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ABSTRACT

The behaviour of steel and steel-concrete composite joints has been thoroughly studied in the
last decades, with focus on their influence on the global response of framed structures.
Nevertheless, especially as far as composite steel-concrete structures are concerned, there are
no well-established design guidelines to optimize choices and adequately design composite
joints. For this purpose, the Guidelines for the seismic design of steel-concrete composite
framed structures and the non-linear analysis and the Guidelines for the seismic design of
steel-concrete composite joints were developed within the RELUIS 2014-16 project, financed
by the ‘Dipartimento di Protezione Civile’ (Department of Civil Protection). This paper
highlights the main issues that need to be addressed with regards to the seismic design of the
beam to column joints and frames belonging to steel-concrete structures, discussing rules
reported within codes, as well as modelling approaches. The provisions that are referred to
this paper are the ‘Norme Tecniche per le Costruzioni’ (NTC2008) and the Eurocode 4 [EN
1994-1-1:2004] as far as the general rules to be applied to the design of a composite structure
are concerned, and the Eurocode 8 [EN 1998-1:2004] as regards the specific rules to be
applied.
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1 INTRODUCTION

This paper focuses on the main issues affecting the modelling and design of steel-concrete
composite structures in seismic areas, with focus on the evaluation of joints behavior.
Indications for the design of seismic-resistant composite frames and structural joints have
recently been collected in specific Guidelines developed under the ReLUIS Project 2014-16.
The regulations referred to this note are the Italian building code (NTC2008) and the
Eurocode 4 [EN 1994-1-1: 2004] as regards the general rules to be applied in the design of a
composite structure and the Eurocode 8 [EN 1998-1: 2004] for the specific rules to be applied
in seismic areas. Specifically, the different resistant mechanisms that might occur in the
concrete slab at the beam-to-column intersection are discussed. Moreover, a design procedure
of the slab able to assure a high ductility of the node is described. Finally, the stiffness and
resistance of the basic composite components are defined to determine the moment-rotation
curve of a composite joint, either welded or bolted.
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2 STEEL-CONCRETE COMPOSITE FRAMES

The behaviour of a steel-concrete composite frame under seismic actions can be very
complex, and attention must be given to the nodal behaviour that can be influenced by
multiple parameters, such as:

e the sign of the bending moment, the moment-rotation curve is asymmetric;

e the type of steel joint (welded, with extended end-plate, with cleats etc.);

e the presence or not of a concrete cantilever edge strip;

e the node position inside the frame (interior or exterior);

e abracing system if present.
In a moment resisting frame, the slab is usually in contact with the column (see Figure 1); in
this case, interactions between the slab and the column can arise, with the development of
different strut-and-tie resistant mechanisms that form between the longitudinal and transverse
rebars and the concrete in compression.

_______________________________________

_______________________________________

Figure 1. Typical steel-concrete compound joint (slab in contact with the column)

These interactions significantly affect the joint response in terms of ductility, stiffness, and
resistance, and therefore a careful evaluation is required to ensure that the principle of
hierarchy of resistances is satisfied (Amadio ef al., 2016, 2017a).
A design alternative that allows to ignore the composite action near the node is to disconnect
the slab, i.e. to avoid, through suitable construction details, the slab-column interactions.
Generally, the following arrangements are necessary (Chaudhari et al., 2015) (Seek and
Murray, 2008):

e shear studs should not be placed in the beam for a distance from the column face of

1.5 times the height of the composite beam;
e a2 to 3 centimetres gap between the column and the slab must be made to avoid direct
contact and thus the formation of struts;

e the longitudinal rebars must be interrupted at the column.
As for Eurocode 8, interactions can be avoided if the slab is “totally disconnected from the
steel frame in a circular zone around a column of diameter 2.5 with bey being the larger of
the effective widths of the beams connected to that column”.
However, the construction details required to disconnect the slab still need to be studied in
depth, particularly as regards the possibility of maintaining the continuity of the longitudinal
rebars to realize, through the use of hinged steel joints, composite beams that behave like
continuous on multiple supports under vertical loads, and at the same time transfer only shear
forces to the column (Amadio et al., 2017b).
In the case of steel-concrete composite structures, the possible construction typologies are
numerous. In fact, they vary according to the static scheme that the structure assumes under
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the action of horizontal and vertical loads, and hence depending on the type of joint. Based on
the structural system that opposes the horizontal forces (earthquake, wind, imperfections,
etc.), two macro categories are identified:

e braced composite structures;

e moment resisting composite structures.
Below, the main construction choices available for both cases are briefly described.

2.1 Braced structures
The bracing system is considered effective if:
e its stiffness Kp.ce 1s much greater than that of the frame Kjne (usually at least Kp4ce >
5 Kframe);
e the seismic base shear V}, is absorbed mainly by the bracing system (for example
Vb, brace™ 80% Vb)
It 1s thus clear that a correct evaluation of the joint influence is also required when designing
braced structures; when adopting this structural typology, it is appropriate to “isolate” the slab
to build pinned frames and entrust the entire horizontal action to the bracing system. For this
purpose, some of the possible design choices are:
e pinned beams: the slab is disconnected from the column by means of a gap and there is
no rebars continuity between two consecutive spans (Figure 2);

____________________________________________________
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Figure 2. Braced frame with pinned beams

e Continuous beams and pinned columns: the slab is still disconnected but the
longitudinal rebars are continuous. The beam behaves as continuous on multiple
supports and the negative bending moments at the node are self-balanced (Figure 3);
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Figure 3. Braced frame with continuous beams and pinned columns
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e Frame with disconnected slab and cleated steel joints: the cleats transmit only shears
forces to the column while continuity of longitudinal rebars keeps the beam running as
a continuous on multiple supports under the action of vertical loads (Figure 4).
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Figure 4. Braced frame with web cleats connection

