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All rights reserved. This document or any part thereof may not be reproduced for any reason
whatsoever in any form or means whatsoever and howsoever without the prior written

consent and approval of the Singapore Structural Steel Society, Building Construction
Authority and the authors.

While every effort has been made to ensure the accuracy of the information contained in this
publication, the authors expressly disclaim any liability or responsibility for any mistake or

inaccuracy that may be contained herein.

Disclaimers

1.

The Singapore Structural Steel Society (SSSS) and Building and Construction Authority
(“BCA”) have made every effort to ensure the accuracy and completeness of the
information contained in this design guide. However, SSSS and BCA make no
representations or warranties of any kind, expressed or implied, as to the suitability,
accuracy, reliability, or completeness of the information or the policies, materials,
products, systems, or applications to which the information refers. The user of this
publication assumes all risks and liabilities arising from their use of the information
contained herein.

Nothing contained in this design guide is to be construed as a recommendation or
requirement to use any policy, material, product, process, system, or application. SSSS
and BCA make no representation or warranty, expressed or implied, of fitness for a
particular purpose, accuracy, timelines, completeness, merchantability, or compliance
with a particular description or any implied warranty arising from the course of
performance, course of dealing, usage of trade, or otherwise, to the fullest extent
permitted by law. In particular, SSSS, and BCA make no warranty that the information
contained in the design guide will meet the user's requirements or is error-free, or that
all errors in the drawings can be corrected, or that the drawings will be in a form or
format required by the user.

In no event shall SSSS, BCA, NUS, or the authors be liable for any direct, indirect,
incidental, special, or consequential damages arising out of or in connection with the use
or reliance upon the information contained in this design guide or the policies, materials,
products, systems, or applications to which the information refers. The user assumes full
responsibility for their use of the information contained in this design guide.
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Foreword

Multi-storey steel-concrete composite buildings that are braced against sidesway but not
subjected to significant wind or seismic actions often adopt simplified beam-to-column and
beam-to-beam joints, such as fin-plate bolted connections, to accelerate construction. Although
these joints are straightforward to install and are widely preferred for their simplicity, modern
commercial buildings with long-span floor systems and open-plan layouts may benefit from
structural frames with semi-rigid connections. Such frames can achieve greater overall
economy without resorting to complex rigid joint detailing.

According to [EN 1993-1-8]", steel joints are classified as pinned, semi-rigid, or rigid on the
basis of their initial rotational stiffness and moment resistance, depending on the analysis
method adopted in design. Composite joints, as defined in [EN 1994-1-1]?, are those in which
the slab reinforcement is taken into account in evaluating rotational stiffness and moment
resistance, provided that the reinforcement is continuous or properly anchored at the joint.
Consequently, some simple steel joints defined in EN 1993-1-8 may be treated as semi-rigid
composite joints in accordance with EN 1994-1-1 if the floor slab reinforcement is continuous
or anchored at the joints and provides a measurable degree of rotational restraint.

The previous edition of this design guide was limited to beam-to-beam composite joints in
which both primary and secondary beams act compositely with the floor slab. It introduced a
contact-type semi-rigid composite joint capable of developing enhanced rotational stiffness and
moment resistance. In the associated mechanical model, the tensile force is transmitted through
the reinforcing bars, while the compressive force is transferred through contact plates inserted
at the bottom flange of the steel beam, thereby improving both stiffness and resistance.

This new edition extends the scope of application to a wider range of joints, including:

e beam-to-beam joints,

» steel beams connected to reinforced concrete primary beams,
e beam-to-column joints, and

e beam-to-reinforced concrete column or wall joints,

all incorporating contact plates to enhance semi-rigidity. In addition, a beam-to-corner column
joint is now covered, in which a reinforced concrete column is biaxially connected to steel
beams. The design procedures presented can therefore be applied to almost all connections
within a typical floor beam layout. The proposed methods for contact-type semi-rigid joints
have been validated by finite element analyses and full-scale tests carried out at the Steel
Structures Research Laboratory of Nippon Steel Corporation in Japan.

This design guide is intended to give structural engineers the confidence to adopt semi-rigid
composite joints safely and economically in the design and construction of steel-concrete
composite buildings. With this updated guidance, designers can make wider and more efficient
use of semi-rigid joints, potentially reduce construction time and cost while maintaining the
required levels of structural performance.
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The following symbols are used in this design guide.

Aa

Ap
Abea
Apr
Awa,g
Awa,n
Ac
Ac,c

A cs

afp
Afp,nt
Appny
Afp,req
Aﬁ” Vn
Apse
Asl
Asij

Asl, r
Asl, req

Asl,l
Asl,Z

Ast, req

Ast,]

Cross-sectional area of steel beam

Tensile stress area of bolt

Bearing area between bottom flange of steel beam and contact plate
Cross-sectional area of bottom flange of steel beam

Shear area of web of steel beam for gross section

Shear area of web of steel beam for net section

Area per unit length of concrete slab

Area per unit length of concrete slab in compression

Cross-sectional area of contact plate

Cross-sectional area of composite slab within besn above profiled steel
sheeting

Effective throat thickness of fillet weld of fin plate

Net area of fin plate subjected to tension

Net area of fin plate subjected to shear

Required minimum throat thickness of fillet weld of fin plate

Shear area of fin plate for net section

Effective cross-sectional area of profiled steel sheeting per unit length
Cross-sectional area of longitudinal reinforcing bars within begn
Cross-sectional area of longitudinal reinforcing bars within beyj; Cross-
sectional area of bent reinforcing bars effective for joint design
Cross-sectional area of longitudinal reinforcing bars within beg; for a row r
Required minimum cross-sectional area of longitudinal reinforcing bars
within begn

Cross-sectional area of longitudinal reinforcing bars within bes; for row 1
Cross-sectional area of longitudinal reinforcing bars within beg; for row 2
Cross-sectional area of transverse reinforcing bars per unit length

Required minimum cross-sectional area of transverse reinforcing bars per
unit length

Cross-sectional area of transverse reinforcing bars per unit length for row 1
Shear area of steel beam

Total cross-sectional area of crossties or hoops within raking-out region
Width of steel beam

Beam spacing

Width of reinforced concrete column

Effective width of reinforced concrete wall

Effective width of raking-out region

Effective width of equivalent T-stub flange in compression

Effective width of composite beam assuming simply supported condition
Effective width of composite beam in hogging moment region

Effective width of composite joint
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befis Effective width of composite beam in sagging moment region

bein Value of effective width of composite beam on each side of web of steel beam
in hogging moment region

beis Value of effective width of composite beam on each side of web of steel beam
in sagging moment region

Bep Width of end plate

bin Distance from outstand headed stud to a point mid-way between adjacent
webs of steel beams in hogging moment region

bis Distance from outstand headed stud to a point mid-way between adjacent
webs of steel beams in sagging moment region

bjp Effective width of joint panel

Bpb Width of primary reinforced concrete beam

bsi Arrangement width of additional longitudinal reinforcing bars

by 2 Arrangement width of additional longitudinal reinforcing bars (row 2)

bon Distance between centres of outstand headed studs in hogging moment
region

bo,max Maximum width for re-entrant of profiled steel sheeting

bo,min Minimum width for re-entrant of profiled steel sheeting

bos Distance between centres of outstand headed studs in sagging moment region

c Additional bearing width of equivalent T-stub flange in compression

Cmin Required minimum cover for reinforcing bars in concrete slab

Cnom Nominal cover for reinforcing bars in concrete slab

Co Horizontal covering depth of bent reinforcing bars

Ci Correction factor for non-uniform bending moment

Cy Property of distribution of moment

D, Depth of steel beam

dp Size of bolt

Dec Depth of reinforced concrete column

Des Overall depth of composite slab

de Effective depth of raking-out region

defy Effective depth of equivalent T-stub flange in compression

Dep Depth of end plate

Dy Depth of fin plate

dps Diameter of shank of headed stud

Dpp Depth of primary reinforced concrete beam

Dy Overall depth of profiled steel sheeting

do Hole diameter of bolt

e e value

E, Modulus of elasticity of steel beam

€eb-bw,h Edge distance for web of steel beam on horizontal line

eb-bwy Edge distance for web of steel beam on vertical line

eb-fp,h Edge distance for fin plate on horizontal line

€b-fp,v Edge distance for fin plate on vertical line

Ecn Secant modulus of elasticity of concrete
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Ecm,ce Secant modulus of elasticity of concrete for reinforced concrete column

Ecmcs Secant modulus of elasticity of concrete for concrete slab

Ecmcw Secant modulus of elasticity of concrete for reinforced concrete wall

Ecmpo Secant modulus of elasticity of concrete for primary reinforced concrete
beam

Ep Modulus of elasticity of fin plate

(EDn Hogging flexural rigidity of composite beam

(EDn,1 Hogging flexural rigidity of composite beam at left side

(EDn,r Hogging flexural rigidity of composite beam at right side

(EI/L)» Flexural stiffness of beam member

(ED)s Sagging flexural rigidity of composite beam

Eiem Secant modulus of elasticity of lightweight concrete

Es Modulus of elasticity of reinforcing bars

Sau Ultimate tensile resistance of steel beam

Jay Nominal value of yield strength of steel beam

Sayd Design yield strength of steel beam

Jfou Ultimate tensile strength of bolt

Frvra Shear resistance of a single bolt

Soy Nominal value of yield strength of bolt

fea Design strength of concrete

Sedee Design strength of concrete for reinforced concrete column

Sedes Design strength of concrete for concrete slab

Sed.ew Design strength of concrete for reinforced concrete wall

Sedpb Design strength of concrete for primary reinforced concrete beam

Sfek Characteristic cylinder strength of concrete

Sekce Characteristic cylinder strength of concrete for reinforced concrete column

Sekes Characteristic cylinder strength of concrete for concrete slab

Sfekew Characteristic cylinder strength of concrete for reinforced concrete wall

Sekpb Characteristic cylinder strength of concrete for primary reinforced concrete
beam

Sepy Nominal value of yield strength of contact plate

Jepyd Design yield strength of contact plate

Fcra Compression resistance of equivalent T-stub flange

Setm Mean value of tensile strength of concrete

Sepy Nominal value of yield strength of end plate

Sepyd Design yield strength of end plate

Siou Ultimate tensile strength of fin plate

i Nominal value of yield strength of fin plate

Fhbb,ra Horizontal bearing resistance of a single bolt

Shsu Ultimate strength of headed stud

fa Design bearing strength of concrete

Sidce Design bearing strength of concrete for reinforced concrete column

Jid.ew Design bearing strength of concrete for reinforced concrete wall

Jidpb Design bearing strength of concrete for primary reinforced concrete beam
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Fip Nominal value of shear resistance of joint panel

Sick Characteristic cylinder strength of lightweight concrete

Sictm Mean value of tensile strength of lightweight concrete

Jpsd Design yield strength of profiled steel sheeting

Jpsk Characteristic yield strength of profiled steel sheeting

JProav Natural frequency due to “dead loads, superimposed dead loads, and 10% of
live loads”

Sreq Required minimum natural frequency

fsd Design yield strength of reinforcing bars

Sk Characteristic yield strength of reinforcing bars

Fbb,Ra Vertical bearing resistance of a single bolt

Sk Characteristic yield strength of crossties or hoops

Jwu Ultimate tensile strength of web of steel beam

Juy Nominal value of yield strength of web of steel beam

Ga Shear modulus of elasticity of steel beam

g Mass per metre of steel beam

81 Dead load per unit area in construction stage

gk2 Dead load per unit area in composite stage

k3 Superimposed dead load per unit area in composite stage

s Mass per metre of profiled steel sheeting

hej-ps Distance between centre of joint and first headed stud

hes Thickness of composite slab above profiled steel sheeting

Hey Effective height of reinforced concrete wall

hins Distance between first headed studs on opposite composite beams

his Overall height of headed stud

hpb-fns Distance between surface of primary beam and first headed stud

Rsm-fhs Distance between surface of supporting member and first headed stud

Tax Polar radius of gyration of area of steel beam

Loy Second moment of area of steel beam about major axis (y-y axis)

y Second moment of area of steel beam about minor axis (z-z axis)

Iy Second moment of area of composite beam

Inf Second moment of area of bottom flange of steel beam about minor axis (z-
Z axis)

Ies2 Second moment of area of cracked composite slab in direction transverse to
steel beam

Iy Second moment of area of composite beam in hogging moment region

Ifpz Radius of gyration of area of fin plate about minor axis (z-z axis)

I, Torsion constant of steel beam

La Warping constant of steel beam

ke Coefficient taking into account stress distribution within section immediately
prior to cracking; k. factor; Coefficient for effect of horizontal cover

keon Stiffness of elastic spring for the contact part

ka Coefficient for effect of projected anchorage length

k; Coefficient for effect of bent position

Xiii



DESIGN GUIDE FOR SEMI-RIGID COMPOSITE JOINTS AND BEAMS

ks Transverse (rotational) stiffness per unit length of composite beam;
Coefficient for effect of crossties or hoops

ke Stiffness of one headed stud

Kse Stiffness related to headed studs

kstip Stiffness reduction factor due to deformation of headed studs

Ksl,eq Equivalent stiffness coefficient of longitudinal reinforcing bars

kn Reduction factor for shear resistance of a headed stud in hogging moment
region

kth, max Maximum reduction factor for shear resistance of a headed stud in hogging
moment region

ki max Maximum reduction factor for shear resistance of a headed stud

ks Reduction factor for shear resistance of a headed stud in sagging moment
region

kts,max Maximum reduction factor for shear resistance of a headed stud in sagging
moment region

kzmin Minimum shear buckling coefficient

ki Flexural stiffness of cracked composite slab in direction transverse to steel
beam

k1,nvb k1 factor for horizontal bolt bearing resistance

ki,vbb k; factor for vertical bolt bearing resistance

ki3ce Stiffness coefficient of concrete for reinforced concrete column

ki13.cw Stiffness coefficient of concrete for reinforced concrete wall

ki3 pb Stiffness coefficient of concrete for primary reinforced concrete beam

k> Flexural stiffness of web of steel beam

) Length of composite beam in hogging moment region adjacent to joint

Ly Beam length; Beam span

Ly Beam length of composite beam (A)

I Basic anchorage length of longitudinal reinforcing bars

Ler Length of composite beam between points at which bottom flange is laterally
restrained

Lera Length of steel beam between points at which top flange of steel beam is
laterally restrained

Lan Projected anchorage length of bent reinforcing bars

Lan,r Projected anchorage length of bent or hooked reinforcing bars for a row r

Lav Projected extension length of bent reinforcing bars

L. Distance between inflection points

Lefr Effective length of reinforcement

Lefrr Effective length of reinforcement for a row r

lefi 1 Effective length of reinforcement for row 1

Lefi2 Effective length of reinforcement for row 2

Len Distance between inflection points in hogging moment region

Les Distance between inflection points in sagging moment region

Lsi Arrangement length of additional longitudinal reinforcing bars

Ly Straight extension length of bent reinforcing bars
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lo

Z 0,min

M.,

MC}’;G
MEan

M, Eds
MEds,4
Meifp,Ra
Mei Rin

M. el,vbw,Rd
M4

M, h,(WwA,max)
Mh, (wB,min)
M;

M;i

]\4j, ’

M ra
M; ra 4

Mit1ard
Mirp.ra
Mizra
Mpia,ra
MpifRra
Mpifran

M, plf,Rds
M, plp,Rds

Mpira
M1 Rich
M(x)
M, Rin

My,v,vbw,Rd

My
N
Np,h
np,y
Nhs

Nhsh
Nhsh

Design lap length of longitudinal reinforcing bars

Minimum lap length of longitudinal reinforcing bars

Elastic critical moment for lateral-torsional buckling of composite beam
Elastic critical moment for lateral-torsional buckling of steel beam

Design hogging moment

Design sagging moment

Design sagging moment of composite beam (A)

Elastic moment resistance of fin plate

Elastic hogging moment resistance of composite beam

Elastic moment resistance of web of steel beam on vertical line of bolts
Actual end moment of composite beam (A)

End moment of composite beam (A) due to w4 ma; Released moment

End moment of composite beam (B) due to wg min; Released moment

Joint moment

Joint moment at left side

Joint moment at right side

Moment resistance of composite joint

Moment resistance of beam-to-beam composite joint applied to composite
beam (A)

Buckling moment resistance of laterally unrestrained steel beam

Lateral torsional buckling moment resistance of fin plate

Buckling moment resistance of laterally unrestrained composite beam
Plastic moment resistance of steel beam

Plastic moment resistance of composite beam after deducting shear area
Plastic hogging moment resistance of composite beam with full shear
connection

Plastic sagging moment resistance of composite beam with full shear
connection

Plastic sagging moment resistance of composite beam with partial shear
connection

Plastic moment resistance of composite beam

Characteristic value of plastic hogging moment resistance of composite beam
Moment of composite beam along x-axis

Reduced moment resistance of composite beam making allowance for
presence of shear force

Reduced moment resistance of web of steel beam on vertical line of bolts
making allowance for presence of shear force

Mid-length moment of simply supported beam

Number of headed studs distributed over length /

Number of bolts on horizontal line

Number of bolts on vertical line

Number of headed studs per sheeting rib

Number of headed studs per sheeting rib in hogging moment region
Number of headed studs arranged within half of L.
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Nhss
N, hss

no
Pb.h
Dby
Pps
Pra
Psl
Dsllim
Dsi 1
Dsi2
Pst 1
Pst,2
qk1
qk?2
r

Ra
RC()}’Z
RCS
Refra
Regv
Ry
Ryn
Rys
R+ Rpse
R
Rgij

Rtr, req
Ry

Sj, ini
Sj, ini,eq
Sj.1
Sjr

T.

few

lep

Number of headed studs per sheeting rib in sagging moment region
Number of headed studs arranged within half of L.

Longitudinal force in composite slab

Modular ratio for short-term loading

Pitch of bolts on horizontal line

Pitch of bolts on vertical line

Pitch of ribs of profiled steel sheeting

Shear resistance of a headed stud

Pitch (spacing) of longitudinal reinforcing bars

Limit of spacing of longitudinal reinforcing bars

Pitch of anti-crack longitudinal reinforcing bars (row 1)

Pitch of additional longitudinal reinforcing bars (row 2)

Pitch of anti-crack transverse reinforcing bars (row 1)

Pitch of additional transverse reinforcing bars (row 2)

Construction load per unit area in construction stage

Imposed floor load per unit area in composite stage

Root radius of steel beam

Tension (compression) resistance of steel beam

Compression resistance of contact part

Compression resistance of composite slab within beg

Tension (compression) resistance of effective steel beam

Tension (compression) resistance of effective clear web of steel beam
Tension (compression) resistance of flange of steel beam
Longitudinal shear force transfer within half of L

Longitudinal shear force transfer within half of Les

Tension resistance of transverse reinforcement per unit length
Tension resistance of longitudinal reinforcing bars within begn
Tension resistance of longitudinal reinforcing bars within beg;
Required tension resistance of transverse reinforcement per unit length
Tension (compression) resistance of clear web of steel beam
Tension (compression) resistance of overall web of steel beam
Length of fillet weld of fin plate

Rotational stiffness of composite joint

Rotational stiffness of beam-to-beam composite joint applied to composite
beam (A)

Rotational stiffness of beam-to-beam composite joint applied to composite
beam (B)

Initial rotational stiffness of composite joint

Equivalent initial rotational stiffness of composite joint

Rotational stiffness of composite joint at left side

Rotational stiffness of composite joint at right side

Contribution of concrete for 75,

Thickness of reinforced concrete wall

Thickness of end plate
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Iy
Uy
Tlc

Lps
Tro

tw

T, w
Vb,a,rd
Vb rd
Vb,Rd
Vbwrd g
wa, Rdn
VEd
Vip.Rd,b
Viv.rd.g
Vip.Rd.n
Vie

VL Ed
Vpl,a,Rd
Voinbw.rd

Vpira
Volivbwrd
VRd
vaw,Ed
w

W4, max
WB, min
Wecom,max
Weom,min
Weom, P

Weom,P+0.1V

Weom, V,max
Weom, V,min
Weon,max
Weon, P

Weon,P+V

Weon,V
Wetpia
Wik

%l, a

X5

Flange thickness of steel beam

Thickness of fin plate

Ultimate tensile strength of reinforcing bars due to local compression failure
Thickness of profiled steel sheeting

Ultimate tensile strength of reinforcing bars due to raking-out failure

Web thickness of steel beam

Contribution of spreader bars for 75,

Shear buckling resistance of steel beam

Bolt bearing resistance

Shear buckling resistance of composite beam; Bolt shear resistance

Shear resistance of web of steel beam for gross section

Shear resistance of web of steel beam for net section

Design shear force

Fin plate block shear resistance

Fin plate shear resistance for gross section

Fin plate shear resistance for net section

Shear resistance of joint panel

Design longitudinal shear stress in composite slab

Plastic shear resistance of steel beam

Plastic shear resistance of web of steel beam on top and bottom horizontal
line of bolts

Plastic shear resistance of composite beam

Plastic shear resistance of web of steel beam on vertical line of bolts
Crushing shear stress of concrete slab

Design shear force of web of steel beam on vertical line of bolts

Uniformly distributed load

Maximum uniformly distributed load of composite beam (A)

Minimum uniformly distributed load of composite beam (B)

Maximum design distributed load in composite stage

Minimum design distributed load in composite stage

Design distributed load due to “superimposed dead loads” in composite stage
Design distributed load due to “dead loads, superimposed dead loads, and
10% of live loads”

Maximum design distributed load due to “live loads” in composite stage
Minimum design distributed load due to “live loads” in composite stage
Maximum design distributed load in construction stage

Design distributed load due to “dead loads” in construction stage

Design distributed load due to “dead loads and live loads” in construction
stage

Design distributed load due to “live loads” in construction stage

Effective plastic section modulus of steel beam

Design crack width

Plastic section modulus of steel beam

x-coordinate where deflection is maximized
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X0

’

X0
Zces-ca

Zesl-tf

Zesl-ce

Zesl 1-cc

Zesl 2-cc

Zcst-na

Zetf-chf

Zfs-b

Zna-ccs,c

Zsleq-ca

Zsl,eq-cc

Zsl,eq-na

Zsleq-tf

Zst,eq-ccs,c

Zst,eq-na

Ztcs-csl

Ztes-csl 1
Ztes-csl, 2
Ztes-cst, 1
Ztcs-cst,2

Z0

apy

arr

Ohbb
Qybb
(27

x-coordinate at inflection point

x-coordinate at inflection point

Vertical distance between centre of composite slab and centre of steel beam
Vertical distance between centre of longitudinal reinforcing bars and top of
flange of steel beam

Vertical distance between bent reinforcing bars and centre of contact part
Vertical distance between centre of longitudinal reinforcing bars and centre of
contact part for row 1

Vertical distance between centre of longitudinal reinforcing bars and centre of
contact part for row 2

Vertical distance between centre of transverse reinforcing bars and neutral
axis of composite beam

Vertical distance between centres of top and bottom flanges of steel beam
Distance between face of support and assumed line of shear transfer

Vertical distance between neutral axis of composite slab and centre of
concrete slab in compression

Equivalent vertical distance between longitudinal reinforcing bars and centre
of steel beam

Equivalent vertical distance between longitudinal reinforcing bars and centre
of contact part

Equivalent vertical distance between longitudinal reinforcing bars and
neutral axis of composite beam

Equivalent vertical distance between longitudinal reinforcing bars and top of
flange of steel beam

Equivalent vertical distance between transverse reinforcing bars and centre
of concrete slab in compression

Equivalent vertical distance between transverse reinforcing bars and neutral
axis of composite slab

Covering depth of longitudinal reinforcing bars

Covering depth of longitudinal reinforcing bars for row 1

Covering depth of longitudinal reinforcing bars for row 2

Covering depth of transverse reinforcing bars for row 1

Covering depth of transverse reinforcing bars for row 2

Vertical distance between centre of un-cracked concrete flange and un-
cracked composite section

Portion of part of cross-section in compression; « factor; Amplification
factor from loaded area to maximum design distribution area

Correction factor for bolt shear resistance

Imperfection factor corresponding to appropriate lateral-torsional buckling
curve

Correction factor for horizontal bolt bearing resistance

Correction factor for vertical bolt bearing resistance

Coefticient considering shape of reinforcing bars
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o Coefficient considering concrete cover

a3 Coefticient considering confinement by transverse reinforcing bars

as Coefficient considering confinement by transverse pressure

s Coefficient considering percentage of lapped reinforcing bars

p L factor

B Joint material coefficient of precast reinforced concrete beam

Ya Partial factor of resistance of members and cross-sections of steel beam

Va2 Partial factor of resistance of steel beam in bearing

7 Partial factor of bolt

Ve Partial factor of concrete

Ye,ce Partial factor of concrete for reinforced concrete column

Ye.cs Partial factor of concrete for concrete slab

Yeow Partial factor of concrete for reinforced concrete wall

Yep Partial factor of resistance of members and cross-sections of contact plate

Ye,pb Partial factor of concrete for primary reinforced concrete beam

Yep,2 Partial factor of resistance of contact plate in bearing

Yep Partial factor of resistance of members and cross-sections of end plate

Y Partial factor of resistance of members and cross-sections of fin plate

V.2 Partial factor of resistance of fin plate in bearing

Y6, sup Partial factor for permanent actions (unfavourable)

YG,inf Partial factor for permanent actions (favourable)

Tos Partial factor of profiled steel sheeting

70 Partial factor for variable actions (unfavourable)

Yoi Partial factor for variable actions (favourable)

¥ Partial factor of reinforcing bars

w Partial factor of headed stud

Yov Partial factor of crossties or hoops

U Deflection of composite beam (A)

Omax Maximum deflection of composite beam

Op+v Deflection due to “dead loads and live loads”

OP+Vlim Limit of deflection due to “dead loads and live loads”

OP+0.1V Deflection due to “dead loads, superimposed dead loads, and 10% of live
loads”

O Deflection due to “dead loads and superimposed dead loads™

Op+v Deflection due to “dead loads, superimposed dead loads, and live loads”

or Deflection due to “live loads”

Viim Limit of deflection due to “live loads”

n Stiffness modification coefficient

h Degree of shear connection in hogging moment region

TTh,req Required minimum degree of shear connection in hogging moment region

s Degree of shear connection in sagging moment region
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Ts,req Required minimum degree of shear connection in sagging moment region

6 Angle between diagonal strut and axis of beam

Ohnin Minimum angle to minimize cross-sectional area of transverse reinforcing
bars

Opin Rotation of pin joint

K Coefticient for effect of joint type

ALt Non-dimensional slenderness for lateral-torsional buckling of composite
beam

ALTa Non-dimensional slenderness for lateral-torsional buckling of steel beam

ALTh Non-dimensional slenderness for lateral torsional buckling of fin plate

Aw Modified slenderness of web of steel beam

LA Distribution factor for composite beam (A)

% Parameter related to deformation of headed studs

& Parameter related to deformation of headed studs

De Dry density of concrete

Dic Dry density of lightweight concrete

Dslreq Required minimum reinforcement ratio

Ol Tensile stress in longitudinal reinforcing bars due to direct loading

Osllim Limit of stress permitted in longitudinal reinforcing bars immediately after
cracking

Osl.0 Stress in longitudinal reinforcing bars caused by Mgan

) Correction coefficient due to presence of transverse beam

& Joint rotation

O Mandrel diameter of bent reinforcing bars

7/ — Minimum mandrel diameter of bent reinforcing bars

O, Mandrel diameter of bent reinforcing bars for a row

Drr Value to determine reduction factor for lateral-torsional buckling of
composite beam

Di14 Value to determine reduction factor for lateral-torsional buckling of steel
beam

Dy Value to determine reduction factor for lateral-torsional buckling of fin plate

&l Diameter of longitudinal reinforcing bars; Diameter of bent reinforcing bars

Ost,r Diameter of longitudinal reinforcing bars for a row r

b1 Diameter of anti-crack longitudinal reinforcing bars (row 1)

@i 2 Diameter of additional longitudinal reinforcing bars (row 2)

e Diameter of longitudinal reinforcing bars; Maximum diameter of
longitudinal reinforcing bars

By 1 Diameter of anti-crack transverse reinforcing bars (row 1)

%) Diameter of additional transverse reinforcing bars (row 2)

B Diameter of crossties or hoops

xir Reduction factor for lateral-torsional buckling of composite beam

XiTa Reduction factor for lateral-torsional buckling of steel beam
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XLTh Reduction factor for lateral-torsional buckling of fin plate
T Factor for contribution of web of steel beam to shear buckling resistance
74 Ratio of the design hogging moment to M
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Chapter 1 General

(1) Application

This design guide is applicable for the design of composite joints and composite beams with
semi-rigid ends. The term “composite joint” in this design guide shall refer to a composite
joint in which at least two essential components, reinforcing bars in tension and contact
parts in compression, are considered in design for the rotational stiffness and moment
resistance of the joint. The term “composite beam” shall refer to a structural member with
a steel beam and reinforced concrete slab or composite slab interconnected by shear
connectors.

(2) Design standards

This design guide is based on EN 1993-1-8 and EN 1994-1-1 for the design of composite
joints with detailed methods developed for practical use. The other European Standards can
be referred for the matters not covered in this design guide.

(3) Types of composite joints

Composite beams can be designed with semi-rigid ends by having continuous reinforcing
bars over the supporting members or by having reinforcing bars anchored to them. The
supporting members correspond to beams, walls, and columns in building frames. Table 1.1
shows the typical composite joint details covered in this design guide. Contact plates may
be attached at the bottom flange of the steel beams to ensure proper contact with the
supporting members.

(4) Composite joint without contact plates

Joint details without contact plates may be conservatively designed as pinned joint by
ignoring the contribution of the slab reinforcement. Alternatively, the rotational stiffness
and moment resistance of a joint should be determined by analogy to provisions for steel
joints given in EN 1993-1-8, taking into account of reinforcement in the slab. Rotational
capacity of composite joint may be demonstrated by experimental evidence, unless such
details, when used in practice, have proven adequate properties.
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Table 1.1: Composite joint details with contact plates
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Chapter 2 Materials

2.1 Structural Steel

(1) Yield strength

The nominal yield strength of steel beams f., should be less than or equal to 355 [N/mm?].
The nominal yield strength of other structural steel materials such as fin plates, stiffeners,
and end plates should be at least a matching grade as the beam but cannot be higher than

460 [N/mm?].

(2) Steel grade

The typical steel grades of structural steel are given in Table 2.1.

Table 2.1: Steel grades of structural steel

Nominal values of yield strength / ultimate tensile strength [N/mm?]
Steel grade with thickness [mm)] less than or equal to
16 40 63 80 100 150
S235JR,J0,J2 | 235/360 | 225/360 | 215/360 | 215/360 | 215/360 | 195/350
S275JR,J0,J2 | 275/410 | 265/410 | 255/410 | 245/410 | 235/410 | 225/400
S355JR,J0,J2 | 355/470 | 345/470 | 335/470 | 325/470 | 315/470 | 295/450

(3) Alternative steel grade

Alternative steel grades not listed in Table 2.1 such as American standard (API, ASTM and
AWS) and Japanese standard (JIS) should be in compliance with BC1:2012%.

(4) Modulus of elasticity
The modulus of elasticity of structural steel should be taken as 210,000 [N/mm?].

(5) Partial factor

The partial factor of the resistance of members and cross-sections should be taken as 1.00.
The partial factor of the resistance of plates in bearing should be taken as 1.25.
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2.2 Concrete

(1) Strength classes

The concrete strength class of floor slab should be in the range of C20/25 (LC20/22) to
C60/75 (LC60/66). Other reinforced concrete members including beams, walls, and
columns can follow EN 1992-1-1° in which C90/105 is recommended as the maximum
strength class. The typical strength classes of concrete are given in Table 2.2 and Table 2.3.

Table 2.2: Typical strength classes of concrete

C C C C C C C C C

Strength class 1 55 | 25730 | 3037 | 35145 | 40/50 | 45/55 | 50/60 | 55/67 | 60175
Characteristic
cylinder strength 20 25 30 35 40 45 50 55 60
fek [N/mm?]

Mean value of
tensile strength 2.2 2.6 2.9 3.2 3.5 3.8 4.1 4.2 4.4
feom [N/mm?]
Secant modulus
of elasticity 30 31 33 34 35 36 37 38 39
Ecn [GPa]

Table 2.3: Typical strength classes of lightweight concrete

LC LC LC LC LC LC LC LC LC

Strengthclass | ) | 2508 | 3033 | 35/38 | 40/44 | 45/50 | 50/55 | 55/60 | 60/66

Characteristic
cylinder strength 20 25 30 35 40 45 50 55 60
fiek [N/mm?]

Mean value of 0.60
tensile strength £ <O 40 '22001c>
flctm [N/ mmz]
Secant modulus L,
of elasticit E I
' o (2200)

Note: i is the dry density of lightweight concrete in accordance with EN 206-1¢

(2) Other properties
Unless otherwise given by this design guide, other concrete properties can be referred to
EN 1992-1-1 for both normal weight concrete and lightweight concrete.

