENDING

Table 2.3  Effective lengths for bolt rows acting in combination

Where there is no stiffener (or beam flange) between rows, a yield line pattern can develop around that group of
bolts. This is referred to as rows acting in combination. When there is a stiffener or flange on the side
considered that falls within a group, the resistance of that group is not evaluated.

When rows act in combination, the group comprises a top row, one or more middle rows (if there are at least
three rows in the group) and a bottom row. The effective length for the group is the summation of the lengths for
each of the rows as part of a group. The lengths are given below.

(a) Top row

In an unstiffened column

In a stiffened extended end plate (when there is more than one row)

Below a column stiffener or below a beam flange

o

m, €

Circular patterns

Non-circular patterns

Close to a free edge

geﬁ,cp = 2e1 +p

Close to a free edge

éeff,nc =e;+0.5p

Away from a free edge

feﬁ'cp =mm+p

Away from a free edge

Letine =2mM+0.625e +0.5p

Close to stiffener/flange

Leftep =TM + P

Close to stiffener/flange

L etine = @M —(2m +0.625e) +0.5p

(b) Internal row

Circular patterns

Non-circular patterns

fef‘f,cp = 2p

ﬁeﬁ,nc =p

15




Bolted beam to column connections — Design steps

STEP 1A

T-STUB FLANGE IN BENDING

Table 2.3 (continued)

(c) Bottom row

Circular patterns

Away from stiffener/flange

Zeﬁycp =mm+p

Away from stiffener/flange

Ceftne = 2M +0.625 +0.5p

Close to stiffener/flange

Leftep =TM + P

Close to stiffener/flange

Leffne = am —(2m +0.625e) + 0.5p

The value of o depends on dimensions m and m, and is determined from the chart in Appendix G.

Table 2.4 shows how effective lengths are built up from the contributions of individual rows.

Table 2.4

Typical examples of effective lengths for bolt rows acting in combination

Circular patterns

Non-circular patterns

Group of three rows in a clear
length

éeffycp = Tm+p
+ 2p

+ mm+p

= 2mm+4p

Group of three rows in a clear length

lefinc = 2mM +0.625e +0.5p

+ P
+ 2m+0.625e +0.5p
= 4m +1.25e +2p

Group of three rows adjacent
to a stiffener/flange

Zeﬂvcp: mm +p
+ 2p

+ mm+p

= 2mm+4p

Group of three rows adjacent to a
stiffener/flange

am —(2m + 0.625e) + 0.5p

+ p
+ 2m +0.625e +0.5p
= am+2p

Zeff,nc =

16



Bolted beam to column connections — Design steps

STEP 1B

WEB TENSION IN BEAM OR COLUMN

GENERAL

The tension resistance of the equivalent T-stub is
also limited by the tension resistance of an
unstiffened column web or beam web.

Column Web

The tension resistance of the effective length of
column web for a row or a group of bolt rows is given
by:

abeﬁ.t.wc twc fy,wc
Ft,wc,Rd =
7 Mo
where:
w is a reduction factor that takes account of the

interaction with shear, and which depends on
the transformation parameter 8, see Table 2.5.

betriwe IS the effective length of column web (= £ex)

Lot is the effective length of the equivalent T-stub

on the column side

Stiffened Column Web

Web tension will not govern for any row or group of
bolts where stiffeners are adjacent to or between the
bolt rows being considered. A stiffener is considered
adjacent if it is within 0.87w of the bolt row (where w
is the bolt gauge). Stiffeners will need to be designed
as described in STEP 6.

Beam Web

The tension resistance of the effective length of beam
web for a row or a group of bolt rows (other than
adjacent to the beam flange) is given by:

_ beff,t,wb twb fy,wb
Ft,wb,Rd_

7/M0
where:

Derrewp IS the effective length of beam web (= £e)

Ceit is the effective length of the equivalent T-stub

on the beam side

twe is the thickness of the column web two is the thickness of the beam web
fywe IS the yield strength of_ the column web fywp  is the yield strength of the beam web
(=1, for a rolled section) (= fyp for a rolled section)
Table 2.5 Reduction factor for interaction with shear
Transformation parameter 8 Reduction factor @
0<p<0.5 o =1
05<p8<1 o =o+21-p1- )
p=1 o =o
1<p<2 o =ot(f-1)(w-w)
B=2 o =
o = ! W = =
, = =
\/l"" 1-3(beff,t,wctwc /A\/c)2 \/l+ 5'2(beff,t,wctwc /Avc)2
Avc is the shear area of the column

p is the transformation parameter, see below

bettwe IS the effective width for tension in the web

Note: This Table may also be used for the web in compression (STEP 2) by using becwc in the expressions for

w1 and ap

17



Bolted beam to column connections — Design steps

STEP 1B

WEB TENSION IN BEAM OR COLUMN

Table 2.5 (continued)

Type of joint configuration Action Value of g
Single-sided Mo1ed (Mbzed = 0) p=1
Double-sided M =M L=p=0
b1,Ed b2,Ed 1
M ] M
b2,Ed b1,Ed
Mp1ed + Mbzed =0 A=p=2
M
% % ﬁl — 1_ b2 Ed < 2
Mb1Ed
| (all other values) y
ﬁz = ]__ﬂ <2
My £d

18




Bolted beam to column connections — Design steps

STEP 1C

PLASTIC DISTRIBUTION LIMIT

PLASTIC DISTRIBUTION LIMIT

Realising the full tensile resistance of more than one
bolt row requires significant ductility in the bolt rows
furthest from the centre of rotation. Where the
resistance depends on the deformation of the T-stubs
in bending (Modes 1 or 2), sufficient ductility is
generally available. If the connection is not ductile,
the bolt row forces must be limited (the force in any
lower row must not exceed a value pro rata to the
distance from the centre of rotation, the compression
flange). This is commonly referred to as a ‘triangular
limit’ to bolt forces — see Figure 2.6.

Triangular limit

Extended end plate

N—
—>
/
- —
/
-/
/
/
/
/
/
/
A //
—_——— e H e\ — <—
‘f‘_

Triangular limit
Full depth end plate

Figure 2.6 Triangular limit to bolt forces

The UK NA states that a plastic distribution can be
assumed (i.e. there is sufficient ductility) when either:

Fiorda £ 1.9 Firg

or
t <9 [fw
P 19 yp
or
<i fu_b
©T19Vf
. yfc
where:
Fira is the effective design tension resistance of
one of the previous (higher) bolt rows x
Fira is the design tension resistance of an
individual bolt
tp is the end plate thickness
tre is the column flange thickness
d is the diameter of the bolt

o is the design strength of the end plate

fue  is the design strength of the column flange
(= f, for arolled section)

fub is the ultimate tensile strength of the bolt
(referred to in the NA as f,)

The first limit ensures that Mode 3 does not govern
(other than for the first bolt row). The second and
third limits ensure that, even if Mode 3 governs, there
is significant deformation in the T-stub on at least one
side of the connection.

If a plastic distribution cannot be assumed (i.e. none
of the criteria are met), then the resistance of each
lower bolt row r from that point on must be limited,
such that:

h
Ftr,Rd < th,Rd—r
X

where:

hy is the distance of bolt row x (the bolt row
furthest from the centre of compression that
has a design tension resistance greater than
1.9 Fira)

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

The centre of compression is taken as the centre line
of the beam flange (see STEP 2) and the ‘triangular’
limit originates there, as shown in Figure 2.6.
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Bolted beam to column connections — Design steps

STEP 2 COMPRESSION ZONE

GENERAL

The compression resistance is assumed to be
provided at the level of the bottom flange of the
beam. On the beam side, this resistance is assumed
to be provided by the flange, including some
contribution from the web. On the column side, the
length of column web that resists the compression
depends on the dispersion of the force through the
end plate and column flange. If the column web is
inadequate in compression, a stiffener may be
provided — see STEP 6B.

Resistance of Column Web

The area of web providing resistance to compression
is given by the dispersion length shown in Figure 2.7.

T &

:\ WZE

‘ 1

L NL
beff,c,wc : ;:I<_Fc,Ed

Ol tp

[

ol L

7

U

tfc

S tp

Figure 2.7 Force dispersion for column web

The design resistance of an unstiffened column web
in transverse compression is determined from:

= _ a) kwc beff,c,wc tW(: fy,wc
c,wc,Rd —
7mo
but
Fc,wc,RdS o kwc pbeﬂ,c,wc twc fy,wc
7m1
where:

Dettewe =t + 28¢ + 5 (t +S) + S

w is a reduction factor that takes account of the
interaction with shear, see Table 2.5

twe is the thickness of the column web

fywc IS the yield strength of the column web
(= f, for arolled section)

kwe  is areduction factor, allowing for coexisting
longitudinal compressive stress in the column

o} is a reduction factor, allowing for plate buckling
in the web
S =, for rolled | and H column sections

=4/2 a, for welded column sections, in which

a. is the throat thickness of the fillet weld
between the column web and flange

St is the leg length of the fillet weld between the
compression flange and the end plate

=2 a,)

Sp = 2t, (provided that the dispersion line remains
within the end plate)

The reduction factor for maximum coexisting
longitudinal compression stress in the column web
Ocom Ed IS Qiven by:

When ogomed < 0.7 fyuwe  Kne = 1.0

(o
When ogomed > 0.7 fyue  Kne = 1.7 - _y.we

y.we

The stress oomeq IS the sum of bending and axial
design stresses in the column, for the design situation
at the connection.

_ Mgg  Ngg .
The stress ogomes = —— +———but < f,. If the web is
A

el
in tension throughout, k,. = 1.0. In most situations
this would not exceed 0.7 f,,. and thus k,. = 1.0.
Conservatively, k,. could be taken as 0.7.

The reduction factor for plate buckling is given by:

If 7, <072 p=1.0

_ -0.2
If 7, >072 p= /1"_—2

f

beff,c,wc dwc y.wc

In which /Tp =0.932 Er 2
tic

dye = h. — 2t +5)
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Bolted beam to column connections — Design steps

STEP 2 COMPRESSION ZONE

Resistance of the Beam Flange

The compression resistance of the combined beam
flange and web in the compression zone is given by:

M c,Rd

Fefora =
hy =t

In a haunched section (whether from a rolled section
or fabricated from plate), a convenient assumption is
to calculate the resistance of the haunch flange as
1.4Awf,. If, for more precision, the compression zone
is taken as a Tee (flange plus part of the web), the
resistance of the Tee should be limited to 1.2 Agf,.

where:

Mcrq is the design bending resistance of the beam
cross section. For a haunched beam, M¢rq
may be calculated neglecting the intermediate

flange
hy is the depth of the connected beam
ti is the flange thickness of the beam (for a

haunched beam, use the mean thickness of
tension and compression flanges)

A, is the area of the compression flange of the
beam (or the flange of the haunch, in a
haunched beam)

Are is the area of the Tee in compression
fy is the yield strength of the beam

When the vertical shear force (Vgg) is less than 50%
of the vertical shear resistance of the beam cross
section (Vgg):

Wi
Mc,Rd = _y
VMo

For Class 1 and 2 sections W =W,
For Class 3 sections W =W

For Class 4 sections W = Wegt min

Where Vg4 > 0.5Vgq, the bending resistance should
be determined using 6.2.8 of BS EN 1993-1-1. To
determine Vgq, refer to 6.2.5 of BS EN 1993-1-1.

21




Bolted beam to column connections — Design steps

STEP 3

COLUMN WEB SHEAR

GENERAL

In single-sided beam to column connections and
double-sided connections where the moments from
either side are not equal and opposite, the moment
resistance of the connection might be limited by the
shear resistance of the column web panel.

Shear Force in Column Web Panel

For a single-sided connection with no axial force in
the beam, the shear force in the column web Vi, gq
may be taken as equal to the compression force Fcgq
(which equals the total tension force) — in practice the
shear would be reduced by the horizontal shear force

in the column below the connection but,
conservatively, this reduction may be neglected.
—
ZFica14— [ —> Fie
pr.Ed
Foedr —» <+— Fea2
VipEd = |Fc,Ed,1 —FeEd2
Moments in opposing directions
FC'Ed'l > 1l JII; b z':ri,Ed,Z
pr,Ed
ZFri,Ed,l ¢ 1 AL < FoEd2
(|

Vwped =FeEd1+ Feed,2

Moments in the same direction

Note: The total tension forces (3 Fiieq) are shown acting
at the flange centroid, for convenience. Their exact
effective lines of action depend on the bolt configurations
and resistances.

Figure 2.8 Shear force in web panel

For a two-sided connection with moments in opposing
directions (and either no axial forces or balanced
axial forces), the shear force may be taken as the
difference between the two compression forces. See
Figure 2.8.

For a two-sided connection with moments acting in
the same direction, such as in a continuous frame,
the shear force may be taken as the sum of the two
compression forces. See Figure 2.8. The shear force
is reduced by the horizontal shear forces that
necessarily arise in the column above and below the
connection.

If there is axial force in the beam of a single-sided
connection or unbalanced axial forces in the beams
of a double-sided connection, the consequent
horizontal shear forces in the column above and
below the connection should be taken into account
when determining the shear force in the column web.

Shear Resistance of Web Panel

For single-sided or double-sided joints where the
beams are of similar depth, the resistance of the
column web panel in shear for an unstiffened web
may be determined as follows:

_ 0.9 fyCAVC
Ymo %X ‘/§

BS EN 1993-1-8 gives no value for shear resistance
of more slender webs. In the absence of advice, it is
suggested that 90% of the shear buckling resistance
may be used. Thus:

d
If —< < 69¢ VWp,Rd
tWc

d
If —£ > 69¢ VWp,Rd = 0.9wa‘Rd
wcC
where:
d. is the clear depth of the column web

= hc - 2(tfc +S)
h. is the depth of the column section

s =r. for a rolled section = /2 a, for a welded
sections

t.  is the thickness of the column flange
twe IS the thickness of the column web
fyc is the yield strength of the column

is the shear area of the column
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Bolted beam to column connections — Design steps

STEP 3 COLUMN WEB SHEAR

_ 1235

fyyC

VpwRd is the shear buckling resistance of the web,
calculated in accordance with
BS EN 1993-1-5, Clause 5.2(1).

For rolled | and H sections:

Avc = Ac _2bctfc +(twc +2rc )tfc

but

AVC < n hwc twc

in which h,. =h; — 2t and n may be taken as 1.0
(according to the UK NA).

The resistance of stiffened columns (with
supplementary web plates or diagonal stiffeners) is
covered in STEP 6C and STEP 6D.
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Bolted beam to column connections — Design steps

STEP 4

MODIFICATION OF BOLT FORCE DISTRIBUTION AND
CALCULATION OF MOMENT RESISTANCE

GENERAL

The method given in STEPS 1A, 1B and 1C for
assessing the resistances in the tension zone
produces a set of effective resistances for each bolt
row, limited if necessary to a ‘triangular’ distribution of
forces in lower rows.

However, the total tensile resistance of the rows may
exceed the compression resistance of the bottom
flange, in which case not all the tension resistances
can be realised simultaneously.

Similarly, in single-sided connections and double-
sided connections where the moments on either side
are not equal and opposite, the development of
forces in the tension zone may be limited by the
column web panel shear resistance.

This STEP determines the tension forces in the bolt
rows that can be developed and calculates the
moment resistance that can be achieved.

Reduction of Tension Row Forces

The tension forces in the bolt rows and the
compression force at bottom flange level must be in
equilibrium with any axial force in the beam. The
forces cannot exceed the compression resistance of
the joint, nor, where applicable, the shear resistance
of the web panel.

Thus:
ZFi+ Neg € Fepra
where:

Negg is the axial force in the beam (positive for
compression)

F.ra is the lesser of the compression resistance of
the joint (STEP 2) and, if applicable, the shear
resistance of the web panel (STEP 3)

>F, is the sum of forces in all of the rows of bolts in
tension

When the sum of the effective design tension
resistances XF;rq exceeds F.rq — Ngg, an allocation
of reduced bolt forces must be determined that
satisfies equilibrium.

To achieve a set of bolt row forces that is in
equilibrium, the effective tension resistances should
be reduced from the values calculated in STEP 1,
starting with the bottom row and working up
progressively, until equilibrium is achieved. This

allocation achieves the maximum value of moment
resistance that can be realised.

If there is surplus compression resistance (i.e. the
value of XF;rq determined by STEP 1 is less than
Fcra — NEg), NO reduction needs to be made.

Moment Resistance

Once the bolt row forces have been determined,
accounting for equilibrium, the moment resistance of
the connection is given by:

Mc,Rd = ZFri Rd hi

where:

Fiira is the effective tension resistance of the i-th row
(after any reduction to achieve equilibrium or to
limit web shear)

h; is the distance from the centre of compression to
row i

Frl,Rd
FrZ,Rd
Fr3,Rd

Fr4,Rd

F

¢,Rd

Figure 2.9 Tension and compression
resistances contributing to moment

resistance

Effective Applied Moment in the Presence of
Axial Force

The above procedure determines a value of moment
resistance about the centre of compression, through
which any axial force is effectively transferred.
However, where there is an axial force in the beam,
the line of that force is along the centroid of the beam.
The effective applied moment about the beam
centroid is then determined by modifying the applied
moment by adding or subtracting (as relevant) the
product of the axial force and the lever arm.

This modification is illustrated in Figure 2.10 for a
haunched connection.
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Bolted beam to column connections — Design steps

MODIFICATION OF BOLT FORCE DISTRIBUTION AND
CALCULATION OF MOMENT RESISTANCE

STEP 4

L U Ed

Figure 2.10 Modification of design moment for
axial force

The modified design moment Mg 4 iS given by:
Mmoged = Med — Nea x hy

where:

Neg is the design force (compression positive)

hy is the distance of the axial force from the centre
of compression.

Note that, in portal frame design, the presence of the
haunch is not usually assumed to affect the position
of the beam centroid. The design moment and axial
force derived in the global analysis will then be
consistent with this assumption and the above
modification to the design moment depends on the
lever arm to the beam centroid, as shown in
Figure 2.10.
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Bolted beam to column connections — Design steps

and the bearing resistance of the connected parts.
The bearing resistance depends on bolt spacing and
edge distance, as well as on the material strength
and thickness. Where a bolt is in combined tension
and shear, an interaction criterion must be observed.

BS EN 1993-1-8 allows a simplification that the
vertical shear may be considered carried entirely by
the bolts in the compression zone (i.e. those not
required to carry tension).

If necessary, the bolts required to carry tension can
also carry some shear, as discussed below.

Resistance of Fasteners in Bearing/Shear

Shear resistance

The shear resistance of an individual fastener (on a
single shear plane) is given by:

fup A
Fv,Rd= AyTyp As
7 m2

where:

a, = 0.5 for property class 10.9 bolts
= 0.6 for property class 8.8 bolts

As is the tensile stress area of the bolt

Bearing resistance

The bearing resistance of an individual fastener is
given by:

ko f, dt
) M2

Ford

The bearing resistances of the end plate and the
column flange are calculated separately and the
bearing resistance for the fastener is the lesser of the
two values.

where:

ki, =min| 2852 _17. 25
do

. 1o
fu '

o, =min (ad;

STEP 5 SHEAR RESISTANCE OF BOLT ROWS
GENER_AL ) ) ) o, = ﬁ—i for inner bolts
The resistance of the connection to vertical shear is 3dy 4

provided by the bolts acting in shear. The design

resistance of (non preloaded) bolts acting in shear is g

the lesser of the shear resistance of the bolt shank % = 5 - for end bolts

o
d s the diameter of the bolt

do is the diameter of the bolt hole

fuo  is the ultimate strength of the bolt

f,  is the ultimate strength of the column or end plate
t is the thickness of the column flange or end plate
mz2 =125, as given in the UK NA to BS EN 1993-1-8.

Dimensions e, and p; correspond to the edge
distance e (for the column flange or end plate) and
vertical spacing of the bolts p, as defined in
Figure 2.5.

Shear Forces on Individual Fasteners

The vertical force is allocated first to the bolts in the
compression zone and then, if necessary, any
remaining shear force may be shared between the
bolts in the tension zone.

Bolts not required to transfer tension (in the
compression zone) can provide their full shear
resistance (although the resistance may be limited by
bearing if the column flange or end plate is thin). Bolts
subject to combined tension and shear are limited by
the following interaction criterion:

F F
v,Ed + tEd < 10
Fra  1.4FRg
where:

Fyeq is the shear force on the bolt

Feq is the tension force on the bolt

F.ura is the design shear resistance of the bolt
Fira is the design tension resistance of the bolt

Calculation of the actual tension force in the bolts
would require detailed evaluation of prying forces,
which would be difficult to evaluate, but the above
criterion allows a bolt that is subject to a tension force
equal to its tension resistance to resist a coexisting
shear force of 28% of its shear resistance.

26




Bolted beam to column connections — Design steps

STEP 5 SHEAR RESISTANCE OF BOLT ROWS

Conservatively, it may therefore be assumed that all
the bolts in the tension zone can provide a resistance
equal to 28% of their design shear resistance (i.e. of
a bolt without tension). The distinction between bolts
providing full shear resistance and reduced shear
resistance is illustrated in Figure 2.11.
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Figure 2.11 Tension and shear bolts

For ease of reference, the shear resistance of typical
bolt sizes is given in Table 2.6.

Table 2.6  Shear resistances of individual
bolts (property class 8.8)

Bolt size SheaFrVI;de?LsNt;"”ce 28% of Fy rq (KN)
M20 94.1 26.3
M24 136 38.1
M30 215 60.2

Resistances are based on the tensile area of the bolt
(i.e. assuming that the shear plane passes through the
threaded portion of the bolt).

For bolts through thin elements (e.g. a thin column
flange), the bearing resistance might be less than the
shear resistance of the fastener.
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STEP 6 COLUMN STIFFENERS

GENERAL

There are several means to increase the resistance
of the column side of the connection. The following
types of stiffening are covered on subsequent pages:

Tension stiffeners (STEP 6A)
Compression stiffeners (STEP 6B)
Supplementary web plates (STEP 6C)
Diagonal stiffeners (STEP 6D)
Backing plates (STEP 6E)

Tension stiffeners will increase the bending resistance
of the column flange and the tension resistance of the
column web.

Compression stiffeners will increase the compression
resistance of the column web.

Supplementary web plates will increase the shear
resistance of the web panel and, to a limited extent,
the tension and compression resistances of the
column web. They are likely to be used on relatively
light column sections (thin flanges and thin webs) and
may well need to be used in conjunction with tension
and compression stiffeners.

Diagonal web stiffeners will increase the shear
resistance of the web panel and will also act as
tension and/or compression stiffeners. There are
several forms of diagonal stiffener.

Supplementary backing plates will enhance the
Mode 1 bending resistance of the flange. However,
their effect is limited to making Mode 2 the dominant
mode of failure (which they do not enhance). It is
difficult to use them when there are tension stiffeners
and they are generally only used in remedial or
strengthening situations.
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STEP 6A

TENSION STIFFENERS

GENERAL

Tension stiffeners should be provided symmetrically
on either side of the column web and may be either
full depth or partial depth, as shown in Figure 2.12.

The design rules given here for partial depth
stiffeners would apply equally to stiffeners on the

beam side, although such stiffeners are rarely
provided.

i Corner
t | snipe

sg

Full depth stiffener

Partial depth stiffener

Optional trimming
Corner
shipe

—t

sg

Figure 2.12 Tension stiffeners

Minimum Width

It is recommended that the overall (gross) width of
each stiffener should be such that:

L 0.75 (b ~t,)

bsg >
In addition, a minimum width is required to ensure
that the yield line patterns are constrained, as noted
in STEP 1. The requirement may be expressed as:

2Dgg + tye 2 1.33 W

Minimum Area of Stiffener

The stiffeners act both to supplement the tension
resistance of the column web and as a stiffener that
restricts the bending of the flange (and thus enhances
its bending resistance).

The stiffeners should be designed to carry the greater
of the force needed to ensure adequate tension

resistance of the web and the force due to the share
of support that it provides to the flange.

The first requirement leads to a design force for each
stiffener (either side of the column web) given by:

Lyt wcfy,c
Fsed = {Fri RdtFjRra———"|/2
7 Mo

where:

Firq is the effective tension resistance of the bolt row
above the stiffener

Fiira is the effective tension resistance of the bolt row
below the stiffener

fyc isthe yield strength of the column

L. isthe length of web in tension, assuming a
spread of load at 60° from the bolts to the mid-
thickness of the web (but not more than half way
to the adjacent row or the width available at the
top of a column) — see Figure 2.13.

twe IS the column web thickness

S
; RE 1.73{1 8 =60°
,¥,, —; Rowi 1
Lwt - ‘ 1| Stiffener
) Rowj

/ ‘
& e
Maximum amount i
of web available to| !
adjacent row I

.

Figure 2.13 Effective length of web in tension

The second requirement is usually more onerous and
leads to a design force in each stiffener given by:

E my F ri,Rd I rj,Rd
s —_— +
(“ 1 I2U)

S (ml+m2L)

where m; m,_and myy are as shown in Figure 2.14.
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Figure 2.14 Dimensions for determining design
force in web stiffeners

The net area of each stiffener should be such that:

F [Ed7MO

Ay —
fy,S

where:

ASn = bSntS

Fseq is the greater of the above two values of design
force in the stiffener.

f,s is the yield strength of the stiffener

Partial Depth Stiffeners

Partial depth stiffeners must be long enough to
prevent shear failure in the stiffener, web tension
failure at the end of the stiffener and shear failure in
the column web.

Minimum length for shear in the stiffener:

The length of a partial depth tension stiffener should
be sufficient that its shear resistance (parallel to the
web) is greater than the design force. Thus:

_ 0'9Lstsfy,s SE L > I:s,Ed\/§7/MO
sRd — " =  =T"sEd or s = 0.9t f
37mo islys

This requirement is always satisfied (i.e. for a design
force up to the full tension resistance of the stiffener)
if the length of the stiffener is at least 1.9 times as
long as the width bg,.

Minimum length for shear in the column web:

Partial depth tension stiffeners need to be long
enough to carry the applied force in shear (see
above) and to transfer the applied force into the web
of the column.

The local shear stress in the web must be limited to
fy,c/«/g. There are two shear planes in the web for
each pair of web stiffeners, as shown in Figure 2.15.

STEP 6A TENSION STIFFENERS

T For a total force of 2 Fsgq in @ pair of web tension
" @@ | Rowi = F;kN stiffeners, the limiting length of stiffener is given by:

2L o

s ey t
May L ° L> Fs,,Ed\/§ Yvo

;E;t ROW] - F” kN - twcfyyc

m, (= m) where L is the length of the stiffener.

For a partial depth cap plate, where there is only one
shear plane, the required length is double that given
by the above expression.

’ 2Fs,Ed

Figure 2.15 Shear force on stiffened web

The resistance of the web in tension should be
verified at the end of partial depth stiffeners if the
connection is double sided with opposite moments,
as shown in Figure 2.16.

- <

Meq 1 Meqg 2

\

Figure 2.16 Double sided connection with
opposing moments and partial depth
stiffeners

The web tension resistance at the end of partial depth
stiffeners should be considered row by row and by
combination of rows following the principles in
STEP 1. No verification is needed in single-sided
connections, or if full depth tension stiffeners are
provided. The design force is the total force in the
web at that location. The design resistance should be
calculated based on a length of web assuming a 45°
distribution from the flange to the projection of the
stiffener. In a bolted connection, a 60° distribution
from the centre of the bolt to the web may be
assumed. The available length may be truncated by
the physical dimensions of the column. Figure 2.17,
which is part of a double-sided connection, shows a
range of situations with corresponding lengths of web
to be considered.
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STEP 6A TENSION STIFFENERS

i [ —— Weld Design
} - 60 @*‘ Welds to the flange should be capable of carrying the
}T = design force in the stiffener, taken as Fsgq for each
|45° stiffener.
L/
Welds to the web should be capable of transferring
LA the force in the stiffener to the web.

If the length of the stiffener is less than 1.9 bg, (i.e.
the length has been chosen to suit a design force less

AN than the full tension resistance of the stiffener), the
RN fillet welds to the web and flange welds should be
‘,=\ . designed for combined transverse tension and shear

(see STEP 7), assuming rotation about the root of the

‘ — ® L[]
1 section, as shown in Figure 2.18.
\
| //—l— o e M
v

_ﬁ/_ Ls

Row 1 alone l
—— ]
Fs,Ed

% = Figure 2.18 Weld design for ‘short’ tension
AN ol stiffeners
T o 4
}45@/ ] Column Cap Plates
L/ Where column cap plates are provided, they should

_/’/_ be designed as a tension stiffener, as noted above.

Row 2 alone Commonly, a full width cap plate is provided.

N
|\
N
| AN
S —f—
L i
# ——g—
T o g
PV
|7
P/

S P

Rows 1 and 2 together

Figure 2.17 Typical web tension checks with
partial depth stiffeners (double sided
connections only)
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symmetrically on either side of the column web and
should be full depth, as shown in Figure 2.19. (The
guidance below does not apply to partial depth
stiffeners, which would require a more complex
consideration of web buckling due to transverse
force.)

Corner

/snipe

bs{

ng tWC ng
Y +
15&ty,c
t i [# 2%t
S r S
15¢&t,,c
A /-
- —— y
=
L

Figure 2.19 Compression stiffeners

The resistance of the effective stiffener cross section
and the buckling resistance of the stiffener must be at
least equal to the design force at the compression
flange, which is taken as equal to the total tension
resistance of the bolt rows (see STEP 4), adjusted as
necessary for any axial force Ngy.

The effective stiffener section for buckling resistance
comprises a cruciform made up of a length of web
and the stiffeners on either side. The length of web
considered to act as part of the stiffener section is
taken as 15¢t,. either side of the stiffener, where

& = [235/f, .

