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FOREWORD

This publication was prepared by Dr R M Lawson and Mr J W Rackham. It is one of a
series of publications on the design of long span composite beams in buildings. Others in

the series are:
o Design for openings in the webs of composite beams
o Design of fabricated composite beams in buildings
e Parallel beam approach — a design guide

The design method presented in this publication is intended to be consistent with
BS 5950:Part I and :Part 3.1 (in draft at the time of publication). The notation and

methodology follows these standards, where appropriate. The 1985 draft of Eurocode 4

was also used to provide additional guidance and, to encourage familiarity, some key
words from EC4 have been incorporated.

The following SCI members and staff commented on the publication:
B W J Boys British Steel General Steels

B A Brown Conder (Group Services) Ltd

I C Calder Scott Wilson Kirkpatrick and Partners
Prof R P Johnson University of Warwick

D L Mullett The Steel Construction Institute

Dr G W Owens The Steel Construction Institute
P J Wickens Mott Hay and Anderson.

The research and design studies leading to this publication were partially funded by
British Steel General Steels.

This material is copyright - all rights reserved. Use of this document is subject to the terms and conditions of the Steelbiz Licence Agreement

Created on 22 July 2009

ii


http://sefie.steelbiz.org/DiscussSteelbizContent.aspx?ResourceID=6001

P060: Design of Haunched Composite Beams in Buildings

Discuss me ...

Page

SUMMARY v

TERMINOLOGY v

NOTATION vi

1. INTRODUCTION 1

2. STRUCTURAL OPTIONS FOR LONG SPAN BEAMS 2

3. REVIEW OF DESIGN OF COMPOSITE BEAMS 6

3.1 Simple composite beams 6

3.2 Continuous composite beams 6

3.3 Haunched composite beams 7

4. MOMENTS AND FORCES IN HAUNCHED COMPOSITE BEAMS 8

4.1 Global moments and forces in no—sway frames — elastic analysis 8

4.2  Plastic hinge analysis 10

4.3 Global moments and forces in sway frames 11

% 5. ANALYSIS OF COMPOSITE SECTIONS 12
3(':2 5.1  Section classification 12
3 5.2 Analysis of composite section — positive (sagging) moment 12
s 5.3 Partial shear connection 14
% 5.4  Analysis of the composite section — negative (hogging) moment 15
& 5.5 Combined moment and shear 16
= 5.6 Transverse reinforcement 16
é 6. ANALYSIS OF HAUNCHED SECTION 17
8 7. LATERAL STABILITY OF HAUNCHED COMPOSITE BEAMS 19
o 7.1 Lateral stability of non-composite beams 19
|5 7.2 Lateral stability of composite beams 20
£ 7.3 Restraint forces 22
;% 8. SERVICEABILITY BEHAVIOUR OF COMPOSITE BEAMS 23
& 8.1 Elastic section properties 23
S 8.2 Stresses in continuous and haunched composite beams 24
g 8.3 Deflection of continuous and haunched composite beams 24
;@3 8.4 Dynamic sensitivity 26
;; 9. APPLICATION OF HAUNCHED BEAMS 27
g 10. DESIGN OF HAUNCHED CONNECTIONS 29
g 10.1 General principles 29
% 10.2 Interim design procedure for end plate connections 30
O,E 11. DESIGN OF COLUMNS 32
%% 12. SCHEME DESIGN OF HAUNCHED COMPOSITE BEAMS 33

iii


http://sefie.steelbiz.org/DiscussSteelbizContent.aspx?ResourceID=6001

P060: Design of Haunched Composite Beams in Buildings

Discuss me ...

13. DESIGN PROCEDURES

14. PRACTICAL FEATURES AND DETAILS
14.1 Steel grade
14.2 Welding
14.3 Bolt spacing and grade
14.4 Tolerances
14.5 Connection of secondary elements
14.6 Precambering

REFERENCES
Appendix A DESIGN EXAMPLE OF HAUNCHED COMPOSITE BEAM

This material is copyright - all rights reserved. Use of this document is subject to the terms and conditions of the Steelbiz Licence Agreement

Created on 22 July 2009

v


http://sefie.steelbiz.org/DiscussSteelbizContent.aspx?ResourceID=6001

P060: Design of Haunched Composite Beams in Buildings

Discuss me ...

SUMMARY

This publication presents a method of design for haunched composite beams as used in
buildings. Moment continuity is developed between beams and columns by ‘haunches’,
i.e. local deepening of the beam section. The publication describes two approaches to
determining the global moments in the structure: by elastic design or by plastic hinge
analysis. The moment resistance of the composite section is based on plastic section
analysis in both cases.

Checks are made on the lateral stability of the beams both in the construction and
in-service conditions. Serviceability calculations are made for deflection, stresses and
vibration response. The publication also includes a detailed procedure for design,
including that of the connections. Initial sizing of the members is also included in the
Scheme Design. A fully worked design example is presented.

The publication is intended to be consistent with BS 5950:Part I and :Part 3.1 (which will
be published in late-1989) and broadly with Eurocode 4 (1985 draft).

TERMINOLOGY

The following terms are used to encourage familiarity with Eurocode 4:

Class 1 section section that can be used in plastic hinge analysis
Global analysis determination of moments in frame

Moment resistance bending capacity of member

Negative moment hogging moment in beam

Plastic hinge analysis  development of plastic failure mechanism of continuous beam
Plastic section analysis development of plastic stress blocks in section
Positive moment sagging moment in beam
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NOTATION

cross-sectional area of steel beam

flange breadth of steel beam

effective breadth of concrete flange

depth of web (between flanges)

overall depth of beam

depth of deck profile

distance of reinforcement from top of steel flange

depth of concrete slab

cube strength of concrete

shear force applied to steel section

length of column between floors

second moment of area of steel section

second moment of area of composite section

second moment of area of column

degree of shear connection

span of haunched beam

distance between the tips of the haunches

plastic moment resistance of composite section including the
effects of partial shear connection

elastic moment resistance of deepest section of haunch
negative (hogging) moment resistance of composite section
positive (sagging) moment resistance of composite section
plastic moment resistance of steel section

slenderness correction factor

design strength of steel

shear resistance of web

compressive resistance of effective breadth of concrete flange
longitudinal resistance of shear connectors in the zone of positive
or, alternatively, negative moment

tensile resistance of steel section

tensile resistance of steel web (depth d)

tensile resistance of steel web (depth D)

web thickness

flange thickness

slenderness factor (including torsional and distortion effects)
ultimate (factored) uniformly distributed load on beam
torsional index

modular ratio between steel and concrete

depth of elastic neutral axis below top of slab

parameter I.L/{,.h)

slenderness of beam

effective slenderness of beam under lateral torsional buckling
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1. INTRODUCTION

Composite buildings comprising steel frames and concrete floors combine greater
structural economy with a faster speed of construction than non-composite or concrete
structures. The use of steel decking is an integral part of the structural system as it
supports the load developed before and during concreting, and later acts compositely with
in-situ concrete to form a composite slab. Shear connectors develop composite action
between the steel beams and the concrete. Various publications describe this method of
construction® >,

Composite beams are usually of simple construction, i.e. no account is taken of the
moment continuity provided by the beam-to-column or beam-to-beam connections.

This is mainly because of ease of design and construction, but also partly because
adequate structural performance can readily be achieved by developing composite action
alone. This is certainly true for beam spans of 6 m to 10 m, which form the bulk of those
currently specified.

However, there is now a strong demand for longer column-free spans in buildings, either
for open-planning or to offer greater flexibility in office layout. For longer spans the
selection of the appropriate structural form is more difficult. Conventional simple
construction may still be used, but often the size of the beams is such that the floor zone is
excessively deep. This problem is compounded by the need to incorporate a high degree
of servicing in modern buildings, most of which is located beneath the structural floor
zone.

Various design solutions are feasible, but there are two basic options: either the structure
and services are integrated within the same horizontal zone or the structural zone is
minimized so that the services are passed beneath. These solutions are described in simple
terms in the following section.

The economics of the design of modern buildings is such that the costs of the frame rarely
exceed 15% of the total cost of the completed building. This means that the structural cost
itself is not necessarily indicative of overall economy. Many of the solutions adopted
represent a nominal increase in material and fabrication cost but permit greater flexibility
in building use and servicing.

One of the potential solutions for beam spans in the region of 15 to 20 m is the haunched
beam. This form of construction is more readily associated with portal frames, but it is
appropriate to draw on some of its advantages for wider use in buildings. By developing
continuity, beam moments and deflections are reduced at the expense of increased column
moments. Nevertheless, this can lead to overall economy by enabling the use of shallower
and lighter beams.

This publication describes the features of haunched composite beams and puts forward a
design method consistent with BS 5950:Part 1 and :Part 3.1 (currently in draft).
Haunched beams can also be used to advantage where the frame is to be designed for
lateral load resistance (i.e. as a sway frame).
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2. STRUCTURAL OPTIONS FOR LONG SPAN
BEAMS

Composite slabs are usually designed to span 3 to 4 m between support beams and their
depth is typically 120 to 150 mm. This dictates the economic layout of the structural grid.
The long span beams under consideration may be loaded directly by the composite slab or
loaded by secondary beams which support the slab.

The various structural options for achieving the twin aims of long spans and ready
incorporation of services within normal floor zones include:

o Beams with web openings
In this method of construction, the depth of the steel beam is selected so that
sufficiently large, usually rectangular-shaped openings can be cut into the web (see
Figure 1(a)). For general guidance, it is suggested that the openings should form no
more than 70% of the depth of the web, where horizontal stiffeners are welded above
and below the opening. Typically, the length of the opening should be no more than
2 times the beam depth. The best location of the openings is in the low shear zone of
the beams. A step by step method of design is presented in the SCI/CIRIA
publication Design for openings in the webs of composite beams®.

Shear connector Nominal reinforcement

Opening for services Stiffener Opening for services

(a) BEAM WITH WEB OPENINGS

Services

(b) TAPERED BEAM

3 i e NI S B AR i g e ey o oy e e e e I G L OO e =]
1 O T = e It s W— =
] T —*-'f = R
Stub Service zone Secondary beam

(c) STUB GIRDER

Figure 1  Different methods of incorporating services within the structural depth
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A modified form of construction is the notched beam where the lower section of web
and flange of the section is cut away over a short distance from the support.
This method is not usually practical unless the cut web is stiffened.

e Castellated beams
Castellated beams can be used effectively for lightly serviced buildings or for
aesthetic reasons where the structure is exposed. Composite action does not
significantly increase the strength of the beams but increases their stiffness.
Castellated beams have limited shear capacity and are best used as long span
secondary beams or where loads are relatively low. The design of castellated beams
is covered by an SCI publication” which gives design tables for standard non-
composite castellated sections.

o Fabricated beams with tapered webs
The tapered web beam is designed to provide the required moment and shear
capacity at all points along the beam, and the voids created adjacent to the columns
can be used for modestly sized service runs. Typically, the tapered beam is most
economic for spans of 13 to 20 m. The plate sizes can be selected for optimum
structural performance, and the plates welded in an automatic single-sided
submerged arc process. Thicker webs are welded by double-sided fillet welds. Web
stiffeners are often required at the change of section when taper angles exceed
approximately 6°. A typical tapered beam is shown in Figure 1(b).

o Trusses
Trusses are frequently used in multi-storey buildings in North America and are best
suited for very long spans, where the truss is designed to occupy the full depth of the
floor zone. The cost of fabrication can be high in relation to the material cost but
trusses can be cost-effective and have been used in a number of major projects. Little
benefit is gained from composite action apart from improving the stiffness of the
truss. The modified Warren truss is the most common form as it offers the maximum
zone for services between bracing members.

e Stub girders
Architectural demand for square column grids with spacings of 10 to 12 m led to the
development of stub girder construction in North America. The stub girder
comprises a bottom chord which acts in tension and a series of short beam sections
(or stubs) which connect the bottom chord to the concrete slab. Secondary beams
span across the bottomn chord and can be designed as continuous members. Voids are
created adjacent to the stubs for services. This is illustrated in Figure 1(c).

The major disadvantage of the conventional stub girder is that it requires temporary
propping until the concrete has gained adequate strength for composite action.
However, it is possible to introduce a light steel top chord, such as a T-section,
which acts on compression to develop the required bending strength of the girder
during construction.

o Parallel beam grillage systems
This system is different from the others previously described in that continuity can
be developed in both the secondary and primary beams. The secondary beams are
designed to act compositely with the concrete slab, and are made continuous by
passing over the primary beams. The primary beams are arranged in pairs and pass
on either side of the columns, to which they are attached by shear-resisting brackets.
These primary beams are non-composite. The method of construction is illustrated in
Figure 2. Parallel beam systems are ideally suited to accommodating large service
ducts in orthogonal directions.

e Haunched beams
Haunched beams are designed by forming a rigid moment connection between the
beams and columns. The depth of the haunch is selected primarily to provide an
economic method of transferring moment into the column. The length of the haunch
is selected to reduce the depth of the beam to a practical minimum. The extra service
zone created beneath the beam between the haunches offers flexibility in service
layout.
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Service Ducts

Rib Beam

Spine Beam

Figure 2 Parallel beam grillage system showing service zones

At edge columns, it would not be normal practice to develop additional continuity
through the slab reinforcement, but this is an option at internal columns. This form of
construction can be used for sway frames, i.e. where vertical bracing or concrete
shear walls or cores are not provided. It is practical for buildings up to 5 storeys in
height but is generally uneconomic in comparison to braced construction in taller
buildings.

Examples of different forms of haunched composite beams are shown in Figure 3.
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Shear connector Nominal reinforcement
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(a)} HAUNCHED BEAM SUPPORTING COMPOSITE SLAB -
SINGLE OR MULTI-BAY FRAME
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SINGLE OR MULTI-BAY FRAME
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(c) SINGLE SIDED HAUNCHED BEAM - MULTI-BAY FRAME

Edge beam Spine beam
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(d) HAUNCHED BEAM CONNECTED TO SPINE BEAM

Figure 3 Different configuration of haunched composite beams
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3. REVIEW OF DESIGN OF COMPOSITE
BEAMS

3.1 Simple composite beams

The design of composite beams is presented in BS 5950:Part 3.1 and it is assumed that
the designer is familiar with the general approach to the analysis of composite sections.
In principle, simple composite beams are designed to meet strength and serviceability
criteria. Plastic analysis of the section is usually employed for strength calculations, and
elastic analysis for serviceability calculations. The effective breadth of concrete
considered to act with each steel beam is taken as 25% of the beam span but not
exceeding the beam spacing (or 80% of the beam spacing when the slab and beam span in
the same direction®). The same effective breadth is used in strength and serviceability
calculations.

The main advantages of composite relative to non-composite steel beams are:
e savings in steel weight of 30% to 50%
o greater stiffness, leading to shallower beams for the same span.