(3) Partial factor

The partial factor of concrete y. should be taken as 1.50.
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2.3 Reinforcing Steel
(1) Yield strength

The characteristic yield strength of reinforcing steel fi should be limited to the range of 400
[N/mm?] to 600 [N/mm?] as conforming to EN 1992-1-1.

(2) Strength classes

The strength classes of reinforcing steel given in Table 2.4 can be used for the design of
composite joints and composite beams with semi-rigid ends.

Table 2.4: Strength classes of reinforcing steel

Characteristic Ultimate/yield Ultimate
Class yield strength . .

ik [N/mm?] strength ratio elongation
B500B 500 >1.08 5.0%
B500C 500 >1.15,<1.35 7.5%

(3) Modulus of elasticity
The modulus of elasticity of reinforcing steel £y should be taken as 210,000 [N/mm?].

(4) Partial factor

The partial factor of reinforcing steel y should be taken as 1.15.
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2.4 Shear Studs

(1) Mechanical characteristics and nominal dimensions

The mechanical characteristics and normal dimensions of shear studs may be referred to BS
EN ISO 139187 and BS EN ISO 898-18,

(2) Weldability and welding examination

Weldability and welding examination of shear studs should be checked in accordance with
BS EN ISO 14555°.

(3) Shear resistance

The shear resistance of a headed stud Prs can be determined from:

0.8f, mdy”  0.290dy" I Eom
Py = min s ™hs_ ol Ve .1)
47y Yy
o 18 given by:
hhs hhs
oy =0.2 (—H) for3<— <4 (2.2)
dis dis
hhs
o, =1 for — >4 (2.3)
dhs
where
Jhsu is the ultimate strength of headed stud
dps is the diameter of the shank of headed stud, 16 [mm] < djs < 25 [mm]
w 1s the partial factor of headed stud taken as 1.25
Sek is the characteristic cylinder strength of concrete
Ecm is the secant modulus of elasticity of concrete
his is the overall height of headed stud, 16 [mm)]

(4) Alternative shear studs

Alternative shear studs not covered in this design guide can be allowed if they are in
compliance with BC1:2012.
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2.5 Profiled Steel Sheeting
(1) Material properties
The material properties of profiled steel sheeting may be referred to EN 1993-1-31°,

(2) Alternative profiled steel sheeting

Alternative profiled steel sheeting not covered in this design guide can be allowed provided
that they are in compliance with BC1:2012.

(3) Partial factor

The partial factor of profiled steel sheeting, s, should be taken as 1.00.

2.6 Bolts
(1) Strength classes

The strength classes of bolts given in Table 2.5 can be used for the design of composite
joints and composite beams with semi-rigid ends.

(2) Tensile strength

The nominal values of yield strength f3, and ultimate tensile strength /2, for bolt classes 4.6,
4.8,5.6,8.8and 10.9 are given in Table 2.5. Bolts from strength class 4.6 up to and including
strength class 10.9 can be used as non-preloaded connections, whereas for preloaded
connections, strength class 8.8 and 10.9 should be used.

Table 2.5: Strength classes of bolts

Strength class 4.6 4.8 5.6 8.8 10.9
Nominal value of
yield strength 240 320 300 640 900
fiy [N/mm’]
Ultimate
tensile strength 400 400 500 800 1000
fou [N/mm?]

(3) Alternative strength classes
Alternative strength classes of bolts not covered in this design guide can be allowed if they
are in compliance with BC1:2012.

(4) Partial factor

The partial factor of bolts, y, should be taken as 1.25.
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Chapter 3 Scope of Application

3.1 General
(1) Structural type

The structural type should be limited to flooring systems consisting of primary beams,
secondary beams, and floor slab.

(2) Beam members

When a composite joint is applied to a double-sided beam-to-beam joint, the secondary
beams should be composite beams and the primary beam should be either a composite or
reinforced concrete beam. When a composite joint is applied to a beam-to-wall or beam-to-
column joint, the beams should be composite beams. Except for the above cases
schematized in Figure 3.1, composite joints may not be applicable unless otherwise verified
by experiments or numerical analysis.

(3) Column members

Structural type of column members is not limited except when composite joints are applied
to beam-to-column joints. When a composite joint with anchored reinforcing bars is applied
to a beam-to-column joint as shown in Figure 1.1 (g), the column should be a reinforced
concrete column.
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RC column
RC beam
Composite beam
i Composite joint
(a) Floor plan without RC core wall
Corner column
RC column
RC beam N
=P\ Composite beam
__ ,_r —
; Composite joint
(b) Floor plan with RC core wall
Figure 3.1: Floor plan showing composite joints
Commentary:

(2) Beam members

The beam members supported by composite joints should not be subject to excessive axial
force that may affect the moment and rotational behaviour of the connections. Also, they
should not cause the sagging moment at their beam-ends to prevent the contact plates from
separating and falling.

(3) Column members

Composite joints can be applied to a beam-to-column joint where the column member is
reinforced concrete. Composite joints should not be applied for other structural types of
columns such as steel columns, steel encased reinforced concrete columns, concrete filled

10
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steel tubular columns unless otherwise their structural behaviour is verified by experiments
or numerical analysis.

11
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3.2 Steel Beams

(1) Steel section

The steel section of beams with semi-rigid ends should be a beam of uniform and doubly

symmetrical section.

(2) Classification of cross-section

Class 1 or 2 cross-sections where both the web and the compression flange are Class 1 or 2
based on the limiting proportions for compression parts given in Table 3.1 should be used
for beams with semi-rigid ends. Effective Class 2 cross-sections where the web is Class 3
and the compression flange is Class 1 or 2 may also be used.

Table 3.1: Maximum width-to-thickness ratios for compression parts

Class Web Flange
Stress b =-
distribution + 81“ -—-- [+ ]
in parts W e |
(compression positive) = —- K :
¢ _ 396¢ " 05
— < or aa> 0. c
1 t, — 13o- € cop
C 36¢ tf
—<— fora<0.5 '
t, o
c 456¢ " 05
— < or a> 0.
) t, ~ 13c-1 ¢ < 10e
c 4l.5¢ ty
— < for ¢<0.5
t, o
Stress ——~ f, —-
distribution + § I
in parts é { { o |
(compression positive) W, = —- e ™
c - 42¢ " -
— < ———— fory>-
3 . t, — 0.6710.33y . < l4g
— =62:(1-y)y () for < 17 s
235 Jay 235 275 355
E= |—
Juy € 1.00 0.92 0.81

*) w<-1 applies where either the compression stress o < fu, or the tensile strain & > fo,/Es

12



DESIGN GUIDE FOR SEMI-RIGID COMPOSITE JOINTS AND BEAMS

Commentary:
(2) Classification of cross-section

As described in Chapter 4, the plastic moment resistances of beams with semi-rigid ends
are checked at ultimate limit state. Therefore, Class 1 or 2 cross-sections which can develop
their plastic moment resistance without local buckling of web and flange are required.

13



DESIGN GUIDE FOR SEMI-RIGID COMPOSITE JOINTS AND BEAMS

3.3 Floor Slab

(1) Slab arrangement

Floor slab should be arranged on top of steel beams and connected to the top flange of steel
beams through shear studs.

(2) Slab type

Floor slab should be reinforced concrete slab or composite slab with profiled steel sheeting.

(3) Reinforcing bars

Longitudinal reinforcing bars in concrete slab should be continuous or anchored at beam-
to-beam, beam-to-wall, and beam-to-column joints. Transverse reinforcing bars are also
required to provide appropriate stress distribution on the longitudinal reinforcements within
the effective width. The diameter of reinforcing bars utilized as a structural component of
composite joints should be less than or equal to 16 [mm] unless the structural resistance and
serviceability of the joints have been verified by experimental or numerical evidence.

(4) Slab span

The maximum slab span should be in accordance with the allowable span of profiled steel
sheeting during construction considering ultimate and serviceability limit states.

Commentary:
(2) Slab type

Beam-end joints should be designed as nominally pinned joint when floor slab other than
reinforced concrete slab or composite slab is used, in which case rotational restraint may
not be adequately developed at the joints.

(3) Reinforcing bars

Beam-end joints should be designed as nominally pinned joint when the longitudinal
reinforcing bars in the slab are not continuous or not properly anchored at beam-to-beam,
beam-to-wall, and beam-to-column joints, in which case sufficient rotational restraint may
not be developed at the joints.

14
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3.4 Composite Joints

(1) Joint types

Composite joints should be beam-to-beam, beam-to-wall, or beam-to-column joints, and
the joints should be the extended fin plate bolted type. In addition, the following should be
noted for each joint detail as well.

a)

b)

d)

Beam-to-beam joint with primary composite beam

This joint type refers to a primary composite beam which is double-side connected by
secondary beams. When the depth of at least one secondary beam is same as that of
primary beam as shown in Figure 3.2 (a), the bottom flange of primary beam should be
designed against bi-axial force due to the additional compression from the contact plates.
When the secondary beams have different depths as shown in Figure 3.2 (b), continuous
fin plates should be provided between the top and bottom flanges to prevent out-of-
plane deformation of the primary beam web. The shear resistance of the panel zone
formed by the fin plates, stiffeners, and bottom flanges should be checked against actual
shear force caused by the eccentricity of the bottom flanges of secondary beams.

Beam-to-beam joint with primary reinforced concrete beam

This joint type refers to a primary reinforced concrete beam which is double-side or
single-side connected by secondary steel beam. The torsional moment from the
secondary beam should also be taken into consideration for the primary beam design.
As shown in Figure 3.3, fin plates should be welded to the end plates fixed to the primary
beam by appropriate anchorages to transfer the shear force from the secondary beams.

Beam-to-wall joint with reinforced concrete wall

The joints may be either double-side or single-side connected. For single-side connected
joint, the moment due to eccentricity from the beam reaction force should be taken into
consideration for the wall design. As shown in Figure 3.4, fin plates should be welded
or bolted to the end plates fixed to the reinforced concrete wall by appropriate
anchorages to transfer the shear force from the beams.

Beam-to-column joint with reinforced concrete column

For single-sided joints, the moment arising from the eccentricity of the beam reaction
relative to the column centroidal axis should be taken into account in the column design.

As shown in Figure 3.5, fin plates should be welded to end plates, which are fixed to the
reinforced concrete column by suitable anchorages, in order to transfer the beam shear
forces into the column.

(2) Contact plates and stiffeners

As shown in Figures 3.2 to 3.5, contact plates and stiffeners may be attached at the bottom
flange level of steel beams to enhance the rotational stiffness and moment resistance of the
joints.
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(a) Beams of same depth (b) Beams of different depth

Figure 3.2: Beam-to-beam joint with primary composite beam
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Figure 3.5: Beam-to-column joint
with reinforced concrete column
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Commentary:
(1) Joint type

The single-sided beam-to-beam joint where a secondary composite beam is attached from
one side of a primary composite beam is encountered in the outer periphery and around the
voids as shown in Figure 3.6. They should be designed as nominally pinned joints unless
special measures are taken to ensure proper anchorage of the reinforcing bars and the
torsional actions on primary beams are properly considered in structural design.

Primary Secondary
composite beam composite beam

Void

| — —

' Double-sided beam-to-beam joint (can be composite joint)

—=—=

Single-sided beam-to-beam joint (should be designed as pinned joint)

Figure 3.6: Floor beam layout with composite beams
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Chapter 4 Design of Composite Joint and Beam

4.1 General
(1) Basis of design

The design of composite joints and composite beams with semi-rigid ends should be in
accordance with the basis of design given in EN1994-1-1. This chapter provides
supplementary provisions such as design criteria, and structural properties of composite
joints and beams, which should also be applied in structural design.

(2) Design procedure

The design of composite joints and composite beams with semi-rigid ends should follow
the design flow chart shown in Figure 4.1. Refer to each clause for the details.
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m Determine strength and modulus of elasticity of each material |
—>| Re-design |—>| Determine specifications and dimensions |<—| Re-design |<—

| Calculation of design loads |

B s [ s

[4.2.2&4.4.2]

Design of composite joint

Y [4.2.1&4.3.4] =
Check minimum degree of shear NG

connection
s 2 Nsreqp Mh 2 Mhreq
OK [4.2.2&4.4.3&4.4.4]
Check shear and moment resistance
min(Vypira 3 Vira) = Via NG
min(Mpieras 5 Mpip, ras) = MEas
min(Mpcran 5 My,y,ran) = Mgay
OK [4.2.2&4.4.4]
Check lateral-torsional buckling NG
Mir.ra = MEay
OK [4.2.2&4.4.5]
Check longitudinal shear resistance NG
Ryt Rpse > Ry reqy Ast = Astreqy VRa = Vi Ed
OK

Check compression resistance
Fcra> R, if needed

A

Check anchorage strength and panel shear
resistance for joint with bent rebars
“pre-qualified specification” if needed

A

A

[4.2.1&4.3.3]

A

OK [5.3]

Design of composite beam

Analysis of design moment and shear
force Mgy, Vg in construction stage NG

A

[4.2.2&3.2]
NG Check section classification

“at least Class 2”

OK
NG Check shear and moment resistance

: 7 - 1/, [/
min(Vyora 5 Voara) = Vea NG
Alp/,a,Rz/ > A/[Ed.v

A

[4.2.2&4.4.384.4.4]

A

A

[4.2.284.4.4]

NG Check lateral-torsional buckling
Mir.ard 2= MEas

A

NG

A

Analysis of design moment and shear
force Mgy, Mgan, VEq in composite stage
[4.2.2&3.2] NG
NG Check section classification

“at least Class 27, Ay > Ay, if needed

Y

A

[Appendix HI&IV]

Check shear resistance of
composite joint at ULS.

Figure 4.1: Design flowchart for composite joint and composite beam
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Commentary:

(2) Design procedure

The following design steps should be performed in accordance with the flow chart shown
in Figure 4.1.

a)

b)

Design of composite joint

Based on the design criteria in subsection 4.2.1, joint classification should be conducted
to check if the composite joints are classified as semi-rigid. The initial rotational
stiffness and moment resistance can be determined according to subsection 4.3.2 and
4.3.3, respectively. Structural resistances of concrete in composite stage should be
checked in accordance with EN 1992-1-1. In the case of beam-to-wall and beam-to-
column composite joints with bent reinforcing bars (anchored reinforcing bars), the joint
details should comply with the pre-qualified specifications described in subsection 4.2.1.
In addition, serviceability check should also be carried out. The design hogging
moments at the beam ends can be obtained by carrying out the analysis of composite
beam with end restraints in accordance with Section 5.3.

Design of composite beam with semi-rigid ends

Based on the design criteria in subsection 4.2.2, structural resistances at ultimate limit
state should be checked. The degree of shear connection, shear resistance, moment
resistance, and the longitudinal shear resistance of composite beams can be determined
according to subsection 4.4.2, 4.4.3, 44.4, and 4.4.5, respectively. In addition,
serviceability checks should also be carried out. The design moment and deflection of
the beams can be obtained by the structural analysis described in Section 5.3.
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4.2 Design Criteria
4.2.1 Composite Joint
(1) Joint classification

Composite joints with any level of stiffness and resistance may be treated as semi-rigid
joints. For simplicity in design, however, composite joints may be idealised as pinned or
rigid if the following conditions on initial rotational stiffness and moment resistance are
satisfied.

a) Initial rotational stiffness

for pin joints
0.5E,I,
i S (4.12)
for rigid joints
25E,1,
i 2= (4.1b)
Iy 1s given by:
2
. Aa(hcsdl_szsdl_Da) bejji‘,'bhcs3
I, = + +l, 42
2E, A4 2F, Y (4.2)
4(1++—4+—"%4—) 12 4
Ecm, cs beﬁ,'bhcs Ecm, cs
where
Sjini is the initial rotational stiffness of composite joint, see 4.3.2
E, is the modulus of elasticity of steel beam
Ly is the beam length
Iy is the second moment of area of composite beam
Aq is the cross-sectional area of steel beam
hes is the thickness of composite slab above profiled steel sheeting
Dps is the overall depth of profiled steel sheeting
Dy is the depth of steel beam
Ecm,es is the secant modulus of elasticity of concrete for concrete slab
besrb is the effective width of composite beam assuming simply supported
condition
Ly is the second moment of area of steel beam about major axis (y-y axis)
b) Moment resistance
for pin joints
M; g < 0.25M,; gy (4.3)
for rigid joints
M;ra 2 My pa (4.3)
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where
M ra is the moment resistance of composite joint, see 4.3.3
Mpira is the plastic moment resistance of composite beam

(2) Structural resistance check of concrete in composite stage
a) Compression resistance

When the compression force from the bottom flange of steel beam is transferred to
concrete through the end plate, the following condition for compression resistance of
equivalent T-stub flange should be satisfied to prevent the concrete bearing failure.

FC,Rd = Rcon (44)
where
Fcra is the compression resistance of equivalent T-stub flange, see 4.3.3
Reon is the compression resistance of contact part, see 4.3.3

In the case of composite joints with thin wall, the punching shear resistance of concrete
wall, referred to EN 1992-1-1 for slab design, should be checked as well.

b) Anchorage strength and panel shear resistance

In the case of composite joints with bent reinforcing bars (anchored reinforcing bars)
utilized as a component of the joints, the joint details should comply with the pre-
qualified specifications to prevent the anchorage failure and panel shear failure of
supporting members. The pre-qualified specifications are shown in Table 4.1 and Table
4.2 in which the symbols correspond to those in Figure 4.2. Note that they are applicable
only when the following conditions are satisfied.

- The arrangement width of bent reinforcing bars does not exceed 1200 [mm].

- The depth of the adjacent beam does not exceed 700 [mm)].

- The end plate width is more than or equal to 300 [mm].

- Dowel bars with a diameter of 13 [mm] and a length of at least the arrangement
width are placed with appropriate anchorage (Links or shear reinforcement may be
utilized).

- For beam-to-wall joints, successive crossties with a diameter of 13 [mm] and a pitch
of 300 [mm)] in vertical and horizontal are arranged throughout the wall including
joint panel.

- Table 4.2 is applicable for either uniaxially or biaxially connected.
(3) Serviceability check in composite stage

The following condition for joint moment at serviceability limit state should be satisfied to
control the crack width of floor slab.

Zgl, eq-cc Z Asl,ro-sl, lim > MEdh (45)

where
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Zsl,eq-cc is the equivalent vertical distance between longitudinal reinforcing bars and
centre of contact part

Agir is the cross-sectional area of longitudinal reinforcing bars within b.y; for a
row r

Osllim is the limit of stress permitted in longitudinal reinforcing bars immediately
after cracking, taken as the larger value given in Table 4.3 and 4.4

MEan is the design hogging moment
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Projected extension length

DESIGN GUIDE FOR SEMI-RIGID COMPOSITE JOINTS AND BEAMS

1y, =420

Projected anchorage g Effective width b, N
length / . 3 i
) g dh, Anti-crack : _ Arrangement width :
| | rebars | r j i
: VA | b1 - Dst L Anti-crack rebars
il Dowel bars Dowel bars Ba1 - Psi1 :
LD e T //‘g//
il N | L)L |
Mandrel diameter Additional Wall | Additional rebars
1 rebars ! -
¢m,r_12¢sl,r edge 1 ¢Dl,2 Hpsz,uz U U |
T \H © P2 - Psi2 4 | R 1 4
Wall |© 1 LB |
thickness 2, | 2 oy |
. 1CKNESS w | © i }4&&4
; , \
E{ |
i \
\/\ i A
BN |

Hbrizontal covering depth
Cp>max{100 ; 7(¢y /+¢y2")"}

(a) Beam-to-wall composite joint

s, =420

) Column width B,
Projected n —
anchorage length I, Anti-crack : Arrangement width :
- rebars ‘ i‘—"i |
| | ; | 1 |
’ [— - b1 - Dot | Anti-crack rebars
T Dowel bars Dowel bars Bl - Pl 1%
Lt ¥ TXTE 7
G a 7 0 = =is - —
\E"\} T “ ‘ “ ! - 7 —H T
DY %,J i Ve
Mandrel diginieter Additional Additional rebars
bor =120y, rebars B2 - Psi2
te M e | e pa NNy
Column depth D, g : ‘ﬂ% :
T o | b,
\
i
|
\
I / i - /

Horizorital‘ covering depth
Cp>max{100 ; 7(dy / +y:") "}

(b) Beam-to-column composite joint

Figure 4.2: Dimensions specified in pre-qualified specifications
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Table 4.1: Pre-qualified specifications for beam-to-wall composite joints with bent
reinforcing bars

Characteristic cylinder strength of reinforced concrete wall
40 [N/mm?] < fox.ew < 45 [N/mm?]

Diameter and Diameter and pitch of additional reinforcing bars @2 - psi2 [mm]
pitch of anti-crack for wall thickness #w [mm]
reinforcing bars 250 < tow 300 < o 400 < t.y

&Ll - psi1 [mm] (lan =200 [mm]) (lan =250 [mm] ) (lan =350 [mm] )

10 - 100 or more
13 - 150 or more
16 - 200 or more

Additional rebars
only

Anti-crack rebars only
10 - 200 or more 10 - 100 or more
13 - 200 or more

Anti-crack rebars only

10 - 150 or more 10 - 150 or more

10 - 100 or more

Anti-crack rebars only

10 - 200 or more
13 - 200 or more

13 - 150 or more Anti-crack rebars only

13 - 100 or more

16 - 200 or more Anti-crack rebars only

16 - 150 or more

16 - 100 or more
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Table 4.1: Pre-qualified specifications for beam-to-wall composite joints with bent
reinforcing bars (cont’d)

Characteristic cylinder strength of reinforced concrete wall
45 [N/mm?] < forew < 50 [N/mm?]

Diameter and
pitch of anti-crack

Diameter and pitch of additional reinforcing bars @2 - psi2 [mm]

for wall thickness 7., [mm]

reinforcing bars 250 < fte 300 < fon 400 <ty
&Ll - psi1 [mm] (lan =200 [mm]) (lan =250 [mm] ) (lan =350 [mm] )
Additional rebars 10 - 100 or more 10 - 160 or more
13 - 150 or more
only 13 - 200 or more

16 - 200 or more

10 - 200 or more

Anti-crack rebars only
10 - 200 or more

Anti-crack rebars only
10 - 100 or more
13 - 200 or more

10 - 150 or more

10 - 100 or more

Anti-crack rebars only

13 - 200 or more

Anti-crack rebars only
10 - 150 or more
13 - 200 or more

Anti-crack rebars only
10 - 200 or more

Anti-crack rebars only
10 - 150 or more

13 - 150 or more

Anti-crack rebars only

13 - 100 or more

16 - 200 or more

Anti-crack rebars only

16 - 150 or more

16 - 100 or more
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Table 4.1: Pre-qualified specifications for beam-to-wall composite joints with bent
reinforcing bars (cont’d)

Characteristic cylinder strength of reinforced concrete wall
50 [N/mm?] < fo e < 55 [N/mm?]

Diameter and
pitch of anti-crack

Diameter and pitch of additional reinforcing bars @2 - psi2 [mm]
for wall thickness 7., [mm]

reinforcing bars 250 < tow 300 < o 400 < t.y
Oi1 - psi.1 [mm] (lan =200 [mm]) (lan =250 [mm] ) (lan =350 [mm] )
Additional rebars 10 - 100 or more 10 - 100 or more
10 - 150 or more 13 - 100 or more
only 13 - 200 or more

16 - 200 or more

10 - 200 or more

10 - 150 or more

Anti-crack rebars only

Anti-crack rebars only
10 - 200 or more

Anti-crack rebars only
10 - 100 or more
13 - 150 or more

10 - 100 or more

Anti-crack rebars only

13 - 200 or more

Anti-crack rebars only
10 - 100 or more
13 - 200 or more

Anti-crack rebars only
10 - 150 or more

Anti-crack rebars only
10 - 150 or more
13 - 200 or more

13 - 150 or more

Anti-crack rebars only
10 - 200 or more

13 - 100 or more

16 - 200 or more

Anti-crack rebars only

16 - 150 or more

16 - 100 or more
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Table 4.1: Pre-qualified specifications for beam-to-wall composite joints with bent
reinforcing bars (cont’d)

Characteristic cylinder strength of reinforced concrete wall
55 [N/mm?] < fi o < 60 [N/mm?]

Diameter and
pitch of anti-crack

Diameter and pitch of additional reinforcing bars @2 - psi2 [mm]
for wall thickness 7., [mm]

reinforcing bars 250 < tow 300 < o 400 < t.y
Oi1 - psi.1 [mm] (lan =200 [mm]) (lan =250 [mm] ) (lan =350 [mm] )
Additional rebars | 10 - 150 or more 10 - 100 or more % : %
only 13 - 200 or more 13 - 150 or more T e

16 - 150 or more

10 - 200 or more

10 - 150 or more

Anti-crack rebars only

Anti-crack rebars only
10 - 150 or more

Anti-crack rebars only
10 - 100 or more
13 - 150 or more
16 - 200 or more

Anti-crack rebars only
10 - 200 or more

Anti-crack rebars only
10 - 100 or more
13 - 150 or more

10 - 100 or more

13 - 200 or more

Anti-crack rebars only

13 - 150 or more

Anti-crack rebars only

Anti-crack rebars only
10 - 150 or more
13 - 200 or more

Anti-crack rebars only
10 - 100 or more
13 - 200 or more

Anti-crack rebars only
10 - 150 or more

13 - 100 or more

Anti-crack rebars only

16 - 200 or more

Anti-crack rebars only
10 - 200 or more

16 - 150 or more

Anti-crack rebars only

16 - 100 or more
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Table 4.1: Pre-qualified specifications for beam-to-wall composite joints with bent
reinforcing bars (cont’d)

Characteristic cylinder strength of reinforced concrete wall
60 [N/mm?] < for cw

Diameter and
pitch of anti-crack

Diameter and pitch of additional reinforcing bars @2 - psi2 [mm]
for wall thickness 7., [mm]

reinforcing bars 250 < tow 300 < o 400 < t.y
Oi1 - psi.1 [mm] (lan =200 [mm]) (lan =250 [mm] ) (lan =350 [mm] )
Additional rebars | 10 - 150 or more 10 - 100 or more % : %
only 13 - 200 or more 13 - 150 or more T e

16 - 150 or more

10 - 200 or more

10 - 150 or more

Anti-crack rebars only

Anti-crack rebars only
10 - 150 or more

Anti-crack rebars only
10 - 100 or more
13 - 150 or more
16 - 200 or more

Anti-crack rebars only
10 - 200 or more

Anti-crack rebars only
10 - 100 or more
13 - 150 or more

10 - 100 or more

13 - 200 or more

Anti-crack rebars only

13 - 150 or more

Anti-crack rebars only

Anti-crack rebars only
10 - 100 or more
13 - 200 or more

Anti-crack rebars only
10 - 150 or more

13 - 100 or more

Anti-crack rebars only

16 - 200 or more

Anti-crack rebars only
10 - 200 or more

16 - 150 or more

Anti-crack rebars only

16 - 100 or more

30



DESIGN GUIDE FOR SEMI-RIGID COMPOSITE JOINTS AND BEAMS

Table 4.2: Pre-qualified specifications for beam-to-column composite joints with bent
reinforcing bars

Characteristic cylinder strength of reinforced concrete column
40 [N/mm?] < fox.cc <45 [N/mm?]

Diameter and
pitch of anti-crack

Diameter and pitch of additional reinforcing bars @2 - psi2 [mm]
for column depth D.. [mm]

reinforcing bars 300 < D.. 375 < Dee 525 < D..
b1 - poy [mm] (lan=2/3Dcc ) (lan=2/3Dcc) (lan=2/3D¢.)
Additional rebars 10 - 100 or more
13 - 100 or more
only

16 - 150 or more

10 - 200 or more

10 - 150 or more

Anti-crack rebars only
10 - 100 or more
13 - 150 or more
16 - 200 or more

10 - 100 or more

Anti-crack rebars only
10 - 150 or more
13 - 200 or more

13 - 200 or more

Anti-crack rebars only
10 - 100 or more
13 - 150 or more
16 - 200 or more

13 - 150 or more

Anti-crack rebars only
10 - 150 or more
13 - 200 or more

13 - 100 or more

Anti-crack rebars only

16 - 200 or more

Anti-crack rebars only
10 - 150 or more
13 - 200 or more

16 - 150 or more

Anti-crack rebars only

16 - 100 or more
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Table 4.2: Pre-qualified specifications for beam-to-column composite joints with bent
reinforcing bars (cont’d)

Characteristic cylinder strength of reinforced concrete column
45 [N/mm?] < fox.cc < 50 [N/mm?]

Diameter and
pitch of anti-crack

Diameter and pitch of additional reinforcing bars @2 - psi2 [mm]

for column depth D.. [mm]

reinforcing bars 300 < Dg. 375 < Deec 525 < Dee
ﬂ = Dsl 1 [mm] ( ldh = 2/3Dcc ) ( Zdh = 2/3Dcc ) ( Zdh = 2/3Dcc )
Additional rebars 10 - 100 or more 10 - 100 or more
13 - 100 or more
only 13 - 150 or more

16 - 150 or more

10 - 200 or more

Anti-crack rebars only
10 - 150 or more
13 - 200 or more

Anti-crack rebars only
10 - 100 or more
13 - 100 or more
16 - 200 or more

10 - 150 or more

Anti-crack rebars only
10 - 150 or more

Anti-crack rebars only
10 - 100 or more
13 - 150 or more
16 - 200 or more

10 - 100 or more

Anti-crack rebars only

Anti-crack rebars only
10 - 150 or more
13 - 150 or more

13 - 200 or more

Anti-crack rebars only
10 - 200 or more

Anti-crack rebars only
10 - 100 or more
13 - 150 or more
16 - 200 or more

13 - 150 or more

Anti-crack rebars only

Anti-crack rebars only
10 - 100 or more
13 - 200 or more

13 - 100 or more

Anti-crack rebars only
10 - 200 or more

16 - 200 or more

Anti-crack rebars only
10 - 150 or more
13 - 200 or more

16 - 150 or more

Anti-crack rebars only

16 - 100 or more
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Table 4.2: Pre-qualified specifications for beam-to-column composite joints with bent
reinforcing bars (cont’d)

Characteristic cylinder strength of reinforced concrete column
50 [N/mm?] < foce < 55 [N/mm?]

Diameter and
pitch of anti-crack

Diameter and pitch of additional reinforcing bars @2 - psi2 [mm]
for column depth D.. [mm]

reinforcing bars 300 < Dg. 375 < Deec 525 < Dee
ﬂ = Dsl 1 [mm] ( ldh = 2/3Dcc ) ( Zdh = 2/3Dcc ) ( Zdh = 2/3Dcc )
Additional rebars | 10 - 100 or more 10 - 100 or more % : %
only 13 - 200 or more 13 - 150 or more T e

16 - 150 or more

10 - 200 or more

Anti-crack rebars only
10 - 200 or more

10 - 150 or more

10 - 100 or more

13 - 200 or more

Anti-crack rebars only

Anti-crack rebars only
10 - 150 or more
13 - 200 or more

Anti-crack rebars only
10 - 100 or more
13 - 100 or more
16 - 150 or more

Anti-crack rebars only

Anti-crack rebars only
10 - 150 or more

Anti-crack rebars only
10 - 100 or more
13 - 150 or more
16 - 200 or more

13 - 150 or more

Anti-crack rebars only

Anti-crack rebars only
10 - 100 or more
13 - 150 or more

13 - 100 or more

Anti-crack rebars only
10 - 200 or more

16 - 200 or more

Anti-crack rebars only
10 - 100 or more
13 - 200 or more

16 - 150 or more

Anti-crack rebars only
10 - 200 or more

16 - 100 or more

33



DESIGN GUIDE FOR SEMI-RIGID COMPOSITE JOINTS AND BEAMS

Table 4.2: Pre-qualified specifications for beam-to-column composite joints with bent
reinforcing bars (cont’d)

Characteristic cylinder strength of reinforced concrete column
55 [N/mm?] < fir . < 60 [N/mm?]

