THE DESIGN OF
CAST-IN PLATES

b ]
5\

\‘\ "\ \\\ |1
‘e £\ LY

3 \
"*C&ﬂ

s
!

|

\ 8
J H’*

f

g{ STEEL =2
= SCI

Steel Knowledge fOf //fe m







THE DESIGN OF
CAST-IN PLATES






IIIIIIIIIIIIIIIIII

THE DESIGN OF
CAST-IN PLATES

J.R. Henderson BSc, PhD, CEng, MIStructE



&T74774=7  SCI (The Steel Construction Institute) is the leading, independent provider of technical expertise
N and disseminator of best practice to the steel construction sector. We work in partnership with
SCi clients, members and industry peers to help build businesses and provide competitive advantage
Steel Knowledge ~ through the commercial application of our knowledge. We are committed to offering and promoting
sustainable and environmentally responsible solutions.

Our service spans the following areas:

Membership
Individual & corporate membership

Consultancy
Development
Product development
Engineering support
Sustainability

Advice
Members advisory service

Information
Publications
Education
Events & training

Assessment
SCI Assessment

Specification
Websites
Engineering software

© 2017 SCI. All rights reserved. Apart from any fair dealing for the purposes of
research or private study or criticism or review,
as permitted under the Copyright Designs and
Patents Act, 1988, this publication may not be
reproduced, stored or transmitted, in any form
or by any means, without the prior permission
in writing of the publishers, or in the case of
reprographic reproduction only in accordance
with the terms of the licences issued by the UK
Copyright Licensing Agency, or in accordance
with the terms of licences issued by the
appropriate Reproduction Rights Organisation
outside the UK. Enquiries concerning
reproduction outside the terms stated here

Publication Number: SCI P416
ISBN 13: 978-1-85942-225-0

Published by:
SCl, Silwood Park, Ascot,
Berkshire. SL5 7QN UK

T. +44 (0)1344 636525
F: +44 (0)1344 636570
E: reception@steel-sci.com

www.steel-sci.com

To report any errors, contact:

publications@steel-sci.com

should be sent to the publishers, SCI.

Although care has been taken to ensure, to

the best of our knowledge, that all data and
information contained herein are accurate to

the extent that they relate to either matters of

fact or accepted practice or matters of opinion

at the time of publication, SCI, the authors and
the reviewers assume no responsibility for any
errors in or misinterpretations of such data and/or
information or any loss or damage arising from or
related to their use.

Publications supplied to the members of the
Institute at a discount are not for resale by them.

British Library Cataloguing-in-Publication Data.
A catalogue record for this book is available from
the British Library.



The use of steel plates cast into concrete elements to connect steel beams to is

a common construction method where a steel frame surrounds a concrete core.
Despite the frequency of providing lateral stability to a steel frame in this way, hitherto
there has been no design guide available in the UK to suggest a common approach.
Consequently there may be discussions between project participants with limited
common basis about design assumptions, the division of responsibility and the
necessary arrangement of the connection to achieve the design intent. The purpose
of this guide is to provide such a basis and identify issues that should be addressed in

the design and construction process.
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This publication provides guidance for the design of cast-in steel plates for connecting
structural steel beams to concrete core walls. The guidance can be extended to connections

of other elements (eg support brackets for services).

The guide provides a model for the design of simple connections that transfer shear
force due to permanent and variable loads and a non-coincident axial tie force resulting
from an accidental load case. It points out additional issues which must be considered
where coincident shear forces and axial forces are to be dealt with. A sample design of
a simple connection for a 610 serial size UB is presented. The design of punching
shear reinforcement for the wall is included.

The guide discusses the responsibilities of the building structural engineer and the
steelwork contractor and suggests where the responsibilities are best divided. It also
considers the impact of deviations between the theoretical positions of the parts of the

connection and their as-erected positions.

Issues relating to construction are discussed and some recommendations made.

vii






A common form of building construction in the UK is to choose concrete cores to
provide the lateral stability to steel framed buildings. The steel frames often consist
of steel-concrete composite slabs and beams supported on steel columns using
simple connections.

Loads are transferred through the floor structure to the concrete cores as:

= vertical forces from the permanent and variable actions on the floor;
= horizontal forces from wind on the building facade or the horizontal component of
force from inclined columns;

= tie forces for robustness (independent of other forces).

Such force transfers necessarily require some steel beams to be connected to the
concrete core structure. Until now, no design guidance for these types of connection
has been published in the UK and designers have had no option but to develop their
own approach from first principles. This has led to the adoption of various connection
details and different contractual arrangements from project to project, with attendant
discussion and potential for disagreement. The present guide has been produced with

input from representatives of different parts of the construction industry to:

= propose a structural model for the design of the joint and its components and
= identify design responsibility for the different components.

As well as assuring the provision of acceptable details, it is hoped that the
guide will reduce the time spent on discussion of such details and divisions of
design responsibility.
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Figure 2.1

Axial forces in
beams connected
to inclined columns

Many buildings are designed as ‘simple construction’ for which the global analysis
assumes nominally pinned connections between beams and columns and resistance to
horizontal forces is provided by bracing or cores. Consequently the beams are designed
as simply supported and columns are designed for moments arising from a nominal
eccentricity of the beam to the column. This design approach is accommodated by the
Eurocodes. A ‘simple’ joint model, in which the joint may be assumed not to transmit

bending moments, may be assumed if the joint is classified as ‘nominally pinned’.

In a building designed with nominally pinned connections, any connections to a
concrete core are required to carry shear and to be sufficiently flexible to behave as
nominal pinned connections. The ‘Green Book’, SCI publication P358 ), sets out
design rules for simple joints between steel elements. Connections of steel elements
to concrete cores, shear walls and other elements are required to behave in a similar
way. Tie forces for robustness can normally be transferred to the core wall effectively
through steel reinforcement in the floor slab. However, where this is not possible, in
addition to carrying simple shear, the beam connections are required to carry the tie

forces in a separate load case.

It is relatively common for steel to concrete connections to be required to carry coincident
shear and axial forces (distinct from the separate tying forces). These connections do not
conform to the simple connections discussed in the ‘Green Book’ because that publication

does not deal with connections carrying such a combination of forces. These connections
may arise where core structures are surrounded by

voids for building services risers so that wind loads

applied to the building cladding are transmitted to

the core walls through the floor beams instead of

1200 through the floor slab. Also, any floor beam
Y 500

supported on an inclined column will experience

an axial force in the same load case as the shear

1300\ 120
; % force. More significantly, if a vertical column
\ becomes inclined at a particular floor level,
1430

the horizontal component of the inclined force is
Bs \ usually transferred into a floor beam (see Figure 2.1).
12
The axial force in the beam may then be transferred
5

Forces in kN into the lateral load resisting structure.



FUNCTIONAL REQUIREMENTS
AND BEHAVIOUR

The most common form of connection is a steel plate cast into the wall to which the
steel beams of the floor structure can be connected. Shear studs are usually provided
on the back of the plate to resist the vertical reaction from the floor beam. Axial forces
in the beam are resisted by reinforcing bars which are generally welded to the plate
and transfer the load through bond with the concrete. The plate, shear studs and
reinforcing bars are embedded in the concrete structure and are referred to as ‘cast-in’
or ‘embedment’ plates.

After the plates have been cast into the core wall and steel erection is under way, the
position of the plates is surveyed and an element is welded to the face of the plate (often
a fin plate) to receive the connecting floor beam. The deviation of the fin plate from its
‘true’ position on the cast-in plate is determined mainly by the accuracy of construction
of the concrete structure and cast-in plate. The construction tolerances specified for the
concrete give a guide to the eccentricities which must be allowed for in the design of the
plate and the shear connection.

Where the connection is ‘simple’ as defined in the ‘Green Book’, the fin plate geometry
can be as set out in the standard fin plate connections.

2.1 Nominally pinned connections in
simple construction

A ‘simple’ connection transfers the reaction at the end of the beam to the cast-in plate in
shear. The shear force is transferred to the fin plate by bolts and the line of applied shear
is assumed to be through the centroid of the bolt group. This line is eccentric to the steel
to concrete connection and to the centre of the wall. The cast-in plate and its welded
connection to the fin plate must resist the eccentricity moment due to the offset of the
bolts from the face of the plate.

The steel to steel connection detailing rules in the ‘Green Book’ result in a joint which
is sufficiently flexible to deform and allow the beam to take up an end slope which is
consistent with a simple support. Rotations are achieved by plastic elongations in the
bolt holes in the fin plate and/or beam web and by shear deformation of the bolts.