It is normally found that strength and serviceability design limits are just satisfied when
the ratio of beam span to overall depth (including the concrete or composite slab) is
between 18 and 22. This usually represents the optimum design of simple composite
beams.

Full shear connection exists when sufficient shear connectors are provided to develop the
full plastic resistance of the section. Design strengths of shear connectors are given in
BS 5950:Part 3.1 and BS 5400:Part 5®.

Design for full shear connection results in the lightest beam. Where fewer shear
connectors are provided (known as partial shear connection) the beam is heavier.
However, the overall design may be more practical and economic by arranging the shear
connectors in a standard pattern, e.g. one per trough of the deck profile, and designing for
partial shear connection.

3.2 Continuous composite beams

Moments and forces in continuous beams or frames can be determined from elastic
global analysis or, alternatively, from plastic hinge analysis where the section is ‘plastic’
according to BS 5950:Part 3.1. In elastic global analysis the concrete is usually assumed
to be uncracked when evaluating the elastic section properties. Redistribution of moment
from the positive (sagging) moment region to the negative (hogging) moment region is
permitted, depending on the section classification.

The positive moment resistance of a continuous composite beam is evaluated as for a
simple composite beam. The effective breadth of the slab and the degree of shear
connection provided are based on the zone of the beam subject to positive moment
(conservatively, the effective breadth is taken as 0.7 X span/4 subject to the same
limitation as for simple spans).

The negative moment resistance of the composite beam is evaluated from the moment
resistance of the steel section and properly anchored reinforcement in the slab. Welded
mesh is discounted in this calculation. The effective breadth of the slab is based on the
zone of the beam subject to negative moment (conservatively, the effective breadth is
taken as 0.5 x span/4 for internal spans). The effect of the tensile reinforcement is to
create a deeper zone of the web subject to compression. This tensile force is developed
by an appropriate number of shear connectors in the negative moment region.

It is normally found that strength and serviceability design limits are just satisfied when
the ratios of beam span to overall depth of continuous composite beams are between 22
and 25 for end spans and 25 and 28 for internal spans.
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Special consideration should be given to the lateral stability of continuous composite
beams in the negative moment region. Pattern loading arising during the concreting
operation may influence the design of the plain steel section.

The approach used to calculate deflections of continuous composite beams assumes that
the behaviour is elastic unless yielding takes place in the beam at the serviceability limit
state. This occurs when the redistribution of support moment exceeds about 30% at the
ultimate limit state in either elastic or plastic analysis. For greater redistributions,
consideration is to be given to initial cycles of loading, leading to local ‘plastic’ rotation
and increased defections®™?.

3.3 Haunched composite beams

Haunched composite beams are designed in a similar manner to continuous beams of
uniform section. The critical section for design is in the beam at the tip of the haunch, as
the depth of the haunch is selected principally to develop the required moment in the
beam-to-column connection. The length of the haunch is selected to achieve an efficient
design of the beam and would typically be 5 to 7% of the length of the beam. Greater
haunch lengths (7 to 15%) may be required in sway frames to compensate for the greater
length of the beam subject to negative (hogging) moment.

Haunched composite beams can be used in cases where the beams frame directly into the
major axis of columns, and where the size of the columns is such that substantial moment
can be transferred from the beam to the column. This means that heavier columns and
more complex connections will be required in comparison with simply supported
construction, but considerable economy is gained in the sizing of the beams.

In Scheme Design, it would be normal to neglect the continuity provided by the slab
reinforcement, although this can be utilised in final design to gain further economy in the
design of the haunch and its connection at internal beam-to-column junctions. The plastic
moment resistance of the beam at the tip of the haunch can be developed in compact or
plastic sections but it is normal to design the haunch elastically. In practice, the
connection capacity would rarely exceed 80% of the elastic moment resistance of the
haunch, and therefore little economy is gained in optimising the design of the haunch.
Indeed, the haunch itself would normally be taken from a ‘cutting’ of the beam section,
and the total depth of the haunch would be up to twice the beam depth.

The connection design is critical to the practicality of the system and this is covered in
Section 10. Other considerations are the local transfer of force between the beam and the
haunch which often necessitates the use of a web stiffener in the beam (Section 6). Lateral
stability of the haunch and adjacent beam is covered in Section 7.
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4. MOMENTS AND FORCES IN HAUNCHED
COMPOSITE BEAMS

The design approach which follows is consistent with BS 5950:Part I and :Part 3.1.
Reference is made to the design formulae in these Standards, defining the terms used, as
appropriate. Where there is a lack of design information, a simplified design method has
been developed.

4.1 Global moments and forces in nho-sway frames —
elastic analysis

Elastic analysis can be used for determining the moments and forces in all continuous
beams and frames. Two approaches are valid: either gross (uncracked) section properties
can be used, ignoring the haunch, or the properties of the haunch and other cracked
section properties can be introduced in a generalised analysis.

In the analysis of continuous beams the designer is permitted to take a redistribution of
moment from the negative (hogging) to the positive (sagging) moment regions of the
beam (see Table 1, taken from BS 5950:Part 3.1). Part of this redistribution arises from
cracking and loss of stiffness of the composite section and part from local yielding of the
steel beam. Because allowance has already been made for cracking in the second
approach, the permitted redistribution of moment is less. The classification of the steel
section influences the degree of local yielding that is permitted.

For analysis of the beam members of no-sway frames under vertical loads, a sub-frame
may be created by which the column ends remote from the beam under consideration are
assumed to be fixed (or pinned at foundations) (see Figure 4 (a)). The sub-frame is then
analysed elastically under various load combinations.

p77774
p777/4 L
— 1
| v
S id
_____ <>Pan consi ered ¢ Column
v considered
—— Y ¢
v
7777 /7);7
.
(a) SUB-FRAME USED FOR (b) SUB-FRAME USED FOR
ANALYSIS OF BEAM ANALYSIS OF COLUMN

Figure 4 Use of sub-frames in ‘no-sway’ frame analysis

The magnitude of the negative moment largely depends on the relative stiffness of the
adjacent column and beam. If the beam stiffness is under-estimated, the negative beam
moments and the column moments are over-estimated. The stiffness of the haunch largely
compensates for any loss of stiffness of the beam due to concrete cracking. Ignoring both
effects is generally conservative for braced frames as it is usually the consideration of the
negative moment region that determines the sizing of the steel beam.

Taking the simple case of a single-bay haunched beam with columns above and below the
beam being analysed, the negative moment at the beam ends is given by:
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M, = (—4¢° )FEM ¢))
4¢.+1

where FEM = the fixed-ended moment of the beam under the same loading conditions
and ¢ = the parameter I, L/(} h)
where 1, = the second moment of the area of the column

h = the length of the column from floor to floor

L. = the second moment of area of the composite beam (assumed to be

uncracked)
L = the length of the beam (including the haunch).

Other typical cases are given in Appendix A.

In elastic global analysis the length of the haunch does not significantly affect the applied
bending moment. Therefore, the length of the haunch may be adjusted so that the moment
resistance of the beam is compatible with the applied moment. There may be cases where
the designer wishes to reduce the length of the haunch and in doing so the moment
resistance of the beam falls below the applied moment. However, the positive moment
resistance of the beam may greatly exceed the applied moment in mid-span.
Redistribution of moment may result in more economic design.

The maximum redistributions of moment in Table 1 therefore apply to the moment at the
tip of the haunch (i.e. in the uniform section) as this is the zone potentially subject to
greatest loss of stiffness due to steel yielding and concrete cracking. Equilibrium is
maintained by increasing the positive moment by the magnitude of the redistributed
moment.

Table 1 Maximum redistribution of negative moment in haunched composite beams at
ultimate limit state

Classification of beam section

Assumed section Slender Semi-compact Compact Plastic
properties beam beam beam beam
Gross

uncracked 10% 20% 30% 40%
(haunch ignored)

Cracked

under negative 0% 10% 20% 30%
moment

(haunch included)

Redistribution applies to moment in beam at tip of haunch
Section classification as in BS 5950:Part 3.1(5)

However, the effect of this moment redistribution is to reduce the moment in the haunch
and consequently the moment transferred to the columns. If, in practice, the beam is
stronger than assumed in design, the actual redistribution of moment resulting from loss
of stiffness in this zone would be less, leading to higher moments in the haunch,
connection or column. Potentially, these elements could undergo excessive deformation if
they are not as strong as the beam.

Conservatively, the critical elements of the construction, i.e. the connections and columns,
should be designed for the elastic moment prior to any redistribution of the beam
moment. This approach is increasingly conservative for redistributions exceeding 20% of
the beam moment and is incompatible with the approach adopted for plastic hinge
analysis. It would be reasonable to permit use of Equation (3) below, in cases where
plastic hinges are developed at the tips of the haunches in ‘plastic’ sections, assuming
these points are laterally restrained. This is equivalent to an elastic redistribution of beam
moment 10% less than that used in the ultimate load design.

A satisfactory ‘strength’ design is obtained when the moment resistance of the section and
the connection exceeds the applied (or redistributed) moments at all points along the
beam as illustrated in Figure 5.
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Figure 5 Redistribution of moment in haunched composite beams

4.2 Plastic hinge analysis

Plastic hinge analysis can only be used where the section is ‘plastic’ (or Class 1 to
Eurocode 4), and where plastic hinge locations are laterally restrained. Plastic hinges are
assumed to form in the beam at the ends of the haunches and at the point of maximum
positive moment. This local beam mechanism should occur before failure of the
connection or the column. It would be good practice to introduce an additional factor of
safety into the design of the connection and to use this increased moment in designing the
column to BS 5950.:Part 1.

The collapse load of a uniformly loaded beam is defined by the plastic failure mechanism
of the beam between the tips of the haunches, such that:
2

M, +M, > wu%—e @
where M, = the positive moment resistance of the composite beam (or M, taking into
account partial shear connection as in Section 5.3)
. = the negative moment resistance of the composite beam at the tip of the
haunch (see Section 5.4)
. = the factored design load on the beam
the span of the beam between the ends of the haunches (L, = 0.9L0).

T
Il

I~
i

For other loading arrangements, the plastic failure load of a beam may be determined
from first principles.

Limitations on the use of this method are given in BS 5950:Part 3.1. In principle, the
length of the end span should be between 75 and 115% of the length of the adjacent span
to avoid development of other plastic mechanisms under pattern loading.
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To ensure that failure of the haunch or connection does not occur, the haunch and its
connection are designed to withstand the moments induced when the haunch tip moment
is increased by 10% (i.e. 1.1M,.). The connection moment in a uniformly loaded beam is
determined from:
(L*-L3)

M. 2M,, 2 wu—g— + 1.1M,, 3)

where M, = the elastic moment resistance of the deepest section of the haunch
M,_ .. = the moment resistance of the beam-to-column connection.

This formula is obtained assuming that the haunch is subject to plastic moment and a
point reaction at one end and a local uniform load along its length. Similar expression
may be derived for other forms of loading.

The factor of 1.1 is introduced so that any potential over-strength of the beam in a zone
required to undergo ‘plastic’ rotation does not lead to excessive deformation of the
connection or the column. It is appreciated that this is conservative with respect to the
traditional design of haunched beams. Nevertheless, the behaviour of composite beams is -
such that the degree of the moment redistribution at failure could be up to 50% leading to
considerable rotation at the plastic hinges. Further research may lead to a relaxation of

this requirement.

The above approach is less conservative than that suggested for elastic design without
redistribution of moment. Economic design is usually achieved by using shorter haunches
than in elastic design, thereby limiting the moment transferred to the columns.

4.3 Global moments and forces in sway frames

The sub-frame approach can also be used in Scheme Design for elastic analysis of regular
frames under lateral load. In this case the sub-frame consists of a typical storey-height
frame but, to model the asymmetric bending action, pin joints are located at mid-height of
the columns. Uncracked section properties are used. The shear force applied to the
substitute frame is equal to the total wind force acting above and including the floor level
under consideration, but not less than the notional forces in Clause 2.4.2.3 of

BS 5950:Part 1.

Final design of the structure is to be carried out for an accurate distribution of moments as
determined from a full analysis of the structure under lateral load (as noted in Clause
5.6.4.2 of BS 5950:Part I). No redistribution of moment is permitted.
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5. ANALYSIS OF COMPOSITE SECTIONS

5.1 Section classification

The classification of the section depends on the proportions of the steel flange and web in
compression. When subject to positive moment, the top flange of the beam is assumed to
be fully restrained against local buckling provided it is connected to the concrete slab at
sufficient points so that it can be designed as a composite section. The plastic neutral axis
(P.N.A.) depth of the composite section is such that relatively little of the web (if any) is
subject to compression. This means that for practical purposes composite beams
comprising universal beam sections may be treated as ‘plastic’ or ‘compact’ when subject
to positive moment, and plastic analysis of the section can be used.

When the composite beam is subject to negative moment the situation is different. Firstly,
the lower flange is unrestrained and, secondly, more of the web is in compression if the
slab reinforcement is included in evaluating the strength of the section.

The approach in BS 5950:Part 3.1 differs from that in Eurocode 4 (1985 draft)'? in that
the section classification is expressed solely in terms of the proportions of the lower
flange, as given in Table 7 of BS 5950:Part 1. Only in ‘plastic’ or ‘compact’ sections can
the plastic moment resistance of the section be utilised. However, in order to develop
‘rotational capacity’ in plastic hinge analysis, the web in the zone of the ‘hinges’ should
be ‘plastic’ or ‘compact’, and the lower flange should be plastic.

The treatment of the web in compression is unique to BS 5950:Part 3.1. When the zone of
the web in compression exceeds 40te where ¢ is the web thickness and €is (275/p,)”, a
method is given for discounting the additional portion of the web when evaluating the
plastic resistance of the effective section (see Figure 6).

< Be ol
™~ | Tension Compression Tension Compression
Dy AN S (2278 pn.pA
H o
P.N.A E
| eote
D d
| Teote
CROSS-SECTION (a} POSITIVE BENDING (b) NEGATIVE BENDING

(CASE 1) (CASE 6)

Figure 6 Examples of stress blocks used in the plastic analysis of composite sections

5.2 Analysis of composite section — positive (sagging)
moment

The plastic moment resistance of the section is independent of the order of loading (i.e.
propped or unpropped construction). The plastic neutral axis of the composite section is
evaluated assuming stresses of p, in the steel section and 0.45 £, in the concrete.

The tensile resistance of the steel section is therefore R, = p,A where A is the cross-section:
area of the beam. The compressive resistance of the concrete slab depends on the
orientation of the decking. Where the decking crosses the beams the depth of concrete
contributing to the compressive capacity is D, — D,. Clearly, D, is zero in a solid slab.
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Taking the first case, the compressive resistance of the concrete is:
R, =0.45f,,(D,-D,)B, @)
where B, = the effective breadth of the slab
f-u = the cube strength of concrete

D, = the slab depth
D, = the profile height.

