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Foreword

Multi-storey steel-concrete composite buildings that are braced against sidesway
but not subjected to significant lateral and earthquake loads often use simplified
joint details, such as fin plate bolted connections, in beam-to-column and beam-to-
beam joints to speed up construction. While these joints are relatively easy to install
on-site and are preferred for their simplicity, modern commercial buildings with
long span and open space floor beam layouts may require a structural framework
with semi-rigid connections for greater economy, without the need for complicated
rigid joint detailing.

According to EN 1993-1-81, steel joints can be classified as pinned, semi-rigid,
or rigid based on their initial rotational stiffness and moment resistance, depend-
ing on the analysis methods used in the design. Composite joints, as defined in
EN 1994-1-12, are joints in which slab reinforcements are considered to calculate
the rotational stiffness and moment resistance if the reinforcements are continu-
ous or anchored at the joints. Thus, some of the simple steel joints defined in
EN 1993-1-8 can be classified as semi-rigid composite joints, in accordance with
EN 1994-1-1, if the reinforcing bars in the floor slab are continuous or anchored at
the joints and some degree of rotational restraint can be provided.

The previous edition of the design guide? only applied to beam-to-beam
composite joints, where both primary and secondary beams are designed to act
compositely with the floor slab. It proposed a contact type of semi-rigid com-
posite joint that can develop higher rotational stiffness and moment resistance.
A mechanical model assumed that the tension force is transferred by reinforcing
bars, and the compression force is transferred by contact plates inserted at the bot-
tom flange of the steel beam to enhance rotational stiffness and moment resistance.

This new design guide extends its scope of application to include beam-to-
beam joints, steel beams connecting to reinforced concrete primary beams, beam-
to-column joints, and beam-to-reinforced concrete wall joints with contact plates
to enhance semi-rigidity in the connections. The design methods for contact-type
semi-rigid joints have been validated based on finite element analyses and full-
scale tests conducted at the Steel Structures Research Laboratory at Nippon Steel
Corporation in Japan.

The design guide aims to give structural engineers the confidence to use semi-
rigid composite joints safely and economically in the design and construction of
steel-concrete composite buildings. With this updated guide, designers can now
expand their use of semi-rigid joints, potentially reducing construction time and
costs while maintaining the necessary level of structural performance.

J Y Richard Liew
National University of Singapore
May, 2023
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Chapter One

General

(1) Application

This design guide is applicable for the design of composite joints and com-
posite 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 compo-
nents, reinforcing bars in tension and contact parts in compression, are consid-
ered 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 continu-
ous 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 bot-
tom 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 Two

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?] with thickness [mm] less than or equal to

Steel grade 16 40 63 80 100 150

S235]R,J0,]2 235/360 225/360 215/360 215/360 215/360 195/350
S275]R,J0,]2 275/410 265/410 255/410 245/410 235/410 225/400
S355JR,J0,)2 355/470 345/470 335/470 325/470 315/470 295/450

(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.

Design Guide for Semi-rigid Composite Joints and Beams (2nd Edn.)

Authors: ] Y Richard Liew, Yuichi Nishida & Masaki Arita

ISBN 978-981-18-7573-1 :: doi:10.3850/978-981-18-7573-1-Ch2

Copyright (© 2023 by Authors. Published by Research Publishing, Singapore.



4 ] Y Richard Liew, Yuichi Nishida & Masaki Arita

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 includ-
ing 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
20/25 25/30 30/37 35/45 40/50 45/55 50/60 55/67 60/75

Strength class

Characteristic
cylinder
strength f
[N/mm?]

20 25 30 35 40 45 50 55 60

Mean value
of tensile
strength fet,
[N/mm?]

22 2.6 29 3.2 3.5 3.8 4.1 4.2 44

Secant
modulus of
elasticity
Ecm [GPa]

30 31 33 34 35 36 37 38 39

Table 2.3 Typical strength classes of lightweight concrete

LC LC LC LC LC LC LC LC LC
20/22 25/28 30/33 35/38 40/44 45/50 50/55 55/60 60/66

Strength class

Characteristic
cylinder
strength f
[N/mm?]

20 25 30 35 40 45 50 55 60

Mean value
of tensile 0.600;,
strength fctm fctm (0.40+ 2200
[N/mm?]

Secant
modulus of Pic \2
elasticity Eem (2200 )
Ecm [GPa]

Note: pj. is the dry density of lightweight concrete in accordance with EN 206-1°
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(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 7, should be taken as 1.50.

2.3 REINFORCING STEEL

(1) Yield strength

The characteristic yield strength of reinforcing steel f,; 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

yield strength Ultimate/yield Ultimate
Class for [N/mm?] strength ratio elongation
B500B 500 > 1.08 5.0%
B500C 500 >1.15,< 135 7.5%

(3) Modulus of elasticity

The modulus of elasticity of reinforcing steel Es should be taken as
210,000 [N/mm?].

(4) Partial factor

The partial factor of reinforcing steel vys should be taken as 1.15.

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°.
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(3) Shear resistance

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

0.8 d2. 0.29a;,d% \/fE
Prg = min( ff;‘: hs; Shs ’];SV Jek Cm) (2.1)
aps is given by:
aps = 0.2 (hhs + 1) for 3 < % <4 (2.2)
dhs dhs
h
s = 1 for f >4 (2.3)
1ns

where

fusu is the ultimate strength of headed stud
djs is the diameter of the shank of headed stud, 16 [mm] < d},; < 25 [mm]
v is the partial factor of headed stud taken as 1.25
fer is the characteristic cylinder strength of concrete
Ecy is the secant modulus of elasticity of concrete
hys 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.

2.5 PROFILED STEEL SHEETING

(1) Material properties

The material properties of profiled steel sheeting may be referred to
EN 1993-1-310.

(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, «y,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.
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Table 2.5 Strength classes of bolts
Strength class 4.6 4.8 5.6 8.8 10.9

Nominal value of yield

strength f;, [N/mm?] 240 320 300 640 900

Ultimate tensile

strength f,, [N/mm?] 400 400 500 800 1000

(2) Tensile strength

The nominal values of yield strength f},, and ultimate tensile strength f},, for
bolt classes 4.6, 4.8, 5.6, 8.8 and 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.

(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.






Chapter Three

Scope of Application

3.1 GENERAL

(D

(2

3

Structural type

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

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 com-
posite beams. Except for the above cases schematized in Figure 3.1, compos-
ite joints may not be applicable unless otherwise verified by experiments or
numerical analysis.

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.

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.

Design Guide for Semi-rigid Composite Joints and Beams (2nd Edn.)

Authors: J Y Richard Liew, Yuichi Nishida & Masaki Arita

ISBN 978-981-18-7573-1 :: doi:10.3850/978-981-18-7573-1-Ch3

Copyright (© 2023 by Authors. Published by Research Publishing, Singapore.



10 ] Y Richard Liew, Yuichi Nishida & Masaki Arita

RC column

RC beam /

Composite beam

{73 Composite joint

(a) Floor plan without RC core wall

RC column

RC beam

Composite joint

(b) Floor plan with RC core wall

Figure 3.1 Floor plan showing composite joints

(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 rein-

forced concrete columns, concrete filled steel tubular columns unless otherwise

their structural behaviour is verified by experiments or numerical analysis.

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.
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(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 _
distribution + fyb I I
in parts S|, B ’ﬁ
(compression positive) e o
[ '
j()'; _
c 396¢
L £ ) c
1 tw_13D(—1 ora > 0.5 Eggg
£ < 36e fora < 0.5
tw o
c 456¢
~ < ) c
2 S a1 fora > 0.5 7§108
A <05
tw «
Stress e S
distribution + ]; R +
in parts o e
(compression positive) ¥ e |
v
c 42¢
— < ——— f -1 ¢
3 o =067 1033y Y7 ;S ue
ti <62e(1—9)\/(—¢) forp < —1%
w
235 fay 235 275 355
€=, —
fay £ 1.00 0.92 0.81

*) ¢ < —1 applies where either the compression stress o < fay or the tensile strain
&y > f uy/ E,
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COMMENTARY:

(2

3.3

(D

(2

3

@

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.

FLOOR SLAB

Slab arrangement

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

Slab type

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

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 Trans-
verse 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.

Slab span

The maximum slab span should be in accordance with the allowable span of
profiled steel sheeting during construction considering ultimate and service-
ability 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.
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(3) Reinforcing bars

Beam-end joints should be designed as nominally pinned joint when the longi-
tudinal 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 suf-
ficient rotational restraint may not be developed at the joints.

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) 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 bot-
tom 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.

0 770

Secondary o o Secondary Secondary o o Secondary
composite Primary composite composite Primary composite
beam ~composite beam beam composite beam
beam beam

=

Fin plates

Contact plates (Continuous)

(a) Beams of same depth (b) Beams of different depth

Figure 3.2 Beam-to-beam joint with primary composite beam

b) 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
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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 anchor-
ages to transfer the shear force from the secondary beams.

iy
—1 | J7 | |\
Secondary | |[T 5= Y Secondary
| composite beamg) = s i L}composite beam<
i Y| RC beam ——5] i
= = | O\ Anchorage
End plate - dt | ©
O 0 00 0 0 0 Q
Fin plate 00000200 ] Contact plate

Figure 3.3 Beam-to-beam joint with primary reinforced concrete beam

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.

Nk

Composite
beam

RC | il
wall =] Anchorage
9 T End plate
|

Finplate —]

Contact plate

—

Figure 3.4 Beam-to-wall joint with reinforced concrete wall

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

The joints may be either double-side or single-side connected but should
not be a beam-to-corner column joint in which a reinforced concrete col-
umn is biaxially connected by steel beams. For single-side connected joint,
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the moment due to eccentricity from the beam reaction force should be
taken into consideration for the column design. As shown in Figure 3.5,
fin plates should be welded to the end plates fixed to the reinforced

concrete column by appropriate anchorages to transfer the shear force from
the beams.

Composite
beam

A

+—RC edge column

Anchorage T

End plate

Fin plate =—

Contact plate

Figure 3.5 Beam-to-column joint with reinforced concrete 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.

Primary Secondary
composite beam composite beam

i:l:w*———— |——-/———é:l_‘u-—
] T

]

C L +

. (. k=
= i ==

TV
S SHE
|

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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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.



Chapter Four

Design of Composite Joint and Beam

4.1 GENERAL

(D

(2

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 struc-
tural properties of composite joints and beams, which should also be applied
in structural design.

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.

COMMENTARY:

V)

Design procedure

The following design steps should be performed in accordance with the flow

chart shown in Figure 4.1

a) 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 accord-
ing to subsection 4.3.2 and 4.3.3, respectively. Structural resistances of con-
crete 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 addi-
tion, 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.
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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 |
I s [ s
]
| Design of composite joint | [42284.42]
v [42.1&43] — ’ " =
. - B “heck minimum degree of shear NG
NG Check initial rotatlon.al stiffness and comnection -
- moment resistance
Ns 2 Nsreq Mh = Mhoreq
Sjini = 0.5Eu /Ly, Mjrg=>0.25M)y rq
OK [4.2.284.4.3&4.4.4]
[4.2.1&4.3.4] s
C~hecll; cmzp};essiw‘n 1‘ezls§ance min(Vyra s Vi) > V NG
CRi Z Reon 1T needed oip.Rds) = MEqs
Check anchorage strength and panel shear [422&4.4.4]
resistance for joint with bent rebars Check lateral-torsional buckling NG _|
“pre-qualified specification” if needed Mirra> Mgay -
[4.2284.4.5]
Check longitudinal shear resistance NG
Rt Rpse > Ry reqy Ast = Agtreq VRI = VILEd
[4.2.1&4.3.3]
NG
[4.2.2&3.2]
Check section classification NG
“at least Class 2”
OK [4.2.284.4.3&4.4.4]
Check shear and moment resistance
min(Vyara 3 Viara) = Vea
My a,ra = MEqs NG
[4.2.2&4.4.4]
Check lateral-torsional buckling
M1.4,ra = MEas NG
Analysis of design moment and shear
force M5, Mgan, Viq in composite stage [Appendix TI&IV]
[4.2.2&3.2] Check shear resistance of
composite joint at ULS.
> Ay req if needed

Figure 4.1 Design flowchart for composite joint and composite beam
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b) Design of composite beam with semi-rigid ends

Based on the design criteria in subsection 4.2.2, structural resistances at ulti-
mate limit state should be checked. The degree of shear connection, shear
resistance, moment resistance, and the longitudinal shear resistance of com-
posite beams can be determined according to subsection 4.4.2, 4.4.3, 4.4.4,
and 4.4.5, respectively. In addition, serviceability checks should also be car-
ried out. The design moment and deflection of the beams can be obtained
by the structural analysis described in Section 5.3.

4.2 DESIGN CRITERIA

4.2.1 Composite Joint
(1) Joint classification

The following conditions for initial rotational stiffness and moment
resistance should be satisfied so that composite joints can be classified as
semi-rigid.

a) Initial rotational stiffness

0.5E,1,

Sjini = L, (&.1)
Iy is given by:
2
o Aq (hcs + 2Dps + Da) beﬁ,bh?s
I, = + Loy (4.2)
4(1+ 2L, Aq ) 12(2Ea )
Ecm,cs bgff,bhcs Ecm,cs

where

Sjini 1s 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
I, is the second moment of area of composite beam

A, 1is 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
D, is the depth of steel beam

Ecmes is the secant modulus of elasticity of concrete for concrete slab
berp is the effective width of composite beam assuming simply supported
condition

Iy is the second moment of area of steel beam about major axis

(y-y axis)
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Moment resistance

M; g > 0.25M, ra (4.3)

where

M;j g4 is the moment resistance of composite joint, see 4.3.3
My ra is the plastic moment resistance of composite beam

(2) Structural resistance check of concrete in composite stage

a)

b)

Compression resistance

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

FC,Rd > Reon (4.4)

where

Fc ra 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.

Anchorage strength and panel shear resistance

In the case of composite joints with bent reinforcing bars (anchored rein-
forcing bars) utilized as a component of the joints, the joint details should
comply with the prequalified specifications to prevent the anchorage failure
and panel shear failure of supporting members. The prequalified specifica-
tions are shown in Tables 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 through-
out the wall including joint panel.
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Table 4.1 Pre-qualified specifications for beam-to-wall composite joints with bent rein-

forcing bars

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

Diameter and
pitch of anti-crack
reinforcing bars

Bt - pg [mm]

Diameter and pitch of additional reinforcing bars g2 - py2 [mm]

for wall thickness ¢.,, [mm]

250 <ty
(L= 200 [mm] )

300 < t.,
(=250 [mm] )

400 <t.,
(=350 [mm] )

Additional rebars
only

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

10 - 200 or more

Anti-crack rebars
only

10 - 100 or more
13 - 200 or more

10 - 150 or more

Anti-crack rebars
only
10 - 150 or more

10 - 100 or more

13 - 200 or more

Anti-crack rebars
only
10 - 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 (Continued)

Characteristic cylinder strength of reinforced concrete wall
45 [N/mm’] < fix o< 50 [N/mm’]

Diameter and
pitch of anti-crack
reinforcing bars

a1 - psis [mm]

Diameter and pitch of additional reinforcing bars ¢y > - py2 [mm]

for wall thickness ., [mm]

250 <t.,
(L= 200 [mm] )

300 <ty

(Ly= 250 [mm] )

400 <t
( ldh: 350 [mm] )

Additional rebars
only

10 - 100 or more
13 - 200 or more

10 - 100 or more
13 - 150 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

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 - 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 (Continued)

Characteristic cylinder strength of reinforced concrete wall
50 [N/mm’] < fog, < 55 [N/mm’]

Diameter and
pitch of anti-crack
reinforcing bars

o1 - psis [mm]

Diameter and pitch of additional reinforcing bars @y > - py2 [mm]
for wall thickness ¢, [mm]

250 < tew
( ldh: 200 [mm] )

300 <t
( ldh: 250 [mm] )

400 < ey
(L= 350 [mm] )

Additional rebars
only

10 - 150 or more

10 - 100 or more
13 - 200 or more

10 - 100 or more
13 - 100 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 (Continued)

Characteristic cylinder strength of reinforced concrete wall
55 [N/mm’] < firen< 60 [N/mm’]

Diameter and Diameter and pitch of additional reinforcing bars ¢y » - py2 [mm]
pitch of anti-crack for wall thickness 7., [mm]
reinforcing bars 250 < tey, 300 <ty 400 <t
Si.1 - pst.s [mm] (la=200 [mm] ) (lap=1250 [mm] ) (=350 [mm])

10 - 100 or more

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

Anti-crack rebars
only

10 - 100 or more
13 - 150 or more

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

Anti-crack rebars
only

10 - 150 or more
13 - 200 or more

10 - 100 or more

Anti-crack rebars
Anti-crack rebars Anti-crack rebars only

only only 10 - 100 or more
13 - 200 or more

13 - 200 or more

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

Anti-crack rebars

13 - 100 or more
only

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

Anti-crack rebars

16 - 150 or more
only

16 - 100 or more
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Table 4.1 (Continued)
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Characteristic cylinder strength of reinforced concrete wall
60 [N/mm?*] < fig e

Diameter and
pitch of anti-crack
reinforcing bars

Soi1 - Py [mm]

Diameter and pitch of additional reinforcing bars gy - py2 [mm]
for wall thickness ., [mm]

250 < tew
( ldhz 200 [mm] )

300 <t.,
(Ly=250 [mm] )

400 <ty

(4= 350 [mm] )

Additional rebars
only

10 - 150 or more
13 - 200 or more

10 - 100 or more
13 - 150 or more

10 - 100 or more
13 - 100 or more
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

Anti-crack rebars
only

13 - 150 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 4.2 Pre-qualified specifications for beam-to-column composite joints with bent
reinforcing bars

Characteristic cylinder strength of reinforced concrete column
40 [N/mm’] < fug o< 45 [N/mm’]

Diameter and
pitch of anti-crack
reinforcing bars

Sui1 - psig [mm]

Diameter and pitch of additional reinforcing bars @y - py> [mm]
for column depth D, [mm]

300 < D,
( Zdh: 2/3Dc£ )

375 < D,
( Zdh: 2/3DL.C )

525 < D,
( ld;,: 2/3Dw )

Additional rebars
only

10 - 100 or more
13 - 100 or more
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 (Continued)
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Characteristic cylinder strength of reinforced concrete column
45 [N/mm?] < figee< 50 [N/mm?]

Diameter and
pitch of anti-crack
reinforcing bars

o1 - pyis [mm]

Diameter and pitch of additional reinforcing bars @y, - ps2 [mm]

for column depth D..[mm]

300 < D,
( ldhz 2/3DCC )

375 < D¢,
( ldhz 2/3DCC )

525 <D,
( ldh= 2/3DCC )

Additional rebars
only

10 - 100 or more
13 - 150 or more

10 - 100 or more
13 - 100 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 (Continued)

Characteristic cylinder strength of reinforced concrete column
50 [N/mm’] < fiec< 55 [N/mm’]

Diameter and
pitch of anti-crack
reinforcing bars

Syt - psig [mm]

Diameter and pitch of additional reinforcing bars ¢y > - py> [mm]

for column depth D, [mm]

300 < D,
( ldh: 2/3Dc£ )

375 < D¢,
( la'h: 2/3Dc(r )

525 <D,
( Za'h: 2/3Da. )

Additional rebars
only

10 - 100 or more
13 - 200 or more

10 - 100 or more
13 - 150 or more

10 - 100 or more
13 - 100 or more
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
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Table 4.2 (Continued)
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Characteristic cylinder strength of reinforced concrete column
55 [N/mm’] < foy, o< 60 [N/mm”’]

Diameter and
pitch of anti-crack
reinforcing bars

&1 - psig [mm]

Diameter and pitch of additional reinforcing bars ¢y > - py> [mm]
for column depth D, [mm]

300 < D,
(la=2/3D¢.)

375 < Dec
(la=2/3D¢.)

525 < De.
(la=2/3D¢.)

Additional rebars
only

10 - 100 or more
13 - 150 or more

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

10 - 100 or more
13 - 100 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 (Continued)

Characteristic cylinder strength of reinforced concrete column
60 [N/mm’] < figce

Diameter and
pitch of anti-crack
reinforcing bars

Bsi.1 - psiy [mm]

Diameter and pitch of additional reinforcing bars @ > - pg2 [mm]

for column depth D.. [mm]

300 < D¢
( ldh: 2/3DCC )

375 < D¢
( ldh: 2/3D,,-C )

525 < D¢,
( ldh: 2/3DCL- )

Additional rebars
only

10 - 100 or more
13 - 150 or more

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

10 - 100 or more
13 - 100 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

Anti-crack rebars only
10 - 100 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

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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Figure 4.2 Dimensions specified in pre-qualified specifications
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(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.