The standard arrangement for fin plates in the ‘Green Book’ is a 10 mm thick fin plate

in S275 material with two 8 mm fillet welds provided to eliminate the possibility of weld
failure. This arrangement entails an eccentricity moment being applied to the supporting
column. Nominal moments are used in the column verification determined by assuming

the shear force acts at a lever arm of 0.1 m to the face of the column web or flange.

The behaviour of simple steel to steel connections with the arrangement set out in the
‘Green Book’ has been validated by tests on beams up to 610 mm deep. Additional
restrictions on the connection arrangement on beams deeper than 610 mm are set out
in the ‘Green Book’ to preserve the nominal pinned behaviour and prevent excessive
deformation at the extreme bolt positions. The limitations identified are that the span

to depth ratio of the beam should not exceed 20 and the vertical distance between the



Figure 2.2
Centre of
rotation of joint

centres of the top and bottom bolts in the joint should not exceed 530 mm. The maximum
number of bolt rows is therefore limited to eight if the standard pitch of 70 mm is adopted.
The nominal gap between the beam compression flange and the column is 10 mm for
beams up to and including 610 mm deep and increased to 20 mm for deeper beams.

Cast-in plates are similarly subject to an eccentricity moment determined by the distance
of the centroid of the bolt group from the vertical plane being considered. For the checks
on the moment resistance of cast-in plates, the lever arm is taken as the distance from
the bolt centroid to the back of the cast-in plate. The minimum gap between the end of
the beam and the face of the concrete wall must be achieved to allow the rotation to

occur, so the nominal gap must allow for the construction tolerances.
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The shear force and eccentricity moment applied to the cast-in plate must be
transferred into the concrete core wall. The shear is transferred through shear studs
welded to the back of the plate and the moment is transferred as a push-pull between
a compression zone at the bottom of the fin plate and reinforcing bars welded to the
plate near the top of the fin plate. The reinforcement is assumed not to contribute to
transfer of shear into the wall. However, since the cast-in plate is rigid in plane, the
reinforcement will be subject to shear force and so a reduced tension resistance of the
bars should be used. The concrete wall must be checked for punching shear resulting

from the eccentricity moment.

The reason for assuming that the shear studs make no contribution to the pull-out
resistance of the cast-in plate is that there is no satisfactory interaction formula for
the resistance of shear studs in combined shear and tension available in Eurocodes.
A formula is proposed by Johnson @ but stud tensions higher than a tenth of the stud
shear resistance are outside the scope of Eurocode 4 2!,



FUNCTIONAL REQUIREMENTS
AND BEHAVIOUR

2.1.1 Tie forces

To satisfy robustness requirements, the connection has to be able to transfer tie forces
into the concrete core. If the floor slab continues up to the core wall, the tie force

can be transferred from the steel beam into the floor slab and thence into the core
wall via reinforcement. This arrangement is preferable because the tie force is less
concentrated than if it arrives at the core wall in the beam, so the resistance to tying is
likely to be easier to develop.

Where it is not possible to provide the necessary tying resistance through the floor
slab, a load case is checked to confirm the steel connection can satisfactorily transfer
the tie force. The axial force in the beam is applied to the cast-in plate through the

fin plate and is transferred to the reinforcement welded to the back of the plate. The
force is resisted by bond between the concrete core and the reinforcement. A sufficient
anchorage length of bar is provided to develop the tensile resistance of the bar. This
arrangement may result in the need to provide shear reinforcement in the core wall
around the cast-in plate to prevent failure under this load case. Bars turned down are
preferred because the failure mode is more ductile than for turned-up bars.

The line of action of the tie force is not considered. It is assumed to be sufficient to
provide adequate resistance. Bars to resist tying can be provided at the level of the
top of the fin plate only or at both top and bottom. In the latter case, the fin plate and
cast-in plate acting together transfer the tying force in bending by spanning vertically

between the bars.

2.2 Nominally pinned connections with coincident
shear and axial forces

Where it is necessary for a connection to carry coincident shear and axial forces,
satisfactory detailing to avoid the development of bending moments in the connection
is likely to be difficult to achieve with a fin plate or end plate connection. In the ‘Green
Book’ simple connection model, the holes in either the fin plate or beam web (or both)
are assumed to elongate to accommodate the end-slope of the simply supported beam,
while carrying the vertical shear. The elongations cannot occur in this way if a horizontal
load is also to be carried. Similarly, an end plate is assumed to be sufficiently flexible to
deform and allow the beam end slope to occur. Again, the deformations cannot occur
in this way while a horizontal force is being transferred. If axial forces are sufficiently
large to require the mobilization of the beam flanges, this will also entail the possible
development of a couple. Such a fixing moment could be avoided by the use of a physical
pin but the eccentricity moment to be resisted by the cast-in plate could then be significant

because of the physical size of the connection.

Where the axial forces are significant, it may be simpler to transfer them into the core
wall by providing a through connection in the wall with a back plate or welded bar

connected to plate washers within the cover zone on the opposite side of the wall



to the cast-in plate. The transfer of the axial load can be achieved more directly by
bearing on the concrete, instead of relying on welded reinforcement and bond.

A connection which transfers coincident shear and horizontal force and applies a
modest eccentricity moment to the cast-in plate, and allows the beam to take up a
simply supported end slope is required. The development of a fixing moment must
be prevented, to avoid transferring a significant bending moment into the concrete
core wall at the connection. This means the transfer of horizontal force through both
flanges of the beam must not be allowed. The vertical reaction in the beam must be
transferred to the cast-in plate while allowing rotation to occur.

If the axial force in such a connection is transferred through a horizontal plate, the vertical
bending resistance is low and plastic rotation of the plate can be assumed. A bearing
block will carry the vertical shear and also allow rotation. A torsional restraint is also
required. A possible arrangement is to provide a landing cleat and a torsional restraint
towards the top of the beam web. A horizontal force can be delivered to the core wall
through the bottom flange of the beam and the landing cleat. If the torsional restraint
provides no axial resistance, the possibility of applying a significant bending moment
to the concrete core is practically eliminated. Figure 2.3 shows the proposed detail.
The anchors resisting the tie force are provided at or above and below the level of the
tension plate and the cast-in plate bends between them.

Torsional restraint

Short slots

Tension plate

Bearing block
(if required)

Figure 2.3
Connection detail

to resist coincident
shear and axial forces

Anchor bars




FUNCTIONAL REQUIREMENTS
AND BEHAVIOUR

The transfer of any axial force in the beam to the tension plate will result in a bending
moment in the beam which reduces linearly to zero at the far support. For a tension of

a magnitude where this detail would be appropriate, the additional bending moment at
mid-span is unlikely to be large in comparison to the vertical load moment but it should be

taken into account. A compression will result in a reduction in mid-span bending moment.

2.3  Alternative detailing to provide resistance to
coincident shear and axial forces

Various modifications to the fin plate detail, required when it must carry shear and

coincident axial force, are adopted by designers to ensure that behaviour remains that
of a simple connection. The requirement for such modifications is not always identified
at tender stage leading to unexpected additional work for the steelwork contractor. The

modifications have varying degrees of effectiveness. Examples are:

= Provide ordinary holes near the beam neutral axis and slotted holes remote from the
beam axis in a deep beam to use more than 8 bolt rows yet allow the beam to rotate.

In this case, all the bolts are likely to be necessary to resist the tie force and the
slots will need to be taken up before the tie force can be developed. The effect of

this movement is uncertain.

= Allow some rotation to occur at the connection then provide preloaded bolts to
prevent further rotation.

In this case, it is not clear at what point the rotation is to be arrested or what the
effect is of the subsequent variable load applied to the connection.

= Design for coincident axial and shear forces from first principles and use grade S355

material in the connection.

In this case, the design of the connection for coincident axial and shear forces is
outside the guidance in the ‘Green Book’ and the assumption of a pinned connection
cannot be made with any confidence. Also, the possibility of weld failure must be

considered because of the higher strength of the fin plate.

The important issue is that the structural engineer must be aware of the limitations of
the design model for standard simple connections. It must not be assumed that the
details from the ‘Green Book’ can be modified to transmit coincident shear and axial
forces without also attracting a bending moment. (This applies equally to steel to
steel connections). The concrete core wall must be designed to carry all the forces

from the connection.









The proposed design rules are based on existing codes of practice, where such rules
are available. The connection details proposed are chosen to fall within the principles
of codified rules. Design of the steel side of the connection is based on Eurocode 3
and the ‘Green Book'. The resistance of shear studs is taken from Eurocode 4. The design
of the concrete side of the connection and the determination of the tension resistance
of reinforcement is based on Eurocode 25,

The following table lists the proposed design model assumptions and recommendations.