Three cases of plastic neutral axis depth y, (measured from the upper surface of the slab)
exist. It is not necessary to calculate y, explicitly if the following formulae for the plastic
moment resistance of I section beams subject to positive moment are used. R,, is the axial
resistance of the web and R; is the axial resistance of one steel flange (the section is
assumed to be symmetrical). The top flange is considered to be fully restrained by the
concrete slab.

o Case I: R, > R, (plastic neutral axis lies in concrete slab as in Figure 6(a))

o= [ 20 B (222)] o

2 R, 2
e Case 2: R, > R > R, (plastic neutral axis lies in steel flange)

D D,+D,\ (R,—-R.)’T
=R,—+R, - -
2 R, 4

M

o (6)
Note: the last term in this expression is generally small (T is the flange thickness) and can
usually be neglected.

e Case 3: R, <R, (plastic neutral axis lies in web)

D.+D,+D\ RI!D
My=M+R|——F— |- —— @
2 / R, 4
where M, = the plastic resistance moment of the steel section alone
D = the beam depth.

This formula assumes that the web is compact (i.e. not subject to the effects of local
buckling). In this case, the depth of the web in compression should not exceed 40te where
t is the web thickness (€ is defined earlier). If the web is non-compact, a formula for
determining the resistance of the section is given in BS 5950:Part 3.1 Appendix B,

The ratio of the plastic moment resistance of composite universal beams to non-composite
beams varies with section size as shown in Figure 7. This is an approximate relationship
because of the assumed properties of the slab. The concrete is taken as grade 30
lightweight concrete and the slab depth is 120 mm. The effective breadth of the slab is
taken as 5 times the overall beam depth, but not exceeding 3 m.

M

Mpe Be=L/4 = 5(Dg+ Dp)P#3m

Ms

26 1 A——

2.4 1 Ds_} :%: + Tie0
2.2 A \ D ;g

2.0 1 Concrete grade 30
1.8

1.4 4 _—
1.2 1

1.0 v — — —
0 50 100

—r

T T v

— —
200 250
Weight of steel section (kg/m)

150

Figure 7 Ratio of plastic moment resistance of composite section to that of the steel section
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5.3 Partial shear connection

In plastic section analysis of composite beams the longitudinal shear force to be
transferred between the concrete and the steel for full shear connection is the lesser of R,
or R,. The number of shear connectors placed along the beam between the points of zero
and maximum positive moment should be sufficient to transfer this force. The strength of
stud shear connectors is presented in Table 5 of BS 5950:Part 3.1 and in BS 5400:Part 5®.

In cases where fewer shear connectors than the number required for full shear connection
are provided it is not possible to develop M,.. If the total shear resistance of the shear
connectors between the points of zero and maximum positive moment is R, (less than the
smaller of R, and R,) then the stress block method in the previous section may be modified
as follows:

e Case 4: R, > R, (plastic neutral axis lies in flange)

D R,(D,-D,
M, =R, —+R,|D,— — 8)
2 R\ 2
e Case 5: R, <R, (plastic neutral axis lies in web)
D R (D, —D R:D
M, =M +R, —+Ds———“-( > ") - = )
2 R, 2 R, 4

where M, = the positive moment resistance including the effects of partial shear
connection (< M,,).

The above formulae are obtained by replacing R, by R, and re-evaluating the neutral axis
position. This stress-block method is similar to that used in the American method of
plastic design'". It predicts a non-linear increase of moment resistance with degree of
shear connection K defined as:

K=& for R, < R,
R,

Rq

or K=IT for R, < R,

c

An alternative approach®-? which has proved attractive is to define the moment resistance
in terms of a linear interaction with the degree of shear connection, such that:

M,=M +K(M, -M,) (10)

The ‘stress block’ and ‘linear interaction’ methods are presented in Figure 8 for a typical
beam. It can be seen that there is a significant benefit in the stress block method in the
important range of K = 0.5 to 0.7.

In using methods based on partial shear connection a lower limit for K of 0.5 is specified
in Eurocode 4 (draft)"®. This is to overcome any adverse effects arising from the limited
deformation capacity of the shear connectors.

In BS 5950:Part 3 the minimum degree of shear connection to be developed increases
with span (L in metres) such that:

K> 204

This formula means that beams longer than 16 m span are to be designed for full shear
connection, and beams of up to 10 m span may be designed for 40% shear connection.
Partial shear connection is also not permitted for beams subject to heavy point loads
applied close to the beam supports. It can be used for beams subject to point loads from
secondary beams.

A further requirement is that the degree of shear connection should be adequate at all
points along the beam length. For a beam subject to point loads, it follows that the shear
connectors may be distributed in proportion to the area under the shear force diagram.
Alternatively, Equation (10) may be used, redefining K as a function of the number of

. shear connectors between the point of zero moment and the section under consideration.
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Figure 8 Interaction between moment capacity and degree of shear
connection in composite beams

5.4 Analysis of the composite section — negative (hogging)
moment
In a composite section where the steel beam has equal flanges, the plastic moment

resistance of the section under negative moment can be evaluated from the following
formulae:

e Case 6: R, <R, (plastic neutral axis lies in web)

D
M, =M, +R,(E+D,

)—m— (11)

where R, = the tensile resistance of the reinforcement within the effective breadth of the
slab under negative moment
D, = the distance from the top of the steel beam to the centroid of the

reinforcement
the axial resistance of the web (over depth d between the flanges).

s
1l

Alternatively, for slender or semi-compact webs,

d 80¢
where - > and R, < R,
t R,
1+ —
R

v

)_Rr +(R,+R)(R,+R,—2R,) d a

D
M, =M, +R,(—+D,
R 4

2

where R, = 40t¢p,

g = (275/py)l/2
This second formula takes account of the neglected portion of the web in compression as
in Figure 6(b).
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e Case 7: R.> R, (plastic neutral axis lies in steel flange)
D
M, =R, ) +R.D,. ford<40te 13)

D
or M.=(R,~R,+R)>+RD, fordz40te (14)

Partial shear connection is not permitted in the negative moment region of the beam, and
therefore selection of the practical amount of reinforcement that may be used in
calculating R, is dictated by the number of shear connectors placed in this region. Nominal
slab reinforcement (i.e. welded mesh or bars of less than 10 mm diameter) should be
neglected in calculating R.. Hence, if no additional reinforcement is provided, M, = M..

5.5 Combined moment and shear

Continuous beams are subject to combined moment and shear at their supports. A design
formula is given in BS 5950:Part 3.1 for determining the reduced moment resistance of
the composite section. In a haunched beam this would normally be critical in the beam
section at the ends of the haunch.

The shear resistance of the web of a rolled section is P, = 0.6p,¢tD. If the applied shear
force F, exceeds 0.5P, then a proportion of the shear area of the web is to be deducted in
calculating the moment resistance. The reduced plastic moment resistance in the presence
of shear is then given by:
2F, Y
Mcv=Mc—(Mc—Mf)(P —1) 15)

A\

where M, = the plastic moment resistance of the composite section
M, = the moment resistance of the composite section having deducted the total
shear area.

A similar expression may be derived for negative moment using M, as calculated for M,,
in Section 5.4,

The above approach applies to all classes of sections provided P, is defined as the lesser
of the shear buckling or shear resistance of the section.

5.6 Transverse reinforcement

The longitudinal force transferred from the shear connectors is resisted by the concrete
slab in shear and by the transverse reinforcement (orthogonal to the beam). The design for
longitudinal shear is covered in BS 5950:Part 3.1 and is not repeated here.

It is usually found that for secondary beams subject to uniform loading, standard mesh
reinforcement provides sufficient transverse reinforcement provided the decking is
properly anchored by shear connectors. For primary beams subject to point loads,
concentration of shear connectors in the high shear zones is often such that additional
transverse reinforcement is required. In extreme cases the shear resistance of the concrete
may be exceeded leading to the use of deeper slabs.
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6. ANALYSIS OF HAUNCHED SECTION

The bending resistance of the haunched section is evaluated elastically. The depth of the
haunch is determined primarily to achieve an efficient moment connection to the column,
and therefore a refined calculation of the capacity of the haunch is usually inappropriate.
An approximate relationship between the elastic resistance of a haunched beam and the
plastic resistance of the parent beam is shown in Figure 9. The haunch ‘cutting’ is made
from the same beam section. If so, it is not necessary to check the adequacy of the haunch
at intermediate sections provided the elastic resistance at its deepest section is adequate.

Mhe 4.0 A
Mg 3.8 - I_D
3.6 1 DhI

3.4 A

321 0-17(2&>2 +0.7 (&)\
3.0 1 M, =elastic moment resistance D D
2.8 A of haunch section

2.6 1 M, =plastic moment resistance
2.4 of steel beam section

2.2 1
2.0 1
1.8 1
1.6
1.4 1
1.2 A

1.0 A

T T T T T T T T T

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0
Depth of haunch (Dh )

Depth of section D

Figure 9 Relationship between bending resistances of haunch and beam

It is apparent from Figure 9 that plastification may extend a short distance into the
shallowest part of the haunch. This is acceptable because the tip of the haunch is to be
laterally restrained where plastic hinges form, leading to greater rotational capacity of this
part of the haunch. By ensuring that the deeper part of the haunch remains elastic,
problems of instability can be treated by conventional theory (see Section 7.2).

The length of the haunch is selected to achieve the most efficient design of the beam and
column. It is usually found that the haunch is 7% to 10% of the beam length in elastic
global analysis and 5% to 7% in plastic hinge analysis (see Sections 4.1 and 4.2).

The moment is transferred to the column largely by the tensile and compressive forces in
the outer flanges of the haunch. The force in the lower flange derives partly from the
beam flange to ‘cutting’ flange weld at the tip of the haunch and partly from the beam to
‘cutting” web weld along the haunch. It is a reasonable assumption that half of the
compressive force is developed by each of these actions (see Figure 10). The force in the
web-flange weld is assumed to act over a length not exceeding the beam depth. The
flange to end plate welds should be designed to resist the forces transferred via the
flanges.

A local vertical reaction is transferred to the beam web at the tip of the haunch and it is
necessary to check the web strength in this region based on the force transferred through
the flanges.
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It is usually found that web stiffeners are required when the haunch taper exceeds
approximately 15°. Web stiffeners are also required where the plastic moment resistance
of the section is developed. This is also to ensure that transverse bending of the flanges
does not occur at change of direction of the flange force. Full depth web stiffeners can
also be used to provide lateral restraint to the bottom flange of the beam (see Section 7.3).

The haunch can also be designed compositely at internal columns. This is achieved by
utilising the reinforcement (not including the mesh) in the slab. The effect of composite
action is to reduce the haunch depth for the same moment. The design of the
beam-column connection can potentially be simplified because the tensile forces in the
bolts is reduced. It is suggested that, because of differences in the inherent deformation
capacity between the connection and the high yield reinforcement in the slab, any
reinforcement required to contribute to the flexural resistance of the composite section
should be of a certain minimum amount to develop ‘controlled cracking’ in the concrete.
This is typically equivalent to a minimum of 0.5% of the cross-sectional area of the slab.
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Figure 10 Detail of design of haunch
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7. LATERAL STABILITY OF HAUNCHED
COMPOSITE BEAMS

7.1 Lateral stability of non-composite beams

In the construction condition, loads are applied to the non-composite beams. These loads
arise from the self-weight of the concrete and the structure and a uniform construction
load of 0.5 kN/m®.

The upper flanges of steel beams are assumed to be laterally restrained by profiled
decking where the decking crosses the beams and is attached at regular intervals. In such
cases the full plastic moment resistance of simply supported beams can be mobilized.
Where the decking runs parallel to the beams little restraint is offered in the construction
condition, and the buckling resistance of the beams is to be based on their slenderness
between connections to secondary members.

In continuous beams, the situation is rather different. In the negative (hogging) moment
region the compression flange is unrestrained, but the tension flange may be laterally
restrained depending on the orientation of the decking. The effective slenderness of the
beam in lateral torsional buckling is defined in BS 5950:Part 1 as:

Aur = huv A (16)
where u = the buckling parameter (typically 0.9 for universal beam sections)
A = the slenderness of the beam length between restraints

n = the slendemess correction factor (for shape of bending moment diagram)
v, = the slenderness factor (including torsional stiffnesss and other effects).

For primary beams supporting secondary beams the stability of the primary beam is
evaluated from its effective slenderness between the support and the first restraint
(secondary beam), or between intermediate restraints in mid span. In either case, the
lateral buckling moment determined from Clause 4.3.7 of BS 5950:Part I can be
compared to the applied moment.

For beams supporting decking, the tension flange is restrained when the beam is subject
to negative moment. This reduces the effective slenderness by modifying the term v,.

A design formula for tension flange restraint is given in Appendix G3.3 of BS 5950:
Part 1. Assuming the restraint acts at the top flange, then:

v = ! an

ol

where x = torsional index

In this case, the problem remains in defining the zone of the beam subject to lateral
buckling. One approach is to define A in terms of the beam length Land to select an
appropriate value of n taking account of the shape of the bending moment diagram.

An approximate formula is given in Clause G3.6 of BS 5950:Part 1. Where the zone
subject to negative moment does not extend more than 0.25L into the span, then

n = (1/6)%° = 0.41 for a beam of uniform section. This approach is very conservative and
it is often found necessary to introduce additional lateral restraints.

The treatment of haunched beams is also covered in Clause G3.6 of BS 5950:Part 1.
There are two opposing effects. Firstly, the shape of the haunch closely follows the
variation of bending moment and so flange stresses are likely to be constant in this region.
Secondly, the ‘third’ flange provides additional resistance to lateral buckling. It is
considered that the critical section for checking lateral buckling is the uniform section at
the tip of the haunch. An effective value of n may be calculated using Clause G3.6.

The factor ¢ in Clause G3.2 is taken as unity for haunched beams with three flanges.
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The effective slenderness of the beam is then used in Table 11 of BS 5950:Part 1 to
determine the buckling resistance of the section under negative moment. It should be

noted that the torsional stiffness provided by the decking is not included in this analysis,

but is clearly a beneficial factor.

The most onerous design condition, given the nature of the construction process, is when

one span of a continuous beam is fully loaded and the adjacent span is unloaded.
This means that more of the span is subject to negative moment. This can affect the

design of the steel beam unless further lateral restraints to the lower compression flange
are introduced such that the effective slenderness of the beam is reduced to the required

value. Some examples of these restraints are given in the following Section.