Zsl,eq—cc ZAsl,rUsl,lim > MEdh (4-5)
where
Zsleqcc 18 the equivalent vertical distance between longitudinal reinforcing
bars and centre of contact part
Agly s the cross-sectional area of longitudinal reinforcing bars within beg;
for arow r
Ot 1im 1s the limit of stress permitted in longitudinal reinforcing bars immedi-
ately after cracking, taken as the larger value given in Tables 4.3 and 4.4
Mgy, is the design hogging moment
Table 4.3 Limit of stress permitted in longitudinal reinforcing bars based on diameters
Limit of stress Diameter of longitudinal reinforcing bars
st 1im [N/ mm?] ¢7; [mm] for design crack width wy
wy = 0.4 [mm] wy = 0.3 [mm)] wy = 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 6 4
450 5 -

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

Limit of stress Spacing of longitudinal reinforcing bars
st 1im [N/ mm?] ps; [mm] for design crack width wy
wi = 0.4 [mm] wy = 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

There are various definitions of semi-rigid joints for the structural analy-
sis, and one of the representative joint classification schemes is described in
EN 1993-1-8. According to EN 1993-1-8, joints are classified as rigid joints,
nominally pinned joints, or semi-rigid joints by comparing the initial rotational
stiffness of the joints S; ;;;; with the boundaries shown in Figure 4.3. Here, S; ;i
is taken as the bending moment per unit rotation, and the classification bound-
aries are related to the flexural stiffness of the beam member (EI/L), adjacent
to the joint. In this figure, the joints not classified as either rigid joints or nom-
inally pinned joints, that is, the joints which have the initial rotational stiff-
ness lower than the boundary of rigid joints but higher than that of nominally
pinned joints are defined as semi-rigid joints.

M;
()
) (1) rigid, if S, 2 Ky(EI/L),
(2) semi-rigid
- (3) nominally pinned, if S; ;; < 0.5(EI/L),
P /<\ Sj,mi
P 3
0 ¢

Figure 4.3 Joint classification scheme in EN 1993-1-8
(kp = 8 for braced frame and k;, = 25 for unbraced frame)

In addition, joints are also classified as full-strength joints, nominally
pinned joints, or partial-strength joints by comparing the moment resistance of
the joint M; gy with the plastic moment resistance of the beam members M, ry
adjacent to the joints. If M rs > My rq4, the joint is classified as full-strength
joints, and if Mgy < 0.25Mp; g4, the joint is classified as nominally pinned
joints, and otherwise, the joint is classified as partial-strength joints.

In this design guide, it is assumed that composite beams are designed with
semi-rigid ends. Therefore, composite joints should satisfy the following con-
ditions for the initial rotational stiffness and the moment resistance based on
the above joint classification scheme.

0.5E;I
Sjini 2 Lbﬂ b

(4.6)

Mjra > 0.25My; ra (4.7)
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(2) Structural resistance check of concrete in composite stage

i;; ) ——
g

Elastic-plastic global analysis in which the joints are allowed to behave as plas-
tic 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 con-
crete 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 rein-
forcement 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 prequalified

Outside bar failure Inside bar failure Whole bar failure

|

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

Figure 4.4 Anchorage failure mode using bent reinforcing bars
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specifications which have been experimentally proven that the anchorage fail-
ure and panel shear failure of supporting members do not occur until the
joints exhibit sufficient rotational capacity '®17. 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.

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, addi-
tional reinforcing bars can be arranged with the anti-crack reinforcing bars
to improve the structural performance of the composite joints. The applica-
ble 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 condi-
tions are summarized as the prequalified specifications in Tables 4.1 and 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.

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 appear-
ance of structures, but the limiting value of crack width of 0.3 [mm] is recom-
mended 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 8. In this method, the limit of stress permitted in longi-
tudinal 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.

Zsl,eq-cc ZAsl,r(Tsl,lim 2 MEdh (4~8)
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4.2.2 Composite Beam with Semi-rigid Ends

D

(2

Structural resistance check in construction stage

Unless floor slab and beams are propped during constructions, the follow-
ing 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 (Vpl,a,Rd; Vb,a,Rd) > Vg (4.9)

where

Vipi,a,ra is the plastic shear resistance of steel beam, see 4.4.3
Vi ara is the shear buckling resistance of steel beam, see 4.4.3
VEq is the design shear force

c) Moment resistance
Mpl,a,Rd > MEds (4.10)

where

Mp;q,ra is the plastic moment resistance ofsteel beam, see 4.4.4
Mg is the design sagging moment

d) Lateral-torsional buckling moment resistance
Mir,0,rd = MEas (4.11)

where

M1, R4 is the buckling moment resistance of laterally unrestrained steel
beam, see 4.4.4

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 resis-
tance 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, g4y is
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less than the moment resistance of adjacent composite joints M; gy, the
following additional condition should be satisfied.

where

ASZ Z Asl,req (4:12)
Asl req 18 given by:
Asl,req = psl,rquCs (4.13)
fi
Psi,reg =0 Zgéiit:“ Ve (4.14)
S,

Asl
beﬁh

Asl,req

ACS

Psl,req
6

fay
fctm

f sk
ke

hes
20

Aq
Dy

n
Eq

Ecm,cs

ke = min +0.3;1.0 (4.15)

-
1+ (&)
(Aa+ Ag) (05D, + Dps + 0.5h)
Mg+ Ag + (P

E,
ng =

Ecm,cs

20 = (4.16)

4.17)

is the cross-sectional area of longitudinal reinforcing bars within beg,
is the effective width of composite beam in hogging moment region,
see 4.4.1

is the required minimum cross-sectional area of longitudinal rein-
forcing bars within b,g,

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

is the required minimum reinforcement ratio

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

is the nominal value of yield strength of steel beam

is the mean value of tensile strength of concrete

is the characteristic yield strength of reinforcing bars

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

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

is the cross-sectional area of steel beam

is the depth of steel beam

is the overall depth of profiled steel sheeting

is the modular ratio for short-term loading

is the modulus of elasticity of steel beam

is the secant modulus of elasticity of concrete for concrete slab
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Degree of shear connection
s > Ms,req (4.18)

MTh > 77h,req (4-19)

1s,req and 1y, ¢4 are given by:

s req = Max {1 — (355> (0.75 — 0.03Les) ;0.4} for Les <25  (4.20)

fuyd
Nsreq = 1 for Les > 25 (4.21)
Uh,req =1 (4-22)
where
f
faya ==L (4.23)
Ya

1s is the degree of shear connection in sagging moment region, see 4.4.2
1y, is the degree of shear connection in hogging moment region, see 4.4.2
1ls,req is the required minimum degree of shear connection in sagging
moment region
Nhreq 1S the required minimum degree of shear connection in hogging
moment region
L.s is the distance between inflection points in sagging moment region
faya 1s the design yield strength of steel beam
Ya is the partial factor of resistance of members and cross-sections of
steel beam

Shear resistance

min (Vpl,Rd; Vb,Rd) > VEa (4.24)

where

Vpi,ra is the plastic shear resistance of composite beam, see 4.4.3
Vp ra is the shear buckling resistance of composite beam, see 4.4.3
VEgq is the design shear force

Moment resistance

min (Mpl ,Rds’ Mplp,Rds) > MEgs (4.25)

min (Mpl f,Rdh;My,v,Rdh) > MEean (4.26)

where

Mpif,ras is the plastic sagging moment resistance of composite beam with
full shear connection, see 4.4.4
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My1p,ras 1s the plastic sagging moment resistance of composite beam with
partial shear connection, see 4.4.4
MEs is the design sagging moment
Mpigran is the plastic hogging moment resistance ofcomposite 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
Mg, is the design hogging moment

Lateral-torsional buckling moment resistance
Mir,ra = MEan (4.27)

where

My rq is the buckling moment resistance of laterally unrestrained com-
posite beam, see 4.4.4

Longitudinal shear resistance
Rst + Rpse = Rir,req (4.28)
Ast = Astreq (4.29)
URd = ULEd (4.30)

Rirreq and Ast req are given by:

0
Rtr,req = hes 7c€)fg (4.31)
0.08/
Ast,req = hcs 7]{ f ka (4.32)
s

where

Rst + Rpse 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
Urgq is the crushing shear stress of concrete slab, see 4.4.5
vr g4 is the design longitudinal shear stress in composite slab
Rir,req is the required tension resistance of transverse reinforcement per
unit length
Ast,req 18 the required minimum cross-sectional area of transverse rein-
forcing bars per unit length
g is the angle between diagonal strut and axis of beam, 26.5° <
6 < 45° for concrete flange in compression, 38.6° < 6 < 45° for
concrete flange in tension
fer is the characteristic cylinder strength of concrete for concrete
slab
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(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.

oy < 0y tim (4.33)

Op1v < 0p4v jim (4.34)

where

Oy is the deflection due to “live loads”
Oy 1im is the limit of deflection due to “live loads”
dpay is the deflection due to “dead loads and live loads”
Op4v lim is the limit of deflection due to “dead loads and live loads”

(4) Serviceability check incomposite stage

As with (2), the following conditions for deflection and vibration at service-
ability 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 hard-
ened. In addition, the criteria of crack width control should be satisfied.

a) Deflection
Sv < 6vim (4.35)

0tp4v < Opyv lim (4.36)

where

Sy is the deflection due to “live loads”
Oy jim 1s the limit of deflection due to “live loads”
Otp+y is the deflection due to “dead loads, superimposed dead loads, and
live loads”
Op4v lim is the limit of deflection due to “dead loads, superimposed dead
loads, and live loads”

b) Vibration

fP+0.1V > freq (4.37)

where

fp+o1v is the natural frequency due to “dead loads superimposed dead
loads and 10% of live loads”
freq is the required minimum natural frequency

c) Control of crack width

Asl > Asl,req (4-38)

O < Ot tim - OF  Psi < Psllim (4.39)
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Agl req 1s given by:

where

Asl
beg

Os1
Osl lim

Psi
Psl lim

Asl,req

ACS

0.72k¢ fetm Acs

Al yeq = (4.40)
e O lim
. 1
ke = min — +0.3;1.0 (4.41)
1+ (%)
A+ Ag) (05D, + Dys + 0.5k
z0 = (Aq sl)( a hcszjs% Cs) (4.42)
Aut A 1 ()
E,
ng = 4.43
0 Ecm,cs ( )

is the cross-sectional area of longitudinal reinforcing bars within b.g,
is the effective width of composite beam in hogging moment region,
see 4.4.1

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

is the limit of stress permitted in longitudinal reinforcing bars imme-
diately 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 beﬂh

is the cross-sectional area of composite slab within byg above
profiled steel sheeting

Table 4.5 Limit of stress permitted in longitudinal reinforcing bars

Limit of stress

Maximum diameter of longitudinal reinforcing bars

Ot jim [N/mm?] ¢} [mm] for design crack width wy
wy = 0.4 [mm] wy = 0.3 [mm] wy = 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 4

450
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Table 4.6 Limit of spacing of longitudinal reinforcing bars
Limit of stress Limit of spacing of longitudinal reinforcing bars
st 1im [N/ mm?] Psi lim [mm] for design crack width wy
wy = 0.4 [mm] wy = 0.3 [mm] wy = 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 -
k. is the coefficient taking into account of stress distribution within
section immediately prior to cracking
zq is the vertical distance between centre of un-cracked concrete flange
and un-cracked composite section
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 3.3.

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

min (Vo ra; Voara) > Vea (444)

With respect to the moment resistance, the following condition should be sat-
isfied to make the plastic moment resistance of steel beam larger than the
design sagging moment at ultimate limit state. According to EN 1993-1-11,
when a steel beam is subjected to bending and shear, the plastic moment resis-
tance 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
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shear force occurs. Thus, the reduction of the plastic moment resistance need
not be considered.

Mpl,a,Rd > MEds (4.45)

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.

Myt ard = MEgs (4.46)

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. There-
fore, structural resistance as the composite beams with semi-rigid ends at ulti-
mate 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 beams is different from that of steel
beams due to the composite effect with floor slab. Additionally, if the longitu-
dinal reinforcing bars in concrete slab are in tension and the elastic hogging
moment resistance of composite beam M, rgy, is less than the moment resis-
tance of the adjacent composite joints M; ry4, the following condition should
be satisfied to make the cross-sectional area of longitudinal reinforcing bars
within by, at ultimate limit state larger than the required minimum value.

Asl > Asl,req (4'47)

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 min-
imum 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 con-
nection is not extremely small, the shear studs can be greatly deformed at ulti-
mate limit state, and the composite beams can exhibit relatively large rotational
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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.

s = Ms,req (4.48)
M 2= Hi,req (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 contri-
bution 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 (Vg Vira) > Vea (4.50)

With respect to the moment resistance, the following conditions should be sat-
isfied 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 mem-
bers 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 ( My, rasi Mpip s ) > Mds (451)

min (Mpl Rl My,v,Rdh) > MEgp (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.

Mt Ra = MEan (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 (4-54)

Ast Z Astreq (4.55)
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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.

URd = UL Ed (4.56)

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 < Oy tim (4.57)

Op4+v < Opiv jim (4.58)

Based on EN 199029, 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, Lj, is the beam span.

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 satis-
fied 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 <0y tim (4.59)

0tp+v < Opyv 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.1V > freq (4.61)

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

Agl = Asl,req (4.62)

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.

0ol < Ogigim OF  Psi < Psilim (4.63)

4.3 STRUCTURAL PROPERTIES OF COMPOSITE JOINT

4.3.1 Effective Width and Effective Length

D

¥}

Effective width of composite joint

The effective width of composite joints b,y ; which is an essential design param-
eter 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.

Effective length of reinforcement

The effective length of reinforcement /¢ 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 compos-
ite joints.

h

lefr, = min (J;hs ; 20(])51,,) for straight reinforcing bars (4.64)
Lan r 4 hsp—

lefr, = min (dhrzsmfhs ; 204)51/7) for bent or hooked

reinforcing bars (4.65)

where

hsps is the distance between first headed studs on opposite composite
beams, see Figure 4.5
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¢s1» is the diameter of longitudinal reinforcing bars for a row r
lan, is the projected anchorage length of bent or hooked reinforcing bars for
arow r, see Figure 4.5
hsp-fns s 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:

D

(2

Effective width of composite joint

The effective width of composite joint b.g; 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 accor-
dance with EN 1994-1-1. However, b,y; 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 b,z
may also be obtained based on the experimental evidence or advanced calcu-
lation method supported by structural testing.

Effective length of reinforcement

In addition to by, the effective length of reinforcement .4 is another essen-
tial 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 hg,, provided
that the joint is double-sided with straight reinforcing bars. However, the ten-
sile stress in the longitudinal reinforcing bars may decrease toward the joint
centre since the tension force of the reinforcing bars is transferred to the sup-
porting member by bond with concrete. In other words, if hg is relatively large
due to a deep column section, the effective length cannot be determined only
by hp,s because the reinforcing bars near the joint centre may no longer be sub-
jected to tension. In this design guide, the effective length of reinforcement
Lo can be determined considering hp,; and bar diameters ¢ for straight rein-
forcing bars and projected anchorage length [z and ¢ for bent or hooked
reinforcing bars.

4.3.2 Initial Rotational Stiffness

ey

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.
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(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 pri-
mary composite beam §; ;;;; 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.

Sjini = Eskshpksl,equz,gq_cc (4.66)
ksl,'p and ksl,eq are given by:
1
kslip = Tglm (4.67)
L (%)
Agl
ksl,eq = 2 le;flrr (4.68)
where
Nks¢
KSC - v—1 Zsl eq-cc (469)
v (m) (Zsl,eq-cu)
(14 ¢) Nkglz?% ,
eq-ca
V= 4.70
Eulay (4.70)
= ZE% @7y
Zsl,eq—caESASl,V
Es is the modulus of elasticity of reinforcing bars

Zg] ,eq-cc

kslip
ksl,eq
Asl,r

befsj
Lgr

is the equivalent vertical distance between longitudinal reinforcing
bars and centre of contact part

is the stiffness reduction factor due to deformation of headed studs
is the equivalent stiffness coefficient of longitudinal reinforcing bars
is the cross-sectional area of longitudinal reinforcing bars within
begj for arow r

is the effective width of composite joint, see 4.3.1

is the effective length of reinforcement, see 4.3.1

is the stiffness related to headed studs

is the number of headed studs distributed over length !

is the length of composite beam in hogging moment region adjacent
to joint, which can be taken as 15% of beam span

is the stiffness of one headed stud, which can be taken as
100 [kN/mm)]
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Figure 4.6 Modelling of composite joint for initial rotational stiffness
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Zsl,eq-ca 1S the equivalent vertical distance between longitudinal reinforcing
bars and centre of steel beam
v 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
S ini- Therefore, the equivalent initial rotational stiffness S; j; ¢, incorporat-
ing the torsional rigidity of the primary beam should be used as the rota-
tional stiffness S; in structural analysis if necessary.

By > max { (« = 1) dyg; ( — 1) by } 4.72)
ad o — t
Dyy —Des — Do 2 % (4.73)
KstipKsi eqk13,pb
Sj'i”i = bs —EEE gl,eq—cc (4.74)
(kslipksl,eq + kl3,pb)
def, beff, ksipksi eq, and ky3 pp, are given by:
deff = tf + ¢ + min (Dep — Dy; ) (4.75)
by = min (Ba + 2¢; Bep) (4.76)
ksiip = 7;@ (4.77)
1+ ()
Asi
kgj oy = =L (4.78)
sl,eq Z lejj‘,r
by = PN ey (4.79)
Bpb = T 1075E, '

« is given by Eq. (4.9) using convergence calculation, but it should be 3.0 if
the calculated value is more than 3.0.

(oc - 1) beﬁ_ pr =0 (480)
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f epyd
c=1t (4.81)
‘ 3fja,pb
f
fepyd = (4.82)
Yep
fid,pp = Bjofedpb (4.83)
f ck,pb
=1 4.84
f cd,pb 'Yc,pb ( )

is the width of primary reinforced concrete beam

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

is the depth of primary reinforced concrete beam

is the depth of steel beam

is the flange thickness of steel beam

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

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

is the stiffness coefficient of concrete for primary reinforced concrete
beam

is the depth of end plate

is the width of steel beam

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

is the modulus of elasticity of steel beam

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

is the thickness of end plate

is the design yield strength of end plate

is the nominal value of yield strength of end plate

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

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

i is the joint material coefficient of precast reinforced concrete beam,

which can be taken as 2/3

is the design strength of concrete for primary reinforced concrete
beam

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

is the partial factor of concrete for primary reinforced concrete
beam
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¢) 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; ;;; 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 mem-
ber, resulting in the apparent decrease in S;;,;. Therefore, the equivalent
initial rotational stiffness S; ., incorporating the flexural rigidity of the
wall should be used as the rotational stiffness S; in structural analysis
if necessary.

fep > max {(uc — 1) de; (x — 1) beﬁr} (4.85)

kslipksl,eqk13,cw 2

Sj,ini = Es (ksﬁkalleq N k13,cw> sleq-cc (4.86)

def, befr, Ksiips kst eq, and k13 ¢y are given by:
dep = tf + ¢ + min (Dgp — Dg;c) (4.87)
bes = min (Ba + 2c; Bep) (4.88)
ksip = % (4.89)

e
Ksteq = IZ;;Y (4.90)

Ecm,cw\/%

ki3 = “125E (4.91)

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

(& —=1) bogr — tew = 0 (4.92)
where
f epyd
c=t 4.93
i 3fjd,cw ( )
fjd,cw = ﬁ]“f cd,cw (4.94)
f cd,cw — fck,cw (4.95)

Ye,cw
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tew 1s the thickness of reinforced concrete wall
k13w is the stiffness coefficient of concrete for reinforced concrete wall
Ecmew is the secant modulus of elasticity of concrete for reinforced concrete
wall
fidcw is the design bearing strength of concrete for reinforced concrete
wall
fedcw 1s the design strength of concrete for reinforced concrete wall
fekcw is the characteristic cylinder strength of concrete for reinforced
concrete wall
Yecw is the partial factor of concrete for reinforced concrete wall

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 S]-/l-m- 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 S; ;;;. Therefore, the equivalent initial rotational stiffness S; i eq
incorporating the flexural rigidity of the column should be used as the rota-
tional stiffness S; in structural analysis if necessary.

