
UNIVERSITY OF SALERNO 

Department of Civil Engineering 

PhD course in 

Risk and Sustainability in Civil, Architectural and 

Environmental Engineering Systems 

XXXIII Cycle (2017-2020) 

(a.y. 2019-2020) 

Theoretical and Experimental Investigation on 

Conventional and Innovative Reinforced Concrete 

Beam-to-Column Joints with and without Floor Deck 

Simona Streppone 

Tutor 

Prof. Rosario Montuori 

Co-tutor 

Prof. Elide Nastri 

Prof. Vincenzo Piluso 

Coordinator 

Prof. Fernando Fraternali 





iii

Abstract
Results of experimental tests carried out on Reinforced Concrete (RC) frames and

connections equipped with integrated slab pointed out that the presence of the slab
increases the flexural capacity of the connection, by acting as a flange for the beam.
Consequently, the lateral resistance and stiffness of the structure are enhanced, and
the capacity design weak beam-strong column failure can be altered. This thesis
work focused on the effect of the floor deck on the flexural capacity of RC beam-to-
column connections designed in compliance with the seismic European code, Eu-
rocode 8 (EC8). Specifically, the effect of the floor deck made up of RC joists and
upper slab, with interlaid hollow tile blocks, is investigated. Concerning this floor-
system, indeed, few in-depth studies are available and EC8 does not specify how to
account for the floor joists contribution in the resistance of RC connections.

The goals of this thesis were two. Firstly, the over-resistance due to the deck pres-
ence in conventional beam-to-column connection was experimentally evaluated and
compared to the “equivalent beam” theoretical model prediction, to verify the model
accuracy. The “equivalent beam” model provides a proper formula to evaluate the
number of joists enhancing the beam resistance. Secondly, an innovative construc-
tional detail for RC beams was proposed, aiming at reducing the joint resistance, by
computing the existence of the deck contribution. According to the basic concept of
the Reduced Beam Section (RBS) design, typical of the steel connections, the flexu-
ral capacity of the beam was reduced to create a localized plastic zone far from the
column, able to avoid undesired partial collapse mechanisms.

The work is divided into three parts, the theoretical study, the experimental
study, and the numerical modelling. The theoretical study consisted in modifying
the formula of the “equivalent beam” model with reference to the test layout bound-
ary conditions. The experimental campaign was conducted at the STRENGTH lab-
oratory of the University of Salerno. In total, 12 full-scale specimens were tested
in quasi-static loading, 6 of them are conventional beam-to-column joints with and
without the floor deck, while the other 6 are innovative beam-to-column joints with
and without the floor deck. The 3D Finite Element Model (FEM) of the RC joints,
developed in the Abaqus software, reproduced the actual geometry of the experi-
ments, as well as the same boundary conditions and loading as in the experimental
program.

The results of the experimental tests confirm that the floor deck enhances the re-
sistance of the connection, greatly in hogging rather than in sagging bending. More-
over, the accuracy of the “equivalent beam” theoretical model is proved. The resis-
tance of specimens equipped with the deck is predicted fairly in positive loading
direction, while it is slightly overrated in the negative one. The cracking evolu-
tion confirms the actual interaction between the elements assumed in the theoretical
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model. The innovative detail effectively reduces the flexural strength of the connec-
tion. In particular, the resistance of innovative specimens with the floor deck is in
perfect agreement with the resistance of simple conventional specimens, especially
in the positive loading direction. The plastic hinge develops in the RBS and smaller
damage on the beam supporting the joists is observed. The FE-Models of the tested
specimens show good agreements with the experimental results. However, further
analyses have to be carried out.
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1

Chapter 1

Background and Motivation of the
Work

1.1 Introduction

Reinforced Concrete (RC) is a widespread civil constructions material. The RC three-
dimensional frame system, with his advantages, got so successful since its first em-
ployment as the great part of the current building heritage, in Italy as well as in
other seismic prone countries, belongs to this technology. Over the years, the design
methodology and the construction details concerning RC structures changed, thus
currently the buildings may be divided in those dating back to before seismic codes
and those complying with current regulations. Many issues affecting the oldest ed-
ifices are now overcome by the design concepts of modern provisions; many others
still need to be examined in depth. Particularly of concern is the influence that the so-
called secondary elements, like RC slab monolithically cast with the beam, can have
on the response of the structure in terms of strength, stiffness and inelastic defor-
mation of members. Many experimental tests, indeed, proved the slab contribution
whereas many codes, like the European code Eurocode 8 (EC8) [1], still neglects or
partially consider it in the design.

In the past, many researchers faced the topic of the seismic performance in RC
structures, by performing several experimental tests on full-scale and reduced-scale
frames and sub-assemblies. Most specimens were spatial beam-to-column joints
with and without floor slab, intended to understand and quantify the amount of
the slab participation in the frame overall response and beam behaviour. It turned
out that the presence of the slab impacts on both the capacity and the demand of the
elements, by enhancing the flexural strength of the beam, the overall resistance and
the lateral stiffness of the structure, but also the local demand of critical regions, i.e.
the joints. In the light of the capacity design conception, indeed, the beam flexural
strength controls the beam shear, joint design and column flexural strength. Hence,
whereas neglecting the slab can be conservative in the gravity load design approach
since the slab favourably enhances the resistance of the beam, on the contrary, it may
be detrimental in the current seismic design implementation as, especially when the
hogging moment occurs, the “weak beam-strong column” criteria can easily switch
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to a “strong beam-weak column” failure mechanism.

1.2 State of the Art

Interest in investigating the slab effects on the response of RC beam-to-column joints
starts in the 1980s, when the test carried out on a full-scale seven-storey building at
the Building Research Institute (BRI) in Tsukuba, Japan, [2] exhibited a base shear
70% more than expected. The expected shear capacity of the structure, indeed, had
been evaluated neglecting the contribution of the floor slab. In the context of US-
Japan cooperative experimental program [3], different tests [3–8] were led up on
slab-beam-column sub-assemblies, by simulating lateral loads and earthquake ex-
citation. It was confirmed that the slab is the main element modifying the three-
dimensional response of the structure under horizontal loads and it was demon-
strated as well that the amount of slab participating increases if subjected to tensile
stress since the slab reinforcement acts as additional reinforcement to the beam. The
typologies of specimens widely tested over the years are shown in Figure 1.1. The
floor deck consisted of an integrated slab monolithically cast with the beams. In this
chapter, for the sake of consistency with the examined bibliography, the direction
in which the load is applied will be referred to as longitudinal direction, while the
orthogonal one will be referred to as transverse direction.

In order to describe the way the slab takes part in the behaviour of the connec-
tion, a common RC structure made up of rectangular beams and monolithically cast
slab has to be considered. When the hogging moment, such as the negative moment,
occurs at one end of the beam, the top fibres result in tension while the bottom ones
are in compression, being the neutral axis located beyond the mid-height of the sec-
tion. The upper part of the beam is then subjected to elongation and, for sake of
kinematic congruence, the adjacent slab must undergo the same deformation, with
the occurrence of tensile stresses in the slab reinforcement. The beam section, there-
fore, has to be considered not as rectangular anymore, but as T-beam or L-beam [7],
in internal and corner connections respectively, with the flanges constituting by the
slab getting mobilised by the beam.

On the contrary, under sagging or positive moments, the neutral axis is located
in the upper part of the beam section, often in the concrete cover thickness, thus re-
sulting in the top fibres in compression and the bottom fibres in tension. The slab
reinforcement undergoes small levels of strain as compared to the hogging bending
case when, as a consequence, the greatest enhancement in the flexural resistance is
achieved. This was confirmed by several experimental studies [7, 8, 13], showing
also a moderate increase in the flexural strength of the beam subjected to sagging
moment [14]. In the model by [7], the slab was assumed to act as a tensile mem-
brane element reinforcing the tension part of the beam once the cracking spreads in
the concrete, concept well supported by [8] also. This assumption was justified by
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FIGURE 1.1: Layout of four test series conducted at the University of Minnesota [9], the
University of Texas at Austin [10], the University of Tokyo [4], and Rice University [11].

Picture from [12]

the small depth of the slab as compared to that of the beam. By virtue of this evi-
dence, the variation of the strain over the slab thickness may be considered negligi-
ble. Stated that the slab undergoes tensile strains due to the elongation of the beam,
it becomes clear that the effect is stronger near the beam while it goes fading as the
transverse distance from the beam increases [2, 7, 8, 15], thus causing a shear lag in
the slab diaphragm. Crack patterns in tested specimens [16] testify this phenomenon
which was also proved by the qualitative model in [17]. In [12], the non-uniformity
of the strain in the slab rebars along the transverse direction is moreover attributed
to deformations due to the slab in-plane shear forces. To summarise, not the entire
slab in the bay span is responsible for the so-called slab contribution but only a part,
depending on the factors previously presented and many others too.
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FIGURE 1.2: Original strain distribution (a) and uniform strain distribution (b) of the
T-beam section in bending. Picture from [7]

1.2.1 Factors Affecting the Slab Participation Phenomenon

The slab contribution varies under sagging and hogging condition, inducing an
asymmetrical flexural response [14] of the connection, with a greater resistance when
the slab is in tension, due to the membrane action of the slab. Under tensile stresses,
the strain in the slab reinforcement is responsible for defining the effective width
of the slab, which depends also on other parameters, i.e. the lateral drift of the
structure, the presence of the transverse beam and the presence of damage due to
previously applied loads or bidirectional loads.

1.2.1.1 Lateral Drift

As the beam and the slab are tied by kinematic constraints, the extent of the slab
contributing in the frame connection depends on the lateral drift the structure un-
dergoes [3, 7, 8, 17, 18]. Increasing the inter-storey drift means to increase the beam
rotation and the longitudinal strain in the beam and the adjacent slab as well [3].
When the beam is subjected to hogging bending, the larger is the lateral drift, the
greater is the slab reinforcement brought into play far from the beam (in transverse
direction). The slab reinforcement becomes fully effective once a large level of drift
is imposed [3, 15, 19–22], like 3.8-7.2% [12].

In [23], the effective width of the slab under negative bending was 1.5 times
the beam depth on both side of the web before the yielding, 2.0 in moderate post-
yielding and 2.5 under very large drifts.

In [19], the flange width was 2 times the beam depth under hogging moment at
interior connection and 1 beam depth under sagging moment in both internal and
external connections.

In [14], experimental curves of slab-beam-column assemblies, subjected to in-
creasing levels of inter-storey drift, showed, in terms of moment versus curvature
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(Figure 1.3), that the resistance in negative bending does not stop growing as larger
drift is imposed and, hence, more slab is activated. Moreover, in that case, is not pos-
sible to easily distinguish the yield point since the strain in the steel rebars decreases
farther away from the connection. However, it turned out that at an inter-storey drift
of 2%, which can be assumed as a compatible design target for RC structures, the in-
crease in flexural strength of the connection is limited; hence not the entire width of
the slab is mobilised [3, 8, 12].

FIGURE 1.3: Moment-curvature relation of a beam with slab participation

1.2.1.2 Transverse Beam

The transverse beam is a further element affecting the amount of slab width to con-
sider in the behaviour of the connection. Several experiments and parametric studies
[4–6, 9, 12, 15, 18, 19, 22, 24–31] have been carried out on interior and exterior connec-
tions, by simulating earthquake loading, with the aim to determine how transverse
beams condition the effective width of the slab acting as a tension flange for the
longitudinal beam. Mainly, it was demonstrated that, for both interior and exterior
joints, when the slab is in tension, the presence of the transverse beam, through its
torsional stiffness, influences the strain distribution in the slab and also the stiffness
and strength of the connection. In particular, torsional stiffer transverse elements
increases the slab width.

As a reaction to lateral loads, a transverse element generally experiences a rela-
tive torsional rotation with respect to the column, depending on its torsional stiff-
ness. Elements with a low torsional stiffness rotate in order to relieve the rotational
demand. Elements with a high torsional stiffness experience very little torsional
rotation. In [12], it was observed that, in the case of torsionally stiff transverse ele-
ments, the rotations imposed across the slab were more uniform, as uniform was also
the strain in the slab reinforcement. Hence, it was found that, if subjected to large
levels of drift, torsionally stiffer elements can easily mobilise the full slab width [12].

Tests on three 1/3 scaled interior joints [25] highlighted that the specimen hav-
ing a large torsional stiffness exhibited greater resistance than other specimens, in
the initial loading cycles, while the peak load was almost the same. In the same
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tests, the mere existence of the transverse beams, even if previously damaged, was
demonstrated to reduce the inter-storey drift. Moreover, sub-assemblages having
torsional stiffer transverse elements were found to exhibit smaller drift. The larger
slab participation [25], indeed, reduced the ultimate curvature.

The transverse element, in addition, helps to confine the joint [29, 32], thus pre-
venting the rotation and inducing larger damage in the close beams [30]. It plays a
crucial role in transferring the forces from the slab to the column, by extending the
joint region.

Interior and exterior connections are differently influenced by the transverse el-
ement.

In [4, 12], it was observed that transverse elements of exterior connections may
experience torsional failure, due to the tensile forces in the slab longitudinal rebars.
The tensile forces of the slab, indeed, cannot be transferred to another side of the
slab. On the contrary, in interior connections, the tensile forces on both sides of the
transverse beam tend to eliminate since, for the sake of equilibrium, the tensile forces
on the slab in tension side are transferred to the slab in compression side. Therefore,
in exterior connections, the slab involvement is limited by the torsional capacity of
the transverse beam [12, 15, 19, 29].

As said, when the transverse beam undergoes cracking, due to the brittle be-
haviour of the concrete and lack of the slab on the other side of the connection [12,
15], the load transfer mechanism, conveying the forces from the slab to the joint core
does not take place [12, 29]. Researchers [28] assumed that, after the cracking and
yielding in the transverse beam, the flow of the forces may be reasonably modelled
by a strut-and-tie mechanism, with compressive struts occurring in the concrete and
ties in the slab and spandrel beam rebars. As a consequence, the number of slab re-
bars defining the flange of the slab in tension depends on the torsional yield capac-
ity of the spandrel beam and the capacity of the strut-and-tie-mechanism. In other
words, it depends on the torsional reinforcement and size of the spandrel beam, the
slab reinforcement, and the size of the column [28].

Other researchers, instead, based on experimental evidence, related the effec-
tive slab width of exterior joints after the cracking to the column width plus twice
the depth of the transverse beams [6]. In [29] the authors found that, while the be-
haviour of the exterior joints was insensitive to a variable width of the transverse
beam, reducing the width of the transverse beam by half in interior connections re-
duces the story shear in the applied positive and negative loading direction.

However, many studies [27, 31] concluded that the transverse beam reinforce-
ment is not able to enhance the total storey shear.

1.2.1.3 Bi-directional Loading

As the earthquake forces are never one-way oriented, an important parameter that
may affect the slab action is the load applied in the transverse direction. A previ-
ously [9, 12, 25] or simultaneously [29] applied transverse load, may cause damage
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in the transverse direction, in transverse beams if these exist, thus obstructing the
load-transfer mechanism from the slab to the joint and reducing the slab participa-
tion [25]. The more realistic condition is the application of a bi-directional (better if
three-dimensional) loading.

Tests were performed in different steps to investigate this topic. The load was ap-
plied in one direction, firstly, and in the orthogonal one, secondly [25]. Initially, the
damage, due to the previously applied transverse load, reduced the bearing capac-
ity and stiffness of the structure. However, in [12], the authors pointed out that this
evidence disappeared for imposed deformations greater than the maximum value
applied in the first loading stage, in the transverse direction.

1.2.1.4 Further Factors

Hereinbefore the principal factors determining the effective width of the slab have
been presented. As stated, the slab contribution is mainly a kinematically induced
phenomenon, hence it is likely to be influenced by additional “secondary” occur-
rences, related to deformations at the boundaries of the slab. These phenomena are
referred to as “secondary” since they may affect the slab participation at very large
levels of drift or because of their limited effectiveness.

In [17], the slippage of the main beam reinforcement was found to increase the
strain in the slab reinforcement, by promoting the beam elongation. The authors
pointed this phenomenon as the reason why the entire width of the slab gets mo-
bilised only at a very large level of drift. The bond-slip of the slab rebars may induce
a redistribution of the strain in the entire bay span.

Additionally, in [19], the occurrence of the steel rebars buckling was found to af-
fect the slab contribution. The specimens in [19] were subjected to alternated lateral
load actions for increasing levels of drift. Tension and compression stress affected,
successively, the top and bottom part of the beam section. The stress reversal and in-
creased curvature ductility demand in the positive moment plastic hinge may easily
cause the buckling of the bottom steel reinforcement. The slab contribution increases
the curvature ductility demand in the positive moment plastic hinge. Hence, the bot-
tom reinforcement in that section is subjected to high levels of inelastic tensile strain.

The strain in the slab may be also reduced by the in-plane deflections of the
transverse beams [17], the in-plane shear forces in the slab [12] and the deformation
in the beam-column joint [17].

1.2.2 Effects of the Slab Participation Phenomenon

The description of the slab role in the three-dimensional behaviour of RC connec-
tions induces some considerations about the effects of its contribution. The presence
of the slab, indeed, mainly enhances the flexural strength of the beam. As a conse-
quence, the global strength and lateral stiffness of the structure are enhanced. Also,
it affects the ductility demand of the elements in the connection.
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The slab, acting as a beam flange, increases the beam bearing capacity. Consider
the portal frame illustrated in Figure 1.4, which is a single-span single-storey frame
selected from a complete frame structure. By referring to a beam with geometrical
and mechanical features constant along the bay span and supporting a monolithic
slab, it is evident that, if the bearing capacity of the beam is assumed to be sym-
metric, the plastic hinges develop at both the beam ends, and the inflection was ap-
proximately at midspan of the beams (Figure 1.4(a)). Instead, if the slab is accounted
for, hence an asymmetrical moment-curvature relation is assumed to model the be-
haviour of the connection, with a flexural capacity enhancement grater in hogging
rather than in sagging bending, then the yielding no longer occurs simultaneously at
the beam ends. The first plastic hinge develops at the beam end subjected to sagging
moment, while the other end remains in a pre-yielding state (Figure 1.4(b)). As the
lateral sway increases and much more slab gets mobilised, the hogging bending rises
and, consequently, the inflexion point shifts from the mid-span toward the yielded
end [33, 34]. This means the slab enhances not only the flexural capacity of the beam
but also the curvature ductility demand in the plastic hinges, especially for the slab
in compression case [33]. On the contrary, the deformation capacity of the structure
[18] is reduced.

M
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b

-

M
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+

M

by

-

(a) (b)

θ

θ

F

FIGURE 1.4: Bending moment in the bay span considering the mere beam (a) and the
slab contribution (b).

The slab influences the seismic performance of the structures in different ways
[26]. A dangerous consequence of the increased flexural capacity of the beam due
to the slab presence is the possible alteration of the failure mode of the structure, as
the column-to-beam moment ratio decreases and the formation of plastic hinges in
the columns is promoted [13], thus inducing a “weak column-strong beam” failure
mode [15, 18, 35].

The increased flexural strength of the beam causes greater shear forces [3, 18, 36]
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and ductility demand [33] of the columns. Hence, the input shear to achieve a target
drift is more significant and this can lead to a soft-storey mechanism or column shear
failure [36].

As said at the beginning of this Chapter, the increase in the lateral load resistance
of the structure was found to be the first clear effect of the over-resistance induced
by the slab [3]. The over-resistance value, indeed, was far from being part of the
material over-strength. Also in sub-standard detailed exterior RC beam-column sub-
assemblies, the slab was found to increase the lateral capacity [32] [18]. Moreover,
Finite Element (FE) simulations supported this evidence when the slab is included in
the beam-column joint model, showing a storey shear higher in interior joints rather
than in the exterior ones [29].

Not only the frame lateral resistance is increased by the slab participation, but
also the stiffness [5, 6, 15, 26, 33, 34]. Indeed, in [26] the specimen with slab showed
a stiffness 60-70% higher than those without slab. The degradation of stiffness was
considerably delayed in [26] and it was more rapid in the slab-in-compression case
than the slab-in-tension case [6]. In [29], instead, was found an increase in the initial
stiffness, especially in models without spandrel beams.

However, if the stiffness is underestimated, the structure may exhibit high ac-
celeration forces [25], as resulting from the analysis carried out on the multi-storey
building in [33]. In the work, the beams were modelled by means of a modified
spring element, accounting for the different behaviour of the RC connection in the
slab-in-tension and slab-in-compression case. The structures experienced an in-
crease in storey acceleration and base shear [33].

Another part of the RC structure that may be dramatically affected by the pres-
ence of the slab is the joint, due to the difficulties in repairing it and the detrimental
consequences of its potential failure. Experimental tests showed that the joint shear
is increased due to the slab participation [13, 26, 36] and a great part of the stress is
transferred to it by torsion of the transverse beams [19]. Hence, it is necessary to ac-
count for the enhanced resistance due to the slab, as the joint and the column would
undergo larger shear forces [18, 36]. However, the post-earthquake examination of
interior joints in modern buildings with integral slab did not show shear failure [34].
The enhancement in the joint shear capacity was ascribed to the beneficial confine-
ment effect of the elements surrounding the web, such as the slab and transverse
beams (before cracking), which expand the effective width of the joint [22]. Experi-
mental data [14] confirmed the slab helps confining the joint in compression [13, 22,
32].

1.3 Motivation and Objectives of the Work

The slab participation phenomenon has been described in the above with reference
to the results of the last 40 years of research. The experimental campaigns analysed
were carried out on RC specimens equipped with a specific typology of RC floor
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deck,i.e.theonecomposedofamonolithicfloorslabcastwiththebeam. The

resultsallowednotonlytoprovetheexistenceoftheslabcontributionbutalsoto

obtainexperimentalformulasestimatingtheeffectiveslabwidth,whichhavebeen

adoptedbydifferentcurrentcodes.Theoutcomesofthepreviousstudies,i.e.the

generaldescriptionoftheslabparticipationphenomenon,aswellastheparameters

onwhichitdependsandtheeffectsofitspresenceinRCconnections,canbeeasily

extendedtoothertypesofRCfloordecks.Onthecontrary,thesameisnotforthe

slabwidthformula,asitisexperimentallyderived.

ThemotivationofthisThesisworkliesininvestigatingtheeffectofadifferent

RCfloordeck,mostcommoninItalyandtheMediterraneanarea,inthebehaviour

ofcurrentlydesignedconnections.TheconsideredRCfloordeckismadeupofRC

joistswithupperslabandinterlaidhollowtileblocks,depictedinFigure1.5.Over

FIGURE1.5: ReinforcedConcretefloordeckmadeupofjoistswithupperslaband
interlaidtileblocks.

theyears,thistopichasnotbeenexaminedindepth.Nolaboratorytestshavebeen

carriedouttoinvestigatetheinfluenceofthejoistsandslabinthebehaviourofthe

connections.

Thecurrentknowledgeinthisfieldliesonafewparametricstudies[37].Inthat

case,bothnon-ductileandductileRCbeam-to-columnjointwithdeckwereinvesti-

gated,inordertounderstandnolongertheroleoftheslab,butmoreproperlythe

roleofthejoists.Theauthors,indeed,refertothedeckinfluenceasthe“joistcontri-

bution”[37],bysuggestingthatthedirectionofthejoists(warping)isthemainfactor

influencingthestressdistributioninthedeck.Inparticular,thejoistsparalleltothe

referencebeamgiveacertaincontributioninabsorbingthebendingmoment,while

thecontributionofthejoistsorthogonaltothebeamisreduced[37].Asresultedin

specimenswithintegratedslabmainlyanalysedinJapan,USAandNewZealand,

alsoinspecimensequippedwiththejoistsonlyapartofthefloordeckalongthebay

spanmaybeconsideredintheconnection.
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Concerning the exact estimation of the floor deck contribution, authors sug-
gested to include in the joint resistance the part of the deck in one-meter stripe cen-
tred on the beam inter-axis [38, 39].