The width/thickness ratio of the stiffener outstand
needs to be limited to prevent torsional buckling; this
can be achieved by observing the Class 3 limit for
compression flange outstands. Thus:

by /ts <14

A greater outstand can be provided, up to 20st;, but
the excess over 14et; should be neglected in
determining the effective area.

STEP 6B COMPRESSION STIFFENERS
GENERAL The effective area for buckling resistance is thus:
Compression  stiffeners  should be  provided _ (3OgtW +1g )tW +2bggts

As,eff -

The second moment of area of the stiffener may be
taken as:

- (2 bsg + twc)3 ts
12

ls

Cross-sectional Resistance

The cross-sectional resistance of the effective
compression stiffener section is:

7mo

For cross-sectional resistance, Ase IS the area of
stiffener in contact with the flange plus that of a length
of web given by dispersal from the beam flange, see
Figure 2.7.

Flexural Buckling Resistance

The flexural buckling resistance of the stiffener
depends on its non-dimensional slenderness, given

by:

p——
Is A4

where:

A4 =939¢

¢ is the critical buckling length of the stiffener

iS :\jls/As,eﬁ

For connections to columns without any restraint
against twist about the column axis, assume that
£=h,. If the column is restrained against twist, a
smaller length may be assumed, but not less than
0.75 h,, where h,, is defined in STEP 3.

If the slenderness A < 0.2, which is likely for UKC
sections, the flexural buckling resistance of the
compressions stiffener may be ignored (only the
resistance of the cross-section needs to be
considered).

For 2 >0.2, the flexural buckling resistance is given by:

AR As,eff ><fy
Vil

Nb,ra =
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STEP 6B COMPRESSION STIFFENERS

where:
O+ (@2 -1")
~ —2
® = 0.5x(1+a(ﬂ—0.2)+2 j
a =049

f,  is lesser of the yield strengths of the column and
the stiffener

Weld to Column Flange

The stiffener is normally fabricated with a bearing fit
to the inside of the column flange. In this case the
weld to the flange need only be a nominal (6 mm leg
length) fillet weld. If a bearing fit is not possible, the
welds should be designed to carry the force in the
stiffeners.
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STEP 6C

SUPPLEMENTARY WEB PLATES

GENERAL

A supplementary web plate (SWP) may be provided
to increase the resistance of the column web. Based
on the minimum requirements below, the effect is:

e To increase web tension resistance by 50%, with
a plate on one side, or by 100%, with plates on
both sides

e To increase web compression resistance, by
increasing the effective web thickness by 50%
with a plate on one side, or by 100% with plates
on both sides

e To increase the web panel shear resistance by
about 75% (plates on both sides do not provide
any greater increase than a plate on one side).

Dimensions and Material
The requirements for a SWP are:

e The steel grade should be the same as that of
the column.

e The thickness of the SWP should be at least that
of the column web.

e The width of the SWP should extend to the fillets
of the column (see further detail below).

e The width should not exceed 40¢t,

e The length of the SWP should extend over at
least the effective lengths of the tension and
compression zones of the column web.

e The welds should be designed for the forces
transferred to the SWP.

The extent of the SWP is shown in Figure 2.20. The
minimum lengths for dimensions L; and L; are half
the values Of Denrwe @nd begcwe respectively, as
determined in STEP 1B and STEP 2.

-
T inf
L| L
L~
| iggsssssad|

Figure 2.20 Dimensions of a SWP

Where the SWP is only required for shear, the width
may be such that the toes of the perimeter fillet welds
just reach the fillets of the column section. Where the
SWP is required to supplement the tension or

compression resistances, the longitudinal welds
should be an infill weld. These two options are shown
in Figure 2.21.

r+tg ts

Figure 2.21 Width of supplementary web plates

To transfer the shear, the perimeter fillet welds should
have a leg length equal to the thickness of the SWP.

The limiting width of 40¢ts for the SWP may require a
thickness greater than that of the column web. The
option of using a thinner plate (than would comply with
the limit) in conjunction with plug welds to the column
web is outside the scope of the Eurocode rules.

Shear Resistance

In determining the shear resistance of a web panel
(STEP 3), the shear area of a column web panel with
SWPs is increased by an area equal to b t,.. Thus,
only one supplementary plate contributes to the shear
area and the increase is independent of the thickness
of the SWP (but it must be at least as thick as the
web, as noted above).

Tension Resistance

The contribution to tension resistance (STEP 1B)
depends on the throat thickness of the welds
connecting the SWP to the web.

For infill welds (as recommended above), which are
effectively butt welds, a single SWP may be assumed
to increase the effective thickness of the web by 50%
and two SWPs may be assumed to increase it by
100% (i.e. tyer = 1.5t for one plate, t, e = 2t,. for
two plates).

Compression Resistance

For the column web in compression (STEP 2), the
effective web thickness, t.« should be taken as:

For a SWP on one side only, tes = 1.5t

For SWPs on both sides, tef = 2tye

where t,. is the column web thickness.

The compression resistance should be calculated
using this thickness in STEP 2 and in that calculation
the value of the reduction factor ® may be based on
the increased shear area noted above for calculation
of shear resistance.
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STEP 6D

DIAGONAL STIFFENERS

GENERAL

Three types of diagonal shear stiffener are shown in
Figure 2.22. In all cases, the ends of the stiffeners
are usually sniped to avoid the fillets of the column
section, as shown for tension stiffeners in Figure 2.12
and compression stiffeners in Figure 2.19.

'K' Stiffener

This type of stiffener is used when the connection
depth is large compared with the depth of the column.

Care should be taken to ensure adequate access for
fitting and tightening bolts.

The bottom half of a 'K' stiffener acts in compression
and should be designed as a compression stiffener,
as in STEP 6B. The top half acts in tension and
should be designed as a tension stiffener, as in
STEP 6A.

'N' Stiffener

An 'N' stiffener (a single diagonal across the column
web, forming a letter N with the two flanges) is usually
placed so that it acts in compression due to problems
of bolt access if placed so as to act in tension. It
should then be designed to act as a compression
stiffener, STEP 6B, unless a horizontal compression
stiffener is also present.

Morris Stiffener

The Morris stiffener is structurally efficient and
overcomes the difficulties of bolt access associated
with the other forms of diagonal stiffener.

It is particularly effective for use with UKBs as
columns, but is difficult to accommodate in the
smaller UKC sizes.

The horizontal portion of the stiffener acts as a
tension stiffener and should be designed as in
STEP 6A. The length should be sufficient to provide
for bolt access (say 100 mm).

Compression stiffeners are often provided at the
bottom of a Morris stiffener, to enhance the
compression resistance of the thin web.

Area of Stiffeners

The gross area of the stiffeners, Agy should be such
that:

Asg 2 b/wp,Ed _pr,Rd)/ fy cosd

where:
Agg =2 Xbgg X ts

bsg is the width of stiffener on each side

ts is the thickness of stiffener

Vuped IS the design shear force (see STEP 3)

Vupra 1S the resistance of the unstiffened column web
panel (see STEP 3)

f, is the lesser of the design strengths of the
stiffener and the column

0 is the angle of the stiffener (see Figure 2.22).

The net area of the stiffeners should also be sufficient
to transfer the tension or compression forces
(STEP 6A and STEP 6B).

Welds

Welds connecting diagonal stiffeners to the column
flange should be fill-in' welds, with a sealing run
providing a combined throat thickness equal to the
thickness of the stiffener, as shown in Figure 2.22.

Welds connecting the horizontal portion of Morris
stiffeners to the column flange should be designed for
the force in the stiffener, Fsgq (See STEP 6A).

The welds to the column web are usually nominal
6 mm or 8 mm leg length fillet welds.
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STEP 6D DIAGONAL STIFFENERS

Figure 2.22 Diagonal stiffeners
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STEP 6E

FLANGE BACKING PLATES

GENERAL

The bending resistance of a column flange can be
increased by providing backing plates, as shown in
Figure 2.23.

This type of strengthening increases the resistance to
a Mode 1 failure. Mode 2 and Mode 3 resistances are
not affected.

The width of the backing plate, by, should not be less
than the distance from the edge of the flange to the
toe of the root radius, and it should fit snugly against
the root radius.

The length of the backing plate should be such that it
extends not less than 2d beyond the bolts at each
end (where d is the bolt diameter).
Enhanced Resistance in Mode 1

The tension resistance of the equivalent T-stub when
there are column flange backing plates is given by:

(8n -2e, )M pra TANM ey

T 2mn-e, (m+n)

Backing plates

Where all the parameters are as defined in STEP 1A
except that:

2
_ 0.25% 1 tyof b
bp,Rd —

Mo

typ  is the thickness of the backing plates
fuop is the yield strength of the backing plates

The effective length that is used for M 1 rq @nd My ra
will normally be that determined for the column flange
alone but, for the end row, the length to the free end
of the backing plate might be less than the
corresponding part of the column flange forming the
T-stub. In that case, the effective length should be
calculated for the backing plate and should be used
conservatively for both the backing plate and the
flange.

.-

‘__/\
Figure 2.23 Column flange backing plates
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STEP 7 DESIGN OF WELDS

GENERAL

Welds are used to transfer shear forces (along their
length), tension forces (transverse to their length) and
a combination of both shear and tension.

Resistance of Fillet Welds

Resistance in shear

The design shear resistance of a fillet weld (shear per
unit length) is given by:

af,/\3

Burwz

I:vw,Rd = afvw,d =

where:

f,  is the ultimate tensile strength of the weaker part
joined

B. is the correlation factor according to the strength
of the weaker part taken as 0.85 for S275 and
0.90 for S355

a is the throat thickness of the weld
mz =125, as given in the UK NAto BS EN 1993-1-8.

Resistance to transverse forces

The design resistance of a fillet weld subject to
transverse force is given by:

Kafu/\/g

an,Rd = ,3 7
w/ M2

where:

"y
1+2cos“ ¢

¢ is the angle between the direction of the force
and the throat of the weld (see Figure 2.24).

For 6=45°K=1.225

For a pair of symmetrically disposed welds subject to
a transverse force, as in Figure 2.24, a ‘full strength’
connection (i.e. one that has a resistance equal to or
greater than that of the tension element) can be made
with fillet welds. For joints between elements of the
same steel grade, a full strength weld can be
provided by fillet welds with a total throat thickness
equal to that of the element, for a joint made in S275
material, or 1.2 times the element thickness for a joint
made in S355 material.

|4

S & S \ throat

thickness a

Figure 2.24 Weld subject to transverse force

Resistance of Butt Welds

The design resistance of a full penetration butt weld
may be taken as the strength of the weaker part that
is joined.

A partial penetration butt weld reinforced by fillet
welds may be designed as a deep penetration fillet
weld, taking account of the minimum throat thickness
and its angle relative to the direction of the transverse
force.

Weld Zones

For convenience, the beam to end plate welds may
be considered in zones, as shown in Figure 2.25.

f’#’
| rep——

Tension Zone

e e
E

Shear Zone

Figure 2.25 Beam web to end plate weld zones
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STEP 7 DESIGN OF WELDS

Welds to Tension Flange and Beam Web
a) Beam flange to end plate

The welds between the tension flange and the end
plate may be full strength or designed to provide a
resistance that is equal to the total resistance of the
bolt rows above and below it (if that total is less).

For a full strength weld, either provide a full
penetration butt weld or fillet welds with sufficient
throat thickness to resist a force equal to the
resistance of the tension flange.

For a partial strength connection, provide fillet welds
with a resistance at least equal to a design force
given by:

(@) For an extended end plate, the total tension
force in the top three bolt rows:

Fw,Ed = (Frl + Fr2 + I:r3)
(b) For a full depth end plate. the total tension force
in the top two bolt rows:

Fw,Ed = (Frl + I:r2)

For most small and medium sized beams, the tension
flange welds will be symmetrical, full strength fillet
welds. Once the leg length of the required fillet weld
exceeds 12 mm, a detail with partial penetration butt
welds and superimposed fillets may be a more
economical solution.

Care should be taken not to undersize the weld to the
tension flange. A simple and safe solution is to
provide full strength welds.

b) Beam web to end plate

For many beams, a simple and conservative solution
is to provide full strength welds to the entire web. Two
8 mm leg fillet welds provide a full strength weld for
S275 webs up to 11.3 mm and for S355 webs up to
9.4 mm thick.

If the web is thick, and a full strength weld is
uneconomic, the web may be spilt into two zones —
the tension zone and the shear zone. In each zone,
the weld may be sized to carry the design forces.

Web welds in the tension zone

It is recommended that the welds to the web in the
tension zone are full strength, unless the web is thick,
and has a much higher resistance than the design
resistances of the T-stubs in the tension zone. In
these circumstances, instead of providing a large full
strength weld, the weld may be designed for the
effective resistances of the T-stubs (see STEP 4).

Where the size of the web fillet welds is smaller than
that for the flange welds, the transition between the
flange weld and the web weld should be detailed
where the fillet meets the web.

Welds in the shear zone

For simplicity, web welds in the shear zone may be
full strength. Alternatively, the welds may be sized to
carry the vertical shear force, assuming that all the
shear is resisted by this zone. A minimum size of
6 mm leg length is recommended.

Welds to Compression Flange

In cases where the compression flange has a
properly sawn end, a bearing fit can be assumed
between the flange and end plate and a 6 mm or
8 mm leg length fillet weld on both faces will suffice.

Adequate bearing may be assumed for sawn plain
beams and for haunches which have been sawn from
UKBs or UKCs. Guidance on the necessary tolerances
for bearing fit can be found in the NSSS ¥,

If a bearing fit cannot be assumed, then the weld
should be designed to carry a force equal to the force
in the compression flange for the design moment
resistance and, if present, any axial force in the beam
(as described for compression stiffeners in STEP 6B).

Welds to Stiffeners

Design requirements for welds to stiffeners are given
in STEP 6A and 6B.

39




Bolted beam to column connections — Design steps

STEP 8

HAUNCHED CONNECTIONS

GENERAL
Haunches may be used to:

e Provide a longer lever arm for the bolts in
tension;

¢ Increase the member size over part of its length.

The principal dimensions of haunch depth and
haunch length are indicated in Figure 2.26.

The haunch depth is chosen to achieve the required
moment resistance for the member.

The haunch length is chosen to ensure that the
resistance of the beam at the end of the haunch is
adequate for the moment at that location (which is
usually significantly less than at the column).

The haunch should be arranged with:

e Steel grade to match that of the member

¢ Flange size not less than that of the member

e Web thickness not less than that of the member

¢ The angle of the haunch flange to the end plate
not less than 45°. See Figure 2.26.

e The fit of the haunch to the end plate should be
to the same tolerance as for the bearing fit of a
beam to an end plate (see the NSSS).

The haunch is usually cut from a rolled section (in
most cases, the same section as the beam).

haunch length

haunch depth

> 45°
Web thickness = beam web

|-

|

Flange size = beam flange

Figure 2.26 Haunch dimensions and fit-up

Haunch Design

The haunch flange and its web provide the
compression resistance, as for an unhaunched beam,
and the compression zone is designed as in STEP 2.
At the end plate, the lower flange of the beam is not
assumed to provide any compression resistance.

To determine the force in the haunch flange at the
sharp end, it may be assumed that, immediately
adjacent to the end of the haunch, the force in the
plain beam flange is equal to the design moment
divided by the depth of the section, but not more than
the resistance of the flange itself (flange area x f,).
This force can then be distributed to the haunch
flange and beam flange in proportion to their areas,
but no more than 50% of the total force should be
allocated to the haunch flange. The component of
force perpendicular to the beam can then be
determined.

The beam should be checked for a point load equal to
the transverse component of force from the haunch
flange, in a similar manner to the column web in
compression, although the force is only likely to be
significant when there is a plastic hinge at this
location. It may be assumed that the stiff bearing
length is based on a weld leg equal to the thickness
of the haunch flange thickness. If the transverse force
exceeds 10% of the shear resistance of the
cross- section, web stiffeners must be provided within
h/2 of the plastic hinge location, where h is the beam
depth.

Haunch Welds
Haunch flange to end plate

As described in STEP 7, if the haunch is sawn from a
rolled section, only a 6 mm or 8 mm leg length fillet
weld is required. If the connection experiences
moment reversal, the weld should be designed for the
appropriate tension force (see STEP 7)

Lower beam flange to end plate

In a haunched connection, it is assumed that at the
end plate, all the compression is in the haunch flange
and adjacent web; it is assumed that the lower beam
flange does not carry significant force. A 6 mm or
8 mm fillet weld will suffice around the lower beam
flange, unless the beam flange acts as a tension
stiffener in a reversal case.

Haunch flange to beam flange (sharp end of the
haunch).

The transverse weld across the end of the haunch
flange should be designed for the force transferred
into the haunch flange, as described above.

Generally, a fillet weld with a leg length equal to the
thickness of the haunch flange will be satisfactory.
When cut from a rolled section, the usual geometry of
the haunch cutting suits a fillet weld at this location,
as shown in Figure 2.27.
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STEP 8 HAUNCHED CONNECTIONS

More complex calculations to determine the
proportion of force in the weld can be carried out, if
necessary. The weld capacity is limited by the
physical geometry; if the calculations indicate a larger
force than the maximum fillet weld can carry, the
excess force should be included in the design of the
haunch web to beam flange. This approach should
not be used to reduce the fillet weld across the end of
the haunch flange — a fillet weld with a leg length
equal to the depth of the haunch flange should
generally be provided.

Haunch web to beam flange

The weld between the underside of the beam and the
haunch must carry the difference between the force
applied at the column, and that allocated to the
haunch flange at the sharp end of the haunch. For
most orthodox haunches, the length of weld available
means that the resistance of a 6 mm or 8 mm leg
length fillet weld exceeds the design forced by a
considerable margin. Suitably designed intermittent
welds may be used where aesthetics and corrosion
conditions permit.

t,

Figure 2.27 Weld at sharp end of the haunch
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3 WELDED BEAM TO COLUMN CONNECTIONS

3.1 SCOPE

This Section deals with the design and detailing of
shop welded beam to column connections.

The intention with shop welded construction is to
ensure that the main beam to column connections are
made in a factory environment. To achieve this, while
still keeping the piece sizes small enough for
transportation, short stubs of the beam section are
welded to the columns. The connection of the stub to
the rest of the beam is normally made with a bolted
cover plate splice.

A typical arrangement for a multi-storey building is
shown in Figure 3.1.

3.2 SHOP WELDED CONNECTIONS

A typical shop welded connection, as shown in
Figure 3.2, consists of short beam section stubs,
shop welded on to the column flanges, and tapered
stubs welded into the column inner profile on the
other axis. The stub sections are prepared for bolting
or welding with cover plates to the central portion of
beam. The benefits of this approach are:

e Efficient, full strength moment-resisting
connections.

e All the welding to the column is carried out under

factory conditions.
|

R

e The workpiece can be turned to avoid or
minimise positional welding.

The disadvantages are:

e More connections
fabrication costs.

e The 'column tree' stubs make the component
difficult to handle and transport.

e The beam splices have to be bolted or welded in
the air some distance from the column.

e The flange splice plates and bolts may interfere
with some types of flooring such as pre-cast units
or metal decking.

and therefore higher

Practical considerations

Continuous fillet welds are the usual choice for most
small and medium sized beams with flanges up to
17 mm thick. However, many fabricators prefer to
switch to partial penetration butt welds with
superimposed fillets, or full penetration butt welds,
rather than use fillet welds larger than 12 mm.

To help provide good access for welding during
fabrication, the column shafts can be mounted in
special manipulators and rotated to facilitate welding
in a ‘downhand’ position to each stub (Figure 3.3).

2

L

N

Beams site spliced
to beam stubs

/
N

AN

Beam stubs shop
welded to columns

/!

/

N\

Figure 3.1 Shop welded beam to column connections
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FW

Partial penetration butt weld
OR =~ with superimposed fillets

or full penetration butt welds
for thick beam flanges

)

ELEVATION

Stiffener.

Moment connection to column minor axis
using fabricated stub

PLAN

Figure 3.2 Shop welded beam stub connection

Column shaft clamped to ring
Member on rollers at each end

Figure 3.3 Column manipulator for welding beam stubs to columns
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Welded beam to column connections — Design method

3.3 DESIGN METHOD

In statically determinate frames, a partial strength
connection, adequate to resist the design moment is
satisfactory.

If the frame is statically indeterminate, the
connections must have sufficient ductility to
accommodate any inaccuracy in the design moment
arising, for example, from frame imperfections or
settlement of supports. In a semi-continuous frame,
ductility is necessary to permit the assumed moment
redistributions. To achieve this, in statically
indeterminate frames and in semi-continuous frames,
the welds in the connection must be made full
strength.

The verification of the resistance of a welded beam to
column connection is summarised in the five STEPS
outlined below. The components that need to be
considered are illustrated in Figure 3.4.

STEP 1

Calculate the design forces in the tension and
compression flanges of the beam. The presence of
the web may be neglected when determining these
forces.

STEP 2

Calculate the resistances in the tension zone and
verify their adequacy. If, for an unstiffened column,
the resistances are inadequate, determine the
resistance for a stiffened column and verify its
adequacy.

STEP 3

Calculate the resistances in the compression zone
and verify their adequacy. If, for an unstiffened
column, the resistances are inadequate, determine
the resistance for a stiffened column and verify its
adequacy.

STEP 4

Verify the adequacy of the column web panel in
shear. If the unstiffened panel is inadequate, it may
be stiffened, as for an end plate connection —
see Section 2.

STEP 5

Verify the adequacy of the welds to the flanges
and web.
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ZONE REF COMPONENT  Procedure
TENSION a Beam flange STEP 2
b Column web STEP 2
COMPRESSION ¢ Beam flange STEP 3
d Column web STEP 3
HORIZONTAL e Column web STEP 4
SHEAR panel shear
WELDS f,.0 Flange welds STEP 5

Figure 3.4 Components to be evaluated in
design procedure

3.4 DESIGN STEPS

The following STEPS set out the details of the five
STEPS described above. A worked example
illustrating the procedure is given in Appendix F.



Welded beam to column connections — Design steps

STEP 1

WELDED CONNECTIONS — DISTRIBUTION OF
FORCES IN THE BEAM

GENERAL

The design forces in the beam tension flange Frgq
and in the beam compression flange Fcgqg, Shown in

Figure 3.5, are given by:

FtEd :&_%
Sy -ty) 2

Forq= Meg  , Neg
Sy -ty) 2
e
Fied
qpeccca
N
P ) Meg
— :3_
Fc,Ed
| —

Figure 3.5 Distribution of forces in welded
beam to column connection

where:
h, is the overall depth of the beam section
tp,  is the thickness of the beam flange

Meq is the design bending moment in the beam
(positive for top flange in tension)

Ngg is the design axial force in the beam
(positive for compression)
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Welded beam to column connections — Design steps

WELDED CONNECTIONS — RESISTANCE IN

Figure 3.6  Effective width of beam flange

force from the column web to the beam.
For an unstiffened | or H section

Boir = tc +25+ 7kt

but <b, and b,

For | and H sections:

f
If beg < (fy—b] b, , stiffeners are required.
ub

For other sections see 4.10 of BS EN 1993-1-8.

beam flange shown in Figure 3.6 is given by:

E _ bestinfy
woRa T T
Mo

where:

f
k :[tij 2 | but k<1
tfb fy,b

b, is the width of the column
twe IS the thickness of the column web

t.  is the thickness of the column flange

by, is the width of the beam

The effective width of a beam flange connected to an
unstiffened column depends on the dispersion of

The design resistance of the effective breadth of

STEP 2
TENSION ZONE
GENERAL tw,  is the thickness of the beam flange
Column tension stiffeners are not required if the " is the root radius of the column
resistances of the beam flange and column web are °°
adequate, that is s =r, (for arolled I or H section)
T Fes = Fmre ad Fea < Fucra s =+/2a (for awelded I or H section)
Unstiffened Column where a is the throat thickness of the weld
Resistance of beam flange between the web and flange.
The resistance of the beam flange depends on its f,c is the design yield strength of the column
effective width, as shown in Figure 3.6. ’
f,s is the design yield strength of the beam
fup is the ultimate tensile strength of the beam
As, is the net stiffener area
f,s is the design yield strength of the stiffener
Feq is the design tension force (see STEP 1)




Welded beam to column connections — Design steps

WELDED CONNECTIONS — RESISTANCE IN

STEP 2 TENSION ZONE

Resistance of column web s for a rolled section is the root radius r or, for a
welded section, the leg length of the column web

The spread of tension force F; g4 into the column web i
P LEQ to flange fillet welds

is taken as 1:2.5, as shown in Figure 3.7. When the
beam is near an end of the column the effective

length of web must be reduced to that available. tn is the beam flange thickness

Thus: t;. is the column flange thickness
beff,t,wc = tfb +Zsf +5(S+tfc) . .
twe is the column web thickness
T B f,wc is the yield strength of the column web (= f, for
) 2.5 a rolled section)
H 1 Fieq
Bttt we : The resistance of the web in tension should be
Y verified at the end of partial depth stiffeners in
v double-sided connections, following the guidance in
Section 2.5, STEP 6A.
| E—
Figure 3.7 Length of column web resisting

tension

The resistance of the column web is given by:

@ Best twetwefy,we
Ft,WC,Rd = —y

7Mo

Stiffened Column

If column web stiffeners are required, a pair of
stiffeners should be provided, either partial depth or
full depth, as shown in Figure 2.12 for bolted end
plate connections.

The strength of the stiffeners and the welds attaching
them to the column web and flange should be verified
in the same way as for stiffeners for a bolted end
plate connection (see STEP 6A in Section 2.5). The
design force may be taken conservatively as:

Fs,Ed = I:t,fb,Rd - wbeff,t,wctwcfy,c / 7mo

When column stiffeners are provided, the entire beam
flange is effective.

where:

o 1S a reduction factor for the interaction with shear
that is determined using the method given in
STEP 1B for the bolted end plate (Section 2),

USing beff,t,wc

Defr twe IS as given above
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WELDED CONNECTIONS — RESISTANCE IN

STEP3 COMPRESSION ZONE

GENERAL

Column compression stiffeners are not required if the
resistances of the beam flange and column web are
adequate, that is

If FoeaS Foppra @nd Fopg < Fpwera

Unstiffened Column

Resistance of beam flange

The effective width of the beam flange is as given for
the tension flange in STEP 2.

For | and H sections:

f
If bey < (fy—b] b, , stiffeners are required.
ub

For other sections, see 4.10 of BS EN 1993-1-8.

The design compression resistance of the effective
breadth of beam flange connection shown in
Figure 3.6 is that given in STEP 2 as:

_ Peitivly,i

Feford p
MO

Column Web — Unstiffened Column
The compression resistance of the web is given by:

F _ a)kwcbeff,c,wctwcfy,wc
c,wcRd -
Mo
but
F 2 kwcpbeff,c,wctwcfy,wc
cwcRd <
7m1

For the determination of the variables in the above
equations, see STEP 2 in Section 2, using beg ¢ ye in

Table 2.5.

Stiffened Column
The effective width and resistance of the beam flange
are determined as for tension stiffeners in STEP 2.

For the resistance of the compression zone of a
stiffened column, refer to Section 2.5, STEP 6B.
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WELDED CONNECTIONS — COLUMN WEB

STEP 4 PANEL SHEAR

GENERAL

In single-sided beam to column connections and
double-sided connections where the moments
from either side are not equal and opposite, the
moment resistance of the connection might be
limited by the shear resistance of the column web
panel.

The forces in the column web and the resistance
of the column web may be determined as in
STEP 3 for a bolted beam to column connection.
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STEP 5 WELDED CONNECTIONS — WELDS

GENERAL

The flange to column welds for the tension flange
and compression flange should normally be full
strength if the frame is statically indeterminate. Full
strength welds are the default requirement in 4.10(5)
of BS EN 1993-1-8.

For determinate frames, or connections with thick
beam flanges but low design moments, the weld
may be designed for the force in the flange. For this
purpose, it is generally satisfactory to assume that
the flanges of the beam carry the design moment.

If the weld is less than full strength, the weld should
be sufficient to resist the design force, distributed
over the effective width bes calculated in STEP 2.
The same size weld should be specified around the
entire flange. If the column is stiffened, the design
force should be distributed over the lesser of b, and
b, when designing the flange to column weld.

In continuous frames, moment reversal is expected,
meaning the compression flange weld needs to be
designed as a tension flange weld to cover this
reversal. If the force in the flange can only ever be
compression, and the beam has a sawn end in
direct bearing, a 6 mm or 8 mm leg length fillet weld
will suffice.

The beam web to column welds should be full
strength.

Full Strength Welds

For elements such as flanges, which are principally
subject to direct tension or compression, a full
strength weld may be provided by a pair of
symmetrically disposed fillet welds. For such a detail
to be full strength, the following weld sizes are
required, based on the rules for weld strength given
in STEP 7 of Section 2.5.

Table 3.1 Dimensions of fillet welds for full
strength connection for transverse

force
Weld size, as a proportion of the
Steel grade thickness of the connected part
Throat Leg
S275 0.5 0.71
S355 0.6 0.85

Full strength welds may also be achieved by partial
penetration welds with superimposed fillet welds
(used when the fillet weld would otherwise be very
large) or butt welds, as shown in Figure 3.8.

Fillet weld

Partial penetration with
superimposed fillet

Full penetration
butt weld

Figure 3.8 Weld types
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4 SPLICES

4.1 SCOPE

This Section deals with the design of beam and
column splices between H or |sections that are
subjected to bending moment, axial force and
transverse shear force. The following types of joint
are covered:

e Bolted cover plate splices.
e Bolted end plate splices.
e Welded splices.

The design of bolted column splices that are subject
to predominant compressive forces is covered in
Joints in Steel Construction — Simple Joints to
Eurocode 3 (P358)®.