If the tension force is significant, it may be simpler and more convenient to use a
symmetrical arrangement of through bolts as discussed in Section 2.2.

11



PROPOSED DESIGN MODEL

Table 3.1
Proposed design model

12

reinforcement, reduced in the presence
of shear.

Item Assumptions and recommendations Notes
Shear studs are assumed to carry The tension resistance of studs in
shear only (combined shear and tension  concrete is only codified in relation to
is not verified). composite floor construction. The elastic

failure is limited by crushing of the
concrete beneath the projection of the
head beyond the shaft. Design rules for
shear studs subject to combined shear
and tension are not codified.

2 The shear resistance of the studs should  Bolt shear will occur before failure
exceed the shear resistance of the bolts  of the studs.
to ensure that shear failure will occur in
the steel part of the connection.

3 Stud diameters are assumed to be The Bridge Guidance Notes (SCI P185)
either 19, 22 or 25mm. Studs should be  give advice on stud lengths.
long enough to extend inside the wall
reinforcement cage.

4 The stud spacing is limited to a minimum BS EN 1994-1-1 cl. 6.6.5.7(4).
of 5 times the stud diameter d in the
direction of shear and a minimum of 2.5d
in the orthogonal direction.

5 Welded reinforcing bars are assumed The tension in the bars is due to
to resist tension forces only and carry eccentricity moment, tie forces or
no shear. direct tension.

6 Use a minimum of two bars at the top of ~ Tying is an accidental load case and the
the cast-in plate; use four bars (two at line of action of the tie force is
the top and bottom) where the tie forces  not critical as long as the tie force
require it. can be developed.

7 The gap between welded reinforcement  BS EN 1992-1-1 Table 8.2: value of a,.
should exceed 6 times the bar diameter  (Closer spacing results in a longer bar).
to allow a reduction factor on bond
length of 0.7 (unless longer bars
are acceptable).

8 “Poor” bond conditions should be This results in a lower design value
assumed for slip formed walls unless for the ultimate bond stress.
it can be shown “good” bond See BS EN 1992-1-1 clause 8.4.2(2).
conditions exist.

9 Check the tension resistance of the The cast-in plate is assumed to be stiff

in plane therefore the bars are subject
to shear and tension although no
contribution to shear resistance from
the bars is assumed. Distribute the
shear force in proportion to the area
of the studs and bars.
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It is usual for there to be a structural engineer (organisation or individual) who has overall
responsibility for the structural arrangement and stability of the building. This party will
usually design the floor beams, floor plates and stability structure which involves determining
their sizes and the structural actions transferred between the elements, and the general
principles of the connections e.g. whether pinned or fixed. It is usual for the structural engineer
to be responsible for the design of any concrete core walls and the arrangement of the
reinforcement in them where this form of stability structure is selected. The same party is
in the best position to carry out detailed checks on the integrity of the concrete wall when

subject to the design actions arising from the connections to steelwork and should do so.

It is important for the smooth execution of a project that the assumptions made by
the structural engineer can be realized in practice. It is usual in UK construction

for the connection design to be the responsibility of the steelwork contractor. This
means there is a contractual as well as a physical interface between elements at

the connection of floor beams to concrete core walls. If the structural engineer’s
assumptions about the connection detail are unrealistic, resolution of the design of
the connection can be prolonged because practical connection details are likely to
affect the concrete elements, design of which may already be completed. If this is so,

significant costs and delays may be incurred.

If the axial force in a beam is high, the beam flanges may need to be connected to
the supporting element as well as the web and this clearly entails the development
of a bending moment. Attempts to transfer large axial forces through the beam web
alone may result in web doubler plates and thick fin plates which do not comply with
the limiting parameters for simple connections. Such details, if not considered by the
structural engineer, are likely to result in bending moments transferred through the

cast-in plates that have not been allowed for in the wall design.

The most effective way of achieving an efficient connection design is to divide the
design responsibilities for the connection according to the level of information held

by the relevant parties. The split of responsibility that requires least transfer of
information is defined by the plane at the face of the concrete wall (see Figure 4.1).
The structural engineer however must still understand the form of the steel connection,
be aware of the limitations of the simple joint model and understand what loads will be
exerted on the concrete.

15



CONTRACTUAL ARRANGEMENTS
AND DESIGN RESPONSIBILITY

16

Figure 4.1
Split of design
responsibility

work
ractor

The design resistance and setting out of the embedded elements (shear studs and
reinforcement) depends on the concrete specification (strength grade) and on the
arrangement of the wall reinforcement. Construction tolerances affect the way forces
are applied to the cast-in plates and these are generally all specified by the structural

engineer (See section 5).

These design responsibilities are reflected in the procedure given in Table 4.1, which
sets out the suggested design procedure for the cast-in plate and the checks on the

supporting wall.



Table 4.1
Design procedure

Item Activity Code reference By whom
1 Assess incoming beam size and design Structural
forces: do the parameters conform to “simple” Engineer
construction? (ie involve shear force and tie force
only in separate load cases).
Simple Design

2 Determine the maximum deviations for detailing  NSCS/NSSS Structural

the connections. Engineer/Main
Contractor

3 Determine the eccentricity moment: Structural
See Section 2.1. Engineer

4 Determine the number of shear studs (19 mm, BS EN 1994-1-1  Structural
22 mm or 25 mm diameter). See Appendix A for ~ Clause 6.6.3.1 Engineer
a table of resistances.

5 If the tie force cannot be taken by the slab rebar, BS EN 1992-1-1  Structural
choose two or four bars to resist the tie force Clauses 3.1, 8.4 Engineer
and detail them. See Appendix A for a table of
resistances.

6 Check the tension in the top bars from the Structural
eccentricity moment (resistance reduced in the Engineer
presence of shear force: see Section 2.1).

7 Check the bearing resistance of the concrete for  BS EN 1992-1-1  Structural
the compression resulting from the eccentricity Clauses 3.1, 6.7 Engineer
moment (see section 2.1).

8 Determine the cast-in plate size and thickness. P358 gives fin Structural
It must be deep enough for the fin plate to be plate sizes Engineer
welded to it (allowing for deviations).

9 Check the concrete wall for punching shear due  BS EN 1992-1-1  Structural
to the eccentricity moment. Clauses 6.4.4, Engineer

6.4.5

10 Check the concrete wall for punching shear due  BS EN 1992-1-1  Structural
to the tie force The behaviour is similar to shear Clauses 6.4.4, Engineer
force in a concrete slab supported by a column.  6.4.5

11 Select fin plate detail from the ‘Green Book'. P358 Steelwork

Contractor

12 Confirm the cast-in plate thickness as a function ~ P358 Steelwork
of bending due to a tensile tie force applied to Contractor
the fin plate (check as a T stub).

13 Check the bending resistance of the fin plate BS EN 1993-1-1  Steelwork
under the tie force. Fin plate and cast-in plate act Contractor
together as a T section spanning between bars
(See section 2.1.1).

Coincident shear and axial force

14 Determine the design principles of the Structural
connection and the design actions. Is the joint to Engineer
be designed as nominally pinned?

15 Check the principles can be realized (can a Structural
practical connection be detailed to suit the analysis Engineer
assumptions — zero bending moment for example).

16 Design concrete side of connection (steps as for BS EN 1992-1-1  Structural
simple design) Engineer

17 Design the steel side of connection in BS EN 1993-1-1, Steelwork
accordance with the principles determined by the Clause 1-8 Contractor

structural engineer

17






Construction of a concrete core wall (like all building activities) is an imperfect process
which will result in a structure that is not in its nominal position. The concrete contractor’s
work is subject to a specification which sets out the maximum allowable deviations of the
built structure from the ideal. The National Structural Concrete Specification (NSCS) often
forms the basis for the specific project specification. Fabrication and erection of structural
steelwork are independent processes which are also subject to a specification with a
similar function. The National Structural Steelwork Specification (NSSS) usually forms the
basis for the project specification for the steelwork. Where the steel and concrete elements
come together, the effect of the deviations is clearly seen. The result is that the connection
details do not follow their nominal arrangements and the transfer of forces through the
joint is affected by eccentricities resulting from the deviations from the nominal position.