7.2 Lateral stability of composite beams

In the composite condition the upper flanges of the steel beams are assumed to be

laterally and torsionally restrained by the concrete or composite slab to which they are

attached. In continuous beams, the lower compression flange is unrestrained except
through the distortional stiffness of the cross-section. This is illustrated in Figure 11.
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Figure 11 Distortional buckling of composite beam in negative moment region

The effect of this distortional stiffness may be included by reducing the effective

may occur at the ends of the beam, this is not considered to affect the elastic mode of
lateral instability of the beam in zones of rapidly reducing negative moment.

negative (hogging) moment region to include the lateral bending stiffness of the web,
such that:

1

1 [AJZ 1 (L,,)3IWL,, "
1+ = +=|=
40\ x 16\ D I,

VvV, =

lateral restraint, L, (whichever is the shorter)
= the second moment of area of the web per unit length = /12
= the second moment of area of the steel beam about its minor axis
is based on L /r,.

o~
|
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Using the approach of the preceding section the slenderness factor may be modified in the

where L, = the critical buckling length, L, or the distance from the support to the first


http://sefie.steelbiz.org/DiscussSteelbizContent.aspx?ResourceID=6001

P060: Design of Haunched Composite Beams in Buildings

Discuss me ...

The formula may be derived by considering a beam subject to uniform negative moment
and sinusoidal displacement of the lower flange of the beam between end supports.

The upper flange is taken as being fixed in position and ‘distortional buckling’ occurs by
out-of-plane bending of the web.

The critical buckling length corresponds to the half buckling wave length of a long span
beam subject to distortional buckling of this form. This may be calculated by
differentiation of Equation (18) to obtain the maximum value of A, such that:

D 0.75
L. =374 1;’”(-{) (19)

where D = the beam depth
t = the web thickness.

In the absence of other lateral restraints, or when L, < L,, insertion of Equation (19)
reduces Equation (18) to:

1
V= (20)

ea®)]

The effective slenderness of the beam is obtained from Equation (16). Using the
approximation that the area of each flange of UB sections is broadly equal to the web
area, the term L /r, can be reduced to a function of the flange width B and thickness T.

The effective slenderness of the beam in the negative moment region (ignoring its
torsional stiffness) now becomes:

T 0.25 D 0.75
A = 6.5snu(E) (7) @1)
D 0.75 B
= 3.0n(—) for — =15 (22)
t T
This is very similar in form to the empirical formula presented by Johnson and
Bradford"?:
d 0.7
hur=34(%) 23)

where d = the web depth between flanges.

In many cases L, exceeds the length of the beam subject to negative moment. It is
conservative in such cases to take z as 0.77 in Equation (22) (corresponding to a linear
bending moment diagram). If L, (or L, when using Equation (18)) is less than the length
of the beam subject to negative moment then » is to be calculated from the moment ratio
B at the location given by L orL,, as appropriate (see Table 16 of BS 5950:Part I).

In haunched beams it would be normal practice to provide a lateral restraint at the tip of
the haunch. This is obligatory where plastic hinges are developed. The stability of the
haunch between the support and this lateral restraint is then checked using Clause 5.3.5 of
BS 5950:Part 1 (assuming that the lower flange is subject to uniform stress). This clause
takes no account of the distortional restraint and is therefore very conservative.

The lateral stability of the beam in the zone from this restraint to mid span may be
determined using Equations (16) and (18) or (22) depending on the magnitude of the
critical buckling length L and the slenderness correction factor #. In order to develop the
plastic moment resistance of the section, A ; should be less than the limiting values in
Tables 11 or 12 in BS 5950:Part I (i.e. 34 for grade 43 steel and 30 for grade 50 steel).

In cases where elastic global analysis is used and the moment redistribution (based on
gross section properties) is less than 10% it may be possible to avoid the use of lateral
restraints at the tip of the haunch. Again, Equations (18) or (21) may be used. n should be
calculated from Appendix G3.6 of BS 5950:Part 1, assuming uniform stress in the haunch
zone. Conservatively, n may be taken as unity.
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7.3 Restraint forces

The above approach relates to the lateral stability of the member between restraints. It is
also necessary to check that the lateral restraint is sufficiently strong. According to the
amendment to BS 5950:Part 1, the total resistance offered to a compression flange by a
continuous lateral restraint should not be less than 3% of the axial force in the flange.
Hence, assuming that the restoring moment is 3% of the average applied moment
distributed uniformly along the zone of the beam subject to lateral buckling, the lateral
bending stress in the web can be easily calculated. This should be limited to p,. This stress
does not influence the calculation of the bending resistance of the section.

It is also necessary to check that the pull-out strength of the shear connectors is not
exceeded. The lever arm is based on half the flange width. This is not usually critical to
the design.

At a discrete restraint, such as at the tip of the haunch, the restraint force reduces to 2% of
the flange force. However, this ignores the continuous restraint provided along the beam.
Therefore, where both discrete and continuous restraints act together it is suggested that
the discrete restraint is checked for 1% of the flange force at that location. The effective
width for pull-out of the shear connectors may be conservatively taken as three times the
slab depth (analogous to punching shear in concrete slabs).

Lateral restraints can be in the form of struts attached to the concrete slab or full depth
web stiffeners. These only provide restraint in the composite condition. If the beam is also
to be restrained in the construction stage, a ‘goalpost’ type support or positive restraint by
secondary steelwork can be used. Various solutions are illustrated in Figure 12.

Where secondary beams frame into the webs of primary beams they offer lateral restraint
to the unrestrained compression flange provided the distance from the point of attachment
on the web to the compression flange is not excessive. As a rule of thumb, this distance,
defining the unsupported length of web, should not exceed 20¢, where ¢ is the web
thickness.

— .________________._‘ﬁ__

A
‘ Unsupported web
Y (a) SECONDARY BEAMS

(b) MOMENT-RESISTING “U” FRAME

To restraint

= (c) STRUT TIED TO RESTRAINT

(d) STRUT TIED TO SLAB (COMPOSITE CONDITION)

Figure 12 Different methods of providing the lateral restraint to bottom flange
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8. SERVICEABILITY BEHAVIOUR OF
COMPOSITE BEAMS

8.1 Elastic section properties

Elastic analysis is employed in establishing the serviceability performance of composite
beams, or the strength of continuous beams subject to the effect of local instability.

The important properties of the section are its section moduli and second moment of area.
It is first necessary to determine the centroid (elastic neutral axis) of the transformed
section by expressing the area of concrete in steel units. This is done by dividing the
concrete area within the effective breadth of the slab B, by an appropriate modular ratio ¢,
(ratio of the elastic modulus of steel to concrete).

In unpropped construction, account should be taken of the stresses induced in the
non-composite section as well as the stresses in the composite section. In elastic analysis,
therefore, the sequence of construction is important. For elastic conditions to hold,
extreme fibre stresses should be kept below their design values, and slip at the interface
between the concrete and steel should be negligible.

The elastic section properties under positive moment can be evaluated from the
transformed section. For buildings of normal usage, ¢, may be taken as 10 for normal
weight concrete and 15 for lightweight concrete (density > 1750 kg/m?). The area of
concrete within the profile depth is ignored (this is conservative where the decking
troughs lie parallel to the beam). The concrete can usually be assumed to be uncracked
under positive moment.

The elastic neutral axis depth y, (below the upper surface of the slab) may be determined
from the formula:

D, -D, D
+o.r| =+ D,

The composite stiffness can be 2 to 3.5 times, and the elastic section modulus 1.3 to 1.7
times that of the I section alone for long span beams. The second moment of area of
composite universal beam sections varies with section size as shown in Figure 13.

This uses the same slab proportions as noted in Section 5.2. The difference between
composite sections of light and normal weight concrete is shown.

:

2

2 y, = —2 2 (24)
£ (1+a.r

A . . .

S where r =——— and defines the relative proportion of the steel

g [(D.=D,)B.]  and concrete areas

e D, = slab depth

D, = profile height

g A = the cross-section area of the beam of depth D.

E The second moment of area of the uncracked composite section is:

8 A(D+D,+D)* B.(D,-D,)’

% e = ( s p) + c( p) + I (25)
o 4(1+a.r 12a,

2 where I = the second moment of area of the steel section.

= The section modulus for the steel in tension is:

. I

5 Z,= — (26)
a D+D s — Ye

>

E and for concrete in compression is:

Ia,

Z == @7)
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Figure 13 Ratio of second moment of area of composite section to that of steel section

8.2 Stresses in continuous and haunched composite
beams

In design to BS 5950:Part 3.1 it is necessary to check that the elastic stresses in the
positive moment region do not exceed p, in the bottom fibres of the steel section and 0.5f,
in the upper portion of the concrete slab. This is done to limit the effect of any local
yielding on deflections. Section properties are determined as in Section 8.1. No account is
taken of the effects of partial shear connection on the stresses in the beam.

The moments to be used in the calculation of stresses are the same as those used in the
calculation of imposed load deflections. This is covered in Section 8.3. Stresses in the
steel beam resulting from the self weight of the structure and the concrete slab should be
added to those resulting from imposed load. It is not necessary to check the stresses in the
negative moment region provided the approach in Section 8.3 is adopted.

8.3 Deflection of continuous and haunched composite
beams

Elastic section properties, as described in Section 8.1, are used in establishing the
deflection of composite beams. Uncracked section properties are considered to be
appropriate for deflection calculations. The modular ratio depends on the duration of
loading, but it is usually found that the section properties are relatively insensitive to the
precise value of modular ratio. The effective breadth of the slab is the same as that used in
evaluating the design strength of the beam (i.e. in mid span).

The deflection of a simple composite beam at service loads, where partial shear
connection is used, can be calculated from formulae given in BS 5950:Part 3.1.

6,=06,+05(1-K)6,—-8,) forpropped beams (28)
0.=0.,+03(1-K)9d,-6.) forunpropped beams (29)
where &, = the beam deflection including the effects of slip

é,and 4,

the deflections of the composite and steel beam respectively at the
appropriate serviceability load
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K = the degree of shear connection used in determining the plastic
moment resistance of the beam in positive bending (Section 5.3).

The difference between the coefficients in these two formulae arises from the different
shear connector forces and hence slip at serviceability loads in the two cases.

These formulae are conservative with respect to other guidance” and are conservative
when applied to continuous beams.

The effect of continuity in composite beams may be considered as follows. The imposed
load deflection at mid span of a continuous beam under uniform load or symmetric point
loads may be determined from the approximate formula:

0, = 5{1 - 96(M—1+M’l] (30)
M,
where 6, = the deflection of the simply supported composite beam for the same
loading conditions, calculated from Equation (28) or (29)
M, = the maximum moment in a simply supported beam subject to the
same loads

M, and M, = the moments at the adjacent supports of the continuous or haunched
beam span under consideration.

To determine appropriate values of M, and M,, an elastic analysis of a sub-frame may be
carried out using the flexural stiffness of the uncracked section (ignoring the haunch).

In continuous beam design to BS 5950:Part 3.1, only one load case of imposed load
applied equally to all spans is considered. The support moments are then redistributed by
30% for buildings of normal usage and 50% for buildings such as warehouses. This takes
into account the effects of pattern loading and concrete cracking.

In haunched beams, there is a major difference in that framing into the columns reduces
the influence of pattern loading. An equivalent approach to that in BS 5950:Part 3.1 is to
analyse the structure under the most probable loading at the serviceability limit state.
For buildings of normal usage this may be taken as the full unfactored imposed loading
on the span under consideration and one-third imposed load on the adjacent spans.

For buildings or floors potentially subject to highly variable loads more extreme pattern
loads should be considered. No further reduction in support moment is to be made when
pattern loads of the above forms are taken into account.

In single-bay haunched beams, support moments based on elastic analysis of the frame
using gross section properties should be reduced by 10% when using Equation (30).

This takes into account the variation of stiffness in the negative moment region caused by
concrete cracking (although partially offset by the haunch) and any possible over-estimate
of column moment in the sub-frame approach.

For buildings subject to heavy or highly variable imposed loads (e.g. warehouses), there is
a possibility of plastic rotation at the supports under repeated loading leading to greater
imposed load deflections. This also affects the design of continuous beams designed by
plastic hinge analysis, or where the effective redistribution of support moment in elastic
analysis at the ultimate limit state exceeds 40% (using gross section properties in Table
1). In such cases a more detailed analysis should be carried out considering these effects
as follows:

o Evaluate the support moments based on elastic analysis of the continuous beam
under a first loading cycle of dead load and 80% imposed load (or 100% for
semi-permanent load).

o Evaluate the excess moment where the above support moment exceeds the plastic
moment resistance of the section under negative moment.

o The net support moments based on elastic analysis of the continuous beam under
pattern load are to be reduced by the above excess moment.

e These support moments are input into Equation (30) to determine the imposed load
deflection.

¢ The increased mid-span moment is to be used in checking stresses at serviceability.
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8.4 Dynamic sensitivity

The use of longer span beams implies greater flexibility and although the in-service
performance of composite beams and floors in existing buildings is good, the designer
may be concerned about the susceptibility of the structure to vibration induced by
activities performed within the building. The parameter commonly associated with this
effect is the natural frequency of the floor or beams. The damping of vibration by a bare
steel-composite structure is often low. However, when the building is occupied, damping
is greatly increased.

The natural frequency of a long span beam may be estimated from the simple formula:

18
=—— Hz 31

V.

where §,, = the deflection of the composite beam assuming the self weight of the floor
and other dead loads (including 10% imposed load) had been applied as a
short duration load. This deflection may be reduced by 10% to take account
of the increased dynamic stiffness of the beam above that used in imposed
load calculations.

The natural frequency of a continuous beam is based on inertial forces (rather than static
forces) which act in opposite senses on adjacent spans of a continuous beam (see Figure
14). In determining the deflection of the beam subject to the above loads, the gross
uncracked section properties may be used.

The lower the natural frequency, the more the structure may respond dynamically to
occupant-induced vibration. A limit of 4 Hz (cycles per second) is a commonly accepted
lower bound to the natural frequency of the major elements of the structure®. Clearly,
vibrating machinery or external vibration effects pose particular problems and in such
cases it is often necessary to isolate the source of the vibration.

bbb -

,, Lo

Figure 14 Inertial forces used in natural frequency calculations

In practice, the mass of the structure is normally such that the exciting force is very small
in comparison. This leads to the conclusion that long span structures may respond less in
magnitude than light, short span structures. Guidance is given in the SCI publication®?.
If this guidance is followed then the natural frequency of the system (haunched beams,
secondary beams and slab) could be reduced below 4 Hz. This depends on the ‘response
factor’ which is itself a function of the area (and mass) of the floor participating in the
response to an impulsive force.

Trial calculations suggest that for general office floors the effective mass of long span
floor beams is sufficient to overcome any adverse effects of low natural frequency.

A relaxation in the minimum natural frequency of haunched beams to 3.5 Hz is
acceptable for beams longer than 15 m span (provided the natural frequency of the
‘system’ is not less than 3 Hz). This frequency limit of 3.5 Hz is often the controlling
condition in the design of long span beams. However, it is recommended that the
calculation method described in Reference (13) is followed for long span beams.
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9. APPLICATION OF HAUNCHED BEAMS

The main principle in the design of a haunched composite beam is that framing into the
columns reduces the design moment and deflection of the beams. It would not normally
be practical to introduce large quantities of reinforcement into the slab as adequate
moment transfer can usually be achieved through the haunch. Indeed, at edge columns it
would be difficult to develop the required anchorage of the reinforcement, unless it is
connected to the column (e.g. by anchorage into the concrete encasement).