Others evaluated the floor deck contribution with a theoretical formula deriving
from the elastic interaction between the joists and beam supporting the joists [40,
41].

The present Thesis naturally evolved from the works of the same research team
[40, 41]. The main objectives can be summarised in the following as:

• the experimental validation of the theoretical formula presented in [40, 41] and
properly modified, in order to exactly estimate the joists contribution in RC
connections designed according to the current seismic European codes;

• the proposal of new technological detail for RC beam-to-column joints, able
to overcome the negative effects of the floor-beam interaction. The new detail
aims at, firstly, reducing the over-resistance due to the floor deck, secondly,
shifting the plastic (and hence damage-prone) zone in a more accessible point
of the connection, which could be more accessible in the case of a retrofit inter-
vention.

In order to achieve the above goals, twelve beam-to-column specimens, designed
according to the current European codes, have been tested at the STRENGTH (Struc-
tural Engineering Testing All) Laboratory of the Department of Civil Engineering of
the University of Salerno. In particular, six so-called “conventional” specimens with
and without floor have been tested to: (i) experimentally evaluate the difference in
terms of resistance due to the floor deck made up of the joists and slab; (ii) com-
pare the experimental and theoretical expected bending capacity. In addition, the
new proposed detail of RC connections has been designed. The performances have
been experimentally evaluated by testing six so-called “innovative” specimens, with
and without the floor deck, with the aim to verify the achievement of the previously
mentioned objectives fixed for the innovative detail.
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Chapter2

DesignandRealizationof

ExperimentalModules

2.1 Introduction

TheexperimentalmodulesaretheexternalconnectionofanRCresidentialbuild-

ing. AsillustratedinFigure2.1,thereferenceconnectionislocatedbetweentwo

square-in-planbays,whoselengthis3.2m.Thedimensionsofthebayswerefixed

inaccordancewiththespaceinwhichthetestmachineoperatesattheSTRENGTH

laboratoryoftheUniversityofSalerno,wheretheexperimentalcampaignwascar-

riedout.Themodulesarethree-dimensionalsub-assembliesofanRCframeexternal

connection.Hence,theyaremadeupofacolumn,extendingaboveandbelowthe

floorlevel,andthreebeamsframinginthejointregion.Thelengthofthecolumn

isequalto2m

320 320

32
0

,whichisthedistancebetweentheconstraintsofthetestmachine,

wherethespecimenarethensettled.Thelengthofthebeamsishalfofthebayspan,

indicatively.

FIGURE2.1:Externalconnection(units:cm)

WithreferencetothebuildingplaninFigure2.1,twodifferenttypologiesof

modulesweredesigned:the“conventional”andthe“innovative”modules.Each

typologyisdividedintotwosub-typologies,whichdifferinthepresenceofthefloor

deck.

Theconventionalmoduleswereso-calledsincetheyweredesignedaccording

totheprovisionsofthecurrentEuropeancodes[1,42].Thereferenceconventional

joint,madeupofthemereframestructuralelements,i.e.thebeamsandthecol-

umn,wastaggedasJ_01.Theconventionaljointwiththefloordeckwastaggedas
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J_01_S.Ithasthesamestructuralelementsasthesimplejoint,but,besides,J_01_S

isequippedwiththecast-in-situfloordeck,composedofRCjoists,upperslaband

interlaidtileblocks.

Theinnovativespecimens,instead,wereinspiredbytheReducedBeamSection

(RBS)design,properofthesteelstructures.AccordingtotheRBSdesign,theaims

weretoreducetheflexuralstrengthoftheconnectionandlocalisetheplasticityzone

inaspecificareaofthebeam,farfromthecolumnface.Inthenewlydefinedplastic

zone,thebeamdepthandthelongitudinalreinforcementwerereducedforafixed

length.Theinnovativemodules,also,weredesignedwithoutandwithdeck.They

weretaggedas,respectively,J_02andJ_02_S.

ThemodulesweredesignedaccordingtothecurrentEuropeancodes,Eurocode

2(EC2)[42]andEurocode8(EC8)[1],fortheMediumDuctilityClass(DCM).The

designmaterialswereconcreteC25/30andsteelB450Cforrebars. Accordingto

EC2,thepartialfactorsforthematerialpropertiesforobtainingthedesignresis-

tancesareγc=1.5forconcreteandγs=1.15forsteel.

2.2 DesignofExperimentalSpecimens

2.2.1 DesignofConventionalSpecimens

ConventionalmodulesareRCexternalconnectionsdesignedwithoutandwiththe

floordeck.ThetwotypologiesofconventionalmodulesarereportedinFigure2.2.

Thereferencejoint,J_01(Figure2.2a),isthesimplestone,madeupofacolumnand

threebeamsframinginthejointregion.TheJ_01_S

longitudinal 
beam

column

transversal 
beam

joint(Figure2.2b)isequaltothe

referencejointbutitisequippedwiththefloordeck.

longitudinal 
beam

column

transversal 
beam

deck

(a)J_01 (b)J_01_S

FIGURE2.2:conventionalmoduleswithout(a)andwithdeck(b)

IncompliancewithEC8,thestructuralelementsweredesignedattheultimate

limitstatebyobservingtheconditionsofresistance,ductilityandequilibrium.In

particular,themodulesweredesignedfortheMediumDuctilityClass(DCM).The

designedelementsarehereinafterdescribedinaccordancewithacertainsequence

sincethecapacitydesignintroducesaninterdependenceinthedesignofthevarious

elements(joints-beams-columns).TheresultsofthedesignaredepictedinFigures
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2.6 and 2.6, with reference to the specimen J_01_S. The simple specimen, J_01, in-
deed, is the same as J_01_S but without the floor deck.

The floor system consists of RC joists with upper slab and infilled hollow clay
blocks. The total depth of the deck is 21cm. The height of the RC slab is 5cm and that
of the hollow clay blocks is 16cm. The joist section is a T-beam section, whose upper
width is equal to 50cm, whereas the bottom one is 10cm. The same longitudinal
reinforcement was provided at the top and bottom of the joist section, consisting of
2φ10 (Figure 2.6).

The features of the fully designed beams are shown in Figure 2.6. Transverse
and longitudinal beams had the same section dimensions. The height and width of
the beams were, respectively, 40cm and 30cm. Four longitudinal steel rebars were
provided as top and bottom reinforcement. The design moments of resistance were
MRd = 80.12kNm, for the transverse beam, and MRd = 76.14kNm, for the longitudi-
nal beams. The resistance values were used for the capacity design of the beams in
shear and the capacity design of the columns. The transverse reinforcement of the
beam was designed according to the capacity design rule of Section 5.4.2.2 of EC8.
The shear forces acting on the beam derive from the equilibrium conditions due to
the seismic loads and the formation of the plastic hinges at the ends of the beams or
columns framing in the joint. The end moments Mi,d (with i=1,2 the end sections of
the beam) were evaluated according to the following expression:

Mi,d = γRd MRb,imin
(

1, ∑ MRc

∑ MRb

)
(2.2.1)

where γRd is the over-strength coefficient accounting for the steel strain hardening,
equal to 1 for DCM; MRb.i is the design value of the bending resistance at the beam
end i; ∑ MRc is the sum of the moment of resistance of the columns framing into the
joint and ∑ MRb is the sum of the moment of resistance of the beams framing into
the joint (Figure 2.3).

FIGURE 2.3: Shear forces acting on the beams according to the capacity design (Figure
5.1 of EC8).

In addition, the local ductility details for beams in DCM, required in Section
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5.4.3.1.2 of EC8, were observed. In particular, the critical region of the beam lcr is
equal to the depth of the beam, hence it is lcr = hw = 400mm. Within this length,
the diameter adopted for the shear reinforcement is φ = 8mm, which is greater than
the minimum admissible of φ = 6mm. The hoops spacing was set equal to 80mm
according to:

s = min
(

hw

4
; 24dbw; 225; 8dbL

)
(2.2.2)

where dbw is the diameter of the stirrups and dbL is the minimum diameter of the
longitudinal bars. In addition, the first stirrup was placed at 50mm from the end
section of the beam, as required in Section 5.4.3.1.2 (6)P c) of EC8. Outside of the
critical region, φ8 stirrups with 100mm spacing were adopted (Figures 2.6 and 2.6).

The column was designed by imposing the reinforcement area equal to 3% of
the concrete cross-sectional area, equal to 30x40cm. Indeed, Section 5.4.3.2.2(1)P of
EC8 [1], concerning the local ductility details for columns in DCM, provides that the
total longitudinal reinforcement ratio ρl shall be not less than 0.01 and not more than
0.04. Moreover, the same point of the Section provides that, in symmetrical cross-
sections, symmetrical reinforcement should be provided (ρ = ρ′). In addition, in
compliance with the code, intermediate bars were provided between the corner bars,
for each side of the column section, in order to ensure the integrity of the beam-to-
column joint. In conclusion, φ20 rebars were adopted as longitudinal reinforcement,
as detailed in Figure 2.6. As prescribed in section 4.4.2.3 of EC8 in order to prevent
the formation of a soft-storey plastic mechanism in frame buildings, at the joint the
following check was satisfied (Figure 2.4):

∑ MRc ≥ 1.3 ∑ MRb (2.2.3)

Mb1

Mc2

Mc1

Mb2

Mb1

Mc1

Mb2

Mc2

FIGURE 2.4: Equilibrium in the joint between the moments of beams Mb and columns
Mc.

The moments of resistance of the columns were evaluated at zero axial loads
because the experimental tests were carried out under this more conservative con-
dition. In accordance with 5.4.3.2.1(2) section of EC8, the bi-axial bending in the



2.2. Design of Experimental Specimens 17

columns was taken into account in a simplified way, by carrying out the verification
in each direction with the uni-axial moment of resistance reduced by 30%. The de-
sign bending resistances of the column were 184.10kNm, with respect to the strong-
axis, and 140.40kNm, with respect to the weak-axis. As for the beams, also for the
columns, the shear forces were determined according to the capacity design provi-
sions (5.4.2.3 EC8). The shear actions on the columns derive from the equilibrium of
the column under the moments at its ends Mi,d, corresponding to the formation of
the plastic hinges, according to the Formula 2.2.4:

Mi,d = γRd MRc,imin
(

1, ∑ MRb

∑ MRc

)
(2.2.4)

where the over-strength coefficient γRd is 1.1 for DCM.

FIGURE 2.5: Shear forces acting on the columns according to the capacity design (Figure
5.2 of EC8)

The critical region of the column was evaluated staring from the column end
sections, adjacent to the joint. Its length lcr was evaluated according to the following
expression (5.4.3.2.2-EC8):

lcr = max
(

hc;
lcl

6
; 0.45

)
(2.2.5)
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where hc is the biggest width of the column cross-section and lcl is the column ef-
fective length (all the values are in meters). The length of the critical region was
lcr = 0.50m. The transverse reinforcement in the critical region was designed con-
sidering the minimum diameter for hoops and ties of φ = 6mm. In addition, the
hoops spacing s (in millimetres) must not exceed the following value:

s = min
(

b0

2
; 175; 8dbL

)
(2.2.6)

where b0 is the smallest dimension of the concrete core (to the centre-line of the
hoops) and dbL is the smallest diameter of the longitudinal bars. Moreover, the dis-
tance between consecutive longitudinal bars engaged by hoops or cross-ties must
not exceed 200mm. Also, the following check was satisfied [43]:

Ast ≥ k
fcd

fyd
bsts (2.2.7)

in which k = 0.08 for DCM and k = 0.12 for DCH [43], Ast is the hoops area, bst is
the greatest width of the hoop, evaluated at the inter-axis. By observing the above-
mentioned provisions, φ8 stirrups with 7cm spacing and a cross-tie in each direction
were adopted in the critical region. Outside of the critical region, φ8 stirrups with
10cm spacing were adopted.

Finally, for the joint in DCM class, EC8 does not provide any particular verifica-
tion, hence the horizontal confinement reinforcement was the same as in the column
critical regions.
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2.2.2 DesignofInnovativeSpecimens

ThemodulesJ_02andJ_02_Sarecalledinnovativeastheypresentanovelty.By

drawinginspirationfromtheReducedBeamSection(RBS)design,properofthe

steelstructures,thenoveltyconsistsinareductionofthebendingresistanceofthe

beam,inordertobalancetheadditionalresistancethatthefloordeckmaylendto

theconnection.Theaimwaspursuedbyreducingthedepthofthebeamandthe

reinforcementinadatumportionofthebeam,whichstartedfromanarbitrarydis-

tancefarfromthecolumnfaceanddevelopedforalengthequaltothetheoretical

lengthoftheplastichinge.Aconsequentialresultistheshiftoftheplastichingefar

fromthejointareaandtowardthemiddleofthebeamspan,whichwouldimprove

thebeamfixing,intheperspectiveofpotentialretrofittingintervention.Sincethe

over-resistancesuppliedbythepresenceofthefloordeckis,inthiswork,attributed

tothewarpingoftheRCjoists,theRBSdetailwasprovidedforthetransversebeam

only,whoseaxisisparalleltothatofthejoists.

InFigure2.7,theinnovativemodulesareillustrated.TheJ_02moduleisthe

simplestone,madeupofasinglecolumnandthreebeamsframinginthejoint.The

J_02_SmoduleisthesameasJ

longitudinal 
beam

column

transversal 
beam

_02butitisequippedwiththedeck.

longitudinal 
beam

column

transversal 
beam

deck

(a)J_02 (b)J_02_S

FIGURE2.7:Innovativemoduleswithout(a)andwiththefloordeck(b)

ThetechnicaldetailsofthedesignedspecimensareshowninFigures2.8and

2.9,withreferencetoonlytheJ_02_Sspecimen. Asforconventionalspecimens,

thesimplespecimen,J_02,wasmadeupofthesamestructuralelementsasJ_01_S,

butitwasnotequippedwiththefloordeck.Themainstructuralelements,i.e.the

beamsandthecolumn,andthesecondaryelements,i.e.thecast-in-situfloordeck,

hadthesamefeaturesoftheconventionalspecimens,describedinSection2.2.1,with

theexceptionofthelocalisedreductioninthebeamdepth.Innovativespecimens,

indeed,weredesigned,hencetested,withtheaimtodecreasethebendingresistance

oftheconnection,ascomparedtoconventionalspecimens.

Thefloordeck,showninFigure2.9,wasequaltoconventionaljoints,madeup

ofRCjoists,upperslabandinterlaidhollowclayblocks.

Thelongitudinalbeamandthefull-depthtransversebeam,depictedinFigures

2.8and2.9,hadthesamecharacteristicsasthoseinconventionaljoints.
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The only exception was the definition of the new plastic zone, i.e. the reduc-
tion of the beam depth. The depth of the RBS was fixed to the minimum allowable
value deriving from the gravity-loads combinations, that was hRBS = 25cm. The RBS
longitudinal reinforcement was equal to 4φ14 and 3φ14, respectively in the top and
bottom part of the section. The relation 2.2.3 previously verified with reference to
conventional specimens and establishing a hierarchy criterion between the conven-
tional dissipative zone, i.e. the beam, and the non-dissipative one, i.e. the column,
was differently applied in this case. In the design of the innovative specimens, a local
hierarchy criterion was applied, The hierarchy was established between the RBS, the
new dissipative zone, and the full-depth beam section, the nearest non-dissipative
zone, as follows:

MRb ≥ 1.3MR.RBS (2.2.8)

The design bending resistance of the RBS was equal to 33.61kNm, in sagging bend-
ing, and −43.66kNm, in hogging bending. The RBS, i.e. the plastic zone, was lo-
calised far from the end of the beam. It started at 20cm far from the column face and
developed toward the middle span of the beam for a length equal to the theoretical
length of the plastic hinge, Lpl , evaluated according to Equation 2.2.9 of EC8-Part 3
[44]:

Lpl = 0.1LV + 0.17h + 0.24
dbl fy√

fc
(2.2.9)

where LV = M/V is the ratio moment/shear at the end section, h is the depth of
the member, dbL is the (mean) diameter of the tension reinforcement, fy is the yield
strength of the bars (MPa) and fc is the concrete compressive strength (MPa). The
length of the plastic hinge was equal to Lpl = 50cm. The whole extent of the RBS
(50cm) was considered as a critical region and the local ductility details were set
with reference to Section 5.4.3.1.2 of the EC8 [1]. For this reason, φ8 stirrups with
6cm spacing were provided in the critical zone, while φ8 stirrups with 10cm spacing
were provided in the full-depth section of the beam.

The geometrical and mechanical features of the column were the same as in con-
ventional modules. Hence, the column cross-section was 30x40cm. Although the
hierarchy criterion was applied as a local hierarchy criterion, between the RBS and
the full-depth beam section, the column was reinforced with the same amount of
longitudinal and transverse rebars, provided for conventional modules. The details
are depicted in Figure 2.9.
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2.2.3 Evaluation of the Number of Collaborating Joists

The Thesis evolved from previous scientific papers of the same research team, inves-
tigating RC buildings equipped with a floor deck composed of the joists, upper slab
and interlaid hollow blocks. The papers [40, 41] assumed that a certain number of
joists, within the bay span length, act as a so-called “equivalent beam”, parallel to
them. The “equivalent beam” model, hence, provided a theoretical formula estimat-
ing the number of joists collaborating in the “beam behaviour”, hence in the lateral
response and resistance of the structure. In this work, the original theoretical for-
mula was improved for buildings designed according to the current seismic codes
and for the specimens.

2.2.3.1 Equivalent Beam Model for Buildings

2.2.3.1.1 Gravity-load Designed Buildings
The “equivalent beam” model is a theoretical formulation estimating the number of
joists collaborating in the lateral response of the structure. In the previous work by
Montuori et al. [40], which is the starting point of the experimental investigation
herein presented, the “equivalent beam” model was applied to RC buildings very
common in the Mediterranean area before the seismic design regulations. The frame
structure of these buildings was designed only for gravity loads, hence they were
mainly composed of one-way oriented frame, parallel each other, with no transverse
beams connecting them. The elements linking the parallel frames were the RC joists
composing the common cast-in-situ floor deck, this latter made up of RC joists, up-
per slab and interlaid hollow blocks. The post-earthquake analyses carried out on
such a typology of buildings revealed that these structures were able to withstand
moderate seismic events, also in the direction orthogonal to main frames, where no
beams were provided. This evidence was attributed to the contribution exploited
by the so-called “secondary” elements, i.e. the joists. The “equivalent beam” model
assumes that a certain number of joists works together as a proper transverse beam,
which is a T-beam resulting from the sum of the single T-section of the involved
joists. The number of joists collaborating ncj as a transverse beam, i.e. equivalent
beam, is evaluated by means of a theoretical formula which is the result of the fol-
lowing considerations.

In Figure 2.10, a generic carpentry plan of buildings designed to withstand grav-
ity loads is illustrated. As the “equivalent beam” runs parallel to the joists, the
transverse frame connecting the internal column has to be considered, whose hor-
izontal structural elements are the joists themselves. Concerning the translational
behaviour, no relative horizontal displacements can happen between any two points
of the floor deck, as the in-plane stiffness of the diaphragm is assumed to be infinite.
Concerning the rotational behaviour, two limit schemes can be identified, shown
in Figure 2.11. The first one assumes that the torsional stiffness of the longitudi-
nal beams is negligible, so that the contribution of the floor joists to the rotational
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stiffness of the joint located at the end of the columns, i.e. at the floor levels, is negli-
gible. Hence, the structural model of Figure 2.11(a) can be applied. The second limit
scheme assumes that the torsional stiffness of the longitudinal beams is infinite so
that all the joists of the floor have the same flexural rotations at their ends. These
rotations are equal to the torsional rotation of the corresponding longitudinal beam.
In this second case, all the floor joists contribute to the frame behaviour in the trans-
verse direction, so that the structural model in such direction is the one depicted
in Figure 2.11(b). However, the actual behaviour of the structural system in the
transverse direction is intermediate between the two limit schemes above described.
Therefore, the number of joists involved in the “beam behaviour” for seismic actions
in the transverse direction depends on the relation between the torsional stiffness of
the longitudinal beams and the flexural stiffness of the joists.
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FIGURE 2.10: Carpentry plan of a building designed for gravity loads.
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FIGURE 2.12: Structural scheme of the longitudinal beam in the “equivalent beam”
model.

With reference to the structural scheme of the longitudinal beam pointed out in
Figure 2.10 and better highlighted in Figure 2.12, by neglecting the torsional conti-
nuity of the longitudinal beams, the torsional moment is:

GJt
dθ

dx
= Mt(x) (2.2.10)

with G and Jt respectively the shear modulus and torsional inertia of the beam. For
0 < x < a, x takes the name of x1, so that:

GJT
dθ1

dx1
= Mt

b
L

=⇒ dθ1

dx1
=

Mt

GJT

b
L

(2.2.11)

By integrating, the torsional rotation is obtained:

θ1 = θ1(x1) =
Mt

GJT

b
L

x1 + C1 (2.2.12)

By defining the boundary condition:

θ1 = 0 for x1 = 0 (2.2.13)

the constant C1 = 0 is obtained, hence the Equation 2.2.12 becomes:

θ1 = θ1(x1) =
Mt

GJT

b
L

x1 (2.2.14)

On the contrary, for a < x < L, x takes the name of x2 and the following relation
can be obtained:

GJT
dθ2

dx2
= −Mt

a
L

=⇒ dθ2

dx2
= − Mt

GJT

a
L

(2.2.15)

θ2 = θ2(x2) = −
Mt

GJT

a
L

x2 + C2 (2.2.16)

The definition of the boundary condition:

θ2 = 0 for x2 = b (2.2.17)

provides:

C2 =
Mt

GJT

ab
L

(2.2.18)
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so the Equation 2.2.16 becomes:

θ2 = θ2(x2) =
Mt

GJT

a
L
(b− x2) (2.2.19)

In particular, for x1 = a and x2 = 0 the following relation is obtained:

θ1(a) = θ2(0) =
Mt

GJT

ab
L

(2.2.20)

By replacing a with x, and b with L− x in Equation 2.2.20, the torsional rotation
of the beam at the generic abscissa x, θ(x), can be expressed as:

θ(x) =
Mt

GJT

x(L− x)
L

(2.2.21)

Hence, the torsional stiffness of the longitudinal beams at the position of the generic
joist, xi, is given by:

kφ =
Mt

θ
=

GJtLn

xi(Ln − xi)
with xi ≤

Ln

2
(2.2.22)

with Ln the bay span length of the longitudinal beam.

l

M

M

FIGURE 2.13: Structural scheme of the joist under seismic actions.