4.2 BOLTED COVER PLATE SPLICES
Connection details

Typical bolted cover plate splice arrangements are
shown in Figure 4.1.

In a beam splice there is a small gap between the two
beam ends. For small beam sections, single cover
plates may be adequate for the flanges and web. For
symmetric cross sections, a symmetric arrangement
of cover plates is normally used, irrespective of the
relative magnitudes of the design forces in the
flanges.

Beam splice

Splices — Scope

Column splices can be either of bearing or non-
bearing type. Design guidance for bearing type
column splices is given in P358F. Non-bearing
column splices may be arranged and designed as for
beam splices.

Design basis

A beam splice (or a non-bearing column splice)
resists the coexisting design moment, axial force and
shear in the beam by a combination of tension and
compression forces in the flange cover plates and
shear, bending and axial force in the web cover
plates.

To achieve a rigid joint classification, the connections
must be designed as slip resistant connections. It is
usually only necessary to provide slip resistance at
SLS (Category B according to BS EN 1993-1-8,
3.4.1) although if a rigid connection is required at
ULS, slip resistance at ULS must be provided
(Category C connection).

In elastically analysed structures, bolted cover plate
splices are not required to provide the full strength of
the beam section, only to provide sufficient resistance
against the design moments and forces at the splice
location. Note, however that when splices are located
in a member away from a position of lateral restraint,
a design bending moment about the minor axis of the
section, representing second order effects, must be
taken into account. Guidance can be found in
Advisory Desk Notes 243, 244 and 314"

Column splices

Figure 4.1 Typical bolted cover plate splices
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Splices — Design steps

Stiffness and continuity

Splices must have adequate continuity about both
axes. The flange plates should therefore be, at least,
similar in width and thickness to the beam flanges,
and should extend for a minimum distance equal to
the flange width or 225 mm, on either side of the
splice.

Design method

The design process for a beam splice involves the
choice of the sizes of cover plates and the
configuration of bolts that will provide sufficient design
resistance of the joint. The process has a number of
distinct stages, which are outlined below.

STEP 1

Calculate design tension and compression forces in
the two flanges, due to the bending moment and axial
force (if any) at the splice location. These forces can
be determined on the basis of an elastic stress
distribution in the beam section or, conservatively,
ignoring the contribution of the web.

Calculate the shear forces, axial forces and bending
moment in the web cover plates. The bending
moment in the cover plates is that portion of the
moment on the whole section that is carried by the
web (irrespective of any conservative redistribution to
the flanges — see BS EN 1993-1-8, 6.2.7.1(16)) plus
the moment due to the eccentricity of the bolt group
resisting shear from the centreline of the splice.

Calculate the forces in the individual bolts.

STEP 2

Determine the bolt resistances and verify their
adequacy, in the flanges and in the web.

STEP 3

Verify the adequacy of the tension flange and the
cover plates.

STEP 4

Verify the adequacy of the compression flange and
the cover plates.

STEP5
Verify the adequacy of the web and cover plates.

STEP 6

Ensure that there is a minimum
continuity of the member.

resistance for

The above STEPS involve the determination of
resistance values of 11 distinct components of a
bolted splice. The component resistances to be
verified are illustrated in Figure 4.2.
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Zone Ref |Resistance STEP

Tension Flange cover plate(s)

Bolt shear

Bolt bearing

Flange

Compression Flange

- D | |0 |TO|D

Flange cover plate(s)

Bolt shear

o |Q

Bolt bearing

Shear j
k Bolt shear

Web cover plate(s)

afa | a(Nd | lwWwiN|INW

| Bolt bearing

Figure 4.2 Splice component resistances to be
verified

4.3 DESIGN STEPS

The following pages set out the details of the 6
Design STEPS described above for a bolted cover
plate splice. A worked example illustrating the
procedure is given in Appendix D.
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STEP 1 DISTRIBUTION OF INTERNAL FORCES

GENERAL where:

As noted on page 51, moment-resisting splices must M = Meq OF Meg ser
be designed as slip resistant at SLS or, in less n_, s the design moment for ULS
common situations, slip resistant at ULS. Resistances

of the beam and cover plates must be verified at ULS ~Medser iS the design moment for SLS

in both cases. Consequently, internal forces at the N = Ngg OF Neg ser
splice must usually be determined at both SLS and \_ s the design axial force in the member (ULS)
ULS (i.e. values of Ngg, Mgg and Vgg at ULS and (compression is positive)

N , M and V, at SLS).
Bdser TEdser Bdser ) Neqser is the design axial force in the member (SLS)

The internal forces in the components of the beam (compression is positive)
splice, due to member forces N, M and V are as v = Veq OF Vg ser
follows: . - )
Veq  is the vertical design shear force (ULS)
The force in each flange due to moment: Veqser IS the vertical design shear force (SLS)
| M e is the eccentricity of the bolt group from the
_ y,web . .
Fim = T m centreline of the splice
1 : .
y b hp is the height of beam
The force in each flange due to axial force: tw  Is the beam web thickness
. A, N to is the beam flange thickness
=|1-> |= .
o ( A } 2 A,  isthe area of the member web
. . = (h - 2tf )tw
Total force in the tension flange:
Fi =Fiy- Fin ly is the second moment of area about the major
’ ’ (y) axis of the beam
Total force in the compression flange: lyweo IS the second moment of area of the web

Foe =Fim+ Fin
- (hy — 2t Pt
Moment in the web (at the centreline of the splice): 12

M, = [—ly'web}M
Iy

There will be an additional moment in the web at the
centroid of the bolt groups equal to the product of the
vertical shear and the eccentricity of the group from
the centreline of the splice.

Mecc =Ve

Force in the web due to axial force:

Force in the web due to vertical shear:
Faov =V
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STEP 1

DISTRIBUTION OF INTERNAL FORCES

Forces in Bolts

In all cases, the bolts are acting in shear and
consequently the subscript ‘v’ is used in all symbols
for bolt force.

The subscripts ‘Ed’ and ‘Ed,ser’ should be added to
the symbols below, to indicate forces at ULS and SLS
respectively.

Forces in Flange Bolts
In the compression flange:

Ff - FCf
cf,v n

cf

In the tension flange:

Usually the number of bolts in each flange splice will
be the same and then the maximum design force on
a boltis:

I:v = maX(Fcf,v ; th,v)

where:

ng is the number of bolts in the compression flange
splice (on one side of the centreline of the
splice)

ng is the number of bolts in the tension flange splice
(on one side of the centreline of the splice)

Forces in Web Bolts

Forces at ULS

Vertical forces per bolt due to shear

E _ FW N

v =
z n

Horizontal forces per bolt due to axial force

E
— N
Fx,N - v:]

For a single vertical line of bolts either side of the web
cover plate, the horizontal force on the top and
bottom bolts due to moment is determined using:

(MW + MECC )Zmax

Ibolts

F =

XM

The resultant force on an extreme bolt (for a single
line of bolts) is thus:

E

vo= \/ (Fx,N + Fx,M)2 + (Fz,v)2

For a double vertical line of bolts either side of the
centreline of the splice, the horizontal and vertical
components of the resultant force on the most highly
stressed bolt due to moment is determined using:

— (Mw + Mecc)xmax
Ibolts

(MW + Mecc )Zmax

Ibolts

I:z,M

Fx,M

The maximum resultant force on an extreme bolt (for
a double line of bolts) is thus:

F
v = \/(FX,V + F><,M)2 + (FZ,N + FZ,M)2

where:

Fwv, Fun » My, and M. are values determined above

n is the number of bolts in the web (on one side
of the splice)

lbots IS the second moment of the bolt group (on

n

one side of the splice) = 'Z(xiz + le) in which x;
and z; are the x and z coordinates of i-th bolt
relative to the centroid of the bolt group

Xmax IS the horizontal distance of the extreme bolt
from the centroid of the group

Zmax 1S the vertical distance of the extreme bolt from

the centroid of the group (= O for a single
vertical line of bolts)
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STEP 2 BOLT RESISTANCES

GENERAL where:

The _resistancefs of in_dividual prelo_aded bolts in_shear, d is the diameter of the bolt

bearing and slip resistance are given by Section 3.9

of BS EN 1993-1-8. L is the length between the centres of the
extreme bolts in the direction of the force (see

More conveniently, SCI publication P363 (2013 Figure 4.3)

update)!”’ provides resistance tables for property
class 8.8 and 10.9 preloaded bolts. The relevant
tables are as follows:

For preloaded hexagonal headed bolts in S275:
Page numbers for resistance Tables
Grade 8.8 Grade 10.9
Slip at SLS C-386 C-387
Slip at ULS C-388 C-389

For preloaded hexagonal headed bolts in S355:

The resistance of each bolt should then be reduced
by a factor £ given by:

L; -15d
B =1L
200d
Note: guidance given in 3.8(1) of BS EN 1993-1-8
would suggest that the factor £ is only applied to the
shear resistance. However, it is considered that for
long joints fs should also be applied to bearing and
slip resistances.

but, 0.75 < 4> 1.0

Page numbers for resistance Tables | L |
Grade 8.8 Grade 10.9 ‘ ‘
Slip at SLS D-386 D-387 3 [ L 13
Slip at ULS D-388 D-389

As well as slip resistance, the tables for SLS give the
shear resistance values at ULS. Bearing resistances
at ULS may be taken from the tables for non-
preloaded bolts.

RESISTANCE OF BOLTS IN FLANGE SPLICES
Resistance at ULS

If the chosen bolt configuration is such that any of the
edge distance, end distance, pitch or gauge
dimensions is less than that in the P363 Resistance
Table, or the bolts are not in normal holes, the actual
resistances in bearing at ULS should be determined
using Table 3.4 of BS EN 1993-1-8.

Resistance at SLS

If the preloaded bolts are not in normal holes or the
surfaces are not Class A, the values of slip resistance
should be calculated in accordance with clause 3.9.1
of BS EN 1993-1-8.

Long Joints

If the flange splice is ‘long’, the shear and bearing
resistances at ULS and the slip resistance at SLS
should be reduced.

A ‘long’ joint is one in which the length between the
extreme bolts (on one side of the joint) L; is such that:

Lj >15xd

L L L L AL B L L
LTS A | S

T T

Figure 4.3 Length of joint

RESISTANCE OF BOLTS IN WEB SPLICES
Resistance at ULS

In general, the force on the most heavily loaded bolt
will not be perpendicular to any edge of the cover
plate or web. The distinction between edge and end
is therefore difficult to apply and the use of the
Resistance Tables is inappropriate.

Conservatively, the edge and end distances may be
taken as those which give the lesser value of bearing
resistance using Table 3.4 of BS EN 1993-1-8. This
can be significantly conservative in some instances,
especially when the direction of the force is away
from the nearest edge.

As an alternative, the bearing resistance may be
determined separately for vertical and horizontal
forces, taking proper account of appropriate edge and
end distances, etc. The bearing resistance under the
combined vertical and horizontal forces may then be
verified assuming a linear interaction, which can be
expressed as:

Fred | Feea

I:x,b,Rd I:z,b,Rd
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STEP 3 RESISTANCE OF TENSION FLANGE & COVER PLATE

Resistance of Tension Flange and Cover Plate
The resistances of the flange and the cover plate are
each the minimum of the resistances of the gross
section and net section.

Resistance of the gross section

Adfy

FpI,Rd =
7mo

Ay =Dy x t; for the flange
= by, x ty, for a single cover plate

Resistance of the net section

09A,f

net ‘u

F,u,Rd:
¥ m2

Anet = (by— 2 dy) t; for the flange
= (b — 2 do) ty, for a single cover plate

Additionally, if the arrangement of bolts is unorthodox,
for example with only one row either side and where
the edge distances are particularly large, block
tearing might be possible. Guidance on evaluation of
block tearing resistance is given in P358.,
Resistance at SLS

If the preloaded bolts are not in normal holes or the
surfaces are not Class A, the values of slip resistance
should be calculated in accordance with Clause 3.9.1
of BS EN 1993-1-8.

where:

by is the width of the flange cover plate
do is the diameter of the bolt hole

f

y is the yield strength of the flange cover plate

fy o Or of the flange f, ¢ as appropriate
is the ultimate strength of the flange cover
plate f, ¢, or of the flange f,;; as appropriate

t is the thickness of the flange

tip is the thickness of the flange cover plate

Mo =1.0
ym2 = 1.1 (given in the UK NAto BS EN 1993-1-1)

Note: the value for y,, is taken from the UK NA to

BS EN 1993-1-1 because it relates to the area of the
flange cover plate in tension.
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RESISTANCE OF COMPRESSION FLANGE AND

STEP 4 COVER PLATE

RESISTANCE OF COMPRESSION FLANGE AND
COVER PLATE

The compression resistance of the cross sections of
the flange and the cover plate may be based on the
gross section, ignoring bolt holes filled with fasteners.

If the cover plate is thin and the bolt rows are widely
spaced longitudinally, the buckling resistance of the
cover plate should be considered.

Local buckling of the compression flange cover plate
between the rows of bolts needs to be considered
only if:

P
te

>9¢

where:
_[235
. - |22
fyvfp
pr  =max{p Py,

If this is the case, then the buckling resistance of the
cover plate is given by:

X Apfyp

Npfora =
7M1

in which the reduction factor y for flexural buckling is
given by:
1

¥ = buty<10
@+ (02 -1")

and

®» = 0.5+(1+a(2—o.2)+22j

For Class 1, 2 and 3 cross-sections
71 = Ay :['1) 1
N i A

L, may be taken as 0.6p;

A1 = 93.9¢
t

i =i, = _f
V12

where:

Agp is the cross-sectional area of the flange cover
plate (= byyte)

brp is the width of the flange cover plate

tp is the thickness of the flange cover plate

fup  is the yield strength of the flange cover plate

pip is the spacing of the bolts in the direction of the
force

p.; is the spacing of the bolts across the joint in

the direction of the force
a is the imperfection factor
= 0.49 (for solid sections)
=1.0 (UK NAto BS EN 1993-1-1%)

7M1

pl,fp pl,j pl,fp

Figure 4.4 Spacing of bolts (pitch) on flange
cover plate
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STEP 5 RESISTANCE OF WEB SPLICES

RESISTANCE OF WEB COVER PLATE IN SHEAR

The resistance of the web cover plate is the minimum
resistance of the gross shear area, net shear area
and block tearing.

Resistance of the Gross Shear Area

For a single web cover plate the shear resistance of
the gross area is:

V _ thth vaWp
"PgRd 127 Y3 ryo

Resistance of the Net Shear Area

For a single web cover plate the shear resistance of
the net area is:

Av,wp,net (fu ,Wp /\/g)

M2

prneth
Av,wpnet = (hwp _nz,wpdo )twp

Area subject
to shear

o |0

O

?
?

Here, Ny = 3

Figure 4.5 Net shear area of a cover plate

Additionally, if the number of horizontal lines of bolts
is small and the edge distances at the top and bottom
of the web cover are particularly large, block tearing
should be considered. Guidance on evaluation of
block tearing resistance is given in P358" (for fin
plate connections).

where:
do is the bolt hole diameter
hw, is the height of web cover plate

Nowp IS the number of bolt holes in the area subject
to shear as shown in Figure 4.5

twp is the thickness of web cover plate
fywp IS the yield strength of the web cover plate
ymo =1.0 (UK NAto BS EN 1993-1-1)

’m2 = 1.1 (UK NAto BS EN 1993-1-1)
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STEP 5

RESISTANCE OF WEB SPLICES

BENDING RESISTANCE OF WEB COVER PLATE

The bending resistance of each web cover plate is
given by:

Wop (1— P )fy,wp

7' mo

M cwpRd =

where:
W, is the elastic modulus for the cover plate

p is a reduction parameter for coexisting shear
(where required)

It is recommended that the modulus of the gross
Cross section is used.

Cover Plates Subject to Bending, Compression
and Shear

Based on clause 6.2.10 and 6.2.9.2, the following

expression should be satisfied:
pr,Ed 4 wa,Ed <1.0

pr,Rd Mc,wp,Rd

An allowance for the effects of shear on the
resistance of the web cover plates should be made if:
VEd > Vpl,wp,Rd

where:

Voplwprd = MiN {VWde;Vaneth}, as determined in

STEP 4

When coexisting shear must be allowed for, p is given

by:
2
_1j

, = 2V g

Vpl,wp,Rd
When coexisting shear does not need to be allowed
for,p=0

where:

fywp is the yield strength of the web cover plates

Nuwpea IS the design compression on the web plates

Nuwpra IS the compression resistance of the web
plates

Mupeda  is the design bending moment applied to the
web plates

M.wp,ra IS the bending resistance of the web plates

Mo =1.0 (UK NAto BS EN 1993-1-1)

RESISTANCE OF THE BEAM WEB

The resistance of the beam web is the minimum
resistance of the gross shear area, net shear area
and block tearing.

Resistance of the Gross Shear Area

ViwgRd _ A fyw
v, W
V3 7m0

Auw= A-2Dbt; +(t,, +2r)t; but notless than 7h,t,

hy =h-2(t; +r)

n 1.0 (conservatively)

Resistance of the Net Shear Area

Vw,n,Rd= AVvHEt(nyW/ \/g)

M2

Av,net = Av,w —N2w dOtw

where:

A,w isthe shear area of the gross section

do is the diameter of the bolt hole

hyw  is the height of the web cover plate

N,y is the number of horizontal rows of bolts in the
web

piwp is the bolt spacing in the direction of the force

ty is the thickness of beam web

typ  is the thickness of web cover plates

fyw  is the yield strength of the beam web

is the yield strength of the web cover plates
mo =10 (UKNAto BS EN 1993-1-1)

’m2  =1.1 (UK NAto BS EN 1993-1-1)

Resistance to Block Tearing

Block tearing resistance is only applicable to the web
of a notched beam. It is not applicable to the beam
web in a beam splice.
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STEP 6 MINIMUM REQUIREMENTS FOR CONTINUITY

GENERAL

Although there is no explicit requirement for minimum
resistance or stiffness in flexural members (members
resisting bending moments) in BS EN 1993-1-8, it is
prudent to provide a minimum resistance for bending
about the major axis and, when not restrained
laterally at the splice, a minimum resistance about the
minor axis.

The following guidance is based on BS EN 1993-1-8
clause 6.2.7.1(13), which  specifies  minimum
requirements for splices in compression members.

A minimum resistance about the major axis is
achieved by ensuring that the value of Mgq in STEP 1
is at least equal to 0.25M. g4, the bending resistance

of the beam.

A minimum resistance about the minor axis is only
required if the splice is located away from a point of
lateral restraint. If required, the minimum resistance in
the minor axis should be taken as 0.25M,z4-

It is recommended that these minimum resistance
requirements (which are really requirements to
achieve a minimum stiffness) are checked
independently, and in isolation, i.e. forces resulting
from externally applied actions are not included in the
checks of minimum resistance.
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4.4 BOLTED END PLATE SPLICES
Connection details

Bolted end plate connections, as splices or as apex
connections in portal frames, are effectively the beam
side of the connections covered in Section 2, mirrored
to form a pair. This form of connection has the
advantage over the cover plate type in that preloaded
bolts (and the consequent required preparation of
contact surfaces) are not required. However, they are
less stiff than cover plate splice detalils.

Typical details are shown in Figure 4.6.

Design method

The design method is essentially that described in
Section 2, omitting the evaluation of column
resistances. The relevant STEPS are summarised
below.

STEP 1

Calculate the tensile resistances of each bolt row in
the tension zone, as described in STEP1 in
Section 2.3.

The conclusion of this stage is a set of effective
tension resistances, one value for each bolt row, and
the summation of all bolt rows to give the total
resistance of the tension zone.

STEP 2
Calculate the resistance of the compression flange.

Splices — Bolted end plate splices

STEP 3

If the total tension resistance exceeds the
compression resistance (in STEP 2), adjust the
tension forces in the bolt rows to ensure equilibrium.
If a reduction is required, the force allocated to the
row of bolts nearest the compression flange (i.e. with
the shortest lever arm) is reduced first and then the
other rows, as required, in turn.

Calculate the moment resistance. This is merely the
summation of the bolt row forces multiplied by their
respective lever arms, calculated from the centre of
compression.

STEP 4

Calculate the shear resistance of the bolt rows. The
resistance is the sum of the full shear resistance of
the bolt rows in the compression zone, which are not
assumed to resist tension, plus (conservatively) 28%
of the shear resistance of the bolts in the tension
zone.

STEP5

Verify the adequacy of the welds in the connection.
Welds sizes are not critical in the preceding
calculations. Components in compression in direct

bearing need only a nominal weld, unless moment
reversal must be considered.

Extended both ways - beam

.y

Extended one way - beam

Flush beam

Portal apex haunch

Extended both ways - column

Different size - beam haunch

Different size - column sections

Figure 4.6 Typical bolted end plate splices
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Splices — Beam-through-beam moment connections

Joint stiffness and classification

It was noted in Section 1.3 that, for multi-storey
unbraced frames, a well-proportioned connection
following the recommendations for standardisation in
this guide and designed for strength alone can be
assumed to be ‘rigid’ provided that Mode 3 is the
critical mode and the triangular limit is applied as
described in STEP 1C. This assumption may be
taken to apply to bolted end plate splices, such as
those shown in Figure 4.6, but several consequent
limitations must be noted:

e The end plate will need to be quite thick in order
to ensure that Mode 3 is critical. This is
particularly so for extended end plates.

e The moment resistance is likely to be less than
that of the beam section, particularly for
non-extended end plates.

The ‘portal apex haunch’ splice shown in Figure 4.6,
is regularly used in single storey portal frames and is
commonly assumed to be 'rigid' for the purposes of
elastic global analysis.

BS EN 1993-1-8 provides rules for evaluating joint
stiffness but they are likely to prove complex for these
splice connections. Determination of rotational
stiffness is not covered in this guide.

4.5 BEAM-THROUGH-BEAM MOMENT
CONNECTIONS

Connection details

Beam-through-beam joints are usually made using
end plate connections with non-preloaded bolts;
typical details are shown in  Figure 4.7.
Non-preloaded bolts may be used when there are
only end plates, but when a cover plate is used as
well, preloaded bolts should be used, to prevent slip
at ULS.

End plate and cover plate
Typical beam-through-beam splices

Figure 4.7
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Design method

Where there is no cover plate, the design method for
end plate splices (given above) may be used. Where
a cover plate is used, it should be designed as for a
cover plate splice; it may be assumed conservatively
that the end plate bolts carry the vertical shear.

The connection between the cover plate and the
supporting beam is usually only nominal, as the
moment transferred in torsion to the supporting beam
is normally very modest: the connection is designed
to transfer moment from one side to the other. The
usual limits on bolt spacing should be observed.

Joint stiffness and classification

As noted in Section 4.3, connections in multi-storey
unbraced frames need to be rigid and this can be
achieved only with relatively thick end plates. Beam-
through-beam connections are rarely fundamental to
frame stability and when they do not contribute to
frame stability do not need to be rigid.

4.6 WELDED SPLICES
Connection details
Typical welded splices are shown in Figure 4.8.

Shop welded splices are often employed to join
shorter lengths delivered from the mills or stockists. In
these circumstances the welds are invariably made
'full strength' by butt welding the flanges and the web.
Small cope holes may be formed in the web to
facilitate welding of the flange.

Where the sections being joined are not from the
same 'rolling' and consequently vary slightly in size
because of rolling tolerances a division plate is
commonly provided between the two sections. When
joining components of a different serial size by this
method, a web stiffener may be needed in the larger
section (aligned to the flange of the smaller section),
or a haunch may be provided to match the depth of
the larger size

A site splice can be made with fillet welded cover
plates, as an alternative to a butt welded detail. Bolts
may be provided in the web covers for temporary
connection during erection.



Design basis
For welded splices the general design basis is:

e In statically indeterminate frames, whether
designed plastically or elastically, full strength
welds should be provided to the flanges and the
web.

e In statically determinate frames, splices may be
designed to resist a design moment that is less
than the member moment resistance, in which
case:

- The flange welds should be designed to resist
a force equal to the design moment divided by
the distance between flange centroids.

- The web welds should be designed to resist
the design shear.

- If there is an axial force it should be shared
between the flanges, and the welds designed
for this force in addition to that due to the
design moment.

Splices — Welded splices

The full strength requirement is needed to ensure that
a splice has sufficient ductility to accommodate any
inaccuracy in the design moment, arising for
example, from frame imperfections, modelling
approximations or settlement of supports.

Additional considerations for division plates

The division plate should be of the same grade as the
components it connects and have a thickness at least
equal to the flange thickness.

The division plate will need to have certified through-
thickness ductility if the flanges butt welded to it are
thicker than 25 mm (see advice in PD 6695-1-10,
clause 3.3)). There are no special requirements (for
through thickness ductility) for the division plate if the
flanges are thinner or are fillet welded to it.

Where fillet welds are used, the weld should be
continuous round the profile of the section.

Butt welded beam

\_/—

Beam with division plate

— |

Figure 4.8 Typical welded splices
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Column bases —Scope

5 COLUMN BASES

5.1 SCOPE

This Section covers the design of connections which
transmit moment and axial force between steel
members and concrete substructures at the base of
columns. The same principles may be applied to non-
vertical members. Typical details of an unstiffened
base plate connection are shown in Figure 5.1.
Stiffened base plate connections are not covered in
this guide, nor are column bases cast in pockets.

5.2 DESIGN BASIS

In terms of design, a column base connection is
essentially a bolted end plate connection with certain
special features:

e Axial forces are more likely to be important than
is generally the case in end plate connections.

e In compression, the design force is distributed
over an area of steel-to-concrete contact that is
determined by the strength of the concrete and
the packing mortar or grout.

¢ In tension, the force is transmitted by holding
down bolts that are anchored in the concrete
substructure.

e Unlike steel-to-steel contact in end plate
connections, concrete on the tension side cannot
be relied upon to generate prying forces (and
thus to improve the resistance of the end plate).
The base plate must be considered to bend in
single curvature.

As a consequence, an unstiffened base plate tends to
be very thick, by comparison with end plates of beam
to column connections.

More often than not, the moment may act in either
direction and symmetrical details are chosen.
However, there may be circumstances (e.g. some
portal frames) in which asymmetrical details may be
appropriate.

Figure 5.1 Typical column base
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The connection will usually be required to transmit
horizontal shear, either by friction or via the bolts. It is
not reasonable to assume that horizontal shear is
distributed evenly to all the bolts passing through
clearance holes in the baseplate, unless washer
plates are welded over the bolts in the final position. If
the horizontal shear is large, a shear stub welded to
the underside of the baseplate may be more
appropriate, as discussed in STEP 4. In all cases, the
grouting of the base is a critical operation, and
demands special attention.

More complicated bases (e.g. asymmetric base
plates with more than one tensile bolt row) can be
treated similarly but are not discussed in detail here.

5.3 TYPICAL DETAILS

Moment-resisting base plates are less amenable to
standardisation than steel-to-steel connections, as
more variables are involved. However some general
recommendations are given here.

Before steelwork is erected, holding down bolts are
vulnerable to damage. Every care should be taken to
avoid this, but it is prudent to specify with robustness
in mind. Larger bolts in smaller numbers are
preferred. Size should relate to the scale of the
construction, including the anchorage available in the
concrete.

In many cases, M24 bolts will be appropriate, but
M30 is often a practical size for more substantial
bases. M20 is the smallest bolt which should be
considered. A preferred selection of bolt lengths and
anchor plate sizes based on these diameters is given
in Table 5.1.

All holding down bolts should be provided with an
embedded anchor plate for the head of the bolt to
bear against. Sizes of anchor plates are also given in
Table 5.1; they are chosen to apply not more than
30 N/mm? at the concrete interface, assuming 50% of
the plate is embedded in concrete. Holding down
bolts are often square in cross section under the head
— a square hole in the washer plate will prevent the
bolt turning. If the bolt is not shaped, a keep strip
welded to the underside of the washer plate adjacent
to the bolt head may be used to stop the holding
down bolt rotating.

When necessary, more elaborate anchorage systems
(e.g. angles, or channel sections) can be designed. If
a combined anchor plate for a group of bolts is used
as an aid to maintaining bolt location, the anchor
plates may need large holes to facilitate concrete
placing.



When the moments and forces are high, it is likely
that the holding down system will need to be
designed in conjunction with the reinforcement in the
base.

Table 5.1 Preferred sizes of holding down bolts
and anchor plates

Bolt size (property class 8.8)
M20 M24 M30
Length of holding 300 375
down bolt (mm) 375 450 450
450 600 600
Anchor plate size | 100 x 100 | 120 x 120 | 150 x 150
(mm x mm)
Anchor plate 15 20 25
thickness (mm)

5.4 BEDDING SPACE FOR GROUTING

The thickness of bedding material is typically chosen
to be between 20 mm and 40 mm (although in
practice, the actual space is often greater). A 20 mm
to 40 mm dimension gives reasonable access for
grouting the bolt sleeves (necessary to prevent
corrosion), and for thoroughly filling the space under
the base plate. It also makes a reasonable allowance
for levelling tolerances.

In base plates of size 700 mm x 700 mm or larger,
50 mm diameter holes should be provided to allow
trapped air to escape and for inspection. A hole
should be provided for each 0.5 m? of base area. If it
is intended to place grout through these holes the
diameter should be increased to 100 mm.

5.5 DESIGN METHOD

The design process requires an iterative approach in
which a trial base plate size and bolt configuration are
selected and the resistances to the range of
combined axial force and moment are then evaluated.
The following design process describes the
evaluation of resistance for a given configuration.

STEP 1

Determine the design forces in the equivalent T-stubs
for both flanges. For a flange in compression, the
force may be assumed to be concentric with the
flange. For a flange in tension, the force is assumed
to be along the line of the holding down bolts.

STEP 2

Determine the resistance of the equivalent T-stub
in compression.