The main use of haunched composite beams is therefore in two forms of structural grid:

1. Closely spaced columns or mullions
The haunched beams span between the columns and are directly loaded by the
composite slab as in Figure 3(a). The spacing of the columns is therefore dictated by
the span of the slab (3 to 3.6 m is typical for unpropped construction). The spacing of
the shear connectors is influenced by spacing of the deck troughs.

2. Wider spaced columns
The haunched beams span between the columns, and in this case are loaded by
secondary beams as in Figure 3(b). Consequently, the loading on the haunched
beams is greater than in the previous case, leading to increased column moments.
The depth of the secondary members should be less than the minimum depth of the
haunched beam. Typical spans of the secondary beams are 5 to 8 m, depending on
the spacing of the columns. The shear connectors are distributed to provide the
required moment resistance along the haunched beam.

In muiti-bay haunched frames it may be economic to reduce the moments applied to the
perimeter columns by using a simple rather than haunched connection (see Figure 3(c)).
This is advantageous for equal-bay frames not designed for sway resistance. In general,
internal column moments tend to be relatively small because of the greater stiffness of the
beams attached to the columns.

In situations where it is not possible for the haunched beam to frame directly into a
column then, if necessary, moment continuity can be developed over a ‘spine’ beam using
typical details as shown in Figure 3(d). These require more fabrication and also have the
disadvantage of not developing the stiffening effect of the columns. Consequently, these
beams will be heavier than those which connect directly to the columns.

An alternative to the traditional end plate connection is the welded haunch-to-column
connection, which can be designed to mobilise the full moment resistance of the haunch.
This form of connection is usually made in the factory by formation of ‘column trees’
comprising column lengths with welded haunch stubs. The main beams are then attached
by bolting on site (see Figure 15). These bolted connections can be moment-resisting or
simple shear-resisting connections, depending on the design of the beam.

Figure 15 Use of welded column trees as haunched beams
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Designs may be constrained further by the need to limit progressive collapse.

In Regulations terms, this is defined as ‘robustness’. There are two approaches: design for
the appropriate tying forces, or consider removal of individual beam or column members
as ‘key elements’. Beams supporting more than 70 m? of floor (usually primary beams in
2. above) are to be considered as key elements. In such cases it may be necessary to
design the secondary beams to span between alternate primary beams (but with reduced
load factors).
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10. DESIGN OF HAUNCHED CONNECTIONS

10.1 General principles

The depth of the haunch is primarily selected to minimise the number of bolts used and to
avoid excessive local stiffening of the column. It is difficult to mobilize the full bending
resistance of the haunch and typically the bending resistance of the connection would be
60 to 80% of the elastic resistance of the haunch.

It is normal practice to use a minimum of four bolts in the upper tensile zone of the
connection and two in the compression zone. However, in many longer span beams with
shallow haunches, it is often found necessary to use six or eight bolts in the tensile zone
and four in the compression zone to transfer the required moment. The upper bolts are
designed for tension, and the lower bolts for shear alone. Grade 8.8 M24 or larger bolts
are required in long span beams.

Bolt forces

With stiffener o Notched secondary beam

Without stiffener

Slab surface

- ///Irl -,,E: !\/ Stiffener\
/ <-4 <
/ | pl |
- | b= n o
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DISTRIBUTION VIEW OF HAUNCHED CONNECTION

Figure 16 Distribution of bolt forces in haunched beam

A typical haunched connection is shown in Figure 16. The use of extended end plates
increases the bending resistance of the connection. The design of end plate connection is
well established and economic design is based on ‘yield-line’ principles. This assumes
that double curvature of the end plate is developed which results in additional prying
forces in the bolts. Partial allowance for these additional forces is made in BS 5950:Part 1.

The designer normally has less control over the selection of the thickness of the column
flange. To establish the maximum capacity of the column flange under the tensile effect
of the bolts, it would be normal practice to carry out a further yield-line analysis of the
flange. Design formulae have been developed for the standard cases of unstiffened and
stiffened column flanges. (See Appendix A.)
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10.2 Interim design procedure for end plate connections

1. Determine the design moment M and shear force V on the connection from Sections
4.1 and 4.2 making allowance for the increased moment as in Equation (3).

2. Select the connection type and the tentative bolt diameter ¢ and layout based on
practical spacings and edge distances. These are illustrated in Figure 17. The bolts
would normally be located at 1.5¢ to 2¢ from their supporting elements and would be
spaced at 4¢ to 5¢ apart down the web (see Point 10).
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Figure 17 Terminology used in yield-line analyses of end piate and column flanges

Determine the nominal force per bolt, F, based on elastic principles. This is done by
first assuming a centre of rotation about the lower flange of the haunch and evaluating
the second moment of area of the bolt group /,, around this point. The force in each
bolt is then My, /I, where y, is the distance of each bolt from the centre of rotation.

In the upper part of an extended plate the four upper bolts are assumed to resist equal
force provided an additional stiffener is included.

Re-evaluate the centre of rotation assuming that there is a yielded zone of the beam in
compression, such that the compressive resistance equals the total tensile force in the
bolts. This requires trial and error. Re-assess the nominal bolt forces, F,.

Determine the required number of bolts at the base of the haunch from the applied
shear force divided by the number of bolts in this region.
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6. Calculate the minimum thickness of the end plate based on yield-line analysis in terms
of the plastic strength of the plate in double curvature. This depends on whether or not
an additional stiffener is introduced at the top of the extended end plate.

7. Calculate the resistance of the column flange based on yield-line analysis. Reduce the
plastic moment resistance of the flange taking account of axial stress ¢ in the flange
according to the formula:

2172
c
|:1 - (p—) :l Spy
y
where § = the flange plastic modulus (= T%/4).

This reduction applies only to the yield lines perpendicular to the axis of the column.
Because of the magnitude of the forces applied to the column, it would be normal
practice to introduce web stiffeners welded to the column flanges adjacent to the
upper and lower flanges of the haunch.

8. If the column flange is unable to resist these forces, then the only practical solution is
to increase the depth of the haunch (thereby reducing the bolt forces) or increase the
column weight (and hence flange thickness).

9. Since double curvature is developed in the end plate and column flange, bolt forces
are increased as a result of prying action. Provided the minimum edge distances are
observed, prying forces may be typically 20% to 40% of the nominal bolt forces.

In BS 5950:Part 1, the design capacities of the bolts include a 20% allowance for
prying.

If the plastic resistance of the plates and flanges is fully utilized (i.e. using the plastic
modulus S = T%4) then it is suggested that the nominal bolt forces are increased by
20%. Alternatively, the bending resistance of the plates and flanges may be taken as

S <1.2Z(i.e. T*/5) when used with the design bolt strengths in BS 5950.Part 1.

These limitations improve the serviceability behaviour of the connection and avoid the
risk of premature bolt failure.

The design of bolted connections of this type is covered by Horne and Morris"® and
Owens and Cheal™.

10. Check the strength of the welds between the end plate and the beam web and flange.
This assumes a dispersion angle of 60° on either side of the bolt to the adjacent weld.
The bolt spacing down the web is largely determined by the strength of the web and
its welds.

11. Check the strength of the stiffeners attached to the column flange. Check the
attachment of the secondary beams to the column web.
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11. DESIGN OF COLUMNS

Columns are subject to axial forces and moment transferred from the haunched beams or
as a result of sway action of the frame. External shear forces are generally small.

For ‘no-sway’ frames, column moments may be calculated from elastic global analysis
using the sub-frame as in Figure 4(b), or from plastic hinge analysis of the beams.

In plastic hinge analysis or in elastic design where significant redistribution of moment
occurs, column moments are increased as in Equation (3) of Section 4.2. The columns
should be compact or plastic to BS 5950:Part 1 to ensure that redistribution of moment
arising from inaccuracies in the sub-frame approach does not lead to loss in strength of
the columns.

The design of columns in no-sway frames may be treated as in Clause 4.8.3 of

BS 5950:Part 1. When designing against buckling the influence of the shape of the
bending moment diagram applied to the column may be included, taking account of the
likelihood of differential loading on adjacent spans and floor levels.

As noted above, web stiffeners would normally be required to strengthen the column
flange in the tensile zone and to prevent web buckling or yielding in the compressive zone
adjacent to the haunched beams. The web panel should be checked for its shear strength
between these stiffeners. The interaction between axial and shear stress should be
considered. These stiffeners may affect the attachment of beams to the minor axis of the
column.

It is normally found that edge columns, in particular, are considerably heavier than in
simple construction. This is partly so that the thicknesses of the column flange is
commensurate with the need to transfer a high moment and the thickness of the web to
transfer a high local shear. Typically, this moment would be up to 70% of the bending
resistance of the column, reducing to 50% in the lower storeys of a high rise building.

The design of columns in sway frames may be treated as in Clause 5.7.3 of
BS 5950:Part 1. No redistribution of moments induced by lateral loads is permitted.
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12. SCHEME DESIGN OF HAUNCHED
COMPOSITE BEAMS

For Scheme Design, the following proportions of a haunched composite beam may be
assumed:

e The ratio of overall length of the beam to overall depth (slab and beam but excluding
haunch) should be in the range of 24 to 28 for most efficient design. Beams of these
proportions when designed on ‘strength’ would usually satisfy ‘serviceability’.

e For efficient design of haunched beams, the length of the end span should be
between 75% and 115% of the length of the adjacent span.

e The length of the haunch is taken as 5% to 7% of the beam span if plastic hinge
analysis is used or, typically, 7% to 10% if elastic global analysis is used.

o The total applied moment is calculated from the free span between the tips of the
haunches. Assuming that the plastic moment resistance of the composite section is
1.5 times that of the steel section, the plastic moment resistance of the trial steel
beam should not be less than 40% of the total applied moment (based on plastic
hinge analysis).

e The column moment is calculated assuming a plastic hinge is present at the tip of the
haunch. The column moment may be up to 70% of the bending resistance of the
section in a building up to six storeys high.

e The column stiffness parameter I, L/(J, k) should not be less than 0.3. (These terms
are defined in Section 4.1). I, may be determined approximately from Figure 13,
knowing the trial beam section.

o Grade 43 steel may be more economic than grade 50 in cases where the beam design
is likely to be controlled by serviceability (i.e. for span:depth ratios greater than
given above).

e The design of beams longer than 15 m may be controlled by the minimum natural
frequency (3.5 Hz). This may necessitate use of lower span:depth ratios than those
given above.

e The greatest depth of the haunch is taken as twice the depth of the steel section.

e The bending resistance of the bolted connection may be assumed to be 60% (for
grade 50 steel) to 70% (for grade 43 steel) of the elastic moment resistance of the
deepest haunch section.

o End plates are to be welded to the ends of the beam. These plates are approximately
20 to 30% thicker than the beam flange, and often similar to the bolt diameter.

o The bolt diameter is approximately equal to the end plate thickness. (M24 or M30
bolts are expected to be the preferred size.)

o For efficient design of the connection, the column flange thickness should not be less
than 80% of the end plate thickness. This means that only the heavier rollings should
be used for any serial size. The columns should also be compact or plastic®.
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13. DESIGN PROCEDURES

1. Arrange the structural grid so that the haunched beams frame into the major axis of
the columns. Avoid the use of adjacent beam spans of greatly differing lengths.

Carry out the Scheme Design as in Section 12. Select the trial beam and column sizes.

3. Determine the factored loads on the beams. Calculate the axial forces in the columns.
Allow for the load reductions in BS 63999, depending on loaded area (for beams) and
number of storeys (for columns).

4. Evaluate the moment resistance of the composite sections in positive (sagging)
bending as in Section 5.2. Initially, assume no additional reinforcement is placed in
the slab, and hence the moment resistance in negative (hogging) bending is that of the
trial section.

Sa. Elastic global analysis (sway or no-sway frames)

i. Calculate the composite stiffness of the trial beam section as in Section 8.1.
Calculate the column stiffness.

ii. Establish the elastic moments in the frame assuming uniform uncracked stiffness
of the composite beam. Use a sub-frame model as suggested in Section 4.1.

iii. Select the length of the haunch for efficient design of the beam.

iv. Check the adequacy of the beam by comparison with the moment resistance from
4 above. If required, redistribute the negative moment of the tip of the haunch in
no sway frames up to the maximum percentages in Table 1, depending on the
section classification. Maintain equilibrium by adding the redistributed moment to
the positive moment.

v. Check the adequacy of the column section.

vi. Refine the design of the beams and columns, as necessary. Consider using
additional reinforcement to enhance the negative moment resistance in multi-bay
frames.

vii. Design the deepest part of the haunch and the beam-to-column connection for the
elastic moment prior to redistribution. If plastic hinges are developed at the tip of
the haunch, Equation (3) in Section 4.2 may be used.

5b. Plastic hinge analysis (no-sway frames)

i. Select the haunch length. From the moment resistances in 4 above, determine the
total load capacity of the beam by plastic hinge analysis as in Section 4.2.
The steel section should be ‘plastic’ according to BS 5950:Part 1.

ii. Determine the moments transferred to the connection, haunch and column using
Equation (3) in Section 4.2.

iii. Check the adequacy of these elements. Refine the design as necessary.

6. Check the design of the steel beam in the construction stage using the load factors in
BS 5950:Part 1. This is mainly influenced by lateral buckling of the unrestrained
flanges (see Section 7.1). Determine the stresses under self weight for use in
serviceability calculations.

7. Select a practical distribution of shear connectors to satisfy the required degree of
shear connection.

8. Determine the elastic section properties as in Section 8.1. Check the stresses under
positive moment as follows:

i. Determine the support moments when the sub-frame is subject to unfactored
imposed load on one span and one-third imposed load on adjacent spans (or zero
imposed load in storage areas etc.).

ii. For single-bay frames, reduce the support moments by 10%. No reduction is
required in multi-bay frames, provided the above load patterns are used.
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iii. Determine the net positive moment in the beam.

iv. Determine the stresses in the steel and the concrete, including the self-weight
stresses from 6. Compare the total stresses with the limits in Section 8.2.

Determine the deflection of the beam under self weight and under imposed load.

Use the moments calculated in 8. Where plastic hinge analysis is used or where the
elastic redistribution of moment exceeds 30% at the ultimate limit state, it is necessary
to calculate additional deflections as in Section 8.3.

Check the natural frequency of the beam as in Section 8.4. For beams less than 15 m
span limit the natural frequency to 4 Hz. (It may be possible to decrease this limit to
3.5 Hz for beams larger than 15 m span). Calculate the ‘response factor’, as in
Reference (13).

Check the lateral stability of the beam in the negative moment region as in Section
7.2. Introduce restraints to the tip of the haunch (obligatory in plastic hinge analysis).