Dee > max {(zx — 1) dyz; (a— 1) beﬁf} (4.96)

kslipksl,eqkl3,cc 2

Siini = } (4.97)
Jini s sl,eq-cc
(kslipksl,eq + le,cc)
deff, beffs Ksiips ks1 eq, and ki3 ¢c are given by:
def = tf + ¢ + min (Dep — Dg; ) (4.98)
befr = min (Ba 4 2¢; Bep) (4.99)
1
ksiip = — (4.100)
()
Agp
kg oo = ST 4.101
sl,eq Z leﬁ‘,r ( )
I A (4.102)
B3ee = 71 275E, '

« is given by Eq. (4.16) using convergence calculation, but it should be 3.0 if
the calculated value is more than 3.0.

(€ =1)beg — Dec = 0 (4.103)
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where
f epyd
c=1t (4.104)
i 3fjd,cc
fjd,cc = ﬁjafcd,cc (4.105)
Fugoo = Lekse (4.106)
Ke,cc

D¢ is the depth of reinforced concrete column
ki3 is the stiffness coefficient of concrete for reinforced concrete column
Ecmec is the secant modulus of elasticity of concrete for reinforced concrete
column
fid,cc is the design bearing strength of concrete for reinforced concrete
column
fedce is the design strength of concrete for reinforced concrete column
fekcc is the characteristic cylinder strength of concrete for reinforced
concrete column
Yece is the partial factor of concrete for reinforced concrete column

COMMENTARY:

(1) Concept

In EN 1993-1-8, the component method in which a semi-rigid joint is mod-
elled 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 longitudi-
nal reinforcing bars in tension and the other is the contact parts in compression.
Concrete in tension shall be neglected considering the effects of cracking.

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 M; r4 can
be determined by the following equation using the tension resistance of the
longitudinal reinforcing bars Ry ; or the compression resistance of the contact
part Reon, whichever is smaller. In the case for beam-to-beam composite joints
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Figure 4.7 Modelling of composite joint for moment resistance

with primary composite beam, the stiffeners should be considered in calculat-
ing R, 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-cc TN (Rsl,j; Rm) (4.107)
Rsl,j and R, are given by:
Raj =) Asirfea (4.108)
R —mi ) , . Jay  fepy
con = min § Aps fayd; Acp fepyd; 1.5Ape, min | ——; —= (4.109)
Ya,2 '7cp,2
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where

Zsl,eq-cc

fu =L (4.110)
Ts
s = 122 (4.111)
Yep

is the equivalent vertical distance between longitudinal reinforcing
bars and centre of contact part

;j is the tension resistance of longitudinal reinforcing bars within b,z

is the compression resistance of contact part

i is the effective width of composite joint, see 4.3.1

is the cross-sectional area of longitudinal reinforcing bars within b,y
forarow r

is the cross-sectional area of bottom flange of steel beam

is the design yield strength of steel beam see 4.2.2

is the cross-sectional area of contact plate

is the bearing area between bottom flange of steel beam and contact
plate

is the nominal value of yield strength of steel beam

is the partial factor of resistance of steel beam in bearing

is the nominal value of yield strength of contact plate

is the partial factor of resistance of contact plate in bearing

is the design yield strength of reinforcing bars

is the characteristic yield strength of reinforcing bars

is the partial factor of reinforcing bars

is the design yield strength of contact plate

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

4.3.4 Compression Resistance

(1) Compression resistance of equivalent T-stub flange

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

where

Fora = fiadegber (4.112)

fja is the design bearing strength of concrete, which can be taken as fj4 ,; for
primary reinforced concrete beam, fj;, for reinforced concrete wall, and
fjd,cc for reinforced concrete column
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44 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 b,y 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.

beffs = bos + Zbeis (4.113)

beis is given by:
beis = min (Lges;bis> (4.114)

where

bos is the distance between centres of outstand headed studs in sagging
moment region

beis is the value of effective width ofcomposite 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

AN g

M 4,; ;; g

\ \ \ \ \
! Ly, L, | L., ! Lo, !
[ [ [ [ |

Figure 4.8 Distance between inflection points

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

The effective width of composite beams in hogging moment region b.g, 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 deter-
mined by the following equation

begm = bon + Y bein (4.115)
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beip, is given by:
beih = min (Lgh;bih) (4.116)

where

by, 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

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

bj, is the distance from outstand headed stud to a point mid-way between
adjacent webs of steel beams in hogging moment region

(3) Distance between inflection points

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

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. There-
fore, structural analysis is carried out considering the rotational stiffness of the
joints S; as their initial rotational stiffness S; ;;; as mentioned later in section 5.2.
On the other hand, structural analysis should be performed assuming S; as
S j,im'/ 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 ulti-
mate 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.

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 77; can be deter-
mined by the following equation

Rys

5 = tin (Re; Rea) (*-117)
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Rgs, Ra, and R are given by:

where

Npss

bO,min
Dyps
hhs

kts,max

f cd
f ck
Ye,cs

Rqs = NhssktsPRd (4.118)
Ra = Aafaya (4.119)
Res = bejfshcs (0'85fcd) (4.120)

. bo mi
kis = min{ 07 0,min ( T _ 1) ; kts,max} (4.121)

v/min (npss;2) Dps \ Dps
fea = ok (4.122)
Ye
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 b,g

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 L

is the shear resistance of a headed stud, see 2.4

is the cross-sectional area ofsteel 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

(2) Degree of shear connection in hogging moment region

The degree of shear connection in hogging moment region #;, can be deter-
mined by the following equation

Ryn

= i RRD) (4.123)
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Table 4.7 Maximum reduction factor for shear resistance of a headed stud k¢ 4

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 tps dps and welded through studs 19[mm] or 22[mm)]
rib 1y [mm] profiled steel sheeting in diameter of shank dj,g

1 <1.0 0.85 0.75

> 1.0 1.00 0.75

5 <1.0 0.70 0.60

> 1.0 0.80 0.60

R,y and Ry are given by:

Rgn = NpspkinPra (4.124)
Rsl = Aslfsd (4-125)
where
. 0.7 bO min < hhs )
ki, = min . -1k 4.126
th { \/m Dps Dps th,max ( )

Ry, is the longitudinal shear force transfer within half of L,
Ry is the tension resistance of longitudinal reinforcing bars within beﬁh
Ly, is the distance between inflection points in hogging moment region, see
Figure 4.8
begm 1s the effective width of composite beams in hogging moment region,
see 4.4.1
Njsp, is the number of headed studs arranged within half of L,
Ay is the cross-sectional area of longitudinal reinforcing bars within byg,
fsa is the design yield strength of reinforcing bars, see 4.3.3
ks, is the reduction factor for shear resistance of a headed stud in hogging
moment region
Ny is the number of headed studs per sheeting rib in hogging moment
region
kinmax is the maximum reduction factor for shear resistance of a headed stud
in hogging moment region, given in Table 4.7

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), ; rs can be determined by the
following equation

fayd
Vilard = Av ( \%) (4.127)
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Ay is given by:
Ay = max {Aa — 2Bat g+ (o +27) £ 12 (Du - th) tw} (4.128)

where

faya 1s the design yield strength of steel beam, see 4.2.2
Ay is the shear area of steel beam

A, is the cross-sectional area of steel beam

B, is the width of steel beam

tr is the flange thickness of steel beam

ty is the web thickness of steel beam

r is 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), , s can be determined by the
following equations

Do —2t 72 [235
Vb,a,Rrd = VplaRd for M < =0 (4.129)
" " 2 fﬂy

tw

—_

\@'Ya ’ \@'Ya

(Da - 2ff> 72 [235

Vb,u,Rd = min {wawy (Da B th) Fu . 1‘2fwy (D” o th) tw }

Xw is given by:

Xo=12  for Ay 083 (4.131)
1.2
0.83 0.83
= — — < 4.132
Xw ™ for 15 < Aw (4.132)
where
Ay = 0.76 fuy (4.133)

2
tZU
Kz min lwoooo {(D_ztf)} 1

kz min = 5.34 (without rigid transverse and
longitudinal stiffeners) (4.134)
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fwy is the nominal value of yield strength of web of steel beam
Xw 1is the factor for contribution of web of steel beam to shear buckling
resistance
Aw is the modified slenderness of web of steel beam
kz min 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) r4 and Vj, g4, 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

4.4.4 Moment Resistance

(1) Moment resistance in construction stage

a)

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

My ard = Wpiafaya for Class 1 or Class 2 cross-sections (4.135)

My a,rd = Wegplafaya  for effective Class 2 cross-sections (4.136)

where

Wy, is the plastic section modulus of steel beam
faya is the design yield strength of steel beam, see 4.2.2
Wegpla is the effective plastic section modulus of steel beam

Buckling moment resistance of steel beam
The buckling moment resistance of laterally unrestrained steel beam
Mt 4 R4 can be determined by the following equation

Mi10,Rd = XLT,aMpl,a,Rd (4.137)
XLT,q is given by:

1 1
XLT,s = Min 1.0, — (4.138)

Orra+ /P, —07503, M

where

i1 =05 {1 FAr (Apra — 0.4) + 0.75A%T,ﬂ} (4.139)
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M
ALT’[I _ A;/a[l,a,Rd (4.140)
Ccr,a
M. — ¢ TEde [Lua | L2aGalra (4.141)
cr,a 1 L%r,a Iz 7'(2Ea1az .

is the reduction factor for lateral-torsional buckling of steel beam

is the value to determine reduction factor for lateral-torsional buck-
ling of steel beam

is the imperfection factor corresponding to appropriate lateral-
torsional buckling curve, recommended in Table 4.8

is the non-dimensional slenderness for lateral-torsional buckling of
steel beam

is the elastic critical moment for lateral-torsional buckling of steel
beam

is the correction factor for non-uniform bending moment, which can
be taken as 1.0 conservatively

is the modulus of elasticity of steel beam

is the second moment of area of steel beam about minor axis (z-z axis)
is the length of steel beam between points at which top flange of steel
beam is laterally restrained

is the warping constant of steel beam

is the shear modulus of elasticity of steel beam

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 ayt
Da _, b 0.34
Rolled I-sections ¢
2< Da <31 c 0.49
B,
31< Dy d 0.76
B,
Dy
Z < .
Welded I-sections B, — 2 ¢ 049
D,
2< — d 0.7
< B, 6

Note: D, is the depth of steel beam; B, is the width of steel beam
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(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 M ¢ rgs can be determined by the following equations

<Class 1 or Class 2 cross-sections>

D Ry (Des — D
Mpif,rds = Ra {2 + Des — R“( = 5 ) } (4.142)
CcSs

for R; < R¢s (PNA in concrete flange)

D, Des + Dps> (Rs — Res)®
Myirris = Ro— + R ( — (4.143)
plf,Rds ) cs > 4Bufayd
for Ry < Res < Ry (PNA in steel flange)
Dy + Des + Dps R?
Mif Ras = Wy i+ R ( )— ¢ (4.144)
plf,Rds p ,afuy cs B 4tu2fayd
for R < Ry (PNA in steel web)
< Effective Class 2 cross-sections>
D R, (Des — D
My ris = Ra {2 + Des — R—“i( = 5 p:) } (4.145)
CcSs
for R; < R¢s (PNA in concrete flange)
D, Des + Dps\  (Rq — Res)?
=R,— +R - 4.14
Mplf,Rds a5 + Res < 5 4Bafayd ( 6)

for Reo < Res < Ra (PNA in steel flange)

Dg + D¢s + D
Mplf,Rds - Wpl,ufuyd + Res (a;sps)

R%s + (Rv - Rcs) (Rv — Res — 2Reﬁ,v>
4th ayd

for Res < Refrn (PNA in steel web)

(4.147)
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Rg, Res, Ry, Rejj’,vr and Ry are given by the following equations

Ro = Aufoya (4148)
Res = byghes (0.85f2q) (4.149)
Ruw = Ro — 2Batffuya (4.150)

Refro = 4062 faya ch:; (4.151)
Ry = {Da 2 (tf + r) } o fayd (4.152)

where

D¢s is the overall depth of composite slab
Dps is the overall depth of profiled steel sheeting
tw is the web thickness of steel beam
R, is the tension (compression) resistance of steel beam
Res is the compression resistance of composite slab within beﬁfs
Ry is the tension (compression) resistance of overall web of steel beam
Refy is the tension (compression) resistance of effective clear web of steel
beam
R, is the tension (compression) resistance of clear web of steel beam
begss is the effective width of composite beams in sagging moment region,
see4.4.1
A, is the cross-sectional area of steel beam
hes is the thickness of composite slab above profiled steel sheeting
fedcs is the design strength of concrete for concrete slab, see 4.4.2
tr is the flange thickness of steel beam
r 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 M, r4s can be determined by the following equations

<Class 1 or Class 2 cross-sections>

Mpip,rds = Mpif,ras for 175 >1 (4.153)
Dy Rgs Des — Dyps (Ra — Rq5)2
Myip,ras = Ra—" + Res (DCS R ) A o (4.154)
for 175 < landRy < Rgs (PNA in steel flange)
Mpip,ras = Wpiafayd
2
tre (Gepa- gl Py R sy

for s < 1and Rys < Ry (PNA in steel web)
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< Effective Class 2 cross-sections>

Myip,ras = Mpif,ras for 15 >1 (4.156)
Moy pts = Ra 28 + Ry (Deg — as Pes = Dps) (Ro — Rys)" (4.157)
plp,Rds = Ra ) qs cs Res 2 4Bﬂfayd .

for s < 1and R, < Rgs (PNA in steel flange)

D Rgs Des — D
Mplp,Rds = Wpl,afayd + Rqs -+ De¢s — £ =_F
2 Re 2

R% + (Ry — Rys) (Rv ~ Rys — 2Reﬁcﬂ,)
4twfayd

(4.158)

for 7s < Tand Rgs < Rep, (PNA in steel web)

where

1s 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., 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 M ¢ rgn can be determined by the following equations

<Class 1 or Class 2 cross-sections>
D,
Myif ran = Ra > T Zesltf (4.159)

for R; < Ry (PNA outside steel beam)

R, — Ry)?
M — R 20y Rz — Re=Ra) 4.160
plf,Rdh o=+ ReiZesl-tf 4B oy ( )
for Ry < Ry < R, (PNA in steel flange)
_ D, R?
Mpif,Ran = Woiafaya + R 5 + Zesltf | — 4twfayd (4.161)

for Ry < Ry (PNA in steel web)



Design Guide for Semi-rigid Composite Joints and Beams 69

< Effective Class 2 cross-sections>

D
Mpif,Rin = Refta (2” + chl-tf) (4.162)

for Ryprn < Rg (PNA outside steel beam)

(Reff,a - Rsl)2

4.163
4Bﬂfayd ( )

D
Myif,rdn = Reﬁ,u?a + ReiZesitf —
for Refry < Ry < Refrs (PNA in steel flange)
D,
Mpif Ran = Wytafaya + Rsi | =~ + Zest-tf

RZ + (Ry + Ry) (Ro + Ry = 2Ryp,)

— (4.164)
4twfayd
for Ry < Ry (PNA in steel web)
Refyq is given by:
Refra = Ra — Ry + Regry (4.165)

where

Zesi-tf 18 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,g,,
see 4.4.2

Refq is the tension (compression) resistance of effective steel beam

d) Reduced hogging moment resistance ofcomposite beam making allowance for
presence of shear force
The reduced hogging moment resistance of composite beam making
allowance for presence of shear force M, ; rqy can be determined by the
following equations

Myorah = Mpigran  for Vi < V”ng (4.166)
2w Y
My o,Rdn = Mpif,ran — (Mplf,Rdh_Mpl,f,Rd> <Vpl,Rd —1)
for Vig > ViR (4.167)
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My f,rd is given by:
D
My, f,rd = 2R (2” + chl—tf) for PNA outside steel beam (4.168)
2
(2R = Rsl)
My r,ra = RfDa + Ryzesi i — AR for PNA in steel flange
ﬂfuyd

(4.169)

D .
My rra = Rfzetpcof + Ral (2'1 + chl—tf) for PNA in steel web  (4.170)

where

Rf = Bﬂtffayd (4.171)

VEgq is the design shear force
V1,ra s the plastic shear resistance of composite beam, see 4.4.3
Vi ra is the shear buckling resistance of composite beam, see 4.4.3
M1, £,ra 18 the plastic moment resistance of composite beam after deducting
shear area
Ry is the tension (compression) resistance of flange of steel beam
Zetf-cbf 18 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 resis-
tance of laterally unrestrained composite beam Mt gy can be determined
by Eq. (4.174).

Ecmesles2 > 0‘35Eut%uBb/Da (4.172)
Dps/Ba < 0Af 2 L= XirALy (4.173)
ps a > V[ psylyg kSXLT/\%T .
Myr,rd = XLTMypif,RdN (4.174)
Iesp, X117, ALT, and ks are given by:
D2,
IES Astzgst_na + Ace (Zlgla-ccs,c + 1;) (4.175)
. 1 1
XLT = min ;1.0; —— (4.176)
®pr + /D3 — 07502, Ay
M
A =y R (4.177)

Mer



where

Pps
f hsu

XLT
Les
ALt

ks

Drr
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_ kik
Stk (4.178)
¢ET:05{1+au%Mj—04y+QﬁA%} (4.179)
_ keG4 E,; keL2,
Mer =77, ﬂ{2(1+0.3) It + =75 | Ealpf (4.180)
Tay
k=72 (4.181)
<CtJZbe + l%x> /e + Zetf-chf
2
AaAy 1Dy +2 (Dps + hes — Zpoe.
Ih = Lly + alls] { a +4 (Eq pj_‘; lc)s Ztcs csl)} (4182)
a s
, Loy + 1
o WTM (4.183)
Aa+ Ag) 1
AaZecs-caAsi
t¢B3
by = 55 (4.185)
ky — AEales2 wise
By
3
o = (4.187)

T 41032 zapay

is the beam spacing

is the pitch of ribs of profiled steel sheeting

is the ultimate strength of headed stud

is the diameter of shank of headed stud

is the reduction factor for lateral-torsional buckling of composite
beam

is the second moment of area of cracked composite slab in direction
transverse to steel beam

is the non-dimensional slenderness for lateral-torsional buckling of
composite beam

is the transverse (rotational) stiffness per unit length of composite
beam

is the value to determine reduction factor for lateral-torsional buck-
ling of composite beam
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Zna-ccs,c

M1 Rin

is the cross-sectional area of transverse reinforcing bars per unit
length

is the vertical distance between centre of transverse reinforcing
bars and neutral axis of composite slab

is the area per unit length of concrete slab in compression

is the vertical distance between neutral axis of composite slab and
centre of concrete slab in compression

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

is the elastic critical moment for lateral-torsional buckling of
composite beam

is the property of distribution of moment, given in Table 4.9

is the length of composite beam between points at which bottom
flange is laterally restrained

is the k. factor

is the second moment of area of steel beam about y-y axis

is the second moment of area of composite beam in hogging
moment region

Table 4.9 Values of factor C4 for spans with transverse loading

Loading and External beam Internal beam
Y YYYYYYYYYYY Y
support conditions s 9 I A
W, 0.50 WM, 0.75 . M ___¥My
o B N
~—_17 |
Moment diagram Mo My My My
Y =0.50 41.5 33.9 28.2 219
Y =075 30.2 22.7 18.0 13.9
Y =1.00 24.5 17.3 13.7 11.0
Y =125 21.1 14.1 11.7 9.6
Y =1.50 19.0 13.0 10.6 8.8
Y =175 17.5 12.0 10.0 8.3
Y =2.00 16.5 114 9.5 8.0
Y =225 15.7 10.9 9.1 7.8
Y =250 15.2 10.6 8.9 7.6

Note: ¥ is the ratio of the design hogging moment to M
M is the mid-length moment of simply supported beam
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Ag is the cross-sectional area of longitudinal reinforcing bars within
bem
Zes-cs1 18 the covering depth of longitudinal reinforcing bars
igy is the polar radius of gyration of area of steel beam
e is the e value
Zees-ca 1S the vertical distance between centre of composite slab and steel
beam
Iy, 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 trans-
verse to steel beam
ko is the flexural stiffness of web of steel beam

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 et
adjacent to the compression flange measured from the base of the root radius,
with another part of 20 et,, adjacent to the plastic neutral axis of the effec-
tive cross-section in accordance with Figure 4.9. A similar distribution can be
applied to welded sections with the part of 20 ef,, adjacent to the compression
flange measured from the base of the weld.

f (:zyd
———

I 2041, -

compression

plastic neutral axis
40¢t,, by tension| +

ﬁlyd

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 + Rpse
can be determined by the following equation

Rsz.‘ + Rpse = Astfsd + Apsefpsd (4-188)
fpsa is given by:
fosk
fpsa = 2= (4.189)
Yps
where

Agt is the cross-sectional area of transverse reinforcing bars per unit length
fsq 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
fpsa is the design yield strength of profiled steel sheeting
fpsk 1s the characteristic yield strength of profiled steel sheeting
7Yps is the partial factor of profiled steel sheeting

(2) Crushing shear stress of concrete slab

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

_ B WP
vrg = 0.6 ( 750 feqsinBcos 6 (4.190)

where

fer is the characteristic cylinder strength of concrete
feq is the design strength of concrete, see 4.4.2
0 is the angle between diagonal strut and axis of beam, 26.5° < 0 < 45°
for concrete flange in compression 38.6° < < 45° for concrete flange in
tension



Chapter Five

Structural Analysis

51 GENERAL

(D

(2

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 sub-
jected to hogging moment so that the contact parts of the joints are always in
compression.