Diameter and
pitch of anti-crack

Diameter and pitch of additional reinforcing bars @2 - psi2 [mm]
for column depth D.. [mm]

reinforcing bars 300 < Dg. 375 < Deec 525 < Dee
ﬂ = Dsl 1 [mm] ( ldh = 2/3Dcc ) ( Zdh = 2/3Dcc ) ( Zdh = 2/3Dcc )
Additional rebars | 10 - 100 or more 10 - 100 or more 10 - 100 or more
13 - 150 or more 13 - 100 or more
only 13 - 150 or more

16 - 200 or more

16 - 150 or more

10 - 200 or more

Anti-crack rebars only
10 - 150 or more

Anti-crack rebars only
10 - 150 or more
13 - 150 or more

10 - 150 or more

Anti-crack rebars only
10 - 200 or more

Anti-crack rebars only
10 - 150 or more
13 - 200 or more

Anti-crack rebars only
10 - 100 or more
13 - 100 or more
16 - 150 or more

10 - 100 or more

13 - 200 or more

13 - 150 or more

Anti-crack rebars only

Anti-crack rebars only

Anti-crack rebars only
10 - 150 or more
13 - 200 or more

Anti-crack rebars only
10 - 200 or more

Anti-crack rebars only
10 - 100 or more
13 - 150 or more
16 - 200 or more

13 - 100 or more

Anti-crack rebars only
10 - 150 or more

16 - 200 or more

Anti-crack rebars only

Anti-crack rebars only
10 - 100 or more
13 - 150 or more
16 - 200 or more

16 - 150 or more

Anti-crack rebars only
10 - 150 or more

16 - 100 or more
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Table 4.2: Pre-qualified specifications for beam-to-column composite joints with bent
reinforcing bars (cont’d)

Characteristic cylinder strength of reinforced concrete column
60 [N/mm?] < fekce

Diameter and
pitch of anti-crack

Diameter and pitch of additional reinforcing bars @2 - psi2 [mm]
for column depth D.. [mm]

reinforcing bars 300 < Dg. 375 < Deec 525 < Dee
ﬂ = Dsl 1 [mm] ( ldh = 2/3Dcc ) ( Zdh = 2/3Dcc ) ( Zdh = 2/3Dcc )
Additional rebars | 10 - 100 or more 10 - 100 or more 10 - 100 or more
13 - 150 or more 13 - 100 or more
only 13 - 150 or more

16 - 200 or more

16 - 150 or more

10 - 200 or more

Anti-crack rebars only
10 - 150 or more
13 - 200 or more

Anti-crack rebars only
10 - 100 or more
13 - 150 or more
16 - 200 or more

10 - 150 or more

Anti-crack rebars only
10 - 200 or more

Anti-crack rebars only
10 - 150 or more
13 - 200 or more

Anti-crack rebars only
10 - 100 or more
13 - 100 or more
16 - 150 or more

10 - 100 or more

Anti-crack rebars only

Anti-crack rebars only
10 - 200 or more

Anti-crack rebars only
10 - 100 or more
13 - 150 or more
16 - 200 or more

13 - 200 or more

Anti-crack rebars only
10 - 200 or more

Anti-crack rebars only
10 - 150 or more
13 - 200 or more

Anti-crack rebars only
10 - 100 or more
13 - 100 or more
16 - 150 or more

13 - 150 or more

Anti-crack rebars only

Anti-crack rebars only
10 - 200 or more

Anti-crack rebars only
10 - 100 or more
13 - 150 or more
16 - 200 or more

13 - 100 or more

Anti-crack rebars only
10 - 150 or more
13 - 200 or more

16 - 200 or more

Anti-crack rebars only
10 - 200 or more

Anti-crack rebars only
10 - 100 or more
13 - 150 or more
16 - 200 or more

16 - 150 or more

Anti-crack rebars only
10 - 150 or more
13 - 200 or more

16 - 100 or more
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Table 4.3: Limit of stress permitted in longitudinal reinforcing bars based on diameters

Limit of stress Diameter of longituflinal reinfo?cing bars ¢y [mm]
) for design crack width wy

st [N/mm] wi = 0.4 [mm] wi = 0.3 [mm] wi =02 [mm]
160 40 32 25
200 32 25 16
240 20 16 12
280 16 12 8
320 12 10 6
360 10 8 5
400 8 6 4
450 6 5 -

Table 4.4: Limit of stress permitted in longitudinal reinforcing bars based on spacing

Limit of stress Spacing of longituc.linal reinfor.cing bars py [mm]
) for design crack width wy
Osttim [N/mum’] wi = 0.4 [mm] wi = 0.3 [mm] wi= 0.2 [mm]
160 300 300 200
200 300 250 150
240 250 200 100
280 200 150 50
320 150 100 -
360 100 50 -
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Commentary:

(1) Joint classification

Various definitions of semi-rigid joints are used in structural analysis. One of the principal
classification schemes is given in [EN 1993-1-8]. According to EN 1993-1-8, joints are
classified as rigid, nominally pinned, or semi-rigid by comparing the initial rotational
stiffness of the joint, §j ;5,;, with the classification limits shown in Figure 4.3. Here, S; ;;is
defined as the bending moment per unit rotation, and the stiffness boundaries are related to
the flexural stiffness of the adjacent beam member, (EI/L),.

In Figure 4.3, joints that are neither rigid nor nominally pinned—i.e. those with initial
rotational stiffness lower than the rigid boundary but higher than the nominally pinned
boundary—are defined as semi-rigid. All joints in zone (2) should be classified as semi-
rigid. Joints in zones (1) and (3) may, if desired, also be treated as semi-rigid.

Joints are also classified as full-strength, partial-strength, or nominally pinned by
comparing the joint moment resistance, M; g4, With the plastic moment resistance of the
adjacent beam member, My, rq. If Mj pqg = My, g, the joint is classified as full-strength; if
M; rq < 0.25 My rq, it is classified as nominally pinned; otherwise, it is classified as
partial-strength.

In this design guide, composite beams are to be designed with semi-rigid end conditions.
Accordingly, composite joints are required to satisfy appropriate conditions on initial
rotational stiffness and moment resistance, based on the following joint classification

scheme.
0.5E,1,
jini = Lba (46)
]\/IJ-,Rd > O.ZSMPI,Rd 4.7)
M
J
(1)
(2) (1) rlgld, if Sj,ini 2 kb(EI/L)b
(2) semi-rigid
p (3) nominally pinned, if S;,; £ 0.5(EI/L),
//< S/’,im‘
- 3)
0 ¢

Figure 4.3: Joint classification scheme in EN 1993-1-8
(k» = 8 for braced frame and k, = 25 for unbraced frame)
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(2) Structural resistance check of concrete in composite stage

Elastic-plastic global analysis in which the joints are allowed to behave as plastic hinges is
recommended in this design guide, hence the moment resistance of composite joints may
not be checked at ultimate limit state. However, in the case of composite joints with bent
reinforcing bars (anchored reinforcing bars), it should be checked that the anchorage failure
and panel shear failure of supporting members do not occur until the joints exhibit sufficient
rotational capacity due to the tensile elongation of the reinforcing bars.

According to design guidelines for earthquake resistant reinforced concrete building based
on inelastic displacement concept'!, anchorage failure using bent reinforcing bars can be
classified into three failure modes, side split failure, local compression failure, and raking-
out failure as shown in Figure 4.4. Although the anchorage strength equations for each
failure mode are proposed based on previous studies'?!>, many of them are meant for beam-
to-column joints in reinforced concrete structures. Therefore, their applicability to
composite joints in which bending moment can be transferred by slab reinforcement and
contact parts has not been fully verified. In this design guide, therefore, in the case of beam-
to-wall or beam-to-column composite joints with bent reinforcing bars, the joint details
should comply with the pre-qualified specifications which have been experimentally proven
that the anchorage failure and panel shear failure of supporting members do not occur until
the joints exhibit sufficient rotational capacity'®!”. As reference information, the calculation
procedures for the anchorage strength and panel shear resistance of supporting members are
provided in Appendix I. However, it is preferable to obtain additional experimental or
numerical evidence to use the joint details other than the pre-qualified specifications as the
accuracy of those equations have not been confirmed under arbitrary design conditions.

Outside bar failure Inside bar failure Whole bar failure

;z

—

(a) Side split failure (b) Local compression failure (c) Raking-out failure

Figure 4.4: Anchorage failure mode using bent reinforcing bars
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In structural design, anti-crack reinforcing bars arranged over the entire surface of floor slab
can be utilized as a structural component of composite joints if they are appropriately
anchored to supporting members. Also, additional reinforcing bars can be arranged with the
anti-crack reinforcing bars to improve the structural performance of the composite joints.
The applicable combinations of these reinforcing bars to prevent the anchorage failure and
panel shear failure at composite joints mainly depend on wall thickness, column depth, and
concrete strength. In this design guide, the conservative combinations of the bent
reinforcing bars based on the practical design conditions are summarized as the pre-
qualified specifications in Table 4.1 and Table 4.2. Since they are based on experimental
evidence, they are not applicable under more severe conditions than those of the specimens
used in the experimental works. Therefore, some conditions on arrangement width of bent
reinforcing bars, depth of the adjacent beam, end plate width, dowel bars, and successive
crossties shall be satisfied to use the pre-qualified specifications.

(3) Serviceability check in composite stage

When composite joints are classified as semi-rigid joints, cracking on floor slab is a concern
since the joints are subjected to the hogging moment. As for the cracking of the concrete,
the design requirements may depend on the appearance of structures, but the limiting value
of crack width of 0.3 [mm)] is recommended for reinforced members in accordance with EN
1992-1-1 in terms of the functioning and durability. Crack width is related to the tensile
stress in reinforcing bars, therefore design criteria on the longitudinal reinforcing bars to
control the crack width on the floor slab needs to be imposed on the design of composite
joints. According to EN 1994-1-1 Clause 7.4.1 (3), the design crack width may be achieved
by ensuring bar diameters or spacing not exceeding the limits defined in Table 4.3 and 4.4,
which has also been verified by the full-scale joint component tests'®. In this method, the
limit of stress permitted in longitudinal reinforcing bars is determined only based on the bar
diameters and bar spacing. Therefore, composite joints should satisfy the following
condition for the joint moment.

Zg] eq-cc z Asl,r Jsl,lim = MEdh (48)
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4.2.2 Composite Beam with Semi-rigid Ends
(1) Structural resistance check in construction stage

Unless floor slab and beams are propped during constructions, the following conditions for
classification of cross-section, shear resistance, and moment resistance at ultimate limit
state should be satisfied as steel beams with simply supported ends as composite action
cannot be developed until the concrete of floor slab has hardened.

a) Classification of cross-section
The classification of cross-section of steel beam should be at least Class 2.

b) Shear resistance

min(V,urd s Voard) = Ve 4.9)
where
Voiara is the plastic shear resistance of steel beam, see 4.4.3
Vb.a.rd is the shear buckling resistance of steel beam, see 4.4.3
VEa is the design shear force
c) Moment resistance
Mpl,a,Rd > MEds (410)
where
Mpia,rd is the plastic moment resistance of steel beam, see 4.4.4
MEas is the design sagging moment

d) Lateral-torsional buckling moment resistance
M 14,ra = MEqs 4.11)

where
Mi1ard is the buckling moment resistance of laterally unrestrained steel beam,
see 4.4.4

(2) Structural resistance check in composite stage

Regardless of propped or un-propped constructions, the following conditions for
classification of cross-section, degree of shear connection, shear resistance, moment
resistance, lateral torsional buckling, and longitudinal shear resistance at ultimate limit state
should be satisfied as composite beams with semi-rigid ends as composite action can be
considered after the concrete of floor slab has hardened.

a) Classification of cross-section

The classification of cross-section of composite beam should be at least Class 2. If the
longitudinal reinforcing bars in concrete slab are in tension and the elastic hogging
moment resistance of composite beam M. ran 1s less than the moment resistance of
adjacent composite joints M; rq, the following additional condition should be satisfied.

Asl = Asl, req (4 12)
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Aslreq is given by:

Asl,req = psl,rqucs (4 1 3)
where
P =5£L%JF (4.14)
sl,req 235 fsk c
. 1
k., =min{————+0.3; 1.0 (4.15)
1+ (ﬁ)
2z
(Aa-l_Asl) (O-SDa—’—Dps-i_O'Shcs)
zZp=
A At (M) (4.16)
Ry
E,
ny= Eopre (4.17)
Agl is the cross-sectional area of longitudinal reinforcing bars within bes,
befin is the effective width of composite beam in hogging moment region, see
44.1
Agireq is the required minimum cross-sectional area of longitudinal reinforcing
bars within besn,
Aes is the cross-sectional area of composite slab within b.s above profiled
steel sheeting
Dslreq is the required minimum reinforcement ratio
o is equal to 1.0 for Class 2 cross-sections, and equal to 1.1 for Class 1
cross-sections at which plastic hinge rotation is required
Say is the nominal value of yield strength of steel beam
Setm is the mean value of tensile strength of concrete
Sk is the characteristic yield strength of reinforcing bars
ke is the coefficient taking into account of stress distribution within section
immediately prior to cracking
hes is the thickness of composite slab above profiled steel sheeting
) is the vertical distance between centre of un-cracked concrete flange and
un-cracked composite section
Aa is the cross-sectional area of steel beam
D, is the depth of steel beam
Dy is the overall depth of profiled steel sheeting
no is the modular ratio for short-term loading
E. is the modulus of elasticity of steel beam
Ecm,cs is the secant modulus of elasticity of concrete for concrete slab

b) Degree of shear connection

My 2 1 e (4.18)
77h = nh,req (419)
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Hs,req and Th,req Arc given by

My req = max{l- (?) (0.75-0.03L,,); 0.4} for L, <25 (4.20)
ayd
Mreg ~ 1 for L, >25 4.21)
nh,req =1 (422)
where
Ja
fopa= 7y (4.23)
ns is the degree of shear connection in sagging moment region, see 4.4.2
h is the degree of shear connection in hogging moment region, see 4.4.2
Ts,req is the required minimum degree of shear connection in sagging moment
region
Th,req is the required minimum degree of shear connection in hogging moment
region
Les is the distance between inflection points in sagging moment region
Sayd is the design yield strength of steel beam
Ya is the partial factor of resistance of members and cross-sections of steel
beam

c) Shear resistance

min(¥,;za s Vira) = Vi (4.24)
where
Voira is the plastic shear resistance of composite beam, see 4.4.3
Vb, ra is the shear buckling resistance of composite beam, see 4.4.3
VEa is the design shear force
d) Moment resistance
min(MpZﬁRds 5 Mplp,Rds) > MEds (425)
min(Myyran 5 My uran) = Mea (4.26)
where
MpifRas is the plastic sagging moment resistance of composite beam with full
shear connection, see 4.4.4
Mpip, Ras is the plastic sagging moment resistance of composite beam with partial
shear connection, see 4.4.4
MEds is the design sagging moment
MpifRan is the plastic hogging moment resistance of composite beam with full
shear connection, see 4.4.4
M, Ran is the reduced moment resistance of composite beam making allowance
for presence of shear force, see 4.4.4
MEan is the design hogging moment
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e) Lateral-torsional buckling moment resistance
M;1ra = Mgay (4.27)

where
Mitra is the buckling moment resistance of laterally unrestrained composite
beam, see 4.4.4

f) Longitudinal shear resistance

Rst+Rpse z Rtr,req (428)
A 2 Ay req (4.29)
VRd Z VLEd (4.30)

Rireq and Ay req are given by:

VI,Ed

Rtr,req = Nes @ (43 1)
0.0SJE
streq csf— (432)
sk
where
RsitRpse is the tension resistance of transverse reinforcement per unit length, see
4.4.5
Agt is the cross-sectional area of transverse reinforcing bars per unit length
VRd is the crushing shear stress of concrete slab, see 4.4.5
VLEd is the design longitudinal shear stress in composite slab
Rirreq is the required tension resistance of transverse reinforcement per unit
length
Astreq is the required minimum cross-sectional area of transverse reinforcing
bars per unit length
0 is the angle between diagonal strut and axis of beam, 26.5° < §< 45° for
concrete flange in compression, 38.6° < @ < 45° for concrete flange in
tension
Sek is the characteristic cylinder strength of concrete for concrete slab

(3) Serviceability check in construction stage

As with (1), the following conditions for deflection at serviceability limit state should be
satisfied as steel beams with simply supported ends as composite action cannot be
developed until the concrete of floor slab has hardened.

5 < Syim (4.33)
Op+v < Op+ylim (4.34)
where
o is the deflection due to “live loads”
Vlim is the limit of deflection due to “live loads”
Op+v is the deflection due to “dead loads and live loads”
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5P+ Vlim

is the limit of deflection due to “dead loads and live loads”

(4) Serviceability check in composite stage

As with (2), the following conditions for deflection and vibration at serviceability limit state
should be satisfied as composite beams with semi-rigid ends as composite action can be
considered after the concrete of floor slab has hardened. In addition, the criteria of crack
width control should be satisfied.

a) Deflection

where
o
OV lim

owp+v

OP+Vlim

b) Vibration

where
fr+o.1v

Jreq

oy < 5V,lim (4.35)
O+ < Opiyiim (4.36)

is the deflection due to “live loads”

is the limit of deflection due to “live loads”

is the deflection due to “dead loads, superimposed dead loads, and live
loads”

is the limit of deflection due to “dead loads, superimposed dead loads, and
live loads”

Tpr0.07Z S (4.37)

is the natural frequency due to “dead loads, superimposed dead loads, and
10% of live loads”
is the required minimum natural frequency

c) Control of crack width

Asireq 15 given by:

where

k. = min

Asl = Asl,req (438)
Oy = Osllim  OT Py Spsl,lim (439)
0.72kf. A,
Y — . 4.40
sl,req Us,lim ( )
1

1+ (2—;2)

 (4,+43)(0.5D,+D,,+0.5h,,)

20

h.sb g
Aa+Asl+( = é‘[/h)
ny

(4.42)
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L,

np =
Ecm,cs

Asl
beﬂ‘h

Osl

Osl lim
Psl
Psllim
Asl, req
Acs

ke

Z0

(4.43)

is the cross-sectional area of longitudinal reinforcing bars within besp,

is the effective width of composite beam in hogging moment region, see
44.1

is the tensile stress in longitudinal reinforcing bars due to direct loading

is the limit of stress permitted in longitudinal reinforcing bars
immediately after cracking, given in Table 4.5

is the pitch of longitudinal reinforcing bars

is the limit of spacing of longitudinal reinforcing bars, given in Table 4.6
is the required minimum cross-sectional area of longitudinal reinforcing
bars within b,

is the cross-sectional area of composite slab within b.s above profiled
steel sheeting

is the coefficient taking into account of stress distribution within section
immediately prior to cracking

is the vertical distance between centre of un-cracked concrete flange and
un-cracked composite section

Table 4.5: Limit of stress permitted in longitudinal reinforcing bars

Limit of stress
Ost,im [N/mm?]

Maximum diameter of longitudinal reinforcing bars ¢y [mm]
for design crack width wy

wr = 0.4 [mm] wr=0.3 [mm] wr=0.2 [mm]
160 40 32 25
200 32 25 16
240 20 16 12
280 16 12 8
320 12 10 6
360 10 8 5
400 8 6 4
450 6 5 -

Table 4.6: Limit of spacing of longitudinal reinforcing bars

Limit of stress

Limit of spacing of longitudinal reinforcing bars ps;sim [mm]
for design crack width wy

Ost.iim [N/mm?]

wr = 0.4 [mm] wir = 0.3 [mm] wr=0.2 [mm]
160 300 300 200
200 300 250 150
240 250 200 100
280 200 150 50
320 150 100 -
360 100 50 -
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Commentary:
(1) Structural resistance check in construction stage

Unless floor slab and beams are propped during constructions, dead loads and live loads in
construction stage are supported by steel beams because composite action cannot be
developed until concrete of floor slab has hardened. Therefore, structural resistance as the
steel beams with simply supported ends at ultimate limit state should be checked.

With respect to the classification of cross-section, at least Class 2 should be used for steel
beams to prevent the local buckling of web and flange as mentioned in Section 3.2.

With respect to the shear resistance, the following condition should be satisfied to make the
plastic shear resistance and shear buckling resistance of steel beam larger than the design
shear force at ultimate limit state.

min(Vyyara s Voara) 2 Vea (4.44)

With respect to the moment resistance, the following condition should be satisfied to make
the plastic moment resistance of steel beam larger than the design sagging moment at
ultimate limit state. According to EN 1993-1-1'°, when a steel beam is subjected to bending
and shear, the plastic moment resistance of the steel beam should be reduced considering
the effect of the shear force. However, steel beams are simply supported in construction
stage and the design sagging moment is equal to the moment at beam centre where no shear
force occurs. Thus, the reduction of the plastic moment resistance need not be considered.

Mpl,a,Rd > MEds (445)

With respect to the lateral-torsional buckling, the following condition should be satisfied to
make the buckling moment resistance of laterally unrestrained steel beam larger than the
design moment at ultimate limit state. However, when the profiled steel sheeting spans
perpendicularly to a steel beam and is attached to its top flange, the beam can be considered
as restrained along its length. For this case, lateral torsional buckling check is not required.

Mi7ara = Mggs (4.46)

(2) Structural resistance check in composite stage

Regardless of propped or un-propped constructions, total dead loads and live loads in
composite stage are supported by composite beams because composite action can be
considered after the concrete of floor slab has hardened. Therefore, structural resistance as
the composite beams with semi-rigid ends at ultimate limit state should be checked. This is
based on the concept of ultimate limit state that composite beams can develop the moment
resistance as the composite sections when they reach the ultimate strength.

With respect to the classification of cross-section, at least Class 2 should be used for
composite beams to prevent the local buckling of web and flange. It should be noted that
the classification of cross-section of composite beams may be different from that of steel
beams even if the same steel beams are used. This is because the neutral axis of composite
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beams is different from that of steel beams due to the composite effect with floor slab.
Additionally, if the longitudinal reinforcing bars in concrete slab are in tension and the
elastic hogging moment resistance of composite beam M ran is less than the moment
resistance of the adjacent composite joints M; rq, the following condition should be satisfied
to make the cross-sectional area of longitudinal reinforcing bars within bz at ultimate limit
state larger than the required minimum value.

Asl = Asl, req (447)

With respect to the degree of shear connection, the following conditions should be satisfied
to make the degree of shear connection in sagging and hogging moment region at ultimate
limit state larger than the respective required minimum values. Basically, composite beams
should be designed with full shear connection, but many shear studs may be required when
the composite beams subjected to only the gravity load are designed with full shear
connection. However, as far as ductile shear studs are used and the degree of shear
connection is not extremely small, the shear studs can be greatly deformed at ultimate limit
state, and the composite beams can exhibit relatively large rotational capacity in sagging
moment region. Therefore, the use of the composite beams with partial shear connection in
sagging moment region is permitted in EN 1994-1-1. On the other hand, composite beams
should be designed with full shear connection in hogging moment region because the
structural behaviour of the composite beams with partial shear connection has not been
clearly elucidated.

My Z 1 g (4.48)
T Z My reg (4.49)

With respect to the shear resistance, the following condition should be satisfied to make the
plastic shear resistance and shear buckling resistance of composite beam larger than the
design shear force at ultimate limit state. Here, the contribution of floor slab can be ignored,
so that the plastic shear resistance and shear buckling resistance of composite beams can be
equal to those of steel beams.

min(Vpyza s Vora) = Ved (4.50)

With respect to the moment resistance, the following conditions should be satisfied to make
the plastic moment resistance of composite beam larger than the design moment at ultimate
limit state. When composite beams are designed with partial shear connection in sagging
moment region, the reduction of the plastic moment resistance with full shear connection
should be considered depending on the reduced number of shear studs. In addition, beam
members are subjected to bending and shear in hogging moment region, thus the reduction
of plastic moment resistance should be considered also in hogging moment region.

min(Myyras 5 Mpy ras) = Mas 4.51)
min(Myyran 5 My ran) = Mean (4.52)

With respect to the lateral-torsional buckling, the following condition should be satisfied to
make the buckling moment resistance of laterally unrestrained composite beam larger than
the design moment at ultimate limit state.
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My 7ra = MEap (4.53)

With respect to the longitudinal shear resistance, the following conditions should be
satisfied to make the tension resistance of transverse reinforcement per unit length and the
cross-sectional area of transverse reinforcing bars per unit length larger than the respective
required minimum values.

Rst+Rpse z Rtr,req (454)
A 2 Ay req (4.55)

The following condition should also be satisfied to make the shear stress of concrete slab
larger than the design longitudinal shear stress in composite slab at ultimate limit state.

VRd Z VLEd (4.56)

(3) Serviceability check in construction stage

As with (1), unless floor slab and beams are propped during constructions, dead loads and
live loads in construction stage are supported by steel beams because composite action
cannot be developed until concrete of floor slab has hardened. Therefore, serviceability
deflection of the steel beam with simply supported ends should be checked.

With respect to the deflection, the following conditions should be satisfied to make the
deflection due to “live loads only” and “dead loads and live loads” smaller than the
respective limits.

oy < 5V,lim (4.57)
Op+v < Op1yiim (4.58)

Based on EN 1990%, the limits of deflection should be specified in each project. However,
for typical office buildings, L»/360 and L»/200 are considered as the limit of deflection due
to “live loads only” and “dead loads and live loads”, respectively. Here, L is the beam span.

(4) Serviceability check in composite stage

As with (2), regardless of propped or un-propped constructions, serviceability deflection
and vibration of the composite beams with semi-rigid ends should be checked.

With respect to the deflection, the following conditions should be satisfied to make the
deflection due to “superimposed dead loads and live loads” and “dead loads, superimposed
dead loads, and live loads” smaller than the respective limits.

Oy < Sylim (4.59)
Op+v < Op+¥lim (4.60)

Unless floor slab and beams are propped during constructions, the total beam deflection
should be the sum of the deflection of steel beam due to “dead loads” and the deflection of
composite beam due to “superimposed dead loads and live loads”. For typical office
buildings, L»/360 and L»/200 are considered as the limit of deflection due to “superimposed
dead loads and live loads” and “total load”, respectively.
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With respect to the vibration, the following condition should be satisfied to make the natural
frequency of composite beam at serviceability limit state larger than the required minimum
value. Note that 10% of the live loads can be taken into account in calculating the natural
frequency.

fP—O—O.]VZ f;’eq (461)

To control the crack width in the slab, the following condition should be satisfied to make
the cross-sectional area of longitudinal reinforcing bars within begn at serviceability limit
state larger than the required minimum value.

Asl z Asl, req (462)

The following condition should also be satisfied to make the tensile stress in longitudinal
reinforcing bars due to direct loading at serviceability limit state smaller than its limit or the
pitch of longitudinal reinforcing bars smaller than its limit.

O3 < Osiiim OF Py <P, (4.63)
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4.3 Structural Properties of Composite Joint
4.3.1 Effective Width and Effective Length
(1) Effective width of composite joint

The effective width of composite joints bey; which is an essential design parameter to
evaluate the rotational stiffness and moment resistance of the joints can be referred to EN
1994-1-1 for effective width at the end of the beam. However, it can be modified based on
the experimental evidence or advanced calculation method supported by structural testing.

(2) Effective length of reinforcement

The effective length of reinforcement /.4 is another essential design parameter to evaluate
the joint rotational stiffness. It can be determined by the following equations depending on
the shape of longitudinal reinforcing bars at composite joints.

Loy, = min (% ; 20¢S1’r> for straight reinforcing bars (4.64)
. ldh,r+hsm—ﬁts . .
Lo = min (T ; 20 ¢Sl’r> for bent or hooked reinforcing bars (4.65)
where
hins is the distance between first headed studs on opposite composite beams, see
Figure 4.5
Psi.r is the diameter of longitudinal reinforcing bars for a row r
Lan,r is the projected anchorage length of bent or hooked reinforcing bars for a row
r, see Figure 4.5
Rsm-pns is the distance between surface of supporting member and first headed stud,

see Figure 4.5
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(b) Composite joint with bent or hooked reinforcing bars

Figure 4.5: Effective length of reinforcement
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Commentary:
(1) Effective width of composite joint

The effective width of composite joint b.s; is an essential design parameter to evaluate the
rotational stiffness and the moment resistance of the joints. It can be the effective width of
the slab at the end of the composite beam in accordance with EN 1994-1-1. However, bes;
may depend on the joint detail and the arrangement of the various joint components. As
such, the moment-rotation characteristic of composite joint may not be accurately predicted
based on the current definition in EN 1994-1-1. The effective width of composite joint bes;
may also be obtained based on the experimental evidence or advanced calculation method
supported by structural testing.

(2) Effective length of reinforcement

In addition to b.y;, the effective length of reinforcement /o5 is another essential design
parameter to evaluate the rotational stiffness of the joints. In EN 1994-1-1, the effective
length of reinforcement is specified but limited to the beam-to-column composite joints
with steel column section. Therefore, it may not be applicable to beam-to-beam and beam-
to-wall composite joints as well as the beam-to-column composite joints with relatively
deeper concrete column section.

In general, the effective length of reinforcement depends on the length where the
longitudinal reinforcing bars are subjected to tension. According to the full-scale joint
component tests'?, it can be determined by the distance between the first headed studs on
the opposite composite beams A, provided that the joint is double-sided with straight
reinforcing bars. However, the tensile stress in the longitudinal reinforcing bars may
decrease toward the joint centre since the tension force of the reinforcing bars is transferred
to the supporting member by bond with concrete. In other words, if /s 1s relatively large
due to a deep column section, the effective length cannot be determined only by /A because
the reinforcing bars near the joint centre may no longer be subjected to tension. In this
design guide, the effective length of reinforcement /.y can be determined considering /s
and bar diameters ¢y for straight reinforcing bars and projected anchorage length /i, and ¢y
for bent or hooked reinforcing bars.
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4.3.2 Initial Rotational Stiffness
(1) Concept

The initial rotational stiffness of composite joints should be evaluated considering the
longitudinal reinforcing bars in tension and the contact parts in compression as the basic
joint components. Concrete in tension shall be neglected.

(2) Calculation of initial rotational stiffness
a) Beam-to-beam composite joint with primary composite beam

The initial rotational stiffness of beam-to-beam composite joints with primary
composite beam S;i, can be determined by the following equation assuming the
assembly of the two elastic springs for each component, see Figure 4.6 (a). Here, the
stiffness of the elastic spring for the contact part k.., can be taken as infinity as proposed
in EN 1994-1-1. However, in the case for the secondary beams of different depths, the
effect of shear deformation of the fin plates needs to be considered if necessary.

Sj, ini = Eskslipksl,eqzsl, eq—cc2 (466)

ksiip and ksieq are given by:

1
kSﬁp 1+ (Esksl,eq> (467)
KSC
Keq = Z?’ (4.68)
eff.r
where
NkSC
KSC B (ﬂ) (Zsl,eq-cc> (469)
V- 1+§ Zsleq-ca
Ve \/(1+§)Nksclzsl,eq-ca2 (47())
Ealay
E. 1,
5 Zg] eq—cazEsAsl, r (47 ! )
Es is the modulus of elasticity of reinforcing bars
Zsl,eq-cc is the equivalent vertical distance between longitudinal reinforcing bars
and centre of contact part
Kstip is the stiffness reduction factor due to deformation of headed studs
Ksl,eq is the equivalent stiffness coefficient of longitudinal reinforcing bars
Astr is the cross-sectional area of longitudinal reinforcing bars within beg; for
arow r
befrj is the effective width of composite joint, see 4.3.1
Lefrr is the effective length of reinforcement, see 4.3.1
Kie is the stiffness related to headed studs
N is the number of headed studs distributed over length /
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[ is the length of composite beam in hogging moment region adjacent to
joint, which can be taken as 15% of beam span

ke is the stiffness of one headed stud, which can be taken as 100 [kN/mm]

Zsl,eq-ca is the equivalent vertical distance between longitudinal reinforcing bars
and centre of steel beam

% is the parameter related to deformation of headed studs

E, is the modulus of elasticity of steel beam

Iy is the second moment of area of steel beam about major axis (y-y axis)

& is the parameter related to deformation of headed studs

b) Beam-to-beam composite joint with primary reinforced concrete beam

As far as Eq.(4.72) and (4.73) are satisfied, the initial rotational stiffness of beam-to-
beam composite joints with primary reinforced concrete beam S, can be determined
by Eq.(4.74) assuming the assembly of the two elastic springs for each component, see
Figure 4.6 (b). In the case of a single-sided joint, the primary beam may be torsionally
deformed by the additional moment from the secondary beam, resulting in the apparent
decrease in Sj,in. Therefore, the equivalent initial rotational stiffness S; ini g incorporating
the torsional rigidity of the primary beam should be used as the rotational stiffness S; in
structural analysis if necessary.

B, > max{(a—l)deﬂr; (a—l)beff} (4.72)
ad g-t,
Dy-Dey-D, > —27 (4.73)
ksi ks e k
S = By 300 2 (4.74)

P Z o
j,ini s sleq-cc
(kslipksl,eq+k13,pb)

deft, beg, ksiip, Ksieq, and ki3 pp are given by:

dey= tj+c+min(Dep-Da ; c) (4.75)
boy=min(B,+2c ; B,,) (4.76)
. 1
slip i Ekyl e 4.77)
=)
Asl,r
ks]’eq = ZZ (4.78)
eff.r
E d b
_ Zempby "effVelf 4.79
ki 1.275E, *4.79)

a 1s given by Eq.(4.80) using convergence calculation, but it should be 3.0 if the
calculated value is more than 3.0.