Check the conditions at the tip of the haunch. Introduce web stiffeners.

Consider the ‘robustness’ requirements of BS 5950:Part 1. These include tying forces
at connections or, if appropriate, design as key elements.

Carry out final design of the connection as covered in Section 10.2. Introduce column
stiffeners. Consider the connection of the secondary beams of the column webs.

Check the slab for longitudinal shear.
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14. PRACTICAL FEATURES AND DETAILS

Much of the design approach for haunched composite beams is based on existing portal
frame technology®?. It follows that the detailing of the steelwork largely reflects this
method of construction. The critical elements are the beam-to-column connections, as
they are required to transfer high moment and shear often in the presence of plastic hinges
at the ends of the haunch.

The following points cover those that the designer should note, rather than detailed
aspects of the fabrication. The aspects common to general composite construction are not
covered.

14.1 Steel grade

The choice of steel grade is influenced by welding of the end plate and haunch and the
thickness of the steel elements. Grade 43A or 50B are usually the preferred grades for the
beams, using the design stresses in Table 3 of BS 5950:Part 1. Grade 50B is usually
preferred for columns.

14.2 Welding

The thicknesses of the end plate and beam flange are such that these elements are likely to
be welded using butt welds. The flange—flange weld at the end of the haunch may be butt
or fillet welded. In thick joints it may be necessary to use low hydrogen welding rods or
to use pre-heat to avoid hydrogen embrittlement. The end plate-to-web welds can be
double-sided fillet welds.

Because of the lack of ductility of the welds it is vital that the load paths to the welds in
the end plate connection are properly identified and the size of the welds checked
accordingly.

14.3 Bolt spacing and grade

The spacing of the bolts is controlled by the requirements for bolt tightening, and to
facilitate development of yield-line patterns in the column flange and end plate.

The distance of the centre of the bolt to the supporting plate should not be less than 1.5¢,
where ¢is the bolt diameter, nor 30 mm. The bolt spacing down the web would be
typically 4¢ to 5¢, as indicated in Figure 17.

The bolt grade should be grade 8.8, use of higher grades being inadvisable because of
their low ductility. HSFG general grade bolts may be used. The bolt design may assumne
double curvature in the end plates and column flanges, subject to the limitations in
Section 10.2.

14.4 Tolerances

The length of the haunched beams can be controlled accurately with modern fabrication
methods. A tolerance of 0 to —2 mm would normally be acceptable for end plate type
connections. The use of shims is appropriate provided these are introduced to fill the gap
between the column flange and the perimeter of the end plate. This is important because
double curvature of these plate elements requires the development of points of contact at
the edges of the plate. Normal bolt tolerances can be used.
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14.5 Connection of secondary elements

Early consideration should be given to the practicalities of connection of the secondary
beams to the primary beams and to the minor axis connection to the columns. This can
influence the location of the column web stiffeners.

14.6 Precambering

In unpropped construction, deflections after concreting can be significant. If it is desired
to finish the concrete surface ‘level’ the additional weight of concrete resulting from the
deflection of the beam should be added or, alternatively, the beam precambered by an
amount equal to the beam deflection under the self weight of the floor. Precambers of less
than 25 mm are not usually practical.
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Commentary to calculation sheet

Design of haunched composite beam

The design of a typical haunched composite beam and its supporting columns

is considered. The building is 18m wide and this span is achieved by a single bay
haunched beam. The building is taken as of 7 storeys height (for the purposes of
designing the columns) and is braced against sway.

The beam and column arrangement is as shown opposite. The columns are spaced at
o6m along the facade of the building and secondary composite beams spaced at 3m are
supported by the primary haunched beams. The objective is to achieve the minimum
structural depth subject to normal strength and serviceability criteria by

transferring moments from the beams into the columns via the haunch and the beam
to column connection.

In the Scheme Design, tentative beam and column sizes are established and these
sizes are used in a full design check in the Final Design.

It is assumed that the "floor zone" is 1600mm deep and that 600mm depth below the
beams can be used for servicing.

The floor slab is a composite slab which is designed to achieve 90 minutes fire
resistance. From the Steel Construction Institute publication "Fire resistance of
composite floors with steel decking" the minimum slab depth for lightweight concrete
is 130mm when using a trapezoidal deck profile. Grade 30 concrete is used.

For purposes of this example, the frame to be analysed is that comprising the first
floor haunched beam and adjacent columns. The column bases are conservatively
assumed to be pinned. The same beam and column sizes may be used for the frames
at other levels.
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Commentary to calculation sheet

The Final Design of the composite beams is carried out on the basis of elastic global
moments. In the construction stage or, alternatively, in-service stage, moments

can be evaluated from moment distribution throughout a sub-frame. The sub-frame
is as suggested in BS5950:Part 1, (Figure 11(a)). Different cases of moments in
single bay frames are considered below. F.EM. is the fixed-end moment when the
beam is subject to its applied load, assuming no rotation of the column. M is the
support (negative) moment in the beam. This is distributed to the columns in
accordance with the stiffness of the members above or below the floor.

For this example, the case considered is that of a single bay frame with pinned
bases. This represents the first floor frame. When analysing the sub-frame the
ends of the columns remote from the frame under consideration are taken as fixed
(except at the foundation level).

I NN RNRY: NN RRRR Y

A8 s

4@ - 7@¢
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9’;: IcoL.L = 50800 I8 s O.89
Ib.-H R2BOCO « 4.5

FEM.= 203x18(36~1) 4 2118 = 1833 kN.m.
Rx& 2
Msuppgr’ - Zg= . F,E,M, = 7" 0-89 * |933 E l%ge l‘N. .
(78, +2) 7x0.85+2
Maximum 'ﬁw‘ bending moment, Mo

: 6203 18 2N : 2826 kN.m,
8 ()

Maximum posifive (5agging) moment
= 28626 - 1380 : 1438 KkN.m,

End reackion

= (5‘203;2.),‘;3) : S26LN.
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The gg Job No. Sheet &  of 3' Rev.
S Job Titl
f;es‘:lltcgﬂstmﬁwﬂ == [ ""APPeNnpDix A
1 —
Subject
Silwood Park Ascot Berks SL5 7QN
Telephone: (0990) 23345 HAUNCHE D BEAM Desian
Fax: (0990) 22944 Telex: 846843 Client Made by& 2 P 2 FP
L a1 s
CALCULATION SHEET I CheckedbY B 7 D Gp i, £9

Composite Section
Resisfance moment for full inferaction

Compression Resisfpnce of slab, Rc

x O. 4% f;“ (Dg- DP) B . . . (4)

5 O.45% Do ( I'bo 50)d150 » D4OZKN.
Tensile Qesusfance/ of S{'eel Sec-)aoq , Rs

s A, = 160 Io;t‘z s 42 O KN,

Py = 'Coxicx265 d24okn.

As Rs>Re plastic neufral axis lies in sleel flange
Tensile Resisfance of )(lanﬂe/, Rf

: B.T. ;;,5: 229 %19.6 <265 = 1I1BDLN.

107

Tensile Resisfance of web, Ruw.

+Rs=2R{: 4240-2< 1189 : IBG2LN.

since Rs ReYRw , Pplastic neufral axis ljes
in sfeel lanqge rnomen)' of resnsfanw fo
the compdsife dection 'is given 5,
= Re.D R Ds +0p) - . . . . {(6).
SR 4 Re (Bs202) - (Bi-Re). T ()
4250,‘& + 2402 (130450) ~ (4240 - 3402) 19,6
2% 1o 1o¥% 2 1B 10°'< 4

1601 kN.m,

But since 1601 > 1438kN.m

Sab’sfac/lonj,
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. Job Title

itg;ltctonstructxon APPENDIX A

mute
Silwood Park Ascot Berks SLS 7QN SUbIECtH AUNCHED BEAM DESIGN
Tclephone: (0990) 23345 i
Fax: (0990) 22944 Telex: 846843 CllesntC Made b\%é// Date ,f/'//ff
CALCULATION SHEET 1 Checked b% D" Apni7, £

Negative (hoggs resist
R ) e

Moment ot Resisfarice = ot sfeel sechion alone
check ’;n acb‘onT with ZEL:--&J 5950: Rart |
most onerous section occurs af haunch fip
assume Shear force = support reaction

SR o= 526kN.
R z0.6py Ay = 0.6x265x11:9612 = 1158LN.

=4
O.6R,:0.6x1158 = 695 kN D> 526 kN.

since F, < 0.6R, no reduction in momen} resistance

o MPC« = Ms, = %Zé |{N. 7.

A haunch lenqth o0 mm. 15 }o be used
~ reﬁurn}o BM .9 diagcim, ° fo

Redistrbution of Moments

From sheet 5,8ince the haunch +p momert < Mg
no redistribulion can be consi

I, Global Momenfs remasn unchanjed.
Degree of Shear Connecdion

Connecfor strength gar posifive moments
QP: 0.© k- "P

Qg for 1dmm, dia, 4tud, 95mm (LAW) high and ‘f :‘i"ON/mrnf
L z lootw’- 20% ( for li)gh'rvgcfghf concc“refe) * QokN

for ribs patallel fo the beam,

b z Averaqe drough width =z 170 ;3.4 1.5
r/DP prof?lb depgfh S0

s Takerp st and Qp = 0.8%90«) =72 kN

Extent of positive moment region = Span-2x
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itl(:tzilh(f;nstructlon APPENDIX A
. Subject
Silwood Park Ascot Berks SL5 7QN HAUNCHE«D BEAM DES'GN
Telephone: (0990) 23345 _
Fax: (0990) 22944 Telex: 846843 Che%tCI Made by & Z Date &” 2 f/
CALCULATION SHEET Checked by Uy ez, £9

whete x:distance 4o point of con{faflexurefrom support
x is given byi~

17968 ~526x = © S.xX=22.639m.

R Rt
z -l % Lo < . m.

2
Number of connecfors rcc’uired for -full inferaction

t R = 3402 : 473, say 48 Tryequal spacings 6361133
Be - 2407 , 53y yeq 9+ £261:12%

Provide connecfors af 1>0mm. spacing in positive
moment regjon.

Check minimum Spacing = 6d = 6«19 z 114mm < 150mm, Ok
Maximum spacing in negative moment} region
2 SOOMmM, of 405 s 4130 = 520 mm.

by inspection, provide conneclors at 37Smm. in

ncgafiVe, moment tegion

‘beoJ [2250 | 98 spaces a2} 130crs. = 12740 _ [ 2260 | { 380
! I 99 Shuds arranged in 2 single line over web o
I 375 1docrs,

6 spaces at 37Scrs, = 2250
8 Shuds arranged in a single fing over web

19000

. .m,";ﬁ-ﬂ 19 iz, « 95 (length after welding) — _ . 4{%

kColumn Column %
Stud Connector La:dg_u_‘)'
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Commentary to calculation sheet

The elastic bending moment diagram for the haunched beam subject to design
(factored) loading is as shown opposite.

Also indicated are the moment resistances of the composite section in positive
(sagging) bending and of the non-composite section in negative (hogging) bending.
The haunch capacity is obtained from Figure 9. However, the limiting condition
Jor the design of the haunch is normally the ability of the connection to transfer the
required moment.

The length of the haunch is selected so that the moment resistance of the steel

section exceeds the applied moment. Therefore, no redistribution of moment is
required. The haunch length (defined to the centre-line of the column) is taken as
1200mm. Hence, the actual haunch "cutting” length is 1000mm (allowing for half the
column width and end plate thickness).
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Silwood Park Ascot Berks SLS 7QN
Telephone: (0990) 23345
Fax: (0990) 22944 Telex: 846843

CALCULATION SHEET

Job No.

Sheet | §

Rev.

of B}

Job Title

APPENDIX A

Subject

HAuNncHED BEAM DesioN

Client

SCI

Made bYZQ( Dateé7 '//f?
Checked by% Date 4? ~,4/ ¢ 9

5 affer redistribution

o% in this case).

975 (.’L‘Sl ___ Beam negafive moment of resistance
Globa(\ momen

1..___

S E
; 2
-t
Ll c
5§ g
slpl
=[® c
b '}
K &
Q)
-+ E
E
o
ol§
(1 1)
0
X

/

A

a/ 13

i =/ /%
iy

=9

s

.\
Beam
momen} of

1289

IRNT-¥-7] (MP(,)
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Commentary to calculation sheet

Column Design

The calculation of the moments and forces in the columns has been simplified for the
purposes of this example. In principle, checks are to be made on the local capacity
and on the overall buckling capacity of the columns. Appropriate load combinations
are to be considered to have the worst effect on a given column section.

The overall buckling check is influenced by the shape of the bending moment along
the column, whereas the local capacity check is dependent only on the magnitude of
the moment. Both are considered in combination with axial load.

To calculate the axial load, the reduction in imposed load above the floor under
consideration is included. According to BS6399:Part 1 Table 2, this reduction is
40% for the ground or first floor column of a 7 storey building. A cladding load of
10 kN/m is also included when calculating the axial forces in these columns which are
at the perimeter of the building.

The sub-frame considered is as recommended in BS5950:Part 1 (Figure 11(b)). The
worst load combination for the ground-first floor column was found to be imposed
load on all floors except the second floor. The fixed end moments (FEM) in all the
beams have been calculated considering the loads applied to the non-composite and
composite section respectively.
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stitute -

i Subject
Silwood Park Ascot Berks SL5 7QN HAUNCHED BEAM DES'GN
Telephone: (0990) 23345 _
Fax: (0990) 22944 Telex: 846843 Chgtc I Voo gz P 200 22
CALCULATION SHEET Crecked v s P Gpner &9

Column De,sn'sg_

Consider ground floor / Isf. floor subjrame,

Mfgn Case l~|arsesf column mome 4-associa}ed axial load

Loadl'ng‘v 2nd. flcor dead onl o+her loofrs ‘fullg loaded

Unfﬂbfb!'ed axial load in Coﬂumn Just above -fu-sf froor
Dead 1395 kN.
Imposed 729 kN,

Design 3axial load =1.4~1395 +1.6x729 = 311D LN.

The loading must now be separs info that on
nonmmpzssﬂv #am& and }Kz} f:: the c‘:m,tosi}e #:me,
as fp"owsv

nw

18.0m, |
— . ke I P
I.z50800 em?
45 ’ |
Slab 4 beam <A, Super Dead
( 2
{Iheam z %Séocm‘? I=-228000cm’
4.5 (non~composite)
slab + beam wit. Super Dead ,
! d +Imposed '
45
—_ . b Q
Non ~ Composite Frame Composite Frame

The Design FE.M a} Is} and 2nd Floors due o the
slab weight + beam’ self weight was found fo be A45BLN.m.

The Desian F.EM. at second floor due $o Superdead
onh:’ wa'Q found 1-o‘l.be, l‘}4ka.n1. per

The De,sn‘gln FEM. at Jst {:Ioor due }o full dead + imposed
= 1833 KN.m.