Under the assumption of a bi-triangular bending moment diagram with zero
moment at midspan (see Figure 2.13), i.e. under seismic actions, the end rotation of
joists is due to the sum of the effects of the torsional deformation of the longitudinal
beam and the flexural deformation of the joists, as follows:

θ =
M
kφ

+
Ml
6EI

=
Ml
6EI

(
1 + 6

EI
lkφ

)
(2.2.23)

where M and I are, respectively, the moment at the joist ends and the inertia of the
single joist. In addition, l is the span length of joists. Therefore, for each joist, whose
position is xi, an equivalent inertia Ieq.i can be defined according to Equation 2.2.24:

Ieq.i =
I(

1 + 6 EI
lkφ

) (2.2.24)
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which, by recalling the Equation 2.2.22, results in:

Ieq.i =
I

1 + 6 EI/l
GJt/Ln

xi
Ln

(
1− xi

Ln

) =
I

1 + 6ψ xi
Ln

(
1− xi

Ln

) (2.2.25)

where ψ = EI
l / GJt

Ln
is the ratio between the flexural stiffness of the single joist and

the torsional stiffness of the longitudinal beam. From this relationship, it can be
noted that, for xi = 0 the equivalent inertia is Ieq.i = I, i.e. when the joists are di-
rectly connected to the columns, they behave like normal transverse link beams. On
the contrary, when the distance of the generic joist, xi, increases, its contribution to
the “beam behaviour” is reduced, being Ieq.i less than 1.0. Therefore, the “beam
behaviour” due to the orthotropic reinforced concrete slab for seismic actions in
the transverse direction can be modelled by means of an “equivalent beam”. The
“equivalent beam” inertia is the sum of the equivalent inertia of each joist located
within the influence area of the equivalent frame as follows:

Ieq =
nr

∑
i=1

Ieq.i +
nl

∑
i=1

Ieq.i (2.2.26)

where nr and nl are the number of the joists within the influence area located, re-
spectively, on the right and left side of the “equivalent beam” axis. These values are
given by:

nr =
Lnr

2pj
nl =

Lnl

2pj
(2.2.27)

where pj is the joist spacing, and Lnr and Lnl are the longitudinal beam spans, re-
spectively on the right side and left side of the “equivalent beam” axis. The position
of each joist, xi, can be also written as xi = ipj, with i the number of the consid-
ered joist, progressively increasing with the distance from the connection. Hence,
Equation 2.2.26 becomes:

Ieq =
nr

∑
i=1

I

1 + 6ψ xi
Lnr

(
1− xi

Lnr

) +
nl

∑
i=1

I

1 + 6ψ xi
Lnl

(
1− xi

Lnl

) (2.2.28)

which, in the case of equal bay span on the right and left side of the connection
(Lnr = Lnl = Ln and nr = nl = n) is:

Ieq = 2
n

∑
i=1

I

1 + 6ψ xi
Ln

(
1− xi

Ln

) (2.2.29)

The number of the overall joists collaborating to the “beam behaviour”, ncj, de-
rives from Equation 2.2.30:

ncj =
Ieq

I
(2.2.30)
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FIGURE 2.14: Joist (a) and internal “equivalent beam” (b) section in buildings designed
for gravity loads.

By properly accounting for the general formulation of the joists equivalent inertia in
Equation 2.2.28, the number of joists involved in the “beam behaviour” is provided
by the following Equation:

ncj =
nr

∑
i=1

1
1 + 6ψ xi

Lnr
(1− xi

Lnr
)
+

nl

∑
i=1

1
1 + 6ψ xi

Lnl
(1− xi

Lnl
)

(2.2.31)

Then, the specific formulation of the joists equivalent inertia in Equation 2.2.29 is
accounted for. As a consequence, the number of joists involved in the “beam be-
haviour”, in the case of equal bay span on the right and left side of the connection,
is provided by the following Equation:

ncj = 2
n

∑
i=1

1
1 + 6ψ xi

Ln
(1− xi

Ln
)

(2.2.32)

The resulting Equations 2.2.31 and 2.2.32 show that the number of joists involved
depends on the ratio between the flexural stiffness of the joists and the torsional stiff-
ness of the longitudinal beams, ψ, and the number of joists nr and nl , hence n, located
within the influence area of the equivalent beam. Obviously, in the theoretical case of
longitudinal beams having infinite torsional stiffness, i.e. when ψ → 0, all the joists
located within the influence area of the transversal frame contribute to the “beam
behaviour”, hence:

ncj = ntot = nl + nr (2.2.33)

Conversely, in the theoretical case of longitudinal beams having no torsional stiff-
ness, i.e. when ψ→ ∞, the number of collaborating joists is zero.

The number of collaborating joists, ncj defines the geometrical and mechanical
features of the “equivalent beam”, as pointed out in Figure 2.14, where the section of
the joist (Figure 2.14a) and resulting “equivalent beam” (Figure 2.14b) are depicted.

2.2.3.1.2 Seismic-load Designed Buildings
The “equivalent beam” model, in this work, is applied to buildings of modern con-

ception, designed according to the current seismic European codes. Such buildings
are made up of RC 3D spatial frames hence, beams are located in both longitudinal
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and transverse direction, as pointed out in the conventional carpentry plan of Figure
2.15.

In this case, the number of collaborating joists are always computed by means of
Equation 2.2.31, or Equation 2.2.32 if the length of the bay span is equal on both sides
of the connection. However, the formula evaluating the number of the joists within
the influence area of the connection has to account for the presence of the transverse
beam, and its actual dimensions. With reference to Figure 2.15, Equation 2.2.27 is
modified in:

nr =
Lnr − (wtb + wtb.r)/2

2pj
and nl =

Lnl − (wtb + wtb.l)/2
2pj

(2.2.34)

where wtb, wtb.r and wtb.l are, respectively, the width of the transverse beam of the
examining connection, and the width of the beam on the right and left side of the
connection.
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FIGURE 2.15: Carpentry plan of a generic building with 3D spatial frames

In this case, the number of collaborating joists, ncj, and the transverse beam de-
fine the geometrical and mechanical features of the “equivalent beam”. In Figure
2.16, the section of the joist (Figure 2.16a), transverse beam (Figure 2.16b) and result-
ing “equivalent beam” (Figure 2.16c) are depicted.

The number of collaborating joists for the study case has been computed by
means of the relationships described above, with reference to the carpentry plan
of the designed building shown in Figure 2.17.
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FIGURE2.17:Carpentryplanofthedesignedbuilding

GiventhefeaturesoftheelementsdesignedinSection2.2.1thenumberofcol-

laboratingjoistsisequaltoncj=Ieq/I=3.36.

2.2.3.2 EquivalentBeamModelforExperimentalTests

TherelationshipsreportedinSection2.2.3.1werederivedbyassumingspecificstatic

schemesforthelongitudinalbeamandthejoist.Thelongitudinalbeamwasconsid-

eredasasimplysupportedbeamwithtorsionalconstrainedends.Thejoistwas

consideredasasimplysupportedbeamwithappliedflexuralmomentsattheends.

Equally,itcanbeconsideredasanembeddedbeamwhoseendsaresubjectedto

rotations.

Theformulacomputingthenumberofjoistsinvolvedinthe“beambehaviour”

wasmodifiedaccordingtothenewstaticschemeofthelongitudinalbeam. Con-

sideringtheexperimentalconditions,duetothetestlayout,thestaticschemeofthe

longitudinalbeamisacantileverbeam,asdepictedinFigure2.18.



32 Chapter 2. Design and Realization of Experimental Modules

L

M

t

x

FIGURE 2.18: Structural scheme of the longitudinal beam in the “equivalent beam”
model, accounting for the experimental layout.

The torsional rotation θ of the longitudinal beam is obtained integrating the fol-
lowing equation:

dθ

dx
=

Mt

GJt
(2.2.35)

which results in:
θ =

Mt

GJt
x + C1 (2.2.36)

By imposing the boundary condition:

θ(0) = 0 =⇒ C1 = 0 (2.2.37)

the torsional rotation, θ, is:

θ =
Mt

GJt
x (2.2.38)

By replacing the so-determined torsional rotation of longitudinal beam in Equa-
tion 2.2.23, the total rotation becomes:

θ =
Ml
6EI

(
1 + 6ψ

xi

Ln

)
(2.2.39)

where, as usual, xi is the generic position of the considered joist and ψ = EI
l / GJt

Ln
.

Therefore, the equivalent inertia of the single joist is equal to:

Ieq.i =
I

(1 + 6ψ xi
Ln
)

(2.2.40)

The equivalent inertia of the joists collaborating to the “beam behaviour” is:

Ieq =
nr

∑
i=1

I
(1 + 6ψ xi

Lnr
)
+

nl

∑
i=1

I
(1 + 6ψ xi

Lnl
)

(2.2.41)

which, in the case of an equal bay span on the right and left side of the connection,
i.e. Lnr = Lnl = Ln (and nr = nl = n), becomes:

Ieq = 2
n

∑
i=1

I
(1 + 6ψ xi

Ln
)

(2.2.42)

being nr and nl computed according to Equation 2.2.34.
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Thenumberofcollaboratingjoistsinvolvedinthe“beambehaviour”isncj=

Ieq/I,withItheinertiaofthesinglejoist.Itsgeneralformulationisspecifiedin

Equation2.2.43:

ncj=
nr

∑
i=1

1

(1+6ψxiLnr)
+
nl

∑
i=1

1

(1+6ψxiLnl)
(2.2.43)

whichinthespecificcaseofequalbayspanontherightandleftsideoftheconnec-

tionbecomes:

ncj=2
n

∑
i=1

1

(1+6ψxiLn)
(2.2.44)

Asonemightexpect,thenumberofcollaboratingjoistsevaluatedwithreference

totheexperimentaltestlayoutdoesnotsignificantlychange.Indeed,thenumberof

joistscollaboratinginthe“beambehaviour”resultsncj=3.16.Asaconsequence,

theexperimentalmoduleswererealisedwith4collaboratingjoists,2oneachsideof

theconnection.

2.3 RealizationofExperimentalSpecimens

Allthecategoriesof modules,conventionalandinnovative,aswellasthesub-

categories,without(J_01−J_02)andwiththefloordeck(J_01_S−J_02_S),were

madeupofthesamestructuralelements,exceptforthedeck.Therefore,thebuild-

ingconstructionsystemwasessentiallythesameforallthemodules,withsome

slightdifferencesunderlinedinthefollowingbetweenconventionalandinnovative

specimens.

The3DmodulesinFigures2.19and2.20,builtinAutoCADsoftware,givethe

spatialideaofwhattheSarnoPrefabbricatis.r.l.companyhasrealisedforallthe

modules.

(a) (b)

FIGURE2.19:3DreinforcementoftheJ_01(a)andJ_01_Smodule(b).
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(a) (b)

FIGURE2.20:3DreinforcementoftheJ_02(a)andJ_02_Smodule(b).

Withthehelpofthecontractorcommittedtorealisingthemodules,alsotheform-

workwasdesigned.Inordertoassureitsreuseandversatility,theform-workis

composedofseveralsteelcomponents,whichareconnectedbymeansofboltsor

spotwelding.InFigure2.21thestepstoassembletheform-workareshowninse-

quence.Firstly,theparthousingthelongitudinalbeamsandthecolumnwassetup

onahorizontalworkbench(Figure2.21a),thenitwasrotated(Figure2.21b),inorder

toplacethefloordeckonthehorizontalworkbench(Figure2.21c),wherethespaces

forthetransversebeamandthedeckwerecreated(Figure2.21d).

Thereinforcementofthe modules wasassembledseparatelyconstitutinga

uniqueblockandthenitwasplacedintheform-work.Thereinforcementassem-

blywasaquitecomplexoperationasthelongitudinalrebarsofthetransversebeam

werebendagainattheendsinordertoavoidtheslippageduringthetest.Clearly,

thischoiceinfluencedthesequencebywhichtheentirereinforcementhadtobebuilt,

asthesingleelementshadtoperfectlyintersecteachother.Firstly,therebarsofthe

transversebeamwereintersectedwiththoseofthejointarea,i.e.thelongitudinal

barsandthestirrupsofthecolumn,asshowninFigure2.22withreferencetoaJ_02

specimen.Intheinnovativemodules,wherethereinforcementwasnotconstant

alongthebeamaxisbecauseofthelocalisedreductionofthetransversebeamsec-

tion,alsothebottomreinforcementoftheRBSisinsertedbeforesettingupthejoint

region.After,thestirrupsofthetransversebeamandthoseofthecolumnwerelater

putontherelatedreinforcement.
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(a) (b)

(c) (d)

FIGURE 2.21: Form-work assembly.

(a) (b)

FIGURE 2.22: Reinforcement of the transverse beam (a) and joint region (b) of an inno-
vative module.
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Once connected the transverse beam and column reinforcement (Figure 2.23),
then the longitudinal beam rebars were added, passing through the joint area, and,
finally, the hoops were assembled. In Figure 2.24 it is possible to notice the reinforce-
ment of the joists, which warps the beam reinforcement.

FIGURE 2.23: Transverse beam and column assembly in a conventional module.

FIGURE 2.24: Joist reinforcement warping the longitudinal beam rebars.

After, the reinforcement of the module was assembled. It was settled in the form-
work and the end plates, devoted to connecting the specimen to the constraints of
the test machine, were welded to the longitudinal rebars of the column. In order
to realise the RBS of innovative specimens, during the concrete casting, a styrofoam
was placed at the bottom of the transverse beam form-work, as depicted in Figure
2.25.
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FIGURE 2.25: Realization of RBS in innovative modules.

Figure 2.26 depicts the whole reinforcement of a specimen with the floor deck
settled in the form-work and before the concrete casting. It is worth to notice that
around the free end of the transverse beam six holes were obtained, by means of φ30
pipes, aimed at fixing the actuator plate.

FIGURE 2.26: Reinforcement of the J_01_S module in the form-work.

The form-work was realised in order to assure optimal conditions for the con-
crete casting operations. For this reason, the casting was exploited in two steps.
Firstly, the column was arranged vertically, with the floor deck lying horizontally on
the workbench (Figures 2.27a and 2.28a). In this phase, the casting concerned the
bottom part of the column, including the joint region, the transverse beam and floor
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deck.Secondly,thespecimenwasrotated,withthecolumnsettledonahorizontal

plane(Figures2.27band2.28b)andtheremainingpartofthecolumnwascast.

FIGURE2.27:Plannedconcretecastingsteps.

(a) (b)

FIGURE2.28:Concretecastingsteps.
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Chapter 3

Experimental Campaign

3.1 Introduction

The chapter describes the experimental campaign carried out on the beam-to-
column modules and the materials composing them. All the tests were performed at
the STRuctural ENGineering Test Hall (STRENGTH) Laboratory, at the University
of Salerno. Firstly, the tests performed on the materials constituting the specimens
are reported, as they serve the purpose of the materials qualification. In particular,
the materials tests consisted of crushing tests on concrete cubes and tensile tests on
steel rebars, which have been taken as samples from the building site. Moreover,
the test set up, the sensors arrangement and the loading protocol are described with
reference to the beam-to-column joints. Twelve modules have been tested in whole,
six of them belonging to the so-called conventional category and the other six to the
so-called innovative category.

Table 3.1 summarises the name of the investigated joints. Also, it reveals in
advance the type of the test protocol since the name of the modules derives from
the combination of two different elements: the specimens typology and the applied
loading protocol. The labels identifying the specimens are those previously defined
for conventional and innovative modules without the floor deck, i.e. J_01 and J_02,
and for conventional and innovative modules with the floor deck J_01_S and J_02_S.
In addition, the loading protocol has been indicated with “C”, for cyclic protocols,
and “M+” and “M−” for, respectively, positive and negative monotonic loading pro-
tocols.

For the sake of clarity, in the next explanation and discussion of the results, the
tests are sorted by specimen and applied loading typology, as they are hereinafter
reported, rather than by the chronological order of execution.
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Module name
1 J_01-C
2 J_01-M+

3 J_01_S-Geolite-C
4 J_01_S-C
5 J_01_S-M+

6 J_01_S-M−

7 J_02-C
8 J_02-M+

9 J_02-M−

10 J_02_S-C
11 J_02_S-M+

12 J_02_S-M−

TABLE 3.1: Performed tests.

3.2 Material Tests

The reinforced concrete is a composite material made up of concrete and steel. In
the design stage, the classes chosen for concrete and steel were, respectively, C25/30
and B450C. The end-plates equipping the column ends were made up of steel of
S355 grade, but they were not subjected to test as they do not influence the response
of the specimens.

According to the design properties provided by EN1992-1-1 [42], the concrete
characteristic compressive strength at 28 days is Rck = 30N/mm2, if cubes are used
for testing and fck = 25N/mm2, if cylinders are used for testing. The characteristic
yield strength of the steel rebars is fyk = 450N/mm2. The tests on materials provided
values of the above-mentioned quantities greater than the nominal ones. In the next
Paragraphs, the protocols and results of the tests for both concrete and steel materials
are reported and detailed.

3.2.1 Concrete Tests

Tests on concrete consisted of crushing tests on hardened concrete, to obtain the com-
pressive strength value of the specimens, according to the reference regulation UNI
EN 12390-3:2009 [45]. The specimens are loaded to failure in compression through a
testing machine compliant with EN 12390-4 [46]. The maximum load the specimen is
able to withstand is recorded and the compressive strength of concrete is evaluated.

Before running the test, the weight and the exact dimensions of the specimens
are measured. The specimens were 15x15x15cm cubic samples. Then, the cube was
placed between the supports of the SCHENCK/RBS 4000 E2 machine (with 4000
kN payload and ±100 mm stroke), that is a precision servo-hydraulic press. There,
the specimen was subjected to pressure on the face orthogonal to the casting direc-
tion. The test ended once the force decreased by 30% as compared to the peak load
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achieved and the failure of the specimen was compliant with the code [45], thus
stating the accuracy of the test.

(a) (b)

FIGURE 3.1: Specimen before (a) and after (b) the compressive strength test.

Concrete samples were collected during each casting in order to obtain the aver-
age value of the concrete compressive strength for each beam-to-column joint. Dur-
ing each casting, minimum 2 and maximum 5 specimens were collected. Hence, for
each beam-to-column joint, from 5 to 10 total samples were taken. With reference
to each beam-to-column joint listed in Table 3.1, the results of the crushing tests are
reported, in Tables 3.2 to 3.13. The Tables point out the features of each cubic sample,
i.e. the dimensions (Lx,Ly,Lz), weight, compressive cubic strength Rc. Additionally,
the average value of the compressive cubic Rc.av. and cylinder strength fc.av. are re-
ported.

Specimen Lx Ly Lz Weight Rc

[-] [mm] [mm] [mm] [kg] [MPa]

1 150.00 153.00 150.00 7.61 35.09
2 150.00 151.00 150.00 7.86 39.40
3 150.00 151.00 150.00 7.76 37.62
4 150.00 154.00 150.00 7.96 37.73
5 150.00 151.00 150.00 8.01 41.45
6 150.00 151.00 150.00 7.82 34.46
7 150.00 151.00 149.50 7.78 34.22
8 149.00 150.00 149.00 7.82 36.25
9 150.00 148.00 150.00 7.80 34.48

10 149.50 149.00 149.00 7.81 34.93

Rc.av. [MPa] 36.56
fc.av. [MPa] 30.35

TABLE 3.2: Results of concrete crushing tests for J_01− C specimen.
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Specimen Lx Ly Lz Weight Rc

[-] [mm] [mm] [mm] [kg] [MPa]

1 150 152 150 7.81 32.63
2 150 152 150 7.89 34.73
3 150 152 150 7.76 33.56
4 150 152 150 7.72 35.58
5 150 152 150 7.90 35.44
6 150 152 150 7.79 33.99
7 150 152 150 7.70 32.85

Rc.av. [MPa] 34.11
fc.av. [MPa] 28.31

TABLE 3.3: Results of concrete crushing tests for J_01−M+ specimen.

Specimen Lx Ly Lz Weight Rc

[-] [mm] [mm] [mm] [kg] [MPa]

1 150 150 149 7.90 32.94
2 150 151 150 8.03 32.88
3 150 153 150 8.22 33.17
4 150 151 150 7.89 33.43
5 151 152 150 7.87 32.14
6 151 151 151 7.98 40.11
7 150 152 150 8.00 41.52
8 150 151 150 7.86 40.48
9 151 152 150 7.88 38.19

10 150 150 150 7.75 40.49

Rc.av. [MPa] 36.53
fc.av. [MPa] 30.32

TABLE 3.4: Results of concrete crushing tests for J_01_S− Geolite− C specimen.
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Specimen Lx Ly Lz Weight Rc

[-] [mm] [mm] [mm] [kg] [MPa]

1 151 151 151 7.98 40.11
2 151 156 151 8.14 43.45
3 150 149 150 7.90 47.29
4 150 152 150 7.89 46.18
5 151 153 150 7.91 45.10
6 151 153 150 8.70 43.79
7 150 152 150 7.99 41.52
8 150 151 150 7.85 40.48
9 151 152 150 7.88 38.19

10 150 150 150 7.75 40.49

Rc.av. [MPa] 42.66
fc.av. [MPa] 35.41

TABLE 3.5: Results of concrete crushing tests for J_01_S− C specimen.

Specimen Lx Ly Lz Weight Rc

[-] [mm] [mm] [mm] [kg] [MPa]

1 150 152 150 7.80 32.43
2 151 152 150 7.82 34.58
3 150 153 150 7.84 34.48
4 152 151 150 7.77 33.18
5 150 150 150 7.77 36.73

Rc.av. [MPa] 34.28
fc.av. [MPa] 28.45

TABLE 3.6: Results of concrete crushing tests for J_01_S−M+ specimen.

Specimen Lx Ly Lz Weight Rc

[-] [mm] [mm] [mm] [kg] [MPa]

1 150 152 150 7.81 32.63
2 150 152 150 7.89 34.73
3 150 152 150 7.76 33.56
4 150 152 150 7.72 35.58
5 150 152 150 7.90 35.44
6 150 152 150 7.79 33.99
7 150 152 150 7.70 32.85

Rc.av. [MPa] 34.11
fc.av. [MPa] 28.31

TABLE 3.7: Results of concrete crushing tests for J_01_S−M− specimen.
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Specimen Lx Ly Lz Weight Rc

[-] [mm] [mm] [mm] [kg] [MPa]

1 150 151 150 7.398 26.99
2 150 154 150 7.509 30.08
3 150 153 153 7.635 29.55
4 150 153 150 7.548 30.31
5 150 152 150 7.503 31.15

Rc.av. [MPa] 29.62
fc.av. [MPa] 24.58

TABLE 3.8: Results of concrete crushing tests for J_02− C specimen.

Specimen Lx Ly Lz Weight Rc

[-] [mm] [mm] [mm] [kg] [MPa]

1 150 150 149 7.70 33.72
2 150 152 150 7.75 33.64
3 150 150 149 7.92 38.08
4 150 153 150 7.80 38.78
5 150 152 150 7.79 38.18

Rc.av. [MPa] 36.48
fc.av. [MPa] 30.28

TABLE 3.9: Results of concrete crushing tests for J_02−M+ specimen.

Specimen Lx Ly Lz Weight Rc

[-] [mm] [mm] [mm] [kg] [MPa]

1 150 151 149 7.72 25.35
2 150 151 149 7.58 22.29
3 150 150 149 7.75 25.12
4 150 150 150 7.72 26.81
5 151 150 150 7.78 26.10
6 152 151 151 7.83 24.19

Rc.av. [MPa] 24.98
fc.av. [MPa] 20.73

TABLE 3.10: Results of concrete crushing tests for J_02−M− specimen.
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Specimen Lx Ly Lz Weight Rc

[-] [mm] [mm] [mm] [kg] [MPa]

1 150 151 150 7.40 26.99
2 150 154 150 7.51 30.08
3 150 153 153 7.64 29.55
4 150 153 150 7.55 30.31
5 150 152 150 7.50 31.15

Rc.av. [MPa] 29.62
fc.av. [MPa] 24.58

TABLE 3.11: Results of concrete crushing tests for J_02_S− C specimen.

Specimen Lx Ly Lz Weight Rc

[-] [mm] [mm] [mm] [kg] [MPa]

1 150 150 149 7.70 33.72
2 150 152 150 7.75 33.64
3 150 150 149 7.92 38.08
4 150 153 150 7.80 38.78
5 150 152 150 7.79 38.18

Rc.av. [MPa] 36.48
fc.av. [MPa] 30.28

TABLE 3.12: Results of concrete crushing tests for J_02_S−M+ specimen.

Specimen Lx Ly Lz Weight Rc

[-] [mm] [mm] [mm] [kg] [MPa]

1 150 151 149 7.72 25.35
2 150 151 149 7.58 22.29
3 150 150 149 7.75 25.12
4 150 150 150 7.72 26.81
5 151 150 150 7.78 26.10
6 150 152 150 7.83 24.19

Rc.av. [MPa] 24.98
fc.av. [MPa] 20.73

TABLE 3.13: Results of concrete crushing tests for J_02_S−M− specimen.