(a—l)beﬁ-pr =0 (4.80)
where

fepyd
v 3J§d,pb

c= (4.81)
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/e
Sopya = f: (4.82)
Siaph =B i (4.83)
etpb

Jeaph = 70,; (4.84)

By is the width of primary reinforced concrete beam

a is the amplification factor from loaded area to maximum design
distribution area

Dpp is the depth of primary reinforced concrete beam

D, is the depth of steel beam

ty is the flange thickness of steel beam

dey is the effective depth of equivalent T-stub flange in compression

beyy is the effective width of equivalent T-stub flange in compression

ki3 pb is the stiffness coefficient of concrete for primary reinforced concrete
beam

D,y is the depth of end plate

Ba is the width of steel beam

Ecmpo is the secant modulus of elasticity of concrete for primary reinforced
concrete beam

E, is the modulus of elasticity of steel beam

c is the additional bearing width of equivalent T-stub flange in compression

tep is the thickness of end plate

Sepyd is the design yield strength of end plate

Seny is the nominal value of yield strength of end plate

Yep is the partial factor of resistance of members and cross-sections of end
plate

Jidpb is the design bearing strength of concrete for primary reinforced concrete
beam

5 is the joint material coefficient of precast reinforced concrete beam,
which can be taken as 2/3

Sedpb is the design strength of concrete for primary reinforced concrete beam

Sekpb is the characteristic cylinder strength of concrete for primary reinforced
concrete beam

Ye,pb is the partial factor of concrete for primary reinforced concrete beam

¢) Beam-to-wall composite joint with reinforced concrete wall

As far as Eq.(4.85) is satisfied, the initial rotational stiffness of beam-to-wall composite
joints with reinforced concrete wall S;i» can be determined by Eq.(4.86) assuming the
assembly of the two elastic springs for each component, see Figure 4.6 (c). In the case
of a single-sided joint, the wall may be locally deformed by the additional moment from
the beam member, resulting in the apparent decrease in Sjin. Therefore, the equivalent
initial rotational stiffness Sj inieq incorporating the flexural rigidity of the wall should be
used as the rotational stiffness .S; in structural analysis if necessary.
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te = max{(a-1)dyy; (a-1)byy) (4.85)
kslipksl eqk]3 cw
Siini = By 2 e’ (4.86)
’ (kslzpksl,eq+k]3,cw) !
deff, bef, Ksiip, ksieq, and ki3, are given by:
doy = trretmin(D,,-D,, ; ¢) (4.87)
byy=min(B,+2c; B,,) (4.88)
P 1
slip i (Esksl,eq> (4.89)
KS‘C
_ Asl,r
kst eq = (4.90)
Lefir
Ecm,cw de[/beﬁ' (491)

k1o = =375,

a is given by Eq.(4.95) using convergence calculation, but it should be 3.0 if the
calculated value is more than 3.0.

(a-1)bgjte,, =0 (4.92)
where
Jepya
=1, |22 (4.93)
jd,cw
iaen =B caen (4.94)
fck cw
f;d cw - ) (495 )
' J/C,CW
tew is the thickness of reinforced concrete wall
k13w 1s the stiffness coefficient of concrete for reinforced concrete wall
Ecmew is the secant modulus of elasticity of concrete for reinforced concrete wall
Jid.ew is the design bearing strength of concrete for reinforced concrete wall
Jed,ew is the design strength of concrete for reinforced concrete wall
Sekew is the characteristic cylinder strength of concrete for reinforced concrete
wall
Ye.ow is the partial factor of concrete for reinforced concrete wall

d) Beam-to-column composite joint with reinforced concrete column

As far as Eq.(4.96) is satisfied, the initial rotational stiffness of beam-to-column
composite joints with reinforced concrete column Sj;, can be determined by Eq.(4.97)
assuming the assembly of the two elastic springs for each component, see Figure 4.6 (d).
In the case of a single-sided joint, the column may be locally deformed by the additional
moment from the beam member especially for single-sided joints, resulting in the
apparent decrease in Sji,. Therefore, the equivalent initial rotational stiffness S; ini.eq
incorporating the flexural rigidity of the column should be used as the rotational
stiffness §; in structural analysis if necessary.
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D, > max{(a-1)dy;; (a-1)b.4} (4.96)
kslipksl eqk]3 cc
S',ini = L - — : Zsle —ccz (497)
’ (kslipksl,eq+k13,cc) !
deff, beg, ksiip, ksieq, and ki3,cc are given by:
doy = trretmin(D,,-D,, ; ¢) (4.98)
boy=min(B,+2c ; B,,) (4.99)
. 1
slip 1+ (Esksl,eq> (4100)
KS‘C
Asl r
Ksieq = Z ’ (4.101)
Lefir
E d
Eanccf degibey (4.102)

Kisee = = 3758,

a is given by Eq.(4.106) using convergence calculation, but it should be 3.0 if the
calculated value is more than 3.0.

(a-1)bey-D.. =0 (4.103)
where
1
c=1, ;Pyd (4.104)
J?d,cc
fj"d,cc - ﬂjofcd,cc (4105)
fck cc
f;d cc - ) (4 106)
' J/C,CC
Dec is the depth of reinforced concrete column
ki3cc 1s the stiffness coefficient of concrete for reinforced concrete column
Ecmcc is the secant modulus of elasticity of concrete for reinforced concrete
column
Jid.ce is the design bearing strength of concrete for reinforced concrete column
Jedce is the design strength of concrete for reinforced concrete column
Sekce is the characteristic cylinder strength of concrete for reinforced concrete
column
Ye,ce is the partial factor of concrete for reinforced concrete column
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(b) Beam-to-beam composite joint with primary reinforced concrete beam

Figure 4.6: Modelling of composite joint for initial rotational stiffness
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(d) Beam-to-column composite joint with reinforced concrete column

Figure 4.6: Modelling of composite joint for initial rotational stiffness (cont’d)
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Commentary:
(1) Concept

In EN 1993-1-8, the component method in which a semi-rigid joint is modelled as an
assembly of basic components is described as one of the analytical methods to predict its
structural response. Based on this method, a composite joint with contact plates can be
modelled as an assembly of two components represented by the elastic springs as shown in
Figure 4.6, one is the longitudinal reinforcing bars in tension and the other is the contact
parts in compression. Concrete in tension shall be neglected considering the effects of
cracking.
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4.3.3 Moment resistance
(1) Concept

The moment resistance of composite joints should be evaluated considering the longitudinal
reinforcing bars in tension and the contact parts in compression as the basic joint
components. Concrete in tension shall be neglected.

(2) Calculation of moment resistance

As shown in Figure 4.7, the moment resistance of composite joints Mj rs can be determined
by the following equation using the tension resistance of the longitudinal reinforcing bars
Rq; or the compression resistance of the contact part Reon, whichever is smaller. In the case
for beam-to-beam composite joints with primary composite beam, the stiffeners should be
considered in calculating Rc,,» unless they are welded to the fin plates and the width,
thickness, and the nominal value of yield strength of the stiffeners are more than or equal
to those of bottom flange of steel beams.

]Mj,Rd = Zsl,eq-ccmin(Rsl,j 5 Rcon (4107)
Ry j and R, are given by:
Ryj= Y Al (4.108)
. M T
R,,, = min {Ab avd ;Acﬂfcpyd ; 1.54.,min (}/— ; 7/—)} (4.109)
a2 cp,2
where
Ju= & (4.110)
7
/.
Jopa = o (4.111)
cp
Zsl,eq-cc is the equivalent vertical distance between longitudinal reinforcing bars and
centre of contact part
R is the tension resistance of longitudinal reinforcing bars within bey;
Reon is the compression resistance of contact part
befy;j is the effective width of composite joint, see 4.3.1
Asir is the cross-sectional area of longitudinal reinforcing bars within b.s; for a
row r
Apr 1s the cross-sectional area of bottom flange of steel beam
Sayd is the design yield strength of steel beam, see 4.2.2
Aep is the cross-sectional area of contact plate
Abpea is the bearing area between bottom flange of steel beam and contact plate
Say is the nominal value of yield strength of steel beam
Va2 is the partial factor of resistance of steel beam in bearing
Jepy is the nominal value of yield strength of contact plate
Yep,2 is the partial factor of resistance of contact plate in bearing
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Ssd is the design yield strength of reinforcing bars

Sk is the characteristic yield strength of reinforcing bars

¥ is the partial factor of reinforcing bars

Sepyd is the design yield strength of contact plate

Yep is the partial factor of resistance of members and cross-sections of contact
plate
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Figure 4.7: Modelling of composite joint for moment resistance
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4.3.4 Compression Resistance
(1) Compression resistance of equivalent T-stub flange

The compression resistance of equivalent T-stub flange Fcrs to be checked for the
composite joints with primary reinforced concrete beam, reinforced concrete wall, and
reinforced concrete column can be determined by Eq.(4.112).

Fora = depbe (4.112)

where
fd is the design bearing strength of concrete, which can be taken as fiap» for
primary reinforced concrete beam, fj4w for reinforced concrete wall, and figcc
for reinforced concrete column
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4.4 Structural Properties of Composite Beam
4.4.1 Effective Width
(1) Effective width of composite beams in sagging moment region

The effective width of composite beams in sagging moment region by which is an essential
design parameter to evaluate the flexural rigidity and the moment resistance of the beams
in the sagging moment region can be determined by the following equation.

begs = Dot ) b (4.113)
beis is given by:
. Les
b,;; = min 3 s b (4.114)
where
bos is the distance between centres of outstand headed studs in sagging moment
region
beis is the value of effective width of composite beam on each side of web of steel
beam in sagging moment region
Les is the distance between inflection points in sagging moment region, see
Figure 4.8
bis is the distance from outstand headed stud to a point mid-way between

adjacent webs of steel beams in sagging moment region

(2) Effective width of composite beams in hogging moment region

The effective width of composite beams in hogging moment region b, which is an
essential design parameter to evaluate the flexural rigidity and the moment resistance of the
beams in the hogging moment region can be determined by the following equation.

befj‘h = b0h+ Z beih (4 11 5)
bein 1s given by:
L
by = min (=2 ; by, ) (4.116)
where
bon is the distance between centres of outstand headed studs in hogging moment
region
bein is the value of effective width of composite beam on each side of web of steel
beam in hogging moment region
Len is the distance between inflection points in hogging moment region, see
Figure 4.8
bin is the distance from outstand headed stud to a point mid-way between

adjacent webs of steel beams in hogging moment region
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(3) Distance between inflection points

Because the distance between inflection points L. may be different at ultimate limit state
and serviceability limit state, the effective widths of composite beams should be evaluated
for both the limit states individually.

A\ A\

\ \ \ \ \
| Ly, Ly | Ly, | Lo |
[ [ [ [ |

Figure 4.8: Distance between inflection points

Commentary:
(3) Distance between inflection points

According to the design criteria in subsection 4.2.1 (3), composite joints should be kept
elastic at serviceability limit state in terms of the crack width. Therefore, structural analysis
is carried out considering the rotational stiffness of the joints S; as their initial rotational
stiffness S;,i» as mentioned later in section 5.2. On the other hand, structural analysis should
be performed assuming S; as S;ini/7 in the case that the joints cannot be kept elastic at
ultimate limit state. For that reason, the position of the inflection points may be different at
ultimate limit state and serviceability limit state, so that the distance between the inflection
points may be also different accordingly. That is, the effective widths of the composite
beams should be evaluated for both the limit states individually.
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4.4.2 Degree of Shear Connection

(1) Degree of shear connection in sagging moment region

The degree of shear connection in sagging moment region 755 can be determined by the

following equation.

R

Rys, Ra, and R are given by:

where

ki, = min{

Defs

N hss
Pra
Aa

fayd
h CcS

Npss
b0, min

hhs

kts,max

fed
Sek
Ye,cs

qs

_ Ry 4.117
T min(R, ; R.,) ( )
Rqs =N, hssktsp Rd (4118)
R,=AJ,, (4.119)
R, = beﬁrshm(O.SSfc d) (4.120)
0.7 byin (hhs 1) o } 4.121)

min(nhss ; 2) Dps D s > Ms,max .
(4.122)

is the longitudinal shear force transfer within half of Les

is the tension (compression) resistance of steel beam

is the compression resistance of composite slab within beg

is the distance between inflection points in sagging moment region, see
Figure 4.8

is the effective width of composite beams in sagging moment region, see
4.5.1

is the number of headed studs arranged within half of Les

is the shear resistance of a headed stud, see 2.4

is the cross-sectional area of steel beam

is the design yield strength of steel beam, see 4.2.2

is the thickness of composite slab above profiled steel sheeting

is the reduction factor for shear resistance of a headed stud in sagging
moment region

is the number of headed studs per sheeting rib in sagging moment region

is the minimum width for re-entrant of profiled steel sheeting

is the overall depth of profiled steel sheeting

is the overall hight of headed stud

is the maximum reduction factor for shear resistance of a headed stud in
sagging moment region, given in Table 4.7

is the design strength of concrete

is the characteristic cylinder strength of concrete

is the partial factor of concrete
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Table 4.7: Maximum reduction factor for shear resistance of a headed stud & max

Number of | Thickness of | Headed studs not exceeding Profiled steel sheeting
headed studs | profiled steel | 20[mm] in diameter of shank with holes and headed
per sheeting | sheeting #,s dns and welded through studs 19[mm] or 22[mm)]

11b 75 [mm] profiled steel sheeting in diameter of shank ds
1 <1.0 0.85 0.75
>1.0 1.00 0.75
) <1.0 0.70 0.60
>1.0 0.80 0.60

(2) Degree of shear connection in hogging moment region

The degree of shear connection in hogging moment region 77, can be determined by the
following equation.

R

qh
"~ minR, ; Ry) (129
Ryn and Ry are given by:
Ryn = NignknPra (4.124)
Ry =44/, (4.125)
where
ky = min{ ' 07 D0.min (h—”1> ;kth,max} (4.126)
min(nyg, 3 2) Pps \Dps
Ryn is the longitudinal shear force transfer within half of Le
R is the tension resistance of longitudinal reinforcing bars within begn
Len is the distance between inflection points in hogging moment region, see
Figure 4.8
befn is the effective width of composite beams in hogging moment region, see
441
Nhsh is the number of headed studs arranged within half of L.
Asi is the cross-sectional area of longitudinal reinforcing bars within begn
fsd is the design yield strength of reinforcing bars, see 4.3.3
ki is the reduction factor for shear resistance of a headed stud in hogging
moment region
Phsh is the number of headed studs per sheeting rib in hogging moment region
kih, max is the maximum reduction factor for shear resistance of a headed stud in

hogging moment region, given in Table 4.7
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4.4.3 Shear Resistance

(1) Shear resistance in construction stage

a) Plastic shear resistance of steel beam

The plastic shear resistance of steel beam V);4rs can be determined by the following
equation.

ova
Vrara = Ay | — (4.127)
plaRd — AV (\/g)
Ay is given by:
Ay =max{4,-2B,t(t,+2r)t;; 1.2(D,-2t)t,, } (4.128)
where
Savd is the design yield strength of steel beam, see 4.2.2
Ay 1s the shear area of steel beam
A is the cross-sectional area of steel beam
B, 1s the width of steel beam
ty is the flange thickness of steel beam
tw 1s the web thickness of steel beam
r 1s the root radius of steel beam
D, is the depth of steel beam

b) Shear buckling resistance of steel beam

The shear buckling resistance of steel beam V) 4 rs can be determined by the following
equations.

Vyara="V, por L) 721235 4.12
bakd = Vplara 10T = 12 fay (4.129)
- %oy (Da20)t, 1.2fwy(Da-2:f)rw} (D2) 72 235 w130
ba,Rd — ) .
V3, 3y, ty " 12 fa ’
Jw 1s given by:
0.83
f=12 ford,< = (4.131)
~0.83 " 0.83 - 4132
T gy sk (4.132)
where
S
A, =0.76 - -
‘, (4.133)
k ¢ min 1 190000
(De-21)
k ¢ min = 5.34 (without rigid transverse and longitudinal stiffeners) (4.134)
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Swy is the nominal value of yield strength of web of steel beam

Iw is the factor for contribution of web of steel beam to shear buckling
resistance

y» is the modified slenderness of web of steel beam

kzmin is the minimum shear buckling coefficient

(2) Shear resistance in composite stage

The plastic shear resistance and the shear buckling resistance of composite beam, V), zs and
Vs, ra, can be equal to those of steel beam.

Commentary:
(2) Shear resistance in composite stage

The floor slab is not considered in resisting the vertical shear force. Therefore, the shear
force is resisted by the web of the steel beams.
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4.4.4 Moment Resistance

(1) Moment resistance in construction stage

a)

b)

Plastic moment resistance of steel beam

The plastic moment resistance of steel beam M, rs can be determined by the following
equations.

My o ra = Wpl,afayd for Class 1 or Class 2 cross-sections (4.135)
My ari = Wegpi a]; vd for effective Class 2 cross-sections (4.136)
where
Wl is the plastic section modulus of steel beam

Saya is the design yield strength of steel beam, see 4.2.2
Wefrpl,a is the effective plastic section modulus of steel beam

Buckling moment resistance of steel beam

The buckling moment resistance of laterally unrestrained steel beam M7 rs can be
determined by the following equation.

Mirara = X7 Mplara (4.137)
XLTq 1S given by:
. 1 1
Xir,~ mmn ;1.0 P (4.138)
Dyt \/ D075, 14" LTa
where
@1, = 0.5{1+ a1 (A17,-0.4)+0.752,7,°) (4.139)

Mpl,a,Rd

ALTa M, (4.140)
_ 722Ea1az \/IW,a _i_Lcr,azGaIT?a (4.141)
a2 L, REl '
cra az alaz
XiTa is the reduction factor for lateral-torsional buckling of steel beam
Di14 is the value to determine reduction factor for lateral-torsional buckling of
steel beam
arr is the imperfection factor corresponding to appropriate lateral-torsional
buckling curve, recommended in Table 4.8
ALTa is the non-dimensional slenderness for lateral-torsional buckling of steel
beam
Mera is the elastic critical moment for lateral-torsional buckling of steel beam
Ci is the correction factor for non-uniform bending moment, which can be
taken as 1.0 conservatively
E, is the modulus of elasticity of steel beam
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1y is the second moment of area of steel beam about minor axis (z-z axis)

Lera is the length of steel beam between points at which top flange of steel
beam is laterally restrained

Lva is the warping constant of steel beam

G is the shear modulus of elasticity of steel beam

I, is the torsion constant of steel beam

Table 4.8: Recommended values for imperfection factors for lateral-torsional buckling curve

Cross-section Limits Buckling curve Imperfection factor arr
Da _ 2 b 0.34
B, ~ '
. D,
Rolled I-sections 2< 3 <3.1 c 0.49
a
3.1< Da d 0.76
) B, )
D,
3 <2 c 0.49
Welded I-sections “ D
2< = d 0.76
B,

Note: D, is the depth of steel beam
B. 1s the width of steel beam

(2) Moment resistance in composite stage
a) Plastic sagging moment resistance of composite beam with full shear connection

The plastic sagging moment resistance of composite beam with full shear connection
Mpisras can be determined by the following equations.

< (Class 1 or Class 2 cross-sections >

Da Ra (Dcs'Dps)
= —fyp 4X = P 4.142
Mplf,Rds Ra { P Dcs Rcs B } ( )

for R, < Res (PNA in concrete flange)

D, +D,s\ (R,-R.,)?
Pplf.Rds :Ra 7a+Rcs( 652 ps) ==

M - 4.143
4B.f,,, (4.143)
for Ry, < Res < Ra (PNA in steel flange)
Da +DCS +Dps Rcsz
Mplf,Rds - Wpl’af;lyd—i_RCS ( 2 ) - 4tW](' (4144)
ayd

for Res < Rw (PNA 1n steel web)
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< Effective Class 2 cross-sections >

2 RCS
for Rs < Res (PNA in concrete flange)

Da Dcs+Dps (Ra 'Rcs)2

D, R, (D
Mp,f,Rds=Ra{—+Dcs (“2 )} (4.145)

M =R —“+ -
plf.Rds ) P 4Bafayd (4 146)
for Refrv < Res < Ra (PNA 1n steel flange)
D a+D cs+D DS Rcs2+(Rv'Rcs) (Rv'Rcs 'ZReﬁfv)
Mplf,Rds - WPl)af;zyd—i_RCS( 2 )_ 4twf (4147)
ayd
for Res < Refrv (PNA 1n steel web)
Ra, Res, Rw, Refrv, and R, are given by the following equations.
Ry =Adf (4.148)
Res =bogihes (0.851,,.,) (4.149)
R, = Ra-2Batffa J (4.150)
235
Ry, =401, f ¢ |7 (4.151)
ayd
R, ={D,2(trr)}f,,,, (4.152)

where
DCS

Ly
Ra
RC‘S
Rw
Regv

R,
besfs

Aa
hes
Sedes
I

r

is the overall depth of composite slab

is the overall depth of profiled steel sheeting

is the web thickness of steel beam

is the tension (compression) resistance of steel beam

is the compression resistance of composite slab within begs

is the tension (compression) resistance of overall web of steel beam

is the tension (compression) resistance of effective clear web of steel
beam

is the tension (compression) resistance of clear web of steel beam

is the effective width of composite beams in sagging moment region, see
441

is the cross-sectional area of steel beam

is the thickness of composite slab above profiled steel sheeting

is the design strength of concrete for concrete slab, see 4.4.2

is the flange thickness of steel beam

is the root radius of steel beam

b) Plastic sagging moment resistance of composite beam with partial shear connection

The plastic sagging moment resistance of composite beam with partial shear connection
Mpip,ras can be determined by the following equations.
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< (Class 1 or Class 2 cross-sections >

My ras = Mpipras  forn =1 (4.153)
2
Da R 9Dc9'D s (Ra'R s)
My ras = Ry —=+R (D B p‘>- a 4.154
plp,Rds a D) qs cs Rcs P 4B a];yd ( )
for 7, <1 and Ry < Rys (PNA 1n steel flange)
D a R s D cs'D s R 92
My pas =W, +RS(—+DCS-i : p‘)- £ 4.155
plp,Rd Pl,afayd s\ » R, P 41 Wfa iy ( )
for ny <1 and Rys < Ry (PNA in steel web)
< Effective Class 2 cross-sections >
My, ras = Mpipras  forn =1 (4.156)
2
D a R s D cs'D ps (Ra'Rqs)
Ml dS:Ra_+Rs(Dcs'_q )‘ (4157)
PibR 2 R, 2 4Bf,.,
for 7y <1 and Ref;v < Rys (PNA in steel flange)
Da R N Dcs 'Dps Rqsz+(Rv'Rqs) (Rv'Rqs'zReﬁ'v)
Mo ts = Wty Rys (4D 22— - 2 @iss)
Plp.R P& qyd NG5\ o R, 2 4thayd
for 7y <1 and Rys < Refrv (PNA in steel web)
where
ns is the degree of shear connection in sagging moment region, see 4.4.2
Rys is the longitudinal shear force transfer within the half of L.y, see 4.4.2

c) Plastic hogging moment resistance of composite beam with full shear connection

The plastic hogging moment resistance of composite beam with full shear connection
Mpirran can be determined by the following equations.

< (Class 1 or Class 2 cross-sections >

Da
Myirran = R, (7 +chl—tf> (4.159)
for R, < Ry (PNA outside steel beam)

D a (Ra 'Rsl)2
Myeran = R, > TR Zesiif ABS (4.160)
ayd

for Ry < Ry < R. (PNA in steel flange)

2
Myiran = Wpiaf Rt (l& +chl—tf> T (4.161)
2 4l‘wfa v

for Ry < R, (PNA in steel web)
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< Effective Class 2 cross-sections >

D
MplfRdh = Reﬁ‘,a (7“ +chl—(f) (4 1 62)
for Refra < Ry (PNA outside steel beam)

2
(k1)
a ffia” sl
MPlf,Rdh = Reﬂ,a ) +Rlecsl—tf' # (4.163)
ayd

for Refrv < R < Refra (PNA in steel flange)

D, Rslz+(Rv+Rsl) (RV+RSI '2Reﬂ v)
M ym = Worf +R (—“+z,_)- ’ (4.164)
plf,Rdh pl, d ' sl csl-tf
ay 2 atf, v
for Ry < R4, (PNA in steel web)
Refa 1s given by:
Refra = Ra=RyFTReppy (4.165)
where
Zeslof is the vertical distance between centre of longitudinal reinforcing bars and
top of flange of steel beam
Ry is the tension resistance of longitudinal reinforcing bars within b, see
44.2
Refa is the tension (compression) resistance of effective steel beam

d) Reduced hogging moment resistance of composite beam making allowance for presence
of shear force

The reduced hogging moment resistance of composite beam making allowance for
presence of shear force M,,,,ran can be determined by the following equations.

v,

LRd
My, gan = Mpyran - for Vg < ”2 (4.166)
2
2Vga Voi.ra
M, ran = Mypig ran-(Mpig Ran-Mpi £ ra) (V -1> for Vi, > -2 > (4.167)
pLRd
Mpifra is given by:
D, .
M,y rra = 2Ry (7 +chl—tf) for PNA outside steel beam (4.168)
(2R-R.)’ . L6
My pra = RD Rz g4 W for PNA in steel flange (4.169)
ayd
Da .
My rra = Rizeyept Ry (7 +chl-tf) for PNA in steel web (4.170)
where
Rf=Bazfﬁfayd (4.171)
VEa is the design shear force
Voird is the plastic shear resistance of composite beam, see 4.4.3
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Vi,ra is the shear buckling resistance of composite beam, see 4.4.3

MpifRra is the plastic moment resistance of composite beam after deducting shear
area

Ry is the tension (compression) resistance of flange of steel beam

Zetfchf is the vertical distance between centres of top and bottom flanges of steel
beam

e) Buckling moment resistance of laterally unrestrained composite beam

As far as Eq.(4.172) and (4.173) are satisfied, the buckling moment resistance of
laterally unrestrained composite beam M, 7,rs can be determined by Eq.(4.174).

E o eslos2 > 0.35E,1,2B,/D, (4.172)
l-x /1LT2
2 TALT
pps/Ba < 0'4fhsuth m (4173)
Mi1ra = X, 7 Mpisran (4.174)
Ies2, yir, Art, and ks are given by:
D2
IcsZ = Asthst-nazﬁ_Ac,c <Zna-ccs,cz+ %) (4 1 75)
) 1 1
X7~ min ;1.0 — (4.176)
D1+ /@LT2-0.75/1LT2 LT
M) rin
A= b 4.177
LT M, ( )
where
kik,
k, = 4.178
@LT = 0.5{l+aLT(/1LT—0.4)+O.75/1LT2} (4179)
k.C, E k.L,>
M, == < L +—L|E I, 4.180
oL J l{2(1+o.3)} ha™ ¢ l a’bfz (4.180)
(Zczﬁcbf1h>
1,
ke = rorar? (4.181)
< thzb +iax2> /e+thficbf
2
I =1 +AaAsl{Da+2(Dps+hcs'ztcs-csl)} (4182)
h a
Y 4(Aa+Asl)
= Loyt (4.183)
Loy = Aa .
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o = Ytddly (4.184)
Aazgcs-caAsl
tB
Ly = flza (4.185)
4Ea1032
1= g, (4.186)
3
ky = el (4.187)
4(1-0.3%)z  cnr
By is the beam spacing
DPps is the pitch of ribs of profiled steel sheeting
Jhsu is the ultimate strength of headed stud
dps is the diameter of shank of headed stud
2T is the reduction factor for lateral-torsional buckling of composite beam
Ies2 is the second moment of area of cracked composite slab in direction
transverse to steel beam
ALt is the non-dimensional slenderness for lateral-torsional buckling of
composite beam
ks is the transverse (rotational) stiffness per unit length of composite beam
Drr is the value to determine reduction factor for lateral-torsional buckling of
composite beam
Agt is the cross-sectional area of transverse reinforcing bars per unit length
Zest-na is the vertical distance between centre of transverse reinforcing bars and
neutral axis of composite slab
Ace is the area per unit length of concrete slab in compression
Zna-ces,c is the vertical distance between neutral axis of composite slab and centre
of concrete slab in compression
M1 Rich is the characteristic value of plastic hogging moment resistance of
composite beam calculated by Eq.(4.159) to (4.164) using the
characteristic yield strength instead of the design yield strength of
reinforcing bars
M, is the elastic critical moment for lateral-torsional buckling of composite
beam
Cy is the property of distribution of moment, given in Table 4.9
Ler is the length of composite beam between points at which bottom flange
is laterally restrained
ke is the k. factor
Loy is the second moment of area of steel beam about y-y axis
In is the second moment of area of composite beam in hogging moment
region
Ag is the cross-sectional area of longitudinal reinforcing bars within besn,
Ztes-csl is the covering depth of longitudinal reinforcing bars
fax is the polar radius of gyration of area of steel beam
e is the e value
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Zees-ca is the vertical distance between centre of composite slab and steel beam

L is the second moment of area of bottom flange of steel beam about minor
axis (z-z axis)

ki is the flexural stiffness of cracked composite slab in direction transverse
to steel beam

k> is the flexural stiffness of web of steel beam

Table 4.9: Values of factor Cy for spans with transverse loading

Loading and External beam Internal beam
support conditions e NW o o
T B A S B 7 (e SR £
Moment diagram S I’ /‘ N l ﬂ \ / w
M, My My My
¥Y=0.50 41.5 33.9 28.2 21.9
¥=0.75 30.2 22.7 18.0 13.9
¥=1.00 24.5 17.3 13.7 11.0
Y=1.25 21.1 14.1 11.7 9.6
¥=1.50 19.0 13.0 10.6 8.8
Y=1.75 17.5 12.0 10.0 8.3
¥=2.00 16.5 11.4 9.5 8.0
Y=12.25 15.7 10.9 9.1 7.8
¥=2.50 15.2 10.6 8.9 7.6

Note: ¥is the ratio of the design hogging moment to M)y
M 1s the mid-length moment of simply supported beam
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Commentary:
(1) Moment resistance in construction stage

Generally, Class 3 cross-sections would assume an elastic distribution of stresses, and the
moment resistance can be calculated using their elastic section modulus. However, EN
1993-1-1 makes special allowances for the cross-sections with Class 3 web and Class 1 or
2 flanges by permitting the cross-sections to be classified as effective Class 2 cross-sections.
Accordingly, part of the web in compression is neglected, and the plastic section properties
for the remainder of the cross-section can be determined. In EN 1993-1-1, the proportion of
the web in compression should be replaced by a part of 20¢&f,, adjacent to the compression
flange measured from the base of the root radius, with another part of 20&t,, adjacent to the
plastic neutral axis of the effective cross-section in accordance with Figure 4.9. A similar
distribution can be applied to welded sections with the part of 20&t, adjacent to the
compression flange measured from the base of the weld.

ﬁzyd

compression

plastic neutral axis

tension| +

fayd

Figure 4.9: Effective Class 2 web
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4.4.5 Longitudinal Shear Resistance
(1) Tension resistance of transverse reinforcement per unit length

The tension resistance of transverse reinforcement per unit length Ry +R,. can be
determined by the following equation.

R+ Rpse = Astf HApsef s (4.188)
Jpsa 18 given by:
f sk
fra= (4.189)
Tps
where
Agt is the cross-sectional area of transverse reinforcing bars per unit length
fsd is the design yield strength of reinforcing bars, see 4.3.3
Apse is the effective cross-sectional area of profiled steel sheeting per unit length
Jpsd is the design yield strength of profiled steel sheeting
Josk is the characteristic yield strength of profiled steel sheeting
Vs is the partial factor of profiled steel sheeting

(2) Crushing shear stress of concrete slab

The crushing shear stress of concrete slab vzs can be determined by Eq.(4.190).

AR
Vra = 0.6 (1- 750 /. sinécosd (4.190)
where
Sek is the characteristic cylinder strength of concrete
Jed is the design strength of concrete, see 4.4.2
0 is the angle between diagonal strut and axis of beam, 26.5° < @ < 45° for

concrete flange in compression, 38.6° < §<45° for concrete flange in tension
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Chapter S Structural Analysis

5.1 General
(1) Concept

In structural analysis, semi-rigid composite joints should be modelled as rotational springs
at beam ends. Design moment and deflection of composite beams with semi-rigid ends and
other supporting members, such as beams, walls and columns, should be analysed
considering the moment-rotation characteristics of the rotational springs. Note that the joints
shall be subjected to hogging moment so that the contact parts of the joints are always in
compression.

(2) Analysis method

Elastic-plastic analysis is recommended as the analysis method. In this method, the
moment-rotation characteristics (M- ¢ curves) of the rotational springs should be simplified
to yield conservative prediction on the beam responses.

Commentary:
(1) Concept

When the structural behaviour of building frames is affected by the joint structural
properties, structural analysis is generally carried out modelling the joints as rotational
springs. In this design guide, composite beams are designed with semi-rigid ends, so that
the design moment and deflection of the beam members are affected by the rotational
stiffness and the moment resistance of the joints. Therefore, composite joints should be
modelled as rotational springs and then the design moment and deflection of composite
beams with semi-rigid ends should be analysed in structural analysis. The contact parts of
composite joints shall always be under compression; otherwise, the joints cannot perform
as semi-rigid. In other words, composite joints shall be subjected to hogging moment at
both ultimate and serviceability limit states.