According to the NSCS the permitted deviation due to inclination of a concrete wall from
any vertical plane through its intended design centre at base level varies with height and
is the smaller of 50 mm and H/(200\/n) where H is the free height at the location of interest
and 7 is the number of storeys. The NSSS allows the deviation of a column centre line
relative to a vertical line through the column centre at its base to be H/(300\/n).
Deviations of cast-in fixing plates from their theoretical positions are £10 mm in any
direction according to both national specifications. The two deviations (plan position of
concrete element and cast-in plate) are independent of each other and it is unlikely that
the maximum theoretical deviations in both occur simultaneously. The maximum combined
deviation of a cast-in plate can be determined from the square root of the sum of the
squares (SRSS) of the individual deviations. The permitted deviations of the structure at
a given height allowed by the national specifications are clearly different and deviations
to be considered in the design of the cast-in plates must be agreed. The structural

engineer and the main contractor will play the leading role in this activity.

Cast-in fixings are set out relative to a grid position during construction independently of
the position of the concrete wall (unless the position is close to the edge) hence the
inclusion of deviations of £10 mm in the national specifications. Such tolerances are
difficult to achieve on-site and larger tolerances are often agreed.
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Figure 5.1
Positional and
rotational deviations

20

Z axis

Deviations in the position of a cast-in plate relative to the connecting steelwork can be

in any of six degrees of freedom, three positional and three rotational (see Figure 5.1).
The effects of the deviations on the internal forces in the connection vary in significance.
Of the positional deviations, vertical deviations (d,) do not affect the distribution of shear
force between shear studs and are not significant provided the bottom of the welded
attachment still fits on the cast-in plate. Horizontal deviations parallel to the face of the
wall (d,) bring the line of action of the shear force closer to one vertical row of shear
studs than the other, thereby increasing the force in the nearer row of studs. Deviations
perpendicular to the face of the wall (d,) increase or reduce the eccentricity moment

applied to the face of the cast-in plate.

Typical maximum deviations in plan position (¢, and d, ) relative to the connecting
steelwork considered in the design of the cast-in plate are £35 mm, due to inclination of
the core wall and deviation of the cast-in plate. The effect of a 35 mm sideways offset of
a fin plate from the vertical centreline through a cast-in plate is profound if the vertical
lines of shear studs are close together. If there is little margin between the resistance of
a stud and the design shear force for a theoretical arrangement, a 35 mm offset is likely
to result in the resistance of the stud being exceeded. It is therefore necessary to design

for the worst case out of position rather than nominal positions.



Figure 5.2
Construction
tolerances

The effect of the d, deviation (perpendicular to the wall) is accommodated by detailing
the fin plate after the positional survey of the corresponding cast-in plate. The beam will usually
have already been fabricated and the length of the beam must be shorter than the
nominal length to allow for the potential deviation in the core position. The minimum gap
between the end of the beam and wall must be maintained to allow the beam to rotate.
The actual length of the fin plate will be either shorter or longer than the nominal length,
depending on the results of the survey. The design of the fin plate must allow for the

deviation because it is of the same order of magnitude as the nominal eccentricity.

Once detailed, the fin plate is manufactured and welded with a two-sided fillet weld.
The cast-in plate must be long enough to allow for any vertical deviations such that the

fin plate does not project over either end.

Rotational deviations about the axes parallel to the face of the concrete wall (R, and R,)
can usually be neglected because they do not impact the flow of forces significantly.
Rotational deviations about the axis perpendicular to the face of the concrete wall (R, )
affect the distribution of shear forces between the shear studs. However, the likely lateral
component of the deviation results in an increase in design force which is less than for a

sideways offset.

'As-built'
position

560

Theoretical
position

Effect of construction tolerances
Sideways deviation and rotation
(lllustration only)
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Figure 6.1
Suggested
weld detail -
cast-in plate to
reinforcement

6.1 Welding: Studs and Reinforcement

It is assumed that studs will be welded using electric arc stud-welding equipment as
described in SCI publication P300® and elsewhere. The maximum diameter of studs
usually welded with this type of equipment is 25 mm.

Welding of reinforcement is required to achieve the tension strength of the bar and the
design strength of the weld is taken from BS EN 1993-1-8171. A satisfactory butt weld is
difficult to achieve because any circumferential preparation results in a point or a small
diameter flat disc at the centre of the bar. Two circumferential fillet welds can be provided

by drilling the cast-in plate and providing a counter sink on the outside face. See Figure 6.1.

Fillet weld

Tension bar

_
K\V

I~

Partial pen. weld in
countersunk hole

"~ Embedment plate

6.2 Thermal Expansion of the Cast-in Plate

A fin plate is welded to a cast-in plate after the concrete core or shear wall has been cast.
If design is in accordance with the ‘Green Book’, the fin plate is 10 mm thick and two

8 mm site fillet welds are used to connect the fin plate to the cast-in plate. The site welding
results in a temporary increase in the temperature of the cast-in plate. If an interpass
temperature for the weld of 250°C is used as a basis for determining the thermal

expansion, the expected free expansion of a 250 mm wide plate is about 0.7 mm.
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In practice the actual temperature rise will be less than this because of cooling by
conduction into the concrete and by radiation and the thermal expansion is likely to be

too small to cause any cracking of the concrete round the edge of the plate.

6.3 Cast-in Plate Material Grade

The grade and sub-grade of material for the cast-in plate can be the same as for other
steelwork in the building of similar thickness. The fin plate material needs to be S275
to conform to the guidance in the ‘Green Book’. The eccentricity moment applies a tension
to the face of the cast-in plate through the fin plate welds and the cast-in plate deforms
in bending to transfer the force to the reinforcing bars. The deformation experienced by
the cast-in plate relieves the restraint in the welded joint and there is no need to
specify plate with throughthickness properties. The tie force is also transferred through
the fin plate welds to the face of the plate but this is defined as an accidental load

case. The plate material grade should not be selected for an accidental load case.

6.4 Installation

Cast-in plates may weigh 40 kg or more for primary beams so handling for installation
may need to be by means of a form-mounted mechanical hoist. Lifting eyes should be

provided on the cast-in plate to facilitate handling where appropriate.

If the cast-in plate arrangement is not symmetrical, the lack of symmetry should be

made obvious to reduce the chance of installation upside-down.

In slip-formed construction, it may be preferable not to detail the tie bars projecting
downward below the bottom of the cast-in plate to avoid a potential clash with concrete
already poured in the core wall. In addition, it is good practice to set the face of the
plate inside the face of the wall (say 5 mm) so that the sliding form will not catch on
the bottom of the plate and carry it upwards.

6.5 Painting and Fire Protection

The cast-in plate and fin plate will need to receive a site-applied corrosion protection
system if corrosion protection of the steelwork is specified. Parts of the connection
(e.g. the fin plate) will also require fire protection as for the connecting beam.

An assessment may be carried out to determine if the cast-in plate requires fire
protection. As the plate is only exposed to fire on one face, an assessment may
show that protection is not required.
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It is hoped that the proposed design model will provide a standard approach for the
design of a cast-in plate supporting a fin plate connection to a beam in simple construction.
The detailed design of connections which are required to carry coincident shear and
axial load has not been dealt with in this guide as these are outside the scope of connections
covered by the ‘Green Book’ for simple connections. The example in the Appendix

demonstrates the verification of a typical detail required by the proposed approach.
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Table A.1

Shear stud
resistances -
Concrete Strength
Class 40

Table A.2
Reinforcement tying
resistance -

Steel grade B500

Table A.3
Reinforcement
tension resistance -
Steel grade B500

A.1 Resistances of shear studs and reinforcement

In the tables below resistances of arrays of shear studs and tying reinforcement have
been calculated for various stud diameters and bar diameters. These have been provided
as an aid to scheme design of a connection. Stud strengths are based on the steel strength
which governs for strength class 30 and above. An ultimate strength of 450 MPa has
been assumed. The tying resistance is calculated for the accidental load case with

v, = 1.0. The tension resistance is for the permanent load case with ¥ = 1.15.

Resistances are in kN.