3.2.2 Steel Tests

The mechanical characterization of the steel was carried out by performing a ten-
sile test in accordance with the codes [47, 48], through a 630 kN SCHENCK servo-
hydraulic press. Steel samples of the longitudinal and shear reinforcement (Fig-
ure3.2) of the elements composing the beam-to-column joints were examined. The
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tests were carried out under displacement control until the bar failure and no exten-
someters were used. In Figure 3.3, it is possible to observe a bar before and after the
test.

The following Tables 3.14, 3.15 and 3.16 show the results of the tests carried out
on the steel reinforcement, in terms of nominal diameter d0, nominal area A, yield
strength fy, and ultimate tensile strength ft.

FIGURE 3.2: Samples of the steel reinforcement.

(a) (b)

FIGURE 3.3: Steel rebars before (a) and after (b) the tensile test.
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Number d0 A fy ft

[-] [mm] [mm2] [MPa] [MPa]

1 8 50.27 555.34 661.55
2 8 50.27 555.25 660.40
3 8 50.27 552.66 658.73

fav [MPa] 554.42 660.23

1 10 78.54 452.99 555.14
2 10 78.54 446.19 552.91
3 10 78.54 415.79 522.54
4 10 78.54 423.16 528.29
5 10 78.54 453.81 555.79
6 10 78.54 450.73 554.05

fav [MPa] 439.79 542.91

1 12 113.10 451.84 559.53
2 12 113.10 450.29 554.79
3 12 113.10 477.74 584.69

fav [MPa] 471.11 578.96

1 14 153.94 480.47 496.90
2 14 153.94 488.81 603.81
3 14 153.94 499.30 611.29
4 14 153.94 487.13 602.64
5 14 153.94 489.32 601.24
6 14 153.94 480.69 591.64

fav [MPa] 487.62 585.78

1 20 314.16 479.06 604.85
2 20 314.16 505.21 621.89
3 20 314.16 487.29 613.89

fav [MPa] 490.52 613.54

TABLE 3.14: Results of the tensile test on rebars from J_01− C, J_01− M+, J_01_S −
Geolite− C, J_01_S− C specimens.
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Number d0 A fy ft
[-] [mm] [mm2] [MPa] [MPa]
1 8 50.27 540.38 635.46
2 8 50.27 534.00 634.73
3 8 50.27 519.22 626.69
4 8 50.27 527.19 631.80
5 8 50.27 530.71 633.17
6 8 50.27 528.86 627.34

fav [MPa] 530.06 631.53
1 10 78.54 542.26 641.19
2 10 78.54 556.13 650.58
3 10 78.54 545.02 640.68
4 10 78.54 548.87 649.44
5 10 78.54 538.21 633.61
6 10 78.54 553.79 652.31
7 10 78.54 544.35 640.16
8 10 78.54 539.52 634.61

fav [MPa] 546.02 642.82
1 14 153.94 540.57 629.43
2 14 153.94 538.29 631.52
3 14 153.94 542.27 634.57
4 14 153.94 546.82 636.22
5 14 153.94 542.22 635.43
6 14 153.94 542.24 633.12
7 14 153.94 542.78 634.95
8 14 153.94 541.98 633.29

fav [MPa] 542.14 633.57
1 20 314.16 528.07 622.41

fav [MPa] 528.07 622.41

TABLE 3.15: Results of the tensile test on rebars from J_01_S−M+ and J_01_S−M−

specimens.

Number d0 A fy ft
[-] [mm] [mm2] [MPa] [MPa]
1 10 78.54 510.32 620.37
2 10 78.54 508.44 618.89
3 10 78.54 504.54 616.20

fav [MPa] 507.76 618.49
1 12 113.10 534.66 640.25
2 12 113.10 533.51 637.81
3 12 113.10 527.89 633.55

fav [MPa] 532.02 637.20
1 14 153.94 523.11 613.02
2 14 153.94 521.00 611.43
3 14 153.94 526.90 614.50

fav [MPa] 523.67 612.99

TABLE 3.16: Results of the tensile test on rebars from J_02− C, J_02−M+, J_02−M−,
J_02_S− C, J_02_S−M+, J_02_S−M− specimens.
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3.3 Beam-to-ColumnJointsTests

3.3.1 TestSetupandLoadingApparatus

hinge

250 kN actuator

vertical contrast frame

horizontal sleight strong floor

roller

transverse
beam column

Theset-upoftheexperimentaltestsperformedonthetwelvebeam-to-columncon-

nections,listedinTable3.1,isshowninFigure3.4.Thespecimenissettledinthe

machinebyboltingtheend-platesofthecolumn,properlyequippedwiththreaded

rods,totheconstraintdevicesofthetestmachine,i.e.thesteelhinges.Consequently,

thecolumnisarrangedhorizontally,i.e. withthelongitudinalaxisparalleltothe

floor,andthetransversebeamvertically,i.e. withthelongitudinalaxisperpendic-

ulartothefloor.Thetestconsistedoftheapplicationofhorizontaldisplacements

atthetopofthetransversebeam.Thetestsset-upwasconstitutedbyinstruments

andmachines,thatcouldbedividedintothreemacro-categories:constraintdevices,

loadingmachineandmeasurementinstruments.

FIGURE3.4:Layoutoftheexperimentaltest.

Theconstraintdevicescounteracttheactionsduetotheloadingmachine.The

mainconstraintdevicesattheSTRENGTHlaboratoryconsistinthestrongfloor,hor-

izontalcontrastbasesleightandrigidverticalcontrastframe,pointedoutinFigure

3.4.Thelaboratorystrongflooristhebasistowhichtheover-elevatedstructuresare

fixed,bymeansofhighstrengthdywidagbars.Thebarsaresettledinsuitableholes

of80mmdiameter,spacedaccordingtoa1x1mgridinthestrongfloor.Thehorizon-

talbasesleightisdirectlyconnectedtothestrongfloor.Twosteelhinges,between

whichthespecimenissettled,areboltedtothehorizontalbasesleight.Bothhinges

areabletowithstand2000kNshearactions,buttherearesomedifferencesbetween

them.Indeed,aconstraintisdesignedtoabsorbshearandaxialactions,henceitis

madeupofapinandcalibratedholes.Theotherconstraintenablestheslippagein

thehorizontaldirection,i.e.paralleltothecolumnaxis,anddisablesdisplacements

intheorthogonaldirection,i.e.outoftheFigure3.4plane,asitismadeupofapin

andslottedholes.Asaconsequence,inFigure3.4thislatterdeviceisreferredtoas

aroller.Theloadingmachine,then,isfixedtotheverticalcontrastframe.
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TheloadingmachineemployedintheexperimentalcampaignwastheMTShy-

draulicactuator,withamaximumloadcapacityequalto250kN.Throughtheactua-

tor,theloadinghistoryisappliedtothespecimens.Inthiscase,thedesiredprotocol

isgivenintermsofdisplacements.Itisimposedatthefreeendofthetransverse

beam,byconnectingtheplateandcounter-plateoftheactuatorthroughthreaded

bars,tightenedwithapredeterminedtorque.

FIGURE3.5:MTShydraulicactuator.

3.3.2 Instrumentation

Measuringinstrumentswereemployedduringthetests.Inparticular,thedisplace-

mentsexhibitedbythespecimenswererecordedbymeansofLinearDisplacements

Transducers(LDT)andWireDisplacementSensors(WDS)(Figure3.6).Theinstru-

mentswereplacedinseveralpointsofthespecimenstogetasmuchdisplacement

dataaspossible,withthearrangementshowninFigures3.7and3.8withreferenceto

conventionalspecimens,respectively,withoutandwiththefloordeck.Theinstru-

mentationsetupwasnotpointedoutforinnovativespecimenssinceitwasequalfor

conventionalandinnovativemodules.

(a)LDT (b)WDS

FIGURE3.6:Measuringinstruments.

Thetotalnumberofemployedsensorswas13and17fortesting,respectively,

simplemodules,J_01andJ_02,andmodulesequippedwiththefloordeck,J_01_S

andJ_02_S.Theabsenceofthefloordeckobviouslyentailsfewerparametersto

monitor. H-LDT_1toH-LDT_5providedtherelativedisplacementsofthefloor

deckwithrespecttothelongitudinalbeamsincetheyweresupportedbyashaft
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fixedtothebeam.Inparticular,H-LDT_1,H-LDT_2,H-LDT_5andH-LDT_6mon-

itoredtherelativedisplacementsofthejoists,whileH-LDT_3andH-LDT_4mon-

itoredtherelativedisplacementsofthetransversebeam.Exceptforthefirsttest

(J_01_S−Geolite−C),whereLDTswith50mmstrokewereused,thepreviously

mentionedsensorshad100mmmeasuringrange. Afurthersurveyofrelativedis-

placementsofthetransversebeamwithrespecttothelongitudinaloneswasgiven

byH-WDS_1, whichwasa wiresensorinstalledinthe middleoftheactuator

counter-plate,having500mmmeasuringrange.Thetorsionalrotationofthelon-

gitudinalbeams,aswellasthejointrotation,wasevaluatedthroughLDTsverti-

callyarrangedwithastrokeof50mm.ThesetransducersareV-LDT_1,V-LDT_2,

V-LDT_3,V-LDT_4,V-LDT_5,V-LDT_6inFigures3.7and3.8.Finally,thedisplace-

mentsofthemachineconstraintsweredetecteduntilthelimitof50mm

V-LDT_6 V-LDT_5 V-LDT_4

14
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20 100 100 20

H-WDS_1

H-LDT_3 H-LDT_4

V-LDT_1 V-LDT_2 V-LDT_3

12
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A
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B

B

C C

H-LDT_8H-LDT_7
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H-LDT_3
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12
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85 85

32 32
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LDT for vertical
displacements (V-LDT)

Wire sensor for
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(H-WDS)

SEC. CC

SEC. AA SEC. BB

. H-LDT_7

andH-LDT_8measured,respectively,therollerandhingehorizontaldisplacements,

whileV-LDT_7andV-LDT_8measured,respectively,therollerandhingevertical

displacements.

FIGURE3.7:SetupoftheinstrumentationinJ_01specimen(units:cm).
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FIGURE3.8:SetupoftheinstrumentationinJ_01_Sspecimen(units:cm).

3.3.3 TestingProcedureandLoadingSequence

Asrevealedinadvance,thetests werecarriedoutbyapplyingdisplacement-

controlledloadingatthetopofthetransversebeamwiththehydraulicactuatorof

250kNloadingcapacity.Theloadcorrespondingtotheapplieddisplacementwas

properlymeasuredbytheloadcellmountedinthehydraulicactuator.Theload

historywasappliedbyimposingmonotonicandcyclicprotocolswithouttheappli-

cationofanysimultaneousaxialforcetothecolumn,asitisaconservativecondition

[49–51].

Themonotonictestswereexecutedbyapplyingincreasinglevelsofdisplace-

mentandkeepingthevelocityequaltotheconstantvalueofv=0.15mm/s.Itwas

disruptedonceabout20%lossofresistancewasreached.

ThecyclicprotocolwassetinaccordancetotheACI374.1-05document[51],

whichprovidesatestsequencegivenintermsofdriftratiosandthenumberof

cycles,thusensuringagradualincreaseinsteps.Thedriftwascomputedasthe

angularrotationθofthebeamchordwithrespecttothecentroidofthebeam-column

joint,accordingtoEquation3.3.1andFigure3.9,wherethestaticschemeofthetested

specimenisshown.

θ=
∆

L
(3.3.1)
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FIGURE3.9:Testlayoutwithactualdimensionsincm(a)andrelatedstaticschemewith
deformationofthebeam-to-columnspecimen(b).

Inordertoimplementtheloadinghistoryinthetestmachinesoftware,theload-

ingprotocolwasconvertedintermsofdisplacementhistory,giveninTable3.17,by

multiplyingthedriftbytheleverarm,L=156cm.Inparticular,threefullyreversed

cycleswereimplementedforeachdriftlevel.Forthefirstlevelofdrift,composed

ofthreefullyreversedcycles,thetestvelocitywasfixedatv=0.15mm/shencethe

timerangewasconsequentlyderived.Forthefollowingcyclesuntil2.75%drift,the

timerangewassetequaltothefirstoneobtained,whilethevelocitywasvariable.

Fordriftratiosgreaterthan2.75%,thevelocitywasfixedatv=2.06mm/s.InFigure

3.10,thecyclicprotocolisshownintermsofdisplacementsversustimeuntil3.5%

drift,accordingto[51].Althoughitwasimplementedinthemachineuntiladriftof

6.5%,thetestswerestoppedwidelybeforetheachievementofthislaststep,i.e.once

themoduleattained80%ofthemaximumresistanceachievedduringthetest.

Step Cycles/Step v θ ∆ ∆t
[-] [-] [mm/s] [%] [mm] [s]

1 3 0.15 0.20 3.11 248.96
2 3 0.19 0.25 3.89 248.96
3 3 0.26 0.35 5.45 248.96
4 3 0.38 0.50 7.78 248.96
5 3 0.56 0.75 11.67 248.96
6 3 0.75 1.00 15.56 248.96
7 3 1.05 1.40 21.78 248.96
8 3 1.31 1.75 27.23 248.96
9 3 1.65 2.20 34.23 248.96
10 3 2.06 2.75 42.79 248.96
11 3 2.06 3.50 54.46 316.86

TABLE3.17:Loadingdisplacementhistory.



54 Chapter3.ExperimentalCampaign

0 500 1000 1500 2000 2500 3000

time [s]

-60

-40

-20

0

20

40

60

di
s
pl
a
c
e
m
e
nt
 [
m
m]

0.2%0.25%
0.35%

0.50%
0.75%

1.00%

1.40%
1.75%

2.20%

2.75%

3.50%

FIGURE3.10:Cyclicloadingprotocol.

3.3.4 PerformedTests

Theexperimentalcampaigncarriedoutonthebeam-to-columnconnectionswasde-

votedtoinvestigatingtheirresponsetothemonotonicandcyclicloadingprotocols

detailedinSection3.3.3. Allthetypologiesofdesignedspecimens,mentionedin

Section2.2,weretested.Firstly,theexperimentalinvestigationwascarriedouton

conventionalmodules,equippedandnotwiththefloordeck.Thesixtestsconsisted

of:

•twotestsonconventionalspecimenswithoutthefloordeck,J_01:acyclictest,

inthefollowingreferredtoasJ_01−C,andamonotonictestinpositiveload-

ingdirection,referredtoasJ_01−M+;

•fourtestsonconventionalspecimenswiththefloordeck,J_01_S:twocyclic

tests,referredtoasJ_01_S−Geolite−CandJ_01_S−C,andtwomonotonic

tests,oneinpositiveandoneinnegativeloadingdirection,referredtoas,re-

spectively,J_01_S−M+andJ_01_S−M−.

Asitmaybenoticed,thenameJ_01_S−Geolite−Cisquitedifferentfromtheoth-

ers.Duringtheconcretecasting,indeed,problemsoccurredinthecolumn,henceit

wasmonolithicallyrepairedbymeansofapourablegeo-mortar,theGeoLiteMagma

fromKerakoll.Nevertheless,thespecimenwastestedfirstandusedasatestset-up.

AswillbeseeninthefollowingChapters,therepairinterventiondidnotinfluence

itsresponse.

Secondly,sixinnovativespecimens,withandwithoutthefloordeck,wereanal-

ysedbyperforming:

•threetestsoninnovativespecimenswithoutthefloordeck,J_02:acyclic

test,inthefollowingreferredtoasJ_02−C,andtwomonotonictests,one
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inpositiveandoneinnegativeloadingdirection,referredtoas,respectively,

J_02−M+andJ_02−M−;

•threetestsoninnovativespecimenswiththefloordeck,J_01_S:acyclictest,

J_02_S−C,andtwomonotonictests,oneinpositiveandoneinnegativeload-

ingdirection,referredtoas,respectively,J_02_S−M+andJ_02_S−M−.

Positiveandnegativesignsinthenamesofthespecimenssubjectedtomonotonic

loadsarerelatedtothedisplacementsimposedatthetopofthetransversebeam

duringthetests.PositiveandnegativedisplacementsarehighlightedinFigure3.11,

withreferencetoaspecimenwiththefloordeck.Conventionally,positivedisplace-

mentswereassumedwhentheactuatorpushedthespecimenstowardthehingecon-

straint,whilenegativedisplacementswereassumedwhentheactuatorpulledthe

specimens,towardtheroller.Theformerandlatterconditionentailed,respectively,

thecompressiveandtensilestressintheslab.Asaconsequence,positivedisplace-

mentsimpliedpositiveloadandbendingmoment(slab-in-compression)andnega-

tivedisplacementsimpliednegativeloadandbendingmoment(slab-in-tension).In

conclusion,theoveralltestsperformedarepointedoutinTable3.1.

d+d-

a b

(a) (b)

FIGURE3.11:Conventionalpositiveandnegativedisplacements.
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Chapter 4

Experimental Results

4.1 Introduction

In this Chapter, the results of the performed tests are provided in two main sections,
concerning the two categories of analysed specimens, i.e. conventional and innova-
tive specimens. Moreover, each category is then split into the two subcategories of
beam-to-column joints without and with the floor deck.

The responses of the specimens are reported in terms of the load versus dis-
placement curve. Loads and displacements were measured at the hydraulic actua-
tor level, at the end of the transverse beam. The load was supposed to be applied at
Li = 1.56m from the column inter-axis, and at Lc = 1.41m from the column face, as
depicted in Figure 4.1.

Moment versus rotation plots are also provided. The moment was evaluated
at the intersection of the beam-column inter-axes, hence it was the product of the
applied load and the lever arm of Li = 1.56m. The rotation was evaluated from the
top beam displacement and the above-mentioned lever arm.

Besides, non-dimensional moment versus rotation graphs are proposed. The
non-dimensional moment was computed by dividing the experimental moment by
the moment of resistance of the transverse beam (30x40cm), evaluated through the
average mechanical properties of concrete and steel, given in Chapter 3. From the
monotonic tests only, the moment was also plotted versus the beam rotation, calcu-
lated from the beam displacements.

The beam displacements, in J_01 and J_02 tests, together with the joists displace-
ments, in J_01_S and J_02_S tests, are plotted against the test time.

Finally, the crack pattern and the damage evolution are described for each sub-
category of specimens, i.e. for joints with and without the floor deck.

As specified in Section 3.3.4 and illustrated in Figure 3.11, displacements and
forces (and moments in consequence) are conventionally assumed as positive when
the actuator pushes the specimen, by inducing compressive stress in the slab, and
negative when it pulls the specimen, resulting in tensile stress in the slab. The exper-
imental data manipulation, the parameters highlighted in Tables and Figures, and
the computed benchmark theoretical values are exhaustively explained in Section
4.2 of this Chapter, while they are omitted in the following Section.
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L
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6

L
c=
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1

FIGURE4.1:Testlayoutofconventionalspecimens(units:cm).

4.2 ConventionalSpecimens

4.2.1 JointswithoutFloorDeck

4.2.1.1 Load-DisplacementResponse

Theloadversusdisplacementchartshowsthedisplacementsimposedtothetrans-

versebeam,onthex-axis,andtheforcesofthehydraulicactuator,onthey-axis.

However,theactuatordisplacementsareaffectedbythehorizontalslippageofthe

machineconstraints,i.e.thehingeandtheroller,duetotheboltholegap,which

isequalto±3mm

H-LDT_8H-LDT_7

H-WDS_1

14
1

32 32

. Asaconsequence,theproperdisplacementswereobtainedby

subtracting,atalltimes,thedisplacementsdetectedbythehorizontalLDTsnearthe

constraints,H-LDT_7andH-LDT_8inFigure4.2,fromtheactuatordisplacements.

Alternatively,theeffectivedisplacementswereobtainedfromthedataofthewire

sensor,whichwasintegralwiththespecimenhencenotaffectedbyslippage.In

Figure4.3,thedifferenceintheload-displacementcurvesobtainedwiththeoriginal

andreduceddisplacementsispointedout.

FIGURE4.2:LDTsmonitoringthehorizontaldisplacementsofthemachineconstraints
andWDSatthetopofthebeam(units:cm).
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FIGURE4.3:Effectofthedisplacementsreductionontheloadvsdisplacementresponse
ofJ_01−C(a)andJ_01−M+(b)specimens.
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The load vs displacement response to monotonic and cyclic tests performed on
the conventional joints without the floor deck are shown in Figure 4.4 and Figure
4.5, with reference to, respectively, J_01− C and J_01− M+ specimens. On these
curves, the first cracking, the general yielding and the maximum load points were
identified. For the specimen subjected to the cyclic test, the load vs displacement
curve was also plotted by pointing out the monotonic envelope, i.e. the skeleton
curve. The skeleton curve, indeed, is the red curve over the hysteresis loops, which
envelopes the values of maximum and minimum loads achieved for each level of
drift.

The first cracking of the main beam is reported in Table 4.1, with reference to
each test. In particular:

• F+
cr and d+cr are the load and relative displacement corresponding to the first

cracking when positive displacements are applied (i.e. when the actuator is in
the pushing stage);

• F−cr and d−cr are the load and relative displacement corresponding to the first
cracking when negative displacements are applied (i.e. when the actuator is in
the pulling stage).

The first cracking of the transverse beam, in positive loading (displacement) direc-
tion, occurred at +17.97kN in J_01−C specimen, and +21.00kN in J_01−M+ speci-
men, corresponding to a positive cracking moment M+

cr of, respectively, +28.03kNm
and +32.76kNm. In the negative loading (displacement) direction, first cracking
was at −15.02kN, corresponding to a negative cracking moment M−cr of −23.43kNm.
The cracking moments can be checked in following Section 4.2.1.2, where the
moment-rotation graphs are reported. The cracking moments were predicted to
be ±27.67kNm for J_01 − C beam and +25.97kNm for J_01 − M+ beam. In par-
ticular, the previous experimental cracking moments were evaluated as F+/−

cr × Li.
However, the first cracking, as will be widely explained in Section 4.2.1.4, appeared
around the beam-to-column intersection, hence, by considering Lc = 1.41m as a
lever arm, the experimental cracking moments become +25.34kNm and−21.18kNm
for J_01− C test, and +29.61kNm for J_01−M+.

In addition, the point at which the general yielding of the beam longitudinal
reinforcement had certainly occurred was identified. Loads and displacements cor-
responding to the general yielding are shown in Table 4.2. In detail:

• F+
y and d+y are the load and displacement corresponding to the yielding of the

beam longitudinal rebars when the specimen was subjected to positive dis-
placements;

• F−y and d−y are the load and displacement corresponding to the yielding of
the beam longitudinal rebars when the specimen was subjected to negative
displacements.
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The yielding of the transverse beam reinforcement, in the positive loading direction,
was supposed to occur at a load of +74.56kN and a displacement of +14.86mm in
J_01− C, and at +80.52kN load and +19.05mm displacement in J_01− M+ spec-
imen. In the negative loading direction, the yielding was assumed to take place
at −80.73kN load and −15.08mm displacement. The corresponding yielding mo-
ments, evaluated through Li, were M+

y = +116.31kNm and M−y = −125.93kNm in
J_01− C, and M+

y = +125.62kNm in J_01−M+. The corresponding yielding mo-
ments, evaluated through Lc, were M+

y = +105.13kNm and M−y = −113.82kNm in
J_01−C, and M+

y = +113.54kNm in J_01−M+. The expected values of the yielding
moment were M+/−

y = ±96.66kNm.
The peak loads and the corresponding displacements are summarised in Table

4.3, where:

• F+
E and d+E are the maximum load and the corresponding displacement, when

positive displacements are applied;

• F−E and d−E are the minimum load and the corresponding displacement, when
negative displacements are applied.

