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In current design practice for seismic resistant steel braced frames, general rules and standard provisions are
aimed to ensure a structural behaviour for beam-to-column joints of non-braced spans as close as possible to
perfect hinges. This is done to prevent any kind of interaction with the bracing systems, in particular under
horizontal loads. However, the global performance of composite joints is markedly affected by the structural
interaction between the concrete slab and the steel components and - especially during seismic events - struts
can occur in the slab at the beam-to-column intersection.
In this paper, the possibility of realizing a composite joint that behaves as moment-resisting under gravitational
loads and essentially as hinged under horizontal loads is investigated. Aiming to assess the actual slab-interaction
effects on the overall response, a full 3D Finite Element (FE)model representative of a beam-to-column compos-
ite joint taking part of a braced frame is described in ABAQUS and validated towards past full-scale experiments.
A parametric study is hence proposed, by accounting for three geometrical configurations, being characterized by
(i) isolated slabwith absence of rebar continuity (i.e. fully disconnected slab and steel joint only), (ii) presence of
slab with partial column interaction (i.e. isolated slab and continuity of rebar), (iii) presence of fully interacting
slab. It is shown that, if properly detailed, a joint with isolated slab and continuous rebars can be used in non-
braced spans of composite braced frames without affecting the behaviour of the bracing system (i.e. as in
presence of a hinge). Nonetheless, the composite beam can be designed as continuous on multiple supports
under vertical loads, hence leading to a reduction of the steel cross-sectional size.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

The seismic behaviour of steel-concrete composite joints is highly
affected by the structural interaction occurring between the concrete
slab and the steel components at the beam-to-column intersection.
This aspect has specific relevance for the design of braced frames,
where the overall performance of the joints placed in non-braced
spans should be as close as possible to perfect hinges, hence preventing
any kind of interaction with the bracing systems [1,2]. During a seismic
event, compression forces can typically arise in the concrete slab in the
vicinity of the column, leading to the occurrence of struts in contactwith
the steel flanges. In this regard, it is thus necessary to fully understand
the influence of possible interaction effects among the joint compo-
nents, in order to properly assess their global response.

To this aim, the structural behaviour of composite joints attracted a
multitude of research studies, over the past decades, see for example
[3–16]. Most of past experimental and numerical outcomes currently
represent the reference background for design procedures in use for
steel-concrete composite structures. In [8–9], careful consideration
was given to the detection of concrete confinement effects in composite
columns, including an assessment of strength and stiffness degradation
phenomena.

Several experimental tests have been carried out on various joint
typologies, aiming to explore their stiffness, strength, ductility and
energy dissipation capacity.

Finite-Element (FE) numerical models developed to further investi-
gate past experimental tests have been also proposed during last years,
aiming to predict the inelastic response of exterior and interior beam-
to-column joints, both undermonotonic or cyclic loads (see for example
[17–20]). Despite the large number of research contributions, however,
most of the past FE investigations have been mainly focused on the
prediction of the global behaviour only of various joint typologies.

In [20], differing from existing research projects, a full 3D refined FE
numerical study was proposed, aiming to assess both the global and
local behaviour of steel-concrete composite joints. Taking advantage
of accurate FE numerical models developed in the ABAQUS computer
software [21] and validated towards full-scale experimental test results
available in the literature for a welded composite joint, it was shown
that the actual geometrical and mechanical properties of a given joint
and its components details, as well as their reciprocal interactions, can
be properly taken into account, hence resulting in rather accurate

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcsr.2017.10.003&domain=pdf
https://doi.org/10.1016/j.jcsr.2017.10.003
mailto:chiara.bedon@dia.units.it
Journal logo
https://doi.org/10.1016/j.jcsr.2017.10.003
http://www.sciencedirect.com/science/journal/0143974X


398 C. Amadio et al. / Journal of Constructional Steel Research 139 (2017) 397–410
simulation of even complexmechanical phenomena. Critical discussion
of FE results suggested in fact the use of refined FE predictions as a valid
support and/or alternative to costly and time consuming full-scale
experimental tests, since allowing extensive parametric investigations
of composite joints - including awide set of geometrical andmechanical
configurations for steel-concrete structural systems - with careful
consideration for both global and local effects.

2. Objectives

In this paper, following [21], a further Finite Element (FE) numerical
investigation is proposed for beam-to-column steel-concrete composite
joints. As a reference joint typology, the full-scale experimental study
reported in [23] is taken into account and explored. At a preliminary
stage of the ongoing research study, the experimental specimen
presented in [23] is first numerically reproduced (see Section 3), so to
validate all the mechanical and geometrical assumptions for the
reference FE model. The so implemented model is then used to
numerically assess and emphasize the actual effects of slab-to-column
interactions on the overall performance of the examined steel-
concrete composite joint, when subjected to various loading conditions.
To avoid the interaction between the slab and the column, the Eurocode
8 [2] suggests in fact a ‘total disconnection’ of the slab components near
the column. In this paper, conversely, the possibility to take advantage
of the continuity of the longitudinal rebar is investigated.

In particular, through a set of parametric FE analyses, three different
geometrical configurations are considered for the reference full-scale
specimen, being aimed to characterize the actual load bearing perfor-
mance of (i) the steel joint alone (i.e. isolated slab with absence of rebar
continuity), (ii) the isolated slab with continuity of longitudinal rebar,
and (iii) an almost fully interacting slab (even with a small gap, on one
side of the column only).