2.2 Moment-Resisting Frames (MRF)

In MRF both vertical and horizontal loads are entrusted to the framed system, therefore the
connections must be able to transfer the bending moments. Two solutions can be adopted for
the slab detailing:
e Slab disconnected from the column (isolated slab): only steel components offer
resistance at the beam-column (Figure 5a);
e Slab in contact with the column: it is necessary to evaluate the slab-column
interactions (Figure 5b).
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a) b)
Figure 5. MRF composite structure: Isolated slab (a), Slab in contact (b)

In both cases, the role played by the joint and dissipations near the nodal zone are
fundamental to evaluate the structural response (Fasan, 2013), (Pecce and Rossi, 2015). This
aspect is deepened in the “Linee guida per la progettazione sismica di nodi composti acciaio-
calcestruzzo” (Amadio et al., 2016).

3 COMPOSITE JOINTS

In steel-concrete composite joints interactions between the slab and the column lead to
creation of different strut-and-tie mechanisms between the rebars in tension (both longitudinal
and transversal) and the concrete in compression in contact with the column.

Such interactions significantly affect the joint ductility, stiffness, and resistance, and it is
therefore necessary to carefully evaluate them to ensure the principle of hierarchy of
resistance is satisfied. At beam-column intersection, depending on the node configuration,
several mechanisms can be present simultaneously. In these cases, the maximum compression
force that can be transmitted from the slab to the column is given by the sum of the
resistances of the individual mechanisms.
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3.1 Resistant mechanisms of the slab

3.1.1 Mechanism I: direct contact between the slab and the column flange

Mechanism 1 consists in a compressed strut in direct contact with the column flange (Figure
6), as proposed in the Eurocode 8, the maximum transmitting force is:

Fran = bhdeff(0~85fck lr.) (1)

Where b, represents the bearing width of the concrete of the slab (equal to the width of the
column or that of any plate used to increase the contact area), d.; the effective depth of the
slab (equal to its thickness in the case of solid slabs or to the thickness of the slab over the ribs
in the case of a slab with a sheet steel), /. and y. the compressive characteristic resistance and
the concrete safety coefficient. This mechanism is present either with slab in compression
(positive bending moment) or in tension (negative bending moment) (see Figure 6).
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Figure 6. Mechanism 1: a) Positive bending moment; b) Negative bending moment

e Slab in compression

When the slab is in compression (Figure 6a), the force Fg,; spreads along the beam for a
length almost equal to b.; and generates a transversal force F,; which can be calculated as
(Plumier et al., 1998) (Figure 7):

a:h(;‘f—bb)

——tan
£l T
2 4 bef/" i

2)

Since by = 0.151, it follows:

085 010200y (4 ) 3)

Ty 0.151

c

F.,=0.25h,d

where A7 represent the transversal rebars area, therefore the mechanism 1 transmit the
maximum force if in the slab is placed a total rebar area of:
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Figure 7. Spread of the concentrated force due to mechanism 1

e Slab in tension

The longitudinal rebars behave like ties and, depending on the nodal configuration, concrete
struts might appear in contact with the column on the opposite side (see Figure 6b). To obtain
a ductile behaviour the longitudinal rebars should yield before the concrete crushing, hence:

F 0857,/
< fRd,l _ bbdeﬁ«' ( f .f;;( yc j (5)
vd,l via 1V

A

s,1

3.1.2 Mechanism 2: inclined concrete struts in contact with the column sides

This mechanism, as proposed in the Eurocode 8, consists in inclined concrete struts in contact
with the column sides. The maximum transmissible force is:

FRd,Z = 0'7hLdeﬁ‘ (085](;/6 /7/() (6)

Where A, represents the height of the column. The presence of this mechanism depends on the
node configuration.
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Figure 8. Mechanism 2: a) Positive bending moment; b) Negative bending moment

e Slab in compression (Figure 8a)

In this case the longitudinal rebars do not participate in the activation of the mechanism. On
the contrary, the transversal rebars need to be properly designed. Assuming an inclination
angle of the struts & = 45° and a concrete resistance 0.7f.4, the maximum resistance of each
strut is:

F.,=0.7hd,(0.85f, /7.)=0.7h 2d [, (7)

Where by is the width of the strut. The compressive concrete strength has been reduced to
consider the presence of transversal tractions. The maximum force transmissible by
mechanism 2 is obtained by finding the resultant of the two struts:

F,
Fuuz=272=0Thd, (0.85/,/7.) ®

The force in the steel tie is equal to Fgs2/2, therefore the total area of transversal rebars
needed is:

F,
Ay, >——2__035hd, (—0'85 Ju 7. J )
2(f:17k,T/7/s) ‘ -f;/k,r/?/é'

Following this design (suggested by ECS), the concrete crushes before the transversal rebar
yielding is reached. However, to increase the ductility the rebars should yield before reaching
the crushing of struts. This condition can be achieved dimensioning the transversal rebars as
follows (Amadio et al., 2017a):

F
A, <——22___035hd, MJ (10)
2(f;;k,T/7/s) ) f:vk,T/ys
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Following the last case, the maximum force transmissible by mechanism 2 become:
Frir =24, yk,T/J/s (11)

e Slab in tension (Figure 8b)