During the test on J_01− C module, the peak positive load achieved was +82.75kN
at a displacement of +53.95mm and a displacement ductility of dE/dy = 3.63. The
peak negative load was −89.54kN, corresponding to a displacement of −51.72mm
and a displacement ductility of dE/dy = 3.43. J_01−M+ specimen withstood the
maximum positive load of +86.06kN, occurring at a displacement of +47.47mm,
hence at a displacement ductility of dE/dy = 2.49. Upon further loading, the peak
loads sustained by the specimens in both load directions were quite similar to the
yielding load. The testing on J_01− C specimen was discontinued at a positive load
of +62.08kN, corresponding to a displacement of +85.93mm, and at a negative load
of −75.27kN, whose relative displacement was −83.63mm. The attained loss of re-
sistance was 25% in the first case, and 16% in the second one. During the test, the
hysteresis loops are increasingly larger. The testing on J_01−M+ module was inter-
rupted at a load of 76.70kN and a displacement of +184.05mm, when the resistance
reduced by 11%.

As a general rule, the tests were disrupted once about the 20% loss of resistance
was attained, a considerable concrete spalling occurred and before the rebars buck-
ling.

Specimen F+
cr d+cr F−cr d−cr

[kN] [mm] [kN] [mm]
J_01− C 17.97 1.29 -15.02 -1.21
J_01−M+ 21.00 1.25 - -

TABLE 4.1: Positive and negative first cracking loads and corresponding displacements
for specimens J_01− C and J_01−M+.
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Specimen F+
y d+y F−y d−y

[kN] [mm] [kN] [mm]
J_01− C 74.56 14.86 -80.73 -15.08
J_01−M+ 80.52 19.05 - -

TABLE 4.2: Positive and negative yielding loads and corresponding displacements for
specimens J_01− C and J_01−M+.

Specimen F+
E d+E F−E d−E

[kN] [mm] [kN] [mm]
J_01− C 82.75 53.95 -89.54 -51.72
J_01−M+ 86.06 47.47 - -

TABLE 4.3: Maximum and minimum loads and corresponding displacements for spec-
imens J_01− C and J_01−M+.
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FIGURE4.4:LoadvsdisplacementresponseofJ_01−Cspecimen.
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FIGURE4.5:LoadvsdisplacementresponseofJ_01−M+specimen.

4.2.1.2 Moment-RotationResponse

Theresponseofconventionaljointswithoutthefloordeckwasalsoanalysedin

termsofmomentversusrotation.Themoment,onthey-axis,istheproductofthe

experimentalforcemultipliedbytheleverarm.Theleverarm,showninFigure4.1,

isthedistancebetweenthemiddleoftheactuatorplate,wheretheloadresultantis

supposedtobeapplied,andtheintersectionofthebeamandcolumninter-axes.Its

lengthisLi=1.56m.Onthex-axis,thechordrotation,θ,wasplotted.Theanglewas

evaluatedfromthetopdisplacementofthetransversebeam,attheactuatorlevel,∆,

dividedbytheleverarm,Li,asillustratedinFigure3.9.

InFigure4.6andFigure4.7,the momentvsrotationcurvesof,respectively,

J_01−CandJ_01−M+specimensarereported.Thespecificeventsoccurreddur-

ingthetest,cracking,yielding,andpeakloadcanbeidentifiedonthesecurves,

asdoneintheload-displacementgraphs. Asamatteroffact, momentsandro-

tationsaredirectlyderivedfrom,respectively,forcesanddisplacements.Thepeak

moments,inpositiveandnegativeloadingdirection,sustainedbytheJ_01−Cspec-

imen,were129.09kNmand−139.68kNm,whilethemaximummomentsreachedby

theJ_01−M+specimenwas134.25kNm.
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FIGURE4.7:MomentvsrotationresponseofJ_01−M+specimen.
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Themoment-rotationgraphwasusedtobuildthenon-dimensionalmomentver-

susrotationchartgraph.ItisshowninFigure4.8andFigure4.9,withreferenceto,

respectively,J_01−CandJ_01−M+specimen.Thenon-dimensionalmomentwas

theratiobetweentheexperimentalmomentandthemomentofresistanceofthe

transversebeam,M+/−R .ThebendingresistanceofthetransversebeamM+/−R was

computedbyreferringtotheaveragemechanicalpropertiesofthetestedmaterials,

reportedinChapter3.Thestress-blockmodelwasadoptedasaconstitutivelaw

fortheconcreteandtheelastic-perfectlyplasticmechanicalbehaviourwasassumed

forthesteelreinforcement.Theresultingmomentsofresistance,inabsolutevalue,

wereM+/−R =102.83kNmandM+R =102.40kNm,forthetransversebeamof,re-

spectively,J_01−CandJ_01−M+.Thenon-dimensionalizationprocessisuseful

tomaketheexperimentalmeasurementshomogeneous.Byproperlyaccountingfor

theslightdifferencesinthematerialfeatures,acomparisonbetweenthetypologies

ofanalysedspecimenscanbefinallystated.Thenon-dimensionalizationisparticu-

larlysuitablefortheestimationoftheover-resistancethatthepresenceofthefloor

decksuppliedtotheconnection,aswillbeseeninthenextChapter3.Obviously,in

thejointswithoutthefloordeck,theratiobetweenthemaximumexperimentaland

resistancemomentwasexpectedtobeoneoraroundit.Inparticular,itwasequalto

1.26and−1.36in,respectively,positiveandnegativeloadingdirectionofJ_01−C

test,and1.31inJ_01−M+
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FIGURE4.8:Non-dimensionalmomentvsrotationresponseofJ_01−Cspecimen.
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FIGURE4.9:Non-dimensionalmomentvsrotationresponseofJ_01−M+specimen.

Finally,forthemonotonictestsonly,themomentversusbeamrotationcurve

wasplotted. Themomentwasthesamequantityaspreviouslydefined,i.e.the

loadmultipliedbytheleverarm(M=F×L).Thebeamrotationwasevaluatedin

twodifferentways.Thefirstandeasieroneconsistedindividingtheaverageofthe

displacementsdetectedbytheLDTsnearthetransversebeam(H-LDT_3,inFigure

4.10,andthatontheoppositeside,labelledH-LDT_4)bytheleverarm(b3−4,in

Figure4.10).Thosesensors,indeed,detectedthedisplacementsofthebeam,since

theywereintegraltothejointarea,hencetheyrotatedtogetherwiththejoint.The

rotationofthebeamwasalternativelyobtainedbysubtracting,fromtheactuator

totaldisplacement,∆,thedisplacementduetothejointrotation,δj(Equation4.2.1).

Thetopbeamdisplacementsduetothejointrotationwereevaluatedaccordingto

Equation4.2.2,inwhichthejointrotation,θj,wasmultipliedbytheleverarm,Li

(Figure4.11).Thejointrotationwastheangleformedbythedeformedinclinedand

theundeformedhorizontaljointconfiguration.Hence,itwascomputedbydividing

thedifferenceoftheverticaldisplacements,detectedbythetwoLDTsunderthejoint

area,V-LDT_2andV-LDT_5(Figure4.10),bytheirdistance,b25(Figure4.10).

δb=∆−δj (4.2.1)

δj=arctan
η2−η5
b25

×Li (4.2.2)
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4.10:Instrumentationtoderivethebeamrotation.

FIGURE4.11:Topdisplacementcomponents.

Figure4.12showsthecomparisonbetweenthemomentvsbeamrotationcurves

providedbycomputingthebeamrotationinboththewayspreviouslyexplained.

Intheblackcurve,thebeamrotationwasevaluatedfromH-LDT_3andH-LDT_4

sensors,whileinthereddottedone,Equation4.2.1wasapplied.Intheory,thetwo

curvesshouldcoincide,buttheH-LDT_3andH-LDT_4dataweresupposedtobe

morereliable,sincetheyweredirectlyappliedtoobtainthebeamrotation,with-

outbeingfurtherprocessed.However,theinformationwasprovideduntiltheend

strokeofH-LDT_3andH-LDT_4sensors,whichwasalwaysreachedbeforethetest

end. Onthecontrary,thereddottedlinemeasuredthebeamrotationthroughout

thetest.Thefinalbeamrotation,indeed,was0.07radontheblackcurveand0.11rad

ontheredone.
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FIGURE4.12:MomentvsbeamrotationresponseofJ_01−M+specimen.

4.2.1.3 BeamResponse

Thedisplacementsofthemainbeam,i.e.thetransversebeam,detectedbyH-LDT_3

andH-LDT_4lineartransducers,andusedtoderivetheproperrotationofthebeam

inmomentvsbeamrotationgraphs,arereportedinFigure4.13andFigure4.14,with

referenceto,respectively,J_01−CandJ_01−M+specimen.TheLDTsappliedin

thetestshadastrokeof100mm.ThepeakdisplacementsofJ_01−Cbeaminthe

positiveloadingdirectionwere+53.15mm(H-LDT_3)and+54.77mm(H-LDT_4),

whileinthenegativeonewere−45.33mm(H-LDT_3)and−44.48mm(H-LDT_4).

ThemaximumbeamdisplacementsinJ_01−M+were+95.74mm(H-LDT_3)and

+95.24mm(H-LDT_4).Inconclusion,thedisplacementsonboththebeamsides

wereverysimilarandtheycouldbeconsideredquitesymmetricforloadinginthe

positiveandnegativedirection.
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FIGURE4.13:BeamdisplacementvstimeofJ_01−Cspecimen.
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FIGURE4.14:BeamdisplacementvstimeofJ_01−M+specimen.

4.2.1.4 CrackPattern

AsthespecimenshavebeendesignedaccordingtotheEC8provisions[1],aductile

failurewasexpected.Thedamagingpatternconfirmedtheexpectation,astheplastic

hinge,inconventionalspecimenswithoutthefloordeck,developedintheproper

conventionaldissipativezone,i.e.thebeamend.Thecrackpatternevolutionand

theplastichingeareshowninFigures4.15and4.16,forJ_01−Cspecimen,andin

Figures4.17and4.18,forJ_01−M+specimen.

Duringthecyclictest,thefirstcrackappearedatfewcentimetresfromthebeam-

columninterface.Asthetestprogressed,newcracksgrewinthebeamatincreasing

distancefromthecolumnuntil,atahighlevelofimposeddisplacements,newcracks

gatherednearthefirstone,thuspullingouttheRCcover(Figure4.16).

Inthemonotonictest,thefirstcrackappearedatthebeam-columninterface.In

ashortwhileandalmostsimultaneously,thesecondandthirdcracksoccurredat

about,respectively,30cmand60cmfromthebeam-columninterface.Uponfurther

loading,thedamagemainlyaffectedtheareabetweenthefirstandsecondcrack.

Attheendofthetests,nodamagewasobservedinthecolumn(andinthejoint

area)andthelongitudinalbeams.
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FIGURE 4.15: Crack pattern evolution in J_01-C specimen.

FIGURE 4.16: Final damage in the beam of J_01− C specimen.
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FIGURE 4.17: Crack pattern evolution in J_01−M+ specimen.

(a) (b)

FIGURE 4.18: Final damage on beam tension (a) and compression (b) sides of J_01−M+

specimen.

4.2.2 Joints with Floor Deck

4.2.2.1 Load-Displacement Response

The load versus displacement curves obtained from the monotonic and cyclic tests
on the conventional beam-to-column joints equipped with the floor deck are re-
ported in Figure 4.19, Figure 4.20, Figure 4.21 and Figure 4.22, with reference to,
respectively, J_01_S−Geolite−C, J_01_S−C, J_01_S−M+ and J_01_S−M− spec-
imens.



74 Chapter4.ExperimentalResults

-100 -80 -60 -40 -20 0 20 40 60 80 100

displacement  [mm]

-200

-150

-100

-50

0

50

100

150

200

l
o
a
d 
[k
N]

J_01_S Geolite - C

cracking

yielding

peak

-100 -80 -60 -40 -20 0 20 40 60 80 100

displacement [mm]

-200

-150

-100

-50

0

50

100

150

200

l
o
a
d 
[k
N]

J_01_S Geolite - C

skeleton curve

FIGURE4.19:LoadvsdisplacementresponseofJ_01_S−Geolite−Cspecimen.
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FIGURE4.20:LoadvsdisplacementresponseofJ_01_S−Cspecimen.
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The first cracking was experimentally evaluated from the curves and the values
are reported in Table 4.4, with reference to each test. In particular, the first crack-
ing in positive loading direction was found at +33.73kN in the J_01_S− Geolite− C
specimen, at +35.05kN in J_01_S− C, and +29.55kN in J_01_S−M+, correspond-
ing to a positive cracking moment, M+

cr, of, respectively, +52.62kNm, +54.68kNm
and +46.10kNm. In the negative loading direction, first cracking was supposed
to occur at −68.04kN and −66.29kN in, respectively, J_01_S − Geolite − C and
J_01_S− C test, corresponding to negative cracking moments, M−cr, of −106.14kNm
and −103.41kNm. The response of J_01_S − M− specimen did not show clearly
the first cracking point, hence no values were reported. The cracking moments
can be also checked from the moment versus rotation plots in the following Sec-
tion 4.2.2.2. Alternatively, the experimental values of the cracking moments, eval-
uated by considering the Lc = 1.41m lever arm, were +47.56kNm and −95.94kNm
in J_01_S− Geolite− C specimen, +49.42kNm and −93.47kNm in J_01_S− C and
+41.66kNm in J_01_S − M+. Also for specimens equipped with the deck, the
first cracking moments were predicted with reference to the transverse beam sec-
tion (30x40cm). The values were 27.65kNm and in J_01_S− Geolite− C specimen,
31.70kNm in J_01_S−C, 26.09kNm in J_01_S−M+, and 25.97kNm in J_01_S−M−.

The general yielding values for J_01_S specimens are shown in Table 4.5. In
detail, in the positive loading direction, the general yielding was supposed to oc-
cur at a load of +109.50kN in J_01_S − Geolite − C, +107.18kN in J_01_S − C
and +119.84kN in J_01_S − M+, corresponding to a displacement of, respectively,
+16.16mm, +16.51mm and +17.85mm. In the negative loading direction, the general
yielding was assumed to take place at a load of −134.59kN in J_01_S− Geolite− C,
−134.16kN in J_01_S − C, and −146.31kN in J_01_S − M−, at the displacements
of, respectively, −25.07mm, −27.39mm and −33.52mm. The corresponding yielding
moments, evaluated through Li, were M+

y = +170.82kNm and M−y = −209.96kNm
in J_01_S−Geolite−C, M+

y = +167.20kNm and M−y = −209.96kNm in J_01_S−C,
M+

y = +186.95kNm in J_01_S−M+, and M−y = −228.24kNm in J_01_S−M−. The
corresponding yielding moments, evaluated through Lc, were M+

y = +154.40kNm
and M−y = −189.77kNm in J_01_S − Geolite − C, M+

y = +151.12kNm and M−y =

−189.17kNm in J_01_S − C, M+
y = +168.98kNm in J_01_S − M+, and M−y =

−206.30kNm in J_01_S − M−. The expected yielding moments were evaluated
by referring to the transverse beam section (30x40cm). The values are M+/−

y =

±96.66kNm for J_01_S − Geolite − C and J_01_S − C, M+/−
y = ±107.47kNm for

J_01_S− M+ and J_01_S− M−. Note that the theoretical and expected values are
strongly different due to the presence of the floor deck. Moreover, in the case of ap-
plied negative displacements, the general yielding point was not readily identified,
as resulted in the examined bibliography [14]. The resistance in negative bending
did not stop growing as large displacements were imposed and more slab reinforce-
ment was activated.

The peak loads and the corresponding displacements are summarised in Table
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4.6. The maximum loads achieved for positive displacements from the specimens
J_01_S− Geolite− C, J_01_S− C and J_01_S−M+, were, respectively, +125.18kN,
+118.72kN and +140.55kN, at the displacements of +31.79mm, +41.62mm and
+47.51mm. The corresponding displacement ductility dE/dy was, in an orderly man-
ner, 1.97, 2.52 and 2.66. The maximum loads achieved when the specimens were
subjected to negative displacements, i.e. in J_01_S − Geolite − C, J_01_S − C and
J_01_S−M− tests, were −156.33kN, −164.79kN and −154.27kN, at the pertaining
displacements of −52.14mm, −51.32mm and −55.44mm. As a consequence, the dis-
placement ductility dE/dy was, respectively, 2.08, 1.87 and 1.65.

Since J_01_S−Geolite−C specimen was the first module to be tested and it was
employed as a test set-up, the loading protocol was applied until the buckling of
the transverse beam reinforcement. The peak load in the last performed positive
drift level was +29.25kN at a displacement of +84.80mm. The peak load in the last
performed negative drift level was −120.40kN at a displacement of −76.10mm. In
conclusion, the test ended once the decrease in resistance reached 77%, in a positive
loading direction, and 23% in the negative one. The hysteresis loops increased as the
imposed displacements were greater.

On the contrary, in the homologous J_01_S− C specimen, a considerable resis-
tance drop, about 34%, was observed only in the hogging moment condition, i.e.
when the slab undergoes tensile stresses. In sagging bending conditions, the loss
of resistance was 12%. For positive loading, the peak load was quite similar to
the yielding one. This test, indeed, was discontinued before the test performed
on J_01_S − Geolite − C specimen. It was stopped at the positive peak load of
+105.00kN, corresponding to +69.50mm displacement, and at the peak negative
load of −109.20kN, related to a displacement of −67.32mm. Concerning the dissipa-
tive behaviour, the hysteresis loops are increasingly larger, especially under negative
loading where a fat cycle was observed at the 11th drift level.

The test on J_01_S−M+ specimen ended at a load of +108.56kN and a displace-
ment of +151.23mm, at about 23% of the resistance loss. The test on J_01_S−M−
specimen was disrupted at a load of −143.00kN and a displacement of −150.70mm,
at about 7% of the resistance loss, since, in this case, the load settled on a plateau
branch.

Specimen F+
cr d+cr F−cr d−cr

[kN] [mm] [kN] [mm]
J_01_S− Geolite− C 33.73 1.78 -68.04 -6.01
J_01_S− C 35.05 3.49 -66.29 -9.11
J_01_S−M+ 29.55 1.42 - -
J_01_S−M− - - - -

TABLE 4.4: Positive and negative first cracking loads and corresponding displacements
for specimens J_01_S− Geolite− C, J_01_S− C, J_01_S−M+ and J_01_S−M−.
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Specimen F+
y d+y F−y d−y

[kN] [mm] [kN] [mm]
J_01_S− Geolite− C 109.50 16.16 -134.59 -25.07
J_01_S− C 107.18 16.51 -134.16 -27.39
J_01_S−M+ 119.84 17.85 - -
J_01_S−M− - - -146.31 -33.52

TABLE 4.5: Positive and negative yielding loads and corresponding displacements for
specimens J_01_S− Geolite− C, J_01_S− C, J_01_S−M+ and J_01_S−M−.

Specimen F+
E d+E F−E d−E

[kN] [mm] [kN] [mm]
J_01_S− Geolite− C 125.18 31.79 -156.33 -52.14
J_01_S− C 118.72 41.62 -164.79 -51.32
J_01_S−M+ 140.55 47.51 - -
J_01_S−M− - - -154.27 -55.44

TABLE 4.6: Maximum and minimum loads and corresponding displacements for spec-
imens J_01_S− Geolite− C, J_01_S− C, J_01_S−M+ and J_01_S−M−.

4.2.2.2 Moment-Rotation Response

The response of the conventional joints with the deck, in terms of moment versus
rotation, was herein reported. The moment vs rotation curves of J_01_S specimens
subjected to the cyclic load protocol, i.e. J_01_S − Geolite − C and J_01_S − C,
are given, respectively, in Figure 4.23, where the peak moments observed were
+195.29kNm and −243.88kNm, and in Figure 4.24, where the peak moments were
+185.20kNm and −257.07kNm. Figure 4.25 and Figure 4.26 show the moment-
rotation plots of J_01_S specimens subjected to the monotonic loading protocol, i.e.
J_01_S − M+ and J_01_S − M−. The maximum moment sustained by the former
specimen was +219.25kNm while the minimum moment sustained by the latter was
−240.66kNm.
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Inaddition,thenon-dimensionalmomentversusrotationcurvesarereported

inFigure4.27andFigure4.28,forJ_01_S−Geolite−CandJ_01_S−Cspeci-

mens,andinFigure4.29andFigure4.30forJ_01_S−M+andJ_01_S−M−spec-

imens. The momentofresistanceofthetransversebeam,bywhichtheexperi-

mentalmomentwasdividedinordertoobtainthenon-dimensionalmoment,was

evaluatedaccordingtothehypothesisgiveninthepreviousSection4.2.1.2. The

computedabsolutevalueswereM+/−R = 102.83kNmforthetransversebeamof

J_01_S−Geolite−CmoduleandM+/−R =103.86kNmforthatofJ_01_S−C,while

itwasM+R=113.19kNmforJ_01_S−M
+andM−R=113.16kNmforJ_01_S−M

−.

Themaximumandminimumnon-dimensionalmomentof1.90and−2.37wereob-

servedinJ_01_S−Geolite−Ctestand1.78and−2.48inJ_01_S−C.Duringthe

monotonictestforpositivedisplacements,J_01_S−M+test,themaximumvalueof

1.94wasobserved,whilefornegativedisplacements,inJ_01_S−M−specimen,the

minimumvalueof−2.13wasnoticed.ComparedtoJ
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Finally,forthemonotonictests,themomentversusbeamrotationwasplotted

withreferencetotherotationderivingfromthedisplacementsdetectedbytheLDTs

nearthetransversebeam,H-LDT_3andH-LDT_4,andthoseobtainedfromEqua-

tions4.2.1and4.2.2.Thetwocurvesarerepresentedwith,respectively,ablackcon-

tinuouslineandareddottedline,wherethelastvaluesofthebeamrotationwere

about0.07radand0.09rad,inJ_01_S−M+specimen(Figure4.31)and−0.06radand

−0.08radinJ_01_S−M−specimen(Figure4.32).
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FIGURE4.31:MomentvsbeamrotationresponseofJ_01_S−M+
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FIGURE4.32:MomentvsbeamrotationresponseofJ_01_S−M−specimen.
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4.2.2.3 JoistsandBeamResponse
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Thedisplacementsexhibitedbythejoistsandbeamduringthetestarehereinre-

ported.Figure4.33remindsthepositionofthehorizontalLDTsequippingspeci-

menswiththefloordeck.

FIGURE4.33:ArrangementofthejoistsandbeamLDTsequippingspecimenswiththe
floordeck.

InFigure4.34thejoistsandbeamdisplacementsareplottedwithreferenceto

J_01_S−Geolite−Cspecimen.Forthetestset-up,lineartransducershaving50mm

totalstrokewereemployed,Thestrokelimit,whichistheplateaulineinthefinal

cyclesofthecurves,wasachievedwidelybeforethetestend.Thisresultedinan

incompleteandasymmetricreadingofthesensors.Thepeakdisplacementsofthe

joistsinpositiveandnegativeloadingdirectionwere+24.58mmand−18.24mmfor

H-LDT_1,+24.58mmand−20.57mmforH-LDT_2,+26.82mmand−23.16mmfor

H-LDT_5.Instead,someproblemsoccurredintheH-LDT_6sensor.Themaximum

andminimumdisplacementsofthebeamwere+32.34mmand−17.63mmfromH-

LDT_3,+18.15mmand−31.82mmfromH-LDT_4.