Based on the FE comparative results partly summarized in this
paper, it is shown that the isolation of the slab is typically associated
to important effects on the structural performance of the joint. As far
as the slab is properly isolated from the column - even with a small
Fig. 1. Reference full-scale specimen object of investigation, in accord
gap - any kind of over-strengthening effect on the given joint response
is in fact fully avoided, hence allowing to better control the overall
seismic response of the braced frame it belongs. In particular, under
the action of lateral loads (e.g. earthquakes or wind), as also in line
with current design regulations [1,2], the joint can be described as
perfectly hinged, and the lateral loads are directly transferred to the
bracing system (even in presence of continuous longitudinal rebar).
Under the action of gravitational loads, in contrary, the continuity of
the longitudinal rebar is typically associated to amostly clampedperfor-
mance of the joint, hence with an overall response of the steel-concrete
composite beams which is close to continuity on multiple supports.

3. Finite element numerical investigation

3.1. Reference experimental specimen and past test results

As a reference geometrical configuration, the steel-concrete
composite joint experimentally investigated in [23] was taken into
account, see Fig. 1. The reference specimen, based on [23], consisted of
Italian IPE300 type steel beams, with 2.1 m the nominal length, and an
HEB260 type column, with 2.77 m the total height. The steel beams
were used to support a concrete slab, 120 mm in thickness and 1 m in
width (see also the transversal cross-section given in Fig. 2). In it, the
longitudinal rebar was given by 8ϕ14 and 8ϕ6 bars, lying on the top
and bottom slab layers respectively. Steel shear studs, 19mm in diame-
ter and 75 mm in total height, were then used to provide a fully rigid
mechanical connection between the slab and the steel beams. Those
shear connectorswere 75mmand150mmspaced along the transversal
and longitudinal beams axis, respectively.

In terms of slab-to-column connection, at the time of past
experimental tests, a 25 mm wide gap was realized on the left side of
the specimen, being representative of the key aspect for the full assem-
bly procedure and investigation, see Fig. 2(b). Such a design choice was
in fact aimed to explore the occurrence and propagation of specific fail-
uremechanisms in the specimen, due to slab-to-columnmechanical in-
teractions. Four M20 bolts (8.8 their resistant class) were finally used to
ance with [23]. Front view (nominal dimensions given in mm).
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(c) 

Fig. 2. Geometrical details for the reference full-scale specimen, in accordance with [23]. Transversal cross-section, (b) slab-to-column detail (top view, with a = 25 mm the gap size),
(c) bolted joint (lateral and front views). Nominal dimensions given in mm.
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assembly the steel joint, see Fig. 2(c). Further details on test methods
and geometrical or mechanical features of the full-scale specimen are
reported in [23].

In accordance with Fig. 3, three different loading configurations
were then considered during the past experimental investigation.
Due to the presence of unsymmetrical gaps in the slab, the examined
loading conditions were detected to reproduce hogging moment on
both the sides of the slab (see Fig. 3(a) and (b)), as well as the effects
deriving from gravitational loads. (Fig. 3(c)). In doing so, monotonic
loads were applied on the column slab via two hydraulic jacks at the
beams ends, with 1950 mm their distance from the column flanges.
The corresponding vertical deflections were continuously monitored,
at a distance of 290 mm from the column flanges (see ‘point C’ in
Fig. 1).
)b()a(

Fig. 3. Loading configurations for the reference full-scale specimen, in accordance with [23].
3.2. FE modelling approach and solving method

A full 3D refined modelling approach was developed in the ABAQUS
computer software [22], aiming to preliminary reproduce the actual
geometrical and mechanical properties of the reference specimen
recalled in Section 3.1. The earlier FE approach proposed in [21] was
taken into account and further extended, so that the accuracy of numer-
ical predictions could be guaranteed, both in terms of global and local
observations and findings.

The reference FE numerical model (‘M0’, in the following) was
hence described by taking into account the nominal geometrical fea-
tures of the experimental specimen derived from [23]. In doing so,
the presence of possible imperfections in steel members (i.e. out-
of-square of flanges) was preliminary neglected, based also on lack
)c(

(a) Hogging moment L, (b) hogging moment R, and (c) gravitational loads (front view).
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of detailed experimental measurements. For the M20 steel bolts, in
addition, their resisting cross-section was described in the form of
an effective circular section, with Aeff / Anom = 0.78 the effective-
to-nominal section ratio.

Careful consideration was paid for the geometrical and mechanical
characterization of the single joint components (i.e. steel beams, bolts
and shear studs, column, plus the concrete slab and the steel rebars),
as well as for their reciprocal interactions (see Sections 3.2.1 and
3.2.2). Monotonic loading conditions according to Fig. 3 were then
carried out in the form of Dynamic/Explicit analyses, with quasi-static
application of loads.

After validation of FE assumptions for the reference M0 model, see
Section 3.2.3, the M0 assembly was further explored, by taking into
account additional FE configurations, being representative of different
loading conditions as well as several typologies of slab-to-column
mechanical interactions of technical interest for design purposes.