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:

(D

Concept

When the structural behaviour of building frames is affected by the joint struc-
tural 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 mem-
bers 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 com-
posite 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 service ability limit states.
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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.

STRUCTURAL MODELLING OF COMPOSITE JOINT

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 M; is less than or equal to the elastic moment
resistance 2/3M; g4, the linear M;-¢; curve with the rotational stiffness S;
taken as the initial rotational stiffness S;;,; can be applied as shown in
Figure 5.1 (a). M; g is the moment resistance of the connection.

b) When the joint moment M; is more than the elastic moment resistance
2/3M; 4, the bi-linear M;-¢; curve with the rotational stiffness S; taken as
S;ini/ 1 can be applied as shown in Figure 5.1 (b). The stiffness modification
coefficient 57 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).

COMMENTARY:

D

Simplified moment-rotation characteristics

In EN 1993-1-8, the simplified Mj-¢;j curves shown in Figure 5.1 (a) and (b) are
recommended for the rotational springs in elastic-plastic analysis. According to
this simplified M;-¢; curves, the rotational stiffness S; can be taken as the initial
rotational stiffness S; ;,; when the joint moment M,; is less than or equal to the
elastic moment resistance 2/ 3M; g as shown in Figure 5.1 (a), where MR is
the joint’s moment resistance. On the other hand, the rotational stiffness S; can
be taken as S; ;i /17 when the joint moment M is more than the elastic moment
resistance 2/3M; rg as shown in Figure 5.1 (b). The latter S; is the intermediate
value between §; ;;; and the secant stiffness of the moment resistance M; g4,
and this is the convenient constant value of S; which actually changes due to
the nonlinear behaviour. The stiffness modification coefficient # for composite
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My

b
M; ra

2/3M; gy

@- I
(a) Linear M;-¢ curve (M; < 2/3M; z4) (b) Bi-linear M;-¢; curve (2/3M; zq < M,)
My
Myt 7~
4 ,//
/7 Actual M,
213M gl ctual M; - ¢ curve
e — Simplified M; - ¢ curve
// \\\ S ini \‘: Simi/ N

¢

(c) Tri-linear M;-¢ curve

Figure 5.1 Simplified moment-rotation characteristics (M]-—4>j curves)

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.

5.3 DESIGN MOMENT AND DEFLECTION OF COMPOSITE BEAM

(1) Concept

The effects of cracking of floor slab should be considered in the structural anal-
ysis 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
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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; g4, 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 + Tbx— M;

L
5max = (E1>h <A (xO) 7b -C (XQ))

1 Ly Ly M; L,

(5.1)

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

1 1 Ly M]-
——A(x0) + —— <A <> —A(xo)) +—=0 (5.3)
(EI), (EI), 2 Sj

where
2
AgAg {Du +2 (Dps + hes — Ztcsfcsl)}
EI), = E; |l + 54
( )h a ay 4 (Au + Asl) ( )
2 3
(EI) —F Aq (Dcs + Dps + Du) T beffshcs +1 (5.5)
S a 4 (1_'_ TloAa ) 12( 2E, ) ay .
heffshcs Ecm,es
Al(x) = %x3 - wTLW + Mjx (5.6)
w wL M;
B(x) = ﬂx‘l - T;x‘o’ + 7]x2 (5.7)
L M;
C(x) = %x‘* - %x‘% + 7]x2 (5.8)

L, 8M,;
N 5.9
=75 ( w2 (59)



Design Guide for Semi-rigid Composite Joints and Beams 79

M(x) is the moment of composite beam along x-axis
w is the uniformly distributed load
Ly is the beam length
Omax 1is the maximum deflection of composite beam
S; is the rotational stiffness of composite joint
M; is the joint moment
(EI);, is the hogging flexural rigidity of composite beam
(EI)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)
A, 1is the cross-sectional area of steel beam
Ay is the cross-sectional area of longitudinal reinforcing bars within by,
begn s the effective width of composite beam in hogging moment region,
see 4.4.1
D, is the depth of steel beam
Dys is the overall depth of profiled steel sheeting
hes is the thickness of composite slab above profiled steel sheeting
Zics-cs1 18 the covering depth of longitudinal reinforcing bars
D¢ is the overall depth of composite slab
begs is the effective width of composite beam in sagging moment region,
see 4.4.1
Ecmes is the secant modulus of elasticity of concrete for concrete slab
xo is the x-coordinate at inflection point

b) Composite beam supported by composite joint at one end

L, M;
M(x) = — %xz + (th — L;) x (5.10)
1
Omax = (TI)SE (x5) + Gpinxb‘ (5.11)

M; and x; are given by Eq. (4.204) and (4.205) using convergence
calculation.

1 M _
(EI)h (D (Lb) -D (Xo)) + (EI)SD (XO) +9pin + ?] =0 (512)
! D (x5) + Gpin =0 (5.13)
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where
M.
D(x) = %xg’ — % (szb - L;) x? (5.14)
_ w1 (wly M\ 5
E(x) = 2% T ( 5 I x (5.15)
M.
F(x) = %x“ — % (szb - Lb]) x3 (5.16)
2M;
. ]
Xp = Lb ZULb (5.17)
1
Opin = ED, I (E(Ly) — D (x0) Ly + F (x0))
1
(ED).L, (D (x0) Ly — F (x0)) (5.18)

x5 is the x-coordinate where deflection is maximized
Bpin is the rotation of pin joint

c) Composite beam supported by composite joints with unequal rotational

stiffness

o w o, (wly | My =M o
M (x) = > +< > + L x—M;j, (5.19)
1

Omax = m (G (xO) xs— 1 (xO))

+ L (H () = G (x0) x5+ 1 (x0)) + (5.20)
(ED). 5 0) X5 0 5, 5 .

M; and x; are given by the Eq. (4.213), (4.214), and (4.215) using conver-
gence calculation.

1 1 1
7(El)h,lG(x0) D, (G (x) — G (x0)) + D (G(Ly) — G (xp))
+ ];4” + AS/I] =0 (5.21)
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1 1
(G (x0) Ly —1I(x0))+ G (x4) Ly—G (x0) Ly—1I (x() +1 (x0)
(El)h,l (EI>5 ( ( 0) ( 0) )
1 M
+ H(Ly) — G (x}) Ly + I (x})) + ==L,
(El)h,r ( ( ) ( 0) ( 0)) Sj,l
=0 (5.22)
LG () + —— (G (x5) — G (x0)) + L g (523)
0 5) — 0 <. = :
(ED)y, (EI); Sj
where
w s 1 (wly, Mj—M,\ ,
G(x) = ¢ 2( > T + M x (5.24)
_ w4 1 (wly M= M\ 5 M,
H(x) = 25 T g ( > I X 5 X (5.25)
_w oy 1 /wly My — M\ 5 Mo,
I[(x) =3 3( > » +—rx (5.26)
1 wL, M —M;, wLy M — M \?
= { ( 2 T, N 2 L, - 2woM;
(5.27)

is the rotational stiffness of composite joint at left side
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
(EI)p; is the hogging flexural rigidity of composite beam at left side
(EI)y,, is the hogging flexural rigidity of composite beam at right side
x( is the x-coordinate at inflection point

(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 man-
ner, 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 analy-
sis method, in which all the secondary composite beams are classified into
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(a) Composite beam supported by composite joints with equal rotational stiffness
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(b) Composite beam supported by composite joint at one end
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(c) Composite beam supported by composite join with unequal rotational stiffness

Figure 5.2 Design moment and deflection
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Figure 5.3 Moment distribution in response to loading patterns
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(a) Actual floor plan

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

Designed composite beam

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

Figure 5.4 Virtual floor plans in simplified analysis method

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 calcu-
late the design moment and deflection of the beams considering the effects of
loading patterns. The details procedures are described in Appendix II.



Chapter Six

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 con-
ducted according to the construction process shown in Figure 6.1 Contact

Construction and erection of columns and wall

!

Erection of primary and secondary beams

Placement of profiled steel sheeting

----1 Installation of contact plates

Arrangement of reinforcing bars in floor slab

Concrete casting for floor slab

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

Figure 6.1 Installation of contact plate during construction
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plates can be installed at anytime during the construction process if good con-
tact is achieved at the composite stage. The installed conditions of contact
plates should be checked during the final stage of construction.

6.2 CONSTRUCTIONAL REQUIREMENTS

6.2.1 Contact Plates
(1) Detailing and installation method

As a rule, the detailing and installation method of contact plates shall be spec-
ified for each project to ensure are liable 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

o 5] Secondary
© Primary -

|

composite -~ i

- Ccomposite) beam - |
© peam 2 - 1

e Mrel T

| s | . . |

Fg r | ¢ Direct welding |

_Stiffeners ) e

0

= Composite S ‘

il beam | |

RC ||| End plate J i
wall “] = |
= P i

i —— T Direct i

LU ] : welding |

Figure 6.2 Direct welding through gap
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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

A e 7

e I 5| Secondary i |
© Primary )| composite -’ |
- Ccomposite?) beam !
© beam -7 !
© o #-«»»——"“7 !

Stiffeners e

(a) Welded contact plate

e R — |

o . ~| Secondary ! |

© Primary | composite /,/’ |

- Ccomposited beari— -~~~ |
© beam - 3

© S P — 1

2 — | Contact plate |

Stiffeners b J

(b) Bolted contact plate

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 stiff-
ener 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 fit-
ted in the construction stage. Even if contact plates are always under com-
pression after concrete casting, it may be displaced due to an unexpected acci-
dent. Therefore, some kinds of preventable measures are needed to ensure that
contact plates are not susceptible to displacement and falling during the con-
struction 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 con-
tact 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.

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 ¢y, specified in EN 1992-1-1. This value takes
into account the acceptable negative deviation from the required minimum
COVET Cpj.-

(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
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Figure 6.5 Arrangement of additional reinforcing bars

should be continuous or anchored at composite joints when designed to con-
tribute to the joint performance. The arrangement length in longitudinal direc-
tion Iy should be the length of the hogging moment region illustrated in
Figure 6.5. The arrangement width in transverse direction bg; to determine the
number of additional reinforcing bars can be arbitrarily taken within the beam
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spacing or the column width, whichever is smaller However, only the reinforc-
ing 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.

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 rein-
forcing 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 [y calculated by the
following equation unless the fire resistance design like membrane action is
considered. Here, a1, ap, a3, a5, g, and [, should be referred to EN1992-1-1.

lp = min (0410620630650461b,rqd; lO,min) (6.1)
________ Laps
27 SRS SK
Starter bars Longitudinal bars =

/ Lap length Longitudinal bars
>y
E———
e i
Starter bars 0
| ©
RC = g
wall =1l © Steel beam 4
= @
o
=
1

Figure 6.6 Laps of starter bars and longitudinal bars
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lo,min is given by:
o i = Max (O.Saélb,md; 15¢,; ;200) 6.2)

where

«1 is the coefficient considering shape of reinforcing bars

«y is the coefficient considering concrete cover

a3 is the coefficient considering confinement by transverse reinforcing bars

s is the coefficient considering confinement by transverse pressure

g is the coefficient considering percentage of lapped reinforcing bars
lp,rqa is the basic required anchorage length of longitudinal reinforcing bars
lo,min is the minimum lap length of longitudinal reinforcing bars

¢s1 is the diameter of longitudinal reinforcing bars

(4) Mandrel diameter and straight extension length

In the case for composite joints with bent reinforcing bars, the mandrel diam-
eter of bent reinforcing bars ¢, should not be less than the minimum val-
ues ¢y, min 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¢;; so that the bends contribute to the anchorage
strength. When the joint details comply with the pre-qualified specifications in
Tables 4.1 and 4.2, the mandrel diameter ¢, and the projected extension length
I3, should be 12¢4 and 420 [mm] respectively as shown in Figure 6.7, which
can conservatively satisfy both the above conditions.

S e

=]
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=
.8 8
(=B ~_ 2
[0} .
= Mandrel diameter
O =~
ko] ~ ¢m,r: 12¢sl,r
] . ©
Q = -
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& =l @
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V

Figure 6.7 Mandrel diameter and projected extension length for pre-qualified
specifications
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COMMENTARY:

D

(2

3

@

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 con-
crete surface. In EN 1992-1-1, the minimum values of the concrete cover c,,;,
is specified in order to ensure the safe transmission of bond forces, the protec-
tion 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.

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.

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 com-
pression 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.

Mandrel diameter and straight extension length

The minimum mandrel diameter for bars and wire ¢, ,;;, shown in Table 6.1
is recommended in EN1992-1-1. Japanese architectural standard specification
for reinforced concrete work JASS 5% 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 speci-
fications where the bar diameter ¢; is limited to 16 [mm] or less requires 12¢;
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¢;; to expect contribution of the length past the end of
the bend. According to design guidelines for earthquake resistant reinforced
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Table 6.1 Minimum mandrel diameter for bars and wire

Bar diameter

Minimum mandrel diameter for bends, hooks and loops

¢ < 16 [mm]
¢yt > 16 [mm]

4 ‘Psl
7 ¢s1

Table 6.2 Minimum mandrel diameter for bent bars

Bending angle  Strength class Bar diameter Minimum mandrel diameter
180° SD295 ¢y < 16 [mm] 3¢y
135° SD345 19 [mm] < ¢g; < 41 [mm] 4 ¢y
90° SD390 ¢ < 41 [mm] 5 ¢y
90° SD490 ¢ < 25 [mm]
29 [mm] < ¢ < 41[mm] 6 ¢s)
concrete building based on inelastic displacement concept!!, it has been exper-

imentally 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 10¢gin terms
of the deterioration of anchorage performance assuming the repeated loads.
Therefore, in the pre-qualified specifications, the projected extension length I,
of 420 [mm)] is on the safe side.
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Appendix 1

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 accu-
racy under arbitrary design conditions needs to be further investigated. Therefore,
when using the joint details other than the pre-qualified specifications, it is prefer-
able 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
Ty, can be determined by the following equation

Tro =Te+ T (AL1)
Tc and T, are given by:

V12 2
T, = 0.313b,de | f;c"dh“l” (AL2)
c

Zesl-ce

Yw

Ty = 0.7Aw (fwk) (AL3)
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where
Tc
TZU
be
de
f ck
Ye
Lan

Zesl-ce

Aw

f wk
Yw

b) Tensile

is the contribution of concrete for Ty,

is the contribution of spreader bars for T},

is the effective width of raking-out region

is the effective depth of raking-out region

is the characteristic cylinder strength of concrete

is the partial factor of concrete

is the projected anchorage length of bent reinforcing bars

is the vertical distance between bent reinforcing bars and centre of
contact part

is the total cross-sectional area of crossties or hoops within raking-out
region

is the characteristic yield strength of crossties or hoops

is the partial factor of crossties or hoops

strength of reinforcing bars due to local compression failure

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

0.4
Ty = 210kckjk ks (f;c’() Agj (AL4)
C

ke, kj, k4, and ks are given by:

where

ks = min (ALD)

(AL7)

)
; 1.0> (AL6)
)

2
07 4+ 20, 1.0> (ALS)

Agj is the cross-sectional area of bent reinforcing bars effective for joint
design
ke is the coefficient for effect of horizontal cover

k

j is the coefficient for effect of bent position

k; is the coefficient for effect of projected anchorage length
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ks is the coefficient for effect of crossties or hoops

Cp is the horizontal covering depth of bent reinforcing bars
¢s1 is the diameter of bent reinforcing bars
¢w 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.
V]‘p = K‘PFjpb]'pldh (AI9)
Fj, and bj,, are given by:
f " 0.7
F, =08 <;) (AL10)
c
Lan
bijp = Bep + > (AL11)

where

x is the coefficient for effect of joint type

¢ is the correction coefficient due to presence of transverse beam
F;, is the nominal value of shear resistance of joint panel
bjp is the effective width of joint panel
Bep is the width of end plate






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 AIL1 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, accord-
ing 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 signifi-
cantly easier in the simplified analysis method. The details of each procedure are
discussed below.

(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
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Figure AIL1 Typical composite floor plan

beams in the typical composite floor plan shown in Figure AIL1, the composite
beams, (A), (D), (E), and (F) are classified into external beams, and the compos-
ite beams, (B) and (C) are classified into internal beams.

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 AIlL2 (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).

Designed composite beam Designed composite beam
—FI-»—/————H'-I:iI—————H- #—————H'-l-_il—-/-———u--u——————u
I L5 t } L= t L
e i | i [ |
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I I | [ [ |
(a) Virtual floor plan for external beam (b) Virtual floor plan for internal beam

Figure AIL2 Virtual floor plans in simplified analysis method
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(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 com-
posite 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 con-
tinuous beam. This is because the moment resistance of composite beams in
the sagging moment region and in the hogging moment region may be dif-
ferent because of cracking of reinforced concrete slab. The end-restraint condi-
tions and the critical loading patterns for the design moment and deflection are
shown in Figure AIL3. 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 dis-
tributed 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 sag-
ging 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

For design sagging moment For design sagging moment

Pinned end Pinned end Pinned end

WA, max WB, max W max
s oS Q@ oS
My o M |
~— ~ L ~—
For design hogging moment For design hogging moment
(a) Virtual floor plan for external beam (b) Virtual floor plan for internal beam

Figure AIL3 End-restraint conditions and critical loading patterns
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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 load-
ing patterns that can maximize the deflection of the composite beams are the
same as those that can maximize the sagging moment.

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 equilib-
rium since the composite beams are statically indeterminate beams. However,
the maximum design moment and deflection shown in Figure AIL3 can be cal-
culated by utilizing the equations in Section 5.3 and the moment distribution
method. Here, as an example, the calculation processes for the design sagging
moment Mgy, 4 and deflection 64 of the virtual floor plan for external beam
shown in Figure AIL3 (a) are introduced.

Based on the principle of the moment distribution method, the actual
moment distribution can be obtained by overlapping the moment distribu-
tion assuming the internal support as a rigid end and the moment distribu-
tion considering the release of the rigid end as shown in Figure AIL.4. In this
figure, My, (A max) a0d My (4B min) are the end moment of the composite beam
(A) and (B) due to the uniformly distributed load w4 ;. and wp i, and
these end moments can be obtained from the equations in Section 5.3. Also,
HAMy (A, max) and ga My, B min) are the end moment of the composite beam
(A) due to the release of My, (A max) and My (B min)- Here, the distribution
factor y 4 is defined by Eq. (AIL1):

__diA__ (AIL1)
ka S]',A + S]',B '

where S; 4 and S; p are the rotational stiffness of the beam-to-beam compos-

ite 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) - VAMh,(wA,max) + VAMh,(wB,min) (AH-Z)

On the other hand, the moment of the composite beam (A) along x-axis M(x)
can be expressed by Eq. (AIL.3) considering the force equilibrium.