When the slab is subject to a negative moment, mechanism 2 balances the tension of the
longitudinal rebars (Figure 8b). In this case the inclined struts appear on the opposite side to
the application of the stress. The maximum force transmissible by each strut should be
expressed as a function of its inclination angle #. Assuming a concrete compressive strength
of 0.7f.4 it can be evaluated as:

F.,=0.7bd,(0.85f, /7.)=0.7(h sin0)d, f., (12)

The maximum force transmissible by mechanism 2 is obtained by finding the resultant of the
two struts:

Fryr =2F, ,cos0=14hd,(0.85f, /y.)sinfcosd (13)

ceff

To achieve the yield of the longitudinal reinforcement before the concrete crushing, the
maximum rebars area should be determined as:

F
4, < —CE— 1.4hcde,7 sin @ cos G(MJ (14)
2(fyk,1 /]/S) ' Soa 17,

3.1.3  Mechanism 3: struts in contact with the studs of transversal beam
The maximum transmissible force by this mechanism is:

Fras = 1P (15)

with #n number of studs present along the transverse beam for a length equal to the effective
width and Py, the shear strength of the single stud.

When the slab is in tension, to achieve the yield of the longitudinal reinforcement before the
concrete crushing, the maximum rebars area should be determined as:

F
Ay <= (16)

yd 1

3.2 Basic composite joint components and ductility criteria
To evaluate the strength and stiffness of a joint using the component method, it is necessary to
identify the basic components that affect its behaviour, characterizing their stiffness k; and
resistance Fgq;. As mentioned above, besides the steel components, a steel-concrete
composite joint is influenced:

e Dby the longitudinal reinforcement placed in the slab;

e Dby the interactions between the concrete slab and the steel parts.
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Consequently, in addition to the bare steel components (defined in EC3 1-8), it is necessary to
consider other components: the longitudinal rebars in tension and the concrete slab in
compression (as well as to modify the "standard" components influenced by the presence of
the concrete).

3.2.1 Longitudinal steel reinforcement in tension
e Resistance

Both in an interior joint or in an exterior joint the traction that could be present in the
longitudinal rebars is balanced by the strut-and-tie mechanisms occurring in the side of the
column opposite to the traction (mechanisms 1 and 2). For an elastic internal joint stressed on
both sides, the distribution of stresses within the slab is shown in Figure 9 where the bending
moment of the left side Mg, is expressed as a function of the bending moment present on the
right side Mg, (suppose in this case Mgy, < Mgy, considering the sign) through the
transformation parameter f defined as (neglecting the shear effect):

M
B =1-— (17)
MEd,r
M
p=—r-1 (18)
MEd,l

In which the bending moments have positive sign when they compress the slab and negative
when they tend the slab.

M}dl’ MFd - = = MEd
e = B o= e L O 1
z2 z2 ( 'B’% L —= z2
Mfda’:%(]_ﬂ)gi : ; z - —Ma,
z2 z2 M= 1 > z2

Figure 9. Elastic force distribution in a composite joint (Mg,, < Mg,,)

The difference between the forces present in the slab (see Figure 9, where z represents the
internal lever arm) due to the different value of the internal bending moments acting on the
left and right side of the joint generates a compression force . which is transmitted to column
through the development of the struts. In the state of maximum exploitation of mechanisms 1
and 2 (Figure 10), the traction on the right-hand side (F;,) and left (F;;) of the joint are
obtained by imposing the force equilibrium on the basis of the resistances of the mechanisms
present in the slab:
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F, _ 2y (19)

DN ) y
7 (1-5,) 7 (20)

F

t,l

An upper limit to this force is represented by the strength of the armature A, present in the
slab within the effective width at negative bending moment bey . The maximum tension force

transmitted by the slab, defined as the basic component "longitudinal steel reinforcement in
tension", 1s thus:

N

F, .
£ ap pa = WD [—z ﬂRd" s A S0 |20 1)

I

F, .
F;fslab,Rd = min (%;Aifyd 20 (22)

1

Where A! represents the rebars area on the right side of the joint and 4! the one on the left
side.

F, = . F.

b b 1- T soens e N
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Figure 10. Maximum exploitation condition (Mg, < Mg,;)

When the joint is stressed by negative moments, the formation of the mechanisms 1 and 2 is
guaranteed only if the rebars in tension can be anchored over the column (cantilever or
internal joint). Also when the negative bending moments are equal on both sides (Mg, =
MEq;) the mechanisms are not activated because the forces in the slab are in equilibrium. In
this case the parameter f is equal to zero and the components " longitudinal steel
reinforcement in tension " are:

F; slab,Rd =4 f;/d (23)

E slab,Rd A f;/d (24)

Therefore, the basic component "longitudinal rebars in tension" is a function not only of the
rebars placed on the slab but also of the nodal configuration (presence or not of different
mechanisms) and of the bending moments (via the parameter f). It makes sense to evaluate
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this component exclusively on the joint side where a negative bending moment is applied. In
general, to check the joint resistance, this component should be determined for each load
combination. On the other hand, in an external joint, being one bending moments equal to
zero, the maximum tolerable traction is independent of § and is equal to:

F ara = min(zFRd,i; A S ) 20 (25)

Efslab,Rd =min (ZFRd,i; Ajfyd ) 20 (26)

Under seismic loading, in order to provide adequate ductility to the joint, it would be
desirable to achieve the yield of the longitudinal reinforcement before the concrete crushing.
This condition is assured if, for each seismic load combination, the following inequalities are
applied:

A< zﬂ‘;’*d”' (27)
A< Zﬂi}d"’ (28)

o Stiffness

The stiffness coefficient is defined by EC4 [§EC4 1-1 A.2.1.1], it can be expressed in the
form:

Asl k

slip

(29)

s,r,slip = Z

r

Parameter /, represents the "effective length" of the reinforcement, defined in the eurocode
depending on the node configuration and loading condition. The values of this parameter
suggested in the Eurocode are shown in Table 4 (§EC4-1-1 prospectus Al).
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Table 1. Effective length of the longitudinal reinforcement

Nodal Configuration Stresses Effective Length
Exterior Joint [ =3.6h,
Interior Joint My, =M, [ =h /2

Mg, >Mg,, o Jointwith M,

[ =h, (#Hcﬁj

ky=pB(435°-8.98+72)

e Joint with MEd,[ :

I =h (ﬂ}
2

Other formulations have been proposed by various authors. In particular, according to Gil and
Bayo (2007), the effective length is independent from the bending moments and is:
e For external joint:

I = %+0.82 (30)

e For interior joints:
I, =2(h,+z) (31)

where z represents the distance between the axis of the lower flange of the steel beam and the
centre of gravity of the reinforcement (internal lever arm).

The ky;, stiffness factor considers the effect of the shear deformation of connectors. Its
formulation is due to Aribert (1995):

klp = (32)
S, E A
1+ s( sl /lr)
kSC
Where:
k. :L (33)

2
( 5;]>7kscdsl .
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EKJ](I
TEEA, >
and:
hs is the distance between the centre of gravity of the longitudinal reinforcement and the
centre of compression;
ds is the distance between the centre of gravity of the longitudinal reinforcement and the
centre of gravity of the steel section;
1, is the moment of inertia of the steel beam;
[ is the length of the beam subjected to negative bending moment (conventionally the 15% of
the span length);
N is the number of studs distributed over the length /;
ks 1s the stiffness of a single stud.

3.2.2 Concrete slab in compression
e Resistance

Under seismic loading, positive bending moment on one side and negative on the other side of
the joint might occur. For each load combination that involves this behaviour, it is necessary
to evaluate the positive resistant moment of the joint and hence to define the "concrete slab in
compression" basic component. This component, defined as F_uprs 1S determined by
evaluating the force equilibrium at the joint from the knowledge of the basic component
"longitudinal reinforcement in tension" F}g4p rq and the sum of the resistances of Mechanisms
2Fraq; (Figure 11):

r _ !
Fc,slab,Rd - z FRd,i - E,slab,Rd (36)
! _ r
Fc,.vlab,Rd - ZF Rd,i Fr,szab,Rd (37)
mece. 2
r
= - - _“__\ . — 7/]' — — E.;[ub,Rd’
— | — 2
T
mecc. 1 SR
! ¥
E:..s'lub,Rd % e 3 ‘\‘L Ty ‘ F
; J y Z Rd i
i “‘ ,‘." ”
N — 11 A — -]
B -~ i =N 2

Figure 11. Stresses distribution due to seismic action

The component F, g .rs can be derived directly from equations 19 and 20. In seismic
conditions, the stressing bending moments can assume opposite sign and consequently the
transformation factor 5, assumes a positive value greater than one. By replacing this value in
equations 19 and 20, the forces on the right and left side of the column have the same
direction (one induces traction and the other compression). However, such equations are valid
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only until F, s ra 18 governed by the resistance of the mechanisms. To consider also the
possibility that F; g5 zq 1s governed by the reinforcement resistance F sqp.z4 1S then defined by
equations 36 and 37.

F.qumra 18 a function of the longitudinal reinforcement in tension Therefore, it is also a
function of £ and must be evaluated for each load combination that provides a positive
bending moment at the beam-to-column intersection (on the side where that moment acts).

o Stiffness

Codes currently give no indications on the stiffness of the slab mechanisms. It can be assumed
equal to (Amadio et al., 2014):

kc = kc,l + kc,2 (38)

This stiffness coefficient is defined from the stiffness of mechanisms 1 and 2 acting in
parallel. The coefficients k.; and k., of the mechanisms are respectively (Amadio et al.,
2010) (Bella, 2009):

e Mechanism 1:
The stiffness coefficient is calculated by considering a strut length of 4. (Figure 12). Under
this hypothesis, the stiffness coefficient of mechanism 1 is calculated as:

— AcEcm — (bth)Ecm

= = 39
“ hE hE, &9
Where E.,, is the concrete elastic modulus whereas E; the steel ones.
e Mechanism 2:
with reference to Figure 13, the stiffness coefficient of the mechanism 2 can be set as:
2 2
koo = 1 1 1 1 (40)
>+ ; —t—
2]k 1] ® 2
P _l’_ P
t lx 4 lx
Where the stiffness coefficient of the single strut &, and tie £ is assumed:
k, = A — A (41)
I, 1.5k,
A 0.7h d,
P Ecm ceff Ecm (42)

k = =
CoJrr B \Lsk+150? E,
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Figure 12. Mechanism 1
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Figure 13. Mechanism 2

3.3 Design of the slab according to EC8

The possible nodal configurations in the case of exterior or interior joint are described in the
following, reporting their behaviour according to the bending moments and the necessary
checks to ensure the hierarchy of resistance between the beam and the joint.