3.2.1. Model assembly
The full M0 model consisted of solid brick elements for all the steel

components and the concrete slab (C3D8R type elements). C3D8R
solid elements were used also for the joint detailing, based on available
technical drawings for the experimental specimen, so to ensure reliable
FE estimations in terms of slab-to-column interactions. Beam elements
(B31 type of ABAQUS library) were indeed used for the steel rebars
only, see Fig. 4.

For brick elements, the adopted mesh pattern consisted in a regular
scheme of 8-node solid elements, with reference edge size comprised
between 8 mm and 60 mm. Based also on preliminary sensitivity
studies, mesh refinement was adopted especially in the vicinity of
geometrical irregularities, discontinuities and joint details only, to
ensure the accuracy of results through the full simulations. A coarse
mesh pattern was indeed preferred for the model regions not directly
involved in mechanical interactions, to preserve a certain computation-
al efficiency of FE models. The typical FE assembly consisted in fact in a
total number of 23,000 solid elements and 1300 beam elements,
corresponding to 120,000 DOFs.

Following [21] as well as in accordance with recent example of
refined FE modelling for composite structures (see for example [24]),
a key role was assigned to contact mechanical interactions, being
aimed to reproduce all the possible contacts at the steel-to-steel or
steel-to-concrete interfaces. The shear stud connectors were fully
embedded within the concrete slab mesh, via the embedded constraint
of ABAQUS, so to reproduce a fully rigid connection between steel
connectors and the surrounding concrete. The same embedded con-
straint was also used for the steel rebars, as conventionally in use for
steel-concrete composite beams and structural systems (i.e. [21,24–30].

A fully rigid connection, being represented by the tie constraint was
also used as general interaction law between all the welded steel com-
ponents, hence possible relative displacements and rotations, as well as
Fig. 4. Finite Element numericalmodel (‘M0’) representative of the reference experimental spec
view (ABAQUS).
progressive damage phenomena in the vicinity of the welded connec-
tions, were fully neglected.

Finally, major effects were assigned to surface-to-surface contact
interactions. In doing so, a set of multiple combinations of normal and
tangential contact optionswas defined, being representative ofmechan-
ical interactions at the steel-concrete or steel-steel interfaces of
structural components. Different input features for these mechanical
contacts were assigned at the interface between (a) the steel beams
(top flange) and the supported concrete slab; (b) the concrete slab
and the steel column flanges/web; (c) the steel beams and the column
flanges. As a general rule, the hard contact definition was used to
characterize the normal behaviour of two instances in contact. As such,
possible separation between the involved surfaces was allowed in
presence of tensile pressures, while full transmission of compressive
stresses among theme was guaranteed (without compenetration of
instances) also in the damaged phase. Variations in the earlier defined
surface-to-surface contact interactions were given by input data for
their tangential behaviour (penalty approach) and specifically by the
reference values for the adopted static friction coefficients μ. Frictionless
sliding mechanisms (μ= 0) were in fact accounted at the interface be-
tween each steel bolt and the surrounding holes edges of joint/column
flanges, while a conventional value μ = 0.5 was used for all the other
steel-concrete contact surfaces.

3.2.2. Materials
Experimental tests carried out on small samples and reported in [23]

were taken into account, for the mechanical characterization of mate-
rials constitutive laws. In the case of all the steel members and compo-
nents, in particular, a set of Von Mises elasto-plastic stress-strain laws
was defined, while the concrete damaged plasticity (‘CDP’, in the follow-
ing) damage model was used for the concrete slab. Experimental me-
chanical properties provided in [23] were considered for all the steel
components (see Table 1), with Es = 200GPa, νs = 0.3 and ρs =
7850 Kg/m3.

Nominal stress and strain values were taken into account in the case
of bolts - due to lack of experimental tests on single components -
according to their actual resistance class. The same approach was
considered for the shear studs, as also in accordance with [21].

In terms of CDP input parameters, themechanical calibration of both
tensile and compressive constitutive behaviour was carried out in
accordance with [21,31,32], as well as on the base of the experimental
results derived from the small concrete specimens reported in [23].
Despite the limits of the continuous damage CDP formulation for
predicting detailed cracking and local phenomena, as well as damage
propagation in concrete under impact (i.e. [33,34].), past applications
to steel-concrete composite systems or concrete structural components
in general, including other brittle constructional materials like masonry
and glass, proved the reliability of qualitative CDP quasi-static estima-
tions (see for example [35–41]).
imen, in accordancewith [23]. (a) Axonometry and (b) joint detail, withmesh hidden from



Table 1
Mechanical properties for steel members, in accordance with [21,23].