Inthefollowingtests,LDTshavingastrokeof100mmwereemployed.Inthis

way,reliableinformationwascollectedforaconsiderableextentofthetest.Figure

4.35illustratestheresponseofJ_01_S−Cspecimenintermsofthejoistsandbeam

displacementsversustime. H-LDT_1showedpeakdisplacementsof+40.05mm

and−13.54mm; H-LDT_2displacementsof+45.06mmand−23.47mm; H-LDT_5

+40.72mmand−21.37mm,andH-LDT_6+40.82mmand−12.29mm.Themaximum

andminimumdisplacementsdetectedbyH-LDT_3were+57.44mmand−34.44mm,

andthosedetectedbyH-LDT_4were+60.73mmand−29.45mm.Theresponseun-

derpositiveandnegativeloadingisnotsymmetric,withhigherabsolutevalues

recordedinpositivedirection.Thedisplacementshistoriesofthehomologoussen-

sors,i.e.thoseequidistantfromthemainbeam(thecouplesH-LDT_1andH-LDT_6,

H-LDT_3andH-LDT_4,andH-LDT_2andH-LDT_5),arequitesimilar.

ThehorizontalfloordeckdisplacementsofJ_01_S−M+modulearepointed

outinFigure4.36andtheyareverysimilartoeachother.Theblueandblackcurves,

representingthedisplacementsofthemainbeam,overlapped.Themaximumdis-

placementsreachedbyH-LDT_3andH-LDT_4are,respectively,+99.29mmand
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+88.38mm,butthelatterstoppedreadingbeforetheformer.Peaksachievedbythe

othersensorswere+93.74mmforH-LDT_1,+96.22mmforH-LDT_2,+99.25mmfor

H-LDT_5,and+92.71mmforH-LDT_6.Fromthechart,itcanbeconcludedthatthe

responseofthejoistswassubstantiallyequalalongthebayspan.

Inthemonotonictestwherethebeamunderwentahoggingbending,i.e.inthe

J_01_S−M−test,thegapamongthedisplacementsofthecoupleddeckelements

becamelarger.Thedisplacementsofthemainbeamandjoistswereclearlydifferent.

Thehomologousjoistsexhibitedquitethesamedisplacementstrend.Nevertheless,

itisevidentthatsomethingwentwronginH-LDT_6curve,which,atthebeginning

ofthetest,perfectlyfollowedthecurveofH-LDT_1. However,thepeakdisplace-

mentsachievedduringthetestwere: −49.96mmand−19.54mminH-LDT_1and

H-LDT_6,−72.29mmand−78.39mminH-LDT_2andH-LDT_5,and−81.37mmand

−79.39mm
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FIGURE4.34:JoistsdisplacementsvstimeofJ_01_S−Geolite−C
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FIGURE4.35:JoistsdisplacementsvstimeofJ_01_S−C
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FIGURE4.36:JoistsdisplacementsvstimeofJ_01_S−M+specimen.
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FIGURE4.37:JoistsdisplacementsvstimeofJ_01_S−M−specimen.

4.2.2.4 CrackPattern

Thecrackpatternevolutionofconventionalspecimensequippedwiththefloordeck

isexplainedforeachtest,butthegeneralbehaviour,deducedfromtheexperimental

evidence,isdescribedinadvance.ThedamageinJ_01_Smoduleswasprimarily

localisedinthedissipativezone,which,forspecimenswiththedeckasforthose

withoutit,isproperlytheendofthemainbeam.However,itsextentvaried,sinceit

wasgreaterinjointswithoutthedeck,ascanbecheckedbycomparingFigure4.16

withFigures4.41and4.45. Moreover,cracksspreadovertheslabandthebeams

supportingthejoists.Thecracksinthelongitudinalbeamswere45◦orientedand

theywereratherdiffusedwhentheslabunderwenttensilestress.Onthecontrary,

inthecolumnandjointarea,nodamagewasobserved.

ThedamageprogressioninthecyclictestonJ_01_S−Geolite−Cmoduleis

depictedinFigures4.38,4.39,4.40and4.41.Onthesideofthejoists(Figure4.38),

thefirstcrackappearedatthebeam-columninterfaceandit,gradually,spreadatthe

intersectionbetweenthedeckandlongitudinalbeams.Uponfurtherloading,other

cracks,paralleltothefirstone,appearedatagraduallyincreasingdistancefromthe

columnface,untilthespallingoftheconcretecover.

Ontheslabside(Figure4.39),horizontalcracksstartedattheslab-columnin-

tersectionandthenpropagatedonbothsidesoftheconnection. Thethirdcrack

appearedintheslab,paralleltothepreviousones,atabout30cmfromthecol-

umn.Then,crackswithdifferentslopespreadnearthesmallestsidesofthecolumn,

towardtheexteriorpartoftheconnection. Atincreasingdisplacementlevels,the

cracks,firstlyappearedatthebeam-columninterface,extendedalongthedeckspan
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(label 6 in Figure 4.39), until the external left and right sides of the deck and another
crack, number 7, arose at about 50cm from the column face.

When the test ended, the external side of the connection appeared as in Figure
4.40. The cracks 4− 5 proceeded from the slab to spandrel beams, with an inclination
of approximately 45◦. By the point in which they intersected the longitudinal beams
external side, a wide fracture originated around the slab thickness (5cm), crossing
the entire length of the beams. No damage, instead, affected the joint area.

As the final state of the beam reinforcement in the plastic hinge zone suggests
(Figure 4.41), the test on J_01_S−Geolite−C specimen was disrupted once the bars
buckling occurred. For this reason, although they are similar, the crack pattern of
the J_01_S − Geolite − C specimen was more widespread as compared to that of
J_01_S− C, which is depicted in Figures 4.42, 4.43, 4.44 and 4.45. For this latter, the
width of cracks also reduced.

FIGURE 4.38: Crack pattern evolution on the joists side of J_01_S− Geolite− C speci-
men.
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FIGURE 4.39: Crack pattern evolution on the slab side of J_01_S−Geolite−C specimen.

FIGURE 4.40: Crack pattern evolution in the joint and longitudinal beams of J_01_S−
Geolite− C specimen.
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(a) (b)

FIGURE 4.41: Final damage on beam front (a) and lateral (b) sides of J_01_S−Geolite−
C specimen.

FIGURE 4.42: Crack pattern evolution on the joists side of J_01_S− C specimen.
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FIGURE 4.43: Crack pattern evolution on the slab side of J_01_S− C specimen.

FIGURE 4.44: Crack pattern evolution in the joint and longitudinal beams of J_01_S−C
specimen.
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FIGURE 4.45: Final damage in the beam of J_01_S− C specimen.

The crack pattern in the monotonic tests, illustrated in Figures 4.46, 4.47, 4.48 and
4.49 for J_01_S−M+ specimen, and in Figures 4.50, 4.51 and 4.52 for J_01_S−M−,
was obviously similar to that of the cyclic tests. However, by separately applying
the uni-directional loading histories, the damage due to the positive and negative
displacements can be distinguished.

In J_01_S − M+ specimen, the first crack appeared at the transverse beam-
column interface and, then, it ran over the deck-spandrel beams interface. Later,
the damage increased in a localised area of about 20cm length from the column face,
which was the plastic hinge zone (Figure 4.49). Because of the greater displacements
imposed in the monotonic tests, on the side of the joists, the damage affected also
the hollow tile blocks, especially near the plastic hinge area, as underlined in Figure
4.46. On the slab side, the crushing damage was limited to a few centimetres above
the beam-column intersection (Figure 4.47). On the external side of the connection,
whose final condition is depicted in Figure 4.48, the damage was noticed neither in
the joint area nor in spandrel beams. Longitudinal beams, instead, were only dam-
aged at their ends, by differently inclined cracks flowing also in the slab, for few
centimetres (the photo on the right of Figure 4.47).
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FIGURE 4.46: Crack pattern evolution on the joists side of J_01_S−M+ specimen.

FIGURE 4.47: Crack pattern evolution on the slab side of J_01_S−M+ specimen.
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FIGURE 4.48: Crack pattern evolution in the joint and longitudinal beams of J_01_S−
M+ specimen.

FIGURE 4.49: Final damage in the beam of J_01_S−M+ specimen.

Conversely, in J_01_S − M− specimen, the external side of the connection was
particularly damaged, except for the joint area. In Figure 4.52, the torsional cracks in
the longitudinal beams and the detachment between the slab and the beams, where
the tensile stress are high, can be clearly seen. The deep fracture, parallel to the slab
plane, ran across the bay span of the beams supporting the joists, until their ends
(Figure 4.51). The longitudinal beams inclined cracks were also observed from the
joists side view. In the slab, the cracking started from the slab-column interface and
propagated with inclined cracks along the smallest sides of the column (Figure 4.51).
In the main beam, on the opposite side of the specimen, the only damage observed
consisted of the concrete crushing (Figure 4.50).
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FIGURE 4.50: Final damage in the beam of J_01_S−M− specimen.

FIGURE 4.51: Crack pattern evolution on the slab side of J_01_S−M− specimen.
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FIGURE 4.52: Crack pattern evolution in the joint and longitudinal beams of J_01_S−
M− specimen.

4.3 Innovative Specimens

4.3.1 Joints without Floor Deck

4.3.1.1 Load-Displacement Response

The load versus displacement response of innovative specimens without the floor
deck, subjected to cyclic and monotonic tests in positive and negative loading direc-
tion, are herein analysed. In particular, Figure 4.53 shows the response of J_02− C
specimen, Figure 4.54 that of J_02−M+, and Figure 4.55 that of J_02−M−. For the
cyclic test, as usual, the monotonic envelope, in other words the skeleton curve, was
plotted and it was also useful to compare the monotonic and cyclic results. Indeed,
the load-displacement curve in negative loading direction (Figure 4.55) showed a
particular behaviour, with very low stiffness and a continuously increasing resis-
tance, as compared to the cyclic test skeleton curve. This was due to an incident
occurred before the test, when the specimen underwent a little pre-stress, with the
application of 5kN of load in the positive loading direction, which caused the start-
ing crack at the RBS level illustrated in Figure 4.72. As a consequence, the results
reliability is not sure, especially for what concerns the displacements.
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FIGURE4.53:LoadvsdisplacementresponseofJ_02−Cspecimen.
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Thefirstcrackingofthemainbeamwasevaluatedfromtheexperimentalcurves

andisreported,foreachtest,inTable4.7. Withreferencetothepositiveload-

ingdirection,i.e. whenthetransversebeamissubjectedtosaggingbending,the

firstcrackingwassupposedtooccurat+14.67kN,duringthecyclictest,andat

+7.35kN,duringthemonotonictest. Thesevaluescorrespondtopositivecrack-

ingmomentsof,respectively,+22.88kNmand+11.47kNm,whichwereevaluated

withtheusualleverarmof1.56m,hencetheycanbecheckedalsointhemoment-

rotationplotsofthefollowingSection4.3.1.2. However,especiallyinthecaseof

innovativespecimens,itwouldbemoreappropriatetoconsiderasleverarmthe

distancebetweenthe middleoftheactuatorplateandthestartingpointofthe

reducedbeamsection,whichwas20cmfarfromthecolumnface,asdepictedin

Figure4.56.Indeed,thislatterwastheexactpointwherethefirstcrackappeared

andtheplasticitywasconcentrated.Consideringthenewlengthoftheleverarm,

equaltoLRBS=1.21m,thefirstcrackingmomentsare+17.75kNm,fortheJ_02−C

transversebeam,and+8.89kNm,forJ_02−M+specimen.Thetheoreticalvalues

ofthefirstcrackingmomentforthebeamwiththereducedsection(30x25cm)are

+9.54kNmand+11.62kNmfor,respectively,J_02−CandJ_02−M+specimen.In

thenegativeloadingdirection,i.e. whenthemainbeamissubjectedtoahogging

bendingmoment,thefirstcrackingoccurredat−10.66kN,inthecyclictest,and

at−11.13kN,inthemonotonicone.Thecorrespondingcrackingmomentsare,re-

spectively,−16.63kNmand−17.36kNm,evaluatedwiththeleverarmof1.56m,and

−12.90kNmand−13.47kNm,withtheshorterleverarmof1.21m.Thetheoretical

valuesofcrackingmomentscomputedfortheRBSwere−9.92kNmand−8.32kNm

for,respectively,J_02−CandJ_02−M−

L
i=
15
6

L
c=
12
1

specimen.

FIGURE4.56:Testlayoutofinnovativespecimens(units:cm).

Thegeneralyieldingwasidentifiedforeachtestandthevaluesaresummarised

inTable4.8.Inthespecificcaseofpositiveloadingdirection,theyieldingissup-

posedtooccurataloadof+34.31kN,inJ_02−Cspecimen,and+39.82kNin

J_02−M+,correspondingtothedisplacementsof,respectively,+16.52mmand

+17.41mm.Inthecaseofnegativeloadingdirection,theyieldingwaslocatedat
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a load of −50.26kN, in J_02 − C specimen, and of −46.00kN, in J_02 − M− spec-
imen, at the related displacements of −26.07mm and −42.78mm. The correspond-
ing yielding moments, evaluated through Li, were M+

y = +53.52kNm and M−y =

−78.41kNm in J_02−C, M+
y = +62.11kNm in J_02−M+ and M−y = −71.76kNm in

J_02 − M−. The corresponding yielding moments, evaluated through LRBS, were
M+

y = +41.51kNm and M−y = −60.82kNm in J_02 − C, M+
y = +48.18kNm in

J_02 − M+ and M−y = −55.66kNm in J_01_S − M−. The expected yielding mo-
ments were evaluated by referring to the RBS of the transverse beam (30x25cm). The
values are M+

y = +43.83kNm and M−y = −57.86kNm.
Table 4.9, moreover, shows the peak loads and the corresponding displacements.

The positive peak load achieved in J_02− C test was +38.75kN at +31.60mm dis-
placement, and in J_02−M+ it was +44.50kN at +41.00mm. The displacement duc-
tility, dE/dy, hence, was, respectively, 1.91 and 2.35. The negative peak load achieved
in J_02− C test was −52.97kN, at the pertaining displacement of −53.70mm, and, in
J_02−M− test, it was −58.17kN at −277.68mm displacement. Hence, the displace-
ment ductility, dE/dy, was, respectively, 2.06 and 6.49.

The test on J_02−C specimen was interrupted, in the positive loading direction,
once the peak load in the last performed drift level decreased by 26% compared to
the maximum load, i.e. at a load of +28.66kN and a displacement of +74.55mm. The
test was interrupted, in the negative loading direction, when the peak load of the last
performed drift level attained 11% loss of the resistance, i.e. at a load of −47.33kN
and a displacement of −77.02mm.

The monotonic test by which the transverse beam is subjected to sagging bend-
ing, i.e. the test performed on J_02−M+ specimen, was ended at a load of +34.67kN
and a displacement of +178.78mm, once the drop in resistance was 22%, as com-
pared to the peak load. The test on J_02 − M− specimen showed increasing re-
sistance until the displacement of −277.80mm, at which the test was stopped. The
final value of the load, in this case, was equal to the maximum load achieved, i.e.
−58.02kN.

Specimen F+
cr d+cr F−cr d−cr

[kN] [mm] [kN] [mm]
J_02− C 14.67 2.78 -10.66 -4.51
J_02−M+ 7.35 0.79 - -
J_02−M− - - -11.13 -5.65

TABLE 4.7: Positive and negative first cracking loads and corresponding displacements
for specimens J_02− C, J_02−M+ and J_02−M−.
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Specimen F+
y d+y F−y d−y

[kN] [mm] [kN] [mm]
J_02− C 34.31 16.52 -50.26 -26.07
J_02−M+ 39.82 17.41 - -
J_02−M− - - -46.00 -42.78

TABLE 4.8: Positive and negative yielding loads and corresponding displacements for
specimens J_02− C, J_02−M+ and J_02−M−.

Specimen F+
E d+E F−E d−E

[kN] [mm] [kN] [mm]
J_02− C 38.75 31.60 -52.97 -53.70
J_02−M+ 44.50 41.00 - -
J_02−M− - - -58.17 -277.68

TABLE 4.9: Maximum and minimum loads and corresponding displacements for spec-
imens J_02− C, J_02−M+ and J_02−M−.

4.3.1.2 Moment-Rotation Response

The moment versus rotation response of innovative specimens without the floor
deck was reported for the joint subjected to the cyclic test, J_02− C, in Figure 4.57,
and for the joints subjected to monotonic tests, J_02−M+ and J_02−M−, in Figures
4.58 and 4.59. To compare the two typologies of specimens, the moment was eval-
uated as in the conventional modules, i.e. by multiplying the experimental load by
the lever arm (M = F× Li) of Li = 1.56m (Figure 4.56). It goes without saying that
the plastic zone, in this case, developed at the RBS, hence the effective lever arm was
LRBS = 1.21m. The peak moments achieved during the cyclic test were +60.45kNm
and−82.64kNm. The maximum moment observed in the monotonic test under pos-
itive displacements was +69.42kNm, while the minimum in the monotonic test in
negative displacements was −90.74kNm.
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FIGURE4.57:MomentvsrotationresponseofJ_02−C
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FIGURE4.58:MomentvsrotationresponseofJ_02−M+specimen.
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FIGURE4.59:MomentvsrotationresponseofJ_02−M−specimen.

Inaddition,thenon-dimensionalmomentversusrotationcurvesarereportedin

Figure4.60forJ_02−Cspecimen,andinFigure4.61andFigure4.62forJ_02−M+

andJ_02−M−specimens.Theexperimentalmomentwasdividedbythemoment

ofresistanceofthefull-depthbeamsection(30x40cm),M+/−R ,inordertoevaluate

theeffectivenessoftheRBSsolution.Thenon-dimensionalmoment,indeed,was

usefultoestimatethelossofresistanceduetothereducedbeamsectioncompared

tothefull-depthone.Agreaterlossofresistancewasexpectedinpositiveloading

direction,becauseoftheRBSand3φ14bottombars.Alowerdropofresistancewas

expectedinthenegativeloadingdirection,whereonlytheRBSaffectedthemoment

valuesincethetopreinforcementwascontinuousalongthewholebeamandequal

to4φ14.TheresistancemomentofthetransversebeaminJ_02−Cspecimenwas,

inabsolutevalue,M+/−R =108.68kNm.Thenon-dimensionalmomentreachedthe

maximumvalueof0.56andtheminimumvalueof−0.76.Hence,theresistancede-

creasedbyaround44%and24%,respectivelyinpositiveandnegativeloadingdirec-

tion,ascomparedtotheconventionalspecimenswithoutthefloordeck(J_01).The

momentofresistancewasM+R =109.95kNmforJ_02−M
+transversebeam.The

maximumvalueofthenon-dimensionalmomentwas0.63,hencethedropinresis-

tance,ascomparedtothatofconventionalmodules,wasaround40%.Theresisting

momentofthebeaminJ_02−M−was,inabsolutevalue,M−R=107.76kNm.There-

sistanceloss,duetotheRBS,wasaround20%sincetheminimumnon-dimensional

momentwas−0.84.
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FIGURE4.60:Non-dimensionalmomentvsrotationresponseofJ_02−C
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FIGURE4.61:Non-dimensionalmomentvsrotationresponseofJ_02−M+specimen.
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FIGURE4.62:Non-dimensionalmomentvsrotationresponseofJ_02−M−specimen.

Inaddition,forthemonotonictests,themomentwasplottedversusthebeam

rotation.Asusual,thebeamrotationwasevaluatedinthetwopreviouslydescribed

ways,representedinthechartbyablackandredcurve. Figure4.63showsthe

responseofJ_02−M+specimen,andFigure4.64thatofJ_02−M−.InJ_02−M+

specimen,themaximumvalueofthebeamrotationwas0.07radontheblackcurve,

whichstoppedwhentheLDTsreachedtheendstroke,and0.10radontheredone,

whichreachedthetestend.InJ_02−M−specimen,theminimumbeamrotationon

theshortercurvewas−0.06rad,whileonthelongercurveitreached−0.17rad.
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FIGURE4.63:MomentvsbeamrotationresponseofJ_02−M+
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FIGURE4.64:MomentvsbeamrotationresponseofJ_02−M−specimen.

4.3.1.3 BeamResponse

ThedisplacementsexhibitedbythebeamduringthetestweremonitoredbyH-

LDT_3andH-LDT_4sensors,havingastrokeof100mm,andarereportedinFigure

4.65,Figure4.66,andFigure4.67,concerning,respectively,J_02−C,J_02−M+,

andJ_02−M− specimen. ThepeakdisplacementsofJ_02−Cbeam,inposi-

tiveloadingdirection,were+48.74mm(H-LDT_3)and+45.18mm(H-LDT_4),but
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thislattervaluewasachievedatabout3000s,duetotheendstrokeofthelin-

eartransducer.Thepeaknegativedisplacementswere−53.72mm(H-LDT_3)and

−52.84mm(H-LDT_4). ThebeammaximumdisplacementsinJ_02−M+ speci-

menwere+100.30mm(H-LDT_3)and+99.24mm(H-LDT_4),whiletheminimum

displacementsinJ_02−M−testwere−81.82mm(H-LDT_3)and−87.88mm
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FIGURE4.66:BeamdisplacementvstimeofJ_02−M+
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4.3.1.4 Crack Pattern

The damage in J_02 specimens was localised in the transverse beam, without affect-
ing the longitudinal beams or the joint area. The plasticity area of the beam was
no longer exactly located at the beam-column interface, but it moved toward the
middle span, showing an asymmetrical behaviour. On the RBS side, the plasticity is
localised where the beam height reduced while, on the continuous side of the beam,
it affected a grater area, extending from the beam reduction starting point, at least,
toward the column face. The asymmetrical response was due to the difference in the
top and bottom reinforcement. The top beam reinforcement, indeed, was constant
along the entire beam span. On the contrary, the bottom reinforcement was not con-
tinuous between the full and reduced beam section. In the following, the damage
evolution is described in detail about each test.

During the cyclic test, cracking phenomena, illustrated in Figure 4.68, mainly af-
fected the RBS area, but asymmetrically. Indeed, on the side of the section reduction,
the cracking arose at the beginning of the beam cut (20cm from the column face) and
it ran, with a certain slope, toward the opposite side of the beam (crack 1 in Figure
4.68). As a consequence, on the side where the beam is continuous, the first crack
was at about 10cm from the column face. The following cracks, 2 and 3, appeared,
respectively, at the middle and the end of the reduced beam section, by horizon-
tally crossing the element. Upon further loading, the damage became more intense
around the first crack and on both sides of the beam. On the RBS side, greater dam-
age was limited near the first crack; on the opposite beam side, a new crack spread,
at the beam section reduction level (20cm from the column face), hence the plastic
hinge developed between this latter and the first one, as shown in Figure 4.69.

The crack pattern was amplified in monotonic tests as compared to the cyclic
one. As it can be checked in Figure 4.70, the first, second and third cracks exactly
occurred in the same points as in the cyclic test but, because of the increasing dis-
placements imposed to J_02−M+ specimen, more cracks affected the entire length
of the RBS, subjected to tensile stress, until the final stage depicted in Figure 4.71.
The crushing damage, instead, affected the continuous side of the beam, until a final
length extending from 2cm to 20cm from the column face.

The top left photo in Figure 4.72 points out the state of the specimen J_02−M−

before the test. As previously said, it was accidentally subjected to +5kN load, hence
an initial cracking started at the beginning of the section reduction. By applying the
loading protocol inducing a negative moment to the beam, the first cracks, 1 and
2, on the beam tension side, spread at about, respectively, 10cm and 30cm from the
column face and they converged, on the beam compressed side, at the same point,
which was the beginning of the RBS. On the continuous side of the beam, cracks 3
and 4, due to further loading, developed with different depths. The final damage in
the beam of J_02−M− specimen is pointed out in Figure 4.73.
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FIGURE 4.68: Crack pattern evolution in J_02-C specimen.

FIGURE 4.69: Final damage in the beam of J_02− C specimen.
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FIGURE 4.70: Crack pattern evolution in J_02−M+ specimen.

FIGURE 4.71: Final damage in the beam of J_02−M+ specimen.
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FIGURE 4.72: Crack pattern evolution in J_02−M− specimen.