STEP 3

Determine the resistance of the equivalent T-stub
in tension.

Column bases — Bedding space for grouting

STEP 4

Verify the adequacy of the shear resistance of the
connection.

STEP 5
Verify the adequacy of the welds in the connection.

STEP 6
Verify the anchorage of the holding down bolts.

5.6 CLASSIFICATION OF COLUMN BASE
CONNECTIONS

The rigidity of the base connection has generally
greater significance on the performance of the frame
than other connections in the structure. Fortunately,
most unstiffened base plates are substantially stiffer
than a typical end plate detail. The thickness of the
base plate and pre-compression from the column
contribute to this.

However, no base connection is stiffer than the
concrete and, in turn, the soil to which its moment is
transmitted.

Much can depend on the characteristics of these
other components, which include propensity to creep
under sustained loading.

The base connection cannot be regarded as 'rigid'
unless the concrete base it joins is itself relatively
stiff. Often this will be evident by inspection.

5.7 DESIGN STEPS

The following STEPS set out the details of the 6
STEPS described above. A worked example
illustrating the procedure is given in Appendix E.
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STEP 1

BASE PLATE — DESIGN FORCES IN T-STUBS

GENERAL

For combined axial force and bending at the base of
a column, the design model in BS EN 1993-1-8
assumes that resistance is provided by two T-stubs in
the base plate, one in tension, one in compression.
The resistance to the tension T-stub is provided by
holding down bolts, outside the flange of the column,
and to the compression T-stub by a compression
zone in the concrete, concentric with the column
flange.

This model has limitations where the bending
moment is either small or large, in relation to the axial
force. Where the moment is small, with no net
tension, there is no account taken of the compression
resistance under the web. Where the moment is
large, it ignores the possibility of greater moment
resistance due to a compression zone that is wholly
outside the column. The former can be overcome by
evaluating the force in both flanges and the web and
comparing them with available resistance. The latter
can be overcome by selecting an eccentric
compression zone (provided that the T-stub is
designed for the eccentricity).

The range of situations is shown in Figure 5.2.
Although only the first situation is explicitly covered in
BS EN 1993-1-8, the other two situations can be
designed according to the principles of the Standard.

NEd

£

Ed

|

\

Dominant moment, compression zone under flange

Ed

N

Ed

|

et

Dominant axial force, no net tension

W
Neg

MEd

|

\

il

Large dominant moment, eccentric compression zone

Figure 5.2 Range of design situations
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STEP 1

BASE PLATE — DESIGN FORCES IN T-STUBS

FORCES IN T-STUBS

To evaluate the forces in the T-stubs when one flange
is in compression and the other in tension, consider
the positions of the reactions in relation to the column
centreline, as shown in Figure 5.3.

Tensile reactions are resisted at the centres of the
holding down bolts, at a distance z; from the column
centreline on either side.

As noted above, the design model in BS EN 1993-1-8
assumes that compressive reactions are usually
resisted centrally under the column flange, at a
distance z.; from the column centreline on either side.
However, it may be possible to use an eccentric
compression zone, in which case the z. dimension
will be greater.

Z Z

Figure 5.3 Arrangement of column base

The procedure for determining the reactions, based
on these reaction positions, is as follows:

Determine the forces in the two column flanges,
ignoring the force in the web, assuming that
compression in the column is positive (Note, this is
the opposite to the convention in BS EN 1993-1-8,
Table 6.7) and that the bending moment is positive in
elevation as shown above (with ‘left’ and ‘right’
corresponding to that elevation). The forces are given

by:

N M
NL,f _ _YEd _ Ed
2 (h-t
NRf — NEd + MEd
T2 (h-ty)

Where N_; and Ng; are the forces in the left and right
flanges.

This will indicate, for the two sides, whether the
flanges are in tension (a negative value of N) or
compression (a positive value of N) and thus whether

the resistance is provided by a T-stub in tension or
compression.

The forces in the two T-stubs are then given by:

Where z, and zg correspond to either z, or z,
depending on whether the flange on that side (left or
right) is in tension or compression.
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STEP 2

BASE PLATE - COMPRESSION T-STUB

GENERAL

The resistance of the compression T-stub is the
smaller value of the resistances of the following
components:

¢ the resistance of the foundation in bearing
e the resistance of the base plate in bending

Resistance of Foundation

The resistance of the foundation in bearing depends
on the effective area resulting from the dispersal of
the compression force by the base plate in bending.
The dispersal is limited by the bending resistance of
the base plate, as described below, and by the
physical dimensions of the base plate. The area is
defined by an ‘additional bearing width’ around the
perimeter of the steel section, as shown in Figure 5.4.

Note that this area may be physically restricted by the
size of the base (in which case the centre of pressure
would be inward from the flange centreline). It is also
possible to ignore some or all of the area inside the
flange (if the resistance is sufficient), thus increasing
the lever arm between the compression zone and the
holding down bolts.

T[T

Figure 5.4 Effective bearing area

The design compression resistance of the foundation
is given by:

Ferd = fiabetlest
where:

fia is the design bearing strength of the joint,
given by fig = £ a e

B may be taken as 2/3 (see note 1)

o =min|1s—9F 114280 || 142%0 |3
maxihp,bpi’ ho ' bp '

(see note 2)

d; is the depth of the concrete foundation
fex

foq — ccc_
7c

e = 0.85 (UK National Annex to

BS EN 1992-1-10%

e is the material factor for concrete (. = 1.5 as
given in the UK NA)

bet and le¢ are as shown in Figure 5.4

c is the limiting width of base plate
(see next page)

Notes:

1) In accordance with BS EN 1993-1-8, 6.2.5(7), the
use of 4 = 2/3 requires that:

The grout has a compressive strength at least
equal to 0.2 f4, and:

The thickness of grout is less than 0.2 h, and
0.2 by,

The grout has a compressive strength at least
equal to fq4 if over 50 mm thick.

2) Where the dimensions of the foundation are
unknown, but will be orthodox (i.e. not narrow or
shallow) it is reasonable to assume « = 1.5, and
hence

f
fjd = fcd = 085(:—k
Ve

Normal practice is to choose a bedding material
(grout) at least equal in strength to that of the
concrete base. It can be mortar, fine concrete or one
of many proprietary non-shrink grouts. Typical
concrete strengths are given in Table 5.2.

It must be emphasised that the use of high strength
bedding material implies special control over the
placing of the material to ensure that it is free of voids
and air bubbles, etc. In the absence of such special
control, a design strength limit of 15 N/mm? is
recommended, irrespective of concrete grade.
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STEP 2 BASE PLATE - COMPRESSION T-STUB

Table 5.2 Concrete strengths

Concrete class
C20/25 C25/30 C30/37 C35/45

Cylinder strength

20 25 30 35
fa (N/mm?)

Cube strength

25 30 37 45
fek cube (N/mmz)

Resistance of Base Plate

The bending resistance of the base plate limits the
additional width c, assuming that the width c is a
cantilever subject to a uniform load equal to the
design bearing strength of the joint. Since the
bending resistance depends on the thickness and
yield strength of the base plate, the limiting additional
width is given by:

[0S
c=t| —2
3figAmo

Resistance of Column Flange

The compression resistance of the column flange and
web in the compression zone is given by:

Mc,Rd
hc - tfc

Fc,fc,Rd =
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STEP 3

BASE PLATE - TENSION T-STUB

GENERAL

The design of the tension T-stub is similar to that for a
beam to column connection, except that there is no
‘column side’ to be verified (instead the anchorage of
the holding down bolts must be verified).

The T-stub model in BS EN 1993-1-8 is generally
expressed only for two bolts in each row. The
expressions for equivalent length of T-stub and
tension resistance must be modified when there are
more than two bolts across the width of the base
plate.

The guidance below is described only for a single row
of bolts outside the tension flange. If additional bolts
are provided between the flanges, these can be taken
into account by adapting the guidance in Section 2 for
end plate connections.

The resistance of the tension T-stub is the smallest
value of the resistances of the following components:

e The resistance of the base plate in bending.

e The resistance of the holding down bolts.

e The resistance of the column flange and web in
tension.

Resistance of Base Plate in Bending

The design procedure is similar in principle to
STEP 1A for unstiffened extensions of bolted end
plates except that no prying is assumed and there is
a single expression for resistance in place of the
separate expressions in Modes 1 and 2.

The design resistance in bending is given by:
2M pl,1Rd

m

Fipl,rd =

X

where:

0.25% lgry tor f
Mpi1ra iS given by: My jgg=————
Mo

is the effective length of the equivalent T-stub
tol is the thickness of the base plate
fy is the yield strength of the base plate

my is the distance from the bolt centreline to the
fillet weld to the column flange (measured to a
distance into the fillet equal to 20% of its size)

The effective length of the T-stubs can be determined
from Table 5.3. If the corner bolts are located outside
the tips of the column flanges, the designer should
check whether the yield line patterns shown in the
Table are still appropriate.

Resistance of bolts in tension

With a single row of bolts, the design resistance is
given simply by:
Fiplrd =N Fi ra

where:
n is the number of bolts
F.ra is the design tensile resistance of a single bolt

If there is a second row of bolts, inside the tension
flange, the resistance of those bolts should be limited
by a triangular distribution from the centre of rotation,
as for bolts in end plate connections when the outer
tension row resistance is determined by Mode 3
failure (see STEP 1C in Section 2.5).
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STEP 3

BASE PLATE - TENSION T-STUB

Table 5.3 Effective lengths for base plate T-stubs

Single row of n bolts

e
i

Non-circular patterns

Yield line

[
[
[
N

1

Single curvature

b
éeff,nc = 7p

Individual end yielding

Ceftne = %(4mx +1.25¢, )

Ll

Corner yielding of outer bolts, individual yielding
between

loff =2mMy +0.625e, + €
+(n-2)2m, +0.625e,)

1

Group end yielding

Vit = 2m, +0.625€, +@

Circular patterns

®PEP

Individual circular yielding

14 effcp = NAMy

i

Individual end yielding

Cettep = %(nmX +2e)

Circular group patterns are not shown here as individual
circular yielding will have lesser /g in all practical situations

Circular group yielding

n s the number of bolts (4 bolts shown for illustrative purpose)
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STEP 4

BASE PLATE - SHEAR

GENERAL

In principle, shear may be transferred between the
base plate and concrete in four ways:

e By friction. A resistance of 0.3 times the total
compression force may be assumed.

e In bearing, between the shafts of the bolts and
the base plate and between the bolts and the
concrete surrounding them.

o Directly, by installing tie bars

e Directly, by setting the base plate in a shallow
pocket which is filled with concrete

e Directly, by providing a shear key welded to the
underside of the plate.

The simplest option is to demonstrate that friction
alone is sufficient to transfer the shear. When friction
alone is insufficient, common practice in the UK is to
assume the shear is transferred via the holding down
bolts. Although experience has demonstrated that this
is generally satisfactory, designers may need to
consider special arrangements if the base is subject
to high shear.

e The shear is unlikely to be shared equally among
the bolts. As the bolts are in clearance holes,
some may not be in contact with the plate at all.
This may be overcome by assuming that not all
the bolts are effective. Alternatively, washer
plates with precise holes can be positioned over
the bolts, and site welded to the base, ensuring
that the bolts are all in bearing and that load is
distributed evenly.

e The shear, applied through the base, or washer
plates, may be at a significant distance above the
concrete. If the bolts are subject to bending
(because, for example, the grout is incomplete),
the resistance is severely reduced.

e The resistance of the bolts in the base assumes
that the bolts are cast solidly into the concrete.
The assumption of cast in bolts needs to be
realised in practice, demanding that the entire
grouting operation is undertaken with care,
including proper preparation of the base,
cleanliness, mixing and careful placing of grout.

The position of bolts in the foundation needs careful
consideration - bolt resistance will be reduced close
to an edge, for example.

High Shear

If the shear force cannot be transferred by friction or
by the holding down bolts, a number of approaches
are available to transfer the base shear. Significant
shears may be transferred by:

e Ashear stub welded to the underside of the base,
located in a pocket in the foundation.

e Embedding the column in the foundation

e Installing tie bars (or similar) between the column
and (for example) a concrete floor slab

e Casting a slab around the column

Each of these solutions requires liaison between the
steel designer and others, to ensure that the
foundations and other elements are appropriately
detailed and reinforced.

Holding Down Bolts in Shear

The bolts should be verified in shear, in bearing on
the base plate and in bearing on the concrete.

When bolts are solidly cast into concrete the bolts can
be relied upon to resist shear. The design may be
based on an effective bearing length in the concrete
of 3d and an average bearing stress of 2f.4, where fq
is the design compressive strength of the foundation
concrete (or the grout, whichever is weaker). When
this approach is used, all bolts must be completely
surrounded by reinforcement and bolts whose centre
is less than 6d from the edge of the concrete in the
direction of loading should not be considered.

Shear and Tension

Holding down bolts will invariably be subject to
combined shear and tension. This condition must be
checked by verifying:

Fue F e
4+
Fire 1.4F

Shear Stubs

Shear stubs are commonly | sections welded to the
underside of the base plate, as shown in Figure 5.5.

<1.0

fL{

%

Figure 5.5 Shear stub details: | section
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STEP 4 BASE PLATE - SHEAR

Rules of thumb for sizing an | section shear stub are
that the section depth of the stub should be
approximately 0.4 x the column section depth. The
effective depth should be greater than 60 mm, but not
more than 1.5 x the section depth of the stub.

For an Isection, the slenderness of the flange
outstand should be limited such that b,/t;, < 20.

he
[————=]
V

Ed

-
bJ: :
\‘ ‘\

‘\

|
[

Figure 5.6 Shear stubs — design model

The design model is straightforward, as shown in
Figure 5.6. The load is assumed to be transferred in
bearing on the vertical faces of the stub. A triangular
distribution is assumed, and the nominal grout space
is ignored, to allow for any inconsistencies in that
zone. The maximum bearing stress is taken as f.q, the
design compressive strength of the concrete (or
bedding, whichever is weaker) leading to a resistance
as follows:

For a two flanged section (typically an I- or H section):
VR = bseifeq

The eccentricity between the applied shear and the
horizontal reaction on the stub causes a secondary
moment, Mg eq @ssumed to be resisted by a couple
comprising a compression force under one flange and

(conservatively) a tension concentric with the shear
stub, as shown in Figure 5.7.

Mseced =VEd (hg + g /3)

The force in the flange of the stub, Ngec g4 IS given by:
Nseced =Msecea/(Ns —tss)

The resistance of the flange of the stub is given by:
bstrsfys /7m0

The weld between the flanges of the stub and the
underside of the base plate should be designed as a
transverse weld for the design force Ngec gq. The welds
between the web of the stub and the underside of the
base plate should be designed as a longitudinal weld
for the design shear force, Vgq.

The web of the column should be checked for the
concentrated force applied by the flange of the stub,
based on an effective breadth, beg, given by:

beff = th + 23 + Stp

where:
s is the leg length of the weld to the flanges of
the stub

t, is the thickness of the base plate

“ In/2

V
. Iy | T
e [

VEd

)

Figure 5.7 Secondary moment

Shear resistance of stub

The shear resistance of the stub must be verified. For
an | section, the shear resistance of the section may
be calculated following the normal rules for section
resistance, as follows:

Ayt

vs'ys

7M0\/§

VRd =

where:
A,s is the shear area of the shear stub

fys is the yield strength of the shear stub
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STEP 4 BASE PLATE - SHEAR

GENERAL

It is generally convenient to assume that the flanges
carry the bending moments and the web carries the
shear, and design the welds accordingly.

Bending moments on bases may generally act in both
directions, meaning there is no “compression” flange
— the welds to both flanges must be designed for the
tension in the flange. If a compression case is
considered, a sawn end on the column member is
generally sufficient for contact in direct bearing and
only nominal welds (6 mm or 8 mm) would be
required.

Flange Welds

The design force in the tension flange should be
taken as the lesser of:

e The tension resistance of the flange, b x t; x f,

e The force in the flange, taken as the force in the
flange due to the moment, reduced by the effect

Meq -N %

of any compression,
he—tp 0 A

Web Welds

The welds to the web should be designed to carry the
base shear.
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STEP 5

BASE PLATE - WELDS

GENERAL

Normally the objective is to ensure that the
anchorage is as strong as the bolt that is used.

In principle, anchorage can be developed either by
bond along the embedded length or by bearing via an
anchor plate at the end of the bolt. However, reliance
on bond may only be used for bolts with a yield
strength up to 300 N/mm? (i.e. only for property class
4.6 bolts). For moment-resisting bases, property class
8.8 bolts will normally be used, for economy, and thus
anchor plates or other load distributing members
within the concrete will be used.

Commonly used bolt sizes and lengths are given in
Table 5.1.

Individual anchor plates are generally square and of
the approximate sizes given in Table 5.1. Individual
anchor plates are commonly used but, when
necessary, more elaborate anchorage systems, such
as back-to-back channel sections, can be designed.

I ! Cover
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Figure 5.8 Basic control perimeter for a single
bolt

If a combined anchor plate for a group of bolts is used
as an aid to maintaining bolt location, such plates
may need large holes to facilitate concrete placing.

If combined anchor plates are made to serve two or
more bolts, a similar area should be provided
symmetrically disposed about each bolt location.

The design resistance of the anchorage should be
based on determination of resistance to punching
shear in accordance with BS EN 1992-1-1. The
following procedure is based on that Part.

Punching shear is considered at a basic control
perimeter a distance outside the loaded area that is
twice the effective depth of a slab. For a column base
the effective depth is taken as the length of the anchor
bolts, as shown in Figure 5.8. The perimeter will be
reduced by proximity to a free edge.

If bolts are placed such that their basic control
perimeters overlap, they should be checked as a
group with a single perimeter as shown in Figure 5.9.

7 - - " 1
2 I I
f I
Bap ) | e o o o | |
2 | |
o L _d4____1__J
‘L T ) ‘L
2L L(,leO 2L
Figure 5.9 Basic control perimeter for a
bolt group
Basic requirement is:
VRd,cs > VEd
where:
Veg IS the design shear force, taken as the total

tension force in the bolts being considered
within the control perimeter

is the resistance to punching shear,
determined in accordance with
BS EN 1992-1-1, Section 6.4.

VRd,cs
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Appendix A —Examples of detailing practice

APPENDIX A EXAMPLES OF DETAILING PRACTICE

Figure A.1 and Figure A.2 show typical examples of end plates for universal beam sections. The bolt pitches
(vertical spacing) and gauge (horizontal spacing) shown are ‘industry standard’ dimensions that are widely
adopted.

For beams sizes of 533 UKB and above, a 25 thick end plate would normally be used, with M24 bolts.

250
250 %"TS 75,100,75
1%? 75,100 75 T 11 50
| \ . T 1, ]6_(5) Fi < . \ Iﬁﬁﬂ—rlﬁ‘ 20
Te F e |1 60
Uil T i
olle 1190 F, < | 190
g 90 & L '\Q RE
o fte P!
1 Y 1)
R S R L

Figure A.1 Recommended connection details for beam sizes 533 UKB and above

For beams sizes of 457 UKB and below, a 20 mm thick end plate would normally be used, with M20 bolts.
Figure A.2 shows configurations with three rows of bolts in the tension zone.

200
200 20 55 90 55
iro 55 90 55 f Tt 50
. 1Ll _.15 ,#'f,;‘ 40
Frp < “ole 60 r2 - “olle 60
= |9 90 Xy 90
2 --— e 90 Fiz < oo
Frs < L NQ 47 + : :
0 0
v . i

Figure A.2 Recommended connection details for beam sizes 457 UKB and below
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Appendix B —Indicative connection resistances

APPENDIX B INDICATIVE CONNECTION
RESISTANCES

Figure B.1 and Figure B.2 show indicative moment resistances for various beam sizes in S355 steel, with
S275 end plates. Figure B.1 covers beams with an extended end plate, of the form shown in Figure A.1.
Figure B.2 covers full depth end plates, of the form shown in Figure A.2.

In all cases, the details of bolt diameters, end plate thickness and connection geometry follow the
recommendations shown in Appendix A. Note that for 533 UKB and above, the connection is configured with
M24 bolts and a 25 by 250 mm end plate. With the exception of the two smallest beam sizes, all connections
have three rows of bolts. Particularly for the deeper beams, an increased resistance could be achieved by
increasing the number of bolt rows.

Two resistances are shown — for the heaviest beam in the serial size and for the lightest. In every case, the
calculated resistance assumes that nothing on the ‘column side’ will govern — meaning the beam side
resistances can be achieved. Because of the end plate thickness, a triangular limit has been applied when
determining the bolt row resistances.
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Figure B.1 Moment resistance of extended end plate connection, with one bolt row above the beam
and two bolt rows below the top flange

79



Appendix B —Indicative connection resistances

Moment resistance (KNm)
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Figure B.2 Moment resistance of end plate connection with three bolt rows below the beam flange
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APPENDIX C WORKED EXAMPLES —BOLTED END
PLATE CONNECTIONS

Five worked examples are presented in this Appendix:
Example C.1 Bolted end plate connection to a column (unstiffened)
Example C.2 Connection with column web compression stiffener
Example C.3 Connection with column web tension stiffener
Example C.4 Connection with supplementary web plates to column
Example C.5 Connection with Morris stiffener to column

Each example follows the recommendations in the main text. Additionally, references to the relevant clauses,
Figures and Tables in BS EN 1993-1-8 and its UK National Annex are given where appropriate; these are
given simply as the clause, Figure or Table number. References to clauses, etc. in other standards are given in
full. References to Tables or Figures in the main text are noted accordingly; references to STEPS are to those
in Section 2 of the main text.
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Worked Example: Bolted end plate connections

‘< = Job No. CDS 324 Sheet 1 of 23
A7 sCl , _ _
Steel Knowledge Title Example C.1 — Bolted end plate connection (unstiffened)
CALCULATION SHEET Client
Bcsn Calcs by MEB Checked by DGB Date Nov 2012
JOINT CONFIGURATION AND DIMENSIONS §§Le§§;‘°§fc‘°
Determine the resistances for the extended end plate connection shown below. are to BS EN
It may be assumed that the design moments in the two beams are equal and opposite. 1993-1-8 and
its UK NA,
unless
250 otherwise
254 x 254 x 107 UKC 75 10075‘ stated.
S
Il f
( Rowl 1 200 o
/ Tension Row 2 60 “ofe-
. Row 3 20 7*777“7
Beam as Dl
other side ol
i i
i i
Compression\f Row 4 / _olle-
1 [—/%
533 x 210 x 92 UKB
Column 254 x 254 x 107 UKC in S275
Beam 533 x 210 x 92 UKB in S275
End plate 670 x 250 x 25 in S275
Bolts M24 class 8.8
Welds Fillet welds. Assumed weld sizes:
Sf=12 mm

Sw =8 mm
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Worked Example: Bolted end plate connections

Title Example C.1 — Bolted end plate connection (unstiffened) Sheet 2 of 23
DIMENSIONS AND SECTION PROPERTIES

Column

From data tables for 254 x 254 x 107 UKC: P363
Depth he = 266.7 mm

Width b, = 258.8 mm

Web thickness twe =12.8 mm

Flange thickness tie =20.5mm

Root radius re =12.7 mm

Depth between fillets dc =200.3 mm

Area A =136 cm?

Beams

From data tables for 533 x 210 x 92 UKB: P363
Depth hp =533.1 mm

Width by =209.3 mm

Web thickness twb =10.1 mm

Flange thickness tio =15.6 mm

Root radius M =12.7 mm

Depth between fillets dy =476.5 mm

Area Ay =117 cm?

End plates

Depth hy =670 mm

Width b, =250 mm

Thickness ty =25 mm

Bolts

M24 non preloaded class 8.8 bolts

Diameter of bolt shank d =24 mm

Diameter of hole do =26 mm

Shear area Ao = 353 mm?

Diameter of washer dw =41.6 mm

Bolt spacings
Column

End distance
Spacing (gauge)
Edge distance
Spacing row 1-2
Spacing row 2-3
End plate

End distance
Spacing (gauge)
Edge distance

Spacing row 1 above beam flange

Spacing row 1-2
Spacing row 2-3

(no end distance)

w =100 mm

ec = 0.5 x (258.8-100) = 79.4 mm
Pi-2 =100 mm

P2-3 =90 mm

ey =50 mm

w =100 mm

€p =75 mm

X =40 mm

P12 =100 mm

P2-3 =90 mm
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Worked Example: Bolted end plate connections

Title Example C.1 — Bolted end plate connection (unstiffened) Sheet 3 of 23

MATERIAL STRENGTHS

Steel strength

For buildings that will be built in the UK the nominal values of the yield strength (f,) and the
ultimate strength (f,) for structural steel should be those obtained from the product
standard. Where a range is given, the lowest nominal value should be used.

S275 steel

Fort< 16 mm f, = Rey =275 N/mm?
For 16 mm < t <40 mm f, = Rey =265 N/mm?
For 3 mm <t <100 mm f, = Rey = 410 N/mm?
Hence:

Beam yield strength fun =275 N/mm?
Column yield strength fye = 265 N/mm?

End plate yield strength fyp =265 N/mm?

Bolt strength

Nominal yield strength fyo = 640 N/mm?
Nominal ultimate strength  fy, = 800 N/mm?

PARTIAL FACTORS FOR RESISTANCE

Structural steel

ymo =1.0
yme =1.0
rme =11

Parts in connections

ymz = 1.25 (bolts, welds, plates in bearing)

BS EN 1993-
1-1NA.2.4

BS EN
10025-2
Table 7

Table 3.1

BS EN 1993-
1-1 NA.2.15

BS EN 1993-
1-8
Table NA.1
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Worked Example: Bolted end plate connections

Title Example C.1 — Bolted end plate connection (unstiffened) Sheet 4 of 23
TENSION ZONE T-STUBS
When prying forces may develop, the design tension resistance (Frrqg) Of a T-stub flange 6.2.4.1(6)
should be taken as the smallest value for the 3 possible failure modes in Table 6.2.
BOLT ROW 1
Column flange in bending (no backing plate) STEP 1
Consider bolt row 1 to be acting alone. The key dimensions are shown below.
€. e,
me mp
‘ twc 0.8fc — — 0.88p twbl ‘ bp
h| < * ! =
V\‘/ e | | Sw W
te G
Determine eni, , m and £ for the unstiffened column flange 6.2.4.1(2))
m o =m, = Wl =2x08r, 100-12.8—(1.6x12.7) _ 33.4 mm
2 2
emn = Mmin(e,; &) =min(75; 79.4) = 75 mm Figure 6.8
For Mode 1, £ef,1 is the lesser of £egnc and Leg cp Table 6.6
leffcp = 2TM Table 2.2(e)
= 21 x 33.4 = 210 mm in STEP 1A
feff’nc =4m + 1.25e
=4 x33.4+1.25x79.4=233 mm
As 210 < 233
feff,l = feff,cp =210 mm
For failure Mode 2, Cett2 = Cettinc STEP 1
Therefore e, = 233 mm
Mode 1 resistance
For Mode 1, without backing plates, using Method 2:
(8n-2ey, My1r Table 6.2
Frira =
2mn-e, (M+n)
where:
m =m, =33.4 mm
n = emin but <1.25m
1.25m = 1.25 x 33.4 =41.8 mm
As 41.8 < 75:
n =41.8 mm
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Worked Example: Bolted end plate connections

Title Example C.1 — Bolted end plate connection (unstiffened) Sheet 5 of 23

0.25 3 { gnp t71,

Mpi,1,rd =
7mo
f,  =f,c=265N/mm’
t; =t = 20.5 mm
2
Mopt1.m6 = 0.25x210x20.5% x 265 _ 5850 x 10° Nmm
1.0

d,
ew = W

4
d, is the diameter of the washer, or the width across points of the bolt head or nut, as

relevant

Here, d,, = 39.55 mm (across the bolt head)
Therefore, e, = 3%%: 9.9 mm

(8x41.8-2x9.9)x5850x10°

x107° = 898 kN
2x33.4x41.8-9.9%(33.4+41.8)

Therefore, Fr1rq =

Mode 2 resistance

For Mode 2
2Myi2rd +N 2 Figrg

Frord =

m+n
where:

0.253 7 4, t,2 f

Mpi2.ra = TT T eff2 o Ty

Mo

2
_ 0.25 x 233>1< 30.5 x 265 _ 6490 x 10° Nmm

2 Fyra is the total value of Fyrq for all the bolts in the row, where:
Frq for a single bolt is:

ke lw By, 200

Fira =
Tm2
Fing = 0.9x800x 353 - 203 x 10° N
' 1.25

For 2 bolts in the row, Z Frq = 2 x 203 x 10° = 406 x 10° N
Therefore, for Mode 2

3 3
Frora= 2x 6490 ><ZI:;(:)3 4++4:i88x 406x10 <103 = 398 kN

Mode 3 resistance (bolt failure)
FT,S,Rd = Z Ft,Rd = 406 kN

Resistance of column flange in bending
Fie.ra = MIiN{ Fr1ra; Frara; Frara} =398 kN

Column web in transverse tension

The design resistance of an unstiffened column web to transverse tension is determined
from:

@ beﬁ,t,wc twe 1:y,wc

Ft,wc,Rd =
7 Mo

P358

Table 6.2

Table 3.4

Table 6.2

6.2.4.1(6)

STEP 1B

6.2.6.3(1)
Eq (6.15)

87




Worked Example: Bolted end plate connections

e +2m, + 0.625e,

0.5b, = 0.5 x 250 =125 mm

0.5w + 2m, + 0.625e, = (0.5 x 100) + (2 x 30.4) + (0.625 x 50) = 142 mm
As 125 mm < 142 mm < 167 mm < 184 mm, et nc = 125 mm

=75+ (2 x 30.4) + (0.625 x 50) = 167 mm

Title Example C.1 — Bolted end plate connection (unstiffened) Sheet 6 of 23
w is a reduction factor that allows for the interaction with shear in the column web panel
The transformation factor gis used to determine the expression to be used when 5.3
calculating a value for . Here, with equal and opposite design moments from the two Table 2.5 in
beams, =0 STEP 1B
Therefore w= 1.0 Table 6.3
For a bolted connection the effective width of the column web in tension (beswc) Should be | 6.2.6.3(3)
taken as the effective length () of the equivalent T stub representing the column flange.
Here, as the resistance of Mode 2 (398 kN) is less than that of Mode 1 (898 kN) the
effective width of the column web is considered to be:
beff,t,wc = [eff,Z =233 mm
fowe = fyc= 265 N/mm?
Thus,
1.0x233x12.8x 265
Fuwere= —— o m222 X509 10% = 790 kN
1.0
End plate in bending STEP 1
Bolt row 1 is outside the tension flange of the beam. The key dimensions for the T-stub are
shown below
| ) | w | & |
I I I |
° ° -
B N ( m,
e .
|

The values of m,, e, and e for the T-stub are: Figure 6.10
e =e,=75mm
ey =50 mm
my =x-08s; = 40-0.8x12 =304 mm
For Mode 1, £ef 1 is the lesser of L nc and Leg cp Table 6.6
Cefrcp IS the smallest of: Table 2.2(a)

27m, =27 x30.4 =191 mm in STEP 1A

Tmy + W = (n x 30.4) + 100 = 196 mm

nmy + 2e = (n x 30.4) + (2 x 75) = 246 mm
As 191 < 196 < 246, Lefrcp = 191 mm
Lefr.nc IS the smallest of: Table 6.6

4m, + 1.25e, = (4x30.4)+(1.25x50)m = 184 mm Table 2.2(a)

in STEP 1A
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Worked Example: Bolted end plate connections

Title Example C.1 — Bolted end plate connection (unstiffened)

Sheet 7 of 23

As 125 mm < 191 mm, {leq = 125 mm

For Mode 2, Ceft 2 = Letine = 125 mm

Mode 1 resistance

For Mode 1 failure, using Method 2:
(8n -2 ew) Mpl.l.Rd

F =
TR 2mn-e, (m+n)
where:
n = €emin=€x=75mmbutn<1.25m

1.25m=1.25 x 30.4 = 38.0 mm
Therefore, n = 38.0 mm

m =my, =30.4 mm
ew = 9.9 mm (based on width across the bolt head)
0.25% (o1 t2 1,
Mpii,pd = ———————————
Mo
f,  =f,,=265N/mm?
t =t, =25 mm
2
My, 1m0 = 0.25x125 x 25° x 265 ~ 5180 x 10° Nmm
’ 1.0
— 3
Fropna = (8x38.0-2x9.9)x5180x10 10° = 901 kN

2x30.4x38.0-9.9x(30.4+38.0)

Mode 2 resistance

2Mpord TN 2 Figg

Frord =
m+n
where:
0.253 (g5 o,
pl2Rd = ———————

Mo
AS Clefiz = Letr1, Mpi2.rd = Mpi1.ra = 5180 x 10° Nmm

¥ Fira = 406 x 10° N
_ 2x5180x10° +38.0 x 406 x 10°

Therefore, Fy gy = x107° =377 kN
- 30.4 +38.0

Mode 3 resistance (bolt failure)
FT,B,Rd = Z Fl,Rd =406 kN

Resistance of end plate in bending
Fiepra= MIiN{ Fr1ra; Fr2ora; Frara } =377 kN

Beam web in tension

As bolt row 1 is in the extension of the end plate, the resistance of the beam web in

tension is not applicable to this bolt row.