Stud diameter (mm) 19 22 25
Array Resistance
1 81.7 109 141
2 163 219 283
2x2 327 438 565
2x3 490 657 848
2x4 653 876 1131
3x3 735 985 1272
2x5 817 1095 1414
3x4 980 1314 1696
4x4 1307 1752 2262
4x5 1633 2190 2827
Bar diameter 10 12 16 20 25
No. of bars Resistance
1 39.3 56.6 100 157 245
2 79 113 201 314 491
3 118 170 302 471 736
4 157 226 402 628 982
6 236 339 603 942 1473
Bar diameter 10 12 16 20 25
No. of bars Resistance
1 34.1 49.2 87.4 137 213

2 68.3 98.3 175 273 427
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APPENDIX A:
DESIGN CALCULATIONS
FOR CAST-IN PLATE

A.2 Calculations

An illustrative verification of a sample cast-in plate is presented below.
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e Job No. CDS 361 Sheet 1 of 23 |Rev
SCI Title Cast-in Plates
Steel Knowledge _ ]
Silwood Park, Ascot, Berks SL5 7QN Subject  Sample Design for UB610
Telephone: (01344) 636525
Fax: (01344) 636570 Made by JRH [Date Mar 2017
Client
CALCULATION SHEET Checked by DGB |Date Sep 2017
C40/50
f 610x305 UB 238
4
V., = 570kN
JE—— g
Tie force
' F.., = 500kN
Nominally pinned joint
250

Positional deviations of cast-in plate
Positional deviations: Level = 10 mm; Plan: + 35 mm parallel and perpendicular
to the wall surface.
Choose the fin plate arrangement
From P358 Table G.18: choose a 500 deep x 10 thick fin plate with 7 rows of
M20 bolts. Steel grade of fin plate: S275
Shear resistance = 576 kN > 570 kN OK
Tying resistance = 748 kN > 500 kN OK
Choose initial shear stud arrangement
From Appendix A Table A.1
Shear studs on cast-in plate: choose a 2 x 3 array of 25mm diameter studs: shear
resistance = 848 kN to allow a margin of resistance to cover a non-uniform
distribution resulting from the fin plate installation deviations. Assume two
columns of 3 studs spaced 130 mm horizontally and 125 mm vertically.

33
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Choose initial reinforcement arrangement

From Appendix A Table A.2

Reinforcement on cast-in plate for bending and tying resistance: choose four
bars, two at the top and two at the bottom of the fin plate. Allow a margin of
resistance to cover a non-uniform distribution for installation deviations: choose
25 mm diameter bars, B500 grade: tension resistance = 982 kN > 500 kN

Cast-in plate: adopt steel grade S355; initially assume a 25 mm thick plate:
yield strength = 345 MPa for 16 <t <40 mm.

Concrete strength is C40/50.

Confirm the shear stud arrangement

Shear resistance of studs (25 mm ¢)
Design shear resistance of a single stud is the smaller of:

Prq = (0.8f,md?/4)/y, = 0.16f,md?

and Prg = 0.29ad?\/FoxEem /Yy = 0.232ad?/facEem

The value of the partial factor yy = 1.25

and @ = 0.2(hg./d + 1) for3<hg./d <4 and a = 1 for hy./d > 4

where /s 1s the stud height and d the stud diameter; /s 1s assumed to be
100 mm.

Strength of shear studs: f, =450 MPa
fax=40MPa;  Ecp = 22[(fer)/10]°° GPa fem = fex + 8 (MPa)

E.m = 22 %X [48/10]°%3 = 35.2 GPa
Minimum resistance of studs in steel and concrete (6 studs)

6 X 0.16 X 450 X ™ X 25%2 X 1073 kN
6 % 0.232 X 1.0 X 252 x \/4-0 x 35.2 X 103 x 1073 kN

848 kN
=M =848 >570 k
1N[1032kN 848 > 570 kN

Minimum resistance per stud = 848/6 = 141 kN

OK

EN 1994-1-1
Cl6.6.3.1

EN 1994-1-1.
NA.2.3

EN 1992-1-1
Table 3.1

OK
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Consider positional deviations

A horizontal deviation of 35 mm parallel to the face of the wall from the
nominal position is considered in the calculation.

|
|
i [ ] : &
|
I
v !
e
!
d [ ] i L ]
/i
N
rho
S
Vi Soa |
1 - !
! I L
/ I
i

- -—

b
Moment due to eccentricity
Mr=Ve=570 x35x 107 =20.0 kNm

Polar moment of stud group

L=%2=L+I
d\’ b\?
SORE
(z) +5(z
Substituting values:
25047 1304? )
1p=4X(T) +6X(T) = 87850 mm

Shear in the extreme stud due to the moment

M+r
m=_

Ip
r= / (g)2 + (g)2 = V1252 + 652= 141 mm

[ o 200X 141 % 10°
m 87850
sin o= 65/141 cos o= 125/141

= 32.1kN

Horizontal component =

v _32.1X125_285kN
., cosa = 141 = 28.

Vertical component = 32.1 x 65/141 = 14.8 kN

Max shear in corner stud =

J(570/6 + 14.8)2 + 28.52 = 113kN < 141kN

OK
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Consider the effect of additional rotational deviation

If a rotational deviation f is present in addition to a lateral one, the moment
with respect to the centroid of the stud group is the same:

Mr="TVe

The I, of the stud group is the same and the magnitude of the maximum shear
force Vm is the same. The vertical and horizontal components are modified by
the rotational deviation.
.-II :--. F
i

o - ®

For the stud shown, the horizontal component = Vi, cos (a - §); the vertical
component = Vi, sin (a - )

A worse case occurs where o and £ are additive:
Ilustration: let f = tan! (1/10) = 5.71°

o =tan" (65/125)=27.47°

Vi cos (o + B) =26.9 kN Vmsin (a+ ) =17.6 kN

Max shear =

J(570/6 +17.6)> + 26.9 = 116 kN < 141 kN

The shear stud arrangement is satisfactory.

Reinforcement arrangement and bar size

Eccentricity moment on the cast-in plate

The nominal eccentricity from the bolt row to the back of the cast-in plate
perpendicular to the face of the wall:

Eccentricity e, = plate thickness + end distance of web + nominal gap
Positional tolerance = £35 mm; inset for slip forming = Smm
Minimum gap = 10 mm

Nominal gap = 10 + 35 mm

Maximum gap = 10 + 2 x 35 =80 mm

Maximum eccentricity for 25 mm thick plate:

OK
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ep=25+5+80+40=150 mm
Maximum bending moment due to eccentricity

M =570 x0.150 = 85.5 kNm

Vertical lever arm € for tension - compression couple

The eccentricity moment is resisted by a tension in the top bars balanced by a
compression at the bottom of the fin plate. The distance between the tension and|
compression forces is less than the depth of the fin plate. Set the top bars 40 mm
below the top of the fin plate. Initially assume 40 mm depth of fin plate is
required to resist the compression force.

Depth of fin plate = 500 mm
Lever arm £ = 500 — 40 — 40/2 = 440 mm

Tension/compression =
955 _ 104kN
044

Required steel area of fin plate to resist 194 kN

194 x 103
4q=—""""

— 2
S7E = 705 mm

Depth of fin plate to resist thrust in bearing:
= E = 70.5 mm
Lever arm £ = 500 — 40 — 70.5/2 = 425 mm

Tension/compression = 85.5/0.425 = 201 kN

This is considered to be sufficiently close that further iteration is not required.

Confirm the bar size
Try a 20 mm diameter bar. From Table A.3, the resistance in tension is 137 kN.

Consider the eccentricity of loading due to the horizontal deviation of 35 mm.
Using a simple beam model and a bar spacing of 150 mm (the gap between bars
is greater than 6¢ which allows a reduced bond length), the maximum force in a
bar is:

201 x (150/2 + 35)

Fopg = — 147k
LEd 150 7 kN

This exceeds the resistance of a 20 mm diameter bar. Adopt 25 mm diameter
bars. Use a lateral bar spacing of 155 mm (Note: the gap between bars < 6¢)

For the persistent load case, ys=1.15

EN 1992-1-1
Cl2.4.2.4(1)
Table NA.1
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Afp  mx25% %500 % 1073
Ys 4 x 1.15
Resistance of 2 bars =213 x 2 =426 > 201 kN OK

= 213 > 147 kN OK

Ft,Rd =

Bending of the cast-in plate

Check the resistance of the cast-in plate in bending for the eccentricity moment
tension.

Tension in top bars due to the eccentricity moment =201 kN
Use the resistance model for end-plate design from BS EN 1993-1-8 Cl 6.2.4

Consider Mode 2 failure: bolt failure with yielding of the flange. In this case the
bars are substituted for bolts.

2Mpi o ra + Y Fira

Frora = (min)

The formula for resistance of the plate is derived using symmetry about the
vertical centre-line and by considering half the plate and taking moments about
the edge of the plate. The prying force at this position does not feature in the
formula. The fin plate is not centred between the bars so the Mode 2 formula
given above is not directly applicable.