3.3.1 External joint

The possible configurations that an external composite joint (located on the perimeter of a
three-dimensional frame) may have and the design of the slab are summarized in Table 2. As
shown in 3.2.2, the maximum compressive force transmitted through the slab in an external
joint is given, depending on the nodal configuration, by the sum of the resistances of the
various mechanisms since F}gquprqs 18 €qual to zero. Considering the case where an external
edge strip is present and the absence of a transverse beam (construction detail "b" of Table 2),
the maximum compression force is given by mechanisms 1 and 2:

FRd,l + FRd,z =(b, + 0‘7hc)deﬂ (0.85f, /7.) (43)
This condition corresponds to an effective connection width of:

by com =D, +0.7h, (44)
Such width corresponds to the maximum effective width at a positive moment for such node
configuration. It is thus noted that the maximum compressive force that can be transmitted by

the connection at the level of the slab is the same of that transmitted by the beam.
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Table 2. Slab design for an external joint

Nodal Configuration Slab design
a) No transversal beam; No cantilever _ _
) edge Strlp F:,‘,S[tlb,Rd - ZFRd,i - FRd,l
A, _
7 Fz,szab,Rd =0
0.15/-b, [ 0.85f, /
= Ay = 4., 2025b,d,, o| 985/u !y,
; & ’ S ET N 4
Bl bt iy
’ =
/ +
9
<30mm
Ly .
/ by /
b) Edge strip beam, No transversal beam _ _
) 9 P y Fc,slah,Rd - ZFRd,i - FRd,l + FRd,z
T,
A/2 F siab.ra = mlnl:(Asl + Asz)fvd;(FRdJ + )}
AT,i = AT,I + AT,2
A
+ sl
4 be//‘ AT,e Z .
e 2
4./2
h h h,
c) Transversal beam, No edge stri _ _
) e 9 P F:r,slab,Rd - ZFRd,i - FRd,l +FRd,2 +FRd,3
O F abra = mln[Aﬁ yd;zF Rd,i]
O
% Y AT,i = AT,I + Ar,z
- [
=
@]
(@)
(NI A2
©
=
O
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Nodal Configuration Slab design
d) Transversal beam, edge stri _ _
) gA P F:‘,,slab,Rd - ZFRd,i - FRd,] + FRd,Z + FRd,3
-
G _ F;,slab,Rd =min ':(Asl + AS'Z + As'3 )fyd 5 Z FRd7i:|
S A2
o AT,i = AT,I + AT,2
O
“ A > Asl + AsZ
T,e — 2
ATe R
o] h
[]
ronm A2
—
h h, h,

This means that to achieve an overstrength of the joint with respect to the beam, unless there
are very short spans, the transverse beam must be introduced (construction detail “c” in Table
2), choosing appropriately the number of connectors # to fit within the effective width.

3.3.2 Interior joint
The possible configurations that an interior composite joint can assume, the design of the slab
and the hierarchy checks are summarized in Table 3.

C

di

M>0 : ;

Figure 14. Interior joint subjected to seismic loading

An interior joint subjected to an earthquake can experience at the same time a positive
bending moment on one side that generates within the slab a tensile force Fy, and from a
negative bending moment on the other side that generates within the slab a compression force
Fy.. In an interior node, it is therefore necessary to consider the interaction between the
connections on both sides of the column due to the continuity of the slab and the longitudinal
reinforcement. In particular, the negative resistant moment on one side depends on the ability
of the concrete to resist compression stresses on the other side. The direct consequence of this
consideration is that the forces F. and F can only be equilibrated by mechanisms 1 and 2
and, when the transverse beam is present, by the mechanism 3. In seismic conditions, the joint
can at most be stressed by the bending resistant moments on each side. Under these
assumptions the compressive and tensile forces on the slab assume their maximum value
which is equal to:
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+
o

F, =byd, (0.85£,/7.) (45)

F, =4, (fyk,/ /7s) (46)

Where A4 represents the longitudinal reinforcement placed within b.5. Such forces must be
equilibrated by the mechanisms. To ensure that such forces can be transferred, the maximum
compressive force transmitted by the mechanisms should be greater than the sum of the forces
F,. and F. To prevent the concrete crushing and to ensure that the failure occurs with the
yield of the reinforcement of the slab on one side and with the yield of the lower flange of the
steel beam on the other side, it is necessary to verify that:

e In absence of transversal beam:

12(F;c —+_1:;t)S FRd,l +FRd,2 (47)

e With transversal beam:
I-Z(Fsc + Fsz) < FRd,l + FRd,z +FRd,3 (48)

In the latter, the struts are activated by compression of the concrete on the studs due to the
application of a positive bending moment, so the number of studs involved in mechanism 3 is
evaluated by considering the effective width under positive bending b.;". In seismic area, the
effective width used to evaluate the resistant positive bending moment of an internal joint is
equal to b, f+ = 0.151. Considering that in design practice b, = b. = h. and that on average s, =
0.051, it results:

b+

eff ,conn

=b, +0.7h, =1.7h, = 0.085] << b, =0.15 (49)

Therefore, an overstrength of the joint with respect to the beam is possible only in the
presence of:

e oversize of the column in very short spans;

e mechanism 3.
It follows that it is usually necessary to introduce the transverse beam and appropriately
selecting the number of connectors » to be placed within the effective width.
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Table 3. Slab design for an interior joint

Nodal Configuration

Slab design

a) No transversal beam
A Ay

1) MEd,r * MEdJ , both negative

F, +F
r _ . Rd |1 Rd)2 , 4r
F awra = mm[ B 3 A, fyd

”

2) M, =M,,,, both negative
r r . ! gl

F;,slab,Rd =4, fyd ; Fz,szab,Rd = Asfyd

3) My, negative and M, , positive

F! =F, +F F’

¢,slab,Rd Rd.1 Rd,2 ~ L tslab,Rd

F, +F
r _ : Rd,1 Rd2 ., 4r
F;,slab,Rd = min ( ﬁ s As f:vd

”