L M
M(x) = — LA;”" x? 4 (wA’m;x bA _ 3 :ﬁ) x (AIL3)



Design Guide for Semi-rigid Composite Joints and Beams 105

Moment distribution assuming internal support as rigid end

Rigid end

WB min

S
» Lpa . Lyp |
! ! :
! I/ 1/1,(\\'/{/11//1) |
: P~ =
| | i
I I I
Moment distribution considering release of rigid end
Released Released
Mh,(wA,@ moment moment \A‘)Wﬁ‘(u-ﬁ.min)
Sj’%iﬂf Z S},Aé/‘/s 7
e Loa ) B N < bA___ ) bB N
] | \ [ | \
! ! : ! ! :
! ! ! LMy 508 min) !
. . k)
— ' i t '
| M | | | |
i HaMp, v, ma) i i i i

— Actual moment distribution —

WA,max
Y YY YY) WB, min
by 9 ©
Sj,A Si5 7
Loy ) bE ]

M4

! M !

Figure AIL4 Principle of moment distribution method

Therefore, the design sagging moment Mg, 4 which is the local maximum
value of Eq. (AIL3) can be expressed by Eq. (All.4) and calculated by substitut-
ing Eq. (AIL2) into Eq. (AIL4).

(AIL4)

1 w L M
Mpao s = ( AmaxLpa h,A)

2wA,max 2 Lb,A
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In addition, the deflection 64 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) M; g4 4 is
assumed to be more than M, 4 in the above calculation processes, but if M; g4 2
is less than My 4, Mjr4,4 should be taken as M) 4. With the same calcula-
tion 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.



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 com-
posite 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 pri-
mary 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 stiff-
ness 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 L; /360, the limit of the deflection
due to permanent and variable actions is L, /250, and the minimum natural fre-
quency 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 service ability criteria.

Incidentally, as the composite beams are assumed to be un-propped in
construction stage, the verifications should be carried out not only in compos-
ite 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.
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Figure AIIl.1 Composite floor plan

Design Conditions

[Span and spacing]
Beam span: L, = 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: t;, = 9 [mm]

Flange thickness: ¢ r=16 [mm]

Root radius: r = 18 [mm]

Cross-sectional area: A, = 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 [em3]
Warping constant: I, = 2.50 [dm®]
Torsion constant: It , = 81.8 [dm?]
Steel grade: S355

Nominal value of yield strength: f;, = 355 [N/ mm?] (for ¢ r=16 [mm])
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Figure AIIL.2 Cross-section of steel beam

Ultimate tensile strength: f;;, = 470 [N/ mm?] (for ¢ ¢ =16 [mm])
Modulus of elasticity: E; = 210000 [N/mm?]

Partial factor of resistance of members and cross-sections: v, = 1.00
Partial factor of resistance of plates in bearing: 7y, = 1.25

Design yield strength: f,,y = fay/7va = 355 [N/ mm?]

[Profiled steel sheeting]

Steel sheeting type: BONDEK 1.0

Mass per metre: g5 = 13.79 [kg/m]

Overall depth: Dps = 51 [mm]

Pitch of ribs: pys = 200 [mm]

Minimum width for re-entrant: by ,;, = 168 [mm]
Maximum width for re-entrant: b ., = 187 [mm]
Thickness: tps = 1.00 [mm]

Characteristic yield strength: f,q = 550 [N/ mm?]
Partial factor: s = 1.00

Design yield strength: f,s5 = fysk/vps = 550 [N/ mm?]

[Concrete slab]

Overall depth: D¢s = 150 [mm]

Thickness above profiled steel sheeting: iics = Des — Dps = 99 [mm]
Strength class of concrete: C25/30

Characteristic cylinder strength: f; . = 25.0 [N/ mm?]

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

Secant modulus of elasticity: E¢p;,cs = 31000 [N/ mm?]

Partial factor: y.cs = 1.50
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Figure AIIL3 Cross-section of profiled steel sheeting

Design strength: f.j s = fekes/ Vees = 16.7 [N/ mm?]
Dry density: p, = 2400[kg/m3]

[Reinforcing bar]

Diameter of anti-crack longitudinal rebars (row 1): ¢5; 1 = 10 [mm]
Diameter of anti-crack transverse rebars (row 1): ¢5;1 = 10 [mm]

Diameter of additional longitudinal rebars (row 2): ¢5; » = 13 [mm]
Diameter of additional transverse rebars (row 2): ¢s¢ 2 = 13 [mm)]

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

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

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

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

Covering depth of anti-crack longitudinal rebars (row 1): z;c5.c51 1 = 60 [mm]
Covering depth of anti-crack transverse rebars (row 1): z;cs.ct,1 = 50 [mm]
Covering depth of additional longitudinal rebars (row 2): z;.c51 2 = 36 [mm]
Covering depth of additional transverse rebars (row 2): Zscs.cst 2 = 49 [mm]
Arrangement width of additional longitudinal rebars (row 2): bs; , = 1500 [mm]
Strength class: B500C

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

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

Partial factor: s = 1.15

Design yield strength: f; = fo. /s = 435 [N/mm?]

[Headed stud]

Diameter of shank: d;,; = 19 [mm]
Overall height: /1, = 100 [mm]
Ultimate strength: f;, = 450 [N/ mm?]
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Partial factor: yy = 1.25
Number per sheeting rib in sagging moment region: 1,5, = 2
Number per sheeting rib in hogging moment region: n;,, = 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:
hpb—fhs =50 [mm]

Distance between centre of joint and first headed stud: hj g5 = 200 [mm]

[Fin plate]
Depth: Df, = 520 [mm)]
Thickness: t7, = 10 [mm]
Radius of gyration of area about minor axis (z-z axis): if,, = 2.89 [mm]
Leg length of fillet weld: s¢, = 10 [mm]
Steel grade: S355
Nominal value of yield strength: f rpy = 355 [N/mm?] (for ¢ p =10 [mm)])
Ultimate tensile strength: f7,, = 470 [N/ mm?] (for ¢ rp = 10 [mm])
Modulus of elasticity: Ef,, = 210000 [N/mm?]
Partial factor of resistance of members and cross-sections: 7y, = 1.00

Partial factor of resistance of plates in bearing: 7, » = 1.25

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

Partial factor of resistance of members and cross-sections: ., = 1.00
Partial factor of resistance of plates in bearing: 7¢p2 = 1.25

Design yield strength: f.,ya = fepy/vep = 345 [N/ mm?]

[Bolt]
Size: M20 (d, = 20 [mm])
Tensile stress area: A, = 2.45 [cm?]
Hole diameter: dy = 22 [mm)]
Strength class: 8.8
Ultimate tensile strength: f;, = 800 [N/mm?]
Partial factor: v, = 1.25

Number on vertical line: 1, = 7
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Number on horizontal line: n;, ), = 1

Pitch on vertical line: p;, ,, = 70 [mm]

Pitch on horizontal line: pj ;, = 60 [mm]

Edge distance for fin plate on vertical line: ¢, , = 50 [mm]

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

Edge distance for web of steel beam on vertical line: e}y, , = 90 [mm]

Edge distance for web of steel beam on horizontal line: e}, , = 50 [mm]

Design Loads

[Permanent actions (dead loads and superimposed dead loads)]

Area per unit length of concrete slab:

(bO,min + bO,max) Dps 1000

AC - 1000hcs +
2 Pps

= 1443 [em?/m]

Weight per unit area of concrete slab and rebars:

Pc _ 2
A (100 + 2) =3.75[kN/m~“] (wet concrete)

Pc o )
A (100 + 1) =3.61 [kN/m"] (dry concrete)

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

9.844
By,

= 0.33 [kN/m?]

Dead load per unit area in construction stage:

gk1 = 3.75+0.14 4 0.33 = 4.21 [kN/m?]
Dead load per unit area in composite stage:

Qk2 = 3.61 +0.14 +0.33 = 4.07 [kN/m?]
Superimposed dead load per unit area in composite stage:

k3 = 3.00 [kN/m?]



Design Guide for Semi-rigid Composite Joints and Beams 113

[Variable actions (live loads)]
Construction load per unit area in construction stage:
qx1 = 0.50 [kN/m?]
Imposed floor load per unit area in composite stage:

G2 = 5.00 [KN/m?]

[Partial factors]

Partial factor for permanent actions (unfavourable): ¢ s, = 1.35
Partial factor for permanent actions (favourable): ¢ i,y = 1.00
Partial factor for variable actions (unfavourable): yo = 1.50

Partial factor for variable actions (favourable): yo; = 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
partfor row 1:

Zesi1-cc = Da + Des — Zpes-csi1 — Ef = 782 [mm]

Vertical distance between centre of longitudinal rebars and centre of contact

partfor row 2:

t
S — 807 [mm]

Zesl 2-cc = Dy + Des — Zes-csl,2 — )

Effective width:

befrj = bop, + min {2(0'1514’); B, — bOh} = 1225.0 [mm]

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

2 Do
Agr=n <¢S”) ] — 4.7 [em?]
2 Psin
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Cross-sectional area of longitudinal rebars within b, ; for row 2:

2 Do
Agp =11 (G”sﬂ) #i _ 159 [em?]
2 Psi,2

Effective length for row 1:

 (2hejgn
L1 = min ( Cjzf 5;204)31,1) = 200 [mm]

Effective length for row 2:

2hcj- fhs
2

lefro = min ( ;204751,2) = 200 [mm)]

Equivalent stiffness coefficient of longitudinal rebars:

Asl,l + Asl,?.
lejf,l leﬁ",Z

Kst,eq = = 10.32 [mm]

Length of composite beam in hogging moment region adjacent to joint:
I = 0.15L; = 2250 [mm]

Number of headed studs distributed over length I:

(1= by g1

Pps

N =

] Nysh = 22

Stiffness of one headed stud with19 [mm] diameter of shank:
kse = 100 [kKN/mm)]

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

t
Zsl,eq-cc =D, + D, — Ztcs-sl,eq — ?f = 801 [mm]

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

D

Zsleq-ca = 751 + Des — Ztes-si,eq = 459 [mm]
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Parameter related to deformation of headed studs:

E,l
(= £y =231
Zsl,eq—caEs (ASl,l + Asl,Z)
L (1+9) Nksclzgl/eq_aZ o
Eqlyy ’
Stiffness related to headed studs:
Kse = Nksc = 902267 [N/mm]

_ 1/_—1 Zsl,eq-cc
v ( 1+§) (Zsl,eq-cu )
Stiffness reduction factor due to deformation of headed studs:

1

ksiip = M =029

Initial rotational stiffness:
Sjini = Eskatipksl,eqZest eq-cc = 408636 [KNm /rad]

Effective width of composite beam assuming simply supported condition:
. (L
befrp = bos + min ( = By — bos | = 3000.0 [mm]

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

_ Aq (hcs + 2Dps + Da)2 heﬁ,bhgs

2E A 2E
4 (1 + Ecm?cs beﬁf,bl;’lcs) 12 (Ecmis>

+ Iy = 265164 [cm*]

b

Upper boundary of rotational stiffness for nominally pinned joint:

0-5Ealy _ 16561 [KNm/rad]

Ly
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Cross-sectional area of longitudinal rebars with in beg :
Agj = Ag1+ Aglp = 20.6 [em?]
Tension resistance of longitudinal rebars within b :
Rg1j = Astjfsa = 897.4 [kN]
Cross-sectional area of bottom flange of steel beam:
Aps = Baty = 32.0 [em?]
Cross-sectional area of contact plate (depends on contact plate detailing):
Acp = 144.0 [cm?]
Bearing area of contact plate (depends on contact plate detailing):
Apea = 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):

Reon = min {Abf faydi Acp fepyd; 1.5 Apeq min (ﬁﬂ; fﬂ) } = 1059.8 [kN]
Ya2 Yep2

Moment resistance:
Mj,Rd = Zsl,eq-cc min (Rsl,j} Rcan) = 718.7 [KNm]

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

My ra = 1274.6 [kNm]

Upper boundary of moment resistance for nominally pinned joint:

0.25M ) gg = 318.6 [KNm]
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[Verifications of structural resistance in composite stage]

Check bolt group resistance

Correction factor for bolt shear resistance:
apy = 0.60 (for strength class 8.8)
Shear resistance of a single bolt:

_ wvfule g4 N
T

Fyy,ra
Distance between face of support and assumed line of shear transfer:
Zfsp = 60 [mm]
« factor:
a = 0.00 (for n,, = 1)
B factor:

f 6Zfs.p
My (nb,v + 1) Pv,v

=0.09 (fOI‘ nb,h = 1)

Bolt shear resistance:

F
Vi rd = nb’”nb'hzb"'” _ — 5540 [kN]
\/(1 + any oy )+ (Brpomyn)

Design shear force (This value will be calculated in the design of composite
beam):

Veg = 383.4 [kN]

k1 factor for vertical bolt bearing resistance:

<In fin plate>

€y
K1 by = mMin (2.8% - 1.7,-2.5) = 2.50 (for ny, = 1)
0

Correction factor for vertical bolt bearing resistance:

. €b-fp,o Pbo 1 fbu
= P — — 1. = 0.7
Xubb mm( 3dy * 3d, 4'ffpu' 0 0.76
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Vertical bearing resistance of a single bolt:

k1 oppi dyt
Fopp,rd = Lot S fpulslp 142.4 [kN]
b
k1 factor for horizontal bolt bearing resistance:
ep-
Ky jpp = min (2.8”’“’ 1714000 1.7;2.5> = 2.50
’ do do

Correction factor for horizontal bolt bearing resistance:

Cp-
Xppp = MinN viph, fou ;1.0 ) =0.76 (for ny,, = 1)
3do " frpu

Horizontal bearing resistance of a single bolt:

k1 npp dpt
By = hh’l;]; oty 4 4 N
Bolt bearing resistance:
Zbe ok — 838.6 [kN]

Vob,rd = > >
(1+Wlh,v”b,h ) + (ﬁ”b,v”b,h )
Fopp,Rd Fhop,Rd
<In web of steel beam>
Nominal value of yield strength of web of steel beam:
fwy = 355 [N/mm?] (for t;, = 9 [mm])
Ultimate tensile strength of web of steel beam:
fuwu = 470 [N/mm?] (for t;, = 9 [mm])

k1 factor for vertical bolt bearing resistance:

ki by = min (2.8‘3’7‘5”’/’1 - 1.7,-2.5) = 2.50 (for ny,, = 1)
0

Correction factor for vertical bolt bearing resistance:

. €h-bw,o . Pbo 1 fbu
= =, = — —;=—-1.0) =0.81
fobp = HEAL ( 3dy ' 3dy 4 fuu )
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Vertical bearing resistance of a single bolt:

k dpt
Fopb,Rd = Lobbobbfouldvt 47, [kN]

Tb

k1 factor for horizontal bolt bearing resistance:

Ky = min (28502 _17.94P00 _17.05) — 250
’ do do

Correction factor for horizontal bolt bearing resistance:

Wy = Min (eb'bw’h; fou ;1.0) =0.76 (for n,, = 1)
3dO fwu

Horizontal bearing resistance of a single bolt:

k dyt
Fuo ket = Lhbb%hvb froudvte 128.2 [kN]

Yo

Bolt bearing resistance:

Mp,oMp,1

Vib,rd =
( 1+any ,np )2 + <ﬁnb,v”b/h )2
Fopp,rd Fipp,rd

Check fin plate resistance

= 791.0 [kN]

Shear resistance for gross section:

Dsyte, f
_ Zfrife Jfvy
VfP,Rd,g - 1.27 \/§7fp 839.2 [kN]

Shear area for net section:
AfpV,n = tfp (Dfp — nb,de) = 36.6 [sz]

Shear resistance for net section:

f
VipRrin = A fpv,nﬁ;’pz — 7945 [kN]

119
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Net area subjected to tension:

d
Afpnt = tgp (eh-fp,h - 30> = 3.9 [em?] (for ny), = 1)
Net area subjected to shear:
Afp,nV = tfp {Dfp — eb_fp,z, — (ﬂbly — 0.5) do} =327 [Cn’l2]

Block shear resistance:

0'5ffpuAfp,nt + fnyAfp,nV

Viprap = = 743.5 [KN]

Yfp2 \/§'Yfp

Elastic moment resistance:

tpDF, f
Mo, pp i =~ % = 160.0 [kKNm]

Fin plate type:

t
ep-prop + 10 > Of_1r75 — short fin plate

Non-dimensional slenderness for lateral torsional buckling:

Ao = Cbop 10 [ fppy o
LIy Tifps Epp

Value to determine reduction factor for lateral-torsional buckling:
@11y = 05{1+049 (A —02) + Ay, | =055

Reduction factor for lateral-torsional buckling:

1
XLT,fp = min ( ;1.0) =0.96

Prrppt Pt~ Mrgp
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Lateral torsional buckling moment resistance:

Mt fp,Rd = Mel,fp,ra = 160.0 [kNm] ( for short fin plate)

Check resistance of web of steel beam

Shear area for gross section:
Apyv,g = Aq —2Bats + (t +2r) ty = 70.1 [cm?]
Shear resistance for gross section:

wa,Rd,g = Awa,g% = 1436.8 [kN]
a

Shear area for net section:
Ath,n = Awa,g - nb,detw =56.2 [sz]

Shear resistance for net section:

Vo Rin = Abwv,ndg% — 12209 [kN]
a2

Elastic moment resistance on vertical line of bolts:

2

t -1

Mel,vbw,Rd == {(nb,v 6 )pb,v} f% = 93.9 [KNm]
a

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

f
Vol b, Rd = twepobuop—— = 92.2 [kN] (for 1), = 1)

\/§’Yu
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Design shear force on vertical line of bolts:

1
Voo £ = VEd—("”'” = )Pho 530 [kN]
a

Plastic shear resistance on vertical line of bolts:

Vpl,vbw,Rd = tw (nb,v - 1) Pb,v%z/a =774.7 [kN]

Reduced moment resistance on vertical line of bolts making allowance for
presence of shear force:

Vol obw,Rd
My,v,vhw,Rd = Mel,vbw,Rd =939 [kNm] (fOI' vaw,Ed < M)

2

Check fillet weld of fin plate
Effective throat thickness of fillet weld:

agp =075, =70 [mm)]
Required minimum throat thickness of fillet weld:

Afpreq = 0.6ty = 6.0 [mm] ((for S355 steel grade))

[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:

Weom,max = Bp (gk,3 + qk,z) =24.0 [kKN/m]
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W(’Olﬂ, max Wcom, max W(f()m,max

Figure AIIl.4 Design load with corresponding moment (Load-case 2)

Design hogging moment (Load-case 2):

Mgg, = 401.4 [KNm]

Maximum diameter of longitudinal rebars:

b = Pst,max (2) = 14.5 [mm]

tm

Limit of stress permitted in longitudinal rebars immediately after cracking:

st 1im = 320 [N/mm?] (for w = 0.3 [mm] and p,; = 100 [mm])

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 = Bp (gk,lr)’G,sup + Qk,l'YQ) =193 [kKN/m]
Design sagging moment:

Weon,max L%

MEdS = 8

= 543.0 [kKNm]
Design shear force:

Ve = ”’COHTme — 1448 [kN]
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Figure AIIL5 Design load with corresponding moment and shear force

Check section classification

Classification of steel flange:

Bu—tw—2r2484<9 235
2tf fay

=732 — (Class1

Classification of steel web:

D, — 2t —2r
Pa = A o 202 <124, /%% — 1009 - Class 3
tw fay

Check shear resistance and moment resistance

Shear area:
Ay = max {Aq = 2Baty + (o +20) t;12Daty b = 721 [em?]

Plastic shear resistance:

Avf, ayd

V =
pl,a,Rd \/5

Nominal value of yield strength of web:

= 1478.7 [kN]

fuwy = 355 [N/mm?] (for t;, = 9 [mm)])
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Minimum shear buckling coefficient:
kz min = 5.34 (without rigid transverse and longitudinal stiffeners)

Modified slenderness of web:

fw]/

Kt min {190000 (B—w)z}

Factor for contribution of web to the shear buckling resistance:

= 1.06

Ay =076

Shear buckling resistance:

Vp,a,rd = min { Kofey (Du 2 - Zr) bo 1.2fwy (Da — 2ty — Zr)

\/g’)/u ’ \/g')’u
D, — 2t
— 969.3 [kN] (for “t—f > /2 ?35>
w ay

Effective plastic section modulus:

235 235
W pla = o (40“” fay) T2 <20tw For >

= 3219 [em?]