Yielding stress fy,s Ultimate stress fu,s Ultimate strain εu,s

[N/mm2] [N/mm2] [%]

Beams 316 429 32.6
Column 338 485 30.6
Φ6 bars 387 537 28.7
Φ14 bars 421 668 26.2
Boltsa 640 800 30
Shear studsa 430 430 30

a Nominal mechanical properties.
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Assuming a nominal ultimate strain for concrete equal to εc =
0.0035 [32], in particular, the compressive stress-strain constitutive
law for the CDP formulation takes the form:

σ c

f cm
¼ kη−η2

1þ k−2ð Þ � η
ð1Þ

where the compressive stress σc in concrete at a given strain level εc is
given by the ratio:

η ¼ εc
εc1

ð2Þ

with

εc1 ¼ 0:7 f 0:31cm ≤2:8 ð3Þ

In Eq. (3), εc1 is representative of the compressive strain in concrete
at the peak compressive stress, while

k ¼ 01:05Ecm � εc1
f cm

ð4Þ

for Eq. (1), with fcm = 27 MPa and Ecm = 30,000 MPa [23].
In order to account for crushing and tensile cracking of concrete, the

non-dimensional stiffness degradation parameter dc (being equal to 1
for fully cracked concrete and 0 for uncracked concrete, respectively),
representative of crushing damage in the slab, was then also defined
as [32]:

dc ¼ 1−
σc=Ec0

εplc þ σ c=Ec0
; ð5Þ

with Ec0 = Ecm the initial elastic modulus derived from the experimen-
tal tests and εcpl the equivalent plastic strain, being defined as a function
of the inelastic strain εcin:

εplc ¼ bc � εinc ¼ bc � εc−σ c=Ec0ð Þ; ð6Þ

while 0≤bc=0.7≤1 is a compressive coefficient derived from [33].
In terms of tensile behaviour of concrete in cracked phase, a similar

approach was followed. The stress-strain constitutive law, in this case,
was defined as [32,42,43]:

σ t

f t
¼ f wð Þ− w

wc
f wcð Þ ð7Þ

with

f wcð Þ ¼ 1þ c1w
wc

� �3
" #

exp −
c2w
wc

� �
; ð8Þ

where w represents the crack opening displacement, while

wc ¼ 5:14
G f

f ct
ð9Þ
is the crack opening displacement at which stress can no longer be
transferred.

In Eq. (8),moreover, c1=3 and c2=6.93 are twomaterial constants
(values in use for Normal Weight Concrete), while fct in Eq. (9) can be
calculated as [32]:

f ct ¼ 0:7� 0:3 f 2=3ck

� �
¼ 0:7� 0:3� f cm−8ð Þ2=3

� �
ð10Þ

In Eq. (9), finally, the fracture energy of concrete was estimated as
(see for example [44]):

G f ≈
GF

2:5
ð11Þ

with GF = 0.15 N/mm the reference fracture energy value, as estimated
on the base of the average size of aggregates for the examined experi-
mental specimen.

3.2.3. Investigated geometrical configurations
Aiming to numerically assess the effects of slab-to-column interac-

tions on the actual overall performance of the selected composite speci-
men, aswell as on the occurrence and propagation of failuremechanisms
in the so assembled steel-concrete components, three further FE models
were derived from the M0 case:

(i) ‘M0-steel’= fully isolated slab, including gaps on all the possible
surfaces of interaction with the column, with absence of rebar
continuity (i.e. fully disconnected slab and steel joint only, see
Fig. 5(a)). In this model both the concrete slab and the steel
rebars were deprived of continuity;

(ii) ‘M0-iso’ = presence of slab with partial column interaction (i.e.
isolated slab and continuity of rebar, see Fig. 5(b));

(iii) ‘M0-full’=presence of fully interacting slab and rebars' continuity.

It isworthnoting thatmodels ‘M0-steel’ and ‘M0-full’ represent limit
conditions that are usually dealt with in the structural analysis practice
as hinged or fixed supports, respectively.

For these three models, mechanical and geometrical features were
kept equal to the reference M0 assembly, with major variations given
by geometrical detailing and reciprocal contact interactions for the
concrete slab and the steel rebars. In terms of solving approach, mono-
tonic, quasi-static simulations were carried out in the form of Dynamic/
Explicit analyses, by taking into account all the loading scenarios
schematized in Fig. 3. As a further reference loading condition of
practical interest for design of composite joints, the scenario given in
Fig. 5(c) was also explored, being of particular interest for seismic
design purposes.

4. Validation and discussion of FE numerical results

The ‘M0’model described in Section 3wasfirst assessed and validat-
ed towards the corresponding experimental test results, by taking into
account the reference loading configurations proposed in Fig. 3.

For sake of brevity, a brief overviewanddiscussion is proposed in the
following Sections, including the antisymmetric loading condition
depicted in Fig. 5(c). All the collected load-displacement curves are
intended as representative of displacements measured on the R beam
control point (see ‘point C’ in Fig. 1).

Taking advantage of the refined FE modelling approach proposed in
this research contribution, further comparative results are then critical-
ly presented for the investigated models, giving evidence of major
effects due to slab-to-column interactions (see also Section 5).



(a) 

)c()b(

Fig. 5.Overviewof FEnumericalmodels included in the parametric study. (a) Fully isolated slabwith rebar discontinuity (‘M0-steel’, detail) and (b) fully isolated slabwith rebar continuity
(‘M0-iso’), axonometries from ABAQUS, with (c) antisymmetric loading condition.
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4.1. Hogging moment

The reference ‘M0’ numerical model, as well as the FE models
mentioned in Section 3.2.3, were first analysed under the L and R hog-
ging moment configurations given in Fig. 3(a) and (b) respectively. In
Fig. 6, evidence is given to both the ‘hogging L’ (slab in contact) and
‘hogging R’ (isolated slab) performances of the full-scale specimen,
together with the corresponding ‘M0’ estimations.