4) M, positiveand M, negative

F’ =F,, +F

_F!
c,slab,Rd Rd,1 Rd 2 t,slab,Rd

F, +F
! . Rag TR 1
F b ra = mm( 8 »Asfyd
/

5) For every case
A = AT,I + AT,2

12(FSL +F;,)SFRd,1 +FRd,2

b) Edge strip beam, No transversal
beam
AT AT

1) My, #M,;,,, both negative
Frgy + Fran + F,

r _ 3 Rd 1 Rd 2 Rd3 | 47
F wra = mln[ 8 3 A fydj
;

2) MEd,r = MEd,l’ bOth negative
r r ) / _ l
F’t,slah,Rd = As ﬁ;d ’ F;,slah,Rd — AS‘f;zd

3) M,,, negative and M, , positive

! _ r
F'c,slab,Rd - FRd,l + FRd,2 + FRd,3 - F;,slab,Rd

, . Front Frao + Fras i
t.slab,Rd — 1IN 8 A S d
r

4) My, positive and M, , negative

r _ 1
F,slah,Rd - FRd,l + FRd,z + FRd,3 - E,slah,Rd

c

F o Fran T EFran T Fras 4
t,slab,rd — 1IN B ; sfyd
1

5) For every case should be checked:
A, = AT,I + AT,Z

1-2(Fsc +F;z) SFRd,l +FRd,2 +FRd,3
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3.4 Moment-rotation curve

The behaviour of a joint is described by its moment-rotation curve (Fasan, 2013), (Pecce and
Rossi, 2015), which depends on the stiffness and resistance of its basic components.
Generally steel-concrete composite joints are non-symmetric and therefore their active
components are function of the bending moment (Figure 15). A composite joint is hence
characterized by a different moment-rotation curve according to the sign of the bending
moment.

b
Myt ra

Shear zone
- Tension Zone
[] Compression Zone

Figure 15. Interior joint subjected to seismic loading

Generally, for each row of basic components, it is possible to obtain its effective strength
through equilibrium considerations between the various resistances. The basic components
are a function of the node type. The joint resistant moment is equal to the product between the
effective strength F) p; that can be developed, each with its own sign, and their arm 4, with
respect to a point belonging to the joint:

r

M F i (50)

J.pl,Rd = r

i=1

Stiffness i1s also asymmetrical. In general, to obtain the moment-rotation curve, a basic
mechanical model needs to be defined. The following describes the procedure to be used to
design and verify welded and bolted joints. For more details on the component method and
other node types refer to EC3 1-8. The general steps to follow are:
e Identification of active components in the tension, shear and compression;
e Identifying the strength and stiffness of each component;
e Assembling the components and defining the moment-rotation curve of the joint via
equilibrium considerations;
e Verification of welds (beam-to-column welds in the case of welded joints and between
the plate and the beam in the case of bolted joints);
e Checks of bolts resistance.
Bolts, welds, plate and column flange are seized to transfer the stresses deriving from
hierarchy criteria. The basic components of a welded and bolted joint with extended end-plate
are listed in Table 4 and Table 5 respectively. The procedures to be followed for the
determination of the resistant moment differ according to the moment sign.
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Table 4. Basic components for a welded composite joint
Zone Basic Component Resistance Stiffness

Column flange in transverse bending [SEC3 1-8 6.2.6.4] ch,Rd -

Tension Column web in transverse tension [SEC3 1-8 6.2.6.3] F, oera k,
Longitudinal reinforcement in tension [sec. 3.2.1] F,,S,ab’Rd s slip

Column web in transverse compression [§EC3 1-8 6.2.6.2] FC,WC,RH, k,

Compression Concrete slab in compression [sec. 3.2.2] FC’S,{I,,,RL, k,

Beam flange and web in compression [SEC3 1-8 6.2.6.7] FC,_,,,,RC, -
Shear Column web panel in shear [SEC3 1-8 6.2.6.1] VW,Rd k,

Table 5. Basic components for an extend end plate bolted composite joint
Zone Basic Component Resistance Stiffness

Bolts in tension [§EC3 1-8 Table 3.4] F, ki,
Bolts in shear [SEC3 1-8 Table 3.4] F, pa k,
Bolts in bearing [SEC3 1-8 Table 3.4] F pa k,,
Punching shear resistance [§EC3 1-8 Table 3.4] Bp,Rd -
Tension Column web in transverse tension [§EC3 1-8 6.2.6.3] F, era k,
Column flange in transverse bending [SEC3 1-8 6.2.6.4] E’fc,Rd k,
End-plate in bending [§EC3 1-8 6.2.6.5] F o ra ks
Beam web in tension [SEC3 1-8 6.2.6.8] F,’W,),Rd -
Longitudinal reinforcement in tension [sec. 3.2.1] F;,S,ab,Rd 5. slip
Column web in transverse compression [SEC3 1-8 6.2.6.2]  F, .z, k,
Compression Concrete slab in compression [sec 3.2.2] Fc,szab,Rd k.
Beam flange and web in compression [§EC3 1-8 6.2.6.7] F, ra -
Shear Column web panel in shear [SEC3 1-8 6.2.6.1] Vo k,

3.4.1 Negative bending moment
The design negative resistant moment of the joint is obtained from the limitation imposed by
the compression resistance at the lower flange. It is assumed that the neutral axis cannot move
closer to the slab as the lower flange instability could prevent it (safety criterion). The steps to
follow to define the resistant negative moment of a welded joint are:

a) calculate the resistance of each component;

b) find the maximum resistance that can be developed at each level, namely:

e the maximum compressive strength that can be developed at the lower flange of the

beam F,; r4, given by:

Foyra = min(F;,wc,Rd;pr,Rd /:B) (51)

e maximum tensile strength at the rebars level:
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El,max = min (F;,slab,Rd ’ pr,Rd / ﬂ) (52)

¢ the maximum tensile resistance that can be developed at the top flange of the beam:

Fly max = min(E,wc,Rd;ch,Rd;pr,Rd /ﬂ) (53)

the column flange in transverse bending is taken into account only if the joint is not
stiffened with continuity plates;

c) define the effective strength of each level F}. rs approaching the flange in compression
starting from the farthest point and by interrupting the procedure when the sum of the
effective resistances equals the maximum compression resistance F; g4.