Table 6.2

Sheet 6
Sheet 5

Based on
Table 6.2

Sheet 5

6.2.4.1(6)
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Worked Example: Bolted end plate connections

Title Example C.1 — Bolted end plate connection (unstiffened) Sheet 8 of 23
Summary: Resistance of T-stubs for bolt row 1
Resistance of bolt row 1 is the smallest value of:
Column flange in bending Ffc.Rrd = 398 kN
Column web in tension Ft we Rd =790 kN
End plate in bending Fiep.rd =377 kN
Therefore, the resistance of bolt row 1 is Fu rd = 377 kKN
BOLT ROW 2
Firstly, consider row 2 alone.
Column flange in bending STEP 1
The resistance of the column flange in bending is as calculated for bolt row 1 (Mode 2)
Fiera = 398 kN Sheet 5
Column web in transverse tension STEP 1B
The column web resistance to transverse tension will also be as calculated for bolt row 1
Therefore:
Ftwerd = 790 kN Sheet 6
End plate in bending STEP 1
Bolt row 2 is the first bolt row below the beam flange, considered as ‘first bolt-row below Sheet 4
tension flange of beam’ in Table 6.6. The key dimensions for the T-stub are as shown for
the column flange T-stub for row 1 and as shown below (in elevation) for row 2.
/ \/
7/
| | 0.8s
-+ f
N0 T,
° ° h
| |
| | P,
| |
— ,‘,,,,,,7/,7/,,,,,,‘, — i
| |
| |
4
- |
o8s, " ©
Determine m, m,, a, e and g Table 6.6
m =m, = w—twb—2><0.85W:100—10.1—1.6><8:38.6 mm
2 2
e =g, =75 mm Sheet 6
m, =60-t,— 0.85=60-15.6—-(0.8x 12) =34.8 mm
a is obtained from Figure 6.11 (reproduced in Appendix G as Figure G.1)
Parameters required to determine a are:
m =" and Ao = m,
m+e m+e
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Worked Example: Bolted end plate connections

Title Example C.1 — Bolted end plate connection (unstiffened)

Sheet 9 of 23

A =_386 0.34
38.6+75

Ao = ﬂ =0.31
38.6 + 75

Thus, by interpolation (or iterative use of equations in Appendix G), a=7.5

Cleff.cp = 2mM = 27 x 38.6 = 243 mm
Cefinc = am = 7.5 x 38.6 = 290 mm

lesr1 = is the lesser of lefrcp and Lefnc
ler =243 mm
feff,z = geffync =290 mm

Mode 1 resistance

For Mode 1, using Method 2:
(8n -2 €w )Mpf,,l,Rd
2mn-e, (Mm+n)

Frird =

where:

n =enin butn <1.25m

€min =75 mm

1.25m =1.25 x 38.6 = 48.3 mm

Therefore, n =48.3 mm

ew = 9.9 mm (based on width across the bolt head)

0.25% /g1t
Mpl,l,Rd =
7mo

t =t, =25 mm
2
My, 1m0 = 0.25x243x25° x 265 =10.1 x 10° Nmm
1.0
(8x48.3-2x9.9)x1.01x10"
2x38.6x48.3)-9.9(38.6 + 48.3)

Frirg = ( x1073= 1291 kN

Mode 2 resistance

2 Mpl,z,Rd +n2 FI,Rd

Frra =
m+n
Fira = 203 kKN
2
My = 0.25><29(i>;25 x 265 ~ 120 x 10° Nmm

S Firg = 2 x 203 = 406 kN

2x12.0x10° + 48.3 x 406 x 10° 5
38.6+48.3

I:T,Z,Rd -

1073 =502 kN

Mode 3 resistance (bolt failure)
Fr3rd= 2 Firg = 406 kKN

Table 6.6

Table 2.2(c)
in STEP 1A

Table 6.2

Sheet 4

Sheet 5

Table 6.2

Sheet 5

91




Worked Example: Bolted end plate connections

Title Example C.1 — Bolted end plate connection (unstiffened) Sheet

10 of 23

Resistance of end plate in bending
Fiep.ra = MIN{ Fr1rd ; Fr2rd ; Frara } =406 kKN

Beam web in tension
The design tension resistance of the web is determined from:

= _o beff,t,wc twc fy,b
two,Rd ——F7
Mo
where:
Det twb = Lett
Conservatively, consider the smallest £ from earlier calculations. Therefore:
beff,t,wb = geff,cp =243 mm
twb =10.1 mm
Therefore:

Fowsra = 1x 243 xllé).lx 275 «10°% = 675 kN

The above resistances for row 2 all consider the resistance of the row acting alone.
However, on the column side, the resistance may be limited by the resistance of the group
of rows 1 and 2. That group resistance is now considered.

ROWS 1 AND 2 COMBINED

Column flange in bending

A
~

100

/\

—

33.4 79.4

For bolt row 1 combined with row 2 in the column flange, both rows are considered as ‘end
bolt rows’ in Table 6.4.

For bolt row 1:
lefinc IS the smaller of:
2m + 0.625e + 0.5p
e;+05p
Here, e; is large so it will not be critical.
p = pP1-2= 100 mm
Ceftne = (2 x 33.4) + (0.625 x 79.4) + (0.5 x 100) = 166 mm
Leit.cp IS the smaller of:
mm+p
2e;+p
As above, e; is large so will not be critical.
Lettcp = (m x 33.4) + 100 = 205 mm

The effective lengths for bolt row 2, as a bottom row of a group, are the same as for row 1
Y Lletne = 2 x 166 = 332 mm
T lefrop = 2 x 205 = 410 mm

6.2.4.1(6)

STEP 1B

6.2.6.8(1)
Eqg. (6.22)

6.2.6.8(2)

Sheet 9

Table 2.3(a)
in STEP 1A

Table 2.3(a)
in STEP 1A
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Worked Example: Bolted end plate connections

Title Example C.1 — Bolted end plate connection (unstiffened)

Sheet 11 of 23

The effective lengths for the group of bolts is:
Mode 1: The smaller of Xl nc and Xl cp Table 6.4
As 332 mm < 410 mm, Zfes; = 332 mm
Mode 2: Xletr2 = Zlesrne = 332 mm Table 6.4
Mode 1 resistance
(8n —2e,,) My1ra Table 6.2
Frird = b
2mn-e, (Mm+n)
where:
m =33.4 mm Sheet 4
n =41.8 mm Sheet 4
ew =9.9 mm Sheet 5
0.25 X 4, t7 f,
pLLR‘= —
7mo
2
_ 0.25x332x20.5" x 265 _ 924 % 10° Nmm
1.0
6
Fring = ((8x41.8)-(2x9.9))x9.24x10 £10% = 1420 kN
T (2x33.4x41.8)-9.9x(33.4 + 41.8)
Mode 2 resistance
Frng = 2 My pe +N 2 Fipg Table 6.2
o m+n
where:
Fira = 203 kN Sheet 5
Y Firg =4 x 203 = 812 kN
0.25 X £ g ot 71,
Mpl,2,Rd =
7mo
Here, as X fet 2 = X lesrn
Mpi2rd = Mpisra = 9.24 x 10° Nmm
6 3
Frong = 2x9.24x10” +41.8x812x10 <102 = 697 kN
o 33.4+41.8
Mode 3 resistance (bolt failure)
FT,S,Rd =X Ft,Rd =4 x 203 = 812 kN Table 62
Resistance of column flange in bending
Fitera = MiN{ Fr1ra s Fr2ra s Frara } =697 kKN 6.2.4.1(6)
Column web in transverse tension STEP 1B
The design resistance of an unstiffened column web in transverse tension is:
F[ weRrd = o beff,t,wc twc fy,wc 6263(1)
e Yuo Eq (6.15)
where:
berr we iS the effective length of the equivalent T-stub representing the column flange from | 6.2.6.3(3)
6.2.6.4
Conservatively use the lesser of the values of effective lengths for Mode 1 and Mode 2 Sheet 10
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Worked Example: Bolted end plate connections

Title Example C.1 — Bolted end plate connection (unstiffened) Sheet

12 of 23

beff,t,wc = Zfeff,z = 332 mm
The equation to use to calculate « depends on
As before, # = 0 and therefore v = 1.0

1.0 x 332 x 12.8 x 265 o
1.0

1072 = 1126 kN

Ft,wc,Rd =

End plate in bending

There is no group mode for the end plate

Summary: resistance of bolt rows 1 and 2 combined

Resistance of bolt rows 1 and 2 combined, on the column side, is the smaller value of:
Column flange in bending Ficra =697 kN

Column web in tension Frwera = 1126 kN

Therefore, the resistance of bolt rows 1 and 2 combined is F;; 2 rd =697 kN

The resistance of bolt row 2 on the column side is therefore limited to:
FtZ,C,Rd = Ft,l-Z,Rd - Ftl,Rd =697 - 377 =320 kN

Summary: resistance of bolt row 2

Resistance of bolt row 2 is the smallest value of:

Column flange in bending Fifera = 398 kN
Column web in tension Fiwerda = 790 kN
Beam web in tension Fiwbra =675 KN
End plate in bending Fiepra =406 kN
Column side, as part of a group Ficra =320 kN

Therefore, the resistance of bolt row 2 is Fi2.Rrd =320 kN

BOLT ROW 3
Firstly, consider row 3 alone
Column flange in bending

The column flange in bending resistance is the same as bolt rows 1 and 2 therefore:
F[’fc’Rd =398 kN

Column web in transverse tension

The column web resistance to transverse tension is as calculated for bolt rows 1 and 2.
Therefore:

Ftwerd = 790 kN

End plate in bending

Bolt row 3 is the second bolt row below the beam’s tension flange, considered as an ‘other
end bolt-row’ in Table 6.6. The key dimensions are as noted above for bolt row 2.
Determine m, e and £g

e =e,=75mm

m =38.6 mm

leficp = 2nm = 21 x 38.6 = 243 mm

Sheet 6

STEP 1

Sheet 5

STEP 1B

Sheet 6

STEP 1

Sheet 8
Table 2.2(c)
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Worked Example: Bolted end plate connections

Title Example C.1 — Bolted end plate connection (unstiffened)

Sheet 13 of 23

lettne =4m + 1.25e = (4 x 38.6) + (1.25 x 75) = 248 mm

geff,l = min {geff,cp; geff,nc}
=min {243 ; 248} = 243 mm
Lefrp = Lefine = 248 mm

Mode 1 resistance

For Mode 1, using Method 2:
(8n - 2ew ) Mp/.l.Rd

Frird = =
" 2mn-e, (M+n)
where:
n =48.3 mm and m = 38.6 mm (as for row 2)
ey = 9.9 mm (based on width across the bolt head)
0.25 % (4, t7 f
M1 pg = ————<12 L Y
7mo
t =t,=25mm
2
M. g = 0.25 x 243 x 25° x 265 _ 10.1 x 10° Nmm
P 1.0
;
Forig = (8x48.32x9.9)x1.0x10 103 = 1291 kN
(2% 38.6x48.3)-9.9x(38.6 + 48.3)

Mode 2 resistance

2Mp2rd +N 2 Figg

Frord =
m+n
025 X Lo, tF1,
pl2Rd = —————————————
Mo
t =t,=25mm
2
M2 m0 = 0.25><24E]3-x025 x 265 = 10.3 x 10° Nmm

Y Fira = 2 x 203 = 406 kN

7 3
S (2x1.03x1§8)g£4fé33x 406x10%) | 5 4enin

Mode 3 resistance (bolt failure)
FT,S,Rd = 2 Ft,Rd = 406 kN

Resistance of end plate in bending
Fiep,ra= MiN{ Fr1ra; Fr2ra; Frarda} =406 KN

Beam web in tension

The design tension resistance of the beam web is determined from:

_ Defttwn twp fyp
Ft,Wb,Rd - -

Mo
where:

Der,twb = Lerr

in STEP 1A

Table 6.2

Sheets 9 & 8
Sheet 5

Table 6.2

6.2.4.1(6)

STEP 1B

6.2.6.8(1)
Eq (6.22)
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Worked Example: Bolted end plate connections

Title Example C.1 — Bolted end plate connection (unstiffened) Sheet

14 of 23

Conservatively, consider minimum Zgg

Therefore,

Peft,twb = Lotz = 243 mm

twb =10.1 mm

243x10.1x 275 N
1.0

The above resistances for row 3 all consider the resistance of the row acting alone.
However, on the column side the resistance may be limited by the resistance of the group
of rows 1, 2, and 3 or by the group of rows 2 and 3. On the beam side, the resistance may
be limited by the group of rows 2 and 3. Those group resistances are now considered.

Therefore, Fyupra = 103=675 kN

ROWS 1, 2 AND 3 COMBINED

Column flange in bending

Circular and non-circular yield line patterns are:

The effective length for bolt row 1, as part of a group, is the same as that determined as
part of the group of rows 1 and 2. Thus:

Row 1 Leftnc = 166 mm
geffvcp =205 mm

Row 3 is also an ‘end bolt row’, similar to row 1, but the value of bolt spacing p is different.
P = P23 =90 mm

Thus

lettne = 2mM + 0.625e + 0.5p = (2 x 33.4) + (0.625 x 79.4) + (0.5 x 90) = 161 mm

lettcp =mmM + p = (n x 33.4) + 90 = 195 mm

For this group, bolt row 2 is an ‘other inner bolt row’ in Table 6.6.

Therefore:

Ceftcp = 2P

Llettnc = P

Here, the vertical spacing between bolts above and below row 2 is different, therefore use:

M.,_M: @4_@: 95 mm
2 2 2 2
[effvcp =2 x95=190 mm

feff'nc =95 mm

p =

Therefore, the total effective lengths for this group of rows are:
2 Leffne =166 + 95 + 161 = 422 mm

Sheet 13

STEP 1

Sheet 10

Table 2.3(c)
in STEP 1A

Table 2.3(b)
in STEP 1A
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Worked Example: Bolted end plate connections

Title Example C.1 — Bolted end plate connection (unstiffened)

Sheet 15 of 23

Z Leticp =205+ 190 + 195 = 590 mm
Therefore, X le = X Legr1 = 422 mm

Mode 1 resistance

For Mode 1, using Method 2:
(8n B ZeW)Mp/,l,Rd

F =

TLRd 2mn+e,(m+n)
where:
m =33.4 mm
n =41.8 mm
ew =9.9mm

0.25 Zzem t2 fye
Mpi,1,rd =
VMo
_ 0.25x422x205°x265 _ 0 o 4 oey o
1.0 '

Eo_ o (8Bx418-2x9.9)x11.7x10° o5 ioo0

THRIT (2x33.4x41.8)-9.9x(33.4+41.8)

Mode 2 resistance

2 Mp/,,Z,Rd +NnX Ft,Rd
m+n

Frard =

where:
Fira =203 kN
Y Fyrg = 6 x 203 = 1218 kN

0.25) lefizra ty Ty

7 Mo

Moi,2,rd =

Here, as fei2 = lein
Mpi2.rd = Mpiara = 11.7 x 10° Nmm

6 3
Fropa = 2x11.7 xlgszj];i 21218><10 <102 = 988 kN

Mode 3 resistance (bolt failure)
Frara =X Firg = 6 x 203 = 1218 kN

Resistance of column flange in bending
Fife.ra = MIN{ Fr1ra; Fr2rd; Frara } = 988 kN

Column web in transverse tension

The design resistance of an unstiffened column web in transverse tension is:

E — 9 beﬂ,t,wctwc fy,c
twe,Rd — —

Mo
where:

Table 6.4

Table 6.2

Sheet 4
Sheet 4
Sheet 5

Table 6.2

Sheet 5

Table 6.2

6.2.4.1(6)

STEP 1B

6.2.6.3(1)
Eq (6.15)

beitrwe IS the effective length of the equivalent T-stub representing the column flange from | 6.2.6.3(3)

6.2.6.4. As the failure mode is Mode 2 (sheet 15) take
Detttwe = Z Lotz = 422 mm

Sheet 15
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Worked Example: Bolted end plate connections

Title Example C.1 — Bolted end plate connection (unstiffened) Sheet

16 of 23

The equation to use to calculate @ depends on g
As before, with equal and opposite moments from the beams, g =0 and therefore w =1
_ 1x422x12.8x265

Fewe,rd = 1o x107°= 1431 kN

Summary: resistance of bolt rows 1, 2 and 3 combined

Column flange in bending Ffe.Rrd =988 kN
Column web in tension Fiwera = 1431 kN

Therefore, the resistance of bolt rows 1, 2 and 3 combined is Fyy3r¢ = 988 kN

The resistance of bolt row 3 on the column side is therefore limited to:
Fisc,rd = Fii-3,rd = Fri-2,ra = 988 — 697 = 291 kN

ROWS 2 AND 3 COMBINED

Column side — flange in bending

Following the same process as for rows 1, 2 and 3 combined,
2 Lefrep =27mm + 2p
=2xmx33.4+2x90 =390 mm
2 Lefine =4m+1.25e +p
=4x33.4+1.25x79.4+90 =323 mm
Therefore, X fefo = L Legr 1 = 323 mm

Mode 1 resistance

025 % (eip t7 fyc _ 0.25x323x 20.52 x 265
7mo 1.0

(8x41.8-2x9.9)x9.0x10°
2x33.4x41.8)-9.9x(33.4+41.8)

Mpi,1,ra = =9.0 x 10° Nmm

Frigg = ( x107% = 1383 kN

Mode 2 resistance

2Mpi2rd *N X Frg _ 2x9.0x10° + 41.8x 4 x203x10°
m+n 33.4+41.8

x107% = 691 kN

Frard =

Mode 3 resistance (bolt failure)
Frara =X Firg = 6 x 203 = 1218 kN

Column web in transverse tension

beff’tvwc =323 mm
As p=0and w=1, then
_ 1x323x12.8x 265 N

Fiwe,rd = 1o 10°% = 1096 kN

Resistance of bolt rows 1, 2 and 3 combined, on the column side, is the smaller value of:

Table 6.2

Table 6.2

Table 6.2

6.2.6.3(1)
Eq. (6.15)
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Worked Example: Bolted end plate connections

Title Example C.1 — Bolted end plate connection (unstiffened)

Sheet 17 of 23

Beam side — end plate in bending

On the beam side, row 1 is not part of a group but the resistance of row 3 may be limited

by the resistance of rows 2 and 3 as a group.
Determine the effective lengths for rows 2 and 3 combined:
Row 2 is a ‘first bolt-row below tension flange of beam’ in Table 6.6

[eff,cp =mm+p

Here p = p,.3 =90 mm, n = 48.3 mm and m = 38.6 mm (as for row 2 alone)

feitcp = (m x 38.6) + 90 = 211 mm
lesine = 0.5 p+am— (2m + 0.625e)
Obtain a from Figure 6.11 (or Appendix G) using:

M = and A, = 2
m+e m+e

A = ﬂ: 0.34
38.6+75

AZ = ﬂ =0.31
38.6+75

From Figure 6.11 a=7.5
Letine = (0.5 x 90) + (7.5 x 38.6) — (2 x 38.6 + (0.625 x 75)) = 210 mm

Row 3 is an ‘other end bolt-row’ in Table 6.6
fesicp = TM +p
= (n x 38.6) + 90 = 211 mm
lesine = 2m + 0.625e + 0.5p
= (2 x 38.6) + (0.625 x 75) + (0.5 x 90) = 169 mm
Therefore, the total effective lengths for this group of rows are:
2 Leftnc =210+ 169 = 379 mm
2 Leff cp =211+ 211 =422 mm
As 379 mm < 422 mm, X fe1 = Z Lo = 379 mm

Mode 1 resistance (rows 2 + 3)

For Mode 1 failure, using Method 2:
(8n — 2e,, )My 1 ra

F =

T.1,Rd 2mn — e, (M + n)
where:
n =48.3 mm
ey =9.9 mm

0255 (o1 t7 fy
MpiiRe = ————————
7mo
2
_ 0.25x379x25% x265 _ 1o 5 108 Nmm
1.0
m =38.6 mm
~ 6

- (8x48.3-2x9.9)x15.7x10 x1073 = 2007 kN

2x38.6x48.3-9.9x(38.6 +48.3)

Table 2.3(a)
in STEP 1A

Table 2.3(c)
in STEP 1A

Table 6.2

Sheet 9
Sheet 5

Sheet 8
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Worked Example: Bolted end plate connections

Summary: resistance of bolt row 3

Resistance of bolt row 3 is the smallest value of:

Column flange in bending Ffc.Rrd = 398 kN
Column web in tension Fiwerda = 790 kN
Beam web in tension Fiwbra = 675 KN
End plate in bending Fiepra = 406 kN
Column side, as part of agroup with2 & 1  Fgcra =291 kN
Column side, as part of a group with 2 Fiecra =371 KN

Title Example C.1 — Bolted end plate connection (unstiffened) Sheet 18 of 23
Mode 2 resistance (rows 2 + 3)

2Myiord TN 2 Firg Table 6.2
Fr2rd = — :

m+n

where:
Fira =203 kN Sheet 5
> Firg =4 x 203 = 812 kN

0.2550 o1 2 ol T,
MpI,Z,Rd = et J

7mo
Here, as feir2 = lerra
Mpi.2.rd = Mpi1ra = 15.7 x 10° Nmm
6 3
Fryng = 2x15.7x10° +48.3x812x10 «10-% = 813 kN
38.6+48.3

Mode 3 resistance (bolt failure) (rows 2 + 3)
FT,3,Rd =2 Ft,Rd =4 x 203 =812 kN
Resistance of end plate in bending
Ftep.ra = MIN{ Fr 1ra ; Fr2.rd ; FT3,Rrd JRows 2.3 = 812 kN 6.2.4.1(6)
Beam web in tension
This verification is not applicable as the beam flange (stiffener) is within the tension length
Summary: resistance of bolt rows 2 and 3 combined
Resistance of bolt rows 2 and 3 combined, on the beam side, is:
End plate in bending Fiepra =812 kN
Therefore, on the beam side Fiosre =812 kN
The resistance of bolt row 3 on the beam side is therefore limited to:
Ft3,b,Rd = Ft2-3,Rd - thde =812 - 320 = 492 kN Sheet 12
Resistance of bolt rows 2 and 3 combined, on the column side, is:
Column flange in bending Ficra =691 kN
Column web in tension Fiwera = 1096 kN
Therefore, on the column side Fiosra =691 kKN
The resistance of bolt row 3 on the column side is therefore limited to:
FtS,b,Rd = Ft2-3,Rd - F12,Rd =691 - 320 =371 kN Sheet 12
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Worked Example: Bolted end plate connections

Title Example C.1 — Bolted end plate connection (unstiffened) Sheet 19 of 23
Beam side, as part of a group with 2 Fipre =492 kN
Therefore, the resistance of bolt row 3 is Fiard =291 kN

SUMMARY OF TENSION RESISTANCES

The above derivation of effective resistances of the tension rows may be summarized in
tabular form, as shown below.

Resistances of rows Fy ra (KN)

Column  Column End plate Beam Minimum  Effective

flange web web resistance

Row 1, alone 398 790 377 N/A 377 377
Row 2,alone 398 790 406 675 398

Row 2, with row 1 697 1126 N/A N/A 697

Row 2 697 - 377 320
Row 3, alone 398 790 406 675 309

Row 3, withrow 1 & 2 988 1431 N/A N/A 988

Row 3 988-697 291
Row 3, with row 2 691 1096 812 1052 691

Row 3 691 - 320

COMPRESSION ZONE
Column web in transverse compression

The design resistance of an unstiffened column web in transverse compression is
determined from:

Kb tcf _ )
Fewcpg = —ceflewe weywe (cryshing resistance)
Mo
but:
oKy ob tcf ) i
Fc,wc,Rd < we P Peft.cwe twely,we (buckllng reS|stance)
m1

For a bolted end plate:

Petrcwe =t + 251+ 5 (e +8) +Sp

For rolled | and H column sections s = r,

Thus:

S=r.=12.7 mm

Sp is the length obtained by dispersion at 45° through the end plate

i
N1
_¥sph=25 |

ts,=15.6
TSf:S b

> <

th =205

TV

STEP 2

6.2.6.2(1)
Eq. (6.9)

Sheet 2
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Worked Example: Bolted end plate connections

Title Example C.1 — Bolted end plate connection (unstiffened) Sheet 20 of 23
Sp =2t,=2 x25=50 mm
Verify that the depth of the end plate (h,) is sufficient to allow the dispersion of the force.
Minimum h, required is:
h, e, +X+hy +5¢+1t,
= 50+40+533.1+8+25=656 mm
h, =670 mm Sheet 2
As 670 mm > 656 mm, the depth of the end plate is sufficient.
Therefore:
Dest cwe = 15.6 + (2 x 8) + 5 (20.5 + 12.7) + 50
=248 mm
Jo} is the reduction factor for plate buckling
If 2, <0.72 p=1.0 Eq. (6.13a)
" Z 0.79 A_p_olz Eq. (6.13b)
> 0. o= .
2
Z is the plate slenderness
% =093z |Petowe deyme S
wc
- 0.932 x \/248x202.3><2625 - 0.59
210x10°x12.8
As 0.59 <0.72
p =10
w is determined from Table 6.3 based on g
As before, g = 0 therefore: = 1.0
kwc IS a reduction factor that takes account of compression in the column web.
Here, it is assumed that k,. = 1.0 Note to
6.2.6.2(2)
kabeﬁ,C,WCtWny,WC _ 1>< 248 X128 X 265 Xlo_s — 841 kN
™Mo 10
As the UK National Annex to BS EN 1993-1-1 gives yy; = 1.0 and yyo = 1.0
and in this example, ®=1.0, p=1.0and k, =1.0
ok, pbeff,c,wctwcfy,wc _ CUkwbeff,c,wctwcfy,wc
Im1 Mo
Therefore:
FC,WC,Rd =841 kN
Beam flange and web in compression
The resultant of the design resistance of a beam flange and adjacent compression zone of | 6.2.6.7(1)
the web is determined using:
E _ Mg Eq. (6.21)
c,fb,Rd h —tfb

102




Worked Example: Bolted end plate connections

Title Example C.1 — Bolted end plate connection (unstiffened) Sheet 21 of 23

where:
Mcra is the design resistance of the beam

At this stage, assume that the design shear force in the beam does not reduce M gq.
Therefore, from P363

MC,Rd =649 kNm

h = h, =533.1 mm
L =15.6 mm
649
Fefbra = = 1254 kN
PRI (533.1-15.6)x10°3

Summary: resistance of compression zone

Column web in transverse compression Fewera = 841 kN
Beam flange and web in compression Feco.ra = 1254 kN

Resistance of column web panel in shear

The plastic shear resistance of an unstiffened web is given by:

V. _ O'ny,wcAvc
wpRd ~ T
MO

The resistance is not evaluated here, since there is no design shear in the web because
the moments from the beams are equal and opposite.