As shown, as also in accordance with the earlier validation of the
same full 3D FE numerical approach reported in [21] for another steel-
(a)

Fig. 6. FE load-displacement results, as obtained for the reference full-scale specimen and for the
concrete composite joint typology, a rather close correlation was
generally observed between the actual M0 predictions and the past ex-
perimental measurements, hence suggesting further extension of the
current FE study for investigating the effect of slab-to-column
interactions.

Basically, the overall performance of the ‘M0’ specimen under the
assigned loading configurations resulted characterized by three
separate phases, see Fig. 6. Close agreement can be observed in terms
of uncracked initial stiffness of the joint, as well as ultimate resistance,
lying in the range of ≈110 kN. At this stage, partial overestimation of
(b)

examined FEmodels under (a) ‘hogging L’ or (b) ‘hogging R’ loading conditions (ABAQUS).
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theultimate resistance of the specimen can be noticed, up to 10–15% the
experimental value. In addition, see Fig. 6(a) and (b), it is possible to ob-
serve that for the ‘M0’model, limited variations were achieved in terms
of overall stiffness and resistance of the joint, hence signifying a rather
negligible effect due to the presence of the unsymmetrical gap. In fact,
a steel-concrete composite joint reacts, at the beam-to-column intersec-
tions, with the occurrence of different strut-and-tie mechanisms. Fol-
lowing the Eurocode 8 Annex C [1], three resisting mechanisms may
occur in a composite joint, depending on the nodal configuration:
(i) ‘mechanism1’ – direct compression on the columnflange, (ii) ‘mech-
anism 2’ – compressed concrete struts inclined to the column sides, and
(iii) ‘mechanism 3’ – direct compression on the studs of the transversal
beam. Thus, for the tested specimen, the gap realized in the slab
prevents the occurrence of ‘mechanism 1’ but cannot avoid ‘mechanism
2’. The almost comparable resistance between the left and right sides of
the node may therefore derive from yielding of the longitudinal rebars
which anticipate crashing of the concrete slab region in compression
(due the activation of the ‘mechanism 2’). However, a similar behaviour
(with lower resistance) can be observed for the ‘M0-iso’ model, where
all the interactions between the column and the slab are avoided. This
behaviour is counter-intuitive and suggests the activation of other
resistant mechanisms with respect to those defined by the Eurocode 8
for steel-concrete composite joints. The latter aspect is further investi-
gated in Section 5.
(a)  1.65mm

(c)  3mm

Fig. 7. FE results for the M0 model under ‘hogging L’ loading condition (ABAQUS), with evide
Actually, see Fig. 7, plastic regions first occur and propagate in the
steel column and joint flanges of the ‘M0’ configuration as far as mea-
sured displacements at the control point lie in the range of 1.5–2 mm.

Both Φ6 and Φ14 longitudinal rebars also first start to yield at a
displacement of the R beam of ≈1.5 mm, with tensile cracking of the
concrete slab and partial crushing on the R side, where direct contact
existswith the columnflange. As a result, as far as plastic regions further
propagate in the column web and in the beam, see Fig. 7(c) and (d),
both the rebars and the concrete slab are not able to provide further
resisting contribution to the joint, with progressive propagation of
damage in all the specimen components (see for example Fig. 8).
Following Fig. 7 and the design criteria recently proposed in [45] for
seismic resistant steel joints, performance levels for steel-concrete
composite joints could be also univocally detected.

Worth of interest, in Fig. 6, is the overall performance of the ‘M0-
iso’ model, where the lack of full interaction between the concrete
slab and the column web still provides stiffness and resistance
performances for the joint which lie in the same order of magnitude
of the ‘M0’ specimen. As a result, compared to the ‘M0-steel’ configu-
ration, typically characterized by limited stiffness and resistance and
modelled in structural analysis as pinned connection, the ‘M0-iso’
configuration proved to have an overall structural behaviour in close
correlation with that of the ‘M0’ system, for the examined joint
under hogging L and R moments. In this sense, due to the absence of
(b)  2mm

(d)  6.5mm

nce propagation of plastic regions as a function of the measured control point deflection.



Fig. 8. FE observation of (a) tensile cracking and (b) crushing in the concrete slab (key: blue= uncracked, red= cracked), with (c) evidence of yielding in the steel rebars, as obtained for
theM0model under the ‘hogging L’ condition, at ameasured deflection of 6.5mm(ABAQUS). (For interpretation of the references to color in thisfigure legend, the reader is referred to the
web version of this article.)

404 C. Amadio et al. / Journal of Constructional Steel Research 139 (2017) 397–410
contact interactions at the slab-to-column surfaces for the M0-iso
model, further explorations were undertaken (see Section 5), aiming
to justify the increase in stiffness and resistance compared to the
steel joint only.
4.2. Gravitational loads

The same FE model assemblies were then analysed under gravita-
tional loads, see Fig. 3(c).

Compared to Section 4.1, partial correlation in the observed overall
performances was typically captured by the examined models, as also
Fig. 9. FE load-displacement results, as obtained for the reference full-scale specimen and
for the examined FE models under the ‘gravitational’ loading condition (ABAQUS).
expected. Also in the latter case, see Fig. 9, the FE modelling approach
proved to offer accurate estimations, compared to the reference exper-
imental specimen.