FIGURE 4.73: Final damage in the beam of J_02−M− specimen.
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4.3.2 JointswithFloorDeck

4.3.2.1 Load-DisplacementResponse

Thecyclicandmonotonicresponsesofinnovativespecimensequippedwiththe

deckaregiven,intermsofloadversusdisplacement,inFigure4.74,Figure4.75

andFigure4.76, withreferenceto,respectively,J_02_S−C,J_02_S−M+ and

J_02_S−M−
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The first cracking identified in each experimental curve is reported in Table 4.10.
In the positive loading direction, it was supposed to occur at +23.97kN in J_02_S−C
specimen and +24.11kN in J_02_S−M+, corresponding to a positive cracking mo-
ment M+

cr of, respectively, +37.39kNm and +37.61kNm, which can be checked in the
moment vs rotation chart of the following Section 4.3.2.2. The experimental crack-
ing moments evaluated with the lever arm of LRBS = 1.21m are +29.00kNm and
+29.17kNm. The theoretical values of the cracking moment, concerning the beam
with the reduced section (30x25 cm), were, respectively, +9.54kNm and +11.62kNm.
The first cracking in the negative loading direction was identified at −38.88kN and
−13.19kN in, respectively, J_02_S − C and J_02_S − M− specimen, corresponding
to the negative cracking moments M−cr of −60.65kNm and −20.58kNm, evaluated
through the lever arm Li = 1.56m. The cracking moments provided by the lever arm
LRBS = 1.21m are equal to −47.04kNm and −15.96kNm. The theoretical cracking
moments of the RBS were −9.91kNm and −12.08kNm. A large difference occurs be-
tween the theoretical and experimental values of the cracking moment in the J_02_S
because of the floor deck presence.

The general yielding was identified for each test and it is pointed out in Table
4.11. In particular, in the positive loading direction, the yielding was supposed to
occur at a load of +77.66kN in J_02_S− C module and +76.18kN in J_02_S−M+,
corresponding to a displacement of +20.24mm and +20.41mm. In the negative load-
ing direction, the yielding was assumed to take place at a load of −113.84kN in
J_02_S − C module and −102.83kN in J_02_S − M−, at the displacements of, re-
spectively, −32.78mm and −31.01mm. The corresponding yielding moments, evalu-
ated through Li, were M+

y = +121.14kNm and M−y = −177.59kNm in J_02_S− C,
M+

y = +118.84kNm in J_02_S−M+ and M−y = −160.41kNm in J_02_S−M−. The
corresponding yielding moments, evaluated through LRBS, were M+

y = +93.96kNm
and M−y = −137.74kNm in J_02_S − C, M+

y = +92.18kNm in J_02_S − M+ and
M−y = −124.42kNm in J_02_S − M−. The expected yielding moments were eval-
uated by referring to the RBS of the transverse beam (30x25cm). The values are
M+

y = +43.83kNm and M−y = −57.86kNm. Note that, as in conventional spec-
imens, the values in specimens with the floor deck were strongly higher than in
simple specimens. Moreover, the general yielding point was not easy to identify in
innovative specimens as well.

The peak loads sustained by each specimen and the related displacements are
summarised in Table 4.12. The maximum positive loads displayed by J_02_S − C
and J_02_S − M+ specimens were +85.85kN and +93.62kN, at the corresponding
displacements of +40.92mm and +53.62mm. The displacement ductility, dE/dy, was,
in the same order as before, 2.02 and 2.63. The maximum negative loads reached
during the tests on J_02_S − C and J_02_S − M− modules, were −117.48kN and
−120.22kN, at the displacements of −41.50mm and −68.31mm. The consequent dis-
placement ductility, dE/dy, was, respectively, 1.27 and 2.20.

The test on J_02_S− C specimen was interrupted once the peak load of the drift
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level reached, in negative loading direction, the 25% drop in resistance, at a load
of −88.14kN and a displacement of −69.19mm. At that moment, the positive load
was +49.97kN, at a displacement of +68.02mm, and the loss of resistance was 42%.
Concerning the dissipative behaviour, the hysteresis loops are increasingly larger,
with a fat hysteresis loop observed for high deformation, between ±40/60mm of
displacement.

The test on J_02_S − M+ specimen was disrupted at a load of +73.91kN and
a displacement of +120.77mm, at 21% loss of resistance. The test on J_02_S− M−
specimen was stopped at a load of −95.74kN and a displacement of −171.02mm,
once the resistance was the 80% of the peak one.

Specimen F+
cr d+cr F−cr d−cr

[kN] [mm] [kN] [mm]
J_02_S− C 23.97 2.26 -38.88 -3.42
J_02_S−M+ 24.11 1.95 - -
J_02_S−M− - - -13.19 -1.00

TABLE 4.10: Positive and negative first cracking loads and corresponding displace-
ments for specimens J_02_S− C, J_02_S−M+ and J_02_S−M−.

Specimen F+
y d+y F−y d−y

[kN] [mm] [kN] [mm]
J_02_S− C 77.66 20.24 -113.84 -32.78
J_02_S−M+ 76.18 20.41 - -
J_02_S−M− - - -102.83 -31.01

TABLE 4.11: Positive and negative yielding loads and corresponding displacements for
specimens J_02_S− C, J_02_S−M+ and J_02_S−M−.

Specimen F+
E d+E F−E d−E

[kN] [mm] [kN] [mm]
J_02_S− C 85.85 40.92 -117.48 -41.50
J_02_S−M+ 93.62 53.62 - -
J_02_S−M− - - -120.22 -68.31

TABLE 4.12: Maximum and minimum loads and corresponding displacements for spec-
imens J_02_S− C, J_02_S−M+ and J_02_S−M−.

4.3.2.2 Moment-Rotation Response

Innovative specimens equipped with the floor deck exhibited the moment versus
rotation response depicted in Figure 4.77 with reference to J_02_S − C specimen,
in Figure 4.78 for the J_02_S − M+ one, and in Figure 4.79 for the J_02_S − M−

one. The peak moments reached +133.92kNm and −183.27kNm during the cyclic
test, while the peak positive moment in J_02_S − M+ achieved +146.05kNm and
the peak negative moment in J_02_S−M− attained −187.54kNm.
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FIGURE4.79:MomentvsrotationresponseofJ_02_S−M−specimen.

Moreover,thenon-dimensionalmomentversusrotationplotsarepointedout

inFigure4.80forJ_02_S−Cspecimen,andinFigure4.81andFigure4.82,for

J_02_S−M+andJ_02_S−M−specimens.Theexperimentalmomentwasdivided,

asusual,bythemomentofresistanceofthefull-depthbeamsection,M+/−R ,i.e.the

30x40cmsection,inordertoevaluate,intermsofresistance,theeffectoftheRBS

designonspecimenswiththedeckandtomakeacomparisonwiththeconventional

specimens.TheabsolutevaluesofresistancemomentswereM+/−R =108.68kNm

fortheJ_02_S−Cbeam,M+R = 109.95kNmfortheJ_02_S−M+ beamand

M−R=107.76kNmfortheJ_02_S−M
−beam.Duetothedelimitedsectionreduction

andthedifferenceinthetopandbottomreinforcement,alsotheresponseofJ_01_S

moduleswasasymmetric.Themaximumandminimumvaluesofnon-dimensional

momentsobservedinthecyclictestwere,respectively,+1.23and−1.69,meaning

thattheRBSdetailcausedthefloortoadd,respectively,23%and69%over-strength

totheconnection. NotethatthesevaluesweremuchhigherinJ_01_Sspecimens.

Moreover,thepeaknon-dimensionalmomentinJ_02_S−M+testwas+1.33,while

itwas−1.74inJ_02_S−M−test.
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FIGURE4.82: Non-dimensionalmomentvsrotationresponseofJ_02_S−M−speci-
men.

Fromthemonotonictests,throughwhichthetransversebeamwassubjectedto

saggingandhoggingbending,themomentversusbeamrotationplotswereextrap-

olatedandaregiven,respectively,inFigure4.83andFigure4.84.Themaximum

beamrotationinJ_02_S−M+specimenwasaround0.06radifevaluateddirectly

fromthebeamLDTs,anditwas0.07radifevaluatedbysubtractingthejointrota-

tionfromthetotalrotation.ThemaximumbeamrotationinJ_02_S−M−specimen,

instead,werearound−0.05radand−0.10rad.
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FIGURE4.84:MomentvsbeamrotationresponseofJ_02_S−M−specimen.

4.3.2.3 JoistsandBeamResponse

AsitwasdoneinSection4.2.2.3,thedisplacementsofthejoistsandbeamarere-

portedforcyclicandmonotonictests.TheLDTsemployedinthetestshadastroke

of100mm.

ThedisplacementvstimegraphofthecyclictestisshowninFigure4.85.The

peakdisplacementsofthejoistsinpositiveandnegativeloadingwere+40.40mm
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and−32.99mmforH-LDT_1,39.08mmand−35.97mmforH-LDT_2,+36.40mmand

−34.32mmforH-LDT_5,and+38.24mmand−31.64mmforH-LDT_6.Themaxi-

mumandminimumdisplacementsofthebeamwere+41.07mmand−43.01mmin

H-LDT_3,+41.43mmand−47.07mminH-LDT_4.

ThebeamandjoistsdisplacementsinJ_02_S−M+testareillustratedinFigure

4.86. Theblueandblackcurves,representingthebeamdisplacements,perfectly

overlapped.ThemaximumdisplacementsreachedbyH-LDT_3andH-LDT_4were,

respectively,+84.80mmand+89.46mm. Thepeakachievedbytheothersensors

were+75.89mmforH-LDT_1,+83.51mmforH-LDT_2,+85.02mmforH-LDT_5,

and+86.62mmforH-LDT_6.Thehomologoussensors,locatedattheequaldistance

fromthemainbeambutontheoppositesidesofit,didnotshowthesametrend.

Underhoggingbending,homologouselements(H-LDT_1andH-LDT_6, H-

LDT_2andH-LDT_5,H-LDT_3andH-LDT_4)exhibitedthesametrend,butthe

displacementsofthejoistsweremuchsmallerthanthoseofthemainbeam.In

particular,thepeakdisplacementsachievedduringthetestwere:−99.19mmand

−99.83mmforthecoupleH-LDT_1andH-LDT_6,−88.08mmand−93.47mmforH-

LDT_2andH-LDT_5,and−83.59mmand−70.82mm
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ThereadingofH-LDT_4,however,stoppedbeforethatofH-LDT_3.
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FIGURE4.85:JoistsdisplacementsvstimeofJ_02_S−C
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FIGURE4.87:JoistsdisplacementsvstimeofJ_02_S−M−specimen.

4.3.2.4 CrackPattern

Thedamageevolutionininnovativespecimenswiththefloordeckaffectedare-

ducedareaofthebeam,ascomparedtothesimplespecimenswithoutthedeck,but

itinvolvedotherelements,likethelongitudinalbeams.

Duringthecyclictest,onthesideofthejoists,thefirstcrackappearedatthe

reductionofthebeamsection. Crackspropagatedalsointhenearesthollowtile

blocksand,then,attheintersectionbetweenthejoistsandlongitudinalbeams,as

showninFigure4.88.Uponfurthertopdisplacements,damageconcentratednear

thefirstcrack,untiltheplasticity(Figure4.91).Ontheslabside,inFigure4.89,the

crackingstartedatthebeam-columninterfaceandcontinued,withaninclinationof

about45◦,onthesmallestsidesofthecolumntowardtheendoftheslab.Cracking

alsoinvolvedthelongitudinalbeams,bycausing,uponfurtherloading,theslab

concretespalling.ThesecracksoriginatedthecrackonesdepictedinFigure4.90,

whichranuntiltheendofthelongitudinalbeams. Athighlevelsofload,these

spreadparalleltotheslabplane,crossingthelongitudinalbeamsandtheslabitself,

forabout50cm,asdepictedinFigure4.89.
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FIGURE 4.88: Crack pattern evolution on the joists side of J_02_S− C specimen.

FIGURE 4.89: Crack pattern evolution on the slab side of J_02_S− C specimen.
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FIGURE 4.90: Crack pattern evolution in the joint and longitudinal beams of J_02_S−C
specimen.

FIGURE 4.91: Final damage in the beam of J_02_S− C specimen.

The damage evolution in the J_02_S−M+ specimen is illustrated in Figure 4.92,
Figure 4.93 and Figure 4.94. The first crack, on the joists side view, appeared at the
reduction of the beam section and it propagated in the near hollow blocks. In addi-
tion, cracks appeared also in the two joists near the transverse beam, at about 25 and
50 centimeters from the longitudinal beams. Upon further loading, damage crossed
along the spandrel beams span, where they intersect the joists. On the slab side,
the crushing damage mainly affected the beam-to-column intersection. Cracks 5cm
parallel to the slab plane crossed the longitudinal beams and the slab, with different
emphasis between the two opposite sides, as illustrated in Figure 4.93. Torsional
cracks with approximately 45◦ slope arose in the longitudinal beams. Contrary to
conventional modules, they were not so evident. They were located on the joists
side, while did not affect the external part of the connection. Moreover, no damage
involved the joint area.
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FIGURE 4.92: Crack pattern evolution on the joists side of J_02_S−M+ specimen.

FIGURE 4.93: Crack pattern evolution on the slab side of J_02_S−M+ specimen.
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FIGURE 4.94: Crack pattern evolution in the joint and longitudinal beams of J_02_S−
M+ specimen.

FIGURE 4.95: Crack pattern at the end of the test in the beam of J_02_S−M+ specimen.

On the joists side of J_02_S−M− specimen, in Figure 4.96, the crushing affected
the point where the beam section is cut and the joists-longitudinal beam intersection,
thus resulting in a crushing break of the first line hollow tile blocks. On the slab side,
depicted in Figure 4.97, i.e. the tension part, cracks started from the beam-column
interface and then ran, with a certain slope, until the spandrel beams. Horizontal
cracks appeared also along the slab-spandrel beam intersection. The cracks running
from the beam-column intersection to the external side of the longitudinal beams,
deeply crossed the longitudinal beams with an inclination of about 45◦. A deep
crack parallel to the slab plane ran through the entire longitudinal beam span.
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FIGURE 4.96: Crack pattern evolution on the joists side of J_02_S−M− specimen.

FIGURE 4.97: Crack pattern evolution on the slab side of J_02_S−M− specimen.
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FIGURE 4.98: Crack pattern evolution in the joint and longitudinal beams of J_02_S−
M− specimen.





141

Chapter 5

Analysis and Comparison of Tests
Results

5.1 Introduction

A critical analysis of the tests results is pointed out in this Chapter, by focusing
on the behaviour of the specimens, then highlighting the differences between the
typologies. Firstly, a comparison is established between conventional specimens
with and without the floor deck, in order to estimate the over-resistance due to the
floor deck presence and, consequently, validate the theoretical formula evaluating
the floor deck contribution in the joint resistance. Secondly, the response of inno-
vative specimens is discussed. A comparison between the behaviour of innovative
modules with and without the floor deck is established. Moreover, a comparison
between the two different specimens typologies, i.e. conventional and innovative
joints, is made, with the purpose of validating the effectiveness of the new proposed
detail, realised through the localised reduction of the beam section. The results are
analysed in terms of resistance, torsional rotations of the longitudinal beams and
joists displacements. Aiming at highlighting the different response of the specimens
once the transverse beam underwent sagging and hogging bending, the longitudi-
nal beams torsional rotations and joists displacements are discussed with reference
to the monotonic tests.

5.2 Conventional Specimens

5.2.1 Strength Response

The conventional joints, designed in compliance with the current European codes
([42],[1]), were tested for two main reasons. The first objective was to experimentally
determine the increased flexural resistance due to the floor deck. The second objec-
tive was to compare the experimental value of the previously defined over-resistance
with the expected theoretical value. The “equivalent beam” model predicted the ex-
pected value, by means of the theoretical formula evaluating the exact number of
joists collaborating in the beam behaviour (Chapter 2).
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With reference to the load-displacement graphs and the related data given in
Chapter 4, Table 5.1 summarises the peak experimental loads exhibited by each spec-
imen during the test. By recalling the terminology used in Chapter 4:

• F+
E is the maximum load achieved by the specimen subjected to positive dis-

placements, i.e. when the actuator thrust forward the module;

• d+E is the positive displacement at which the maximum load occurred;

• F−E is the minimum load achieved by the specimen subjected to negative dis-
placements, i.e. when the actuator draw the module up;

• d−E is the negative displacement at which the minimum load occurred;

Specimen F+
E d+

E F−
E d−

E
[kN] [mm] [kN] [mm]

J_01− C 82.75 53.95 -89.54 -51.72
J_01−M+ 86.06 47.47 - -
FE.av 84.40 -89.54
J_01_S− Geolite− C 125.18 31.79 -156.33 -52.14
J_01_S− C 118.72 41.62 -164.79 -51.32
J_01_S−M+ 140.55 47.51 - -
J_01_S−M− - - -154.27 -55.44
FE.av 128.15 -158.46
∆FE.av[%] +52 +77

TABLE 5.1: Positive and negative peak loads and related displacements in conventional
specimens J_01 and J_01_S.

Conventional specimens without the floor deck, J_01, exhibited a peak load, in-
duced by positive displacements, ranging from +82.75kN to +86.06kN, with an av-
erage value, FE.av, of +84.40kN. The same quantity in conventional specimens with
the floor deck, J_01_S, varied from +118.72kN to +140.55kN, with an average value
of +128.15kN. The peak load in J_01 specimen subjected to negative displacements
was −89.54kN, while in J_01_S specimens ranged from −154.27kN to −164.79kN,
which was, on average, −158.46kN. The scatter, ∆FE.av, between the average peak
loads sustained by conventional specimens without and with the floor deck, was
equal to +52% in the positive displacements direction, and +77% in the negative
one. The response of specimens with the floor deck, hence, was not symmetric. The
modules exhibited a greater resistance when subjected to negative displacements,
i.e. when the slab underwent to tensile stresses. Table 5.1, however, provides rough
information about the increase in resistance due to the presence of the floor deck.
The resistance gap is more accurately provided by normal values in the following.

Before establishing a comparison through normal values, the percentage differ-
ence between the experimental and expected values is discussed. The overall values
are given in Table 5.2, which summarises the maximum and minimum experimental
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moment for each tested specimen, M+
E and M−E , and the positive and negative mo-

ment of resistance of the transverse beam, M+
R and M−R , evaluated with the average

mechanical properties of the materials. Besides, the difference between experimental
and theoretical quantities, ∆M+/−, is given.

In J_01 specimens, the scatter between experimental and resistance moments
should have tended to 0, theoretically. However, the average value of the differ-
ences in simple specimens was 28% and 36%, respectively for positive and negative
applied displacements. Although the gap existing between the experimental and ex-
pected values, the simple specimens were considered as a benchmark. The gap was
mainly due to the constitutive law model assumed for the steel in the computation
of the beam moment of resistance. Indeed, the elastic-perfectly plastic behaviour
was employed, hence the hardening branch was not accounted for. In addition, the
length of the lever arm, through which the experimental moment was obtained, was
evaluated as the distance between the middle of the actuator plate, where the load is
supposed to be applied, and the intersection of the beam and column inter-axis. The
plastic hinge, however, developed at the beam ends, starting from the beam-column
interface. As a consequence, being the actual lever arm shorter than the considered
one, the experimental moment should be greater. In addition, the actual position
of the rebars in the cross-section, as compared to the design condition, can affect the
slight difference in the response to positive and negative applied displacements. The
reinforcement location affects the lever arm of the internal couple, hence the moment
of resistance value.

In J_01_S specimens, the scatter between the experimental moment and the
transverse beam resistance moment ranged, for applied positive displacements (pos-
itive bending moment), between 78% and 94%. The average value, ∆Mav, was 87%.
The percentage difference for negative displacements (hogging bending moment)
varied from 113% to 148%, with an average value of 132%. The difference between
the experimental and the theoretical moments in J_01_S specimens was greater than
that of J_01 specimen and it was not only imputable to the above-mentioned factors.

Specimen M+
E M+

R ∆M+ M−
E M−

R ∆M−

[kNm] [kNm] [%] [kNm] [kNm] [%]
J_01− C 129.09 102.83 +26 -139.68 -102.83 +36
J_01−M+ 134.25 102.40 +31 - - -
∆Mav +28 +36
J_01_S− Geolite− C 195.29 102.83 +90 -243.88 -102.83 +137
J_01_S− C 185.20 103.86 +78 -257.07 -103.86 +148
J_01_S−M+ 219.25 113.19 +94 - - -
J_01_S−M− - - - -240.66 -113.16 +113
∆Mav +87 +132

TABLE 5.2: Maximum and minimum experimental moments and moments of resistance
of conventional specimens J_01 and J_01_S.

An effective method to directly compare the resistance of specimens with and
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withoutthefloordeck,byproposingthesameschemeofTable5.1,consistsinre-

ferringtonormalisedvalues. Normalvalueswereevaluatedastheratiobetween

theexperimentalquantities,M+/−E ,andtheresistanceones,M+/−R .Thismethod,

indeed,makesthequantitieshomogeneous,hencecomparable.

InChapter4,anon-dimensionalmomentversusrotationgraphwasprovided

foreachtest. Onthey-axis,theratiobetweentheexperimentalmomentandthe

momentofresistanceofthetransversebeam,inabsolutevalue,wasplotted.The

x-axisshowedthejointrotationinradians.Figure5.1showstheoverlappingof

thenon-dimensionalmomentvsrotationchartsoftheconventionalspecimens.The

dashedcurvesrefertospecimenswiththefloordeck,whilethecontinuousones

refertosimplespecimens.Asexpected,thesimplejointsflexuralresistanceislower

thanthatofthejointswiththefloordeck,whichshowalsoanasymmetricbehaviour

inhoggingandsaggingbending.

NormalvaluesofconventionalspecimensareshowninTable5.3.Thedifference

inthenormalvalues,∆(ME/MR)av,ofthesimplejoints,J_01,andthejointswith

thefloordeck,J_01_S,wasevaluated.J_01_Sspecimensshowedagreaterflexural

resistanceascomparedtoJ_01specimens,especiallywhentheslabundergoesto

tensilestresses.Thescatter,indeed,wasequalto+46%insaggingbendingandto

+
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FIGURE5.1:Overlappingofthenon-dimensionalmomentvsrotationresponseofall
theconventionalspecimens,J_01andJ_01_S.
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Specimen M+
E /M+

R M−
E /M−

R
[-] [-]

J_01− C 1.26 1.36
J_01−M+ 1.31 -
(ME/MR)av 1.28 1.36
J_01_S− Geolite− C 1.90 2.37
J_01_S− C 1.78 2.48
J_01_S−M+ 1.94 -
J_01_S−M− - 2.13
(ME/MR)av 1.87 2.32
∆(ME/MR)av[%] +46 +71

TABLE 5.3: Peak values of normal moments in conventional specimens J_01 and J_01_S.

In the case of specimens with the floor deck, the expected resistance was more
properly evaluated by means of the “equivalent beam” model. Table 5.4 shows the
experimental moments for positive and negative applied displacements, M+/−

E , the
moment of resistance of the “equivalent beam” in sagging and hogging bending,
M+/−

R.Eq.b, and their percentage difference, ∆M+/−. The scatter between experimental
and theoretical data ranged from +18% to +26% for positive displacements, with the
average value, ∆Mav, of +23%. The ratio for negative displacements varied between
−1% and +21%, being the average equal to +12%. In J_01_S specimens, the percent-
age differences obtained through the “equivalent beam” theoretical model resistance
are lower than those obtained with respect to the transverse beam (30x40cm) resis-
tance. On average, they decreased from +87% to +23% in positive loading direction,
and from +132% to +12% in negative loading direction. Moreover, the differences
evaluated with reference to the “equivalent beam” resistance, in Table 5.4, were close
to that of the simple joints, J_01, given in Table 5.2, which are the benchmark. They
slightly differ, especially in hogging bending condition, rather than in the sagging
bending. This means that the “equivalent beam” theoretical model catches the resis-
tance of joints with the floor deck quite accurately for positive displacements while,
on the contrary, for negative displacements the resistance is overrated.