(2) Analysis method

In this design guide, elastic-plastic analysis is recommended as the analysis method because
structural resistance of composite beams at ultimate limit state can be checked utilizing the
rotational capacity of the composite joints. The structural properties of the joints can be
expressed in the form of moment-rotation characteristics (M;-¢; curves). However, they are
often non-linear in most cases as the joint rotation occurs due to the deformation of each
joint component, and it is not practical to accurately consider the nonlinearity in structural
analysis. Therefore, M;-¢ curves of the rotational springs should be simplified to yield
conservative prediction on the beam responses.
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5.2 Structural Modelling of Composite Joint
(1) Simplified moment-rotation characteristics

Unless more accurate methods are provided, the following simplified M;-¢ curves can be
applied to the rotational springs.

a) When the joint moment A/, is less than or equal to the elastic moment resistance 2/3M; rq,
the linear M;-¢ curve with the rotational stiffness S; taken as the initial rotational
stiffness ;i can be applied as shown in Figure 5.1 (a). Mjrq is the moment resistance
of the connection.

b) When the joint moment A is more than the elastic moment resistance 2/3M; rq, the bi-
linear M- ¢ curve with the rotational stiffness S; taken as S; i»i/ 7 can be applied as shown
in Figure 5.1 (b). The stiffness modification coefficient 7 for composite joints with
contact plates should be taken as 1.5.

c) Besides the aboves, the tri-linear M;-¢ curve combining a) and b) can be also applied as
shown in Figure 5.1 (c).

% A ——— ]\4] A ==
-~ - - -~ - -
e g P -
Mjpap-—-- P Mjpap-—-- ¥
/ /
/ /
/ /
2/3M; gat------ /
/
/
/
/
\\\ *S}, ini / \\\\ *S},[ﬂi/n
1 |
| 4 N 4
(a) Linear M;-¢; curve (M; < 2/3M; r,) (b) Bi-linear Mj-¢, curve (2/3M; gy < M)
My
-~ - -
_ -~
Mjraf=—-
4
/44
7/ ——- Actual M, - ¢ curve
2/3M; gat------ i-¢
4 —— Simplified M; - ¢ curve
// \\ \\
/o Sj,ini ) i/ 1
1 1

¢

(c) Tri-linear M;-¢; curve

Figure 5.1: Simplified moment-rotation characteristics (M;-¢; curves)

82



DESIGN GUIDE FOR SEMI-RIGID COMPOSITE JOINTS AND BEAMS

Commentary:
(1) Simplified moment-rotation characteristics

In EN 1993-1-8, the simplified M;-¢ curves shown in Figure 5.1 (a) and (b) are
recommended for the rotational springs in elastic-plastic analysis. According to this
simplified Mj-¢ curves, the rotational stiffness S; can be taken as the initial rotational
stiffness Sj,i» when the joint moment A/; is less than or equal to the elastic moment resistance
2/3M; ra as shown in Figure 5.1 (a), where M, rq is the joint’s moment resistance. On the
other hand, the rotational stiffness S; can be taken as S; /77 when the joint moment A4 is
more than the elastic moment resistance 2/3M; rs as shown in Figure 5.1 (b). The latter S; is
the intermediate value between S;,i» and the secant stiffness of the moment resistance M; rq,
and this is the convenient constant value of S; which actually changes due to the nonlinear
behaviour. The stiffness modification coefficient 7 for composite joints with contact plates
is proposed as 1.5 in EN 1994-1-1. Besides the aboves, the simplified M;-¢ curve shown in
Figure 5.1 (c) combining (a) and (b) can be also applied to get closer to the actual M;-¢;
curve.
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5.3 Design Moment and Deflection of Composite Beam

(1) Concept

The effects of cracking of floor slab should be considered in the structural analysis of

composite beams with semi-rigid ends.

(2) Calculation of design moment and deflection

As flexural rigidity of composite beams in the hogging moment region may be smaller than
that in the sagging moment region because of cracking of floor slab, these beams should be
designed as non-uniform sections with different flexural rigidities within the same beam
span. When uniformly distributed load is considered, the design moment and deflection of
composite beams with semi-rigid ends can be calculated by the following equations. In this
method, however, if the joint moment M, is more than the moment resistance of the

composite joint M;rs, M; should be reduced to M;rs and the corresponding redistributed

moment should be taken as the design moment.

a) Composite beam supported by composite joints with equal rotational stiffness

w wL
M(x) = —Exz-irTbx—]\/lj
s L (el L, L,
nax = (E_I)h( (xp) T_C(x0)> + ) (B (7) -A(xy) 7+C(x0)

M; is given by Eq.(4.195) using convergence calculation.

Lttt [ (5t )+ 22 =
a1 (4 (3) 400+ -

where

2
. AaAsl {D a+2 (D DS +hcs “Ztes-csl )}
(El)h - Ea Iay+ 4(Aa+Asl)

p
2 3
Aa DCS+D S+Da be ShCS
(ED), = £, { 2oLt DoDe) by L,
4(1+—”0Aa ) 12( 2E, )
\ beﬁ’shcs Ecm,cs
w ., wL
Alx) = gx3-Tbx2+ij
w , wl, M
B(x) = — 4 L34 2
()= 3T
_ Wl 3 M,
C(x) g¥ g vt
Xp = & 1- - SM
2 WLb2
M(x) is the moment of composite beam along x-axis
w is the uniformly distributed load
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Ly is the beam length

Omax is the maximum deflection of composite beam

S is the rotational stiffness of composite joint

M; is the joint moment

(EDn is the hogging flexural rigidity of composite beam

(ED)s is the sagging flexural rigidity of composite beam

E, is the modulus of elasticity of steel beam

Iy is the second moment of area of steel beam about major axis (y-y axis)

Aa is the cross-sectional area of steel beam

Ayl is the cross-sectional area of longitudinal reinforcing bars within b,

befin is the effective width of composite beam in hogging moment region, see
44.1

Dy is the depth of steel beam

Dps is the overall depth of profiled steel sheeting

hes is the thickness of composite slab above profiled steel sheeting

Ztes-csl is the covering depth of longitudinal reinforcing bars

D is the overall depth of composite slab

besss is the effective width of composite beam in sagging moment region, see
44.1

Eem,cs is the secant modulus of elasticity of concrete for concrete slab

X0 is the x-coordinate at inflection point

b) Composite beam supported by composite joint at one end

w wL, M;
5o ()
W =-37475 7,
1
o, ——E(x5)t6,
max = (EI)S (xﬁ) pinX
M; and xs are given by Eq.(4.204) and (4.205) using convergence calculation.
(D(Ly)-D(xy)) DO+ Gt =0
)-D(xg) ) ¥ DX < -
(EI) & 1) )
1
——D(x5)+0,., =0
(E[) (Xg) 'pin
where
w 1 wL, M
D —_ 3__(___f> 2
W=33\7 1,)*
- 4_1(W_Lb_%> 3
E@=5v-5\71,)*
w , 1 /wL, M;
F —_ 4__(___-/) 3
W=33{71,
_,
X0 = b-wLb
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Opin =~ ey, (EUn)-De) Lyt ) ) D 7 (PGo)Ly-F(x0)) (5.18)
XS 1s the x-coordinate where deflection is maximized
Opin is the rotation of pin joint

c) Composite beam supported by composite joints with unequal rotational stiffness

L, M M

M(x) = -Ex2+ (W2 by f”Lb ) >x-Mj , (5.19)
5 (G eI Ceo) ) e (Hs)-G s ) +
nax = (ED xp)xs5-1(x (Ef) x5)-G(xp)xsH(x) ,,1x5 (5.20)

M; and xs are given by the Eq.(4.213), (4.214), and (4.215) using convergence
calculation.

M~
+——(G(L + =0
(El)hlG(XO) (EI)S (G('XO) G('x())) (EI) (G( b) G(xo )) ASJ[ Sjr (521)
(ﬁ (GG Ly-I(xp) )+ e (EI) (G(xp)Ly- G(x())Lb-I(xo')JrI(x()))‘
| s M, } =0 (5.22)
+ H(L)-G(xyNL,+(xy" +LL
EDy,, - CLHG)) St ' J
!
G(xp)+ G(xs)-G(xy) +—’ =0 5.23
EDpr " (ED;( Oy 629
where
Y3 1wy A/[j,l'jwj,r 2
Gx) = gx -5 T‘I‘L—b X +Mj,1x (5.24)
- 4_1(W_Lb+j‘/[f”'ﬂ/[f”> s M )
H(x) = 7255\ 3 I XX (5.25)
w 1 WLb M M M'l
10 = Y 4-_( ) 3 i 2 5.26
W=33\7 7 bezx (5.26)
1| why MM\ | why MM,
= |l—+—=)- [| —F+—=] 2wM, 5.27
o w{(Z Lb> (2 Lb) e (5.27)
;1 <wLb M; -M; )+ (WLb+A4j,I'A4j,r)2 Sy (5.28)
Yo = w 2 Lb 2 Lb il 7 '
Sj.1 is the rotational stiffness of composite joint at left side
Si.r is the rotational stiffness of composite joint at right side
M, is the joint moment at left side
M, is the joint moment at right side
(EDn, is the hogging flexural rigidity of composite beam at left side
(EDn,r is the hogging flexural rigidity of composite beam at right side
xo’ is the x-coordinate at inflection point
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(a) Composite beam supported by composite joints with equal rotational stiffness
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(c) Composite beam supported by composite joints with unequal rotational stiffness

Figure 5.2: Design moment and deflection
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(3) Effect of loading patterns

As shown in Figure 5.3, the design moment and deflection of the secondary composite
beams with beam-to-beam composite joints may be also affected by loading patterns
because the moment between the adjacent secondary beams may be continuous through the
primary beam. Therefore, in a precise manner, all the secondary composite beams should
be individually designed based on their own critical loading pattern selected from all the
possible loading patterns. Unless more accurate methods are provided, the simplified
analysis method, in which all the secondary composite beams are classified into external or
internal beams and the virtual floor plans including the adjacent composite beams are
extracted as shown in Figure 5.4, can be applied to calculate the design moment and
deflection of the beams considering the effects of loading patterns. The details procedures
are described in Appendix II.

| Maximum | o | o |
W | | Minimum | Minimum | M
4 - i ]
' ' ! !

N / A A
T | | -
Loading pattern (a)

Maximum Maximum

Loading pattern (b)

Maximum Maximum
| Minimum |
|

|
g o e ]
|
/

| | |
% N

Loading pattern (c)

Figure 5.3: Moment distribution in response to loading patterns
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Primary Secondary {"} Composite joints
composite beam Composite beam Pin joints

SR

External

Void

(a) Actual floor plan

Designed composite beam

(b) Virtual floor plan for external beam (continuous 2-span)

Designed composite beam

= | |
i Internal || i
| ) I

| | | |
(c) Virtual floor plan for internal beam (continuous 3-span)

Figure 5.4: Virtual floor plans in simplified analysis method
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Chapter 6 Application to Construction

6.1 General

(1) Basis of construction

The structural performance of composite joints with contact plates may be affected by the
detailing of contact plates and reinforcing bars in concrete slab. Therefore, on-site
construction should be implemented in accordance with the constructional requirements
described in this chapter to ensure that the joints can achieve the expected rotational

stiffness and moment capacity.

(2) Construction process

On-site construction including the installation of contact plates can be conducted according
to the construction process shown in Figure 6.1. Contact plates can be installed at any time
during the construction process, if good contact is achieved at the composite stage. The
installed conditions of contact plates should be checked during the final stage of

construction.

Construction and erection of columns and wall

A

Erection of primary and secondary beams

A

A

Arrangement of reinforcing bars in floor slab

Y

Y

Checking on installed condition of contact plates
(Checking of no misplacement and displacement)

Installation of contact plates

Figure 6.1: Installation of contact plate during construction
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6.2 Constructional Requirements
6.2.1 Contact Plates
(1) Detailing and installation method

As arule, the detailing and installation method of contact plates shall be specified for each
project to ensure a reliable contact area is developed to achieve the required rotational
stiffness of composite joints.

(2) Quality assurance

Proper measures should be put in place to ensure that contact plates are not susceptible to
displacement or falling during the construction stage and throughout the service life of the
structure.

(3) Proper contact

One way to achieve proper contact is by directly welding the bottom flange of the steel
beam to the stiffener or end plate through the gap as shown in Figure 6.2. Another way to
achieve good contact is to insert contact plates with some form of adjustment to ensure that
the gap is closed. Examples of contact plate are shown in Figure 6.3.
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Figure 6.2: Direct welding through gap
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Figure 6.3: Examples of contact plate

Commentary:
(1) Detailing and installation method

Contact plate detailing and installation method should be pre-qualified to ensure effective
contact to transfer the compression force when the beam is loaded. The gap width between
the bottom flange of steel beam and the stiffener or the end plate shown in Figure 6.4 may
fluctuate due to fabrication and construction tolerances. Therefore, it is necessary to provide
the contact plate that can be adjusted to fit the gap caused by these tolerances.

(2) Quality assurance

When contact plates are installed before concrete casting as shown in Figure 6.1, the contact
plates may not be in full contact and not perfectly fitted in the construction stage. Even if
contact plates are always under compression after concrete casting, it may be displaced due
to an unexpected accident. Therefore, some kinds of preventable measures are needed to
ensure that contact plates are not susceptible to displacement and falling during the
construction stage and throughout the service life of the structure.
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(3) Proper contact

In the direct welding method, the yield strength of weld metal shall be higher than or equal
to the yield strength of the contact plate assumed in structural design. Also, the welded area
shall be larger than or equal to the required contact area to achieve the design moment
resistance of the joint. In the contact plate method, the wedge-shaped contact plate is an
option to ensure the gap is closed as shown in Figure 6.3. In this case, the upward
displacement of the contact plate due to slippage shall be prevented, so that they should be
fixed by welding or bolting, or the wedge angle should be designed considering the friction
resistance of the contact surface.
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6.2.2 Reinforcing Bars in Concrete Slab
(1) Concrete cover

The concrete cover for the reinforcing bars in concrete slab should be more than or equal to
the nominal cover cuom specified in EN 1992-1-1. This value takes into account the
acceptable negative deviation from the required minimum cover cuin.

(2) Additional reinforcing bars

As described in subsection 4.2.1, additional reinforcing bars can be arranged in the hogging
moment regions apart from anti-crack reinforcing bars. They should be continuous or
anchored at composite joints when designed to contribute to the joint performance. The
arrangement length in longitudinal direction /y should be the length of the hogging moment
region illustrated in Figure 6.5. The arrangement width in transverse direction by to
determine the number of additional reinforcing bars can be arbitrarily taken within the beam
spacing or the column width, whichever is smaller. However, only the reinforcing bars
within the effective width of composite joints b.;; can contribute to the structural
performance of the joints. Therefore, it is desirable to make by, less than b for economical
design.

(3) Detailing of laps

In the case for composite joints with bent reinforcing bars, the laps of the starter bars and
the longitudinal bars may be required considering the construction sequence as shown in
Figure 6.6. In this manner, when the longitudinal reinforcing bars to transfer the tension
force are lapped in the hogging moment region, the arrangement of lapped bars should
comply with EN1992-1-1. Also, the lap length should be larger than the design lap length
lp calculated by the following equation unless the fire resistance design like membrane
action is considered. Here, a;, oo, a3, as, as, and [ should be referred to EN1992-1-1.

ly=min( ey a3055l 140 5 lomin) (6.1
lo,min is given by:
Io,min = max (0.3l a5 154, 5 200) (6.2)
where
a; is the coefficient considering shape of reinforcing bars
a is the coefficient considering concrete cover
s is the coefficient considering confinement by transverse reinforcing bars
as is the coefficient considering confinement by transverse pressure
as is the coefficient considering percentage of lapped reinforcing bars
Ib,rqa is the basic required anchorage length of longitudinal reinforcing bars
Lo,min is the minimum lap length of longitudinal reinforcing bars
&l is the diameter of longitudinal reinforcing bars
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Figure 6.6: Laps of starter bars and longitudinal bars

(4) Mandrel diameter and straight extension length

In the case for composite joints with bent reinforcing bars, the mandrel diameter of bent
reinforcing bars ¢, should not be less than the minimum values @, mi» recommended in EN
1992-1-1 to avoid failure of steel bars due to bending operation and failure of the concrete
inside the bends of the bars. In addition, the straight extension length /, (the length past the
end of the bend) should be more than 5¢y so that the bends contribute to the anchorage
strength. When the joint details comply with the pre-qualified specifications in Table 4.1
and Table 4.2, the mandrel diameter ¢, and the projected extension length /s should be
124y and 420 [mm] respectively as shown in Figure 6.7, which can conservatively satisfy
both the above conditions.
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Figure 6.7: Mandrel diameter and projected extension length for pre-qualified specifications

Commentary:
(1) Concrete cover

The concrete cover for the reinforcing bars in concrete slab is defined by the distance
between the surface of the reinforcing bars closest to the nearest concrete surface. In EN
1992-1-1, the minimum values of the concrete cover cuix is specified in order to ensure the
safe transmission of bond forces, the protection of the steel against corrosion, and an
adequate fire resistance. This value is determined by the requirements for both bond and
environmental conditions. When the additional reinforcing bars mentioned in (2) are
arranged on top of anti-crack reinforcing bars, the concrete cover is considered as the
distance between the surface of the additional reinforcing bars closest to the nearest concrete
surface.

(2) Additional reinforcing bars

The rotational stiffness and the moment resistance of composite joints may not be sufficient
with only the anti-crack reinforcing bars depending on the design conditions. Therefore,
additional reinforcing bars can be arranged in the hogging moment regions apart from anti-
crack reinforcing bars to enhance the rotational stiffness and moment resistance of the
composite joints.

(3) Detailing of laps

Generally, the longitudinal reinforcing bars are recommended to be lapped at a region where
the existing stress of the reinforcing bars is relatively small, for example the sagging
moment region in which floor slab is subjected to compression force. However, when they
are lapped in the hogging moment region, the arrangement of lapped bars should comply
with EN1992-1-1 and the lap length should be larger than the design lap length /y. If the
diameters of anti-crack and additional reinforcing bars are different, the design lap lengths
may also be different accordingly.
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(4) Mandrel diameter and straight extension length

The minimum mandrel diameter for bars and wire @umin shown in Table 6.1 is
recommended in EN1992-1-1. Japanese architectural standard specification for reinforced
concrete work JASS 52! also recommends the values in Table 6.2 as the minimum mandrel
diameter according to the bar strength, in which the strength class of SD490 is almost same
as that of B500. The pre-qualified specifications where the bar diameter ¢y is limited to 16
[mm)] or less requires 12 ¢y as the mandrel diameter ¢@,, which is conservatively larger than
the above minimum values.

EN1992-1-1 also specifies that the straight extension length /, of bent bars should be more
than 5¢y to expect contribution of the length past the end of the bend. According to design
guidelines for earthquake resistant reinforced concrete building based on inelastic
displacement concept!!, it has been experimentally verified that the anchorage strength is
not significantly increased even if the straight extension length for 90-degree bent bars is
longer than 10¢,. However, it is desirable to take the above length longer than 10y in terms
of the deterioration of anchorage performance assuming the repeated loads. Therefore, in
the pre-qualified specifications, the projected extension length /4 of 420 [mm)] is on the safe

side.
Table 6.1: Minimum mandrel diameter for bars and wire
. Minimum mandrel diameter for bends, hooks and
Bar diameter
loops
¢sl <16 [mm] 4¢sl
¢s1> 16 [mm] 7 ot
Table 6.2: Minimum mandrel diameter for bent bars
Mini 1
Bending angle Strength class Bar diameter lmm.um mandre
diameter
180° SD295 @5 < 16 [mm)] 3y
135° SD345 19 [mm] < ¢y <41 [mm] 4y
90° SD390 da <41 [mm] 54
sl
i <25
90° SD490 fu < 25 [mm]
29 [mm] < ¢y <41 [mm] 6 i
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Appendix I Anchorage Strength and Panel Shear
Resistance of Reinforced Concrete

This appendix presents the calculation procedures for the anchorage strength and panel shear
resistance of reinforced concrete members using 90° hooked bars. These procedures refer to the
design guidelines of the Architectural Institute of Japan'!.

The evaluation formulas proposed below are meant for beam-to-column joints in reinforced
concrete structures and their applicability to composite joints in which bending moment can be
transferred by slab reinforcement and contact parts has not been fully verified. For the joint
details complying with the pre-qualified specifications, the recent experiments showed that the
anchorage strength and panel shear resistance of supporting members can be roughly estimated
by these formulas. However, the number of experiments is still limited and their accuracy under
arbitrary design conditions needs to be further investigated. Therefore, when using the joint
details other than the pre-qualified specifications, it is preferable to get experimental or
numerical evidence in addition to the design checks by these formulas.

(1) Anchorage strength
a) Tensile strength of reinforcing bars due to raking-out failure

The ultimate tensile strength of reinforcing bars due to raking-out failure 75, can be
determined by the following equation.

T, =TT, (AL1)

T. and T, are given by:

Idh2+zcsl—cc2
T,=0313b,d, ?"—“ (AL2)

Zesl-ce
T,,=0.74,, <&> (AL3)
w
where
T, is the contribution of concrete for 75,
Tw is the contribution of spreader bars for 7,
be is the effective width of raking-out region
de is the effective depth of raking-out region
Sek is the characteristic cylinder strength of concrete
Ve is the partial factor of concrete
Lan is the projected anchorage length of bent reinforcing bars
Zesl-ce is the vertical distance between bent reinforcing bars and centre of contact
part
Aw is the total cross-sectional area of crossties or hoops within raking-out
region
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f wk
Yw

is the characteristic yield strength of crossties or hoops
is the partial factor of crossties or hoops

b) Tensile strength of reinforcing bars due to local compression failure

The ultimate tensile strength of reinforcing bars due to local compression failure 7} can
be determined by the following equation.

r 0.4
Tie = 210k ik k, (f) Ay (AL4)
ke, ki, ka, and ks are given by:
. 0.1C,
k., = min (0.4+ p ; 1.0) (ALS)
i
0.4] :
k; = min (0.6+ %, 1.0) (AL6)
Zesl-ce
. Lan (AL7)
= S+ ;1
k, mm(OS 30¢S1,10)
, 0.5¢ *
ky=min| 0.7+ y >— 5 1.0 (ALR)
sl

where
Asl,j

ke
ki
ka
ks
Co

¢sl
Pv

is the cross-sectional area of bent reinforcing bars effective for joint
design

is the coefficient for effect of horizontal cover

is the coefficient for effect of bent position

is the coefficient for effect of projected anchorage length

is the coefficient for effect of crossties or hoops

is the horizontal covering depth of bent reinforcing bars

is the diameter of bent reinforcing bars

is the diameter of crossties or hoops

(2) Panel shear resistance

The shear resistance of joint panel Vj, can be determined by the following equation.

Fj, and bj, are given by:

where

Vip = KFpb;plan (AL9)
ﬁk 0.7
F,=038 <— (AL10)
7
Lan
bjp = Boyt o (AL11)

is the coefficient for effect of joint type
is the correction coefficient due to presence of transverse beam
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is the nominal value of shear resistance of joint panel
is the effective width of joint panel
is the width of end plate
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Appendix II Simplified Analysis Method

This appendix presents the simplified analysis method for the design moment and deflection of
secondary composite beams with beam-to-beam composite joints considering the effects of
loading patterns. Step-by-step procedures utilizing the equations in Section 5.3 and the moment
distribution method are described.

Typical composite floor plan shown in Figure All.1 is considered. It should be noted that the
single-sided beam-to-beam composite joint with primary composite beam located at the outer
periphery or around the voids are designed as pinned joints because neither the tension nor
compression force is transferred at the joint unless special measures are taken to ensure proper
anchorage of the reinforcing bars and to prevent the out-of-plane deformation of the primary
beam. Here, the step-by-step procedures of the simplified analysis method are as follows.

(1) Classification of secondary composite beams into external or internal beams
(2) Extraction of virtual floor plans

(3) Setting of end-restraint conditions and critical loading patterns

(4) Analysis of design moment and deflection of secondary composite beams

In the practical design, the above series of the procedures should be performed for all secondary
composite beams individually. However, except for singular design conditions, beam span,
beam spacing, steel beam, arrangement of reinforcing bars, and applied loads are often uniform
within the same floor plan. Therefore, according to this simplified analysis method based on
the virtual floor plans discussed later, the number of secondary composite beams to be checked
in structural design can be reduced compared with the procedures based on the actual floor plan.
Also, the analysis of the design moment and deflection of the beams can be significantly easier
in the simplified analysis method. The details of each procedure are discussed below.

Primary Secondary {"} Composite joints
composite beam Composite beam , Pin joints
/ /
-tHE=—=—74 ] = E——= — F— e
i :\(A) External:_: i (B) Internal:_: i ©) Internal:_: i s i (D) External: i
- —@— ————— It === E—=—= %@'ﬂ:l@—
m M m [r m m
s = s il e, =
N | yoid | (E) Extemal:-:l[: C - ) Extemal |
| | | | | |
e = = i

Figure AIl.1: Typical composite floor plan
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(1) Classification of secondary composite beams into external or internal beams

Firstly, all secondary composite beams are classified into two the types of beams, external
beams or internal beams. Here, the external beams are the secondary composite beams with
beam-to-beam composite joint at one side, and the internal beams are the secondary
composite beams with beam-to-beam composite joints at both sides. Accordingly, referring
to the composite beams in the typical composite floor plan shown in Figure All.1, the
composite beams, (A), (D), (E), and (F) are classified into external beams, and the
composite beams, (B) and (C) are classified into internal beams.

(2) Extraction of virtual floor plans

Next, the virtual floor plans are extracted for each designed composite beam. For the
external beam, the virtual floor plan (continuous 2-span) including its adjacent beam is
extracted. Similarly for the internal beam, the virtual floor plan (continuous 3-span)
including its adjacent beams on both sides is extracted. For example, when the composite
beam (A) is designed, the virtual floor plan including the composite beam (A) and (B) is
extracted as shown in Figure AIL.2 (a). When the composite beam (B) is designed, the
virtual floor plan including the composite beam (A), (B), and (C) is extracted as shown in
Figure AIL2 (b).

(3) Setting of end-restraint conditions and critical loading patterns

Subsequently, the end-restraint conditions and the critical loading patterns that can
contribute to the maximum moment and deflection of the designed composite beams are set
appropriately. It should be noted that they should be set for each of the following two cases:
one is to generate a maximum sagging moment and the other is to generate a maximum
hogging moment in the continuous beam. This is because the moment resistance of
composite beams in the sagging moment region and in the hogging moment region may be
different because of cracking of reinforced concrete slab. The end-restraint conditions and
the critical loading patterns for the design moment and deflection are shown in Figure AIL.3.
With respect to the virtual floor plan for external beams, the sagging moment may be
maximized when the rightmost end is assumed to be a rigid end and the distributed loads
on the composite beam (A) and (B) are maximized and minimized respectively. Also, the
hogging moment may be maximized when the rightmost end is assumed to be a pinned end
and the distributed loads on both the composite beam (A) and (B) are maximized. On the
other hand, with respect to the virtual floor plan for internal beams, the sagging moment
may be maximized when both ends are assumed to be rigid ends and the distributed loads
on the composite beam (B) and the other composite beams are maximized and minimized
respectively. Also, the hogging moment may be maximized when both ends are assumed to
be pinned ends and the distributed loads on all the composite beams are maximized.
Incidentally, in both the virtual floor plans, the end-restraint conditions and the critical
loading patterns that can maximize the deflection of the composite beams are the same as
those that can maximize the sagging moment.
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Figure AIL2: Virtual floor plans in simplified analysis method

Rigid end Rigid end Rigid end

WA, max WB max
Y Y Y Y YN Y Y Y Y YN
iy Qe S Qe
! ! ! : ! ! :
SR SU S N S
i~ i | i | |
| Mg | | i Mess |
! ! : : ! ! :
| | | | | | |
| ' | | | | ‘ | |
! 5 ! S5
For design sagging moment For design sagging moment
Pinned end Pinned end Pinned end

WB max WA, max WC max

A Q¢ RSy Q¢
. U .
S— S~ ~— S ~—
For design hogging moment For design hogging moment
(a) Virtual floor plan for external beam (b) Virtual floor plan for internal beam

Figure AIL.3: End-restraint conditions and critical loading patterns

(4) Analysis of design moment and deflection of secondary composite beams

Finally, the design moment and deflection of secondary composite beams are analyzed in
accordance with the above end-restraint conditions and the critical loading patterns. Note
that they cannot be obtained only with the force equilibrium since the composite beams are
statically indeterminate beams. However, the maximum design moment and deflection
shown in Figure AIL.3 can be calculated by utilizing the equations in Section 5.3 and the
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moment distribution method. Here, as an example, the calculation processes for the design
sagging moment Mgq;, 4 and deflection o4 of the virtual floor plan for external beam shown
in Figure AIL.3 (a) are introduced.

Based on the principle of the moment distribution method, the actual moment distribution
can be obtained by overlapping the moment distribution assuming the internal support as a
rigid end and the moment distribution considering the release of the rigid end as shown in
Figure AIL4. In this figure, Mpgwa,max) and My min) are the end moment of the composite
beam (A) and (B) due to the uniformly distributed load w4 max and wamin, and these end
moments can be obtained from the equations in Section 5.3. Also, faMiwwa,mary and
LaMpovB,min) are the end moment of the composite beam (A) due to the release of Mipwd, max)
and MnwB min). Here, the distribution factor y44 is defined by Eq.(AIL1):

Sj 4

M4 S8,

(AIL1)

where Sj 4 and S 5 are the rotational stiffness of the beam-to-beam composite joints applied
to the composite beam (A) and (B). Therefore, the actual end moment of the composite
beam (A) M), 4 can be obtained by Eq.(AIL2).

Mh,A = Mh (wA,max) 'IUAMh, (WA, max) +;uAMh, (wB,min) (AHz)

On the other hand, the moment of the composite beam (A) along x-axis M(x) can be
expressed by Eq.(AIL3) considering the force equilibrium.

WA max Wy, maxL b,A M, hA
x>+ X
2 2 Ly

M(x) =- (AIL3)
Therefore, the design sagging moment Mgus4 which is the local maximum value of
Eq.(AIL.3) can be expressed by Eq.(All.4) and calculated by substituting Eq.(AIl.2) into
Eq.(AIL4).

(AIL4)

_ 1 WA,mabe,A Mh,A
Mgis4 = -

2WA,max 2 Lb,A

In addition, the deflection o4 can be also obtained from the equations in Section 5.3 by
substituting M 4. Note that the moment resistance of the beam-to-beam composite joints
applied to the composite beam (A) Mjra4 1s assumed to be more than M}, 4 in the above
calculation processes, but if Mjrq4 is less than M}, 4, M; ra4 should be taken as Mj, 4. With
the same calculation processes as above, the design moment and deflection in accordance
with the other end-restraint conditions and the critical loading patterns shown in Figure
AIL3 can be also calculated by utilizing the equations in Section 5.3 and the moment
distribution method.
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Appendix III Design Example 1

This appendix presents the design example for a secondary composite beam with beam-to-beam
composite joints at both sides in accordance with Eurocode approach.

Figure AIIL.1 shows the composite floor plan in this design example. All the beams are
composite beams and the designed beam is an internal secondary composite beam supported
by contact-type beam-to-beam composite joints at both sides. The joint details at both sides are
the same including the cross-sections of primary composite beams. The designed beam is
subjected to only the gravity load, and its design moment and deflection are analysed by the
elastic-plastic global analysis in which the joints are allowed to behave as plastic hinges in
inelastic region. Therefore, the cross-section of the composite beam should be at least in Class
2. In addition, the effects of loading patterns are considered in accordance with the simplified
analysis method described in Appendix II.

In this design example, structural resistance checks at ultimate limit state and serviceability
checks are carried out. Based on Eurocode, serviceability limit state in buildings should
consider the criteria related to the floor stiffness. These stiffness criteria may be expressed in
terms of the limits for the vertical deflections and vibrations, and should be specified in each
project. However, in this design, the limit of the deflection due to variable actions is Lx/360, the
limit of the deflection due to permanent and variable actions is L»/250, and the minimum natural
frequency is taken as 4 [Hz]. Besides, the limit of the crack width recommended in Eurocode
2, is taken as 0.3 [mm)], for the other serviceability criteria.

T

{3 Composite joints
| | '... . | |
I L h -
| ] | | Ay
I AN . . = ! £t
| Designed internal - &
I =1 secondary composite beam = 1 ?*—
= Al | ey v
= T s I et
Ak i | ol Sy
A - 0 S e v o A - = A
i g “Nif il =
@ ‘_i Ny
FeitHE—————— — A HE—=——=— — e —[+l= — -1
=

Sl
Ti1 | i

Figure AIIL.1: Composite floor plan

|
|
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Incidentally, as the composite beams are assumed to be un-propped in construction stage, the
verifications should be carried out not only in composite stage but also in construction stage.
The direction of the ribs of the profiled steel sheeting is perpendicular to the secondary beams.
Noted that the steel beams are uniform without any haunches within each beam span and
arranged at equal spacing. In addition, the specifications of the floor slab are uniform within
the same floor plan.