In terms of overall performance of the joint under gravitational loads,
in particular, a critical comparative observation of FE results was carried
out, so that major effects deriving from the concrete slab configurations
could be properly exploited. Basically, as also partly highlighted in
Section 4.1, the resisting mechanisms typically depends in fact on three
aspects, being represented by (i) compressive resistance of the column
web, (ii) propagation of tensile and compressive in the joint flange and
(iii) amount of maximum stresses taken up by longitudinal rebars in
the slab.

For the specific loading condition, being associated to simultaneous
application of hogging moments for both the L and R beams, a marked
increase of the overall resistance was observed in terms of load-
displacement relationships proposed in Fig. 9, as compared with Fig. 6.
This effect was found to mainly derive from lack of premature crushing
of concrete. In fact, under the examined loading condition, the hogging
moment is the same on both the sides of the column, leading to a
uniform tensile tension in the longitudinal rebars, thus avoiding the
activation of resisting mechanisms in the slab.

The overall resistance of the joint, when subjected to gravitational
loads, is mostly dependent on the compressive resistance of the
column web, the joint flanges and the longitudinal rebars in the
slab. As such, despite the lack of mechanical interaction between
the slab and the column, the ‘M0-iso’ model proved to offer an overall
resistance and stiffness in the same range of magnitude of the ‘M0’
specimen, see Fig. 9.

In Fig. 10, in this regard, the distribution of stresses (plastic region plus
vectorial representation) is also proposed for the same ‘M0-iso’ model



Fig. 10. FE results for the M0-iso model under the ‘gravitational’ loading condition (ABAQUS), with evidence of stress distribution in the steel components (6.5 mm the control point
deflection, front view). (a) Plastic regions and (b) vectorial representation of principal stresses.
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(with concrete slab and steel rebars hidden from view), as observed at a
vertical deflection of 6.5 mm, giving evidence of the involvement of the
column web on the overall resisting mechanism of the specimen.

4.3. Antisymmetric loading condition

A further loading configuration, intended to represent a distribution
of internal forces in the elements which is typical of equivalent quasi-
static horizontal loads, such as earthquakes or wind, was finally ex-
plored (see Fig. 5(c)). Major results for the antisymmetric loading
Fig. 11. FE load-displacement results, as obtained for the reference full-scale specimen and
for the examined FE models under the ‘antisymmetric’ loading condition (ABAQUS).
condition, were compared for all the examined geometrical configura-
tions, giving evidence of major FE results at the assembly as well as at
the component level.

As shown in Fig. 11, it is possible to notice that assuming a fully
isolated concrete slab would correspond to the actual structural
behaviour of the steel members only (i.e. ‘M0-iso’ model, with almost
the same behaviour of the ‘M0-steel’ model). A small amount of
additional resistance contribution was observed to derive, for the ‘M0-
iso’model compared to the ‘M0-steel’ solution, from continuous rebars
only. Moreover, the initial stiffness of the ‘M0-iso’model proved to have
the same order of magnitude of the ‘M0-steel’model, hence suggesting
the assumption of a perfect hinge behaviour. This is not the case of the
‘M0’ and ‘M0-full’ systems, which - due to the contact at the slab-to-
column interface - compared to previous ‘M0-steel’ and ‘M0-iso’
configurations offer additional stiffening and strengthening.

Figs. 12–14 present further comparative results for the same loading
configuration, giving evidence of the evolution of stresses and
deformations in all the specimen components. In Fig. 12, contour plots
representative of the ‘M0-steel’ model response are provided. First
yielding occurred in the joint flanges and in the beamsweb, at a vertical
deflection of the control point in the order of 10mm, corresponding to a
vertical load P = 4.9 kN (see Fig. 12(a), where plastic hinges are
represented). As far as the beams exhibit plastic strains, both the steel
bolts and the column web are still in the elastic stage, with maximum
Von Mises stresses in the range of 600 MPa and 200 MPa, respectively.
Yielding of bolts manifests for higher deflections only, in the order of
12 mm, corresponding to an applied load P = 6.8 kN (see Fig. 12(b)).
Through the simulation on the ‘M0-steel’ model, as also in accordance



(a) 12mm (b) 12mm

(c) 30mm

Fig. 12. FE results for theM0-steelmodel under the ‘antisymmmetric’ loading condition (ABAQUS),with evidence of (a)first yielding (plastic hinges) and (b) stress distribution in the steel
components (12 mm the control point deflection); (c) stress distribution at 30 mm of deflection. Stress values given in MPa.
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with Fig. 11, the contribution of bolts proved to represent the major
resisting component for the full steel joint. The FE simulation was in
fact stopped at a vertical deflection of the control point of 30 mm (i.e.
Fig. 13. FE results for the ‘M0-iso’ model under the ‘antisymmetric’ loading condition (ABAQ
deflection) and (b) corresponding compressive damage. Key: blue = uncracked, red = cra
referred to the web version of this article.)
representative of contact between the R beam and the column flange,
see Fig. 12(c)), with maximum stresses in bolts in the range of
760 MPa. Given the ‘M0-iso’ model geometry, in accordance with Fig.
US), with evidence of (a) tensile damage propagation in the concrete slab (30 mm the
cked. (For interpretation of the references to color in this figure legend, the reader is



Fig. 14. FE results for theM0-fullmodel under the antisymmetric loading condition (ABAQUS), with evidence of (a) yielding (plastic hinges) and (b) corresponding distribution of stresses
in the steel components (5 mm of vertical deflection at the control point). Stress values given in MPa.
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11, minor benefits were observed on the overall response of the speci-
men, compared to the ‘M0-steel’ configuration, due to lack of any me-
chanical interaction of the concrete slab with the steel members.
Failure mechanism in the ‘M0-iso’ system also highlighted a rather pre-
mature propagation of cracks in the concrete slab (see for example Fig.
13).