MOMENT RESISTANCE
EFFECTIVE RESISTANCES OF BOLT ROWS

£ bucky ||E

Fc (bearr)

The effective resistances of each of the three bolt rows in the tension zone are:

Fura =377 kN
F[Z,Rd =320 kN
FtS,Rd =291 kN

The effective resistances should be reduced if the resistance of one of the higher rows
exceeds 1.9 Fyrg.

Here 1.9 Firq. = 1.9 x 203 = 386 kN

The resistances of both row 1 and row 2 are less than this value, so no reduction is
necessary.

Note that the UK NA states that no reduction is necessary if:

P363
Sheet 2

STEP 3

6.2.6.1
Eq (6.7)

STEP 4

Sheet 19

6.2.7.2(9)
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Worked Example: Bolted end plate connections

Title Example C.1 — Bolted end plate connection (unstiffened) Sheet 22 of 23
In this case, the limiting thickness in both expressions = % % =21.9 mm

The column flange is 20.5 mm thick, so no reduction is necessary.

EQUILIBRIUM OF FORCES

The sum of the tensile forces, together with any axial compression in the beam, cannot
exceed the resistance of the compression zone.

Similarly, the design shear cannot exceed the shear resistance of the column web panel,
this is not relevant in this example as the moments in the identical beams are equal and
opposite.

For horizontal equilibrium:

2 Firda + Neg = Fera

In this example there is no axial compression in the beam (Nggq = 0)
Therefore, for equilibrium of forces in this example:

2Ftr,Rd = Fc,Rd

Here, the total effective tension resistance XFy rq = 377 + 320 + 291 = 988 kN, which
exceeds the compression resistance F.rq = 841 kN.

To achieve equilibrium, the effective resistances are reduced, starting at the lowest row
and working upward, until equilibrium is achieved.

Reduction required = 988 — 841 = 147 kN
All of this reduction can be obtained by reducing the resistance of the bottom row.
Hence Firg = 291 — 147 = 144 kN

Fi=377kN|| —m —
F,=320kN|| —-— —
Fo=144 kN - —

565

F,=841kN|| —f[==—=— —

MOMENT RESISTANCE OF JOINT

The moment resistance of the beam to column joint (M;rq) may be determined using: 6.2.7.2(1)
Mj,Rd = ZhrFtr,Rd (625)

Taking the centre of compression to be at the mid-thickness of the compression flange of
the beam:

hy = h | x=533.1-[ 128, 40 =565 mm
b2 2

hr2 = hrl - 100 = 465 mm
hrg = hrg -90=375mm
Thus, the moment resistance of the beam to column joint is:

Mird = haFigrd + hoFord + hisFisgrd

= (565x 377 + 465x320 + 375x144)x10 % = 416 kNm
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Worked Example: Bolted end plate connections

Title Example C.1 — Bolted end plate connection (unstiffened) Sheet 23 of 23

VERTICAL SHEAR RESISTANCE
RESISTANCE OF BOLT GROUP

From P363, the shear resistance of a non-preloaded M24 class 8.8 bolt in single shear is:
Fyra =136 kN

Fora =200 KN (in 20 mm ply)

Hence F, rq governs

The shear resistance of the upper rows may be taken conservatively as 28% of the shear
resistance without tension (this assumes that these bolts are fully utilized in tension) and
thus the shear resistance of all 4 rows is:

(2 + 6 x 0.28) x 136 = 3.68 x 136 = 500 kN

WELD DESIGN

The simple approach requires that the welds to the tension flange and the web should be
full strength and the weld to the compression flange is of nominal size only, assuming that
it has been prepared with a sawn cut end.

BEAM TENSION FLANGE WELDS

A full strength weld is provided by symmetrical fillet welds with a total throat thickness at
least equal to the flange thickness.

Required throat size = tg,/2 = 15.6/2 = 7.8 mm
Weld throat provided as = 12/& = 8.5 mm, which is adequate.

BEAM COMPRESSION FLANGE WELDS

Provide a nominal fillet weld either side of the beam flange.
An 8 mm leg length fillet weld will be satisfactory.

BEAM WEB WELDS

For convenience, a full strength weld is provided to the web.
Required throat size = t;,/2 = 10.2/2 = 5.1 mm

Weld throat provided a, = 8/\/5 = 5.7 mm, which is adequate.

P363

STEP S5

STEP 7
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Worked example: Column web compression stiffener

CALCULATION SHEET

BCSA

=

A7 sCl

Steel Knowledge

Job No. CDS 324 Sheet 1 of 4
Title Example C.2 - Column web compression stiffener

Client

Calcs by MEB Checked by DGB Date  Nov 2012

JOINT CONFIGURATION AND DIMENSIONS

This example shows how the column web compression resistance of connection in
Example C.1 can be enhanced by adding stiffeners to the web.

Full depth compression stiffeners will be designed for the column. The stiffened
compression zone should have at least sufficient resistance to balance the total potential
tension resistances of the upper three bolt rows, as determined in the previous example
(i.e. to have a resistance of at least 988 kN).

254 x 254 x 107 UKC

The chosen stiffeners provide approximately the same overall width and thickness as the

—> Frl

—

» I:r3

533 x 210 x 92 UKB

—

<—3F = 988 kN

compression flange of the beam and are shaped as shown below

15

15

t,=15 mm

b,,= 110 mm

b,,= 95 mm

References to

clauses, etc.
are to

BS EN 1993-
1-8: and its
UK NA,
unless
otherwise
stated.
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Worked example: Column web compression stiffener

Title Example C.2 — Column web compression stiffener Sheet 2 of 4
DIMENSIONS AND SECTION PROPERTIES
Column
From data tables for 254 x 254 x 107 UKC in S275
Depth he = 266.7 mm SCI P363
Width b. = 258.8 mm
Flange thickness tic =20.5mm
Web thickness twe =12.8 mm
Depth between flanges hye =he—2t,
=266.7 — (2 x 20.5) = 226 mm
Web compression stiffeners
Depth hs =226 mm
Gross width by =110.0 mm
Net width (in contact with flange) bs, =95.0 mm
Thickness ts =15 mm
MATERIAL STRENGTHS
The UK National Annex to BS EN 1993-1-1 refers to BS EN 10025-2 for values of nominal | BS EN 1993-
yield and ultimate strength. When ranges are given the lowest value should be adopted. 1-1 NA.2.4
As for Example 1: BS EN
Column yield strength fyc = 265 N/mm? 10025-2
Table 7
Stiffener yield strength fy.s = 275 N/mm? (assuming ts not greater than 16 mm)
Conservatively, use the same strength for the stiffener as for the column, i.e.
fy.s = 265 N/mm?
COMPRESSION RESISTANCE OF EFFECTIVE STIFFENER SECT/ON |STEP 6B

Flexural buckling resistance

Determine the flexural buckling resistance of the cruciform stiffener section shown below

y
bs : : :tW,C bsg
% -
15¢t,,
L
g R —
15et,,,
} R S
y
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Worked examples: Column web compression stiffener

Title  Example C.2 — Column web compression stiffener Sheet

3 of 4

The width of web that may be considered as part of the stiffener section is given by
BS EN 1993-1-5 as 15, either side of the stiffener.

The width/thickness ratio of the outstand should be limited to prevent torsional buckling but
conservatively the Class 3 limit for compression flange outstands may be used.

Limiting value of c/t for Class 3 = 14¢

= \/E: 0.94
265
Hence limiting ¢/t = 14 x 0.94 = 13.2
Actual ratio =110/15 =7.3 OK
Effective area of stiffener for buckling

Asert = 2 Ag + tye (30 gty + L)
=2x110x 15+ 12.8 x (2 x 15 x 0.941 x 12.8 + 15) = 8110 mm?

Here,

The second moment of area of the stiffener section may be conservatively determined as:
_ (2bsg + twc3)tS
12

3
_ (2x110 +1;2.8) x15 =158 x 10° mm*

The radius of gyration of the stiffener section is given by:

7
i o= = 1/15'8“0 = 44.1 mm
A o 8110

Non-dimensional flexural slenderness:

A =

ls

£
iy 4y
where

M =939¢

Assume that the buckling length 7 is equal to the length of the stiffener
T 226

= =0.06
44,1x93.9x0.94

The reduction factor y is given by buckling curve ¢ according to the value of A

Since 4 < 0.2, the buckling effects may be ignored. Only the resistance of the cross
section need be considered.

Resistance of cross section (crushing resistance)

The effective area of the stiffener comprises the area of the additional plates (making a
deduction for corner snipes) together with a length of web. The length of web that may be
considered depends on dispersal from the beam flange; its value was calculated as

248 mm in Example C.1.

The effective area for crushing is:
Aseri =2 % (110 - 15) x 15 + 248 x 12.8 = 6020 mm?
Thus:

_ Aserrfys _ 8020x265
Mo 1.0

Nc rd 103 = 1595 kN

BS EN 1993-
1-5,9.1

BS EN 1993-
1-1, Table 5.2

BS EN 1993-
1-1,6.3.1.2

BS EN 1993-
1-5,9.4

BS EN 1993-
1-1,6.3.1.2(4)
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Worked example: Column web compression stiffener

Title Example C.2 — Column web compression stiffener Sheet

4 of 4

With such a stiffener added to the connection in Example C.1, no reduction of bolt row
forces in the tension zone would be needed. The moment resistance of the connection
would then be:

Mrs = (565x377+465x320+375x291)x10~° = 471 kNm

WELD DESIGN
Weld to flanges

It is usual for the stiffeners to be fitted for bearing.
Therefore, use 6 mm leg length fillet welds.
If the stiffeners are not fitted, use full strength welds.

Welds to web

In this double-sided connection, no force is transferred to the column web.

If the connection were one-sided, or was subject to unequal compression forces, the web
welds would need to be designed to transfer the unbalanced force into the web.
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Worked Example: Column tension stiffener

\
A7 sCl

Job No. CDS 324

Sheet 1 of 10

Steel Knowledge Title Example C.3 — Column tension stiffener
CALCULATION SHEET Client
Bcsn Calcs by MEB Checked by DGB Date  Nov 2012
JOINT CONFIGURATION AND DIMENSIONS
The addition of tension stiffeners to the column has the potential to increase the tension References to
resistance of the column web and to increase the tension resistance of bolt rows clauses, etc.
immediately above and below it. are to
Consider a beam to column connection similar to that in Example C.1 but with a lighter BS EN 1993-
column section. t‘S:NaEd Its
Design a tension stiffener to enhance the bending resistance of the column flange. unless’
otherwise
stated.
254 x 254 x 73 UKC Tension stiffeners
— F1Ed
ol m — F2kd
- - r3,Ed
533 x 210 x 92 UKB
iy iy
s N *
DIMENSIONS AND SECTION PROPERTIES
Column
From data tables for 254 x 254 x 73 UKC in S275:
Depth he =254.1 mm P363
Width b, = 254.6 mm
Web thickness twe = 8.6 mm
Flange thickness te =14.2 mm
Root radius re =12.7 mm
Depth between flange fillets dc =200.3 mm
Area Ac =93.2 cm?
Depth between flanges hy =he— 2t
=254.1 — (2 x 14.2) = 226 mm
Yield strength fyc = 275 N/mm? (since t,, < 16 mm)
Beam and end plate
Dimensions as in Example C.1
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Worked Example: Column tension stiffener

Title  Example C.3 — Column tension stiffener Sheet 2 of 10
Bolt spacings

Dimensions as in Example C.1, apart from the edge distance on the column side, which is:

Edge distance e. = 0.5(254.6 - 100) = 77.3 mm

STIFFENER SIZE

Choose an initial size of stiffener using simple guidelines (see STEP 6A).
N 0.75(b; —twe ) _ 0.75x(254.6-8.6)
2 2

Gross width of the stiffener bsq =92.3 mm

Take bgg =100 mm
Length of stiffener required is hs > 1.9bsq = 190 mm

(In a double-sided connection, a full depth stiffener is required; in a single-sided
connection a shorter stiffener could be used.)

Allowing for a 15 x 15 mm corner snipe, the net width of each stiffener is:
ben =100 -15=85mm
Assume a thickness of ts = 10 mm (bsg / ts= 10)

For t <16 mm and S275 BS EN 10025-
Yield strength f,s = Ren =275 N/mm? 2
Table 7

RESISTANCES OF UNSTIFFENED CONNECTION

The resistances of the unstiffened connection have been calculated in the same manner
as in Example C.1 (again assuming that the moments on either side of the column are
equal and opposite). The resistances are given below.

Resistances of rows Fyrd (KN)
Column  Column End plate Beam Minimum  Effective

flange web web resistance

Row 1, alone 309 565 377 N/A 309 309
Row 2,alone 309 565 406 675 309

Row 2, with row 1 569 799 N/A N/A 569

Row 2 569 - 309 260
Row 3, alone 309 565 406 675 309

Row 3, withrow 1 & 2 825 1012 N/A N/A 825

Row 3 825 - 569 256
Row 3, with row 2 565 778 812 1052 565

Row 3 565 - 260

The sum of the effective resistances of the three bolt rows is 825 kKN. The compression
resistance of the unstiffened column web is only 473 kN so a compression stiffener would
be provided; the moment resistance with an adequate compression stiffener but without a
tension stiffener would be:

Mirs = (565x309+ 465 x 260 +375x 256)x10~> =392 kNm
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Worked Examples: Column tension stiffener

Title  Example C.3 — Column tension stiffener Sheet

3 of 10

STIFFENED COLUMN - TENSION ZONE T-STUBS

The following calculations are similar to those in Example C.1 but for the case where there
is a tension stiffener in the column, below the top row of bolts. Only the calculations for the
column side are shown; those for the beam side are as in Example C.1.

BOLT ROW 1

Column flange in bending

Bolt row 1 is a ‘bolt row adjacent to a stiffener’ according to Figure 6.9.
Determine e, , m and fq
Wy, —t,. —2x0.8r, 100-8.6-2x0.8x12.7

2 - 2
e =e.=77.3mm
€min =Mmin (e¢; ep) =min (77.3;75) =75 mm
Assume leg length of stiffener to flange weld = 8 mm.
Distance of bolt row above stiffener (assume top is level with beam flange top)
m, =Xx-0.85,=40-0.8x8x56=33.6mm
Therefore:

m 355

A = = =0.31
m+e 355+77.3

s =M o386 4
m+e 355+77.3

For these values of 4; and 4, from the chart, a = 7.7

m =m¢= =35.5mm

For Mode 1, feft,1 = Ceinc DUt Letr1 < Letrcp
Ceftcp = 2TM
=21 x 35.5 =223 mm
Coftne = oM
=7.7x35.5=273 mm
As 223 < 273
Ceitn = Lleticp = 223 mm

For Mode 2, geff,z = geff,nc
Therefore geffvz =273 mm

Mode 1 resistance

(8n-2e,, )Mpi1rq

Frird =
2mn-e, (M+n)

where:

m =m,=35.5mm

n = emin but <1.25 m
1.25m =1.25x 35.5 =444 mm
As 44.4 < 75:

n =444 mm

0.25 3 { gnq t7 1,

Moi,1,rd =
7mo

f,  =f,c =275 N/mm?

STEP 1

6.2.4.1(2))

Appendix G
Table 6.6

Table 2.2(c)
in STEP 1A

Table 6.2
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Worked Example: Column tension stiffener

Title  Example C.3 — Column tension stiffener Sheet 4 of 10
2
Myopg = 222x223x14.27x275 _ 3090  10% Nmm
1.0
dW
ew = W
4
dw is the diameter of the washer, or the width across points of the bolt head or nut, as
relevant
Here, d,, = 39.55 mm (across the bolt head) P358
Therefore, e,, = 3%% =9.9 mm
_ 3
Therefore, Fr 1 ng = (8% 44.4-2x9.9)x3090x10 <10 = 439 KN
2x35.5x44.4-9.9x(35.5 + 44.4)
Mode 2 resistance
2M +n2 F
Frops = —2r R Table 6.2
m+n
where:
0253 (4, t° f
Mpi2rd = TT T etz 7y
7mo
2
_ 0.25x273x14.2° x 275 - 3790 x 10° Nmm
1.0
2FiRrq is the total value of F;gq4 for all the bolts in the row.
For 2 bolts in the row, ZF;gq = 2 x 203 x 10 = 406 x 10° N
Therefore, for Mode 2
3 3
Frorg= 2x3790x10° +44.4x 406 x10 « 107 = 321 kN
355+44.4
Mode 3 resistance (bolt failure)
FT,S,Rd = Z Ft,Rd = 406 kN
Resistance of column flange in bending
Fitera = MIiN{ Fr1ra; Frora; Frarda } =321 kN 6.2.4.1(6)

Column web in tension

No check is necessary for a row immediately adjacent to a tension stiffener.
Because the stiffener is full depth no check is required at the end of the stiffener.

BOLT ROW 2
Column flange in bending

Bolt row 2 is a ‘bolt row adjacent to a stiffener’ according to Figure 6.9.
m =m. =35.5mm
€min =75mmande =77.3 (as for row 1)
Distance of bolt row below stiffener (assume top is level with beam flange top)
m, =pPr2—X—t;—0.85,=100-40-10- 0.8 x8 =43.6 mm
Therefore:
m 355

A1 = = =0.31
m+e 35.5+77.3
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Worked Examples: Column tension stiffener

Title  Example C.3 — Column tension stiffener Sheet 5 of 10
2 _m, 43.6 - 0239

m+e 33.7+77.3
Interpolating in the chart (Figure 6.11 or Appendix G), a =7.2 Appendix G

For Mode 1, feft,1 = Ceine DUt Letr1 < Lettcp

[effycp = 2mm
=2n x 35.5=223 mm Table 2.2(c)
loftne = M in STEP 1A
=7.2x35.5 =256 mm
As 223 < 256

Cetin = Leticp = 223 mm

For Mode 2, feffyz = [eff'nc
Therefore e, = 256 mm

Mode 1 resistance

n =44.4 mm (as for row 1)

0.25 3 / 1, t2f
Mpiipg = — ot LY
7mo

f,  =f,.=275N/mm’

Moy ma = 0.25x223x14.2?x 275 _ 3090 x 10° Nmm
1.0

As before, e, = 9.9 mm

Therefore:

(8n-2e, Mg

2mn-e, (M+n)

FT,l,Rd

3
_ (8x44.4-2x9.9)x3090x10 10 =439 KN
2x35.5x44.4-9.9%(35.5+ 44.4)

Mode 2 resistance

0.253 (y, t,° f,
7mo

_ 0.25x 256 x14.2% x 275
1.0
Therefore, for Mode 2

2Mpore +N 2 Firg  2x3550x10°% + 44.4 x 406 x 10° y

pl,2,Rd =

= 3550 x 10° Nmm

F . = 10° =314 kN
T2Rd m-+n 35.5+ 44.4
Mode 3 resistance (bolt failure)
FT,S,Rd = Z Ft,Rd = 406 kN
Resistance of column flange in bending
Fitera = MIN{ Fr1ra; Frard; Frara} =314 kN 6.2.4.1(6)
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Worked Example: Column tension stiffener

Title  Example C.3 — Column tension stiffener Sheet 6 of 10
Column web in tension
No check is necessary for a row immediately adjacent to a tension stiffener.
Because the stiffener is in full depth, no check is required at the end of the stiffener.
BOLT ROW 3
As for rows 1 and 2:
m =35.5mm
€min =75 mm
e =77.3 mm
Bolt row is an ‘inner bolt row’ according to Figure 6.9.
For failure Mode 1, feff’l = [eff’nc but [effyl < feff’cp
letcp = 2mm =223 mm Table 2.2(e)
leftne = 4m + 1.25e in STEP 1A
= (4 x 35.5) + (1.25 x 77.3) = 239 mm
As 223 < 239
Cett1 = Leicp = 223 mm
For failure Mode 2, €t = Lefine
Therefore e, = 239 mm
Mode 1 resistance
2
M1 m¢ = 0.25x223x14.2° x275 _ 3090 x 10° Nmm
1.0
_ 3
Therefore, Fr 1 n = (8% 44.4-2x9.9)x3090x10 10 =439 KN
' 2x35.5x44.4-9.9x(35.5 + 44.4)
Mode 2 resistance
2
Mo2.5a _ 0.25x239x%x14.2° x 275 - 3310 x 10° Nmm
1.0
For 2 bolts in the row, ZF,gq = 2 x 203 x 10 = 406 x 10° N
Therefore, for Mode 2
2M +n2 F 3 3
Frorg= pl.2,Rd R _ 2x3310x10° +44.4x406x10 « 107 = 309 kN
m+n 35.5+44.4
Mode 3 resistance (bolt failure)
FT,S,Rd = th,Rd = 406 kN
Resistance of column flange in bending
Fitcra = MIiN{ Fr1ra; Fr2rd s Fragra } =309 kN 6.2.4.1(6)
Column web in transverse tension STEP 1V
_ o Peftewe twe Fywe 6.2.6.3(1)
Ft,wc,Rd -
7 Mo Eq (6.15)
As before, for a double-sided connection with equal moments, = 1.0 Example C.1
beff,t,wc = geff,z =239 mm
fywe = fyc=275 N/mm?
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Worked Examples: Column tension stiffener

Title  Example C.3 — Column tension stiffener Sheet 7 of 10
Thus
Fruema= 1.0x239x8.6x275 < 10° =565 kN
o 1.0
BOLT ROW 3, AS PART OF A GROUP
Because of the presence of the tension stiffener between rows 1 and 2, the only group of
rows to be considered is rows 2 and 3.
Column flange in bending STEP 1
Row 2 is a ‘bolt row adjacent to a stiffener’, according to Figure 6.9. The effective lengths
in Table 6.5, as part of a group are:
fettcp =TM +p Table 2.3(a)
feiine = 0.5p + am — (2m + 0.625e) in STEP 1A
Here p = p2.3 =90 mm, n = 44.4 mm and m = 35.5 mm (as for row 2 alone)
m, =60-t;— 0.85s=60-15-(0.8 x 8)=38.6 mm
fettep = (m x 35.5) + 90 = 202 mm
Obtain a from Figure 6.11 or Appendix G using:
A =" andA= 2
m+e m+e
M = ﬂ: 0.32
355+75
A, -_386 0.35
355+75
From Figure 6.11, a =7.3
fettne = (0.5 x90) + (7.3 x 35.5) — (2 x 35.5 + 0.625 x 75) = 186 mm
Row 3 is an ‘other end bolt-row’ in Table 6.5 Table 6.6
[eff,cp =ntm+p
= (r x 35.5) + 90 = 202 mm Table 2.3(c)
in STEP 1A

letine = 2m + 0.625e + 0.5p

= (2 x 35.5) + (0.625 x 75) + (0.5 x 90) = 163 mm
Therefore, the total effective lengths for this group of rows are:
Zlett,cp = 202 + 202 = 404 mm
Slettne = 202 + 163 = 365 mm
Ylett2 = X Letrnc = 365 mMm
As 365 mm < 404 mm, X/, = 365 mm

Mode 1 resistance

0.25x 365 x14.2% x 275
1.0

(8x44.4-2x9.9)x 5060 x 10°
2x35.5x44.4-9.9x(35.5+ 44.4)

= 5060 x 10° Nmm

Mpl,l,Rd =

x107° = 719 kN

Frird =

Mode 2 resistance

_ 0.25x365x14.2% x 275
1.0

For 2 bolts in each row, XF;gq = 2 x 203 x 10® = 406 x 10° N

= 5060 x 10° Nmm

Mpi2,Rrd
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Title  Example C.3 — Column tension stiffener Sheet 8 of 10
Therefore, for Mode 2
2M +n2F 3 3
Frora= pl,2,Rd tRd - _ 2x5060x10°+44.4x2x406x%x10 % 107 = 575 kN
m+n 355+44.4
Mode 3 resistance (bolt failure)
FT,S,Rd = 2 Ft,Rd = 812 kN
Column web in transverse tension STEP 1B
The resistance of the column web is given by:
@ beff,t,wc twc fy,wc 6263(1)
Ft,wc,Rd = E (6 15)
7 mo g (6.

As before, @ = 1.0 (for a double-sided connection with equal moments)
Dett twe = ez = 365 mm
fowe = Tf,c= 275 N/mm?
Thus,
_ 1.0x365x8.6x275

Fowe,rd= 10 x 10° =863 kN

The least value of resistance of the group of rows 2 and 3, Fy,.3rq , iS thus 575 kN
The resistance of bolt row 3 on the column side is therefore limited to:
Ft3,C,Rd = Ft,2-3,Rd - thde = 575 - 314 = 261 kN

SUMMARY OF RESISTANCES OF STIFFENED CONNECTION

The resistances of the stiffened connection are summarised below. It is assumed that the
moments on either side of the column are equal and opposite and thus the shear
resistance of the column web does not affect the moment resistance. A compression
stiffener is assumed to be provided in the column.

Resistances of rows Fyrd (KN)

Column  Column End plate Beam Minimum  Effective

flange web web resistance
Row 1, alone 321 N/A 377 N/A 321 321
Row 2,alone 314 N/A 406 675 314 314
Row 3, alone 309 565 406 675 309
Row 3, with row 2 575 863 812 1052 575

575 - 314 261

The moment resistance of the stiffened connection is therefore:
Mjra = (565 x 321 + 465 x 314 + 375 x 261) x 107 = 425 kNm
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Worked Examples: Column tension stiffener

Title  Example C.3 — Column tension stiffener Sheet 9 of 10

RESISTANCE OF TENSION STIFFENER STEP 6A

The tension stiffener and its weld to the flange should be adequate to resist the larger of

the forces given by the two alternative empirical relationships for load-sharing between
web and stiffener.

Enhancement of tension resistance of column web

The resistance of the effective length of stiffened column web (above and below the
stiffener) is taken as:

F _ I-wt'[wcfy
twe,Rd—™—
Mo
where
Lw  is the length of stiffened column web in tension (see diagram)
twe = 8.6 mm
f, =275 N/mm?
Assuming a distribution of 60°, the length of column web in tension is as shown below.
‘ w=100 ‘
! !
| |
i i
! I i 1.73 \/‘9:60°
Y, N
Y
86.5 | / \ 1
| |
Lyt = 232
100 — Stiffener
45
45

Lot = (1.73ﬂ]+p1,12 1{ P1.2-3 ]
2 2
= (1'73X%j+100+(%j:232 mm

Hence,

Fowe re= 232x8.6x275 <103 = 549 kN
1.0
Resistance of Rows 1 and 2 = 321 + 314 = 635 kN

So the stiffeners need to resist 635 — 549 = 86 kN

Support to column flange in bending

The forces in the four bolts located around the effective stiffener section are partly
transferred to the web and partly to the stiffeners. It is assumed that the forces are
shared in proportion to the distance of the bolts from the web and stiffener.
For bolt row 1, the force carried by the stiffeners is:

mF, 35.5x321

Fuas = (mim,) " @55+336) 00 KN
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Sheet 10 of 10

For row 2:

mF, 35.5x314
F = r2 = =141 kN
b2 (m +m,) (35.5 +43.6)

Fis =165+ 141 = 306 kN

Resistance of tension stiffeners

The area provided by the stiffeners is:
Asn = 2bSﬂtS
2 xbgyxts =2 x85x 10 =1700 mm?

Hence the resistance is:
= Aslys _1700x275

Fisra = 10~ = 468 kN Satisfactory

v 1.0

WELD DESIGN

Use a full strength fillet weld between stiffener and flange.
In S275 steel, a full strength weld is provided by symmetrical fillet welds with a total throat

thickness equal to that of the element.
Required throat = 10/2 =5 mm

8 mm leg length weld provides a throat of 8/\/5:5.7 mm, OK.
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Worked Example: Supplementary column web plates

-
4 /{ = Job No. CDS 324 Sheet 1 of 4
AV scl ,
Steel Knowledge Title Example C.4 Supplementary column web plates
CALCULATION SHEET Client
Bcsn Calcs by MEB Checked by DGB Date  Nov 2012

JOINT CONFIGURATION AND DIMENSIONS

Consider the beam to column connection in Example C.1 but with a beam connected on
only one side of the column. To prevent the column web panel shear resistance limiting

the resistance of the connection, a supplementary web plate is provided. The

supplementary plate will increase column web tension and compression resistances as

well as shear resistance.

bS
R

T T—

e N B

SUPPLEMENTARY WEB PLATE PROPERTIES

Try a single supplementary web plate with the following details:
Steel grade S275 (as for the column)

Breadth b =200 mm
Thickness g not less than column web thickness
Here, twe = 12.8 mm, therefore choose a plate with t = 15 mm

Minimum length required is the sum of three components:
where:

L, = Defrtwe = 233/2= 117 mm (from row 1, column side, Example C.1)
L, =hy - 60 - t/2 = 533 - 60 -15.6/2 = 465 mm

Ls = Deff.cwe/2 = 248/2= 124 mm (from column side, Example C.1)
Therefore:

Ls > 117 + 465 + 124 = 706 mm — say 725 mm

References to
clauses, etc.
are to

BS EN 1993-
1-8: and its
UK NA,
unless
otherwise
stated.