Design Conditions

[Span and spacing]

Beam span: Ly = 15.0 [m]
Beam spacing: B, = 3.0 [m]

[Steel beam]

Cross-section: H700x200x9x16 (JIS cross-section)

Mass per metre: g, = 99.6 [kg/m]

Depth: D, =700 [mm)]

Width: B, =200 [mm)]

Web thickness: £, =9 [mm]

Flange thickness: 7= 16 [mm]

Root radius: » = 18 [mm]

Cross-sectional area: 4, = 126.9 [cm?]

Second moment of area about major axis (y-y axis): Iy = 100255 [cm*]
Second moment of area about minor axis (z-z axis): I,- = 2140 [cm?]
Plastic section modulus: Wy, = 3285 [cm?]

Warping constant: 1, = 2.50 [dm°]

Torsion constant: /7, = 81.8 [dm*]

Steel grade: S355

Nominal value of yield strength: f, = 355 [N/mm?] (for /= 16 [mm])
Ultimate tensile strength: £, = 470 [N/mm?] (for #;= 16 [mm])
Modulus of elasticity: £, = 210000 [N/mm?]

Partial factor of resistance of members and cross-sections: 5, = 1.00
Partial factor of resistance of plates in bearing: 5,>=1.25

Design yield strength: faya = foy/ 72 = 355 [N/mm?]

Figure AIIL.2: Cross-section of steel beam

112



DESIGN GUIDE FOR SEMI-RIGID COMPOSITE JOINTS AND BEAMS

[Profiled steel sheeting]

Steel sheeting type: BONDEK 1.0

Mass per metre: gps = 13.79 [kg/m]

Overall depth: Dps =51 [mm)]

Pitch of ribs: pps = 200 [mm]

Minimum width for re-entrant: bg,mi» = 168 [mm]
Maximum width for re-entrant: bg,mex = 187 [mm]
Thickness: t,s = 1.00 [mm]

Characteristic yield strength: fos = 550 [N/mm?]
Partial factor: j,, = 1.00

Design yield strength: fpss = fpsi/ 7ps = 550 [N/mm?]

bO,min
[—

| |
YA
[ ||

D 'pS

| b,
VR :#:
||

Figure AIIL.3: Cross-section of profiled steel sheeting

[Concrete slab]

Overall depth: D¢ = 150 [mm)]

Thickness above profiled steel sheeting: A¢s = Des-Dps = 99 [mm)]
Strength class of concrete: C25/30

Characteristic cylinder strength: fo.cs = 25.0 [N/mm?]

Mean value of tensile strength: fim = 2.6 [N/mm?]

Secant modulus of elasticity: Ecmes = 31000 [N/mm?]

Partial factor: ¢ = 1.50

Design strength: fed.cs = fekes/ Ye.s = 16.7 [N/mm?]

Dry density: p. = 2400 [kg/m?]

[Reinforcing bar]

Diameter of anti-crack longitudinal rebars (row 1): ¢y ; = 10 [mm]
Diameter of anti-crack transverse rebars (row 1): ¢y,; = 10 [mm]

Diameter of additional longitudinal rebars (row 2): ¢y 2 =13 [mm]
Diameter of additional transverse rebars (row 2): @y,2 = 13 [mm]

Pitch of anti-crack longitudinal rebars (row 1): ps; =200 [mm]

Pitch of anti-crack transverse rebars (row 1): ps,; =200 [mm]

Pitch of additional longitudinal rebars (row 2): ps2 = 100 [mm]

Pitch of additional transverse rebars (row 2): ps;2 =200 [mm]

Covering depth of anti-crack longitudinal rebars (row 1): zis-cs;,7 = 60 [mm]
Covering depth of anti-crack transverse rebars (row 1): Zies-csr,7 = 50 [mm]
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Covering depth of additional longitudinal rebars (row 2): zis-cs,2 = 36 [mm]
Covering depth of additional transverse rebars (row 2): Zies-cs;,2 = 49 [mm]
Arrangement width of additional longitudinal rebars (row 2): by > = 1500 [mm)]
Strength class: BS00C

Characteristic yield strength: fi = 500 [N/mm?]

Modulus of elasticity: Es = 210000 [N/mm?]

Partial factor: % =1.15

Design yield strength: fos = fu/ 7 = 435 [N/mm?]

[Headed stud]

Diameter of shank: dis = 19 [mm]

Overall height: /1, = 100 [mm]

Ultimate strength: fis, = 450 [N/mm?]

Partial factor: y=1.25

Number per sheeting rib in sagging moment region: #s = 2

Number per sheeting rib in hogging moment region: nag, = 2

Distance between centres of outstand headed studs in sagging moment region:
bos = 100 [mm)]

Distance between centres of outstand headed studs in hogging moment region:
bor = 100 [mm)]

Distance between surface of primary beam and first headed stud: Z,s-ms = 50 [mm]

Distance between centre of joint and first headed stud: /¢jms = 200 [mm)]

[Fin plate]

Depth: Dy =520 [mm]

Thickness: ¢ = 10 [mm]

Radius of gyration of area about minor axis (z-z axis): ip: = 2.89 [mm]
Leg length of fillet weld: sp = 10 [mm]

Steel grade: S355

Nominal value of yield strength: £,y = 355 [N/mm?] (for #3, = 10 [mm])
Ultimate tensile strength: fj, = 470 [N/mm?] (for 5, = 10 [mm])
Modulus of elasticity: Ej = 210000 [N/mm?]

Partial factor of resistance of members and cross-sections: y, = 1.00
Partial factor of resistance of plates in bearing: y;,> = 1.25

[Contact plate]
Nominal value of yield strength: f;, = 345 [N/mm?]

Partial factor of resistance of members and cross-sections: ., = 1.00
Partial factor of resistance of plates in bearing: y.,2> = 1.25
Design yield strength: fopva = fopy/ 7ep = 345 [N/mm?]
[Bolt]
Size: M20 (dp = 20 [mm)])
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Tensile stress area: Ap = 2.45 [cm?]

Hole diameter: dp =22 [mm]

Strength class: 8.8

Ultimate tensile strength: i, = 800 [N/mm?]

Partial factor: = 1.25

Number on vertical line: np,, =7

Number on horizontal line: np; = 1

Pitch on vertical line: pp,, = 70 [mm]

Pitch on horizontal line: pp, = 60 [mm]

Edge distance for fin plate on vertical line: ep-,» = 50 [mm]

Edge distance for fin plate on horizontal line: ey, = 50 [mm]

Edge distance for web of steel beam on vertical line: ep-pw,» = 90 [mm]
Edge distance for web of steel beam on horizontal line: ep-pw,» = 50 [mm]

Design Loads
[Permanent actions (dead loads and superimposed dead loads)]
Area per unit length of concrete slab:
(b0,minb0,max) Dps 1000

P

A, = 1000+ = 1443 [cm?/m]

Weight per unit area of concrete slab and rebars:

P. 5
+2) =3.
A, ( 100 2) 3.75 [kN/m~] (wet concrete)

P, _ )
A, (IOOH) =3.61 [kN/m~] (dry concrete)

Weight per unit area of profiled steel sheeting:
9.8¢, =0.14 [kN/m?]

Weight per unit area of steel beam:
9.8¢,
By,

=0.33 [kN/m?]

Dead load per unit area in construction stage:
g, , = 3.75+0.14+0.33 = 4.21 [kN/m?]

Dead load per unit area in composite stage:
g, = 3.61+0.14+0.33 = 4.07 [kN/m?]

Superimposed dead load per unit area in composite stage:
g, ;=3.00 [KN/m?]

[Variable actions (live loads)]

Construction load per unit area in construction stage:
q,,=0.50 [kN/m?]
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Imposed floor load per unit area in composite stage:
q,,=5.00 [KN/m?]

[Partial factors]
Partial factor for permanent actions (unfavourable): yG sy = 1.35
Partial factor for permanent actions (favourable): 76,y = 1.00
Partial factor for variable actions (unfavourable): yp = 1.50
Partial factor for variable actions (favourable): yp; = 0.00

Design of Semi-rigid Composite Joints

[Verifications of joint classification]

Check initial rotational stiffness and moment resistance
Vertical distance between centre of longitudinal rebars and centre of contact part for row 1

A
Zesl 1-cc = Da+Dcs'Ztcs-csl,1'§ =782 [mm]
Vertical distance between centre of longitudinal rebars and centre of contact part for row 2

t
S
Zesl 2-cc Da+Dcs'Ztcs-csl,2'§ =807 [mm]

Effective width:
- (2(0.15Ly)
begj = boytminy————; By-bgy,{ =1225.0 [mm]

Cross-sectional area of longitudinal rebars within b for row 1:

¢S 2 be
Ay = n<i> \ﬁ| = 4.7 [em?]
2 psl,]

Cross-sectional area of longitudinal rebars within b.s; for row 2:

¢S 2 be
Asl,2=7r< ”2> \ﬁ| = 15.9 [em’]
psl,Z

2

Effective length for row 1:
- (2hejms
legr = min| —= 3204, , | =200 [mm]

Effective length for row 2:

. thj-fhs
lofr> = min s 20¢sl,2 =200 [mm]

Equivalent stiffness coefficient of longitudinal rebars:

. Asl,] ASZ,Z .
kyog= ——* =10.32 [mm]
] [
effil  lef2

Length of composite beam in hogging moment region adjacent to joint:

1=0.15L, = 2250 [mm]
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Number of headed studs distributed over length /:

I-hj s
N= [M Ny =22
Pps

Stiffness of one headed stud with 19 [mm] diameter of shank:
ky. = 100 [kKN/mm]

Equivalent vertical distance between longitudinal rebars and centre of contact part:

t
S
Zsleq-cc — D a+D cs™Ztes-sleq” 5 =801 [mm]

Equivalent vertical distance between longitudinal rebars and centre of steel beam:

Zsleg-ca 7a+D esZies-sleq — 459 [mm]
Parameter related to deformation of headed studs:
E I
E= — =231
Zsl,eq-ca Es (Asl,1+Asl,2)
v= (1+‘§)Nksclzsl,eq-ca2 —4.05
E 1,

Stiffness related to headed studs:
Nk,

" ( -1 ) (Zsl,eq-cc)
1+§ Zsleq-ca

Stiffness reduction factor due to deformation of headed studs:

K, = = 902267 [N/mm]

1
kyjip = ————— =0.29

Esksl,eq
I+ (_K )

Initial rotational stiffness:
Sj,ini = Esksllpksl,eqzcsl,eq-002 =408636 [kNm/rad]

Effective width of composite beam assuming simply supported condition:

L
beff,b = by, tmin (Zb ; Bb-b0s> =3000.0 [mm]

Second moment of area of composite beam assuming simply supported condition:

2 3
Aa hcs+2D s+Da be hcs
I,= ( Do), beps +1,, = 265164 [cm?]
4<1+ 2E, A4, ) 12( 2L, )
Ecm,cs beﬁfbhcs Ecm,cs

Upper boundary of rotational stiffness for nominally pinned joint:
0.5E,I,

Ly

= 18561 [kNm/rad]
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(O.SEaIb)

0.5E,1, L

S Sy > b ~——b 2 =005
Lb Sj,ini

Cross-sectional area of longitudinal rebars within by;:
= = 2
Asl,j =Ag 1+ A5 =20.6 [cm”]

Tension resistance of longitudinal rebars within be;:
Ry =Ay,f, = 897.4 [kN]

Cross-sectional area of bottom flange of steel beam:
Apr= Buty=32.0 [cm’]

Cross-sectional area of contact plate (depends on contact plate detailing):
A,y =144.0 [cm’]

Bearing area of contact plate (depends on contact plate detailing):
Ap,, =25.6 [cm?]

Compression resistance of contact part (stiffeners are welded to fin plates and width,
thickness, and nominal value of yield strength of stiffeners are more than or equal to those
of bottom flange of steel beams):

R.,, =min{4 . A . 1.54 f—yfﬂ =1059.8 [k

con = MiNyApef, ;5 cvfcpyd’ S5Ap.,min ; =1059.8 [kN]
}/a,Z }/cp,Z

Moment resistance:

]Mj,Rd = Zsl,eq—ccmin(Rsl,j ; Rcon) =T718.7 [kNm]

Plastic moment resistance of composite beam (This value will be calculated in the design
of composite beam):

Mpl,Rd =1274.6 [kNm]

Upper boundary of moment resistance for nominally pinned joint:
0.25M,,; pg = 318.6 [kNm]

0.25M
" Migg>025M, 5y OK <—”’R" - 0.44>

M; rq

[Verifications of structural resistance in composite stage]

Check bolt group resistance

Correction factor for bolt shear resistance:
oy = 0.60 (for strength class 8.8)

Shear resistance of a single bolt:

o A
Fyyra= % =94.1 [kN]

b

118



DESIGN GUIDE FOR SEMI-RIGID COMPOSITE JOINTS AND BEAMS

Distance between face of support and assumed line of shear transfer:
Zfp = 60 [mm]

« factor:
a=0.00 (for n,, = 1)

P factor:

6
f= ——LL —0.09 (for ny, = 1)

- nb,v(nb,v—i_l)pb,v

Bolt shear resistance:
np 1 1 Fpy Ra

Vira = - -
\/ (1+amy iy 1) +( By )

Design shear force (This value will be calculated in the design of composite beam):
Veqs=383.4 [kN]

— 554.0 [kN]

; Via _
c Vypa> Vea OK ~0.69
Vira

< In fin plate >
k; factor for vertical bolt bearing resistance:

e,
kj ypp = min (2-8 bt g7 2.5> =2.50 (for ny, = 1)

0

Correction factor for vertical bolt bearing resistance:

v Pov L Jou 10 276
3dy " 3dy 47 f, '

Aoy = min <

Vertical bearing resistance of a single bolt:
K1, vbb Qi g, bty
7

Fvbb,Rd = = 1424 [kN]
k; factor for horizontal bolt bearing resistance:

pp Py,
I 175 1.4
dy dy

k],hbb = min <28 -1.7 5 25) =2.50

Correction factor for horizontal bolt bearing resistance:
oo Sou

=min| —— ; 1.0 ] =0.76 (f =1
) m1n<3d0 ,j%m, > (for ny,, = 1)

Horizontal bearing resistance of a single bolt:
K1, oo Chie g, Aot
b

thb,Rd - = 1424 [kN]
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Bolt bearing resistance:
1y 1b,

Vibra =
1+ 2 2
< Omb,vnb,h) N (ﬁnb,vnb,h)
Fopb ra Fhpp,ra

< In web of steel beam >

— 838.6 [kN]

Nominal value of yield strength of web of steel beam:
oy =355 [N/mm?] (for ¢,, = 9 [mm])

Ultimate tensile strength of web of steel beam:
f,,, =470 [N/mm?] (for £,, =9 [mm])

ki factor for vertical bolt bearing resistance:

€p- W,
kg ypp = min (2.8 bk 17, 2.5) =2.50 (for ny, = 1)

0
Correction factor for vertical bolt bearing resistance:

o = min <eb-bw,v . pb,v 1 . fém
vbb — > R
3dy " 3dy 4 f,,

; 1.0> =0.81

Vertical bearing resistance of a single bolt:

ki b, dpt,,
Foppra = =2 ;bfwu P 1372 [kN]
b

k; factor for horizontal bolt bearing resistance:

€p_bw,v p b,v

-1.7;1.4
0 0

k],hbb =min (28 -1.7 ) 25) =2.50

Correction factor for horizontal bolt bearing resistance:

. [ €b-bw,h fu
ahbb=m1n< 34, ;Ji ; 1.0) =0.76 (for Ny = 1)

Horizontal bearing resistance of a single bolt:
ki hpp @ dpt,,
Fiohpa = —= ”;bf w2 — 128.2 [kN]
b

Bolt bearing resistance:
My Mb,

Vib,ra =
2 2
(H anb,v”b,h) N (ﬂnb,vnb,h)
Fopb ra Fhpp,ra

. Vea
< Vibra > Vea OK =048
bb,Rd

=791.0 [kN]
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Check fin plate resistance

Shear resistance for gross section:
Dpty, 1,
Jofp foy
v, = ———— =839.2 [kN]
fpRég 127 3
<13,

Shear area for net section:
Aprn = tp(Dppnn\dy) = 36.6 [em’]

Shear resistance for net section:

7

;

Vio.rdn = Ay \/_L =794.5 [kN]
V.2

Net area subjected to tension:

dp
Afp,nt = tfp (eb_ﬁp,h— 7) =39 [sz] (for nb,h = 1)

Net area subjected to shear:
Apy v =t Dpep - (1,-0.5)dy} = 32.7 [em?]
Block shear resistance:
O-Spuiont Aoy
2 V37,

pr,Rd,b = =743.5 [kN]

. VEa
Semin(Vy rag s Vipran s Viprap) > Vea OK ( ; = 0-52>
Pt > Tpddn > I min(Vy, rag s Viprdn s Viprdp)

Elastic moment resistance:

t, D21
Moy g = 2222 = 160.0 [kNm]
Y

Dy, >2.73z4., — no need to check

Fin plate type:

W
ep.pw,n 710> —— — short fin plate

0.15

Non-dimensional slenderness for lateral torsional buckling:

Value to determine reduction factor for lateral-torsional buckling:
Dy = 0.5{140.49( 2 1-0.2)+ 4757} = 0.55

Reduction factor for lateral-torsional buckling:

1
min ;1.0 | =0.96

ZLTfp - 2 2
Drrppt | Curp Aty
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Lateral torsional buckling moment resistance:
M7 4, ra = Moy g Ra = 160.0 [kKNm] (for short fin plate)

. VEazss-b
S Mrrgra > Veazps OK ( = =0.14
LTfp.Rd

Check resistance of web of steel beam

Shear area for gross section:
Apyyg = Ag-2B 1 (1, +2r)t,=70.1 [cm?]

Shear resistance for gross section:

Viw,rdg = AbWV,g\/—%);/ =1436.8 [kN]
a

Shear area for net section:
Apwyn = Apwyg-npdot,, = 56.2 [cm?]

Shear resistance for net section:

Viw.rdn = Apwyn \/j;L; =1220.9 [kN]
a,?
Lo =03 1)
mln( VbW,Rd,g > wa,Rd,n)

Elastic moment resistance on vertical line of bolts:

2
twi(npy-1)p , fw
Mejvw,ra = {( " g il } 7y =93.9 [kNm]

a

min(VbW,Rd,g; wa,Rd,n) >Vea OK <

Plastic shear resistance on top and bottom horizontal line of bolts:

f
LibwRd = bwehpmn —=— = 92.2 [kN] (for ny;, = 1)

V
P \/g]/a
Design shear force on vertical line of bolts:
nb,v'1 Py
Vibw,Ed = VEd(D# =230.0 [kN]

a

Plastic shear resistance on vertical line of bolts:

V] b Rd:t (l’lb —l)p fwy :7747 [kN]
plLvbw, w ,V b’v\/gj/a

Reduced moment resistance on vertical line of bolts making allowance for presence of shear

force:
Vpl,vbw,Rd
My,v,vbW,Rd = Mel,vbw,Rd =939 [kNm] for vaw,Ed < T)
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o min(Mep g ra 5 My,v,vbw,Rd)+V:ul,hbw,Rd(nb,v'1)pb’v > Veazgy OK
Viazs.
: akiad =0.17
min(Me; i, ra 3 My,v,vbw,Rd)+Vpl,hbw,Rd(nb,v'l)pb,v
Check fillet weld of fin plate

Effective throat thickness of fillet weld:
ag, =0.7s5 ="7.0 [mm]

Required minimum throat thickness of fillet weld:
Afy, req = 0.65, = 6.0 [mm] ((for S355 steel grade))

; preg _
< dpy >aﬁ),req OK ( a, = 086)

[Verification of serviceability in composite stage]

Analysis of design moment

Design moment in composite stage can be calculated by the simplified analysis method
described in Appendix II.

Maximum design distributed load:

Weommas = By (g 44 ;) = 24.0 [KN/m]

Design hogging moment (Load-case 2):
Mgy, =401.4 [KNm]

Weom,max Weom,max Weom,max
CY Y Y Y Y YYYYYYY Y Y Y Y Y
I L b | Lb | L/)

Do 9w ac o4

I
I
!

|
I
AN ‘
Figure AIIL.4: Design load with corresponding moment (Load-case 2)
Maximum diameter of longitudinal rebars:

N 2.9
¢sl - ¢sl,max — ) =145 [mm]
ctm

Limit of stress permitted in longitudinal rebars immediately after cracking:
Oy 1im = 320 [N/mm?] (for w; = 0.3 [mm] and p_ =100 [mm])

. Zsl,eq-cc Z Asl,r O-sl,lim > MEdh OK

M,
( Edh = 0.76)
Zsl,eq-cc Z Asl,r O-sl, lim
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Design of Internal Composite Beam

[Verifications of structural resistance in construction stage]

Analysis of design moment and shear force

Maximum design distributed load:
Weon,max = Bb (ng}/G'Sup—i_qk,ﬂ/Q) =193 [kN/l’Il]

Design sagging moment:
2

Weon.maxle
My = WTM = 543.0 [KNm]

Design shear force:

WCO}’! maxL
Vig = Tb — 144.8 [kN]

WCOI’l, max

Y Y YYYYYYYY YN

A A
Ly

v

MEds

o —

|
|
|
|
| Ved

Figure AIIL5: Design load with corresponding moment and shear force

Check section classification

Classification of steel flange:

B,-t,-2r 235
=484<9 |[— =732 —Class1
2tf f
; ay

Classification of steel web:

D,-2t/-2r 235
t—‘ =70.2<124 f_ =100.9 — Class3
w ay

.. Class 1 steel flange & Class 3 steel web — Effective Class 2 OK

Check shear resistance and moment resistance

Shear area:
Ay =max{d,2B,t+(t,+2r)tr; 1.2D,,} = 72.1 [em’]

Plastic shear resistance:
% 4 Vf;zyd

o= —2 1478 7 [KN
plard = T [kN]
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Nominal value of yield strength of web:
oy =355 [N/mm?] (for ¢,, = 9 [mm])

Minimum shear buckling coefficient:
kzmin = 5.34 (without rigid transverse and longitudinal stiffeners)

Modified slenderness of web:

1
z =1.06

2
tW
K e i {190000 (m) }

Factor for contribution of web to the shear buckling resistance:

0.83 0.83
x,= —— =079 (for 17 Slw)

2o

Shear buckling resistance:

A,=0.76

2,/ (Da2t20)t,  1.2f (D,-21:2r)t,,
Vb.a.ra = min wfwy a ; - i =969.3 [kN]
\/§7a \/gya
o D2y 72235
or ‘ T5 |7
t, 1.2 1.,
e min(Vyyra's Voara) > Vea OK ( i - B 0'15>
min(Vypard 5 Voara)

Effective plastic section modulus:

( Btd(D,t;)+0.42921*(D,-2t-0.4467r ) +t,,r(D,-2tr1) )
2 2
bl g0 35) 42 [ 20y, [

2 T ] 2\ "/ L =3219 [cm’]

+t,, | 20¢ 235 D -t~r-40t 235 tr-10t 235
w w |~ a~lfr- w | - wo| T
\ Joy Jay Jay

Plastic moment resistance:
My ara = Wegplalyy,q = 1142.7 [KNm] (for effective Class 2 cross-section)

Weﬁ,'pl,a = <

. MEds
. Mpl,a,Rd > MEds OK = 048
pla,Rd
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Compression

Neglect

Tension

Figure AIIL6: Effective cross-section for effective Class 2

[Verifications of structural resistance in composite stage]

Analysis of design moment and shear force

Design moment and shear force in composite stage can be calculated by the simplified
analysis method described in Appendix II.

Maximum design distributed load:

Weammar = Bb (8417608 376.0p 011 7o) =511 [kN/m]
Minimum design distributed load:

Weommin = B (84 176" 8157 1 7s) = 212 [KN/m]

Design sagging moment (Load-case 1):
Mgy =950.8 [kNm]

Design hogging moment (Load-case 2):
MEdh =718.7 [kNm]

Design shear force:
Viq=383.4 [kN]

Weom,max
Weom,min Y Y Y Y YN Weom,min
® L S ©
Q L/) I Lb | L/) ’
| |
M,

Figure AIIL.7: Design load with corresponding moment and shear force (Load-case 1)
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A) 1)
W com,max Wcom,max W com,max

R

Ly

PO %R Qe
U
|

l\ ;l\
VEa

Figure AIIL.8: Design load with corresponding moment and shear force (Load-case 2)

Check section classification

< Load-case 1 for maximizing sagging moment >

Classification of steel flange in sagging moment region:
Bottom flange is in tension — Class 1

Effective width in sagging moment region:
b =3000.0 [mm]

Compression resistance of composite slab within beg:
Res = byghe, (0857, ) =4207.5 [kN]

Portion of part of cross-section in compression:

(Da-ztf-zr) ( i >
2 20,

- = -0.54
“ D212

Classification of steel web in sagging moment region:
Full web is in tension — Class 1

.. Class 1 steel flange & Class 1 steel web — Class I OK
< Load-case 2 for maximizing hogging moment >

Classification of steel flange in hogging moment region:

(B,-t,,-2r) 235
———— =484<9 [— =732 —C(Class 1
2t /.
ay

Effective width in hogging moment region:
Doy = 1117.7 [mm]

Cross-sectional area of longitudinal rebars within begp:
8.:\ |be 8.2\ . (|l |Bs

AS1=7r< “) [ ﬁ’“| +71'< ”2> min<l ffh| ; l ”D = 18.53 [cm?]
2 psl,l 2 psl,Z psl,Z
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Tension resistance of longitudinal rebars within begn:
Ry =Agf,,=805.5 [kN]

Portion of part of cross-section in compression:

(Da-zzfzr) N Ry
2 2,1, vd

- =0.70
“ D212

Equivalent vertical distance between longitudinal rebars and bottom of flange of steel
beam:
Zsleq-bf — Da+D es~Zies-sleq — 809.3 [mm]

Stress or strain ratio:
Da -2tf-2l”
y=1- ;
AaDa+2Alesl,eq—bf_t ’
2 (Aa +Asl) A

=-0.69

Classification of steel web in hogging moment region:

42 ?35
Do2tr2r s _771 — Class 3
— . <—: .
. 0.67+033 A

.. Class 1 steel flange & Class 3 steel web — Effective Class 2 OK

Second moment of area in hogging moment region:

I =] +AaAsl{Da+2(Dpsdl_hcs'ztcs-sl,eq)}2
=

= 134362 [cm*
@ 4(Aa+Asl) [Cm ]

Elastic hogging moment resistance:

[P g . Iy =1167.6 [kKN
el,Rgh ~ TN AgDy 24525 cq-br * AaDa 2451250 eq-51 o il
ZSl,eq'bf_ 2(Aa+ASl) Z(Aa+Asl)

Modular ratio for short-term loading:

a

=6.77

np =
cm,cs

Vertical distance between centre of un-cracked concrete flange and un-cracked composite
section:
(4,+43)(0.5D,+D,+0.5h,,)

h.b
A A+ (“—eﬁh>
ng

Zy =212.2 [mm]
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Coefficient taking into account of stress distribution within section immediately prior to
cracking:

1
k. = min —h+0.3 ; 1.0 =1.00
1+(2Z()

Required minimum reinforcement ratio:

Piireg~ 735 }t:’ \/_ 0.79% (for Class 2 cross-section)

Cross-sectional area of composite slab within bz above profiled steel sheeting:
Ags = boghes = 1106.5 [em’]

Required minimum cross-sectional area of longitudinal rebars within be:
_ _ 2
Asl,req - psl,rquCS =8.69 [Cm ]

M ran > Mjrq — no need to check Ay > Ay,

Check minimum degree of shear connection

< Load-case 1 for maximizing sagging moment >

Distance between inflection points in sagging moment region:
L,y =Ly-2x7 = 12198 [mm]

Correction factor of headed stud taking into account A/dps:

hhs
ns — 1.00 (for — >4)
dhs

Shear resistance of a headed stud:

2
0 ) Sf}’lsu ﬂdhsz 0.29 adhs W

: — 73.7 [kN]
47y Yy

Pgr; =min
Number of headed studs arranged within half of Le:

)

ps

Nhss = Npss = 62

Maximum reduction factor for shear resistance of a headed stud in sagging moment region:

ks max = 0.60 (for Npss = 2, s < 1, djg < 20, and sheeting with holes)

Reduction factor for shear resistance of a headed stud in sagging moment region:

. 0.7 b() min hhs
k,;, = min ’ -1 ) 5 kigmax ¢ = 0.60

min(nhss ; 2) DPS DPS

Longitudinal shear force transfer within half of Les:
R s = NjgskisPra = 2742.8 [kN]
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Tension (Compression) resistance of steel beam:
R, =Aafayd =4505.0 [kN]

Degree of shear connection in sagging moment region:

= L =0.65
I min(R, ; R) '

Required minimum degree of shear connection in sagging moment region:

355
My req max{l- (/—) (0.75-0.03L,,); 0.4} =0.62 (for L,, <25 [m])
ayd

. ns,req
.1, 1, OK < = 0.94)

S

< Load-case 2 for maximizing hogging moment >

Half of distance between inflection points in hogging moment region:
L,
7” — x, = 2196 [mm]

Number of headed studs arranged within half of Lex:

L, 2
Niysh = —(Th) i Ry = 20

Pps

Maximum reduction factor for shear resistance of a headed stud in hogging moment
region:

kp max = 0.60 (for Mpsih = 2, bpy < 1, djs < 20, and sheeting with holes)

Reduction factor for shear resistance of a headed stud in hogging moment region:

. 0.7 bO min hhs
k,, = min ’ —-1| ;s kppmax ¢ = 0.60

min(nyg, 3 2) Pps \Dps

Longitudinal shear force transfer within half of Les:
th = NhshkthPRd = 884.8 [kN]

Degree of shear connection in hogging moment region:
R
qh

=———=1.10
min(Ra ;Rsl)

m,

Required minimum degree of shear connection in hogging moment region:
Mreq — 1.00 (full shear connection)

> oK (hres _ g g1
’ 77;, nh,req nh .

Check shear resistance and moment resistance

Plastic shear resistance:

I/pl,Rd = 14787 [kN]
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Shear buckling resistance:
Vira = 969.3 [kN]

 min(V -V, >V., OK 4z =040
Semin(Vyra s Vira) > Vea min(Voras Vara)
pLRd > b,

< Load-case 1 for maximizing sagging moment >
Tension (Compression) resistance of overall web of steel beam:

R, = R,2B,tf,, ,=2233.0 [KN]

Tension (Compression) resistance of clear web of steel beam:
R, = (Da-2tf-2r)twfay ,=2019.2 [kN]

Tension (Compression) resistance of effective clear web of steel beam:

L. [235
Ry =401, 7 935.8 [kN]
ay

Location of plastic neutral axis for full shear connection:
R, <R. <R, — PNA in steel flange

Plastic sagging moment resistance with full shear connection:
Da Dcs+Dps (Ra'Rcs)z
M, =R,—+R ( ) -
plf,Rds a cs
2 2 4B.f, vd

Location of plastic neutral axis for partial shear connection:
R, <R

=1999.3 [kNm]

gs — PNA in steel flange

Plastic sagging moment resistance with partial shear connection:

2
%Dcs'Dps) _ (Ra'Rqs)
R, 2 4B,

— 1888.7 [kNm]

D,
Mplp,Rds = Ra _+Rqs (Dcs'

Mass =0 50)
mil’l(Mplf,Rds 5 Mplp,Rds)

< Load-case 2 for maximizing hogging moment >

min(Mplf,RdS ;Mplp,Rds) > Mg OK (

Equivalent vertical distance between longitudinal rebars and top of flange of steel beam:
Zsleg-tf — Dcs'Ztcs—sl,eq =109.3 [mm]

Tension (Compression) resistance of effective steel beam:
Roprq = Ro-RyFR g, = 3421.6 [KN]

Location of plastic neutral axis for with full shear connection:
Ry <Ry, — PNA in steel web
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Plastic hogging moment resistance with full shear connection:
D
Wil oy Rst (7a +Zsl,eq-tf)
Mplf,Rdh - Rslz+(Rv+Rsl) (Rv+Rsl'2Reﬁfv) = 1274.6 [kNm]
at,f, v

Tension (Compression) resistance of flange of steel beam:
Ry= Ba?ffayd =1136.0 [kN]

Vertical distance between centres of top and bottom flange of steel beam:
chf—cbf: Da-tf =684.0 [mm]

Plastic moment resistance after deducting shear area:

D
MplfRd = Rchtf;cbf-i_RSl (TG +Zsl,eq-tf) =1147.0 [kNm]

Reduced hogging moment resistance making allowance for presence of shear force:

Voira
M. v.Rdh = M If.Rdh =1274.6 [kNm] for VEd < 5

Y P

Mean =0 56)
min(Mplf,Rdh ;My,v,Rdh)

o min(Myygpan 5 My ran) > Mgan OK <

Check lateral-torsional buckling

< Load-case 2 for maximizing hogging moment >

Polar radius of gyration of area of steel beam:

I+
iy = ("yA—‘”)=284.1 [mm]

Vertical distance between centre of composite slab and centre of steel beam:

a cs
+

Zeosca = 5t =425.0 [mm]

e value:

(Aa+Asl)]ay
= — =1459.1
¢ Aazccs-caAsl ? [mm]

k. factor:

Zerf-chyln
T
k.= 2 =1.12

(thf-cbf2

. 2
4 Ty >/e+thf-cbf
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Property of distribution of moment:

MEga

Weom, maxL b 2
8

Length between points at which bottom flange of steel beam is laterally restrained:
L. =L,=15000 [mm]

C,=219 | for0.50 < w= <0.75

Cross-sectional area of transverse rebars per unit length:

2 2
1000| (¢ 1000| (¢
Ay = P (RELEN zl=22) =17.20 [cm?/m]
2 2
pst,] pst,Z

Area per unit length of concrete slab in compression:
~ A.~1000A

A==
a
(Ecm,cs)

Equivalent vertical distance between transverse rebars and concrete slab in compression:

= 66.8 [cm*/m]

_ DPS _
Zst,eq—ccs,c - Dcs'Ztcs—st,eq' P =75 [mm]

Equivalent Vertical distance between transverse rebars and neutral axis of composite slab:

Zst, eq-ccs,c

= ——— =60.2 [mm]

Zst,eq-na - A
st
(+54)

Vertical distance between neutral axis of composite slab and centre of concrete slab in
compression:

Zna-ces,c Zst,eq—ccs,c'zst,eq—na =155 [mm]

Second moment of area of cracked composite slab in direction transverse to steel beam:
2

D
Ics2 = AstZst,eq-na2+Ac,c <Zna-ccs,c'2+ - ) = 9278 [Cm4]

12

Cracked flexural stiffness per unit length of composite slab:
E,L,=1948.4 [kNm*/m]

Flexural stiffness of cracked composite slab in direction transverse to steel beam:

4Ea1052 .
k; = e 2597.9 [kN/rad] (for continuous slab)
b
Flexural stiffhess of web of steel beam:
Eatw3
k, = 61.5 [kN/rad]

- 4(1'0-32)thf—cbf

Transverse (rotational) stiffness per unit length:
_ kik,
S kth

= 60.1 [kN/rad]
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Second moment of area of bottom flange of steel beam about minor axis (z-z axis):
Ly = B
12

= 1067 [em?]