Consider an eccentricity e relative to the centre line

m-& [l
Fy } = :
g ——
f .
[
L S
m+e

1 |
; ' af
n
i

Mc + Ry ((n + (m+ e))) —aF(m+e)=0 (1)
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Mc + Rg ((n + (m — e))) —F(m—-e)=0 (ii)

Determine the effective width of the T stub using the approach in SCI
publication P398 Table 2.2. Choose the minimum effective length of the
possible yielding patterns: consider 1) corner yielding away from a stiffener or
flange: lofppne = 2m + 0.625e; + e,

i) circular yielding: Loy cp = 2mm iil) side yielding: lorfne = 4m + 1.25e,
Use the average value of m on each side of the fin plate ie assume the fin plate
is centred
Wt —2X08Xs
2

where w is the bar spacing, 4, is the thickness of the fin plate and s is the weld
leg length.

m =

From above, the bar spacing w = 155 mm.

155-10-2x0.8x%x8
m= > = 66.1 mm

Edge distance e> = 0.5 x (plate width —-w) = 0.5 % (250 — 155) =47.5 mm

End distance ex = 70 mm

1) lerne = 2% 66.1+0.625 X 47.5+ 70 = 232 mm
i) lorfrep = 2 X 3.14 X 66.1 = 415 mm

iii) lopppne = 4 X 66.1 + 1.25 X 47.5 = 324 mm

The minimum effective length is 232 mm

Consider a 25 mm thick plate

.. 025x232 X 257 X 345 125 1N
PR = 1.0 x 106 T

(ym = 1.0 for the persistent load case)

n is the minimum of the cast-in plate edge distance (e2) and 1.25m
n=e=475mmand n<1.25 % 66.1, son=47.5 mm

Substituting for Mc in equation (i1) with F; =213 kN; eccentricity e = 35 mm
m+e=101.1 mm;m—e = 31.1 mm

12.5%x 103+ Rg X (47.5+31.1) —213x31.1=0

~ 213x31.1-13.6 X 103
B~ 78.6

This negative value indicates there is no prying force on one edge of the plate.
Failure in Mode 2 does not occur with a 25 mm diameter bar and 25 mm plate.

= —74.8 kN
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Take moments about end A. For equilibrium:

FT(n +(b/2+ e)) — Ft(an +(n+ b)) =0

Assuming the plate is rigid, the force in the bars is proportional to the distance

from A
n
“Tm+b
n=47.5mm; b=155 mm; e=35 mm; o = 0.235

Substituting values:

213X (0.235 x 47.5 + (47.5 + 155))
T (47.5 + (155/2 + 35))

Check the bending moment at the face of the fin plate is less than the cast-in
plate resistance:

M =F(m—e)
M = 213 x (66.1 — 35) x 103 = 6.62 < 12.5 kNmm

= 284 > 201 kN

Check Mode 1 failure:

The calculation Model for Mode 1 failure considers a vertical centre line
through the cast-in plate and fin plate giving the formula:

(87’1 - 2ew)lwpl,l,Rd
2mn — ey, (m+n)

Frat1 =

In this case, consider a vertical centre-line through the fin plate, offset by
eccentricity e from the centre of the plate and consider each part, A and B
separately:

OK

OK
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Sheet
f A
! —_—
m-e S
-
e s <
m+e B
e,
i F
n

ew = d /4 where dy is the bar diameter (See SCI publication P398 page 10
resistances of T-stubs).

(4n — ew)Mpl,l,Rd
2n(m—e) —e,((Mm—e)tn)
(4n — ew)Mpl,l,Rd
2n(m+e) —e,((m+e)tn)

FRd,T,lA =

FRd,T,lB =

Frat) = Fra1ia + Fra1,18
; B (4 X 47.5 — 6.25) x 12.5 x 103
RATIA ™ 2% 475 x (66.1 — 35) — 6.25 X ((66.1 — 35) + 47.5)

. _ (4 x47.5—6.25) x 12.5 x 103 — 265KN
RETIA™ 2% 47,5 x (66.1 + 35) — 6.25 x ((66.1 + 35) + 47.5)

FRd,T,l == FRd,T,lA + FRd,T,lB = 932 + 265 = 1197 kN

= 932kN

The Mode 1 resistance is greater than 285 kN calculated previously so Mode 1
is not critical.

A 25 mm thick plate is adequate. Adopt a plate 25 thick x 560 long x 250 wide

Check the cast-in plate under the tying load case

Bar strength in tying:

Afy  mx 252 x 500
s  4x1.0

(ys for reinforcing steel = 1.0 for the accidental load case)

X 1073 = 245 kN

F, =

Substituting the bar strength in tying into the Mode 2 formula:
245 x(0.235 x 47.5 + (47.5 + 155)) _

fr = 475 4 (155
(47:5+ (524 39))

Check bending of the cast-in plate

500
327 > - = 250 kN

EN 1992-1-1
Cl24.24

OK
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Plate resistance is based on the ultimate strength and ymu = 1.1:

0.25 X 232 x 252 x 470
Mpl,Rd = 11 < 106 = 155 kNl’l’l

M = F(m—e)
M = 245 x (66.1 — 35) x 10° = 7.62 < 15.5kNm
25 mm thick plate is acceptable for the tying load case.

Resistance of the combined cast-in plate and fin plate to
bending in the vertical plane

Check the fin plate in bending at the face of the cast-in plate.

The nominal eccentricity moment at the back of the plate calculated above for
determining bar sizes is 85.5kNm. This moment is reduced by the assumed
plate thickness

e=155-25=130 mm.
M =85.5%130/155 =71.7 kNm
The fin plate resistance is:

Mra=fy Zlym =275 x 500> x 10 / (1.0 x 6) x 10°=115>71.7 kNm

Tying load case

The fin plate and cast-in plate acting as a Tee spans between the top and bottom
tie bars when resisting tie forces.

Assume the span is the distance between the top and bottom bars = 0.44 m

The tie force is transferred through the bolts (7 rows of bolts) and so

approximates a uniform load

WL 500 x 0.44
8 8

Consider the cast-in plate and fin plate acting as a Tee. The cast-in plate forms
the flange. The assumed flange width is b = 100 mm (a wider flange could be
chosen).

= 27.5kNm

The fin plate forms the stem of the Tee. The minimum length of fin plate occurs
if the cast-in plate is not set in 5 mm for slip-forming and the deviation of the
wall results in the minimum gap between the wall and the beam end of 10 mm.
The standard edge distance for fin plates in the Green Book is 50 mm. Length
of Tee stem = 10 + 40 + 50 = 100 mm. The cross section of the Tee resisting the
moment is:

OK
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100

Locate the plastic centroid:
Assumed area of Tee section: A =25 x 100 + 100 x 10 = 3500 mm?

A/2 = 1750 mm?. This area is less than the assumed flange area so the neutral
axis is in the flange.

Distance from top of flange =
A/2 1750

b 100
Plastic modulus

= 17.5mm

Take area moments about the neutral axis:

Flange (1) 1750 x 8.75= 1.53 x 10*
Flange (2) 750 x3.75= 2.81x10°
Web 1000 x 57.5= 5.75 x 10*

T =7.56 x 10* mm’
410 4
Mg = 11 X 7.56 X 10* x 10°® = 28.2 kNm > 27.5kNm
(accidental load case: fu =410 MPa for the fin plate and ymu = 1.1)

Bearing resistance of concrete at bottom of fin plate

Compression at bottom of fin plate

Fewa=201 kN
_ accfck
Ja ==

oec = 0.85; ye. = 1.5 (persistent load case)

_ 0.85x 40

fu == =227 MPa

OK

EN 1992-1-1
C13.1.6(1)

EN 1992-1-1
Table NA.1
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Vertical dimension for bearing assuming a spread of 2.5 to 1 through the cast-in

plate
d=73+5x25=198 mm
Horizontal dimension=10+2 x 8 +5 x25=151 mm

198 x 151 x 22.7

Fraw = — x 1073 = 452 > 201 kN

Detailing of reinforcement for eccentric moment
Bond strength

Bond strength foa between reinforcement and concrete is given by:

Joa =2.25 n1 n2 feud

where fcq 1s the design value of the concrete tensile strength and #; and 7> are
coefficients related to bond quality and bar diameter respectively.

fetd = Oet fetk,0.05/Ye © ferk,0.05 = 0.7 feem Where feum 1S the mean tensile strength

ferm = 0.3 f&¥® for concrete grade less than or equal to C50/60

oce = 1.0

For the persistent load case, y.= 1.5.

faa=1.0%0.7 x 0.3 x 40%*/1.5 = 1.64 MPa

n1 = 0.7 (cannot show good bond conditions)

nm=1.0¢<32

Soda=2.25%0.7x1.0 x 1.64=2.58 MPa

Bond length to resist 213 kN (bar strength)

{)b,req = i

JoaT®

o - 213 x 103

bTed ™ 258 x m X 25

b = a1 02 a3 a4 05 fb,req

= 1051 mm

The a; are coefficients for various effects given in Table 8.2 of C1.8.4.4(2)
Bar spacing: the distance between bars is (155 —¢) = 130 mm (= a)

cd =min (a/2, c1) (c1 (side cover) > a/2)

=65mm<3¢ Therefore a1 =1.0

ao: effect of concrete cover:

ax=1-0.15%x(77.5-3 x25)/25=10.985

a3 = 1.0 (main steel not known)

a4 = 1.0 (no welded transverse bars)

as = 1.0 (no transverse pressure assumed)

OK

EN 1992-1-1
Cl84.2

C13.1.6(2)
Table NA.1

C13.1.6(3)

C18.4.3(2)

Cl8.4.4

Table 8.2
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Cba = 1051 x 1.0 x 0.985 = 1035 mm

Geometry of bent bar

The bar anchorage length will extend past the end of the bend by more than 5¢
(=125 mm) so calculate the minimum mandrel diameter to avoid concrete
crushing on the inside of the bend.