125

|

Baty (Da - tf) 10.429272 (Da — 2ty — 0.4467r) Ttyr (Du — 2ty — r)

2 2
t (2000 |22 ) (Do =t — 1 — 40t |22 — b — 1 —101 | 22
fuy fuy fay
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Compression

Neglect

Tension

Figure AIIL.6 Effective cross-section for effective Class 2

Plastic moment resistance:

My a,rd = Wegplafaya = 1142.7[KNm] (for effective Class 2 cross-section)

[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:
Weommax = By ($k17G,sup + 8k3YG,sup + Ak170) = 51.1 [KN/m]
Minimum design distributed load:
Weom,min = Bp (gk,l’YG,z’n f+ 8k37G,inf + Qk,l'YQi> =21.2 [kN/m]
Design sagging moment (Load-case 1):
Me4s = 950.8 [kKNm]
Design hogging moment (Load-case 2):
MEgy = 718.7 [KNm]
Design shear force:

Vey = 383.4 [kN]
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Weom,max
Weom,min Y Y Y Y Y Weom,min
° %@ o 5
N I L b | L b | L/) ’
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A A

VEa

Figure AIIL7 Design load with corresponding moment and shear force (Load-case 1)
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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:
bers = 3000.0 [mm]
Compression resistance of composite slab within b,g:

Res = bygishies (0.85fca5) = 4207.5 [kN]
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Portion of part of cross-section in compression:

(szszfz’) — (ztfﬁyd) — 054

D, — 2t; —2r

K =

Classification of steel web in sagging moment region:

Full web is in tension — Class 1

< Load-case 2 for maximizing hogging moment >

Classification of steel flange in hogging moment region:

(Ba—tw=2r) _ 4oy <9 /% _73: S Class1
fo fﬂy

Effective width in hogging moment region:
begp = 1117.7 [mm]

Cross-sectional area of longitudinal rebars within b,g;:

2p 2 befr, b
Ag =T (M) b + 7 (@) min (e—ﬁh; ﬂ) = 18.53 [cm?]
2 Psi1 2 Psi2 Psi2

Tension resistance of longitudinal rebars within beg:
Rg = Agqfsq = 805.5 [kN]

Portion of part of cross-section in compression:

(Da722tf*2r) + (th;iyd> oo

D, — 2t —2r

N =

Equivalent vertical distance between longitudinal rebars and bottom of flange
of steel beam:

Zsi,eq-bf = Da + Des — Zies-si,eq = 809.3 [mm]
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Stress or strain ratio:

Da — th —2r
¥=1- Ty = 069
S — b
2(ActAy) f
Classification of steel web in hogging moment region:

235
Dy — 2t —2r 2,\/5;
=L = —02< W _771 - Class3

tw 0.67 +0.33p

Second moment of area in hogging moment region:

AgAy {Da +2 (Dps + hes — ztcs_s,,eq) }2
4 (Au + Asl)

Iy = Ly + = 134362 [cm*]

Elastic hogging moment resistance:

. Ihf sd Ihf ayd
MEI'Rdh - mmn > . AaDa+2A0240 0407 " AaDa 240740000 = 1167.6 [kNm]
skeq-bf 2(Aa+As) 2(AstAq)

Modular ratio for short-term loading;:

Eq

cm,cs

=6.77

np =

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

o (Aa + ASZ) (O.SDa ‘I‘ Dps + O.Shcs)
Ao+ Ag + (P

no

20 = 212.2 [mm]

Coefficient taking into account of stress distribution within section immediately
prior to cracking:

+0.3;1.0 p =1.00

—_
| —
R
)
N——
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Required minimum reinforcement ratio:

_ fﬂy fctm
Psl,req - E fsk

\/k_c = 0.79%(for Class 2 cross-section)

Cross-sectional area of composite slab within b,g;, above profiled steel sheeting:
Acs = begihes = 1106.5 [em?]
Required minimum cross-sectional area of longitudinal rebars within b,g,:

ASZ,?Eq = Psl,rqucs = 8.69 [Cm2]

Check minimum degree of shear connection

< Load-case 1 for maximizing sagging moment>

Distance between inflection points in sagging moment region:
Les = Ly — 2xg = 12198 [mm]

Correction factor of headed stud taking into account hy,s / djs:

h
s = 1.00 (for d—:s > 4>
S

Shear resistance of a headed stud:

0.8 ff: ngs; 0.29d2, W ) 737 [kN]
\% 1%

Pr4 = min <
Number of headed studs arranged within half of Les:

Les
Npss = ( - ) Npss = 62

Pps

Maximum reduction factor for shear resistance of a headed stud in sagging
moment region:

kts,max = 0.60 (for npss = 2, tps < 1,dys < 20, and sheeting with holes)
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Reduction factor for shear resistance of a headed stud in sagging moment
region:

. bo mi
kts = min { 0.7 O,min < hhs 1) /'kts,max} = 0.60

y/min (nhss;z) DPS DPS -

Longitudinal shear force transfer within half of L,s:

Rgs = Nygskis Prg = 2742.8 [kN]
Tension (Compression) resistance of steel beam:
Rq = Aqfaya = 4505.0 [kN]

Degree of shear connection in sagging moment region:

- R o
s = min (Ry; Res)

Required minimum degree of shear connection in sagging moment region:

s req = Max {1 - (;’55> (0.75 — 0.03Les);0.4} = 0.62 (for Les < 25 [m])
ayd

< Load-case 2 for maximizing hogging moment >

Half of distance between inflection points in hogging moment region:

% = xp = 2196 [mm]

Number of headed studs arranged within half of L,j:
Len )y _pp .
2 cj-fhs
Nish = [L] sl = 20

Pps

Maximum reduction factor for shear resistance of a headed stud in hogging
moment region:

Kt max = 0.60 (for nyg, = 2,tps < 1,dps < 20, and sheeting with holes)
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Reduction factor for shear resistance of a headed stud in hogging moment
region:

. bo mi
kth = mln{ 07 Omin ( hhs 1) ;kth,max} = 0.60

/min (1,5;2) Dps \Dps

Longitudinal shear force transfer within half of L,j:

Rgn = Npspkin Pra = 884.8 [kN]
Degree of shear connection in hogging moment region:

S TRy
T min (R Ry)

Required minimum degree of shear connection in hogging moment region:

1Th,req = 1.00 (full shear connection)

Check shear resistance and moment resistance

Plastic shear resistance:

\%

JLRd = 1478.7 [KN]

Shear buckling resistance:

Vira = 969.3 [kN]

< Load-case 1 for maximizing sagging moment >

Tension (Compression) resistance of overall web of steel beam:
Rw = Ra — 2Bat g foyq = 2233.0 [kN]
Tension (Compression) resistance of clear web of steel beam:

Ry, = (Da — 2ty — 2r> o faya = 2019.2 [kN]
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Tension (Compression) resistance of effective clear web of steel beam:

235
Ry = 408, foya T = 935.8 [kN]
ay

Location of plastic neutral axis for full shear connection:
Ry < Res < Ry — PNA in steel flange

Plastic sagging moment resistance with full shear connection:

o Da Des + Dps (Rs — Rcs)z _
MPlf,Rds = Ra? + Res ( 5 - 4Bufgyd = 1999.3 [kNm]

Location of plastic neutral axis for partial shear connection:
Ry < Rgs — PNA in steel flange

Plastic sagging moment resistance with partial shear connection:

D
Mplp,Rds = RaTu + Rqs (Dcs -

= 1888.7 [KNm]

Rgs Des — Dps>  (Ra—Ry)?
4Bafuyd

Rcs 2

< Load-case 2 for maximizing hogging moment >

Equivalent vertical distance between longitudinal rebars and top of flange of
steel beam:

Zsleq-tf = Des — Ztes-si,eq = 109.3 [mm]
Tension (Compression) resistance of effective steel beam:

Refa = Ra — Ro + Ry = 3421.6 [kN]
Location of plastic neutral axis for with full shear connection:

Rs < Refrp — PNA in steel web
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Plastic hogging moment resistance with full shear connection:

D
Wpl,afayd + Rsl <7a + Zsl,eq-tf)
Mpif,ran = R% + (R, + Ry) (Rv YRy — 2R£fﬁy> = 1274.6 [kNm]
4twf ayd

Tension (Compression) resistance of flange of steel beam:
Rf = Batffaya = 1136.0 [kN]
Vertical distance between centres of top and bottom flange of steel beam:
Zetf-cbf = Da — ty = 684.0 [mm]

Plastic moment resistance after deducting shear area:

D
Myl f,rd = Rfzetfochf + Rl (7“ + zsl,eq_tf> = 1147.0 [kKNm]

Reduced hogging moment resistance making allowance for presence of shear
force:

Vi, Rd
My,v,Rdh = Mplf,Rdh = 1274.6 [KNm] | for Vg ; < 5

Check lateral-torsional buckling

< Load-case 2 for maximizing hogging moment >

Polar radius of gyration of area of steel beam:

(Lay + Iaz)

iy = 4 = 2841 [mm]

Vertical distance between centre of composite slab and centre of steel beam:

D D
Zees-ca = 7‘1 + % = 425.0 [mm]
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e value:
A, +Ag) L
o — M — 1459.1
Aazccs—caAsl
k. factor:
Zetf-cbf In
k. — oy =112

Zifabf |
(t’:;hf + l%x) /e+ Zerpchy

Property of distribution of moment:

Cy =219 | for 050 < ¢ = _Mean 75

Weom,max L%
8

Length between points at which bottom flange of steel beam is laterally
restrained:

Lo = Ly, = 15000 [mm]

Cross-sectional area of transverse rebars per unit length:

2 2
Ay = {1000 J N <¢st,1> . {1000J - (%2) — 17.20 [em?/m]
Pst 1 2 Pst,2 2

Area per unit length of concrete slab in compression:
Aup = Ac— iOOOhcs
( Ecr:,cs )

Equivalent vertical distance between transverse rebars and concrete slab in com-
pression:

= 66.8 [cm?/m]

ps
Zst,eq-ces,c = Des — Ztes-steq — N =75.7 [mm]

Equivalent Vertical distance between transverse rebars and neutral axis of com-
posite slab:
Zst,eq-ccs,c
Ast
(1+42)
Vertical distance between neutral axis of composite slab and centre of concrete
slab in compression:

= 60.2 [mm]

Zst,eq-na =

Zna-ccs,c = Zst,eq-ccs,c — Zst,eq-na = 15.5 [mm]



136 ] Y Richard Liew, Yuichi Nishida & Masaki Arita

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

2

D
Lesy = AstZ egna + Ace <z$m_ccs,6 + 1?) = 927.8 [cm*]

Cracked flexural stiffness per unit length of composite slab:
Eil.p = 1948.4 [kKNm?/m]

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

_ 4Eu IcsZ

k
1 B,

= 2597.9 [kN/rad] (for continuous slab)

Flexural stiffness of web of steel beam:

Eat3,
4 (1 - 0.32) thf—chf

ko = = 61.5 [kN/rad]

Transverse (rotational) stiffness per unit length:

kiky
= = 60.1 [kN/rad
v 60.1 [kN/rad]
Second moment of area of bottom flange of steel beam about minor axis
(z-z axis):
trB3
Ip, = 112” = 1067 [em?]

Elastic critical moment for lateral-torsional buckling:

keCy E, kel2,
N Irg + =5 | Ealyp, = 29286 [k
M, Ler \/{{2(1 +0.3) } Ta+ 2 alpfz 928.6 [kKNm]

Location of plastic neutral axis for M ri:
Refro < Asifsk < Refra — PNA in steel flange

Characteristic value of plastic hogging moment resistance:

2
M R 204 A <Reﬁ’ " ASZfSk) 12768 [kN
pLRER = Reffa—= + Asi fokZest-1f — 4By = .8 [kNm]
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Non-dimensional slenderness for lateral-torsional buckling:

M1, Rkn

Air = = 0.66

cr

Imperfection factor corresponding to appropriate lateral-torsional buckling
curve:

D
arr = 0.76 (for - =35> zo)
Ba
Value to determine reduction factor for lateral-torsional buckling:
O;r =05 {1 +arr (Arr — 04) + 0.75A%T} —076

Reduction factor for lateral-torsional buckling:

1

1
D+ 4/ CD%T — 0.75’)’%]- Tir

Buckling moment resistance of laterally unrestrained composite beam:

Mi1 Ra = XLTMpif,Ran = 1006.2 [KNm]

Requirements to use calculation method in DD ENV 1994-1-1:

B Pps 1— xrrAf
2 Dp P 2 LT
Ecm,cslesy > 0.35E,t7, D, and B, < 0.4 fps,dj;s —ksXLTA%T — can be used

Check longitudinal shear resistance

< Load-case 1 for maximizing sagging moment >

Effective width in hogging moment region:
beffh = 1522.4 [mm]
Cross-sectional area of longitudinal rebars within b,g,:
() 2o o 2] 2
Ag =T - + 7T : min | | —|; | ==
2 Psi1 2 Psi2 Psi2

= 25.41 [cm?]
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Tension resistance of longitudinal rebars within beg:
Ry = Agifeq = 1104.7 [kN]
Change of longitudinal force in composite slab:

min (Rg; Res; NpssPra)
AN =

-+ min ({%’ZWJ nhshPRd; Rsl) } = o240 [kN]

Design longitudinal shear stress in composite slab:

AN}

Z)L,Ez:l = T 7 N
s (%)

Minimum angle to minimize cross-sectional area of transverse rebars:

= 3.53 [N/mm?]

O in = 38.6°
Required tension resistance of transverse reinforcement per unit length:

1000hcva,Ed

T 278.9 [kN/m]

Rtr,req =

< Load-case 2 for maximizing hogging moment >

Effective width in sagging moment region:
bers = 2752.0 [mm]
Compression resistance of composite slab within b,g:
Res = bygrshies (0.85f¢g,cs) = 3859.6 [kN]
Distance between inflection points in sagging moment region:
Les = Ly — 2xg = 10608 [mm]

Number of headed studs arranged within half of Les:

Les
Npss = ( = ) Npss = 54

Pps
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Change of longitudinal force in composite slab:

min (Ra} Res; NhssPRd)

. _hc‘— 5
+ min ( VO—WS”(LJ pspPra; Rsl)

AN = = 4665 [kN]

Design longitudinal shear stress in composite slab:

AN

OLEd = N
20 (%)

Minimum angle to minimize cross-sectional area of transverse rebars:

= 3.14 [N/mm?]

Oin = 38.6°

Required tension resistance of transverse reinforcement per unit length:

1 OOOhCS vL/Ed

o 248.3 [kN/m]

tryreq —

Cross-sectional area of transverse rebars per unit length for row 1:

2
Ag1 = FOOOJ T (-‘P“'l) = 3.93 [cm?/m]
pst,l 2

Tension resistance of transverse reinforcement per unit length:

Rst + Rpse = Ast1foa + Apsefpsd = 668.5 [kKN/m]

139

Required minimum cross-sectional area of transverse rebars per unit length:

0.08,/
Ast,req = 1000hcs% =0.79 [cm2/rn]
s

Crushing shear stress of concrete slab:

Org = 0.6 <1 - %) FodcsSi0uinC0SByi = 4.39 [N/mm?]
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[Verifications of serviceability in construction stagel]

Analysis of deflection

Design distributed load due to “dead loads”:
Weon,p = Bpgk,1 = 12.6 [KN/m]
Design distributed load due to “live loads”:
Weon,y = Bpqr,1 = 1.5 [kN/m]
Design distributed load due to “dead loads andlive loads”:
Weon,p+v = By (8k1 + qi1) = 14.1 [kKN/m]

Deflection due to “dead loads”:

Weon pLﬁ
op = ———2 = 39.
P= 322 Euluy 39.6 [mm]
Deflection due to “live loads”:
Weon VL%
oy = ———2> =47
VT B84, 1, [mm]
Deflection due to “dead loads andlive loads”:
Soi — Weon,p+vLy — 443 [mm]
PV T384E, L,y '
wcon
Y Y Y Y YYYYYY Y
A A
> Ly .
i i
i i
L |
i | i
1)

Figure AIIL9 Design load with corresponding deflection
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Check deflection

Limit of deflection due to “live loads”:

.
OV Jim 360 41.7 [mm]

Limit of deflection due to “dead loads and live loads”:

L
Op4v lim = ﬁ = 60.0 [mm]

[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 = Bpgrz = 9.0 [kKN/m]
Maximum design distributed load due to “live loads”:
Weom,V, max = Bpqr2 = 15.0 [kN/m]
Minimum design distributed load due to “live loads”:
Weom,v,min = 0.0 [KN/m]
Deflection due to “superimposed dead loads”:
Oop = 4.0 [mm]
Deflection due to “live loads” (Load-case 1):

oy = 12.3 [mm]
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Deflection due to “dead loads and superimposed dead loads”:
Orp = 42.2 [mm)]
Deflection due to “dead loads, superimposed dead loads, and live loads”:

Otpay = Op + 6y = 54.5 [mm]

Check deflection
Limit of deflection due to “live loads”:
_ L _
OV lim = 60 41.7 [mm)]
Limit of deflection due to “dead loads, superimposed dead loads, and live

loads™:

L
Op-vjim = 555 = 600 [mm]

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”:

Weom,P+0.1v = By (Sk2 + k3 +0.1q2) = 22.7 [kKN/m]

Deflection due to “dead loads, superimposed dead loads, and 10% of live
loads™:

dpyoav = 10.2 [mm]
Natural frequency due to “dead loads, superimposed dead loads, and 10% of
live loads”:

18

fryo1y = —F——
VOpro1v

= 5.6 [Hz]
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Weom, P Wcom,P Weom, P

(a) Superimposed dead loads

Wcom, V,max

Weom, V,min CTYYYY Y Weom, V,min

oy
(b) Live loads (Load-case 1)

Figure AIIL.10 Design load with corresponding deflection

Check vibration

Required minimum natural frequency:

freqg = 4.0 [Hz]

Control of crack width

Maximum diameter of longitudinal rebars:

29
fctm

Limit of stress permitted in longitudinal rebars immediately after cracking:

(P;kl = ¢Sl,max ( > = 14.5 [mm)]

g1 1im = 240 [N/mm?] (for w; = 0.3 [mm] and 12 [mm] < ¢* < 16 [mm])
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< Load-case 2 for maximizing hogging moment >
Effective width in hogging moment region:

begm = 1229.9 [mm]

Cross-sectional area of longitudinal rebars within beg;:

21 h 2 b
Ag =T (@) {e—ﬂhJ + 7T (@) min ({ﬂJ ; {@J) = 21.97 [em?]
2 Psi1 2 Psi2 Psi2

Vertical distance between centre of un-cracked concrete flange and un-cracked
composite section:
o (Aa + ASZ) (O.SDa + Dps + O.Shcs)
- hesb,,
Ag+ Ag + ( ffh)

no

20 = 194.7 [mm]

Coefficient taking into account of stress distribution within section immediately
prior to cracking:

1
ke = min —) + 0.3;1.0} = 1.00

1+ (g

Cross-sectional area of composite slab within b,g;, above profiled steel sheeting:
Acs = beghies = 1325.4 [cm?]

Required minimum cross-sectional area of longitudinal rebars within b,g,:

0.72k¢ fetmAcs

Osl lim

Aglreqg = = 10.34 [cm?]

Equivalent vertical distance between longitudinal rebars and neutral axis:

A th - l, + Au (hcs + DPS + 0-5Dg)
Zsl,eq-na = . Ayt A, — Ztcs-sleq = 391.5 [mm]

Second moment of area in hogging moment region:

2
AgAg {Da +2 (Dps +hes — Ztcs-sl,eq) }

= 139749 [em?
(A, T A) femt]

Ih = Iay+
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(c) Distribution of shear studs and arrangement of reinforcing bars in concrete slab

Figure AIIL.11 Designed semi-rigid composite joint and composite beam
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Stress in longitudinal rebars caused by Mgy,
M
Os1,0 = %dhzsl,eq—na =112 [N/mm2]

Correction of stress in longitudinal rebars for tension stiffening:

0.4 ferm

(Aat AL, ((Ag
Aalyy

Ccs

Aoy = = 38 [N/mm?]

Tensile stress in longitudinal rebars due to direct loading:

0y = 0510 + Aoy = 151 [N/mm?]




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 sup-
ported by contact-type beam-to-wall composite joint and pinned joint. This com-
posite 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

{73 Composite joints ~ { i Pinned joints

|
|
|
|
|
|
|
|
L
|
|
|
|
|
|
|
5: e N ——

Designed composite bea

3m|3m|3m|3m|3m

|
|
|
|

15m

(L1

15m ! 15m
|

Figure AIV.1 Composite floor plan
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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 min-
imum 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 uni-
formity of steel section and floor slab are same as those in design example 1 in
Appendix III.