Elastic critical moment for lateral-torsional buckling:

k.C, \/
MCV =
Lcl"

Location of plastic neutral axis for My, rin:
Reyy < Agf,, < Reyps — PNA in steel flange

{ E, kL.’
ﬂ:z

t— = .
2(1+0.3)}1Tﬂ lEaIbfz 2928.6 [kNm]

Characteristic value of plastic hogging moment resistance:

2
D, (Reﬂa_AS k)

M) jin = Ropra — A f Zes -~ sk? — 1276.8 [kNm]

-pl,Rkh eff,a 7 sl gp“csl-tf~ 4Bafayd

Non-dimensional slenderness for lateral-torsional buckling:

My ri
M

cr

ﬂ’LT = =0.66

Imperfection factor corresponding to appropriate lateral-torsional buckling curve:

D,
a;r=0.76 (for 3 35> 2.0)

a

Value to determine reduction factor for lateral-torsional buckling:
djLT = 0.5{1+0{LT(/1LT-O.4)+0.75/1LT2} =0.76

Reduction factor for lateral-torsional buckling:

1
; 1.0

) 1
XLT: min . F
D+ /@Lﬁ-ovsz”z LT

Buckling moment resistance of laterally unrestrained composite beam:
MLT’Rd = ZLTMplf,'Rdh =1006.2 [kNm]

Requirements to use calculation method in DD ENV 1994-1-1:

By P -z hr
Ecm,cslc52 = 0-35EatW2D_ and f < 0'4fhsudh52L2

a a ksZLTﬂ'LT

— can be used

) Mea,
“ Myrra™ Mgy, OK ~0.71
M1 ra

Check longitudinal shear resistance

< Load-case 1 for maximizing sagging moment >

Effective width in hogging moment region:
Doy = 1522.4 [mm]
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Cross-sectional area of longitudinal rebars within beg:

8, )\ |bes 8,5\ b b,
A51=7r< ‘“) [ efﬂ" +7r< Su) minqﬂ| ; llD =25.41 [cm?]
2 Py 2 Pyl Py

Tension resistance of longitudinal rebars within besp:
Ry =Agf,,=1104.7 [kN]

Change of longitudinal force in composite slab:
min(Ra ; Rcs ; NhssPRd)

AN, = rmin <[x()'hcj-fhs
Dps

= 5240 [kN]

NpshPra Rsl>

Design longitudinal shear stress in composite slab:

VI gl = —ANL
T

Minimum angle to minimize cross-sectional area of transverse rebars:
— o
Gyin = 38.6

=3.53 [N/mm?]

Required tension resistance of transverse reinforcement per unit length:

1000A,v, -,

=278.
. 9 [kN/m]

Rtr,req =

< Load-case 2 for maximizing hogging moment >

Effective width in sagging moment region:

Compression resistance of composite slab within bes:

Res = byghes (0851, ) = 3859.6 [kN]

Distance between inflection points in sagging moment region:
Les = Lb_2x0 = 10608 [mm]

Number of headed studs arranged within half of Les:
()

ps

Nhss =

Nhes = 54
Change of longitudinal force in composite slab:

min(R, ; R ; NyssPra)

ANL = min <[x0'hcj—fhs
ps

= 4665 [kN]

NpsihPra Rsl>

Design longitudinal shear stress in composite slab:

AN,
Vg = —— 7~ = 3.14 [N/mm’]
2he, (3
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Minimum angle to minimize cross-sectional area of transverse rebars:

Gin =38.6°
Required tension resistance of transverse reinforcement per unit length:
10004,v, 1,
R = — =248.3 [kN/
tr,req cot emin [ m]

Cross-sectional area of transverse rebars per unit length for row 1:

2

1000| (¢

A, = (=2L) =3.93 [em¥/m]

’ 2
st 1

Tension resistance of transverse reinforcement per unit length:
Ryt Rpse = Asy if A psef g = 668.5 [KN/m]

maX(Rtr,req) =042>

"o Ryt R5e > max(Ryy e, ) OK( Ry Ry

Required minimum cross-sectional area of transverse rebars per unit length:

0.08 |f

ck,cs

Ast,req = 1000hcs T
s

=0.79 [cm?/m]

‘4 y Ast,req —02
< st,1> st,req OK A =0.20

st 1

Crushing shear stress of concrete slab:

“f;‘ CcS
Vrg = 0.6 (1- i

250>j’cd,cssin<9m,-ncos9m,-n =4.39 [N/mm?]

max (vy, ) . 80)

VRd > max(vL,Ed) OK <
VRd

[Verifications of serviceability in construction stage]

Analysis of deflection

Design distributed load due to “dead loads™:
Weonp = Bpg, ; = 12.6 [kKN/m]

Design distributed load due to “live loads™:
Weonv = Bpq, ; = 1.5 [kN/m]
Design distributed load due to “dead loads and live loads”:
Weonpv =By (g, /+a, ,) = 141 [KN/m]
Deflection due to “dead loads™:
_ Wcon,PLb4

5p = 384—Ea[ay =39.6 [mm]

Deflection due to “live loads™:

136



DESIGN GUIDE FOR SEMI-RIGID COMPOSITE JOINTS AND BEAMS

S, = Wcon,VLb4 —47
VT 384EL, [mm]
Deflection due to “dead loads and live loads™:
4
Weon, P+VLb
Opry= —————— =443
PV T384E, I, [mm]
Wcon
Y Y Y Y YYYYYY YN
K~ 2
» Ly .
! !
! !
i | i
o

Figure AIIL.9: Design load with corresponding deflection

Check deflection

Limit of deflection due to “live loads™:

Sy = 2 =417

Limit of deflection due to “dead loads and live loads™:

b
5P+V,lim = ﬁ = 600 [1’1’11’1’1]

oy
" 8y < Syum OK =0.11
é‘V,lim

o)
-+ Opey < Opsviim OK ( iad =O.74>
é‘P+V,lim

[Verifications of serviceability in composite stage]

Analysis of deflection

Deflection in composite stage can be calculated by the simplified analysis method described
in Appendix II.

Design distributed load due to “superimposed dead loads™:
Weom,p = Bpg; ;= 9.0 [KN/m]

Maximum design distributed load due to “live loads”:
Wcom,V,max = Bbqu =15.0 [kN/m]

Minimum design distributed load due to “live loads”:
Weom,Vmin = 0.0 [KN/m]

Deflection due to “superimposed dead loads™:
O0p =4.0 [mm)]
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Deflection due to “live loads” (Load-case 1):
oy =12.3 [mm]

Deflection due to “dead loads and superimposed dead loads”:
Opp =42.2 [mm]

Deflection due to “dead loads, superimposed dead loads, and live loads:
Op+y = Optoy =54.5 [mm]

Weom, P Weom, P Weom,P

(a) Superimposed dead loads

Wcom, V,max

Weom, V,min CYYY YY) Weom, V,min

§/ 9@ O 6E
\: L/) e Lb > L/’ :,/

| | | |

| | | |

| | | |

i 1 i

oy

(b) Live loads (Load-case 1)
Figure AIII.10: Design load with corresponding deflection

Check deflection

Limit of deflection due to “live loads™:

Syim = - =417

Limit of deflection due to “dead loads, superimposed dead loads, and live loads”:

b
Op+¥,1im = 750 =60.0 [mm]

oy
" 8y < Syum OK =0.29
é‘V,lim

o,
S Bpay < Spavim 0K< — =o.91)
§P+V,lim
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Analysis of natural frequency
Natural frequency in composite stage can be obtained from the deflection due to “dead
loads, superimposed dead loads, and 10% of live loads”. Also the deflection can be
calculated by the simplified analysis method described in Appendix II.

Design distributed load due to “dead loads, superimposed dead loads, and 10% of live
loads™:

Weompro.1v =By (g, 1014, ,) =22.7 [kN/m]
Deflection due to “dead loads, superimposed dead loads, and 10% of live loads™:

Op+0.1v=10.2 [mm]

Natural frequency due to “dead loads, superimposed dead loads, and 10% of live loads™:

18
1 -
proav \ Opro1v

Check vibration

Required minimum natural frequency:
A e 4.0 [Hz]

. Jreg
..fP+0'1V>freq OK =0.71

P+0.1V

= 5.6 [Hz]

Control of crack width

Maximum diameter of longitudinal rebars:

N 29
¢Sl = ¢Sl)max (f_> =14.5 [mm]

ctm
Limit of stress permitted in longitudinal rebars immediately after cracking:
Gy iim = 240 [N/mm?] (for wy = 0.3 [mm] and 12 [mm] < ¢ < 16 [mm])
< Load-case 2 for maximizing hogging moment >

Effective width in hogging moment region:
Doy = 1229.9 [mm]

Cross-sectional area of longitudinal rebars within begn:

¢\ by 9.\ bonl |5,
Asl:ﬂ'< SU) l fﬂ'| +7r< Su) minqﬁ| ; \lD =21.97 [cm?]
2 p 2 Pyl Py

sl 1

Vertical distance between centre of un-cracked concrete flange and un-cracked composite

section:
_ (4,+4)(0.5D,+D,+0.5h,.)

b =194.7 [mm]
Aa+Asl+( = eﬁ{h)
ny

20
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Coefficient taking into account of stress distribution within section immediately prior to
cracking:

1
k. = min —h+0.3 ; 1.0 =1.00
1+(2—ZO

Cross-sectional area of composite slab within bz above profiled steel sheeting:
Aes = boghes =1325.4 [cm?]

Required minimum cross-sectional area of longitudinal rebars within be:
0.72k.f. A
Agireg = 072 eies _ 10.34 [cm?]
Ol lim

Asl, req

Asl >Asl,req OK (

= 0.47)
sl

Equivalent vertical distance between longitudinal rebars and neutral axis:

AgZics-sieqtAa(hestDps+0.5D,)
Zsl,eq—na = jgl_l_i;a L - 'Ztcs—sl,eq =391.5 [mm]

Second moment of area in hogging moment region:

I =] +AaAsl{Da+2(Dpsdl_hcs'ztcs-sl,eq)}2
=

= 139749 [cm*
@ 4(Aa+Asl) [Cm ]

Stress in longitudinal rebars caused by MEax:

Correction of stress in longitudinal rebars for tension stiffening:

041

B (Aa+Asl)lh Asl
Aalay (A_cs

=38 [N/mm?]

Aoy

Tensile stress in longitudinal rebars due to direct loading:
Oy = Oy gt Aoy = 151 [N/mm?]

. Oy
- Oy < Oy iim OK < :0-63>

Osl lim
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2-19x100

SHEAR STUD (TYP.)

H13-100x100
ADDITIONAL REBAR

H10-200x200

200 (TYP.
(TYP)

BONDEKII
tps=1.0mm

ANTI-CRACK REBAR

CONCRETE COVER
THICKNESS 29mm

i i i W T I E W 1] W 1] |
© | E }—@ FIN PLATE
© } ~l \ t=10mm
O | “&f@\
w e
_ ©! IO N\ 7-M20 (TYP) _
B o' ;aL@ (GR.838) >
Q| I TO
O | 1O
CONTACT PLATE R B
50/50
i T T H
STIFFENER PLATE SECONDARY BEAM
t=22mm I Eslghgé@(()gxﬁg%B HY700x200x9x16
(a) Joint details
M,
Mpa|
(718.7 kNm)
I,I
/ Siinil M
/ /(272424 KkNm/rad)
‘ AN
27N S
y \\ (40863§ kNm/rad)
| i

@;

(b) Joint moment-rotation characteristics (M;-¢; curves)

H10-200x200 H13-100x100 H13-100x100 H10-200x200
ANTI-CRACK REBAR ADDITIONAL REBAR ADDITIONAL REBAR ANTI-CRACK REBAR
J “" ) J “”

Cr |
| |
| |
| |

: OO
- |
HY700x200x9x16 ZEgHSHE e HY /00x200x9x 16 s P HY700x200x9x 16 HEHIBES HBHIZH HY 7 9x16
2 IEET T 2
(<2 \ \ o)
|
I
» n L) n »
| | | |
2250 2250 ) I 2250 2250
15000

(c) Distribution of shear studs and arrangement of reinforcing bars in concrete slab

Figure AIII.11: Designed semi-rigid composite joint and composite beam
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Appendix IV Design Example 2

This appendix presents the design example for a composite beam with beam-to-wall composite
joint and pinned joint in accordance with Eurocode approach.

Figure AIV.1 shows the composite floor plan in this design example. All the beams are
composite beams and the designed beam is a composite beam supported by contact-type beam-
to-wall composite joint and pinned joint. This composite beam is subjected to only the gravity
load, and its design moment and deflection are analysed by the elastic-plastic global analysis in
which the joints are allowed to behave as plastic hinges in inelastic region. Therefore, the cross-
section of the composite beam should be at least in Class 2, and the joint details of the beam-
to-wall composite joint with bent reinforcing bars should comply with the pre-qualified
specification shown in subsection 4.2.1.

In this design example, structural resistance checks at ultimate limit state and serviceability
checks are carried out. As with the serviceability checks in design example 1, the limit of the
deflection due to variable actions is L»/360, the limit of the deflection due to permanent and
variable actions is L/250, and the minimum natural frequency is taken as 4 [Hz]. Besides, the
limit of the crack width recommended in Eurocode 2, is taken as 0.3 [mm], for the other
serviceability criteria.

Other design conditions such as the sequence of construction (un-propped or propped), the
direction of the ribs of the profiled steel sheeting, and the uniformity of steel section and floor
slab are same as those in design example 1 in Appendix III.

{_3 Composite joints  {_: Pinned joints

T

N

3m

Designed composite beam

3m

m)

3

3m

|
__J%”_-__-__-__-_4
|
|
__¢“ _______ —

|

|

|

l
—+||E-|——-——-—

|

|

! 15 m ! 15'm ! 15 m
[ [ [

A\

Figure AIV.1: Composite floor plan
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Design Conditions

[Span and spacing]

Beam span: Ly = 15.0 [m]
Beam spacing: B, = 3.0 [m]

[Steel beam]

Cross-section: H700x200x9x16 (JIS cross-section)

Mass per metre: g, = 99.6 [kg/m]

Depth: D, =700 [mm]

Width: B, =200 [mm]

Web thickness: #,, =9 [mm]

Flange thickness: #/= 16 [mm]

Root radius: » = 18 [mm]

Cross-sectional area: 4, = 126.9 [cm?]

Second moment of area about major axis (y-y axis): Iy = 100255 [cm*]
Second moment of area about minor axis (z-z axis): I,- = 2140 [cm?]
Plastic section modulus: Wy, = 3285 [cm?]

Warping constant: /,,, = 2.50 [dm®]

Torsion constant: I7, = 81.8 [dm*]

Steel grade: S355

Nominal value of yield strength: £, = 355 [N/mm?] (for #/= 16 [mm])
Ultimate tensile strength: £, = 470 [N/mm?] (for ¢= 16 [mm])
Modulus of elasticity: £, = 210000 [N/mm?]

Partial factor of resistance of members and cross-sections: 5, = 1.00
Partial factor of resistance of plates in bearing: 5,>=1.25

Design yield strength: faya = foy/ 72 = 355 [N/mm?]

Figure AIV.2: Cross-section of steel beam

[Profiled steel sheeting]

Steel sheeting type: BONDEK 1.0

Mass per metre: gps = 13.79 [kg/m]

Overall depth: Dps =51 [mm)]

Pitch of ribs: pps = 200 [mm]

Minimum width for re-entrant: by mi» = 168 [mm)]
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Maximum width for re-entrant: bg ma = 187 [mm)]
Thickness: #,s = 1.00 [mm]

Characteristic yield strength: fos = 550 [N/mm?]
Partial factor: jps = 1.00

Design yield strength: fpss = fpsi/ 7ps = 550 [N/mm?]

b(),min
l p __LD ps
DS

ot

| |
YA
| ||

pPS

|
i1
|

"
Figure AIV.3: Cross-section of profiled steel sheeting

[Concrete slab]

Overall depth: D¢ = 150 [mm)]

Thickness above profiled steel sheeting: A¢s = Des-Dps = 99 [mm)]
Strength class of concrete: C30/37

Characteristic cylinder strength: foes = 30.0 [N/mm?]

Mean value of tensile strength: fimm = 2.9 [N/mm?]

Secant modulus of elasticity: Ecmes = 33000 [N/mm?]

Partial factor: s = 1.50

Design strength: feges = feres /Ye.cs = 20.0 [N/mm?]

Dry density: p. = 2400 [kg/m?]

[Reinforcing bar]

Diameter of anti-crack longitudinal rebars (row 1): ¢y ; = 10 [mm]

Diameter of anti-crack transverse rebars (row 1): ¢y,; = 10 [mm]

Diameter of additional longitudinal rebars at semi-rigid end (row 2): ¢y 2 =13 [mm]

Pitch of anti-crack longitudinal rebars (row 1): ps,; =200 [mm]

Pitch of anti-crack transverse rebars (row 1): ps,; =200 [mm]

Pitch of additional longitudinal rebars at semi-rigid end (row 2): pg2> = 100 [mm]

Covering depth of anti-crack longitudinal rebars (row 1): zis-cs; 7 = 35 [mm)]

Covering depth of anti-crack transverse rebars (row 1): Zies-csr, 1 = 45 [mm]

Covering depth of additional longitudinal rebars at semi-rigid end (row 2):
Zies-es,2 = 57 [mm)]

Arrangement width of additional longitudinal rebars at semi-rigid end (row 2):
bsi2 = 1500 [mm]

Projected anchorage length from surface of RC core wall: /s = 350 [mm]

Strength class: B500C

Characteristic yield strength: fix = 500 [N/mm?]

Modulus of elasticity: £s = 210000 [N/mm?]
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Partial factor: 3 =1.15
Design yield strength: fea = fu/ % = 435 [N/mm?]

[Headed stud]

Diameter of shank: dis = 19 [mm]
Overall height: Az = 100 [mm]
Ultimate strength: fis = 450 [N/mm?]
Partial factor: y»=1.25
Number per sheeting rib in sagging moment region: nug = 2
Number per sheeting rib in hogging moment region: nug = 2
Distance between centres of outstand headed studs in sagging moment region:
bos =100 [mm]
Distance between centres of outstand headed studs in hogging moment region:
bor =100 [mm]
Distance between surface of RC core wall and first headed stud: Zcw-ms = 50 [mm]
Distance between centre of joint and first headed stud at semi-rigid end: /¢jms = 250 [mm)]
Distance between surface of primary beam and first headed stud: /yp-ms = 50 [mm)]
Distance between centre of joint and first headed stud at pinned end: /¢jms = 200 [mm]

[Reinforced concrete core wall]

Effective width (Beam spacing): Bew = 3.0 [m]

Effective height (Floor height): He,, = 4000 [mm]

Thickness: tc,, = 400 [mm]

Strength class of concrete: C50/60

Characteristic cylinder strength: fo e = 50.0 [N/mm?]

Secant modulus of elasticity: Ecmew = 37000 [N/mm?]

Partial factor: y.cw = 1.50

Design strength: fea.cw = fokew! Ye,.ow = 33.3 [N/mm?]

End plate depth: D, = 750 [mm]

End plate width: Bg, =300 [mm]

End plate thickness: #., = 22 [mm]

Steel grade: S355

Nominal value of yield strength: f.,, = 345 [N/mm?] (for z,, = 22 [mm])
Partial factor of resistance of members and cross-sections: %, = 1.00

[Fin plate]

Depth: Dy, =450 [mm)]

Thickness: ¢ = 10 [mm]

Radius of gyration of area about minor axis (z-z axis): ifp. = 2.89 [mm]
Leg length of fillet weld: sp = 10 [mm]

Steel grade: S355

Nominal value of yield strength: fj,, = 355 [N/mm?] (for ¢, = 10 [mm])
Ultimate tensile strength: f5, = 470 [N/mm?] (for 5, = 10 [mm])
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Modulus of elasticity: £ = 210000 [N/mm?]
Partial factor of resistance of members and cross-sections: %, = 1.00
Partial factor of resistance of plates in bearing: y,> = 1.25

[Contact plate]

Nominal value of yield strength: f;,, = 345 [N/mm?]

Partial factor of resistance of members and cross-sections: ., = 1.00
Partial factor of resistance of plates in bearing: y.2> = 1.25

Design yield strength: fopva = fopy/ 7ep = 345 [N/mm?]

[Bolt]

Size: M20 (dp =20 [mm])

Tensile stress area: A, = 2.45 [cm?]

Hole diameter: dyp = 22 [mm]

Strength class: 8.8

Ultimate tensile strength: fi,, = 800 [N/mm?]

Partial factor: 3, =1.25

Number on vertical line: 1y, = 6

Number on horizontal line: np; = 1

Pitch on vertical line: pp,, = 70 [mm]

Pitch on horizontal line: pp» = 60 [mm]

Edge distance for fin plate on vertical line: ep-,» = 50 [mm]

Edge distance for fin plate on horizontal line: ep-,, = 50 [mm]

Edge distance for web of steel beam on vertical line: ep-pw,y = 90 [mm]
Edge distance for web of steel beam on horizontal line: ep-pw,» = 50 [mm]

Design Loads
[Permanent actions (dead loads and superimposed dead loads)]
Area per unit length of concrete slab:
(bO,n1in+b0,max)Dps 1000

2 Py

A, =1000A,+ = 1443 [cm?/m]

Weight per unit area of concrete slab and rebars:

e 2
— + =
A, (1 00 2) 3.75 [kKN/m“] (wet concrete)

P, _ )
A, (IOOH) =3.61 [kKN/m~] (dry concrete)

Weight per unit area of profiled steel sheeting:
9.8gps =0.14 [kN/m?]

Weight per unit area of steel beam:
9.8¢g,
b

=0.33 [kN/m?]
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Dead load per unit area in construction stage:
g, ; =3.75+0.14+0.33 =4.21 [kN/m?]

Dead load per unit area in composite stage:
g, , =3.61+0.14+0.33 = 4.07 [kN/m’]

Superimposed dead load per unit area in composite stage:
g, ;= 2.00 [kN/m?]

[Variable actions (live loads)]

Construction load per unit area in construction stage:
q, , = 0.50 [kN/m?]

Imposed floor load per unit area in composite stage:
q,,=6.00 [kN/m?]

[Partial factors]

Partial factor for permanent actions (unfavourable): yG sy = 1.35
Partial factor for permanent actions (favourable): 76,y = 1.00
Partial factor for variable actions (unfavourable): yp = 1.50
Partial factor for variable actions (favourable): yp; = 0.00

Design of Semi-rigid Composite Joint

[Verifications of joint classification]

Check initial rotational stiffness and moment resistance

Vertical distance between centre of longitudinal rebars and centre of contact part for row 1:

tf
Zesl I-ce — Da+Dcs'Ztcs—csl,1' 5 =807 [mm]
Vertical distance between centre of longitudinal rebars and centre of contact part for row 2:
tf
Zesl 2-ce — Da+Dcs'Ztcs—csl,2' 5 =786 [mm]

Effective width:

2(0.15Ly)

by = b0h+min{ ; Bb—b()h} =1225.0 [mm]

Cross-sectional area of longitudinal rebars within b.; for row 1:

¢S 2 bg /
Ay = 72'( “) ﬁf" — 4.7 [em?]
2 psl,]

Cross-sectional area of longitudinal rebars within b.; for row 2:

¢S : be /
ASu:n( ”2> lﬁ| = 15.9 [cm’]
psl,Z

2
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Effective length for row 1:

<ldh, ]+hcw—fhs

legr = min ;20qu>==mm[mm]

Effective length for row 2:

. ldh,2+hcw— S
lofr> = min <Tﬂ’ : 20¢sl,2> =200 [mm]

Equivalent stiffness coefficient of longitudinal rebars:

Agr Ag2
sleq — L-'_ =
lejfl lejfZ

=10.32 [mm]

Length of composite beam in hogging moment region adjacent to joint:
[=0.15L;, =2250 [mm]

Number of headed studs distributed over length /:
N= [(l'hcjfﬂzs)

ps

Npeh = 20

Stiffness of one headed stud with 19 [mm] diameter of shank:
ky. =100 [kKN/mm]

Equivalent vertical distance between longitudinal rebars and centre of contact part:

tr
S
Zsl,eq—cc =D a+D cs'Ztcs—sl,eq' 5 =790 [mm]

Equivalent vertical distance between longitudinal rebars and centre of steel beam:

a
Zsl,eq—ca = 7+D cs'Ztcs—sl,eq =448 [mm]

Parameter related to deformation of headed studs:
E I
£= — =2.42
Zsl,eq—ca Es (ASI,I+ASZ,2)

= \/(1+§)Nksclzsl,eq-ca2

=3.83

Ea]ay

Stiffness related to headed studs:
NkSC

" <L1) (Zsl,eq—cc)
1+‘§ Zgl, eq-ca

Stiffness reduction factor due to deformation of headed studs:

K, = — 843798 [N/mm]

k, =0.28

= R
ssleq
= (~x2)

Joint material coefficient of RC core wall:
ﬁj =0.67
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Amplification factor from loaded area to maximum design distribution area:
a=2.52 (determined by convergence calculation)

Design bearing strength of concrete for RC core wall:
_ _ 2
];dcw = ﬁjafcd’cw =56.0 [N/mm~]

Additional bearing width of equivalent T-stub flange in compression:

Je
c=1 —  —31.5 [mm]
3];d,cw7 ep
Effective depth of equivalent T-stub flange in compression:
deﬁ‘= ?f+C+min(Dep'Da ; C) =79.0 [1’1’11’1’1]

Effective width of equivalent T-stub flange in compression:
boy=min(B,2c ; B,,) = 263.0 [mm]

Stiffness coefficient of concrete for RC core wall:
E

cm,cw deﬁb

_ of _
Kisew =~ 375, 19.93 [mm]

Initial rotational stiffness:

S.. . =F kS[iPkSZ,eqkl.?,cw

ini Jence’ = 331340 [kNm/rad
) s (kslipksl,eq—i_k]icw) Zsl,eq cc [ ]

Effective width of composite beam assuming simply supported condition:

L
beﬁfb = by, tmin (Zb ; Bb-bos) =3000.0 [mm]

Second moment of area of composite beam assuming simply supported condition:
2 3
Aa(hcs+2Dps+Da) n beﬁ,'bhcs

2F A 2F
(e ) ()
Ecm,cs b eff','bhcs E

Ib:

+1,, = 268987 [cm?]

cm,cs

Upper boundary of rotational stiffness for nominally pinned joint:
0.5E,I,

b

= 18829 [kNm/rad]

Requirement to calculate initial rotational stiffness:
Lo = max{(a—l)deﬂc; (a—l)beﬁc} — can be calculated

(O.SEaIb)
, 0.5E,1, el
S g =008

Cross-sectional area of longitudinal rebars within b.;:
= = 2
Agj=Ag 1+ Ag2 =20.6 [em?]

Tension resistance of longitudinal rebars within be;:
Rsl,j = ASI,jf:qd =897.4 [kN]
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Cross-sectional area of bottom flange of steel beam:
Apr=Buty=32.0 [cm’]

Cross-sectional area of contact plate (depends on contact plate detailing):
A,y =144.0 [cm’]

Bearing area of contact plate (depends on contact plate detailing):
Ap,, =25.6 [cm?]

Compression resistance of contact part:

. . Jizy fcpy
R.on =mins4, d;qu 4 1.54p,,min|{ — ; —— | =1059.8 [kN]
ay cpy
7a,2 ycp,Z
Moment resistance:

]Mj,Rd = Zsl,eq—ccmin(Rsl,j ; Rcon) =709.3 [kNm]

Plastic moment resistance of composite beam (This value will be calculated in the design
of composite beam):

M, pg = 1263.7 [KNm]

Upper boundary of moment resistance for nominally pinned joint:
0.25M,,; pg = 315.9 [kNm]

0.25M,
C. Mg >0.25My; 2, OK (—”’R" - 0.45)

M; rq

Check compression resistance

Compression resistance of equivalent T-stub flange:
FRa =fig oy ebesr = 1164.7 [kNm]

RCO}’!
v Fepa> Ry OK ( - 0.91)
Fcra

Check anchorage strength and panel shear resistance

The conditions to use the pre-qualified specifications are satisfied and the joint details
comply with the pre-qualified specification in Section 4.2.

.. Joint details — Pre-qualified specification OK

[Verifications of structural resistance in composite stage]

Check bolt group resistance

Correction factor for bolt shear resistance:
o = 0.60 (for strength class 8.8)

Shear resistance of a single bolt:

a A
Fyyra = % =94.1 [kN]

b
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Distance between face of support and assumed line of shear transfer:
Zfp = 60 [mm]

« factor:
a=0.00 (for n,, = 1)

P factor:

6
f= ———P —0.12 (forny, = 1)

- nb,v(nb,v—i_l)pb,v

Bolt shear resistance:
np 1 1 Fpy Ra

Vira = - -
\/ (1+amy iy 1) +( By )

Design shear force (This value will be calculated in the design of composite beam):
VEqa=427.3 [kN]

= 454.9 [kN]

; Via _
c Vyra> Vi OK = 0.95
Vira

< In fin plate >
k; factor for vertical bolt bearing resistance:

e,
kj ypp = min (2-8 bt g7 2.5> =2.50 (for ny, = 1)

0

Correction factor for vertical bolt bearing resistance:

v Pov L Jou 10 276
3dy " 3dy 47 f, '

Aoy = min <

Vertical bearing resistance of a single bolt:

K1 vbb Copnf s, bty
Fop ra = ” R _ 140 4 [KN]
b

k; factor for horizontal bolt bearing resistance:

pp Py,
I 175 1.4
dy dy

k],hbb = min <28 -1.7 5 25) =2.50

Correction factor for horizontal bolt bearing resistance:
oo Sou

=min| —— ; 1.0 ] =0.76 (f =1
) m1n<3d0 ,j%m, > (for ny,, = 1)

Horizontal bearing resistance of a single bolt:
K1, oo Chie g, Aot
b

thb,Rd - = 1424 [kN]
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Bolt bearing resistance:
1y 1b,

Vibra =
1+ 2 2
< Omb,vnb,h) N (ﬁnb,vnb,h)
Fopb ra Fhpp,ra

< In web of steel beam >

— 688.7 [kN]

Nominal value of yield strength of web of steel beam:
oy =355 [N/mm?] (for ¢,, = 9 [mm])

Ultimate tensile strength of web of steel beam:
f,,, =470 [N/mm?] (for £,, =9 [mm])

ki factor for vertical bolt bearing resistance:

€p- W,
kg ypp = min (2.8 bk 17, 2.5) =2.50 (for ny, = 1)

0
Correction factor for vertical bolt bearing resistance:

o = min <eb-bw,v . pb,v 1 . fém
vbb — > R
3dy " 3dy 4 f,,

; 1.0> =0.81

Vertical bearing resistance of a single bolt:

ki b, dpt,,
Foppra = =2 ;bfwu P 1372 [kN]
b

k; factor for horizontal bolt bearing resistance:

€p_bw,v p b,v

-1.7;1.4
0 0

k],hbb =min (28 -1.7 ) 25) =2.50

Correction factor for horizontal bolt bearing resistance:

. [ €b-bw,h fu
ahbb=m1n< 34, ;Ji ; 1.0) =0.76 (for Ny = 1)

Horizontal bearing resistance of a single bolt:
ki hpp @ dpt,,
Fiohpa = —= ”;bf w2 — 128.2 [kN]
b

Bolt bearing resistance:
My Mb,

Vib,ra =
2 2
(H anb,v”b,h) N (ﬂnb,vnb,h)
Fopb ra Fhpp,ra

. Vea
< Vibra > Vea OK =0.67
bb,Rd

= 647.0 [kN]
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Check fin plate resistance

Shear resistance for gross section:

Dt [

oo fpy
V = ———==726.2 [kN
JpRdg 1.27 \/3% [kN]

Shear area for net section:
Aprn = tp(Dppnndy) = 31.8 [em’]

Shear resistance for net section:

7

;

Vio.rdn = Ay \/_L = 690.3 [kN]
V.2

Net area subjected to tension:

dp
Afp,nt = tfp (eb_ﬁp,h— 7) =39 [sz] (for nb,h = 1)

Net area subjected to shear:
Apy v = tp{Dpep - (1,-0.5)dy} = 27.9 [em?]
Block shear resistance:
O-Spuiont Aoy
2 V37,

pr,Rd,b = =645.2 [kN]

. VEa
Semin(Vy rag s Vipran s Viprap) > Vea OK ( ; = 0-67>
Pt > Tpddn > I min(Vy, rag s Viprdn s Viprdp)

Elastic moment resistance:

t, D[
My = L2 = 119.8 [kNm]
Y

Dy, >2.73z4., — no need to check
Fin plate type:

t
ep_py, 10 > Of% — short fin plate

Non-dimensional slenderness for lateral torsional buckling:

Value to determine reduction factor for lateral-torsional buckling:
Dy = 0.5{140.49( 2 1-0.2)+ 4757} = 0.55

Reduction factor for lateral-torsional buckling:

1
min ;1.0 | =0.96

ZLTfp - 2 2
Drrppt | Curp Aty
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Lateral torsional buckling moment resistance:
Miz4,ra = Moy g Ra = 119.8 [kKNm] (for short fin plate)

. VEazss-b
S Mrrgra > Veazps OK ( =022
LTfp.Rd

Check resistance of web of steel beam

Shear area for gross section:
Apyyg = Ag-2B 1 (1, +2r)t,=70.1 [cm?]