Major effects in the observed overall behaviour of the examined
joint were indeed noticed for the ‘M0’ and ‘M0-full’ configurations,
due to progressive involvement of the concrete slab in the resisting
mechanism of the specimen. These strut-tie mechanisms can be traced
back to the ‘mechanism 1’ (i.e. direct compression on the column
flange) and ‘mechanism 2’ (i.e. compressed concrete struts, inclined to
the column sides), as also described in the Eurocode 8 [1]. At the design
stage of steel-concrete composite joints under seismic loads, in order to
apply the capacity design concept, huge effort is usually required to
govern the behaviour of these mechanisms.

As also in accordance with Fig. 11, marked increase in the joint
stiffness was in fact measured, compared to the steel members only as
well as to the specimen with fully isolated slab. The stiffening contribu-
tion was estimated up to ≈5 times the ‘M0-steel’ model. No obvious
variations were noticed on the overall response of the ‘M0’ or ‘M0-full’
systems, for the reference loading condition.

In terms of stress distribution and propagation in the steel
components, important effects were noticed for both the ‘M0’ and
‘M0-full’ models, as compared to the previous configurations. As far as
yielding first exhibits in the steel flange, in fact, the fully interacting
concrete slab involves the web column in the overall resisting
mechanism. As such, plastic strains are observed in the column itself
(see Fig. 14(a) and (b)). In terms of damage propagation in the slab,
tensile cracking and crushing mechanisms proved to have distribution
in agreement with Fig. 13(a) and (b). The lack of any gap at the
concrete-to-steel interface, in this sense, typically resulted in premature
cracking phenomena in the slab, given the absence of possible relative
adjustments before transmission of contact stresses.

5. Design considerations and resisting mechanism for the joint with
fully isolated slab

A final critical analysis of the proposed FE numerical results shows,
as emphasized in Section 4, that the overall behaviour of the examined
joint typology under hogging moment (on both the L and R beams, as
well as in the gravitational case) or antisymmetric loads is highly
influenced by the contact interactions at the slab-to-column interface.
A further FE simulation - here not presented for sake of brevity - was
hence carried out for completeness on the same FE models, by taking
into account the presence of sagging moments (with the loaded R
beam only).

Careful consideration was paid especially for the ‘M0’ and ‘M0-iso’
conditions. Basically, as also emphasized by a critical discussion of all
the collected FE results, for the joint under hogging or saggingmoments
some important outcomes were observed. The typical resisting
mechanisms manifesting in the M0 joint with fully interacting slab -
and conventionally detected as strut-tie resisting mechanisms type ‘1’
and ‘2’ - were in fact found to agree with Eurocode 8 - Annex C
provisions [1]. These mechanisms, as known, are in fact mostly related
to the tensile resistance of longitudinal and transversal rebars, and
typically manifest as far as any kind of interaction is provided between
the slab and the column.

As far as any kind of contact interaction is avoided between the slab
and the column (as in the case of the ‘M0-iso’ condition), in this context,
it is hence intuitively expected that the same ‘mechanisms 1’ and ‘2’
would not occur, with the overall structural performance of the joint
being mostly affected by the resistance and stiffness of the steel
members only.

This is true especially for certain loading conditions, however, as also
partly emphasized in Section 4, the current FE research study highlight-
ed that for the ‘M0-iso’ configuration with fully isolated slab, a further
resisting mechanism (herein labelled as ‘mechanism 4’, in order to
distinguish it from conventional Eurocode ‘1’, ‘2’ and ‘3’ mechanisms
type definitions) occurs.

Such ‘mechanism 4’ proved, for both the ‘M0-iso’ system under
hogging or sagging moment, basically consists in the occurrence of
additional struts in the slab, with 45° their slope with respect to the
beam longitudinal axis, and directly propagating from the regions of
contact between the slab and steel shear studs. Worth of interest - as
also highlighted from full 3D simulations partly emphasized in
Section 4 for hogging moments only - is that the same struts can
manifest in the isolated slab both in presence of direct compressive
loads in the slab (i.e. for the joint under sagging loading conditions),
as well as in presence of indirect compression loads (i.e. as in the case
of the composite joint under L or R hogging moment conditions), due
to continuity of longitudinal rebars.