STEP 6C

Example C.1
Sheet 6
Sheet 20
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SHEAR RESISTANCE
The design plastic shear resistance of an unstiffened web is given by:
BS EN 1993-
0.9 f,/V3
bR :M 1-1,6.2.6.1(2)
' Mo
Where
A is the shear area given by BS EN 1993-1-1 and is determined as follows for rolled |
and H sections with the load applied parallel to the web.
A. = A-2bt; +t; (t, +2r) But not less than 7h,t,, 6.2.6(3)
A 9310-(2x254.6x14.2)+14.2(8.6 +2x12.7) = 2560 mm? BS EN 1993-
, 1-8 6.2.6.1(6)
nhwty = (1.0x226x8.6)=1940 mm
Where there is a single supplementary web plate, the shear area is increased by bty
bety,c =200x8.6 =1720 mm?
Therefore, for the stiffened web,
A, = 2560 + 1720 = 4280 mm”’
The plastic design shear resistance is:
.9x42 27
A\ =09X 80( 5/\/§)><1073 =612 kN
1.0
TENSION RESISTANCE STEP 6C
Column web in transverse tension STEP 1B
The effect of a single supplementary web plate that conforms to the requirements of
STEP 6C and is connected with infill welds is to increase the effective web thickness in
tension by 50%.
_ a)beff,!,wc twr: fy,wc 6263(1)
Ft,wc,Rd - Eq (615)
7 mo
As the connection is single-sided, the transformation factor =1 and ® = i, given by: 5.3, Table 6.3
o, = 1 Table 2.5 in
1+ 1.3(beretue / Ave P STEP 1A

For row 1, alone

beff,t,wc = [eff,2 =233 mm

twe =15x%x12.8-19.2 mm

Thus,

o = = =0.64
J1+1.3(233x19.2/ 4280)?

fywe = fyc= 265 N/mm?

Foueme= 0.64x233x19.2x265 s _ ooy

1.0

For rows 2 and 3, each row alone

beff,t,wc = feff,Z =243 mm

Thus,

o = ! =0.63
J1+1.3(243x19.2/4280)?

fywe = fyc= 265 N/mm?
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Fruerg= 0.63x243x19.2x 265 <« 10° = 779 kN
o 1.0
For row 1 and 2 combined
beff,t,wc = [eff,Z = 332 mm
o = ! =0.51
J1+1.3(332x19.2/4280)?
Foue = 0.51x332x19.2x265 | s _ gur i
1.0
For rows 1, 2 and 3 combined
Derr twe = Loz = 422 mm
@ = L =0.42
J1+1.3(422x19.2/4280)?
Fovera= 0.42x422x19.2x 265 <« 10° =902 kN
1.0
For rows 2 and 3 combined
Berr twe = Loz = 323 mm
[} = ! =0.52
J1+1.3(323x19.2/4280)?
Frverd= 0.52x323x19.2x 265 « 102 = 855 kN
1.0
Column web in transverse compression STEP 2
The effect of a single supplementary web plate that conforms to the requirements of STEP | STEP 6C

6C is to increase the effective web thickness in tension by 50%.
As the connection is single-sided, the transformation factor =1 (as above) and o = @

1

\/1+ 1'3(beff,c,wctwc / Avc)z
beff,c,wc: feff,z =248 mm

(2]

Thus

o = 1 - 0.62
J1+1.3(248x19.2/ 4280)?

£ o 0B2x248x1025265 o0 oo

1.0
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SUMMARY OF RESISTANCES

Resistances of rows Fyrd (KN)

Column  Column End plate Beam Minimum  Effective

flange web web resistance

Row 1, alone 398 759 377 N/A 377 377
Row 2,alone 398 779 406 675 398

Row 2, with row 1 697 862 N/A N/A 697

Row 2 697 - 377 320
Row 3, alone 398 779 406 675 398

Row 3, withrow 1 & 2 988 902 N/A N/A 902

Row 3 902-697 205
Row 3, with row 2 691 855 812 1052 691

Row 3 691 - 320

EQUILIBRIUM OF FORCES

The total effective tension resistance XFyrq = 377 + 320 + 205 = 902 kN, which exceeds
both the compression resistance F;rq = 782 kKN and the shear resistance Vp rq = 612 kN.
The forces in both rows 3 and 2 need to be reduced to maintain equilibrium.

The revised forces in the tension zone are:

Ftl,Rd = 377 kN
F[Z,Rd = 235 kN
FtS,Rd =0 kN

MOMENT RESISTANCE OF JOINT
The moment resistance of the beam to column joint (M;rq) is given by:
Mjra = hyFrp +hpFo +higFs

= (565x 377+ 465x235+375x0)x10 3 =322 kNm

The overall effect, relative to Example C.1, is a reduction in the moment resistance of the
joint. However, this is due largely to the change from a balanced two-sided joint to a single
sided joint and the resistance would have been even less without the supplementary web
plate.

WELDS

Because the supplementary web plate is provided to increase web tension resistance, ‘fill
in” welds should be provided.

Horizontal welds

Fillet welds of leg length equal to the supplementary plate thickness should be used:
Leg length =15 mm

Vertical welds

Fillet welds of leg length equal to the supplementary plate thickness should be used:
Leg length =15 mm

STEP 4

6.2.7.2(1)
(6.25)
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Worked Example: Haunched connection with Morris stiffener

‘< = Job No. CDS 324 Sheet 1 of 2
\ N
A2 SCl _ - -
Steel Knowledge Title Example C.5 Haunched connection with Morris stiffener
CALCULATION SHEET Client
Bcsn Calcs by MEB Checked by DGB Date  Nov 2012
JOINT CONFIGURATION AND DIMENSIONS
Morris stiffeners, or other diagonal stiffeners, can be provided to resist high web panel References to
shear forces. In portal frame design the columns are usually a universal beam section and |clauses, etc.
diagonal stiffeners are often found to be necessary, in addition to compression stiffeners. |are to BS EN
1993-1-8: and
] w = oo its UK NA,
— unless
) J otherwise
SectionA-A stated.
100
Al | A
R aﬂef
210x92 VKB
Nt 533 %
\S
686 x 254 x 125 UKB Column
S275
/ Vg = 1344kN
Morris stiffener ~——
55°
,/\/,
DIMENSIONS AND PROPERTIES
Column
For a 686 x 254 x 125 UKB S275
Depth he =677.9 mm
Width b, =253.0 mm
Thickness of web twe =11.7 mm
Thickness of flange tic =16.2 mm
For S275 and 16 mm < t;; <40 mm BS EN 10025
-2
Yield strength f,. = Ren =265 N/mm? Table 7
Morris stiffener in S275
Overall width by =100 mm
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Title  Example C.5 Haunched connection with Morris stiffener Sheet 2 of 2

For S275 and t; < 16 mm BS EN 10025
-2

Yield strength f,s = Ren =275 N/mm? Table 7

RESISTANCES OF STIFFENED JOINT
MOMENT RESISTANCE

With the Morris stiffener acting as a tension stiffener between bolt rows 1 and 2, the total
effective tension resistance of all the bolt rows is 1500 kN.

However, the shear resistance of the unstiffened column web is only 1280 kN and this
would limit the moment resistance.

The design requirement for the Morris stiffener is to increase the column web shear
resistance to at least 1500 kN.

SHEAR RESISTANCE OF STIFFENED COLUMN WEB

To achieve a shear resistance at least equal to the total tension resistance: STEP 6D
The gross areas of the stiffeners, Ay must be such that:
Ay Ve Ve
f, cos@
Where:
Agg = 2bggts
bsy is the gross width of stiffener on each side of the column web = 100 mm
ts is the thickness of the stiffener.

Veq is the design shear force acting on the column, taken as the total tension resistance
of the bolt rows = 1500 kN

VRrg is the design shear resistance of the unstiffened column web

Vrs =1280 kN
fy is the weaker yield strength of the stiffener or column, assumed to be = 265 N/mm?
o is the angle of the stiffener to the horizontal.

6= 55°

_ 3
Ass (1500-1280) x10 _1450 mm?
265 x cos55

Therefore the minimum required thickness is given by:

=B 1450 g o5 mm

~ 2by,  (2x100)

Therefore, adopt a thickness for the Morris stiffener of t; = 10 mm

WELD DESIGN
STIFFENER TO COLUMN FLANGE WELDS

Provide full strength fillet welds between the Morris stiffeners and column flanges.
The required weld throat thickness =t;/2 =10/2 =5 mm

An 8 mm leg length fillet weld provides a throat of a = 8/x/§=5.7 mm, OK

STIFFENER TO COLUMN WEB WELDS

Provide a nominal fillet weld between the column web and Morris stiffener.
Therefore, adopt a weld with a leg length of 8 mm.
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Appendix D —Worked Example — Bolted beam splice

APPENDIX D WORKED EXAMPLE —BOLTED BEAM
SPLICE

One worked example is presented in this Appendix:
Example D.1 Splice between UKB beam sections

The example follows the recommendations in the main text. Additionally, references to the relevant clauses,
Figures and Tables in BS EN 1993-1-8 and its UK National Annex are given where appropriate; these are
given simply as the clause, Figure or Table number. References to clauses etc. in other standards are given in
full. References to Tables or Figures in the main text are noted accordingly; references to STEPS are to those
in Section 4 of the main text.
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Worked Example: Beam splice

! / = Job No. CDS 324 Sheet 1 of 12
A7 sCl _ .
Steel Knowledge Title Example D.1 - Beam Splice
CALCULATION SHEET Client
Bcsn Calcs by MEB Checked by DGB Date  Nov 2012

JOINT CONFIGURATION AND DIMENSIONS

Design a bolted cover plate beam splice that connects two 457 x 191 x 67 UKB S275
sections. The splice carries a vertical shear, an axial force and bending moment and is to
be non slip at serviceability (Category B connection).

The splice is located near to a restraint therefore it will not carry moments due to strut
action.

DESIGN VALUES OF FORCES ON BEAM AT THE SPLICE

Values at ultimate limit state

Vgg =150 kN
Neq =150 kN (compression)
Mgg =200 kNm

Values at serviceability limit state

Vegser = 100 kKN
Negser = 100 KN (compression)
Megser = 133 kNm

References to
clauses, etc.
are to

BS EN 1993-
1-8: and its
UK NA,
unless
otherwise
stated.
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Worked Example: Beam splice

Title  Example D.1 Beam splice Sheet 2 of 12
DIMENSIONS AND SECTION PROPERTIES

Beam

From data tables for 457 x 191 x 67 UKB S275:

Depth h =453.4 mm P363
Width b =189.9 mm

Web thickness tw =8.5mm

Flange thickness t; =12.7 mm

Root radius r =10.2 mm

Depth between flange fillets dp =407.6 mm

Second moment of area, y-y axis Iy =29 400 cm*

Plastic modulus, y-y axis Wy, =1470 cm®

Area A = 85.5 cm”

Cover plates

Assume, initially, 12 mm thick cover plates for the flanges and 10 mm thick cover plates for

the web. Thickness and dimensions to be confirmed below.

Bolts

Two possible sizes will be considered:

M20 preloaded class 8.8 bolts

Diameter of bolt shank d =20 mm

Diameter of hole do =22 mm

Shear area A = 245 mm?

M24 preloaded class 8.8 bolts

Diameter of bolt shank d =24 mm

Diameter of hole do =26 mm

Shear area A = 353 mm?

MATERIAL STRENGTHS

Beam and cover plates

For buildings that will be built in the UK, the nominal values of the yield strength (f,) and BS EN 1993-
the ultimate strength (f,) for structural steel should be those obtained from the product 1-1NA.2.4
standard. Where a range is given, the lowest nominal value should be used.

S275 steel BS EN 10025-
For t < 16 mm f, = Ren = 275 N/mm? 2, Table 7
For 3mm <t< 100 mm f, =R, =410 N/mm?

Hence, for the beam, flange cover plates and web cover plates:

fyo = fywp = 275 N/mm?

fup = fuwp = 410 N/mm?

Bolts

Nominal yield strength fuo = 640 N/mm? Table 3.1
Nominal ultimate strength fub =800 N/mm?
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Worked Example: Beam splice

Title  Example D.1 Beam splice Sheet

3 of 12

PARTIAL FACTORS FOR RESISTANCE

Structural steel

ywo =10
yme =10
vz =11

Parts in connections

ymz = 1.25 (bolts, welds, plates in bearing)
ymz = 1.25 (slip resistance at ULS)
7mz.ser = 1.10 (slip resistance at SLS)

INTERNAL FORCES AT SPLICE

For a splice in a flexural member, the parts subject to shear (the web cover plates) must
carry, in addition to the shear force and the moment due to the eccentricity of the centroids
of the bolt groups on each side, the proportion of moment carried by the web, without any
shedding to the flanges

The second moment of area of the web is:
_ (h-2t)%, _ 428°x85
12 12

Therefore, the web will carry 5550/29400 = 18.9% of the moment in the beam (assuming
an elastic stress distribution). The flanges carry the remaining 81.1%

The area of the web is:
A, =428x8.5x107?=36.4cm?

The web will therefore also carry 36.4/85.5 = 42.6% of the axial force in the beam. The
flanges carry the remaining 57.4%.

x10™* = 5550 cm*

lw

FORCES AT ULS

The force in each flange due to bending is therefore given by:
6

Mes  _ .811x—290%10" 103 _368 kN

(h—t) 453.4-12.7

And the force in each flange due to axial force is given by:

Fined = 0.574 x 150/2 = 43 kN

Thus:

Fiea =368 —43 =325kN

Fotea = 368 + 43 = 411 kN

Frved =0.811

The moment in the web = 0.189 x 200 = 37.8 kNm
The axial force in the web = 0.426 x150 = 63.9 kN
The shear force in the web = 150 kN

BS EN 1993-
1-1 NA.2.15

Table NA.1

STEP 1

6.2.7.1(16)
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FORCES AT SLS
The force in each flange due to bending is given by:
6

Fiveg =0.811 Med 08115 133219" 103~ 245 kN

M (h—t;) 453.4-12.7
The force in each flange due to axial force is given by:
Fined = 0.574 x 100/2 = 28.7 kN
Thus:
Fiea =245-29 =216 kN
be,Ed =245+ 29 = 274 kN
The moment in the web = 0.189 x 133 = 25.1 kNm
The axial force in the web = 0.426 x100 = 42.6 kN
The shear force in the web = 100 kN
CHOICE OF BOLT NUMBER AND CONFIGURATION
RESISTANCES OF BOLTS STEP 2
The shear resistance of bolts (at ULS) is given by P363: P363
For M20 bolts in single shear  94.1 kN
For M20 bolts in double shear 188 kN
The slip resistance of bolts (at SLS), assuming a class A friction surface is given by P363 as: | P363
For M20 bolts in single shear 62.4 kN
For M20 bolts in double shear 125 kN
Assuming that the cover plate thicknesses and bolt spacings are such that the shear
resistances of the bolts can be achieved, consider the number of bolts in the flanges and web.
FLANGE SPLICE STEP 2
For the flanges, the force of 411 kN at ULS can be provided by 6 M20 bolts in single
shear. The force of 274 kN at SLS can also be provided by 6 M20 bolts.
The full bearing resistance of an M20 bolt in a 12 mm cover plate (i.e. without reduction for
spacing and end/edge distance) is:

2.5f
Fo o _ 25 LAt _ 2.5x410x20x12 <10 =197 kN Table 3.4
¥ mz 1.25

This is much greater than the resistance of the bolt in single shear and thus the spacings
do not need to be such as to maximize the bearing resistance. Three lines of 2 bolts at a
convenient spacing may be used.
WEB SPLICE STEP 4

For the web splice, consider one or two lines of 3 bolts on either side of the centreline.
The full bearing resistance on the 8.5 mm web is:

2.5f,dt  25x410x20x8.5 y
eV 1.25

Fb,max,Rd -

107° =139kN
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This is less than the resistance in double shear and will therefore determine the resistance
at ULS. To achieve this value, the spacings will need to be:

e, 2 3dy =3 x22=66 mm Table 3.4
p. 2 15dy/4 =15 %x22 /4 =83 mm
e, 21.5d,=1.5x22=33mm

[ 2 3dy =3 x22=66 mm

The distinction between ‘end’ and ‘edge’ will depend on the direction of the dominant force
on the bolt being considered.

Initially, try 3 bolts at a vertical spacing of 120 mm at a distance of
70 mm from the centreline of the splice. (If the cover plate is 340 mm o —
deep, the end/edge distance at top and bottom is 50 mm.) 120
o 1
The additional moment due to the eccentricity of the bolt group is: o 730
Magg = 150 x 0.07 = 10.5 kNm
»}%{k

Bolt forces at ULS

Force/bolt due to vertical shear = 150/3 = 50 kN

Force/bolt due to axial compression = 63.9/3 = 21.3 kN

Force/bolt due to moment = (37.8 + 10.5)/0.24 = 201 kN (top and bottom bolts only)
Thus, a single row is clearly inadequate.

Consider a second line of bolts at a horizontal pitch of 85 mm o o ——

Now: 120
’ ) o o ——

Force/bolt due to vertical shear = 150/6 = 25 kN 120

Force/bolt due to axial compression = 63.9/6 = 10.7 kN e o ———

The additional moment due to the eccentricity of this bolt group is:

Magg = 150 x (0.07 + 0.085/2) = 16.6 kNm 20 85

The polar moment of inertia of the bolt group is given by:

loots = 4x120% +6x(85/2F = 68400 mm?

The horizontal component of the force on each top and bottom bolt is:

(37.8+16.6)x120 .
68400

The vertical component of the force on each bolt is:

(37.8+16.6)x42.5 §

68400
Thus, the resultant force on the most highly loaded bolt is:

10°=95.4 kN

FM,horiz =

10°=33.8 kN

FM,vert =

2 " 954 107
Fuea= +(25+33.8)° +(95.4+10.7)? =121kN

This is less than the full bearing resistance and is therefore
satisfactory for such a bolt spacing.

Note: If a configuration with bolt spacings that are less than those needed to develop full
bearing resistance is selected, a detailed evaluation of the bearing resistances of individual
bolts, taking account of the direction of the force relative to an end and the edge, would need
to be carried out. Similarly, if the joint were ‘long’, a reduction would be needed.

33.8
121 25
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Title  Example D.1 Beam splice

Sheet

6 of 12

Bolt forces at SLS

For the 6 bolt configuration:
Force/bolt due to vertical shear = 100/6 = 16.7 kN
Force/bolt due to axial compression = 42.6/6 = 7.1 kN

The additional moment due to the eccentricity of this bolt group is:

Maga =100 x 0.113 = 11.3 kNm
(25.1+11.3)x120
X

I:M,horiz: 10°=63.9 kN
68400
(25.1+11.3)x425 _ |
FM,vert = x10°=22.6 kN
68400

Thus, the resultant force on the most highly loaded bolt is:

Foea = y(16.7+22.6F +(63.9+7.1)2 =81kN

This is less than the slip resistance in double shear.

CHOSEN JOINT CONFIGURATION

Flange cover plates

8.8 M20 preloaded bolts T 60 80 80 60 180x12x560long
| | | | |
| |
|
|
T 37
| o
* o o o
| ]
2 No. web cover plates : -
<410x10x340deep | ® @ | & &
8.8 M20 preloaded bolts ! IS
| -
|
B S I =
1 —
b ]
' 70 85 50

SUMMARY OF COVER PLATE DIMENSIONS AND BOLT SPACING

Flange cover plates

Thickness tep =12 mm
Length hy, =560 mm
Width bry =180 mm
End distance e, =60mm
Edge distance €p =30mm
Spacing:

In the direction of the force pisr =80mm

Transverse to direction of force p2s =120 mm

Across the joint in direction of force  p;;; =120 mm

Note: The edge, end and spacing dimensions given above meet the requirements in

Table 3.3. For brevity those verifications have not been shown.
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Web cover plates (‘1’ direction taken as vertical)

Thickness typ =10mm
Height hyp, =340 mm
Width bty =410 mm
End distance €1wp =50mm
Edge distance €wp =50mm
Spacing:

Vertically Piw =120 mm

Horizontally Pw =85 mm

Horizontally, across the joint Piwj =140 mm

Note: The edge, end and spacing dimensions given above meet the requirements in
Table 3.2 of BS EN 1993-1-8. For brevity those verifications have not been shown.

RESISTANCE OF FLANGE SPLICES STEP 3
RESISTANCE OF BOLT GROUP

The above configuration provides edge, end and spacing distances that are larger than the
values given in the first table of bearing resistances on page C-381 of P363. The bearing
resistance in the 12 mm S275 cover plate is therefore at least 101 kN. This is greater than
the resistance of the bolt in single shear (94.1 kN), so the shear resistance of the bolt will
be critical.

The flange of the beam is 12.7 mm, (thicker than the cover plate) so will not be critical.

As the length of the bolt group is only 160 mm, there is no reduction for a ‘long joint’ (the
length is less than 15d = 300 mm).

The shear resistance of the fasteners is 6 x 94.1 = 565 kN which is greater than the force
in the compression flange (411 kN).

RESISTANCE OF COVER PLATE TO TENSION FLANGE

Resistance of net section

The resistance of a flange cover plate in tension (N, rg) iS the lesser of Ny rq and Ny rg. BS EN 1993-
Here, 1-1, 6.2.3.(2)
Nude — 09 Anel,fp fu,fp
7 w2
where:
Aneirp = (b —2d, )t, =(180—{2x22})x12 =1632 mm
Therefore,
Nyrg = 0.9 xli312>< 410 «10-2 =547 kN

Ap fun  180x12x275
¥ vo 1.0

As, 594 kN > 547 kN,
Nipra = 547 kN

x107% =594 kN

Nprd =

For the tension flange, Ngg = 368 — 43 = 325 kN
Therefore the tension resistance of a flange cover plate is adequate.
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Worked Example: Beam splice

Title  Example D.1 Beam splice Sheet 8 of 12
Block tearing resistance 3.10.2
a) b)
| 220 220
]
7 B -
K 120
772, /W Bk po—
. rea subject to
Area subject to
shear (Anv,fp) shear (Anvfp
Area subject to Area subject to
tension (A, ;) tension (A, )
Ny =3 and Ny, = 2
In this example, the edge distance (30 mm) is much less than the transverse spacing
(120 mm) and therefore the block tearing failure area shown as a) above should be
considered. However, if p, ¢, < 2€; ¢, the block tearing failure area shown in b) above
should be considered.
The resistance to block tearing (N;rq ) iS given by:
fu,fp Ant,fp Anv,fp (fy,fp /\/E) Eq (39)
Nifprd = +
7 w2 7 mo
where:
Anip =tp (292,fp —-dg )
=12x((2x30)-22)=456 mm?
Anv,fp = 2tfp (nl,fp _1)p1,fp +el,fp _(nl,fp _O-S)do ]
=2x12[(4-1)x80+60—-(4-0.5)x22]=5352 mm?
Therefore,
N = 410456 5352 % 275//3 10 1020 KN
1.1 1.0
Note: ym. = 1.1 taken from BS EN 1993-1-1, as it is used with the ultimate strength.
Therefore, the resistance to block tearing of the flange cover plates is adequate.
As t; > t, and b > by, the resistance of the beam flange to block tearing is adequate.
RESISTANCE OF COVER PLATE TO COMPRESSION FLANGE
Buckling resistance of the flange cover plate in compression.
Local buckling between the bolts need not be considered if:
P1 Note 2 to
PR Table 3.3
where BS EN 1993-
1-1 Table 5.2
€ = & = 235 =0.92
fyi 275
9¢ =9x0.92=8.28
Here, the maximum bolt spacing is across the centreline of the splice, p;¢; = 120 mm
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Worked Example: Beam splice

Title Example D.1 Beam splice Sheet 9 of 12
Pigj :@ ~10
tep 12
As 10 > 8.28 the local buckling verification is required for length py ;.
The buckling resistance is given by:
 Apfyio BS EN 1993-
Npfprd =———— 1-1,6.3.1.1(3)
v
Ay =bgty, =180x12=2160 mm?
¥y = ——2  buty<10
oy (0?-71")
where:
@ = 0.5+(1+ a(z—0.2)+12)
A is the slenderness for flexural buckling
_ Af L 1 BS EN 1993-
A = Y = (ij [—] (For Class 1, 2 and 3 cross-sections) 1-1, 6.3.1.3(1)
N [ Ay Eq (6.50)
Ler = 0.6py Note 2 to
Ly =0.6x120=72mm Table 3.3
A1 =939¢
A1 = 93.9x0.92 =86.39
Slenderness for buckling about the minor axis (z-z)
t
i, =—p _12 346 mm
Vi2 Y12
BS EN 1993-
- L, |[ 1 72 1
ir === || = :(_j (—j:o.24 1-1. Eq (6.50)
i, N 3.46 /\ 86.39
For a solid section in S275 steel use buckling curve ‘c’ Table 6.2
For buckling curve ‘c’ the imperfection factor is, « = 0.49 Table 6.1
@ -05(1+a(h, -02)+7.7) 6.3.1.2(1)
~05x(1+0.49%(0.24-0.2)+0.242 )= 0.54
1 Eq. (6.49)
X == Y
D + (P2 - 1,°)
_ ! =0.98
0.54 +4,/(0.54% —0.242)
As 0.98<1.0
x=0.98
Thus,
X Apfy,
Nb,fp,Rd = ﬂ
Vi
_ 0.98x2160x 275 <102 =582 kN
1.0
For the compression flange, Ngg = 368 + 43 = 411 kN Sheet 3
Therefore the buckling resistance of the flange cover plate is adequate.
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Worked Example: Beam splice

Title  Example D.1 Beam splice Sheet 10 of 12

RESISTANCE OF WEB SPLICE STEP 4
RESISTANCE OF BOLT GROUP

The resistance of the most heavily loaded bolt was shown to be adequate if the edge and
end distances are sufficiently large that they do not limit the bearing resistance. Those
minimum distances have been achieved in the chosen configuration, hence the bolt
resistance is adequate.

RESISTANCE OF WEB COVER PLATE IN SHEAR

The gross shear area is given by:

fywp STEP 4

Vap.gRd =
P 127 Y3y
For two web cover plates
340x10 275
V, =2X——xX
wp.gRd 127 3 x1

Veq = 150 kN, therefore the shear resistance is adequate

N twp

x107° =850 kN

The net shear area is given by:

Area subject
to shear

o o | ¥
| o
,,j., e
X
50
V. _ Av,wp,net (fu,wp/\/g)
wp,net,Rd -

Ym2
Auner = (Nup =3d0 Jtup
= (340-3x22)x10 = 2740 mm?
For two web cover plates:

_ 9 2740 410/3 x1073 =1180 kN

11
Veq = 150 kN, therefore the shear resistance is adequate

Vn,Rd
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Worked Example: Beam splice

Title  Example D.1 Beam splice Sheet 11 of 12

Resistance to block tearing

Area subject
to shear

‘ Area subject

‘ ‘ ’/ to tension
,,‘., — J—

06¢

Vb'Rd — fLJ,Wp Ant + fy,wp Anv
7 m2 \/E 7 Mo

For a single vertical line of bolts

d
Ant :twp [ez __0]
2

=10x[50—£j=390 mm?
2

Anv :twp(hwp —91—(n1—0-5)d0)
=10x[340-50—-((3-0.5)x 22)]= 2350 mm?
For two web plates

Vors zz{(w]{ﬁxf_ioj}ms _ 1040 KN

1.1 NE)

Ves = min {850,870,1040}

Vag =850 kN
Vea _150 _415<10
Vg 850

Therefore the shear resistance of the web cover plates is adequate.

RESISTANCE OF BEAM WEB

The shear resistance of the beam (based on gross shear area) will have been verified in
the design of the beam.

Resistance of net shear area

 Aualis/V3)

Vn,w,Rd -
VM2

Where:
Av,net =Ay —3dotw

A, =A-2bt; +(t,, +2r)t; butnotless than 7h,t,
=8552-(2x189.9x12.7)+(8.5+2x10.7)x12.7 = 4110 mm®

=4110-(3x22x8.5)=3550 mm?

3.10.2
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Worked Example: Beam splice

Title  Example D.1 Beam splice

Sheet 12 of 12

Thus,

_3550x(410/+3) «107 =764 kN

Vn,w,Rd 11

Resistance to block tearing

Block shear resistance is applicable to a notched beam. Therefore it is not applicable for

the connection considered here.

RESISTANCE OF WEB COVER PLATE TO COMBINED BENDING,

SHEAR AND AXIAL FORCE

Following the principles of clauses 6.2.10 and 6.2.9.2, the web cover plates will be verified
for the combination of bending moment and axial force. The design resistance of the cover

plates will be reduced ifVgg >V,prq-

Vupra = 850 kN

Veg =150 kN < 850 kN

Therefore, the effects of shear can be neglected.
A, =10 x 340 = 3400 mm?

Modulus of the cover plate

2
= 10x3407 _ 195 7 x103 mm®
Nupra = 10 x 340 x 275 x 10 = 935 kN
Therefore, for two web cover plates
_ 2x192.7x10° x 275
1.0
For two web cover plates
Npird = 2 X 935 = 1870 kN

x107% =106 kNm

M c,wp,Rd

M g e =37.8 + 16.6 = 54.2 kNm
Nup.£a = 63.9 kN
N M

wpEd | TwpEd 63.9 + 542 _ 0.55<1.0
pr,Rd Mc,wp,Rd 1870 106

Therefore, the bending resistance of the web cover plates is adequate.