Min mandrel diameter: ¢, min = Fpe((1/ap + 1/(2¢))/fea
Fby 1s the tensile force in the bar from ultimate loads.

ap 1s half the centre to centre distance between bars.

ro= eclox
cd Ye
occ=1.0 ye = 1.5 (persistent load case)
1.0 X 40
Ja =715
=26.7 MPa

Minimum mandrel diameter:
Pmmin = 213 X 103(1/77.5 + 1/50)/26.7 = 262 mm; use 265 mm

Bend length along centre line of bar
m X (265 + 25)
4
Straight length = 1035 — 228 = 807 mm

= 228 mm

Reduced tension resistance of reinforcement in the presence of
shear

The bars are assumed to provide all the tension resistance required to carry the
eccentricity moment. However, the cast-in plate is subject to a coincident
vertical shear and the connections to the back of the plate all experience the
shear force. The tension resistance of the bars will be assumed to be reduced in
the presence of shear force.

Distribute the shear force in proportion to the area of bars and studs.

Shear carried by reinforcement per bar:
570 4 A,

V= X 6.+ 4A,
T 2
Ar:ZXZS;
T " o 4 x 252
Ag = ZX 25¢; substituting: X252 1A X257 0.4

570
V=04x T = 57.0 kN/bar

Von Mises failure criterion for uniaxial stress and shear stress:

8.3.3(3) Eqn 8.1

EN 1992-1-1
3.1.6(1)

Table NA.1
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oy =0 +312 >0, = fcr}? + 372

Rearranging in terms of resistance:

_ f 2 2
Firdred = [Fira” — 3VEa

m25% 500 x 1073
Fira = T = 213kN

(ys = 1.15 for persistent load case)

Firared = V2132 — 3 x 572 = 188kN

Maximum tensile force due to eccentricity moment = 147 kN <188 kN

Detailing of reinforcement for tying action
Use four bars: check 25 mm diameter bar

Force/bar:
500
T = 125 kN/bar

Afpe  mx 252 X 500

= = 245KkN > 125 kN
Ve 4%1.0 5 kN> 125

Fira =
(ys = 1.0 for the accidental load case)

Bond strength

Bond strength f,q between reinforcement and concrete (a different value applies
for the tying load case):

fod =2.25 1 n2 feud

where fciq 1 the design value of the concrete tensile strength and 71 and 7> are
coefficients related to bond quality and bar diameter respectively.

Jetd = et ferk,0.05/Ye & ferk0.0s = 0.7 ferm Where fom s the mean tensile strength
ferm = 0.3 f®® for concrete grade less than or equal to C50/60

act=1.0

For the accidental load case, y.= 1.2.

fua=1.0x0.7 x 0.3 x 4043/1.2 =2.05 MPa

m=20.7 (cannot show good bond conditions)

n=1.0 (¢ <32)

foa=2.25x0.7 x 1.0 x 2.05 =3.23 MPa

Bond length to resist 245 kN (bar strength)
F

Chreq = fbd—”¢

OK

OK

EN 1992-1-1
Table 2.1N

EN 1992-1-1
Cl18.4.2

C13.1.6(2)
Table NA.1

C13.1.6(3)

C18.4.3(2)
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245X 103
brea = 323 x 7 x 25

o = a1 02 a3 a4 05 o req

= 966 mm

The a; are coefficients for various effects given in Table 8.2 of Cl 8.4.4(2)
Bar spacing: distance between bars is (155 — ¢) = 130 mm (= a)

cqa =min (a/2, c1) (c1 (side cover) > a/2)

=65mm<3¢ Therefore a1 =1.0

o effect of concrete cover:

o2=1-0.15%x(77.5-3 x25)/25=0.985

o3 = 1.0 (main steel not known)

a4 = 1.0 (no welded transverse bars)

o5 = 1.0 (no transverse pressure for tying load case)

Coa =966 x 1.0 x 0.985 =952 mm

This length is less than for the persistent load case. The persistent load case
governs.

Welding reinforcement to cast-in plate

Weld detail to achieve 245 kN resistance (bar strength).

Design strength of weld:
£ fu/V3
" By

The plate has the lowest strength
fu=470 MPa: B, =0.9
Ym for tying: use 1.1

= 470/¥3 = 274 MP
fini = gox11 - :
Assume two welds round the bar will be provided (see detal).
245 x 10°
a = 5.69 mm

T 2X274x7mx25

Provide a throat of 5.7 mm
X

I |

—5.7

N

Cl8.4.4

Table 8.2
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Shear resistance of concrete wall
Checks:

e at the cast-in plate perimeter uo

e at the control perimeter, u;

e potentially at a further perimeter in order to identify where shear
reinforcement is not required, tout

Punching shear

The maximum design shear stress is given as:

_ BVgg
i

d = effective depth of wall = (dy + d,)/2 ie the average effective depth of bars in

horizontal (y) and vertical (z) directions.

ui = length of the perimeter being considered

Wi is the plastic moment of the perimeter relative to the axis about which the
bending moment acts.

The basic control perimeter is 2d from the edge of the cast-in plate
For eccentric loading (substituting for f):
VEg (1 k MEdui)

VEET 0d T Ve W
_ Vea | kMg
uid ]/Vld

VEd has a direct component and a bending component.

Tie force = Vea = 500 kN
Consider the bending component only for the eccentricity moment and the

direct component only for the tie force as these are separate load cases.

Shear stress on plate perimeter due to the eccentricity
moment

Moment Mgq = 85.5 kNm

k Mgy
i = a
Parameters
k is taken from Table 6.1 in CI 6.4.3(3)

EN 1992-1-1:
2004 cl 6.4
cl6.4.3

(6.38)

6.4.4(2)

(6.39 with suffix
denoting
perimeter)

(Figure 6.19)

(6.51 with no
reduction for
uplift pressure)

EN 1992-1-1
C16.4.3(3)
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Plate dimensions: depth ¢1 = 560 mm; width ¢ =250 mm

560
Cl/C2 :ﬁz 20=>k =07

c
Wy = ¢ (El + cz) at the plate perimeter

560
= 560 (T + 250) = 2.97 x 10° mm?

Assumed wall details:
Effective depth: assume cover = 30 mm

Assume 16 mm diameter bars at 200 mm centres vertically and 12 mm diameter|
bars at 200 mm centres horizontally to estimate notional reinforcement ratios
for this example.

120

\

1
6®\

N

N

‘ 250 ‘

d=250—-(30+ 12 + 8) = 200 mm. At the plate perimeter, the effective depth is
taken to the back of the plate ie d = (200 — 30) = 170 mm. It is conservative to
use this value for the basic control perimeter u;.

Shear stress due to moment:
0.7 X 85.5 x 10°

VEd = 5797 % 105 x 170
~ 1.19 MPa

At the cast-in plate perimeter, the maximum punching shear stress should not be
exceeded: VEd < VRd,max.

URd,max — 0.5vfcq

fck
v=06 (1 B 250)
fek =40 MPa
teefac  0.85 X 40
cd = Ye - 15

(yc = 1.5 for the permanent load case)

= 22.7 MPa

40
VRdmax = 0.5 X 0.6 (1 - ﬁ> X 22.7 = 5.72 MPa

1.19 <5.72 MPa

(6.41 with d = 0)

6.4.3(2)

NA Table NA1
6.4.5(3)
6.6.3(6) (6.6N)

OK
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Shear stress on the basic control perimeter t due to
bending moment
To check if punching shear reinforcement is necessary, determine the value of

the shear resistance assuming there is no shear reinforcement vrd, (Which is not
less than (vmint k10cp)) and check if the design shear stress veg < Vrd,c.