Shear resistance for gross section:

Viw,rdg = AbWV,g\/—%);/ =1436.8 [kN]
a

Shear area for net section:
Apwyn = Apwyg-npdot,, = 58.2 [cm?]

Shear resistance for net section:

Viw.rdn = Apwyn \/j;L; =1263.9 [kN]
a,?
Lo ) 34)
mln( VbW,Rd,g > wa,Rd,n)

Elastic moment resistance on vertical line of bolts:

2
twi(npy-1)p , fw
Mejvw,ra = {( " 5 ) > } 7y =65.2 [kNm]

a

min(VbW,Rd,g; wa,Rd,n) >Vea OK <

Plastic shear resistance on top and bottom horizontal line of bolts:

f
LibwRd = bwehpmn —=— = 92.2 [kN] (for ny;, = 1)

V
P \/g]/a
Design shear force on vertical line of bolts:
nb,v'1 P v
Voo = VEd(D# =217.0 [kN]

a

Plastic shear resistance on vertical line of bolts:

Vipiviwrd = tw(,-1)p Ty = 645.6 [kN]
pl,vbw, w ,V b’v\/gj/a

Reduced moment resistance on vertical line of bolts making allowance for presence of shear

force:
Vpl,vbw,Rd
My,v,vbW,Rd = Mel,vbw,Rd =652 [kNm] for vaw,Ed < T)

154



DESIGN GUIDE FOR SEMI-RIGID COMPOSITE JOINTS AND BEAMS

o min(My; pra 5 My,v,vbw,Rd)+Vpl,hbW,Rd(nb,v'1)pb’v > Viazgy OK

Viize.
: akiad =027
min (M el vbw,Rd » M Vv, vbw,Rd)+Vpl,hbw,Rd (nb,v' 1 )p by
Check fillet weld of fin plate

Effective throat thickness of fillet weld:
ag, =0.7s5 ="7.0 [mm]

Required minimum throat thickness of fillet weld:
Afy, req = 0.65, = 6.0 [mm] ((for S355 steel grade))

; preg _
< dpy >aﬁ),req OK < a, = 086)

[Verification of serviceability in composite stage]

Analysis of design moment

Design moment in composite stage can be calculated by the equations in Section 5.3. The

equivalent initial rotational stiffness Sjinies incorporating the flexural rigidity of the core
wall is used as the rotational stiffness ; in structural analysis.

Maximum design distributed load:
Weommax — Bb (gk,3+qk,2) =24.0 [kN/l’Il]
Design hogging moment:

MEdh =412.0 [kNm]

WCO}’H, max

(S,
N\ Lb

\

Edh

i
Figure AIV.4: Design load with corresponding moment

Control of crack width

Maximum diameter of longitudinal rebars:

3 2.9
¢sl - ¢sl,max — ] =13.0 [mm]
ctm

Limit of stress permitted in longitudinal rebars immediately after cracking:
Oy 1im = 320 [N/mm?] (for wy = 0.3 [mm] and p = 100 [mm])
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E Zsl eq-cc Z Asl,r Osl lim = MEdh OK

M
( Edi = 0.79)
Zsl eq-cc Z Asl,r Osl lim

Design of Composite Beam

[Verifications of structural resistance in construction stage]

Analysis of design moment and shear force

Maximum design distributed load:
Weon,max — Bb (gk,]yG,sup—i_qk,IyQ) =193 [kN/l’Il]
Design sagging moment:

w.. Lbz
My, = MT =543.0 [kNm]

Design shear force:

WCO}’[ maxL
Vig = T” — 144.8 [kN]

Weon,max

%

A A
» Ly .
! !

MEds

o —

Vea!

Figure AIV.5: Design load with corresponding moment and shear force

Check section classification

Classification of steel flange:

B,-t,-2r 235
=484<9 |[— =732 —Class1
2tf f
; ay

Classification of steel web:

D,-2t;-2r 235
— = 70.2 < 124 f_ =100.9 — Class 3
w ay

.. Class 1 steel flange & Class 3 steel web — Effective Class 2 OK
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Check shear resistance and moment resistance

Shear area:
Ay =max{4,-2B,t/+(t,+2r)t;; 1.2D,,} = 72.1 [em’]

Plastic shear resistance:
_ AVfayd
Vpl,a,Rd - \/§

Nominal value of yield strength of web:
Joy =355 [N/mm?] (for ¢,, = 9 [mm])

= 1478.7 [kN]

Minimum shear buckling coefficient:
kzmin = 5.34 (without rigid transverse and longitudinal stiffeners)

Modified slenderness of web:

Sy
A, =0.76 2 =1.06
K emin {190000 (B—W) }
Factor for contribution of web to the shear buckling resistance:
083 079 (f 0.83 - )
T = g 0Py = A

Shear buckling resistance:

2,/ (Da2t20)t,  1.2f (D,-21:2r)t,,
Vb.ara = min wfwy a ; - i =969.3 [kN]
\/§7a \/gya
o D2 72 [235
or ‘ 15 |7
t, 1.2 |1,
e min(Vyyra's Voara) > Vea OK < i - B 0'15>
min(Vyiara 3 Vo ra)

Effective plastic section modulus:

( But{Dyt;)+0.4292r7(D,-2t-0.4467r ) +1,7(D-2t77) )
2 2

L 40¢ 235 L 20¢ 239
Weppla = 3 2 S ) 2 Jay > =3219 [em’]

+t,, | 20¢ 235 D -t~r-40¢ 235 tr-10t 235
w w | Y a~lr- w |7 - w |
\ Loy Joy Jov ]

Plastic moment resistance:
Mpi.a.ra = Weprpiaf g = 1142.7 [KNm] (for effective Class 2 cross-section)

. MEds
. Mpl,a,Rd > MEds OK =048
pla,Rd
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Compression

Neglect

Tension

Figure AIV.6: Effective cross-section for effective Class 2

[Verifications of structural resistance in composite stage]

Analysis of design moment and shear force

Design moment and shear force in composite stage can be calculated by the equations in
Section 5.3. The equivalent initial rotational stiffness ;i e; incorporating the flexural
rigidity of the core wall is used as the rotational stiffness §; in structural analysis.

Maximum design distributed load:
Weommax = Bb (gk,l yG,sup+gk,3 Q/G,sup—i_qk,lyQ) =51.6 [kN/Il’l]

Design sagging moment:
Mgy =1117.5 [kKNm]

Design hogging moment:
MEdh =709.3 [kNIl’l]

Design shear force:
Vg =434.1 [kN]

Wcom, max
© paN
M. Ly N
[ [
|
i | i
I M Eds I
| VEd |
[
| o — ]

Figure AIV.7: Design load with corresponding moment and shear force

Check section classification

Classification of steel flange in sagging moment region:
Bottom flange is in tension — Class 1
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Effective width in sagging moment region:

b = bystmin (3 5 By-byy) =3000.0 [mm]

Compression resistance of composite slab within beg:

Res = bygihes (0851, ) = 5049.0 [kN]
Portion of part of cross-section in compression:

(Da-zzfzr) R,
2 \24f, v

- =-0.75
“ D212

Classification of steel web in sagging moment region:
Full web is in tension — Class 1

.. Class 1 steel flange & Class 1 steel web — Class 1 OK

Classification of steel flange in hogging moment region:

(B,-t,,-2r) 235
— ———— =484<9 [— =732 —C(Class1
2t /.
. ay

Effective width in hogging moment region:

. (2(Lpxp)
4

beﬁ‘h = by, +min ; Bb'b()h} =1016.9 [mm]

Cross-sectional area of longitudinal rebars within begn:

..\ |be 8.5\ bon| |6
Asl=7Z'< S“) [ ”h| +7r< S“) min(l ﬁ”’| ; l WD = 17.20 [cm?]
2 psl,] 2 psl,Z psl,Z

Tension resistance of longitudinal rebars within bes:
Ry =Agf, ,=747.8 [kN]

Portion of part of cross-section in compression:

(Da-2tf—2r)+< R )
2 20,

- =0.69
“ D212

Equivalent vertical distance between longitudinal rebars and bottom of flange of steel beam:
Zsleq-bf — Da+Dcs'Ztcs-sl,eq =798.4 [mm]

Stress or strain ratio:
D _-2t-2r
y=1- L
AaDa+2Alesl,eq—bf_t »
2 (Aa +Asl) S

=-0.71
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Classification of steel web in hogging moment region:

42 ?5
Da2tr2r_ s 784 — Class3
—_— — < _— =
. 0674033y 0T TS

". Class 1 steel flange & Class 3 steel web — Effective Class 2 OK

Second moment of area in hogging moment region:

AaASl{Da+2 (Dps+hcs'ztcs—sl Eq)}z
I ’
Y 4(Aa+Asl)

= 130712 [cm®]

Elastic hogging moment resistance:

M., nyr = mi Iifsa Moy =1149.9 [k
el.Rdh - min A D +2Aslzsleq bf A D +2A9,zbleq bf B ’ [ Nm]
Esheq-tf" D4, +Ay) 2(A,+4,)

Modular ratio for short-term loading:

1y = =636

a
Ecm,cs
Vertical distance between centre of un-cracked concrete flange and un-cracked composite
section:

A, +A44)(0.5D,+D,+0.5h,
zp= ( a sl)( a'Hps cs) —214.7 [mm]

PNy
sl ny

Coefficient taking into account of stress distribution within section immediately prior to
cracking:

1
k. = min —h+0.3 ; 1.0 =1.00
1+(2ZO

Required minimum reinforcement ratio:

Pylreg 23 5 ]cf: k. = 0.88% (for Class 2 cross-section)

Cross-sectional area of composite slab within by above profiled steel sheeting:
Ags = boghes = 1006.8 [em?]

Required minimum cross-sectional area of longitudinal rebars within begn:
= = 2
Asl,req - psl’rqucs =8.82 [cm ]

Moy ran > M; gg — no need to check Ay > Ay ey

Check minimum degree of shear connection

Distance between inflection points in sagging moment region:
Lo =x9=13166 [mm]
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Correction factor of headed stud taking into account As/ds:

. hhs
o, =1.00 | for — >4
dhs

Shear resistance of a headed stud:

2
/0 i 8f}’lsu ﬂdhsz 029 adhs W

Pp; = min ; = 81.7 [kN]
\ 4y, Yy

Number of headed studs arranged within half of Le,:
Ly
(55) o

ps

N, hss — Rpss = 64

Maximum reduction factor for shear resistance of a headed stud in sagging moment region:

ks max = 0.60 (for Npss = 2, by < 1, djg < 20, and sheeting with holes)

Reduction factor for shear resistance of a headed stud in sagging moment region:

5 min - 5 'S, max =V
i min(ny, ;2) DPps \D, ;

DS

Longitudinal shear force transfer within half of Le:
R s = NjgskisPra = 3135.6 [kN]

Tension (Compression) resistance of steel beam:
R, :Aafayd =4505.0 [kN]

Degree of shear connection in sagging moment region:

R 0.70
T min(R, ;R

Required minimum degree of shear connection in sagging moment region:

355
Msreq™ max{l— (/—) (0.75-0.03L,,); 0.4} =0.64 (for L,; <25 [m])
, ayd

> My req OK (nsTr:q = 0.93>

Half of distance between inflection points in hogging moment region:
% = Ly-xp = 1834 [mm]

Number of headed studs arranged within half of Le:

(5) hrne

ps

Niysn = Nysp = 16

Maximum reduction factor for shear resistance of a headed stud in hogging moment region:

kin max = 0.60 (for Npsh = 2, bpy < 1, djpe < 20, and sheeting with holes)
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Reduction factor for shear resistance of a headed stud in hogging moment region:

0.7 by (b
kth=min{ 0 min <—h1> ;kth,max} = 0.60

min(nyg 3 2) Dps \Dps

Longitudinal shear force transfer within half of Les:
th = NhshkthPRd =783.9 [kN]

Degree of shear connection in hogging moment region:

= L =1.05
nh I’Ilil’l(Ra ; Rsl) ‘
Required minimum degree of shear connection in hogging moment region:

Mhoreg — 1.00 (full shear connection)

. nh,req
S > Mhoreq OK < m 20.95>

Check shear resistance and moment resistance

Plastic shear resistance:

Vpl,Rd = 1478.7 [kN]

Shear buckling resistance:
Vira = 969.3 [kN]

 min(V Y, >V, OK &l =l
. mm( pLRd > b,Rd) Ed min(V IRd » Vb Rd) o
pLRd > " b,

Tension (Compression) resistance of overall web of steel beam:

R, = R,-2B,tf, ,=2233.0 [kN]

Tension (Compression) resistance of clear web of steel beam:
R, = (Da-th—Zr)twfay ,=2019.2 [kN]

Tension (Compression) resistance of effective clear web of steel beam:

B : 235
Ry, =401, fayd _f =935.8 [kN]
ay

Location of plastic neutral axis for full shear connection:
Ri<Rcs — PNA in concrete flange

Plastic sagging moment resistance with full shear connection:

D R, (Des-D,)
MpZJ{Rds:Ra{_a+D _ares Tps)

> D }=2053.5 [KNm]

Location of plastic neutral axis for partial shear connection:
R, <R, — PNA in steel flange
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Plastic sagging moment resistance with partial shear connection:

Rqs Dcs -Dps) (Ra-Rqs)z

M _——
“"Re 2 4B.f,,

D,
pp,Rds Ra Y +Rqs (D

= 1944.1 [kNm]

Mg =0 57)
min(Myyzpas s My ras)

Equivalent vertical distance between longitudinal rebars and top of flange of steel beam:

min(Mplf,Rds ;Mplp,Rds) > Mgqs OK <

Zsleg-tf — Dcs'Ztcs—sl,eq =98.4 [mm]

Tension (Compression) resistance of effective steel beam:
Rofa = Ri-R/FR 7, = 3421.6 [kN]

Location of plastic neutral axis for with full shear connection:
Ry <R.y, — PNA in steel web

Plastic hogging moment resistance with full shear connection:
D
J Wpl,afayd—i_Rsl (761 +Zsl,eq-tj) L
Mplf;Rdh = RS]2+(RV+RS]) (RV+RS]'2Refﬁv) =1263.7 [kNm]
atf, v

Tension (Compression) resistance of flange of steel beam:
Ry= Batffayd =1136.0 [kN]

Vertical distance between centres of top and bottom flange of steel beam:
ZC?f‘be: Da—lff =684.0 [mm]

Plastic moment resistance after deducting shear area:

D,
Mpl,f,'Rd = szctj‘;cbf+Rsl (7 +Zsl,eq-tf) =1112.4 [kNm]

Reduced hogging moment resistance making allowance for presence of shear force:

Voira
My,v,Rdh = Mplf;Rdh =1263.7 [kNm] for VEd < 5

v min(Myyran s My ran) > Mean OK M =0.56
Pl BA% Inil’l(MplﬁRdh ;My,v,Rdh)

Check lateral-torsional buckling

Polar radius of gyration of area of steel beam:

I+
iy = ("yA—"Z)=284.1 [mm]

Vertical distance between centre of composite slab and centre of steel beam:

D(l DC‘S

Zeesca — T
ccs-ca 2 2

=425.0 [mm]
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e value:

= Yetddler _ 15573 [mm]

AaZees-cadsi

k. factor:

Zeierl
I,
k.= 2 =1.10
(thf-cb./2

4 +iax2> /e+thf-cbf

Property of distribution of moment (conservative value):

Mgay

Weom, maxL b2
8

Length between points at which bottom flange of steel beam is laterally restrained:
L..=L,=15000 [mm]

C,=339 | for = <0.50

Cross-sectional area of transverse rebars per unit length:

2

1000 (¢

A, = [ |7z< S”’) =3.93 [cm?/m]
pst,l 2

Area per unit length of concrete slab in compression:
~ A.~1000A

A==
a
(Ecm,cs)

Equivalent vertical distance between transverse rebars and concrete slab in compression:

=71.1 [em®/m]

_ DPS _
Zst,eq—ccs,c - Dcs'Ztcs—st,eq' D) =79.5 [mm]

Equivalent Vertical distance between transverse rebars and neutral axis of composite slab:

Zst, eq-ccs,c

z = ————— =75.3 [mm]

steq-na A
1+ —Sf)
( Ac,c

Vertical distance between neutral axis of composite slab and centre of concrete slab in
compression:

Zna-ces,c Zst,eq—ccs,c'zst,eq—na =42 [mm]

Second moment of area of cracked composite slab in direction transverse to steel beam:
2

Dy
Los = Ay oqna” e <2+ 1’;2) = 389.4 [em’]
Cracked flexural stiffness per unit length of composite slab:
E,l,=817.7 [kNm?/m)]

Flexural stiffness of cracked composite slab in direction transverse to steel beam:
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4Ea1052 .
k; = . 1090.3 [kN/rad] (for continuous slab)

b

Flexural stiffness of web of steel beam:
E,t,>

- 4(1-0.3")z 0y

Transverse (rotational) stiffness per unit length:

k, =61.5 [kN/rad]

kik;

k.=
5kt

= 58.2 [kN/rad]

Second moment of area of bottom flange of steel beam about minor axis (z-z axis):

(B>
‘Pa
Iy = =5 = 1067 [em?]

Elastic critical moment for lateral-torsional buckling:

k.C, \/
M, =
Lcr

Location of plastic neutral axis for My, rin:
Agf, < Regry  — PNA in steel web

Ea I +k‘L"’2 E L. =4390.4 [kKN
{2(1+0.3)} rat =z | Falte = 43904 [kNm]

Characteristic value of plastic hogging moment resistance:

( D,
J Wotal gy Astl (7 +Zsl,eq-zf) L
_ > = 1266.8 [kN
R (Aafy) (RS, ) (R4 A 2R ) [Nm]
4th;zyd J

Non-dimensional slenderness for lateral-torsional buckling:

M,

Imperfection factor corresponding to appropriate lateral-torsional buckliny yurve:

D
a;7=0.76 (for B—“ =3.5> 2.0)

a

Value to determine reduction factor for lateral-torsional buckling:
D7 = 0.5{1+0y (A 1-0.4)+0.752,7°} = 0.66

Reduction factor for lateral-torsional buckling:

1
; 1.0

, 1
ZLT: min . F
D+ /@Lﬁ-ovsz”z LT

Buckling moment resistance of laterally unrestrained composite beam:
MLT,Rd = ZLTMplf,Rdh =11194 [kNm]

=0.89
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Requirements to use calculation method in DD ENV 1994-1-1:
B, 2 -y, ot
Epeslsr > 0.35E,t,7 D and Bi < 0'4fhsudhsz Lz — can be used

a a ksZLT LT

) Mea,
"o Myrra> Mg OK =0.63
M1 ra

Check longitudinal shear resistance

< Beam-to-wall composite joint side >

Change of longitudinal force in composite slab:
I’Ilil’l(Ra ; Rcs ; N hssP Rd)

AN, = - (| Lp-xp-h,;.
L +m1n< O

= 5253 [kN
MyshPra Rsl> [IeN]

Dy
x-coordinate at point of maximum sagging moment:

1 (Wcom,mabe ) MEdh
2 L,

Xy =

) = 6583 [mm]

Wcom,max
Design longitudinal shear stress in composite slab:

ANy

R 2
vL,Ed 2hCS(Lb—xS) 3.15 [N/mm ]

Minimum angle to minimize cross-sectional area of transverse rebars:
— o
Gyin = 38.6

Required tension resistance of transverse reinforcement per unit length:

1000%07,

v 249.1 [kN/m]

Rtr,req =

< Pinned joint side >
Change of longitudinal force in composite slab:
ANL = min(Ra ; Rcs 5 NhssPRd) = 4505 [kN]

Design longitudinal shear stress in composite slab:
AN,

v =
LEd ™ 2p x

cs7Ss

=3.46 [N/mm?]

Minimum angle to minimize cross-sectional area of transverse rebars:
— (e}
6,in = 38.6

Required tension resistance of transverse reinforcement per unit length:

1000/, 1y

R
cotb,,;,

=273.1 [kN/m]

tr,req =

Cross-sectional area of transverse rebars per unit length for row 1:
2

1000| /4,
AS,),=[ |7z< ”’) =3.93 [cm2/m]
st 1 2
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Tension resistance of transverse reinforcement per unit length:
Ryt R0 = A 1f, a,+Apse/§7 o = 068.5 [kKN/m]

max(Ry. .
"o Ry Ry > max(Ry, ,.,) OK (R“E—R’pseq) = o.41>

Required minimum cross-sectional area of transverse rebars per unit length:

0.08 |f

ck,cs
Ay g = 1000, T =0.87 [cm?/m]
N

4 4 Ast,req —022
. st,1> st,req OK A =0.

st 1

Crushing shear stress of concrete slab:

“f;' cs
Vra = 0.6 (l- 2];O>fcd,cssin<9m,-ncos9m,-n =5.15 [N/mm?]

max (vy, zq) " 67>

de>max(vLJEd) OK (
VRd

[Verifications of serviceability in construction stage]

Analysis of deflection

Design distributed load due to “dead loads™:
Weonp = Bpg, ; = 12.6 [kKN/m]

Design distributed load due to “live loads™:
Weonv = Bpgq, ; = 1.5 [kN/m]

2

Design distributed load due to “dead loads and live loads”:
Weon,P+V = Bb (gk,ﬁqk’[) =14.1 [kN/m]

Deflection due to “dead loads™:

4
Wcon,PLb
Sp = —conbh

= 384E,1,) =39.6 [mm]

Deflection due to “live loads”:

S, = Wcon,VLb4 —47
VT 384E,L, [mm]
Deflection due to “dead loads and live loads™:

4
Wcon, P+ VL b

- — 44,
Op+v 384E,1,, 3 [mm]
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WCO”

Y Y Y Y Y Y Y Y Y Y
A JAN
L Ly N
i i
i i
L |
i | i
Io)

Figure AIV.8: Design load with corresponding deflection

Check deflection

Limit of deflection due to “live loads™:

= _b =
OV lim = 360 41.7 [mm]

Limit of deflection due to “dead loads and live loads”:

b
Op+vlim = 750 =60.0 [mm]

oy
8y < Sy OK =0.11
5V,lim

0)
" Spay < Spivyiim 0K< - =0.74>
é‘P+V,lim

[Verifications of serviceability in composite stage]

Analysis of deflection

Deflection in composite stage can be calculated by the equations in Section 5.3. The
equivalent initial rotational stiffness Sjnieq incorporating the flexural rigidity of the core
wall is used as the rotational stiffness S; in structural analysis.

Design distributed load due to “superimposed dead loads”:
Weomp = Bpg, ;= 6.0 [KN/m]

Maximum design distributed load due to “live loads™:
Weom, V,max = Bbqk2 =18.0 [kN/m]

Deflection due to “superimposed dead loads™:
op =4.4 [mm]

Deflection due to “live loads” (Load-case 1):
oy =13.2 [mm]

Deflection due to “dead loads and superimposed dead loads”:
Opp =42.6 [mm]

Deflection due to “dead loads, superimposed dead loads, and live loads”:
Op+y = Optoy = 55.8 [mm]
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Wcom,P

N Lb

A
Y

I
op

(a) Superimposed dead loads

Wcom, V,max

N Lb |

(b) Live loads
Figure AIV.9: Design load with corresponding deflection

Check deflection

Limit of deflection due to “live loads”:

Sy = 2 =417

Limit of deflection due to “dead loads, superimposed dead loads, and live loads™:

Ly
Op+¥,lim = 750 =60.0 [mm]

oy
c\ 8 < Syum OK =0.32
é‘V,lim

o)
- Gp+v < Op+yiim OK <ﬂ :0-93>
5P+V,lim

Analysis of natural frequency

Natural frequency in composite stage can be obtained from the deflection due to “dead
loads, superimposed dead loads, and 10% of live loads”. Also the deflection can be
calculated by the equations in Section 5.3. The equivalent initial rotational stiffness Sjinieq
incorporating the flexural rigidity of the core wall is used as the rotational stiffness S; in

structural analysis.

Design distributed load due to “dead loads, superimposed dead loads, and 10% of live

loads”:

Weompr0.1v = By (g, 8, ;70.1, ,) =20.0 [kN/m]
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Deflection due to “dead loads, superimposed dead loads, and 10% of live loads™:
Op+o.1y = 14.7 [mm]

Natural frequency due to “dead loads, superimposed dead loads, and 10% of live loads™:

18
f =
P+0.1V [Speo1p

Check vibration

=4.7 [Hz]

Required minimum natural frequency:
f e 4.0 [Hz]

. J:ﬂeq
"fP+0.1V>freq OK {——— =0.85

P+0.1V

Control of crack width

Maximum diameter of longitudinal rebars:
x 29
by = Dy \ 7| = 13.0 [mm]
ctm
Limit of stress permitted in longitudinal rebars immediately after cracking:

Oy jim = 240 [N/mmz] (for wy; =0.3 [mm] and ¢* =13 [mm])

Effective width in hogging moment region:

2(Lp-xp)
4

beﬁ(h = bgptmin ; Bb'b()h} = 1244.4 [mm]

Cross-sectional area of longitudinal rebars within beg:

¢\ |b, é. .\ b, b
AS,=7Z< S“) [ ﬁ%| +n<l> min<lﬂ| : l ”D —20.64 [cm?]
2 psl,] 2 psl,Z psl,Z

Vertical distance between centre of un-cracked concrete flange and un-cracked composite
section:
 (4,+4,)(0.5D,+D,,+0.5h,)

h.sb s
A At (_ﬁh)
ny

z =194.8 [mm]

Coefficient taking into account of stress distribution within section immediately prior to
cracking:

1
—h+0.3 ; 1.0 =1.00
1+(2—ZO

k. = min
Cross-sectional area of composite slab within by above profiled steel sheeting:

Aes = bognhes =1231.9 [em?]

Required minimum cross-sectional area of longitudinal rebars within begn:
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0.72k.f . A
Agreg = % =10.72 [ecm?]

Asl, req

Asl >Asl,req OK ( A ;
X

= 0.52)

Equivalent vertical distance between longitudinal rebars and neutral axis:
z _ Aletcs—sl,eq+Aa(hcs+Dps+O-5Da)
sleg-na —
sl,eq-na AS1+ Aa

'Ztcs-sl,eq =385.7 [mm]

Second moment of area in hogging moment region:

AaASl{Da+2 (Dps+hcs'ztcs—sl Eq)}z
I=1I,+ ’
Y 4(Aa+Asl)

— 135951 [cm®]

Stress in longitudinal rebars caused by Mgax:

M
Os10 = thzsl eq-na 117 [N/mmz]
3 Ih 7
Correction of stress in longitudinal rebars for tension stiffening:
0.4f
A — ctm — 2
Aglyy o

Tensile stress in longitudinal rebars due to direct loading:
0oy = Oy 9tAcy = 161 [N/mm?]

L oK (2L =067
©+ Og = Ogllim p =U
sl lim
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(b) Joint moment-rotation characteristics (M;-¢ curves)
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(c) Distribution of shear studs and arrangement of reinforcing bars in concrete slab

Figure AIV.10: Designed semi-rigid composite joint and composite beam
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Appendix V Comparison of Semi-rigid Joint and Pinned
Joint

This appendix presents the comparison of semi-rigid joints and nominally pinned joints in term
of weight saving for the beam sizing. As introduced in the Foreword, the significant advantage
of using semi-rigid joints is lighter weight of steel beams compared to using pinned joints.
Lighter weight of even only secondary steel beams leads to benefits because secondary beams
often make up 20% to 30% of total steel tonnage. Furthermore, primary beam ends can also be
semi-rigid according to the current design guide, resulting in big impact on reduction of material
cost and improvement of construction productivity.

The degree of steel weight reduction depends on the floor beam layout, especially the beam
span. In general, the ratio of steel weight reduction due to semi-rigid joints may be increased as
beam span is longer. This is because the design of a long span beam is governed by its deflection
which can be reduced effectively by semi-rigid joints. Table AV.1 and Table AV.2 show the
comparison of pinned joints and semi-rigid joints on weight of secondary steel beam under 12
m beam span and 15 m beam span, respectively. Other design conditions such as beam spacing
and design loads are the same. In both comparisons, pinned joints are used for Case 1 and semi-
rigid joints are used for Case 2, thus the advantages of semi-rigid joints for pinned joints can
be evaluated. In addition, Case 3 in which the cross-section of Case 2 is changed from UB to
JIS is also provided to clarify the advantage of using JIS cross-sections. Case 3 in Table AV.2
corresponds to the design example 1 in Appendix I1I.

Comparing Case 1 and Case 2 in both tables, it can be observed that semi-rigid joints can
contribute to about 15% reduction in weight of steel beam. In other words, an economical long
span beam layout can be achieved without increasing the beam weight, which may lead to the
efficient use of floor space. Besides, it can be observed from the comparison of Case 2 and Case
3 that the combination of JIS cross-sections and semi-rigid joints enables a greater weight
reduction because JIS has a larger number of [-sections with high cross-sectional efficiency due
to narrow flange width and thinner web plate.
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Table AV.1: Comparison of pinned joints and semi-rigid joints on weight of secondary
steel beam under 12 [m] beam span

Case Case 1 ‘ Case 2 Case 3
Beam span L, 12.0 [m]
Beam spacing B, 3.0 [m]
: SDL g 3 3.0 [kN/m?]
D load ’
eoigt foa IL gx.» 5.0 [kN/m?]
Joint classification Pinned Semi-rigid Semi-rigid
Cross-section | UB533x210x101 UB533x210x82 | JIS550x200x9x12
Steel beam 82.2 [kg/m] 76.0 [kg/m]
M t 101.0 [k
ass per metre 01.0 [kg/m] (~18.6%) (-24.8%)

Table AV.2: Comparison of pinned joints and semi-rigid joints on weight of secondary
steel beam under 15 [m] beam span

Case Case 1 ‘ Case 2 Case 3
Beam span L, 15.0 [m]
Beam spacing By 3.0 [m]
SDL 3.0 [kN/m?
Design load &3 J mz]
IL gx.2 5.0 [kN/m?]
Joint classification Pinned Semi-rigid Semi-rigid
Cross-section | UB762x267x147 | UB610x229x125 | JIS700x200x9x16
Steel beam 125.1 [kg/m] 99.6 [kg/m]
M 146.9 [k
ass per metre 6.9 [kg/m] (-14.8%) (-32.2%)
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A complimentary book “Liew J Y R (2019), Design Guide for Buildable Steel Connections,
Published by Singapoer Structural Steel Society, 671pp” can be downloaded from
https://ssss.org.sg/~ssssorgs/images/stories/docs/Design_guide for buildable steel connectio
ns_Final Version 20190327.pdf
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