Design Conditions

[Span and spacing]
Beam span: L, = 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: t;, = 9 [mm]

Flange thickness: t r=16 [mm]

Root radius: r = 18 [mm]

Cross-sectional area: A, = 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 [em3]

Warping constant: I, , = 2.50 [dm®]

Torsion constant: It , = 81.8 [dm?]

Steel grade: S355

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

Partial factor of resistance of members and cross-sections: 7, = 1.00
Partial factor of resistance of plates in bearing: v, = 1.25

Design yield strength: f,,y = fay/7va = 355 [N/ mm?]
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Figure AIV.2 Cross-section of steel beam

. . "

Figure AIV.3 Cross-section of profiled steel sheeting

[Profiled steel sheeting]

Steel sheeting type: BONDEK 1.0

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

Overall depth: Dys = 51 [mm]

Pitch of ribs: pps = 200 [mm]

Minimum width for re-entrant: by ,,;, = 168 [mm]
Maximum width for re-entrant: b,y = 187 [mm]
Thickness: tps = 1.00 [mm]

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

Design yield strength: f,s5 = fysk/vps = 550 [N/ mm?]

[Concrete slab]

Overall depth: D¢ = 150 [mm]

Thickness above profiled steel sheeting: /ics = D¢s — Dps = 99 [mm]
Strength class of concrete: C30/37

Characteristic cylinder strength: f; . = 30.0 [N/ mm?]
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Mean value of tensile strength: fe, = 2.9 [N/ mm?]
Secant modulus of elasticity: E¢p;,cs = 33000 [N/ mm?]
Partial factor: y.cs = 1.50

Design strength: fucs = fekes/Vees = 20.0 [N/mm?]
Dry density: p. = 2400 [kg/m?]

[Reinforcing bar]

Diameter of anti-crack longitudinal rebars (row 1): ¢5; 1 = 10 [mm]
Diameter of anti-crack transverse rebars (row 1): ¢5; 1 = 10 [mm]

Diameter of additional longitudinal rebars at semi-rigid end (row 2):
Psin = 13 [mm]

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

Pitch of additional longitudinal rebars at semi-rigid end(row 2):
Psi2 = 100 [mm]

Covering depth of anti-crack longitudinal rebars (row 1): z;¢5.c511 = 35 [mm]
Covering depth of anti-crack transverse rebars (row 1): zscs.cs¢,1 = 45 [mm]

Covering depth of additional longitudinal rebars at semi-rigid end (row 2):
Ztes-csl2 = 57 [mm]

Arrangement width of additional longitudinal rebars at semi-rigid end (row 2):
bg1 » = 1500 [mm]

Projected anchorage length from surface of RC core wall: I = 350 [mm]
Strength class: B500C

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

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

Partial factor: ys = 1.15

Design yield strength: f.; = fo /s = 435 [N/mm?]

[Headed stud]

Diameter of shank: dj,; = 19 [mm]

Overall height: /s = 100 [mm]

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

Partial factor: vy = 1.25

Number per sheeting rib in sagging moment region: nj,s; = 2
Number per sheeting rib in hogging moment region: n;,, = 2

Distance between centres of outstand headed studs in sagging moment region:
bos = 100 [mm]
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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:
hcw—fhs = 50 [mm]

Distance between centre of joint and first headed stud at semi-rigid end:
hej— fns = 250 [mm]

Distance between surface of primary beam and first headed stud:
hpb—fhs =50 [mm]

Distance between centre of joint and first headed stud at pinned end:
hcj-fhs =200 [mm]

[Reinforced concrete core wall]

Effective width (Beam spacing): Bsy = 3.0 [m]
Effective height (Floor height): Hc,, = 4000 [mm]
Thickness: t., = 400 [mm]

Strength class of concrete: C50/60

Characteristic cylinder strength: f ., = 50.0 [N/mm?]
Secant modulus of elasticity: E¢p;,co = 37000 [N/ mm?]
Partial factor: 7y ¢ = 1.50

Design strength: f.j .y = fekcw/ Ve, = 33.3 [N/ mm?]
End plate depth: D,, = 750 [mm]

End plate width: B,, = 300 [mm]

End plate thickness: t,, = 22 [mm]

Steel grade: S355

Nominal value of yield strength: f.,, = 345 [N/ mm?] (for tep = 22 [mm])

Partial factor of resistance of members and cross-sections: Yep = 1.00

[Fin plate]
Depth: D rp = 450 [mm)]
Thickness: 7, = 10 [mm]
Radius of gyration of area about minor axis (z-z axis): if,, = 2.89 [mm]
Leg length of fillet weld: s, = 10 [mm]
Steel grade: S355
Nominal value of yield strength: ffpy = 355 [N/mm?] (for ¢ p =10 [mm)])
Ultimate tensile strength: f,, =470 [N/ mm?] (for ¢ fp = 10 [mm)])
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Modulus of elasticity: E rp = 210000 [N/mm?]
Partial factor of resistance of members and cross-sections: ¢, = 1.00

Partial factor of resistance of plates in bearing: yf,» = 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: 7.2 = 1.25

Design yield strength: fe,yq = fepy/vep = 345 [N/ mm?]

[Bolt]
Size: M20 (d, = 20 [mm])
Tensile stress area: A, = 2.45 [cm?]
Hole diameter: dy = 22 [mm)]
Strength class: 8.8
Ultimate tensile strength: f;, = 800 [N/mm?]
Partial factor: v, = 1.25
Number on vertical line: 1, = 6
Number on horizontal line: 115, = 1
Pitch on vertical line: pj , = 70 [mm]
Pitch on horizontal line: p ;, = 60 [mm]
Edge distance for fin plate on vertical line: ¢; ¢, , = 50 [mm]
Edge distance for fin plate on horizontal line: ej_¢, , = 50 [mm]
Edge distance for web of steel beam on vertical line: e}y, , = 90 [mm]

Edge distance for web of steel beam on horizontal line: e}, , = 50 [mm]

Design Loads
[Permanent actions (dead loads and superimposed dead loads)]

Area per unit length of concrete slab:

(bO,min + bO,max) Dps 1000
2 Pps

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

Weight per unit area of concrete slab and rebars:

P o) 2
A (100 + 2) = 3.75 [kKN/m~] (wet concrete)

e ) .
Ae (100 + 1) = 3.61 [kN/m?] (dry concrete)
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Weight per unit area of profiled steel sheeting:
9.8gps = 0.14 [kN/m?]

Weight per unit area of steel beam:

9.844
b

= 0.33 [kN/m?]

Dead load per unit area in construction stage:

gk1 = 3.75+0.14 4 0.33 = 4.21 [kN/m?]
Dead load per unit area in composite stage:

gk = 3.61+0.14 4 0.33 = 4.07 [kN/m?]
Superimposed dead load per unit area in composite stage:

gk3 = 2.00 [kN/m?]

[Variable actions (live loads)]

Construction load per unit area in construction stage:
qr1 = 0.50 [kN/m?]
Imposed floor load per unit area in composite stage:

k2 = 6.00 [kN/m?]

[Partial factors]
Partial factor for permanent actions (unfavourable): y¢ s, = 1.35
Partial factor for permanent actions (favourable): ¢ i,y = 1.00
Partial factor for variable actions (unfavourable): yo = 1.50

Partial factor for variable actions (favourable): yo; = 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
partfor row 1:

t
7 — 807 [mm]

Zesl 1-cc = Dy + Des — Zes-csl,1 — >



154 ] Y Richard Liew, Yuichi Nishida & Masaki Arita

Vertical distance between centre of longitudinal rebars and centre of contact
partfor row 2:

Zesi2-cc = Da + Des — Zpeg-cs12 — Ef = 786 [mm]

Effective width:

beﬁ,j = by, + min { Z(%SLU} B, — bOh} = 1225.0 [mm]

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

2 bog:
Agr1=m (¢Sll> { eff']J = 4.7 [cm?]
’ 2 Psi1

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

2 Do
Aga=m (4’5’2> fofJ — 15.9 [em?]
2 Psi2

Effective length for row 1:

Lin + Mo
L1 = min (d’”zcwﬂ’s ,-204751,1) — 200 [mm]

Effective length for row 2:

Lino + heg-
Iz = min ("””2“‘”% ,-204;51,2) — 200 [mm]

Equivalent stiffness coefficient of longitudinal rebars:

Asl,l + Asl,2

= 10.32 [mm)]
leﬁ,l leff,Z

ksl,eq =

Length of composite beam in hogging moment region adjacent to joint:
I =0.15L, = 2250 [mm]
Number of headed studs distributed over length I:

(1= by g1

Pps

N =

‘ Npsy = 20
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Stiffness of one headed stud with 19 [mm] diameter of shank:
kse = 100 [kKN/mm)]

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

t
L — 790 [mm]

Zsl,eq-cc =Dy + D¢s — Ztcs-sl,eq - )

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

D
Zsleq-ca = th + Des — Zges-si,eq = 448 [mm]

Parameter related to deformation of headed studs:

E;l
= = =242
Zsl,eq—ca Es (ASl,l + Asl,Z)
(1+9) Nksclzgl/eq_m
V= = 3.83
Ealay

Stiffness related to headed studs:

Nk
v— (1/—1) (Zsl/eq-cc>
1+§ Zsl,eq-ca

Stiffness reduction factor due to deformation of headed studs:

K = = 843798 [N/mm]

1
ksiip = — 57—~
()

Joint material coefficient of RC core wall:

=0.28

B; = 0.67
Amplification factor from loaded area to maximum design distribution area:
« = 2.52 (determined by convergence calculation)

Design bearing strength of concrete for RC core wall:

fjd,cw = ﬁj‘xfcd,cw =56.0 [N/mmzl
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Additional bearing width of equivalent T-stub flange in compression:

fepy
c=t 1/7:31.5[mm]
f 3fjd,cw'7€p

Effective depth of equivalent T-stub flange in compression:
def = tf + ¢ + min (Dep — Dg;c) = 79.0 [mm]
Effective width of equivalent T-stub flange in compression:
beﬁr = min (Ba + 2¢; Bep) = 263.0 [mm]
Stiffness coefficient of concrete for RC core wall:

Ecm,cw deﬁ‘beff

k = =19.93
13,cw 1.275E, [mm]
Initial rotational stiffness:
ketinksy ook
IPTIATIN 22 poee = 331340 [KNm /rad]

Sjini = Es
(kslipksl,eq + kl3,cw>

Effective width of composite beam assuming simply supported condition:
. (L
befrp = bos + min ( % By — bos | = 3000.0 [mm]

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

_ Aq (hcs + 2Dps + Da)2 + beff,bhgs

2E, Ay 2E,
4 (1 + Ecm,cs hgff,bhcs) 12 (Ecm,us)

Upper boundary of rotational stiffness for nominally pinned joint:

+ Loy = 268987 [cm]

0.5E,1,
b

= 18829 [kNm /rad]



Design Guide for Semi-rigid Composite Joints and Beams 157

Requirement to calculate initial rotational stiffness:

fep > max {(oc — 1) de; (2 — 1) beff} — can be calculated

Cross-sectional area of longitudinal rebars within by ;:
Agj = Asip + Agp = 20.6 [em?]
Tension resistance of longitudinal rebars within b :
Rgj = Asljfsa = 8974 [kN]
Cross-sectional area of bottom flange of steel beam:
Apf = Bty = 32.0 [em?]
Cross-sectional area of contact plate (depends on contact plate detailing):
Acp = 144.0 [cm?]
Bearing area of contact plate (depends on contact plate detailing):
Apea = 25.6 [cm?]
Compression resistance of contact part:

Reon = min {Abf faydi Acp fepyds 1.5 Apeq min <@ ; @> } = 1059.8 [kN]
Ya,2 '7cp,2

Moment resistance:

Mj,Rd = Zsleq-cc min (Rsl,j/' Rcon) = 709.3 [kNm]

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

M1 ra = 1263.7 [KNm]
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Upper boundary of moment resistance for nominally pinned joint:

0.25M,; g = 315.9 [kNm]

Check compression resistance

Compression resistance of equivalent T-stub flange:

FC,Rd = fjd,cwdeﬁbeﬁ = 1164.7 [kNrn]

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

[Verifications of structural resistance in composite stage]

Check bolt group resistance

Correction factor for bolt shear resistance:
apy = 0.60 (for strength class 8.8)
Shear resistance of a single bolt:

apv fouAp

Fyv ga = =94.1 [kN]

Distance between face of support and assumed line of shear transfer:
Zfsp = 60 [mm]
« factor:
a = 0.00 (for ny,, = 1)
B factor:

6Zfsp
Npy (nb,v + 1) Pbo

B= =0.12 (fOI‘ nyp = 1)
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Bolt shear resistance:

o
Vi rd = nb’””b'h2bV'R" - = 4549 [kN]
\/(1 + any oy )"+ (Brpomnn)

Design shear force (This value will be calculated in the design of composite
beam):

Vg = 427.3 [KN]

ki factor for vertical bolt bearing resistance:

< In fin plate >

€y
k1 opp = min (2.8% - 1.7,-2.5) = 250 (for ny,), = 1)
0

Correction factor for vertical bolt bearing resistance:

. eb-fp,o Pbo 1 fbu
= —r 2 2 1.0 =0.76
Xoubb min ( 3d0 3d0 1 ffpu

Vertical bearing resistance of a single bolt:

k1,00 %00n.f fpudnt £p
Tb

= 142.4 [kN]

Fopp,Ra =

ki factor for horizontal bolt bearing resistance:

€y
ky oy = min (282072 _17.1.4P%2 _17.05) =250
’ do do

Correction factor for horizontal bolt bearing resistance:

ep-
Xppp = Min bfp’h; Jou ;1.0 ) =0.76 (for ny,, = 1)
3do " frpu

Horizontal bearing resistance of a single bolt:

k1, oo &non f Fpudot fp

= 142.4 [kN]
Yo

Fpp,ra =
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Bolt bearing resistance:

Ny oMy

Vib,Rd =
( 1+any  ny )2 + (.B”b/v"b/h ) 2
Fopp,rd Fhbp,Rd

= 688.7 [kN]

< In web of steel beam >

Nominal value of yield strength of web of steel beam:

fwy = 355 [N/mm?] (for t;, = 9 [mm])
Ultimate tensile strength of web of steel beam:

fuu = 470 [N/mm?] (for t;, = 9 [mm])

k1 factor for vertical bolt bearing resistance:

k1 opp = min (2.8%‘5”‘” - 1.7;2.5) — 2,50 (for my, = 1)
0

Correction factor for vertical bolt bearing resistance:

ehbwo P 1 fou
3d0 ! 3d0 4/ fwu, ’

Appp = Min <
Vertical bearing resistance of a single bolt:

k dpt
Foppra = —2 %ibbfw bW — 137.2 [kN]

kq factor for horizontal bolt bearing resistance:

ky ppp = TN (2.8%””” _17,1.4P00 _ 1.7,-2.5) — 250
’ do do

Correction factor for horizontal bolt bearing resistance:

. (Cbwh . fou )
Appp = min ~,2—;1.0) =0.76 (forny, =1
hbb < 3d0 fwu ( b,h )
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Horizontal bearing resistance of a single bolt:

k1 1ok anbp foudptw
Tb

= 128.2 [kN]

Fupp,ra =

Bolt bearing resistance:

ﬂb/y”b,h — 647.0 [kN]

Vib,rd =
( 1+any,np )2 + (ﬁ"b,v"b,h )2
Fobp,rd Fhbo,rd

Check fin plate resistance

Shear resistance for gross section:

Dsyte, f
_ Zfrife Jfry
VfP,Rd,g - 1.27 \/§7fp 726.2 [kN]

Shear area for net section:
AfpV,n = tfp (Dfp — nblvdo) =318 [sz]
Shear resistance for net section:

ffpu

pr,Rd,n = AfpV,n \/§’yf ) = 690.3 [kN]
P,

Net area subjected to tension:

d
Afpnt = tep (eh-fp,h — 7()) = 3.9 [em?] (for n, ), = 1)
Net area subjected to shear:

Afp,nV = tfp {Dfp — €p-fpo — (nb,v — 05) do} =279 [sz]
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Block shear resistance:

0'5ffpuAfp,nt + ffpyAfprnV

VipRip = = 645.2 [kN]

Tfp2 V37 fp

Elastic moment resistance:

2
ErpDp froy
6 Yfp

Mel,fp,Rd = =119.8 [kNm]

Fin plate type:

t
ep-pew,p + 10 > 0f—1’75 — short fin plate

Non-dimensional slenderness for lateral torsional buckling:

Ao G t10 [ frpy o
L Tifp: Epp

Value to determine reduction factor for lateral-torsional buckling:
®p1pp = 05{1+049 (A, —02) + A3y, | =055

Reduction factor for lateral-torsional buckling:

1
XLT,fp = min ( ;1.0) =0.96

Pirppt Pir o — Mrgp

Lateral torsional buckling moment resistance:
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Check resistance of web of steel beam

Shear area for gross section:
Apwv,g = Aa —2Bats + (ty +2r) ty = 70.1 [em?]
Shear resistance for gross section:

Vbw,Rd,g = Awa,g% = 1436.8 [kN]
a

Shear area for net section:
Apwvn = Awa,g — Ny pdotw = 58.2 [em?]
Shear resistance for net section:

Viw,Rdn = Awa,n\/J;% = 1263.9 [kN]
a,2

Elastic moment resistance on vertical line of bolts:

= 65.2 [kKNm]

2
M _ tW{(”b,v_l)Ph,v} fuwy
el,vbw,Rd — 6 E

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

fwy
\% = tweppwhn——— = 92.2 [kN] (for ny;, =1
™ [kN] (for ny,, = 1)

Design shear force on vertical line of bolts:

np, —1
Vi d = VEd(b'UDJ — 217.0 [kN]
a

Plastic shear resistance on vertical line of bolts:

Vpl,vbw,Rd = tw (nb,v - 1) pb,v%’yyﬂ = 645.6 [kN]

163
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Reduced moment resistance on vertical line of bolts making allowance for
presence of shear force:

2

My,v,vbw,Rd = Mel,vbw,Rd = 65.2 [kNm] <f0r vaw,Ed <

Vpl,vbw,Rﬂl )

Check fillet weld of fin plate
Effective throat thickness of fillet weld:

agp =075, =70 [mm)]
Required minimum throat thickness of fillet weld:

fp,reqg = 0.6tr, = 6.0 [mm] (for S355 steel grade)

[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 S;;y;e; incorporating
the flexural rigidity of the core wall is used as the rotational stiffness S; in
structural analysis.

Maximum design distributed load:
Weom,max = Bp (gk,?; + tik,z) = 24.0 [kN/m]
Design hogging moment:

Mg, = 412.0 [KNm]

Control of crack width

Maximum diameter of longitudinal rebars:

¢35 = Pstmax (;—9> = 13.0 [mm]
ctm
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Figure AIV.4 Design load with corresponding moment

Limit of stress permitted in longitudinal rebars immediately after cracking:

s im = 320 [N/mm?] ( for wy = 0.3 [mm] and py; = 100 [mm])

Design of Composite Beam

[Verifications of structural resistance in construction stage]

Analysis of design moment and shear force

Maximum design distributed load:

Weon,max = By (gk,l'YG,sup + Qk,l'YQ) =19.3 [kN/m]

Design sagging moment:

LZ
LeonmaxZp _ 543 0 [kNm]

MEgs =
Design shear force:

L
Veg = % = 144.8 [kN]

Check section classification

Classification of steel flange:

By —ty —2 235
Pa o T 484 <9, 222 — 732 s Class 1
th fay
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Wcon, max
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Figure AIV.5 Design load with corresponding moment and shear force

Classification of steel web:

D, — 2t — 2r
a2 =2 200 <124, /%2 — 1009 - Class 3
tw fay

Check shear resistance and moment resistance

Shear area:
Ay = max {Aa — 2Bats + (tw + 27) t; 1.2Datw} — 721 [em?]