<. Design FEM. due fo Superdead + Imposed
21833 — 458 = 1375 kN.m,
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Commentary to calculation sheet

Column Design - continued

The moment distribution in the sub-frames is carried out in terms of the relative
stiffness of the columns and beams in the non-composite and composite states. This
has not been included here. The moments for the two cases are added and the final
distribution is shown opposite.

The greatest moment is in the column above the first floor and is 714 kNm. The
axial load in this column is as calculated previously and is 3119 kN.

From the Steel Construction Institute publication ' Guide to BS5950:Part 1:1985
Volume 1’ :page 302, the reduced moment capacity of the column is 875 kNm when
subject to the above axial load.

When considering overall buckling, the worst case for design is the column below the
first floor. The load case is the same as that considered for the local capacity

check. The bending moment in the column decreases to zero at the pinned base, and
the effect of this is taken into account by an equivalent moment factor m. In this

case m is obtained from Table 18 of BS5950:Part 1 and is taken as 0.57.

The permissible bending and axial stress are obtained from the slenderness of the
column. The effective length of the column is conservatively taken as the actual
column length. Again the buckling moment is obtained from page 302 of the above
SCI publication. The axial capacity A Py is also obtained from page 214 of this
publication.

The further load case of full loading on all spans would slightly increase the axial
load on the column, but would significantly reduce the applied moment and would
cause a reduction in the moment factor m. Therefore, it is usually a less onerous
design case for both the local capacity and overall buckling checks.
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ubject
Silwood Park Ascot Berks SL5 7QN AL bE A DE IGN
Telephone: (0990) 23345 ' H NCHED M S G
Fax: (0990) 22944 Telex: 846843 Chesnt Made by 0 /? Date /20 /7// 29
CALCULATION SHEET Cl Creckedby AR 7 P dpnrr &
3'60 Ul okl dflti
569kN.m,
A5BKN. m 154 kN, m, 44z [o_(beam)

2nd. a———f a—F kng. o — h\m—m—f

\
1206 NM.m

\\\\ (beam)
Ist _} N ')——‘f o2 | ’
A58 kN. m. 1375 kem'  EN-m| [ 714 knim,

J (Co‘umn)

\\\
GL. é : 3119 kN
Non-Compo$|‘le Composife Loading Resulfs
Scc-hon cFex:kv lst {»‘Ioor column
Try 305<3065x198 UC Grade 50
Local capacity check~
F = 3119 : 036, -from published fables 714 ki,

B 8570
Mrr = 875 > 714 kN.m . Sechon Sa}-:'sfao-}crs

Design Case 2~ mos} onerous momen} shape + associafed
axial load.

Consider the ground floor column

Loading~ as be re, 2nd. floor dead load only

loors fully loaded

Unfac{ored axla load in ground floor column
Dead 3 13954244 = 163DkN, 3720kN
Imposed = (81454270460))=  ®9I kN.

49‘2
Design axial load = 1. 4:‘!639 +| 6x89) 23720 kN. kNm
Use “the same Substitute r simplici \
Sechion check~ Ground |oor COlumn \
Overatll Buckling check \\
E o 4mMe 4 0o {
Ag. b Mp
mz ©.57
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itle(t:.lt(]tonstruction Job Title APPENDIX A

stitute
Silwood Park Ascot Berks SLS 7QN Subjest HAUNCHED BeAM DESIGNS
Telephone: (0990) 23345
Fax: (0990) 22944 Telex: 846843 Client Made b}/@_ & Date/gyﬁz PP
CALCULATION SHEET SC1 CheckedbY(le 7 P gpascz S

Effective length ~ for a fully braced frame, k3= o0
Assume _ll._:g_ zlo for simplicity

S- Lg = 45m.
From published tables As.,)‘, = 6270 kN.
also for L= 45m, Mp= 1100 kN.m.

Check 720 4 0.57< 492 =085 <)o
6270 1100

s %ection ‘Saﬁsfao}orﬂ.

D%n’sn Case 3~ maximum axial load + associated
moment:

By inspection this case is not critical
Use 205«%05~ 198 Uc Grade 50.
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Job No. Rev.
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The . Sheet |§ of B}
Steel Construction P TEAPPENDIX A

Subject
Silwood Park Ascot Berks SL5 7QN
Telephone: (0990) 23345 HAU NCHED BEAM Dss IGN
Fax: (0990) 22944 Telex: 846843 Client Made by¢ & Dafe/jyﬂ/y/ s

LA 2

CALCULATION SHEET SC1 Checked b‘@v/ PGt 9

Beam ~ Serv-wabilﬂ-j Condition

Non ~ Composite = Moments /Stress
Unfac}ored Ploaz ‘f"""" Secon/da'y beam = 9xN,

SFEM=39x18(3%6-1) 4 L5<18° = 382 kw.m,
12« & 12
&, 22.06, (from sheet 5 ),

e Msupport =, 7% 2:06  x 382 : 335 kN.m.
(x2-0642)
Maximum frw bending  moment
: 3%6x 18 4 LBIS = 587 kN.m,
1= S
Hence maximum positive  moment
= 987~-3>5 z 252 LkN.m.

39 239 3 3» 39;‘”'[‘

N
|

> =]
\__ﬁ___‘_/

252 kNLm.

. 1. 6
maximum positive  sfress z"z’zgzo?’oo z TON/mm?

Composite sechion Properpes

from sheet 6 IL, = 228000 cm’
the elashic modulus of the sfecl dension flange, s

Ze = Iy, /(o +D4 ~ ge)
£ 228000/(6!2 4130~ ’233) = 4479 crn?
10

for the concrefe, Z. = I, . %e /ye

228000« 15 /233,
146781 cm’

"
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The EEE= _
Steel Construction ——e Job Title APPENDIX A
Institute = —

ubject

Silwood Park Ascot Berks SLS 7QN M DEﬁl ~N
Telephone: (0990) 23345 . HAUNCHED BEA G
Fax: (0990) 22944 Tclex: 846843 CllenéCl Made by/(aﬁ Date&ﬁ{/f
CALCULATION SHEET Checkea b% 5o dorit 49

Composite Momenis / Stress.

The unfacfored superimposed dead load + imposed load
om {-lfeqogecondapfg pk;’eams = D4 kN.

S FEM. 2 94498 (26-1) = 81O kN.m,
2% &

&, = 0.9, (see sheet 7 ).

.. M = TIxO. 19 = &Z0 XN.m.
Suppor} (%m%)ﬁ
Reduce support moments bsj 10%

~.0 Ms'JPPOf’ < °¢9 ~ 620 b4 656 k“o ).
Maximum free bendin moment
= 95“6"! = 269 kN.m,.
S
Hence maximum posihive momen}
= 1269 ~ %558 = 71t kN.m.

24 ©4 94 94

TT 71T 0%
| !

E TH kN.m. d

Maximum posifive sfeel stress (botfom)

= Z1ix 108 = 159 N/mrnz.
4479410

. 6
Maximum concrete Shress = 71110 = 48 N /mm’
146781~ 10"

check ©5{y = 15N/mm: > 48N/mm.

. Concrete ofress ‘Saﬁsfac‘}romj.
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Steel Construction Job Tit eA PPENDIX A

Institute :

Silwood Park Ascot Berks SL5 7QN Sublect HAU NCHED bEAM DE& IGN
Telephone: (0990) 23345 i

Fax: (0990) 22944 Telex: 846843 Clle%tcl Made by 0/, Dati% / AP
CALCULATION SHEET Checked "V%// Da“ypw &9

Combmed nomn~ cornposde + composn}e sfeel stresses
= 78 +159 = 23T N/mm’
Check Py = 265 N/mme > 237 N/mm’
S. Sfeel shess Satsfactory.

Serviceability  Deflections
Imposed Joad™ detlechoms.

Unfa&}vred imposed load per secondary beam = 81kN.
S FEM. = 81418(26-1) = 709 kN. m.

12~ ©
55&: .89,

- MS"PI”"* = ( 7% 0.8 xT709 =537 LN.m.
7«0.89 + 2 )

reduce supporf moments by 107 (Sce Section 8.3)
S Msypport= 0% 537 = 4BBLN.m

Maximum frw bending momen}, M,
Slx6~l = 1094 LN.m

of 3 % mme'l'nc, load case, the mid span defection
can be t,']:cuﬂc! from f f

b 2 Sc[1-06 (Mi+M5) /M, ]

for fullsn}eraokon, e k=10 ﬁyr five equally spaced

Pom} Joads ~
/
€ gpn[o e g)] e e

= SIxiBx 10 & [3,-5 )+ 4, ]
192205 % 228000 x 10° ( 56)

2 77 mm,
For My =Mz : Mgypport it )(°”°""5 fhat:
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Steel Construction Job TmeA PPENDIX A
Institute = =
ubject
Silwood Park Ascot Berks SLS 7QN
oo ooy 3300 HaUNCHED BeAM Design
Fax: (0990) 22944 Telex: 846843 C“egCI Made b‘Y/a & Date Zon) PF
CALCULATION SHEET Checked by D‘“%,-,—g &2
Sec = T7(1-0-6 (48‘b+463-)/1064)
= D6mm,
L;m;‘,' de,fleo}a‘oq ‘,’D Homm, or L/bé = IBo00 = 50 mmy.

360
Since H6mm { Homm defleolaoq Sa}lsfac-lors

Self weight defleckion (qonvwmposi}e)
Unfac’ored dead load frorn secondanj beams = 39kN,
M&-‘PP°1’1’ - 355 "”'ﬂ'l

Maximum {ree/ bending moment, My = 587LN. "1
As befure/ the mid $pan deflection is given by ~

Scc = 8. (l- 0.6 (M,+Mz)/Mo)

Sc z 39",5 “10? & |5-% (14 4/36 }
192 «205 <« OBE0O < 1 z( )

+ 5 « 15«8 107 = 6 mm.
284 205% 98600 % 15°

. & = 96 (1- 0.6 (535 +335) /587)
: DOmm, (L/éoo)
No_precambering required.
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Steel St‘é“structw = T APPENDIX A

Silwood Park Ascot Berks SL5 7QN SUbleCtHAU NC/HE D BEAM DES'GN

Telephone: (0990) 23345

Fax: (0990) 22944 Telex: 846843 C"entc I Made ty& Ve Dat% v P2

CALCULATION SHEET S Checked by %7 Date 4x .\417/ £9

Dynamic  Semsitivity
Combined f)_o_or ]C-equenaj
main beam /3 where

g4 = maxim d‘:‘fcl{v fm’&w fo /-H-ve/ “inerfiz load,
ie. dead + 0.1« Imposed

The inerfia load per secomdary beam = 6ok

FEM. = 60« 18(36-1) +|5ue = 566kN.m
12%6

Maximum ftee moment

2 60x6x 18 4 1.5 518" : 871 kN.m.
3 &

fake &, = 0.89, a5 before

Ms, : _Tx0.89 566 = 428LN.m.
“PPQ', (7——5’0'39 +2 d

As before, the mid span deflection is given by ~

Sz S (1- o.é(M.4Mz)/M°)

8/:60"161'0 g6[3-‘/ ’.‘,4 ]
¢ 132+205 226000 <10 z ( /-"6)
+ 5 x 15%1S "’09 z &) mm.

284 2065<22B000x 104
. st. 8cc = 6l (l-O.é (4794-426)) 2 25 mm,
D7)

. fmau‘n : j,—zgg = 3.6 He

Since . 6H, >2.0H,, beam Sa{-ﬁac/}vrs
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- . Job Title
itl:filtl(l]t:nstmctxon APPE NDIX A
Silwood Park Ascot Berks SLS 7QN S”bjeCtH U ED PBEAM DESIGN
Telephone: (0990) 23345 5 A Nc'-:/‘ — =

. . ient ade ate .
Fax: (0990) 22944 Telex: 846843 i "5 1 % P 2, 5 P2
CALCULATION SHEET Checked VA7 P Gorney B9

J he s d be.
P e ooy Sheieopery ety

is found from~
) +* ) = 1 44 7. fos&SHZ

foz ‘fmu’: ‘Fsecondar; 3.6° 7 :

"

——

Since 3./5H; >3.0Hy floor ﬁg.luenuj accepfable/

Dynamic Response Factor [5@@ reference (‘zn)]

for ﬁ,<7Hz; R = Gsﬁ?jﬁgf,
m.S. Leff.

m: floor mass (kg/m’)

= [ 60 +ﬁ]_'93 = 265kg, /m?
IO © 9, ol

the damping coefficient = 0.03 for normally
tnished loors

teferring fo T? le 7.1 case (3) of the vibration

design guide«,” d:ws 18.0m,

Leff~
Main beam relative flexibilif-:’

: ) |=|2/_l2 y 0.6
fmaic / 12 3.6°/ 3.5

Soleff = L ‘3'9’[5,,,,,1??]% y L (ze.om)

E Ip = dynamic fle,xural rigidity of composite
Secondary’ beam (N. m').

Elp was found Jo be 33.2x10° N.mE

b= &wndarg beam 5pac:’ﬂ3 =3.0m.
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Steel Construction Job Title
Institute APPENDIX A
Subject

Silwood Park Ascot Berks SLS 7QN E A 1GNNS
Telephone: (0990) 23345 o HAUNCHEdDb B M DDEé S

. 7 . ient ade by ate
Fax: (0990) 22944 Telex: 846843 a1 Y 2o A P2 P

Checked by Date

CALCULATION SHEET 2 s Gpnir &9

[}
*:28[23.2410° 14

. 227m. > Lmax, say
D65xDIxD 5

where L = buildin, in second
max beam sdlfﬂ(?‘l 29

<. Leff £ 27m.