Sheet 1

Sheets 3 &5
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Appendix E —Worked Example — Base plate connection

APPENDIX E WORKED EXAMPLE — BASE PLATE
CONNECTION

One worked example is presented in this Appendix:
Example E.1 Base plate connection to UKC column section

The example follows the recommendations in the main text. Additionally, references to the relevant clauses,
Figures and Tables in BS EN 1993-1-8 and its UK National Annex are given where appropriate; these are
given simply as the clause, Figure or Table number. References to clauses etc. in other standards are given in
full. References to Tables or Figures in the main text are noted accordingly; references to STEPS are to those
in Section 5 of the main text.
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Worked Example: Unstiffened column base plate

b / = Job No. CDS 324 Sheet 1 of 8
A7 sCl , _
Steel Knowledge Title Example E.1 — Unstiffened column base plate
CALCULATION SHEET Client
Bcsn Calcs by DCI Checked by DGB Date  Nov 2012

JOINT CONFIGURATION AND DIMENSIONS

Verify the resistance of the unstiffened column base plate shown below.

’/\_//
K
305 x 305 x 118 UKC Meq
NEd
] B
VEd
(| ]
N 600 J
) P
75 450 75
NN NN
M M
T s
e |k
1 1 150
+ T
600 1 i 150
- S a iy
1 1 150
+ *T
Lo L 1 s

DESIGN VALUES OF FORCES AT ULS

Situation 1 Situation 2
Megq 350 kNm 350 kNm
Neg —2000 kN (compression) —350 kN (compression)
Veg 75 kN 75 kN

Sign convention is:
Force: tension positive
Moment: clockwise positive (in above elevation)

Note: the example considers a design moment in only one direction and for such a
situation the base could be asymmetric. However, a symmetric arrangement is chosen,
although the requirements for welding on the two flanges are considered separately.

References to

clauses, etc.
are to

BS EN 1993-
1-8: and its
UK NA,
unless
otherwise
stated.
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Worked Example: Unstiffened column base plate

Title  Example E.1 — Unstiffened column base plate Sheet 2 of 8

DIMENSIONS AND SECTION PROPERTIES

Column
From data tables for 305 x 305 x 118 UKC in S355 P363
Depth he =314.5 mm
Width b, =307.4 mm
Flange thickness t e =18.7 mm
Web thickness tw.e =12.0 mm
Root radius re =15.2 mm
Elastic modulus (y-y axis) Weiy,c = 1760000 mm?®
Plastic modulus (y-y axis) Woiye = 1960000 mm?
Area of cross section Ac = 15000 mm?
Depth between flanges Pw.c =he— 2t
=314.5-(2 x18.7) =277.1 mm
Base plate
Steel grade S275
Depth hp =600 mm
Gross width bg.bp =600 mm
Thickness thp =50 mm
Concrete

The concrete grade used for the base is C30/37

Bolts

M24 8.8 bolts

Diameter of bolt shank d =24 mm
Diameter of hole do =26 mm
Shear area (per bolt) As = 353 mm?
Number of bolts either side n =
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Worked Example: Unstiffened column base plate

Title Example E.1 — Unstiffened column base plate Sheet 3 of 8
MATERIAL STRENGTHS
Column and base plate
The National Annex to BS EN 1993-1-1 refers to BS EN 10025-2 for values of nhominal BS EN 1993-
yield and ultimate strength. When ranges are given the lowest value should be adopted. 1-1,NA.2.4
For S355 steel and 16 < t;. <40 mm BS EN 10025-
Column yield strength fye =Rey =345 N/mm? 2 Table 7
Column ultimate strength fuc =R, = 470 N/mm?
For S275 steel and 40 < t,, < 63 mm
Base plate yield strength fy.0p = Ren = 255 N/mm?
Base plate ultimate strength f, =R, = 410 N/mm?
Concrete
For concrete grade C30/37
Characteristic cylinder strength fox = 30 MPa = 30 N/mm? BS EN 1992-
1-1 Table 3.1
The design compressive strength of the concrete is determined from: BS EN 1992-
ot 1-1, 3.1.6(1)
foq = Zcoc k.
Ve
Where: BS EN 1992-
o, = 0.85 (conservative, according to the NA) 1-1,
. . . . . Table NA.1
% = 1.5 (for the persistent and transient design situation)
Thus, BS EN 1992-
1-1, 3.1.6(1)
fo = 08530 g N/mm?
15
For typical proportions of foundations (see the requirements of STEP 2), conservatively STEP 2
assume:
f; = fyq = 17 N/mm?
Bolts
For 8.8 bolts
Nominal yield strength fuo = 640 N/mm? Table 3.1
Nominal ultimate strength fub = 800 N/mm?
PARTIAL FACTORS FOR RESISTANCE
Structural steel
ywo =10 BS EN 1993-
v =1.0 1-1 NA.2.15
vz =11
Parts in connections Table NA.1

ymz = 1.25 (bolts, welds, plates in bearing)
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Worked Example: Unstiffened column base plate

Title  Example E.1 — Unstiffened column base plate Sheet

4 of 8

DISTRIBUTION OF FORCES AT THE COLUMN BASE

The design moment resistance of the base plate depends on the resistances of two
T-stubs, one for each flange of the column. Whether each T-stub is in tension or
compression depends on the magnitudes of the axial force and bending moment. The
design forces for each situation are therefore determined first.

Forces in column flanges

Forces at flange centroids, due to moment (situations 1 and 2):
Megg 350

Ny = hot) = G145 187) x10° =1182 kN (tension)

Npi = — Meg __ 350 x10% =-1182 (compression)
' (h-t;) (3145-18.7)

Forces due to axial force:

Situation 1:

Nif  =Ngs= Ngg/2=-2000/2 =-1000 kN

Situation 2:

Nis  =Ng¢= Ngg/2=-350/2=-175kN

Total force, situation 1:

N s = 1182-1000=182kN (tension)

Nrf = —-1182-1000=-2182kN (compression)

Total force, situation 2:

N ¢ = 1182-175=1007 kN (tension)

Nr¢ = -1182-175=-1357kN (compression)

In both cases, the left side is in tension and the right side is in compression. The
resistances of the two T-stubs will therefore be centred along the lines shown below:

A
Neg

Iled

—» =
' !

Z +Zc

Z

Forces in T-stubs of base plate

Assuming that tension is resisted on the line of the bolts and that compression is resisted
concentrically under the flange in compression, the lever arms from the column centre can
be calculated as follows:

450/2 =225 mm
(314.5-18.7)/2 =148 mm

For both design situations, the left flange is in tension and the right in compression.
Therefore, z, = z; and zg = z,

Zy

Zc

STEP 1
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Worked Example: Unstiffened column base plate

Title  Example E.1 — Unstiffened column base plate Sheet 5 of 8
For situation 1, which gives the greater value of design compression force:
N1 = Meg +NEd><zR: 350 ><103+_2000X148=144kN
T (z+zr) (7 +zg) (225+148) (225 +148)
Ny = — Mgg +Ndez,_:_ 350 <1 3+—2000x225:_2144kN
T (zu+zr) (2 +2zz)  (225+148) (225 +148)
For situation 2, which gives the greater value of tension on the left:
NLT _ MEd i NEd X ZR _ 350 ><103 i —350 X148 _ 799 kN
T (z+zr) (7 +zg) (225+148) (225 +148)
Ngr = — Mgq +Ndez,_:_ 350 y 3+_350X225:—1149kN
' (z. +2zr) (z.+zg) (225+148) (225 +148)
RESISTANCE OF EQUIVALENT T-STUBS
RESISTANCE OF COMPRESSION T-STUB STEP 2
The resistance of a T-stub in compression is the lesser of:
The resistance of concrete in compression under the flange (Fc i ra)
The resistance of the column flange and web in compression (Fc ¢ ra)
Compressive resistance of concrete below column flange
The effective bearing area of the joint depends on the additional bearing width, as shown
below.
r——-—--—-- - | -1 1
| e
_ | _ | P
| |
| |
| |
N |
B R e = R By lest
| |
| |
| |
_ | i S
| |
[ [ c
Lo ! I
| |
c "¢
bef'f
Determine the available additional bearing width (c), which depends on the plate
thickness, plate strength and joint strength.
b Eq(6.5)
C = bp :
3fiamo
= 50x __ 2% =112 mm
3x17x1.0

The presence of welds is neglected
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Worked Example: Unstiffened column base plate

Title  Example E.1 — Unstiffened column base plate Sheet 6 of 8
Thus the dimensions of the bearing area are,
beff = 2c +th = 2x112+18.7 =243 mm
lest = 2c+Db, = 2x112+307.4 =531 mm
Area of bearing is,
Ass =531 x 243 = 129000 mm?
Thus, the compression resistance of the foundation is,
Fc,pI,Rd = Aefffjd
=129000 x 17 x 102 = 2193 kN, > Ngrt = 2144 kN (maximum value, situation 1) Sheet 5
Satisfactory
Resistance of the column flange and web in compression
The resistance of the column flange and web in compression is determined from: 6.2.6.7(1)
M Eq.(6.21)
_ c,Rd
Fc,fc,Rd -
c _tf,c
M¢rq is the design bending resistance of the column cross section
\%
If Vggq > cRd , the effect of shear should be allowed for.
Vcra = 856 kN P363
Veqg =75kN
By inspection:
VEd < Vc,Rd
Therefore, the effects of shear may be neglected and hence P363
Mcrg = 675 kNm
Therefore,
675x10° 3 6.2.6.7(1)
F = ———— < x10"° =2282 kN
cfeRd (314'5_1&7) Eq.(6.21
As, Fcpira < Fctera, the compression resistance of the right hand T-stub is:
Fcrrd = 2282 kN
Fcrra > Nrt=2144 kKN (maximum value, situation 1) Satisfactory Sheet 5
RESISTANCE OF TENSION T-STUB
The resistance of the T-stub in tension is the lesser of: 6.2.8.3(2)
The base plate in bending under the left column flange, and
The column flange/web in tension.
Resistance of base plate in bending
The design resistance of the tension T-stub is given by: 6.2.8.3,
Fipira = Frra = min {FT,l-z,Rd Fr3Rd } gggll’
Where Fr1,rq iS the ‘Mode 1/ Mode 2’ resistance in the absence of prying and Frggrq is | 6.2.4.1(7)
the Mode 3 resistance (bolt failure)
2M 1 Rd Table 6.2
Fri2rd S —
m
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Worked Example: Unstiffened column base plate

Title  Example E.1 — Unstiffened column base plate Sheet 7 of 8
0.25) lefatop Typp Table 6.2
Mi1.Rd =
7 mo
Zlem is the effective length of the T-stub, which is determined from Table 6.6.
Since there are four bolts in the row, the effective lengths are given by Table 5.3 in
STEP 3.
In most cases, the effective length of T-stub can be judged by inspection to be that for a
simple yield line across the width of the base plate but for illustration, the lengths for all
possible yield line patterns are evaluated below.
L1 s the smallest of the following lengths (in which the number of bolts has been taken
as n =4):
Circular patterns:
befrcp = 2(2’me)
Gitep = 2(nm, +2e)
Non-circular patterns:
by,
léff,nc = =
2
lefine = 8My +2.5€,
bfinc= 6mM, +e+1.875e,
bfinc= 2m, +0.625e, +1.5w ;
In which my is as defined in Figure 6.10 and w is the gauge between the outermost bolts Figure 6.10
Evaluating each of the above gives:
2(2zm, ) = 2x(2xnx60) = 754 mm
2(nm, + 2e) = 2x(nx60+2x75) =677 mm
0.5by, = 0.5x600 =300 mm
8m, +2.5e, = (8x60)+(2.5x75) = 668 mm
6m, +e+1.875e, = (6x60)+75+(1.875x75) =576 mm
2m, +0.625e, +1.5w = (2x60)+(0.625x75)+(1.5x150) =392 mm
As expected, the minimum value is:
Loy =300 mm
Therefore,
2
M yzma _ 0.25x 300 x 50“ x 255 «10°® = 47.8 kKNm
“ 1.0
Frosea = 22278 ,10% = 1503 kN
o 60
Frara = ZFt,Rd Table 6.2
For class 8.8. M24 bolts
Fira =203 kN P363

Frs =4 x203=812kN
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Worked Example: Unstiffened column base plate

Title  Example E.1 — Unstiffened column base plate Sheet 8 of 8

Hence the tension resistance of the T-stub is:
Ft,pl,Rd = FT,Rd = 812 kN

Fipira > NUT=799 kKN (maximum value, situation 2) Satisfactory Sheet 5

WELD DESIGN STEPS
WELDS TO THE TENSION FLANGE

The maximum tensile design force is significantly less than the resistance of the flange, so
a full strength weld is not required.

The design force for the weld may be taken as that determined between column and base
plate in STEP 1, i.e. 1182 kN (N for situation 2) Sheet 4
For a fillet weld with s = 12 mm, a = 8.4 mm

The design resistance due to transverse force is:

af,/V3

Burvz

where K = 1.225, f, = 410 N/mm” and £, = 0.85 (using the properties of the material with

the lower strength grade — the base plate)

8.4x410/3
0.85x1.25

Length of weld, assuming a fillet weld all round the flange:

For simplicity, two weld runs will be assumed, along each face of the column flange.
Conservatively, the thickness of the web will be deducted from the weld inside the flange.
An allowance equal to the leg length will be deducted from each end of each weld run.

L =3074-2x12+307.4-12-4x12 =531 mm

I:nW,Rd =K

Frwre =1.225 = 2.29 KN/mm

Ft weld,rd =2.29 x 531 = 1216 kN, > 1182 kN - Satisfactory

WELDS TO THE COMPRESSION FLANGE
With a sawn end to the column, the compression force may be assumed to be transferred
in bearing.

There is no design situation with moment in the opposite direction, so there should be no
tension in the right hand flange. Only a nominal weld is required.

Commonly, both flanges would have the same size weld.

WELDS TO THE WEB

Although the web weld could be smaller, sufficient to resist the design shear, it would
generally be convenient to continue the flange welds around the entire perimeter of the
column.
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Appendix F —Worked Example — Welded beam to column connection

APPENDIX F WORKED EXAMPLE — WELDED BEAM
TO COLUMN CONNECTION

One worked example is presented in this Appendix:
Example F.1 Welded connection between UKB beam and UKC column sections

The example follows the recommendations in the main text. Additionally, references to the relevant clauses,
Figures and Tables in BS EN 1993-1-8 and its UK National Annex are given where appropriate; these are
given simply as the clause, Figure or Table number. References to clauses etc. in other standards are given in
full. References to Tables or Figures in the main text are noted accordingly; references to STEPS are to those
in Section 3 of the main text.
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Worked Example: Welded beam to column connection

b / = Job No. CDS 324 Sheet 1 of 9
A7 sCl , .
Steel Knowledge Title Example F.1 — Welded beam to column connection
CALCULATION SHEET Client
Bcsn Calcs by MEB Checked by DGB Nov 2012

JOINT CONFIGURATION AND DIMENSIONS

Verify the resistance of the welded beam to column connection shown below.
The column flanges are restrained in position by other steelwork, not shown.

533 x 210 x 82 UKB

//’\\\}\\\i// Column

Beam

|
|

|

|

i

% VEd¢ M;d}
|

|

|

|

|

305 x 165 x 46 UKB

DIMENSIONS AND SECTION PROPERTIES

Column

From data tables for 533 x 210 x 82 UKB in S275

Depth

Width

Flange thickness

Web thickness

Root radius

Elastic modulus (y-y axis)
Plastic modulus (y-y axis)
Area of cross section
Depth between flanges

Beam

he =528.3 mm
b. = 208.8 mm
tic =13.2 mm
twe = 9.6 mm

re =12.7 mm

Weyyc = 1800000 mm?®
Wpiye = 2060000 mm?®
Ac = 10500 mm?
hwc = hc -2 tfc

= 528.3 — (2 x 13.2) = 501.9 mm

From data tables for 305 x 165 x 46 UKB in S275

Depth

Width

Flange thickness

Web thickness

Root radius

Elastic modulus (y-y axis)
Plastic modulus (y-y axis)
Area of cross section

hy =306.6 mm
by =165.7 mm
tio =11.8 mm
twb =6.7 mm

Mo =89 mm

Weyp = 64640000 mm®
Woiyp = 720000 mm?®
Ap = 5870 mm?

References to
clauses, etc.
are to

BS EN 1993-
1-8: and its
UK NA,
unless
otherwise
stated.

P363

P363
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Worked Example: Welded beam to column connection

Title  Example F.1 — Welded beam to column connection Sheet 2 of 9
MATERIAL STRENGTHS
Column and beam
The National Annex to BS EN 1993-1-1 refers to BS EN 10025-2 for values of nominal BS EN 1993-
yield and ultimate strength. When ranges are given the lowest value should be adopted. 1-1NA.24
For S275 steel and 16 < t;. < 40 mm BS EN
Column yield strength fyc =Rey =275 N/mm? _}_0&25'72
Column ultimate strength fuc =R, = 410 N/mm? able
and
Beam yield strength fyo =Rey =275 N/mm?
Beam ultimate strength fup =R, = 410 N/mm?
PARTIAL FACTORS FOR RESISTANCE
Structural steel
ymo =10 BS EN 1993-
v =1.0 1-1 NA.2.15
vz =11
Parts in connections Table NA.1
ymz = 1.25 (bolts, welds, plates in bearing)
DESIGN VALUES OF FORCES AT ULS
Bending moment Mgg =170 KNm
Vertical shear force Veqg =57 kN
The force in the compression flange due to bending is given by:
3 6.2.6.7
Fo, = Meg _ 170x10° o\
& " (h,-t,) 306.6-11.8

The force in the tension flange due to bending is taken as the same value:
Fieg = Feeq =577 kN
RESISTANCE OF UNSTIFFENED CONNECTION
TENSION ZONE
Column stiffeners are not required if the effective width of the beam flange, governed by STEP 2
bending of the column flange, is adequate to carry the design force.
Effective width of beam flange
The effective width of the beam must satisfy:

fyo 4.10(3)
bey > f— by Based on

ub Eq.(4.7)
Note: Reference to plate strengths and thickness in clause 4.10 are taken to mean the
values for the beam flange in a welded connection.
Dot = tye + 28 + 7Kty 4.10(2)

S =1, (for a rolled section)
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Worked Example: Welded beam to column connection

Title  Example F.1 — Welded beam to column connection Sheet

3 0f 9

f
k = [tﬁj €| put k<1
L fy,b

« = [ﬁ}[ﬁ] 112
11.8 275
1.12>1
Therefore,
k =1.0
bet = 9.6+(2x12.7)+(7x1x13.2) = 127 mm

f
2Py, = (E}lew =111 mm
fup 410

As 127 mm > 111 mm, the effective width is adequate.

Resistance of effective width of beam flange
The resistance of the unstiffened column flange is given by:

Dettpictnfyp

ch,Rd -

7' Mo

beff,b,fc = beﬁ =127 mm

_ 127x11.8x275x1073

F = =412 kN
fc,Rd 10

Fiea =577 kN
As 577 kN > 412 kN, tension stiffeners are required.

Column web in tension

Note: since stiffeners are required to strengthen the tension flange, this step could be
omitted, but it is given here for completeness.

For an unstiffened column web

@ beff,t,wctwcfy,wc

Ft,wc,Rd 7
MO

beff,t,wc = tfb +2'\/Eab +5(tfc +S)

ty + 2S¢ + 5(th + s)

s =r, (for rolled sections)

a, is the effective throat thickness of the flange weld
Assuming a 10 mm leg length weld sp= 10 mm

Deft e = 11.8+2x10+5x(13.2+12.7) = 161 mm

As the connection is single sided,
B =1.0

6.2.6.4.3(1)

4.10(2)

6.2.6.3(1)

6.2.6.3(2)

Table 5.4
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Worked Example: Welded beam to column connection

Title  Example F.1 — Welded beam to column connection Sheet

4 of 9

Thus,
[0 - w7

1

V2423 (Bescue tue / Ave )?

wq -

where:
A, = A-2bt; +t; (tW +2r) but not less than rh, t,

A-2bt; +t; (t, +2r) = 10500 — (2 x 208.8 x13.2)+13.2x (9.6 + 2x 12.7) = 5450 mm?
n = 1.0 (conservatively)
nhy ty =1x501.9 x 9.6 = 4818 mm?
As 5450 > 4818
A, =5450 mm?
Therefore,
1

- = 0.95
J1+1.3x(161x 9.6/5450)

(251

_ 0.95x161x9.6x275x107

7mo

= 404 kN

Ft,wc,Rd

Fied =577 kN
As 577 kN > 405 kN, the column web requires strengthening.

For the design of the stiffened tension zone, see Sheet 6.

COMPRESSION ZONE

Column web in compression
Verify that,
Fewerd 2 Fceg
_ 0Ky Becuctuefyue @K o PB cticne L e

Fc,wc,Rd - but Fc,wc,Rd <
¥ mo ¥ mo

Where,

® = 0.95 (as above)

D et cwe = Desitwe = 161 mm

In this example, no information is provided about the axial force and bending moment in
the column. Therefore take, k,. = 1.0

P is the reduction factor for plate buckling

If Ap < 0.72 then p=1.0

- Ap—0.2
If A1p >0.72 then p= (p_—z)
Ap

dycf

b ff
Ap = 0.932 eff,c,wc \;vc y,WC

wcC

Where:
dwe = h¢ _Z(tfc +re )
= 528.3-2x(13.2+12.7) = 476.5 mm

Table 6.3

BS EN 1993-
1-1 6.2.6(3)

Table 6.3

Sheet 2

6.2.6.2(1)
Eg. (6.9)

Note to
6.2.6.2(2)

6.2.6.2(1)

6.2.6.2(1),
Eq (6.13c)
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Worked Example: Welded beam to column connection

Title  Example F.1 — Welded beam to column connection

Sheet

5o0f 9

E =210 000 N/mm?

Therefore,

161x476.5x 275 o

— %107 =0.97
210000 9.6

Ap = O.932><\/

As 0.97 > 0.72

_ (2 -02)

=
(0.97-0.2)

T

P

@KeDecmetwclywe _ 0.95x1x161x9.6x 275x10°°
Mo 1.0
@Ko Pt wetwefywe _ 0.95x1x0.82x161x9.6 x 275x107°
Yo - 10

= 404 kN

=331 kN

Fewcra = Min (404 ; 331) = 331 kN
Feea =577 kN

As 577 kN > 331 kN, the column web requires compression stiffeners.

For the design of the stiffened compression zone, see Sheet 7.

COLUMN WEB PANEL IN SHEAR
Verify that,

Vuprd 2 Fegd

0.9, A,

y.we

d
If, —=<69¢ then Vyppg = ——
tWC \/57/1\/10

d. _ 4765
tue 9.6

=49.64

235
f

y.wc

25 0.92

275
69¢ 69x0.92 = 63.5

As 49.6 < 63.5, the method given in 6.2.6.1 may be used to determine the shear
resistance of the column web panel.

A,  =5450 mm?
_ 0.9x275x5450
Vaprd = ———F————
x/gxl
Feea =577 kN
As 779 kN > 577 kN, the resistance of the column web panel in shear is adequate.

x107® =779 kN

BS EN 1993-
1-1 3.2.6(1)

Sheet 2

STEP 4

6.2.6.1 (1)

BS EN 1993-
1-1, Table 5.2

Sheet 4
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Worked Example: Welded beam to column connection

Title  Example F.1 — Welded beam to column connection Sheet 6 of 9
RESISTANCE OF STIFFENED COLUMN
TENSION ZONE STEP 2
,/\/,
//\/,
Stiffener size
Try tension stiffeners in S275 with the following dimensions:
bq =90 mm
ts =15 mm
f,e =275 N/mm?

90

L 5740 ___ -
( N 2 -
|
15
L ‘ ||
| 225
The area provided by the stiffeners is:
Asn = 2bSI’1tS
Assuming a 15 mm corner chamfer, bs, = 75 mm
2 xbgyxts =2 x75x 15 = 2250 mm?
Hence the resistance is:
f
Fisra = Anlys _ 2250x275 x1073 =619 kN
Mo 1.0
Conservatively, for a welded connection, the design force may be taken as the force in the
beam flange.
Fised = Frea =577 kN Sheet 4
As 619 > 577, the stiffeners are satisfactory
The stiffeners only need to be partial depth. The stiffeners must be of sufficient length to
transfer the applied force and to transfer that force to the web of the column.
The minimum length of stiffener is taken as 1.9b; = 1.9 x 90 = 171 mm STEP 6A in
Section 2

Try 175 mm long stiffeners.
With two shear planes, the resistance of the column web, V,, is given by:

Avfy,c
\/§7M0

For rectangular plane sections, the shear area is taken as 0.9 of the gross area

Vo =
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Worked Example: Welded beam to column connection

Title  Example F.1 — Welded beam to column connection Sheet 7 of 9

The shear resistance of the two shear planes is therefore
Afye _ 2x0.9x175x9.6x 275

\/g;/MO - \/§x1.0

This is insufficient - the stiffeners must be lengthened; try 225 mm
Then

V= x1073 = 480 kN

Afyc _ 2x0.9x225x9.6x275
\/§7M0 x/§><1.0

617 > 577, so 225 mm long stiffeners are satisfactory

Because the connection is single sided no check of the web at the end of the stiffener is
required.

x107% =617 kN

Vp| =

COMPRESSION ZONE

Try a pair of stiffeners in S275 steel with:

Gross width bg =80 mm
Thickness g =10 mm
Length hs =hg — 2t

= 528.3-(2x13.2) = 502 mm

Flexural buckling resistance

Determine the flexural buckling resistance of the cruciform stiffener section shown below

y
bsg : : :tW,C bsg |
e -
15et,, .
tg
g \ R —
15et,, .
S _r
i
y

The width of web that may be considered as part of the stiffener section is 154t,, either BS EN 1993-

side of the stiffener. 1-5,9.1
The width/thickness ratio of the outstand should be limited to prevent torsional buckling but| STEP 6B in
conservatively the Class 3 limit for compression flange outstands may be used. Section 2
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Worked Example: Welded beam to column connection

Title  Example F.1 — Welded beam to column connection Sheet 8 of 9

Limiting value of S for Class 3 = 14¢
t

Here,
£ =0.92 Sheet 6

Hence limiting <= 14 x 0.92 = 12.9
t

Actual ratio £ = 80 =8<12.9 OK
ts 10

Effective area of stiffener
Aseri =2 Ag + tue (30 € tye + ts)
= (2 x 80 x 10) + 9.6 x (30 x 0.92 x 9.6 + 10) = 4240 mm?
The second moment of area of the stiffener section may be conservatively determined as:

(2by, +t,.)°t

Is =3 "’ ° (excluding column web)

12
3
_ ((2x80)+9.6)° x10 — 4.07 x 10° mm*
12
The radius of gyration of the stiffener section is given by:
6
o= = \/4'07”0 =31.0 mm
A et 4240
Non-dimensional flexural slenderness:
7 o BS EN 1993-
i A 1-1,6.3.1.2
Where 4, =93.9 ¢
4 > 0.75h,, BS EN 1993-
Therefore, conservatively, 1-5,9.4(2)
/ = hg =501.9 mm
7 _ 501.9 —019
31.0x93.9x0.92
The reduction factor y is given by buckling curve c according to the value of /T ?55 g’\i 1993-
Since 4 < 0.2, the buckling effects may be ignored. Only the resistance of the cross ?989?\1 1
section of the stiffener need be considered. 6.3.1.2(4)
Resistance of cross section (crushing resistance)
f
Nc,Rd - As,eff ys
Mo
Where:
Aseir = 4240 mm? Sheet 8
And thus
-3
Nery = 4240%x 275 %10 - 1166 kN
1.0
Fcea =577 kN Sheet 2

1166 kN > 577 kN
Therefore the compression resistance of the compression stiffener is adequate.
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Worked Example: Welded beam to column connection

Title  Example F.1 — Welded beam to column connection Sheet 9 of 9

WELD DESIGN STEPS

Beam to column welds
All welds will be designed as full strength
For the beam flange/column weld, the minimum required throat = t/2 = 11.8/2 = 5.9 mm

A 10 mm leg length weld has a throat a; = 10/\5: 7.1 mm — satisfactory.

For the beam web/column weld, the minimum required throat = t,,/2 = 6.7/2 = 3.4 mm

A 6 mm leg length weld has a throat a,, = B/ﬁz 4.2 mm — satisfactory.

Tension stiffener welds

For the stiffener to flange weld, the weld will be designed as full strength.
The minimum required throat = t/2 = 15/2 = 7.5 mm

A 12 mm leg length weld has a throat a5 = 12/\/5 =8.5 mm — satisfactory.
For the stiffener to web welds, the force in each stiffener is 577/2 = 289 kN

The effective length of weld to the web, for each stiffener, assuming a 6 mm fillet weld
=2 x (225 -15-2x 6) = 396 mm
Force in the weld = 289/396 = 0.73 KN/mm

A longitudinal 6 mm fillet weld provides 0.94 kN/mm — satisfactory. Reference 7

Compression stiffener welds
The stiffener will be fitted, so 6 mm fillet welds all round will be satisfactory.
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Worked Example: Welded beam to column connection
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Appendix G —Alpha chart

APPENDIX G ALPHA CHART

The alpha chart given in BS EN 1993-1-8 Figure 6.1 which gives the values of a, dependent on 4; and A, is
very closely approximated by the following mathematical expressions.

For a given value of ¢, within the range a = 8 to a = 4.45, the straight part of the curve occurs at a value of 4;
given by:

1.25
Auim = («-2.75)
The lowest value of 4, on this straight part of the curve is given by:
O Ay
ﬂ’z,lim = %

Although, when plotted, the graph for a particular value « may appear to be straight, down to a lower value of
Ao, it is actually only very close to the line of constant A;.

Below this limiting value of A,, the value of 4, is given by:

Ay = Agjim + (1_ Agjim {M] |

Curves produced using the above expressions are given below. Comparison with those in Figure 6.1 of the
Standard will show close agreement.

1.4 L

13

1? \\ m2 e m .
il B
il /

0.8

MR o

\
A=

0.5 \ \ \ \
) \\ m+e | | |
\ \ \\ m, m, and e are defined in Section 2.
\

0.3

0.2

0.1

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.
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