The performed FE analyses carried out on the ‘M0-iso’ system
highlighted, in particular, that for the examined joint such struts
generally propagate over a total length l equal to≈2/3 the shear length
lv. Consequently, given nl the number of shear studs over the reference
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size l, the actual resisting contribution of the ‘mechanism 4’ can be
rationally expected to be equal to:

FRd;4 ¼ nl � PRd ð12Þ

with PRd the shear resistance of a single stud, as conventionally given by
Eurocode 4 provisions [2]:

PRd ¼ min

0:8 f u π d2

4
=γv

0:29α d2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f ckEcm

p
γv

8>><
>>: ð13Þ

where γv =1.25 is a partial safety coefficient, d the stud diameter, fu its
ultimate resistance and:

α ¼ min 1 hsc=d≥4
0:2 � hsc=dþ 1ð Þ 3bhsc=db4

�
ð14Þ

where hsc denotes the stud length.
In Fig. 15, selected FE contour plots are proposed for the ‘M0-iso’

model only, together with the corresponding schematic representation,
to emphasize the observed behaviour for the concrete slab when
subjected to sagging and hogging moments respectively (loads applied
on the L beam).

5.1. Design requirements for ‘mechanism 4’ activation

As a key aspect for the behaviour of the concrete slab (both in
compression – sagging moment – or in tension – hogging moment),
see Fig. 15(a) and (b), the activation of the strut-tie ‘mechanism 4’ is
strictly related to the amount of transversal rebar in the slab. Given
the maximum resistance contribution offered by the shear studs, see
Fig. 15.Mechanism 4 for the slab under (a)–(b) sagging and (c)–(d) hogging moment, top vie
schematic representation.
Eqs. (12)–(14), the minimum amount of transversal rebar should in
fact at least be equal to:

AT;4≥
nlPRd

f yd;T
ð15Þ

with nl and PRd previously defined, while fyd,T denotes the design yield-
ing stress for the transversal rebars only. The steel rebar amount AT,4, as
also in accordance with Fig. 15, is intended uniformly distributed in the
slab, over a length l from the column axis.

In the case of concrete slab under tensile loads (hogging moment),
where the typical mechanism occurrence is reproduced in Fig.
15(c) and (d), a crucial role in the activation of the ‘mechanism 4’ is
played by the longitudinal rebar. There, a ductile mechanism in the
joint can be privileged as far as first yielding of rebars manifests in ad-
vance to struts crushing or failure of shear studs. As such, longitudinal
rebar amount should not exceed a maximum value given by:

AL;4≤
nlPRd

f yd;L
; ð16Þ

with fyd,L representing the design yielding stress for the longitudinal
rebar, while nl and PRd are defined by Eqs. (12)–(14).

From a theoretical point of view, such mechanismmay also occur in
the case of full contact between the column and the slab. It is plausible
that the same mechanism has not been recognized before because
mechanisms ‘1’ and ‘2’ - due to their higher stiffness - lead to premature
crushing of the struts before the ‘mechanism 4’ is activated. The
‘mechanism 4’, in this regard, could be activated by increasing the
ductility of resisting mechanisms actually proposed by the Eurocode,
and for example seizing the transversal rebar to start yielding before
crushing of concrete could manifest, as also suggested in [21]. In
w. FE results for the M0-iso model (vectorial representation, ABAQUS) and corresponding
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conclusion, the actual FE exploratory investigation gave evidence of the
important effects that a fully isolated slab can have on the overall
response of steel-concrete composite joints under various loading
configurations. Before general considerations of practical interest for
design could be derived, however, additional sets of parametric analyses
should be carried out, so that the current outcomes could be further
assessed and validated by taking into account multiple mechanical
and geometrical features for the examined joint typology. In any case,
it is expected that the actual research findings here summarized could
provide useful background for the optimal design of the examined
joints.

6. Summary and conclusions

In the paper, a refined Finite Element (FE) numerical modelling
approach derived from earlier research studies of literature was
proposed to assess the actual structural response of steel-concrete
composite joints under various loading conditions. In doing so, careful
consideration has been paid for the evaluation and critical discussion
of the effects deriving from possible slab-to-column interactions.

To this aim, a reference full-scale experimental test was derived
from literature, so as to provide validation of FE assumptions and cali-
brations, as well as to allow further extension of the same investigation.

Careful attention was paid, in particular, for four total geometrical
configurations for the reference semi-rigid steel-concrete composite
joint, being characterized by (i) absence of slab, (ii) presence of slab
with partial interaction with the column (i.e. isolated slab) and (iii)
presence of almost fully interacting slab (i.e. even with a small gap on
one side only), giving evidence of corresponding effects.

It was shown, in particular, that the actual slab isolation leads to
important effects on the structural performance of the full composite
joint, hence requiring specific design considerations.

As far as current outcomes are considered within the set of design
recommendations in use for steel-concrete composite joints, the overall
performance of a joint with isolated slab and continuity of longitudinal
rebar in braced systems proved in fact to ensure:

a) a bending resistancemoment, under gravitational loads, comparable
with those of a fully interacting composite joint;

b) stiffness and resistance performances almost identical to those of a
hinged joint, under antisymmetric loads, being representative of
equivalent quasi-static horizontal loads deriving from seismic
events or wind pressures.

As such, major implicit advantages for design purposes are that:

a) under gravitational loads, the beam can be considered as continuous
onmultiple supports. A reduction of saggingmoment atmid-span is
thus expected on the composite beam section;

b) under horizontal loads, the complex interaction between the
concrete slab and the column is avoided, hence allowing a marked
simplification of the full design process.
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