To perform point c¢), whether it is a welded joint or a bolted joint with end-plate, the first row
in tension is at the level of the rebars. Such resistance shall not exceed maximum compressive
strength that can be developed at the lower flange:

F

F}) gy =min (F cLRd ) (54)

tl,max;
In order to obtain a ductile behaviour, the rebars at the beam-to-column intersection should be
designed in order to yield before the maximum strength of the mechanisms is reached as
described in 3.2.1. Moreover, rebars should yield before the maximum compression strength
of the joint F,; gy is achieved. This is assured if the following inequality is true:

Ft,slab,Rd = Asfyd S Fcl,Rd (55)

The effective strength of the other rows in tension differs depending on whether the joint is
welded or bolted with extend end-plate. In welded joints, the second (and last) row in tension
is placed at the upper flange of the beam. The direction and intensity of the force that can be
developed by this row Fi; gq 1s determined by force equilibrium. F» zs in a welded joint can
then be set equal to:

F}, gy =min (E2,17lax ) (Fcl,Rd —F} pa )) (56)
In a joint where the ductility criterion expressed in equation 55 is respected, F, zq1s always a
tensile force or at most null. The procedure described so far can be summarized in Figure 16.
With reference to this figure, the negative resistant moment can be set equal to (the centre of
the lower flange is chosen as pole but any pole can be used):

M;,pl,Rd = El,Rdhtl + Ez,Rdhtz (57)
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Figure 16. Force distribution in a welded joint under negative moment

If the joint is bolted, it is necessary to identify the effective resistance of each row in tension
F ra, equal to the lower between the resistance of the row taken individually Fy. zgaione OF as
part of a group of bolts Fi.rie (if this mechanism is possible) (EC3 1-8 6.2.7.2). The
following basic components should be considered:

e column web in transverse tension . zd;

e column flange in transverse bending F} . r4;

e end-plate in bending F ¢ r4;

e beam web in tension F 5 ra;
The procedure for calculating the maximum effective resistances that can be developed is
performed in accordance with point c¢) and can be summarized as follows:

= 1’1’111’1

tl Rd tl max 5 cl Rd

F;Z Rd mln( t2,Rd, alone’ Ll Rd F;l,Rd ))’
F;3 Rd (F;3 Rd, alone’ t Rd ,gr2-3 F;Z,Rd );(FLI,Rd - El,Rd - F;Z,Rd ))’
t4 Rd, alone’ t Rd,gr3-4 ~ 113.Rd ) t,Rd,gr2-3-4 t2,Rd t3,Rd )°
F}y gy = min )
(Fcl Rd z1 Rd Fzz,Rd - Ft3,Rd)
_En,Rd =

The previous procedure leads to a plastic distribution of effective forces. This distribution can
only be developed if the joint has adequate ductility (T-stub failure mode 1 or 2). Otherwise, a
linear distribution is required. In particular, if the resistance of a row Fy, z; exceeds the value
1,9F; rq (design tension resistance of the bolts), the further rows resistance must defined using
the following inequality:

h.
F;)',Rd < F;x,Rd h_l (59)
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Figure 17. Force distribution in a bolted end-plate joint under negative moment

Referring to Figure 17, the negative resistant moment is equal to (the centre of gravity of the
compressed flange is chosen as the pole):

M El,Rdhtl + F;Z,Rdhtz + F;3,Rdht3 + F;4,Rdht4 (60)

JoplRd =
3.4.2 Positive bending moment

When the joint is subject to a positive bending moment the concrete slab is compressed. If
there is a full-strength shear connection, this will allow the neutral axis to move towards the
metallic components as the moment increases. Thanks to the studs, the instability of the
compressed flange is also prevented. Based on these considerations, the positive resistant
moment of the joint can be evaluated as follows:

a) calculate the resistance of each component;

b) find the maximum resistance that can be developed at each level, namely:

e the maximum compressive strength of the slab F,; ., given by:

F'cl,max = min (F;:,slab,Rd ’ pr,Rd /ﬂ) (61)

e the maximum compressive strength that can be developed at the top flange of the
beam F .3 yay, given by:

FLZ,max = min (P;,WC,Rd ’ pr,Rd / ﬂ) (62)

e maximum compression strength F. .