Plastic shear resistance:

AVf ayd

V =
pl,a,Rd \/g

Nominal value of yield strength of web:

= 1478.7 [kN]

fwy = 355 [N/mm?] (for t;, = 9 [mm])
Minimum shear buckling coefficient:
kt min = 5.34 (without rigid transverse and longitudinal stiffeners)

Modified slenderness of web:

fwy

K i {190000 (%)2}

Aw = 0.76 = 1.06
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Factor for contribution of web to the shear buckling resistance:

083

0.83
= —— =0. — <
Xw ™ 0.79 (for 15 = Aw)

Shear buckling resistance:

\/§')’a ’ \/§')’u

D,—2tf 72 [235
— 969.3 [kN for — —L > 22 /22
[N ( tw 12\ Fay )

Vb,u,Rd = min ;

Effective plastic section modulus:

Bat (D — tr) +0.4292% (D, — 2t — 0.4467r ) + tor (Dy —2t5 — 1)

2 2
tw 235 tw 235
+— |40ty | — | + 5 |20t ——
Werpla = 2 < ¢ fay) 2 ( “\ fuy>
\ fay fay fay

= 3219 [em?]

Compression

Neglect

Tension

Figure AIV.6 Effective cross-section for effective Class 2
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Plastic moment resistance:

My 0,ra = Wegtplafaya = 1142.7 [kKNm] (for effective Class 2 cross-section)

[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 S;;ui e
incorporating the flexural rigidity of the core wall is used as the rotational
stiffness S; in structural analysis.

Maximum design distributed load:
Weommax = By (k177G sup + &k3YGsup + qk17Q) = 51.6 [KN/m]
Design sagging moment:
MEgs = 1117.5 [kNm]
Design hogging moment:
MEgy = 709.3 [KNm]
Design shear force:

Veg = 434.1 [kN]

Weom,max

Figure AIV.7 Design load with corresponding moment and shear force
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Check section classification

Classification of steel flange in sagging moment region:
Bottom flange is in tension — Class 1

Effective width in sagging moment region:
. (X
begss = bos + min (52 B, — bos ) = 3000.0 [mm]
Compression resistance of composite slab within beg:
RCS = beﬁshcs (0'85fcd,cs) = 5049.0 [kN]

Portion of part of cross-section in compression:

T G G B

Classification of steel web in sagging moment region:

Full web is in tension — Class 1

Classification of steel flange in hogging moment region:

(Bo—tw—=2r) _ a4 <9,/%% —732 5 Class1
th fuy

Effective width in hogging moment region:
. [2(Ly—x
begm = bop + min {%; By — bOh} = 1016.9 [mm]
Cross-sectional area of longitudinal rebars within beg;:

woen (1) B (e (22 2)
2 Psin 2 Psi2 Psi2

=17.20 [em?]
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Tension resistance of longitudinal rebars within b,g:
R = Agifeq = 747 .8 [kN]

Portion of part of cross-section in compression:

(Da—zsz_zr) + (thf}llyd) = 0.69

N =

Equivalent vertical distance between longitudinal rebars and bottom of flange
of steel beam:

Zsl,eq-bf = Dg + Des — Ztcs-sleq = 798.4 [mm]

Stress or strain ratio:

Dy — 2t —2r
l/) =1- AaDa+2Alesl,eq-bf t =07
2(Ag+A5[) - f -t

Classification of steel web in hogging moment region:

235
Do =2ty =20 _ 9, V5 78.4 — Class 3
TS 067033 0T e

Second moment of area in hogging moment region:

AaAg {Da +2 (Dps +hes — Ztcs—sl,eq) }2
4 (Aa + Asl)

Iy = oy + = 130712 [cm*]

Elastic hogging moment resistance:

. Ihf sd Ihf ayd
MEZ’Rdh = min AuDuJFZAsIZsl,eq—bf ’ AaDaJFZAsIZsl,eq—bf
Zsleq-bf — T 2(AatAqg) 2(Aat+Ay)
= 1149.9 [kNm]
Modular ratio for short-term loading:
E
np = —2+— = 6.36

Ecm,cs
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Vertical distance between centre of un-cracked concrete flange and un-cracked
composite section:

(Aa+ Ag) (05D, + Dps + 0.5h)

Ag+Ag + (@)

n

z0 = = 214.7 [mm]

Coefficient taking into account of stress distribution within section immediately
prior to cracking:

ke = min +0.3;1.0 p =1.00

1
hCS
1+ (35)
Required minimum reinforcement ratio:

_ fuy fctm
Oslreq = % fsk

Vke = 0.88% (for Class 2 cross-section)

Cross-sectional area of composite slab within b,g;, above profiled steel sheeting:
Acs = beghies = 1006.8 [cm?]
Required minimum cross-sectional area of longitudinal rebars within b,g;:

Asl,req = Psl,rquCs =8.82 [sz]

Check minimum degree of shear connection

Distance between inflection points in sagging moment region:
Les = xg = 13166 [mm]
Correction factor of headed stud taking into account hy,s /djs:

aps = 1.00 (for Z—:S > 4)
S

Shear resistance of a headed stud:

0.8 fnsu ﬂd%zs,_ 0'29“(1%15 \/W) = 81.7 [kN]

Pr; = min
Rd < dyy TV
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Number of headed studs arranged within half of Les:

i) — hoppus

Nhss = ( Npss = 64

Pps

Maximum reduction factor for shear resistance of a headed stud in sagging
moment region:

kts,max = 0.60 (for npss = 2, tps < 1,dys < 20, and sheeting with holes)

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

. bomi
kts = min { 0.7 0,min < hhs 1) /'kts,max} = 0.60

/min (455;2) Dps \Dps
Longitudinal shear force transfer within half of Les:
Rgs = Njgskis Prg = 3135.6 [kN]
Tension (Compression) resistance of steel beam:
Ra = Aafaya = 4505.0 [kN]
Degree of shear connection in sagging moment region:

Rgs

7
5 = min (Rei Ree) 070

Required minimum degree of shear connection in sagging moment region:

1s,req = Max {1 - (;55> (0.75 — O.OSLES);OA} = 0.64 (for Les < 25 [m])
ayd

Half of distance between inflection points in hogging moment region:

% =L, — xo = 1834 [mm]
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Number of headed studs arranged within half of L,j:
Loy _pp .
2 cj-fhs
Npsp = {L‘ Hpsp = 16
Pps

Maximum reduction factor for shear resistance of a headed stud in hogging
moment region:

ki max = 0.60 (for nyg, = 2, tps < 1,dys < 20, and sheeting with holes)

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

. bo mi
kth = mln{ 07 Omin ( hhs 1) ;kth,max} =0.60

v/min (1,6,;2) Dps \ Dps -

Longitudinal shear force transfer within half of L,,:

th = NhshkthPRd = 783.9 [kN]
Degree of shear connection in hogging moment region:

M= —— 105
"7 min(R;Ry)

Required minimum degree of shear connection in hogging moment region:

1h,req = 1.00 (full shear connection)

Check shear resistance and moment resistance

Plastic shear resistance:

\%

JLRd = 1478.7 [KN]

Shear buckling resistance:

Vi ra = 969.3 [kN]
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Tension (Compression) resistance of overall web of steel beam:
Rw = Ra — 2Bat g faya = 2233.0 [kN]
Tension (Compression) resistance of clear web of steel beam:
R, = (Da — 2ty — 2r> b fayd = 2019.2 [kN]
Tension (Compression) resistance of effective clear web of steel beam:

235
Refro = 4082 faya T = 935.8 [kN]
ay

Location of plastic neutral axis for full shear connection:
Ra < Res = PNA in concrete flange

Plastic sagging moment resistance with full shear connection:

Dq Ry (Des — Dys)

Mpif,rds = Ra {7 + Des — R.. 5 } = 2053.5 [kNm]

Location of plastic neutral axis for partial shear connection:
Ry < Rgs — PNA in steel flange

Plastic sagging moment resistance with partial shear connection:

D Rys Des — D
Mplp,Rds = Ra_a + Rqs <Dcs - F u)

2 Res 2
2
R,—R
_ (Ra—Rys)” = 1944.1 [KNm]
4Bufayd

Equivalent vertical distance between longitudinal rebars and top of flange of
steel beam:

Zsleq-tf = Des — Ztcs-sleq = 98.4 [mm]
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Tension (Compression) resistance of effective steel beam:
Refra = Ra — Ro + Regp = 3421.6 [kN]

Location of plastic neutral axis for with full shear connection:

Rs < Refp — PNA in steel web
Plastic hogging moment resistance with full shear connection:

D
Wpl,afayd + Ry (711 + Zsl,eq-tf)
MplpRan = R2 4+ (Ry+ Ryt) (Ro + Ry = 2Rygry ) (= 12637 LkNm]

4twfuyd

Tension (Compression) resistance of flange of steel beam:

Rf = Bﬂtffayd = 1136.0 [kN]

Vertical distance between centres of top and bottom flange of steel beam:

Zetf-cbf = D, — tr = 684.0 [mm]

Plastic moment resistance after deducting shear area:

D
My1f,rRd = Rfzetf-chf + Rl (7” + zsl,eq_tf> = 1112.4 [kNm]

Reduced hogging moment resistance making allowance for presence of shear

force:

Voi,rd
My,v,Rdh = Mplf,Rdh = 1263.7 [kNm] | for Vg; < 2
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Check lateral-torsional buckling

Polar radius of gyration of area of steel beam:

(Lay + Laz)

lox = A, =284.1 [mm]

Vertical distance between centre of composite slab and centre of steel beam:

D D¢

Zecs-ca = 7” + = = 4250 [mm]
e value:
A+ Ag) I
o= W — 15573
k. factor:
ke = oy =1.10

Tapcrf |
(tf4 L+ 1§x> /e+Zefcpf

Property of distribution of moment (conservative value):

Cy =339 | foryp = (MEdhLz <050
Weom,max b)
8

Length between points at which bottom flange of steel beam is laterally
restrained:

Lo = Ly, = 15000 [mm]

Cross-sectional area of transverse rebars per unit length:

2
Agt = {1000J s <¢32t1) = 3.93 [ecm?/m]

Pst1

Area per unit length of concrete slab in compression:

A, = Ac — 1000k,

/ E,
Ecm,cs

=71.1[cm?/m]
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Equivalent vertical distance between transverse rebars and concrete slab
in compression:

ps
Zst,eq-ccs,c = Des — Ztes-st,eq — N = 79.5 [mm]

Equivalent Vertical distance between transverse rebars and neutral axis of
composite slab:

Zst,eq-ccs,c
Ast
(1+42)
Vertical distance between neutral axis of composite slab and centre of concrete
slab in compression:

Zst,eq-na = = 75.3 [mm]

Zna-ccs,c = Zst,eq-ccs,c — Zsteq-na — 4.2 [mm]

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

2

D
Lesz = AstZ31 0q-na + Ace (zfm_ccsrc + 1?) = 389.4 [cm*]

Cracked flexural stiffness per unit length of composite slab:
E.l.sp = 817.7 [KNm?2/m]
Flexural stiffness of cracked composite slab in direction transverse to steel beam:

4E,1I
ki = ]’;7“2 = 1090.3 [kN /rad] (for continuous slab)

b

Flexural stiffness of web of steel beam:

Eqt,

o= 4(1—-0.32) ze i

= 61.5 [kN/rad]

Transverse (rotational) stiffness per unit length:

_ kiko
- k1 + ko

= 58.2 [kN/rad]

S
Second moment of area of bottom flange of steel beam about minor axis
(z-z axis):

t¢B3
Ip, = 112“ = 1067 [cm?]
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Elastic critical moment for lateral-torsional buckling:

_ kcc4 E, kSL%r —
M,y = i \/ HZ 1103) } Ia+ = 3" | Ealyfz = 43904 [kNm]

Location of plastic neutral axis for M ri:
Asifsk < Rero — PN A in steel web
Characteristic value of plastic hogging moment resistance:

D
Wpl,afayd + Aslfsk <2a + Zsl,eq—tf)

M1, Rk =
’ (Aslfsk)2 + (RU + Aslfsk) (Rv + Aslfsk - 2R€ﬂ§v)

4tzvf ayd

= 1266.8 [KNm]

Non-dimensional slenderness for lateral-torsional buckling:

Imperfection factor corresponding to appropriate lateral-torsional buckling
curve:

D
arr = 0.76 <for —2 =35> 2.0>
B,

Value to determine reduction factor for lateral-torsional buckling:
dr =05 {1 Fagr (Arr — 0.4) + 0.75A%T} —0.66

Reduction factor for lateral-torsional buckling:

! 10;L =0.89

XLT = min > > ;L 2
D7+ /D7 — 0.75A7 LT

Buckling moment resistance of laterally unrestrained composite beam:

Mir,Rd = XLTMpif,Ran = 1119.4 [KNm]
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Requirements to use calculation method in DD ENV 1994-1-1:

B
Ecmeslesz > 0.35E,qt2, Db

By 2 1= XiTAfr
a

s — can be used
ksxLTA?
sXLTALT

and Pps < 0.4 fpsu
B,

Check longitudinal shear resistance

<Beam-to-wall composite joint side>

Change of longitudinal force in composite slab:

min (Rg; Res; Npss Pra)
AN, = L — v — T = 5253 [kN]
+ min ( {%J Mish Pra; Rsz>
ps

x-coordinate at point of maximum sagging moment:

1 Weom,max Ly . MEay
2 Ly

Xg = ) = 6583 [mm]

Weom,max
Design longitudinal shear stress in composite slab:

AN

— — 2
OLEd = 2hcs (Lb — xs) 3.15 [N/mm ]

Minimum angle to minimize cross-sectional area of transverse rebars:
O in = 38.6°
Required tension resistance of transverse reinforcement per unit length:

1000hCSUL,Ed

= 249.1 [kKN/m]
cotB,,in

Rtr,req -

<Pinned joint side>

Change of longitudinal force in composite slab:
AN, = min (Ry; Res; Njyss Prg) = 4505 [kN]
Design longitudinal shear stress in composite slab:

ANp

— — 2
OLEd = thsxs 3.46 [N/mm ]
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Minimum angle to minimize cross-sectional area of transverse rebars:
O nin = 38.6°
Required tension resistance of transverse reinforcement per unit length:

1 OOOhCS UL/Ed

e 273.1 [kN/m]

tryreq —

Cross-sectional area of transverse rebars per unit length for row 1:

2
Ag1 = {1000J 7T (‘Ps—tl) = 3.93 [cm?/m]
Pst1 2

Tension resistance of transverse reinforcement per unit length:

Rst + Rpse = Ast 1 foa + Apsefpsa = 668.5 [kN/m]

Required minimum cross-sectional area of transverse rebars per unit length:

0.08,/
Astreq = 1000hcs% = 0.87 [ecm?/m]
S,

Crushing shear stress of concrete slab:

vrg = 0.6 (1 — f;;g) Fed s SN Oyiy €OS 0,1, = 5.15 [N/mm?]

[Verifications of serviceability in construction stagel]

Analysis of deflection

Design distributed load due to “dead loads”:
Weon,p = Bbgk,l =12.6 [kN/m]
Design distributed load due to “live loads”:

Weon, v = Bka,l =15 [kN/m]
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Figure AIV.8 Design load with corresponding deflection

Design distributed load due to “dead loads andlive loads”:
Weon,P+vV = By (gk,1 + Qk,l) = 14.1 [kKN/m]

Deflection due to “dead loads”:

Weon PL‘;
op= ——= =39.6
P~ 384E, I,y [m]
Deflection due to “live loads”:
Weon VLé
oy = ——2 =47
VT B84, 1, [mm]

Deflection due to “dead loads andlive loads”:

Weon,p+v L h

5P+V 384:Ea I,;y =443 [mrn]
Check deflection
Limit of deflection due to “live loads”:
Ly
OV lim = 360 — = 41.7 [mm]

Limit of deflection due to “dead loads and live loads”:

Op4v jim = 250 = 60.0 [mm]

181
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[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 S; ;i ., 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”:
Weom,p = Bpgk3 = 6.0 [kN/m]
Maximum design distributed load due to “live loads”:
Weom,V,max = Bpqro = 18.0 [kN/m]
Deflection due to “superimposed dead loads”:
op = 4.4 [mm]

Deflection due to “live loads” (Load-case 1):

Sy = 13.2 [mm]
Deflection due to “dead loads and superimposed dead loads”:

Orp = 42.6 [mm]
Deflection due to “dead loads, superimposed dead loads, and live loads”:

Otp4+y = Op + oy = 55.8 [mm]

Check deflection
Limit of deflection due to “live loads”:
_ L _
OV lim = %60 41.7 [mm]
Limit of deflection due to “dead loads, superimposed dead loads, and live
loads™:
Ly
5P+V,llm = ﬁ = 60.0 [mm]




Design Guide for Semi-rigid Composite Joints and Beams 183

Weom, P

N Lb

\d

[
o

(a) Superimposed dead loads

Weom, V,max

N Lb

(b) Live loads

Figure AIV.9 Design load with corresponding deflection

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 S; ;;; ¢4 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”:

Weom,p+01v = By (8k2 + 8k3 +0.192) = 20.0 [kKN/m]

Deflection due to “dead loads, superimposed dead loads, and 10% of live
loads™:

Optoav = 14.7 [mm]

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

live loads™:
18

fryo1y = —F——
VOpPro1v

=4.7 [Hz]
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Check vibration

Required minimum natural frequency:

Freq = 4.0 [Hz]

Control of crack width

Maximum diameter of longitudinal rebars:

b = Pst,max (;-9) = 13.0 [mm]
ctm

Limit of stress permitted in longitudinal rebars immediately after cracking:
Os1 1im = 240 [N/mm?] (for wy = 0.3 [mm] and ¢* = 13 [mm])
Effective width in hogging moment region:
. [2(Ly —x
begn = boy, + min {%; By — bOh} = 1244.4 [mm]

Cross-sectional area of longitudinal rebars within beg;:

¢sll>2 {beﬂJ
Ag=m(24) |22
o < 2 Psi1

2 b
. (‘/ﬂ) min qe_ﬁ‘hJ ; {@D = 20.64 [cm?]
2 Psi2 Psi2

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

(At Ag) (0.5D; + Dyps + 0.5hc)
- hCSbe
Aa + Asl + (Tﬂ)

Z0 = 194.8 [mm)]

Coeftficient taking into account of stress distribution within section immediately
prior to cracking:

1
k. = min {—h +0.3,-1.o} —1.00
1+ (ﬁ)
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Figure AIV.10 Designed semi-rigid composite joint and composite beam
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Cross-sectional area of composite slab within b,g;, above profiled steel sheeting:
Acs = beghies = 1231.9 [cm?]
Required minimum cross-sectional area of longitudinal rebars within b,g,:

0.72k¢ fetm Acs

=10.72 [em?]
Ol lim

Asl,req =

Equivalent vertical distance between longitudinal rebars and neutral axis:

AgZicssieq + Aa (hes + Dps + 05D
Zsleq-na = el Aasl(—i-csAa ~ a) — Zies-sleq = 385.7 [mm)]

Second moment of area in hogging moment region:

A Ay {Da +2 (Dps + hes — ztcs_s,,eq) }2
4 (Au + Asl)

Stress in longitudinal rebars caused by Mgy

Iy = oy + = 135951 [cm?]

M
Os10 = idhzsl,eq-mz =117 [N/mm2]

I
Correction of stress in longitudinal rebars for tension stiffening:
B 0.4 fetm B 2
Aoy = Tt A, (AgN (Asl) =44 [N/mm~]
uluy cs

Tensile stress in longitudinal rebars due to direct loading:

0y = 050 + Aoy = 161 [N/mm?]




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 Fore-
word, 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 mate-
rial cost and improvement of construction productivity.

The degree of steel weight reduction depends on the floor beam layout, espe-
cially 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 Casel
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 III.

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 I-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 By, 3.0 [m]
2
Design load SDL 8k3 3.0 [kN/m]
IL g1 5.0 [kN/m?]
Joint classification Pinned Semi-rigid Semi-rigid
Cross-section UB533x210x101 UB533x210x82 JIS550x200x9x12
Steel beam Mass per metre 101.0 [kg/m] 82.2 [kg/m] 76.0 [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 B, 3.0 [m]
. SDL g3 3.0 [kKN/m?]
Design load IL g5 5.0 [kN/m?]
Joint classification Pinned Semi-rigid Semi-rigid
Cross-section UB762x267x147  UB610x229x125  JIS700x200x9x16
Steel beam

Mass per metre 146.9 [kg/m] 125.1 [kg/m] 99.6 [kg/m]
(—14.8%) (—32.2%)




A complimentary book “Liew J Y R (2019), Design Guide for Buildable Steel Connections,
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_Final Version 20190327.pdf
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