VRd,c = CRd,ck (100 plfck)l/3 + klo-cp = (vmin + klacp)
Parameters

B 0.18
Rd,c — Ye

Voin = 0.035 k32 £,/% and k, = 0.1

200
k=1+ TSZ.O

p = 1/ /Oly' P12 < 0.02

Substituting values

C —0'18—012-k—1+ 200—208' 2.0
Rie =75 = 015 0= 170~ ie use 2.

(yc = 1.5 for persistent load case)
Vimin = 0.035 % 2.0%% x 40" = 0.626 MPa

Reinforcement ratios for the vertical and horizontal reinforcement in the wall on
the side remote from the cast-in plate:

5xm X 16? 3
Py = gxzs0x 108 02> 10

5% mx 122 3
P = T 250 x 108 >26x 10

p=/4.02 % 103 x 2.26 X 103 = 3.01 x 10 < 0.02

Assume o¢p = 0 because under some load cases, the vertical axial compressive
stress in the wall may be small or zero

VRde = 0.12 x 2 x (100 x 3.01 x 107 x 40)* + 0
=0.55 MPa < vmin i€ US€ Vmin
Shear resistance of the wall with no shear reinforcement: vrq,.= 0.626 MPa

Design shear stress on the basic control perimeter u;:

k Mgy
VEd = —W1 d

Cc
W1 = 71 + C1Cy + 4‘C2d + 16d2 + 27TdCl

Cl6.4.4
(6.47)

UK NA to
EN 1992-1-1

OK

(6.41)

50




Sheet 19 of 23 Rev

5607

W, = + 560 X 250 + 4 X 250 X 170 + 16 X 1702 + 2w x 170 X 560

W, = 1.53 X 10°mm?

0.7 85.5x 106
VEd T 153 106 x 170
0.230 < 0.626 MPa

(By inspection this is also less than vrd,max)

= 0.230 MPa

The shear stress on th e control perimeter is smaller than the limiting shear
stress — no shear reinforcement required for this load case.

Shear stress on plate perimeter due to tie force

An estimate of the shear reinforcement required for tying action will be made,
assuming the tie force is carried into the wall through the cast-in plate. Where
there is a concrete slab present up to the wall, it will be preferable to transfer the
tie force into the wall through the slab. This will avoid the need to carry out
shear and bending checks on the wall local to the connection due to tying
action, and the provision of punching shear reinforcement and possibly bending
reinforcement. No bending checks on the wall will be carried out in this
example.

The tie force is a direct force = 500 kN

_ Vra _
VEa = = de,maX
uod

The effective depth d = 170 mm
Uo 1s the plate perimeter = 1620 mm
500 x 103

VEqd = m = 1.82 MPa
URd,max — 0.5vfcq
fck )

=0.6(1-
v ( 250
fek =40 MPa

Qeefa 0.85 X 40
= = = 28.3 MP
«d = 1.2 4

(ye = 1.2 for the accidental load case)

40
Vrd.max = 0.5 X 0.6 (1 - ﬁ) X 28.3 = 7.13 MPa

1.82 <7.13 MPa

OK

6.4.5(3)

NA Table NA1
6.4.5(3)
6.6.3(6) (6.6N)

OK
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Shear stress on the basic control perimeter «1 due to tie
force

Using the value of vra, already calculated for a wall with no shear
reinforcement, adjusting for y. = 1.2 for the accidental load case:

0.55 x 1.5
VRde = T
=0.688 MPa

This value is greater than vmin = 0.626 MPa already calculated so
VRd,c = 0.688 MPa

The basic control perimeter u; is at 2d from the edge of the plate. It is
conservative to use d = 170 mm.

u; = (5604 250) x 2 + 2m(2.0 X 170)
= 3756 mm
Shear stress on the control perimeter
500 x 103
Ved = 3oe 170 0.783 MPa
VEd 2 VRdec

Shear reinforcement is required.

Provision of shear reinforcement

The punching shear resistance with reinforcement must be less than kmax times
the shear resistance without reinforcement.

VRd,cs = kmavad,cWhere kmax = 2.0

The punching shear resistance with reinforcement vrqcs must be at least equal to
VEd.

Substituting veq for vra,cs

vgq  0.783

= =114<20
Vrae  0.688

It will be possible to achieve adequate shear resistance by adding shear
reinforcement.

Consider the basic control perimeter u;

Area of shear reinforcement on the control perimeter:

VRdes = 0.75 Vrae + 1.5 (d/st) Asw fywdef [1/(u1d)] sin o

st 1s the radial spacing of the shear reinforcement (mm).

o 1s the angle between the shear reinforcement and the plane of the wall
Asw 1s the area of shear reinforcement; fywa.er is the effective design strength
Parameters

Vrd,es = 0.783 MPa (required shear resistance on control perimeter)

6.4.2

6.4.5(1)
NA Table 1

(6.52)

52




Sheet 21 of 23 Rev

VRd,e = 0.688 MPa

Let (d/sr) = 1.33 (radial spacing = 0.75 d)

Sywdef =250+ 0.25 x 170 =293 MPa

a =90° = sina = 1.0

Rearranging and substituting values

(0.783 —0.75% 0.688) = 1.5 x 1.33 x Asw x 293 x [1/(3756 x 170] x 1.0
_ 0.267 x 638520

W 584
=292 mm?

No. of legs n for 6¢ bars:

292
283
Use 12 legs for ease of detailing.

n = 10.3 ie minimum 11 legs

Maximum spacing
Stmax = 0.75d (1 + cot )
=0.75x 170 =127 mm

Perimeter wout at which shear reinforcement is no longer
required

The length of the perimeter uou is given by:
Uout = VEd/(VRd,c.d)

=500 x 10%/(0.688 x 170)

=4275 mm.

Detailing of shear reinforcement

According to the UK National Annex: “k = 1.5 Unless the perimeter at which
reinforcement is no longer required is less than 3d from the face of the loaded
area/column. In this case the reinforcement should be placed in the zone 0.3d to
1.5d from the face of the loaded area/column. The first perimeter of
reinforcement should be no further than 0.5d from the face of the loaded
area/column”

The distance kd of the outermost perimeter of punching shear reinforcement
within the perimeter uour should be not greater than kd

Uout = plate perimeter + 27r
Uour — 2(250 + 560)

r= 21 -

Distance from plate edge = 423mm = 2.49 d < 3d

423

Radial spacing of bars < 0.75 d =127 mm

Use 12 no. 6 mm ¢ bars in each perimeter.

6.4.5(1)

C19.2.2(6)

9.6N

Clause 6.4.5
(6.54)

N N N N N N

6.4.5(4)

9.4.3(1)

NA Table NA.1
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Spacing round perimeter <1.5d within the first control perimeter (2d from the
loaded area)

@

Uout

"l/' .
v/ Reinforcement zone

®* 12 no. 60 links in each perimeter

9.4.3(1)
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THE DESIGN OF CAST-IN PLATES

Building structures are frequently designed with concrete lift and stair cores surrounded by
steel beams and columns. The beams are supported by steel plates cast into the concrete core
walls. This guide discusses the technical issues involved in connecting the steel and concrete
elements together. A model and a procedure for the design of cast-in plates is proposed
including the allocation of design responsibility. The guide includes example calculations.

British Constructional Steelwork Association

BCSA is the national organisation for the steel construction industry: its Member companies undertake
the design, fabrication and erection of steelwork for all forms of construction in building and civil
engineering. Industry Members are those principal companies involved in the direct supply to all or
some Members of components, materials or products. Corporate Members are clients, professional
offices, educational establishments etc which support the development of national specifications,
quality, fabrication and erection techniques, overall industry efficiency and good practice.

Steel for Life

Steel for Life is a wholly owned subsidiary of BCSA, created in 2016, with funding provided by
sponsors from the whole steel supply chain. The main purpose of Steel for Life is to communicate
the advantages that steel offers to the construction sector. By working together as an integrated
supply chain for the delivery of steel-framed solutions, the constructional steelwork sector will
continue to innovate, educate specifiers and clients on the efficient use of steel, and market the
significant benefits of steel in construction.

www.steelconstruction.info is the go to resource for all steel construction related information
and guidance. Follow us on:

u@steelcoinfo MSteelconstruction.info nsteelconstruction.info i< steelconstruction.info
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