F = min(Fcl’mr + Fcz,max; pr,Rd /,B) (63)

e the maximum tensile resistance that can be developed at the lower flange of the beam:

F

t1,max

= mll’l (F;,wc,Rd 5 ch,Rd; pr,Rd / ’B) (64)

the column flange in transverse bending is considered only if the joint is not stiffened
with continuity plates;
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c) define the effective strength of each level F}. rs approaching the flange in compression
starting from the farthest point and by interrupting the procedure when the sum of the
effective resistances equals the maximum compression resistance F ,qy;

d) define, via force equilibrium, the effective compression strength of the concrete slab
F.;rq and of top flange F.; ry:

Fopg=min(YF, i Fy ) (65)

F) g = min (Z vrd ~ et ra > Fezma ) (66)

In a welded joint 2F,. s coincides with the maximum strength that can be developed at the
bottom flange of the beam. Such resistance must not exceed the maximum compressive
strength that can be developed:

F}) gy =min (F (67)

t1,max > F;,max )

The procedure described so far can be summarized in Figure 18. With reference to this figure,
the positive resistant moment can be set equal to (the pole is the centre of the lower flange):

M;pl ra =0, raltr +1, ralies (68)
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Figure 18. Force distribution in a welded joint under positive moment

If the joint is bolted, it is necessary to identify the effective resistance of each row in tension
F. ra, €qual to the lower between the resistance of the row taken individually Fj.rgaione OT as
part of a group of bolts Fi.rse (if this mechanism is possible) (EC3 1-8 6.2.7.2). The
following basic components should be considered:

e column web in transverse tension F ¢ g4

e column flange in transverse bending F; . ra;

e end-plate in bending F’ ¢, ra;

e beam web in tension .5 ra;
The procedure for calculating the maximum effective resistances that can be developed is
performed in accordance with point ¢) and can be summarized as follows:



26 C. Amadio, M. Fasan, M.R. Pecce, G. Logorano

—Fpa = min (F

t1,Rd ,alone ’ F;’,max ) ’
—F; pg =min (F;Z,Rd,alone;(F;,Rd,gr172 =L} ra ); (Fc,max £} ra ))>
F F

.| L3.ra al(me’( trdgr2-s ~ Fiora );(F;,Rd,grl—Z—_’, —Fy i = Fio )3
—F5 gg = min ,

(E:,max o El,Rd o EZ,Rd )

(69)
E4 JRd ,alone > (F;,Rd,gr374 - ES,Rd ) > (E,Rd,gr273—4 - Ez,Rd - Fz3,Rd ):
_E4,Rd = min (E Rd ,gr1-2-3—4 El,Rd _Ez,Rd _E3,Rd); ;
(Fc max z1 Rd F;z,Rd _F;S,Rd)
—
_F;n,Rd =
Referring to Figure 19, the positive resistant moment is equal to:
+
MJ plLRd F;l P + Fcz ralle E3,Rdhz3 _F;Z,Rdhtz (70)
1
i
E - ]’T \E Fm#r
; = e2.Rd
1 - = F ’ +
/’l | h < 13,Rd M.iApJ.Rd
y hﬂ h i ;> El Rd
3 ! —= i
31

Figure 19. Force distribution in a bolted end-plate joint under positive moment

3.4.3 Stiffness

The stiffness is generally asymmetrical because, as seen so far, different resistant mechanisms
intervene with their rigidities. In general, to obtain the moment-rotation curve, a basic
mechanical model needs to be defined. The stiffness of the basic components that affect the
moment-rotation curve are reported in Table 4 for a welded joint and Table 5 for a bolted
joint with extended end-plate.

The basic mechanical models for a welded joint subjected to negative or positive bending
moments are shown in Figure 20 and Figure 22 respectively.

The basic mechanical models for a bolted joint with extend end-plate subjected to negative or
positive bending moments are shown in Figure 21 and Figure 23 respectively.
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Figure 20. Mechanical model of a welded joint subject to negative moment

5.5l

h

rl

h13

~ ~ hi&
~ ~

A
cl

kool k

AN AANAN—

Figure 22. Mechanical model of a welded joint subject to positive moment
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Figure 23. Mechanical model of a bolted joint under potive moment
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The mechanical models could be further simplified defining the effective stiffness of each
row. To find it, it is necessary to add in series the springs in the row r (the springs having the
same lever arm). Such stiffness may be equal to:

(71)

Kegs Zl/k

Once the basic mechanical models and the effective stiffness are defined, it is possible to
determine the joint initial stiffness such as:

Sj,im' = E(_dCR =1 eff rhr +z =1 veff ,;r''r ) (72)

Where dcr represents the distance between the calculation pole and the centre of rotation:

deg = Lk, (73)
Zr:1k6//,'

The stiffness is set equal to Sj;,; until the urgent moment does not exceed 2/3M; ,; zs. The
secant stiffness, which detects the point of intersection between the moment-rotation curve of
the joint and the point at which the plastic resistant moment of the joint M, z. is reached, is
assumed equal to S; ;,/u. The stiffness ratio x is defined in EC3 1-8 as:

174
U= 1_5M (74)
Mj,pl,Rd

The coefficient y depends on the type of joint. For a welded or bolted end-plate joint it
assumes a value of 2.7. Rotations are obtained by dividing the moments for the corresponding
stiffness:

0,0 =2/3M, i) S, (75)

J.pl,Rd Jini

Pir= Mj,p/,Rd /(Sj,ini / ) (76)

The moment rotation curve is hence represented by a trilinear curve as in Figure 24.
My, A

o
M+

J.pl . Rd

2/3M7

i.pl . Rd

(D Jal (D (Dj-,l /t/;’w

Sl H - 1203M;,
L M ._,

Figure 24. Moment-rotation curve
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4 CONCLUSIONS

This paper briefly presents the main aspects concerning the design and behaviour of
composite joints subjected to earthquake loading. It describes in detail the strut-and-tie
mechanisms that activate in the slab at the beam-to-column intersection. Depending on the
nodal configuration, the main design choices that a designer can perform in the cases of
braced or moment-resisting frames are presented. In the latter case, the possibility of
eliminating the interactions between the column and the slab solution by suitable construction
details has also been highlighted. The information presented herein are shown in guidelines
that allows to account for the complexity of the composite action.
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