Hence R = 68000 x O.4 = 5|
36§ % 18 ;'27x 0.0

The maximum valye of R recommended for
a general office =

Since H.1< B response faa}or sa{-‘sfae!org.
Laferal 5‘}35‘|i‘}5
Construction Condifion

Zpa']we moment reqgion ~ check length befween
umn and first secondary beam.

check Mg Mp where Mz m, My

Jake m:l.0 and My:= moment a} haunch Jip
haunch leng{'h : |2Zo0mm.

haunch 4ip “moment = 580 ~191<1.2 = >Slkn.m,

.Mz .o<35 = 351 kN.m,
"-»'nd My = nuv.A | hence pp, then Mp=z S, b

ng ~
Moment} at Isf. Secondary beam position

z 50 ~191%D.0 4 L441.5<D.0 = 16 kN.m
2

5’7@55 x 16« Io" = SN/mm?
2220 = IO
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Institute = —
ubjec
Silwood Park Ascot Berks SL5 7QN
Telephone: (0990) 23345 HAU NCHED bEAM Dss IGN
Fax: (0990) 22944 Telex: 846843 CligtCI Made by/ﬁa ( Date%//z Py
CALCULATION SHEET C““"e‘db% Da‘eefm:; 89
1200 i.,
i | haunch $Hp
P‘.” | T
column ? l i S first smndarl.,
' beam
750 | 750] 750 | 750
l 5ooo
express Njfo Ng as applled spesses ~
J- My foMg becomes geld Sr}wss Py-
(‘H—nb procedure is conse
fhen Ny = Nz = N5 = Ng :IO,N:,-O
Ml M; M5 Me Ms
Ny -:0.85 , Ng =20.43
M; My
Y2
Soonp s [-’1—22 1.O4+(Bx1)+{@~0.85) bxa.43)+ 0 + 2(0)3]
z O0.85
(Vi 0.575
v~ w= _If = 0.5 A= Ls/r..j
Icf + Itf
take Lg zl.ox 3.0 J. A23000 = 60.5
49. 6
Table 14 x=234.0 (85.9950: P}H1)
<. A/x = 605 =18, J. VvV O09ab
4.0

)\LT ZO.85<0.875 «0.96x 60.5 = 43|

Table 11 by = 247 NJjmm? (B5.5%50: P}1),
o e Mp= 566;-(’247 2 DOBKN.m > BS5I k. . Ok

Negative momen} stabilijy Sa}isfao]-orl-j
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: =" [+] itle
‘ISIt;(t:iltS;nstructxon ;_%T:__ APPENDI X A
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- . . 2

CALCULATION SHEET Creckdbtn T P dpnrt &9

Positive. momen} region -
Check bejween the “central pair of Secondary beams,

for simplicity ftake m=l.o 4 n=1o
hence, }2 = Maximum Span mornenf = 437 kN.m

and Agr LO%0.873%0.96 «60.5 =50.7
Teble 11 . bp =229N/mm:
My = %680 X229 = 843 kn.m > 457k m, Ok
10

Posifive moment siability Sa}isfao}ort‘.‘

U_H-fm;fe/ In-se~ cilez k(l'ond;{;;orge }w |
neqative 1on ~ check Jen een column  and
ﬁ‘:%asecond 9

beam.

fu‘nd Are = /2. U.vi. €N and check M < bp e M<My

—

S
take 7 = 1.0 and use properfies at :aunch +ip.

Ve ’
2 Lo Is.LnQ
51 1 (&) + o(3) ‘x—fg 2 - (1®)
kn is Jesser of Ler or Ly= disfance Jo secondary beam.
.74 It,‘/4 (D/b)% NG
.74 x (‘besouo‘*)”* (6"“%"9)% = 5686 mm,

Ler

Li =3000mm. { 5686mm. J.lp= docomm.
A 23000 260.5, x=d.0 . Ax =1LS
49.6
3 & 4
o=t = 1.9 =z l4omm, Iw.lp = 1403000 = 0.0
12 2 Iy 2930« 107
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Silwood Park Ascot Berks SL5 7QN Su ‘eCtHAL‘ NCHE D BEAM DESIGN
Telephone: (0990) 23345 i
Fax: (0990) 22944 Telex: 846843 Client Made ya &2 P oy, L
C YA 7
CALCULATION SHEET 2 Checked by% Pacgpat7 €9
0.0 Vb = ‘ = ooqs

EI + z'-s(l,e)’ "'7]67('3‘6?52' 3% o.atgk'

fakz c=1 .. An 2 )-O0XO0.B813%0.93x 1.0x 60.5 = 499
2. Phba 23IN/mm: Mp: 3680x231 = @5cokN.m.
Jmmi Mps 26804231

Mz moment a} haunch $p (":ae BM. diagram on sheet) ).
z 758 kN.m. < B50 kN.m.

.. No additional rzs-}fa-‘n}; recp.u’rad.
gaunch Connection Design (Ulﬁma‘fe Load),

esiqn moment
Design moment = 1388 kN. m.

Try M27 bolts Grade 8.8
Tension capacifﬂ Pt = pt. At = 4504352 = 207 kN.
1o

Shear capacify R =ps. Ay = 2752459 = 172 kN.
10?
Minimum $pacing down web, Lmin Is given by ~

Lm;nxll-9 #’265 = '2"207:‘ !O’
Selmin = 13)mm, but frg 139 mm,
Try B fension bolfs and 4shear bolfs

cutlts depth = 588 mm.
chitzscuf}i’;gh Caz be fgbricajed from same Secthon.

5o oui% - 300t (5).

Check 612-507-10 20 Flange
s. Adec],u731e« 2y > ‘rh?ckgness

589
check floor zone
20124 588 4130 490 410
z 1600 mm. - . Ok,

Ro7
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SCI Checked by Dateg e
CALCULATION SHEET b Bo~r? 29
Ulimate Moment Capac/ilz
Haunch (onnection and fotce Diagtam.
+
1o 7
20T kN
"OI ’Qu'é 55 | !
. = ] - 5 2T Ln )
t © o |
e - ,
' : 135 /
4} {;} _ ﬂﬁ_k_':’?
: , 175 /
- ' 610% 229 x 125 UB, /
Ry L) /——/ Grd. 43 /
/
/ 1259
T /
ex 610x229x125 ud /
588 /
@91, /
R R -
, 1 lc 1 |- )
4ot | l 140 | 265
doo N/mm?
Shear Capacify = 4x172 =6BBLN. > 526 kN,
Momant Capacih = 1962 kN.m. > 1388 kN. m,
.. Connection Adeclua}z
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Commentary to calculation sheet

End Plate Design

The local yield line pattern in the end plate is as shown below. This is influenced
by the presence of the stiffener. Double curvature is developed in the end plate
which increases the bolt forces by prying action. The plate bending resistance
multiplied by the factor representing the work done in deforming the plate along its
assumed yield lines is compared to the applied force per bolt, F. If przving action is
not included in the analysis, the plate moment resistance is taken as t /5

(as suggested in Section 10.2 point 9).

n c

l"——’"_’i /Stiffener

|

_-Yield lines

The design of the end plate is also influenced by the transfer of force to the beam
web. The worst case is normally for the third row of bolts as there is no benefit
Jfrom the adjacent flange. The plate moment resistance is obtained assuming double
curvature is developed in the end plate as shown below. This results in a greater
end plate thickness than the above case.

Web Yield lines

N7
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: _—— Job Title
pieet Construction. 572, APPENIDIX A

. Subject

Silwood Park Ascot Berks SLS 7QN y
Telephone: (0990) 23345 . HAUNCHED BeAM DeEsIGN
Fax: (0990) 22944 Telex: 846843 cmgtCI Made "74 & Date o5 S / PP
CALCULATION SHEET Checked bv% Doty s .71 e9

End Plafe .
r8i fop 4 bolfs ~ weld line pattern

3375m'n b= 55'mn Cs Jo -~ '2/6 = &4 mm,

check 171,;; 55 2 O4mm.> " 3

ns (300-140}/ s SO mm,

check C+1.4b+3 s 64477479 2216mm. > 0.5
The plate moment of resisfance, mp is given from~

F SZmP(a+b + c+n>

= (754-55 + 64 4—90)2:11? ‘3‘50mp
64

Now F:z207 kN, Try Grd. 50 pif: with modulus = l:z/,5
J. I:z *240x9.% ) 207« 107

S b > [Zo7«<107%5 e, £y 18.1mm.
P40 % 9.3

Consider 2rd. prow of bolts ~ yield line patiern

FE 2mp. e = 2mp 155 = 4'2"1’7
"y ©4

F:179kN., .t » ;7%:0 «25 S E%25.0 mm.

<. Use 2Hmm. thick ?Ia{g Grade HO.
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The load spread from the bolt to the adjacent weld is taken as not greater than 60°
as shown below.

»60°
,E’t‘\\ Load spread
7~
o to weld
— ]

The strength of the weld is taken as for an E51 electrode as in Table 36 of
BS5950:Part 1.
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statul
Subject
Silwood Park Ascot Berks SL5 7QN
Telephone: (0990) 23345 5 HAU NCH El\'/lbd = bE'AM DDE«& IGN
v . ient ade by ate .
Fax: (0990) 22944 Telex: 846843 SCI w/0 P /jﬂﬁ {) Y
CALCULATION SHEET Srecksd oY 2R 7 [P Gpri/ &9

Beam Jo End Plafe Wwelds.

Q 'dﬁtv
’]':cﬁ- 129?0p~z¢bolis £ 4x207 = BZDOIN

Try fillet weld, min. leq length = 828 =10 = 12.0mm.
y f “ 2<227-215 «0.7

WwWeb welds~ o
bolt load spread lenc){'h = 2x70 tan 60 =242 mm,

bol} spacing vetfically = 135mm, < 242mm 2. check on 135mm.

consider dfd. row, 17O KN.

S. min, lm) |encj}l1 z 172"10’ = 8.8 mm.
O.7x135 ~215

for the 4th. row, F =151 kN.

<. min. les Iens}h = 151410 2 7. 4mm,

O.7¥ 15 « 215

blj fnsyec-ln’on provide weld as -Follow:»v

8 12
3 )
- 10 |> 100
j EEESE—— [L+4
‘ 8 Ndoo
*—9‘—3
i I
Provide 6mm Fllet weld
unless otherwise staked.
——
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Web
4
Stiffenerd

Pt

The column flange is subject to local bending via the bolts in tension. A 12mm
stiffener is used to reduce this effect. The column flange is assumed to bend in
double curvature and the yield line mechanism is as shown.

However, the column flanges are also subject to high axial stress which reduces the
effectiveness of the horizontal yield lines. Their contribution is multiplied by a
factor . Because of the high axial stress in the flanges W is taken as 0. The
applied force per bolt F is given in terms of the bending resistance of the column
Sflanges times a factor representing the work done along the yield lines. Prying
fozrces are not included in this analysis if the plastic section modulus is taken as
t°/5. (See section 10.2).
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g : 2 U
CALCULATION SHEET Checked by%y Date Apa” P9

Cutfing web 4o Beam Flange weld
50% of beam flanse/ capacjfg 2 229 %19.6 265 =5O95KN,

2% 107
Beam dep}h z 12 mm.
Cufflﬂs ,éﬂﬂ"h = 1000 mm. 2% 612 mm,

S, design weld IenﬂH-. = 24612 =z 1224 mm.

s.omin, Jeq ) = 595x 10> 3.2 mm,
3 0«"‘5”’1 1224;215 ~0.7

Provide 5mmJ,y’||a«f weld,
CU’[‘EHS_'}D@ weld

weld lenglh= 229 mm.
507 beam flange capacity = 595N

<S.min, les Ieng'}h : 595 x 1O z V7. Zmm
229 %215 xO.7

=S Provide 18 mm, fillet weld or bubt weld

Column 'Fiange, bendins
Coexistant sfress in

st
consider column  Jdesign’ case 1, )us{- above Ist -floor—v

O= 714 = 106 + DM9x IO’ = 363 N/m"n‘) 340 Nlmmz
2990 x 107 292 x 10° over

hence inferaction fac‘]ar = £|_ (% 9)2; < O

S rleqle'ﬁT ;:{ijzr:)’gl components of ld;eld Irnes

Consider 2ad. row bolts ~ Hie«ld line pattiern
as commenfary. Assume 3 12mm. fension ohiffener.

for/uz o, Fg Qm;. (f + 0.5¢ 2)
”

f: 60 (20-!2) =z 64mm. , € =195mm. | Fsz 7.07|:N,
2
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Alternatively, the column flange is checked considering the yield lines adjacent to
the third row of bolts as shown below. Again, the flange is in double curvature.

Web Yield lines

et

n m

The column web panel in the region of the haunch is subject to high shear. In
principle the effect of shear on moment capacity can be taken into account in Clause
4.2.6 of BS5950:Part 1. The local capacity of the column can then be rechecked,
allowing for any reduction in moment capacity due to shear.

In some circumstances it may be necessary to increase the size of the column.
Alternatively, a web doubler plate may be used, such that the net shear stress in
the web does not exceed 0.6P, (so that there is no reduction in moment capacity).
The shear force in the doubler plate may be taken as P, provided the strength of
the connecting welds is adequate. The doubler plate is welded to the web of the
column before the stiffeners.

Doubiler pilate
/ ] [

PLAN

SIDE VIEW
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. 7 . 2

CALCULATION SHEET Checfdby 2% 7 |7 Gprry 89

’ 1
m/= TJo-19.2 = GOmm, mP = %, )7"

S by [2o07x10%<5, 6o = 26. 4mm.
g %40 2(64+ 0.54135)

Consider drd. row of bol}s ~

Fs2mp. e
m/

soby /nesnoﬁs . _60o » 24.2mm.
40 2% 1D6

, F = 179kwN,

Since 26.4mm and 24.2mm < ). dmm
Flanﬂex Ad%u_a_fg
Check column web for shear ~
Fv = 1489 kN.
Rz 0.6 py. Av = 0.6%34019.2x33D.9 = 1331 kN,

107
since, 1489kN 1331 kN wweb inadequate

S. Use doubler pla]’g

fimit forw in web Jo 0.6R =0.6<1331 = TOOKN.
limit force in doubler plafe o R
o Yhickness s qiven ba.)y

0-6"2740’4‘;;'50).9,‘ E = 1489 - 799
o

J.tz10. ©Omm,

Provide. 10mm, }hick web doubler plate
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CALCULATION SHEET X1 Checked by% Da“’@»/z) 89
Longitudinal _Shear (poslﬁva momen} region_only).
Total fop flange longifudinal shear force/ per unit leagth

ve NQp = 1272 : 554 kN/m.
S o113
Resistance of concrete flange~
Pofential shear planes for slab with decking parallel }o
main beam is shown  +hus
| e e |
% shear resisfance per shear surface, e-e
g Vv = 0.7 Asy,. f—5 +0.037. Acv. fa.: + Vp
é bU‘}' } 0.817. Acn. Jf::. +Vp
% Take vp:0, je ignote the confribution of decking
5 since position” of lap joints s nown,
g Hence for 2 shear planes, the shear resistance
é =7(°-7" 142« 460 4 O.03x0.8x80 Io’«:’oo) 107
: + 207kN < 554N,
é s Additonal reinforcemn‘l' required.
i but check
% 2(0,6"0,6 neo’uo’ﬁ-o)uo')
g 2561 kKN > 207kN.  0OK.
(R
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CALCULATION SHEET Checd b7 Py, #9

Area of additional reinforcement, As.

z @54-207) <10’ = 2x0.7 « A;v % 460
o Asy = 539 mm'/m,

Provide T12 a} 200 mm. (565mn").

Bar Cl.lf off~
shear force ds’asram.
207 kv /54/\

3150
' eff. breadth.

The cut of length = is given by

350 / 554 = (.?.'_50 - x) / 207
7 ) % 3 2

Sex =z 987+ 12dia. (Anchorage)
Bar length = (287 +12u'z)~2 + 2262 mm.

s Provide bars 2300 mm. Lonﬂ.
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