Specimen M+
E M+

R.Eq.b ∆M+ M−
E M−

R.Eq.b ∆M−

[kNm] [kNm] [%] [kNm] [kNm] [%]
J_01_S−Geolite−C 195.29 155.64 +25 -243.88 -210.55 +16
J_01_S− C 185.20 157.00 +18 -257.07 -212.49 +21
J_01_S−M+ 219.25 173.63 +26 - - -
J_01_S−M− - - - -240.66 -244.10 -1
∆Mav +23 +12

TABLE 5.4: Maximum and minimum experimental moments and “equivalent beam”
moments of resistance in conventional specimens J_01_S.

Figure 5.2 summarises, by means of a bar chart, the normal values with respect
to the transverse beam section (light blue and light green bars) and with respect to
the “equivalent beam” section (dark blue and dark green bars). The over-resistance
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exhibitedbyJ_01_SspecimensascomparedtoJ_01specimensandtheaccuracy

ofthe“equivalentbeam”modelareclearlyshown.Thenormalvaluesevaluated

throughtothe“equivalentbeam”resistancearepointedoutinTable5.5.

Specimen M+E/M
+
R.Eq.b M−E/M

−
R.Eq.b

[-] [-]

J_01_S−Geolite−C 1.25 1.16
J_01_S−C 1.18 1.21
J_01_S−M+ 1.26 -
J_01_S−M− - 0.99

(ME/MR.Eq.b)av 1.23 1.12

TABLE5.5:PeakvaluesofnormalmomentsinconventionalspecimensJ_01_S
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FIGURE5.2:Validationofthe“equivalentbeam”model.

Providedtheover-resistancethatthefloordeckaddtotheconnection,anobser-

vationonthejointareaisnecessary. AccordingtoEurocode8[1],sincethespeci-

mensweredesignedfortheMediumDuctilityClass(DCM),thebeam-columnjoint

areawasequippedwiththesameshearreinforcementprovidedinthecriticalregion

ofthecolumn.FortheHighDuctilityClass(DCH),instead,furtherchecksonbeam-

to-columnjointsaremandatory. Althoughthegreaterresistanceduetothefloor

deckpresence,attheendofthetests,nodamageaffectedthejointareaofboththe

specimens.ThisevidenceledtoconcludethattheDCHshearreinforcementwould

beoversized.Finally,asa"corollary"oftheexperimentationcarriedout,itcanbe

statedthattheDCMjointsaresufficientlystrong.
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5.2.2 LongitudinalBeamsResponse

Therotationsexhibitedbytheexternalsideofconventionalconnectionsaredis-

cussedinthisSection.TheverticalLDTsprovidinginformationaboutrotationsare

pointedoutinFigure5.3.Theywerelocatedonbothsidesoftheconnectionun-

derthelongitudinalbeams,atthesameabscissa.Theirdistance,specifiedin“SEC

CC”ofFigure5.3,wasequalto30cm.Therotations,θ

V-LDT_6 V-LDT_5 V-LDT_4

20 100 100 20

V-LDT_1 V-LDT_2 V-LDT_3

20 100 100 20

A

A

B

B

C C

V-LDT_2 V-LDT_5

305 5

SEC. AA SEC. BB

SEC. CC

,wereevaluatedasthediffer-

encebetweenthedisplacementsofthecoupledLDTs(V-LDT_1-V-LDT_4V-LDT_2-

V-LDT_5;V-LDT_3-V-LDT_6),dividedbytheirdistance.Thearrangementoflinear

transducersisshowninFigure5.3concerningthesimplespecimen,butitwasthe

sameasforthespecimenswiththefloordeck.

FIGURE5.3:LDTsmonitoringtheverticaldisplacementsofthelongitudinalbeams
(units:cm).

Therotations,inradians,wereplottedwithrespecttothedriftimposedatthe

topofthetransversebeam.Inthegraphs,theredandthebluecurvesarethetor-

sionalrotationsofthelongitudinalbeams.Theywereevaluatedfrom,respectively,

V-LDT_1andV-LDT_4,andV-LDT_3andV-LDT_6. Theblackcurveshowsthe

jointrotation,derivedfromtheV-LDT_2andV-LDT_5sensors.Therotationsexhib-

itedbythelongitudinalbeamsandthejointoftheJ_01−M+connectionaregiven

inFigure5.4.Therotationsarequitesimilartoeachother.Indeed,themaximum

valueofthejointrotationwasθ(V-LDT_2-V-LDT_5)=0.0037rad,whilethoseofthe
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longitudinalbeamsrotationwereθ(V-LDT_1-V-LDT_4)=0.0032radandθ(V-LDT_3-

V-LDT_6)=0.0034rad
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FIGURE5.4:RotationsoflongitudinalbeamsandjointinJ_01−M+specimen.

Thelongitudinalbeamstorsionalrotationandthejointrotationofconnections

withthefloordeckareshowninFigure5.5,forJ_01_S−M+specimen,andinFigure

5.6,forJ_01_S−M−specimen.

Forappliedpositivedisplacementsatthetopofthetransversebeam,i.e.

inJ_01_S−M+ specimen,thepeakrotationofthejoint wasθ(V-LDT_2-V-

LDT_5)=0.0092rad,whilethepeaklongitudinalbeamsrotationswereθ(V-LDT_1-

V-LDT_4)=0.0229radandθ(V-LDT_3-V-LDT_6)=0.0237rad.

Forappliednegativedisplacementsatthetopofthetransversebeam,i.e.

inJ_01_S−M− specimen,thepeakrotationofthejoint wasθ(V-LDT_2-V-

LDT_5)=−0.0112rad,whilethepeaklongitudinalbeamsrotationswereθ(V-LDT_1-

V-LDT_4)=−0.0746radandθ(V-LDT_3-V-LDT_6)=−0.0756rad.

Therotationsexhibitedbyspecimensequippedwiththefloordeckweregreater

thanthoseobservedinthesimplespecimen.Inthislatter,indeed,thejointand

longitudinalbeamsrotationswerequitesimilartoeachotherandequalto,onaver-

age,0.0034rad.InJ_01_Sspecimens,instead,theresponseofthelongitudinalbeams

wasdifferentfromthatofthejoint. Thejointshowedfairlyequalabsoluterota-

tionsunderpositiveandnegativeloading,equaltothepeakvaluesof0.0092rad,in

J_01_S−M+specimen,and−0.0112radinJ_01_S−M−specimen.Thepeakval-

uesofthelongitudinalbeamsrotationswere,onaverage,0.0233radinJ_01_S−M+

specimen,and|−0.0751|radinJ_01_S−M−specimen. Moreover,theresponseof

thelongitudinalbeamsrotationsinJ_01_Sspecimenswasdifferentforappliedpos-

itiveandnegativeloads.Atthedriftlevelof6%,thelongitudinalbeamstorsional
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rotationswere,onaverage,0.0155radinJ_01_S−M+specimen,and0.0471radin

J_01_S−M−specimen.Therefore,thetorsionalrotationofthelongitudinalbeams

wasmuchhigherwhentheslabunderwenttensilestresses.

ThedifferenceintheresponseofJ_01_Sspecimenstounidirectionalpositiveand

negativeloadingprotocolswasalsoprovedbythephotographicdocumentationin

Figure5.7,inwhichthedamageattheendofthemonotonictestsisshown.Slight

damageaffectedtheexteriorsideofJ_01_S−M+connection(Figure5.7a),while

itwassignificantintheJ_01_S−M−
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specimen(Figure5.7b).Inthislattercase,a

continuouscrackranoverthespanlengthandtorsionalcracks45degreesoriented

spreadinthelongitudinalbeamsonboththeslabandjoistssides.

Thetorsionaldamageinthelongitudinalbeamsprovedtheinteractionbetween

thejoistsandthebeamssupportingthefloordeck,assumedinthetheoretical

“equivalentbeam”model. Theinteraction,whichwasgreaterinhoggingrather

thaninsaggingbendingmoment,isofcrucialrelevanceintheestimationofthe

numberofjoistscollaboratingintheresistanceoftheconnection.

FIGURE5.5:RotationsoflongitudinalbeamsandjointinJ_01_S−M+specimen.
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(a) (b)

FIGURE5.7:LongitudinalbeamscrackpatterninJ_01_S−M+andJ_01_S−M−spec-
imens.

5.2.3 JoistsResponse

Thedifferenceintheresponseofconventionalmoduleswiththedecktopositive

andnegativeloadingdirectionwasalsoanalysedintermsofjoistsdisplacements

versustopdriftappliedtothespecimens.ThejoistsdisplacementsinJ_01_S−M+

specimen,showninFigure5.8,exhibitedthesametrendduringthetest.Atthe7%

levelofdrift,indeed,H-LDT_1=80.54mm,H-LDT_2=80.71mm,H-LDT_5=78.22mm

andH-LDT_6=77.05mm.Onthecontrary,inJ_01_S−M−specimen,althoughthe

presenceofthetopedgebeam,theresponseofthejoistswasmoredifferentiated

andtheircontributiondecreasedatincreasingdistancefromthetransversebeam.

Thehomologousjoists,i.e.thoselocatedatthesamedistancefromthetransverse
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beam,displayedthesamehistoryofdisplacements,asillustratedinFigure5.9.

Atthe-7%levelofdrift,indeed,H-LDT_1=−41.97mm,H-LDT_2=−52.87mm,H-

LDT_5=−50.55mmandH-LDT_6=−18.23mm
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.Thedifferentresponseofthehomol-

ogousjoists,dependingontheirdistancefromthetransversebeam,provedthatthey

provideddifferentcontributionsintheresistanceoftheconnection.Thisassumption

isthebasisofthe“equivalentbeam”theoreticalmodel.

FIGURE5.8:JoistsandbeamdisplacementsversustopdriftinJ_01_S−M+
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FIGURE5.9:JoistsandbeamdisplacementsversustopdriftinJ_01_S−M−specimen.
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5.3 Innovative Specimens

5.3.1 Strength Response

The novelty in innovative specimens, J_02 and J_02_S, consisted in reducing the
depth and bottom reinforcement of the transverse beam in a specific area (RBS). The
reduction started at 20cm from the beam-column interface and extended for 50cm
towards the middle of the beam span. Its length was that of the RBS plastic hinge,
Lpl , properly evaluated according to the EC8 [44] formula. Both the design choices,
i.e. the reduction in the beam depth and in the bottom reinforcement, aimed at re-
ducing the flexural resistance of innovative connections as compared to the conven-
tional ones. The extent of the reduction had to balance the over-resistance added by
the floor deck and confirmed by the conventional specimens tests results, discussed
in Section 5.2 of this Chapter. For the sake of comparison, indeed, the structural
elements of conventional and innovative specimens were equal, being the only dif-
ference the reduced section detail of J_02 modules. In conclusion, the innovative
specimens with the floor deck, J_02_S, were expected to exhibit a flexural resistance
close to that of the conventional specimens without the floor deck J_01.

As for conventional specimens in Section 5.2.1, in Table 5.6, the peak experimen-
tal loads (F+

E and F−E ), reached by the innovative specimens during the tests, and
the related displacements (d+E and d−E ) are reported. In addition, in Table 5.7 a com-
parison between the average values, FE.av, sustained by conventional and innova-
tive connections, is proposed. The RBS in simple innovative joints, J_02, entailed
an asymmetric reduction of the connection resistance, as compared to simple con-
ventional joints, J_01. Strength decreased by 51% and 38%, respectively in positive
and negative loading directions. The resistance of innovative specimens with the
floor deck, J_02_S, reduced by 30% and 25% for, respectively, positive and negative
applied displacements, as compared to the same type of conventional specimens,
J_01_S. Finally, the resistance of innovative specimens with the slab, J_02_S, was
compared to that of conventional simple specimens, J_01. The resistance of J_02_S
connections was greater than that of J_01 by, respectively, 6% and 33% in, respec-
tively, positive and negative loading directions. The analysis of the connections re-
sistance, given in terms of load, is the first approximate evaluation of the reduced
resistance due to the innovative detail, which will be provided below by accounting
for the mechanical features of the materials constituting the joints.
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Specimen F+
E d+

E F−
E d−

E
[kN] [mm] [kN] [mm]

J_02− C 38.75 31.60 -52.97 -53.70
J_02−M+ 44.50 41.00 - -
J_02−M− - - -58.17 -277.68
FE.av 41.62 -55.57
J_02_S− C 85.85 40.92 -117.48 -41.50
J_02_S−M+ 93.62 53.62 - -
J_02_S−M− - - -120.22 -68.31
FE.av 89.73 -118.85

TABLE 5.6: Positive and negative peak loads and related displacements for in innova-
tive specimens, J_02 and J_02_S.

Specimen F+
E.av F−

E.av
[kN] [kN]

J_01 84.40 -89.54
J_02 41.62 -55.57
∆FE.av[%] -51 -38
J_01_S 128.15 -158.46
J_02_S 89.73 -118.85
∆FE.av[%] -30 -25
J_01 84.40 -89.54
J_02_S 89.73 -118.85
∆FE.av[%] +6 +33

TABLE 5.7: Comparison between the peak loads of conventional and innovative speci-
mens.

Before comparing the flexural resistance of conventional and innovative speci-
mens by means of normalised values, the experimental and expected moments of
innovative modules are discussed, by referring to Table 5.8 and Table 5.9 contents.
For simple innovative specimens, J_02, the expected values of the flexural strength
were evaluated with reference to the RBS geometry (30x25cm) while, for innova-
tive specimens with the floor deck J_02_S, the expected values were evaluated with
reference to the “equivalent beam” section. As usual in this work, the moments of
resistance were computed by assuming the stress-block and elastic-perfectly plastic
constitutive laws for, respectively, the concrete and steel material behaviour.

Table 5.8 summarises the peak experimental moments M+/−
E , evaluated as the

product between the peak load and the lever arm Li = 1.56m, the moment of resis-
tance of the RBS and their percentage difference, ∆M. In J_02 specimens, the average
percentage differences between experimental and expected values of bending mo-
ment were ∆M+

av = +37%, in positive moment, and ∆M−av = +45% in negative mo-
ment. Obviously, in J_02_S specimens a greater average difference occurred, both in
positive, ∆M+

av = +197%, and negative, ∆M−av = +210%, loading direction.
The expected values of innovative specimens with the floor deck were, more

correctly, computed by referring to the “equivalent beam” moments of resistance,
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reported in Table 5.9. In this case, the difference percentage between experimental
and expected resistances reduced. It was ∆M+

av = +35% in sagging moment, and
∆M−av = +81% in hogging moment.

In general, the experimental moments were found to be greater than the expected
ones. This was due to several factors. Firstly, as already found in conventional
specimens, the moment of resistance was underrated due to the steel mechanical
behaviour assumed in the resistance evaluation, not accounting for the hardening
branch. Secondly, the experimental moment ME, in specimens with RBS, was af-
fected by the actual lever arm (Lc = 1.21m see Figure 4.56), which was surely shorter
than the adopted one (Li = 1.56m). In the innovative detail, indeed, the plastic
hinge was shifted far from the beam-column interface. However, the experimen-
tal and theoretical moments of simple conventional specimens, J_01, which can be
considered as a benchmark, also diverged by 28%− 36%. Hence a difference in this
range was considered acceptable. Although the previously listed factors can reduce
the divergence between experimental and theoretical expected values, a greater dif-
ference percentage persists in hogging bending as compared to the sagging bending
case.

For the sake of clarity, Tables 5.8 and 5.9 are reported by referring to the exper-
imental moment computed through the lever arm Lc = 1.21m, in Tables 5.10 and
5.11.

Specimen M+
E M+

R.RBS ∆M+ M−
E M−

R.RBS ∆M−

[kNm] [kNm] [%] [kNm] [kNm] [%]
J_02− C 60.45 46.58 +30 -82.64 -60.34 +37
J_02−M+ 69.42 47.75 +45 - - -
J_02−M− - - - -90.74 -59.40 +53
∆Mav +37 +45
J_02_S− C 133.92 46.58 +188 -183.27 -60.34 +204
J_02_S−M+ 146.05 47.75 +206 - - -
J_02_S−M− - - - -187.54 -59.40 +216
∆Mav +197 +210

TABLE 5.8: Maximum and minimum experimental moments and RBS moments of re-
sistance of innovative specimens, J_02 and J_02_S.

Specimen M+
E M+

R.Eq.b ∆M+ M−
E M−

R.Eq.b ∆M−

[kNm] [kNm] [%] [kNm] [kNm] [%]
J_02_S− C 133.92 101.50 +32 -183.27 -103.30 +77
J_02_S−M+ 146.05 105.68 +38 - - -
J_02_S−M− - - - -187.54 -100.85 +86
∆Mav +35 +81

TABLE 5.9: Maximum and minimum experimental moments and “equivalent beam”
moments of resistance in innovative specimens, J_02 and J_02_S.
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Specimen M+
E M+

R.RBS ∆M+ M−
E M−

R.RBS ∆M−

[kNm] [kNm] [%] [kNm] [kNm] [%]
J_02− C 46.89 46.58 +1 -64.10 -60.34 +6
J_02−M+ 53.84 47.75 +13 - - -
J_02−M− - - - -70.38 -59.40 +18
∆Mav +7 +12
J_02_S− C 103.88 46.58 +123 -142.15 -60.34 +136
J_02_S−M+ 113.28 47.75 +137 - - -
J_02_S−M− - - - -145.46 -59.40 +145
∆Mav +130 +140

TABLE 5.10: Maximum and minimum experimental moments (Lc) and RBS moments
of resistance of innovative specimens, J_02 and J_02_S.

Specimen M+
E M+

R.Eq.b ∆M+ M−
E M−

R.Eq.b ∆M−

[kNm] [kNm] [%] [kNm] [kNm] [%]
J_02_S− C 103.88 101.50 +2 -142.15 -103.30 +38
J_02_S−M+ 113.28 105.68 +7 - - -
J_02_S−M− - - - -145.46 -100.85 +44
∆Mav +5 +41

TABLE 5.11: Maximum and minimum experimental moments (Lc) and “equivalent
beam” moments of resistance in innovative specimens, J_02 and J_02_S.

Table 5.12 provides information about the flexural resistance reduction in inno-
vative connections as compared to the conventional ones. In general, through the
localised section reduction (RBS), innovative beam-to-column joints were expected
to exhibit lower resistance as compared to the same type of conventional specimens.
In particular, the innovative design aimed at providing beam-to-column joints with
the floor deck, J_02_S, having a resistance similar to that of simple conventional
joints, J_01. Hence, the percentage difference between the peak experimental mo-
ment, M+/−

E , and the moment of resistance of the full-depth beam section (30x40cm),
M+/−

R , was given. The moment of resistance was evaluated through the materials
properties of each innovative joint and the assumptions on materials constitutive
laws made so far.

As compared to the ideal simple specimens having constant beam section along
the transverse beam longitudinal axis, simple innovative specimens, J_02, showed a
flexural resistance reduced, in average, by 40% and 20% in, respectively, sagging and
hogging bending moment. The RBS detail obviously entailed a resistance reduction,
which was of the different amount in positive and negative bending conditions. As
expected, indeed, due to the asymmetry in the top and bottom RBS reinforcement,
the experimental negative moment is higher than the positive one.

As compared to the full-depth transverse beam moment of resistance, innova-
tive specimens equipped with the floor deck, J_02_S, showed a flexural resistance
increased, in average, by 28% and 71% in, respectively, positive and negative mo-
ment. Also in this case, the response of the specimens was not symmetric. The
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percentage difference in sagging bending was comparable to the values obtained
for the simple conventional specimens, J_01 (28%-36%). Hence, the design objective
was achieved. On the contrary, the average percentage difference in hogging bend-
ing was outside the over-strength admissible range. This means that the floor deck
still had a significant impact on the flexural strength of innovative connections, once
the slab underwent tensile stress.

However, this evidence was expected. As seen from the conventional specimens
tests results, when the slab is subjected to tensile stress, the connection resistance
is enhanced, due to the greater amount of the top steel reinforcement in tension.
Consequently, the innovative detail should have resulted in resistance greatly de-
creased in the negative moment rather than in the positive one, the exact opposite of
what resulted. It is important to stress again that the top steel reinforcement of the
transverse beam was continuous along the beam, in the full-depth as well as in the
reduced-depth parts, due to technological reasons. In the early stage of innovative
specimens design, a different and separated steel reinforcement was provided for
the full-depth and reduced-depth beam sections. However, the first sketch provided
more rebars merging in the joint area, due to the anchorage length, which could have
prevented a proper concrete vibration at the time of casting.

Specimen M+
E M+

R ∆M+ M−
E M−

R ∆M−

[kNm] [kNm] [%] [kNm] [kNm] [%]
J_02− C 60.45 108.68 -44 -82.64 -108.68 -24
J_02−M+ 69.42 109.94 -37 - - -
J_02−M− - - - -90.74 -107.76 -16
∆Mav -40 -20
J_02_S− C 133.92 108.68 +23 -183.27 -108.68 +69
J_02_S−M+ 146.05 109.94 +33 - - -
J_02_S−M− - - - -187.54 -107.76 +74
∆Mav +28 +71

TABLE 5.12: Flexural strength reduction in innovative specimens, J_02 and J_02_S.

As roughly done in Table 5.7 in terms of peak loads sustained by the specimens,
and by following the same scheme, in Table 5.14 a comparison between the inno-
vative specimens and the conventional counterparts is given. Table 5.13 shows the
values of the peak experimental moments normalised through the moment of resis-
tance of the full-depth beam section (30x40cm), in order to be properly compared
with the normal moments of conventional specimens. For each type of innovative
specimens, the average value of the ratio, (ME/MR)

+/−
av was evaluated. It was used,

in Table 5.14, to evaluate the difference between the average normal moments of
conventional and innovative specimens, ∆(ME/MR)

+/−
av . The RBS in simple inno-

vative joints, J_02, entailed an asymmetric reduction of the connection resistance, as
compared to simple conventional joints, J_01. It was by 54% and 41%, respectively
in positive and negative loading direction. The resistance of innovative specimens
with the floor deck, J_02_S, reduced by 32% and 26% for, respectively, positive and
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negative applied displacements, as compared to the same type of conventional spec-
imens, J_01_S. Finally, the resistance of innovative specimens with the slab, J_02_S,
was compared to that of conventional simple specimens, J_01. Both the specimens
reached the same resistance in positive bending conditions, while J_02_S connec-
tions showed 26% greater resistance in negative bending.

The same concepts, just expressed by discussing the contents of Table 5.14, are
illustrated by means of the non-dimensional moment versus rotation curves over-
lapping. It was plotted for simple specimens, J_01 and J_02, in Figure 5.10, for
specimens with the floor deck, J_01_S and J_02_S, in Figure 5.11, and for simple
conventional specimens, J_01, versus innovative specimens with the slab, J_02_S, in
Figure 5.12.

Finally, the normal values are also reported in the bar chart of Figure 5.13, with
reference to J_01, J_01_S and J_02_S specimens, respectively in light blue, dark blue
and red. The resistance of innovative specimens with the floor deck was clearly
much smaller than that of conventional specimens with the slab and, moreover, in
perfect agreement with the simple conventional specimens ratio, especially for pos-
itive loading direction.

Specimen M+
E /M+

R M−
E /M−

R
[-] [-]

J_02− C 0.56 0.76
J_02−M+ 0.63 -
J_02−M− - 0.84
(ME/MR)av 0.59 0.80
J_02_S− C 1.23 1.69
J_02_S−M+ 1.33 -
J_02_S−M− - 1.74
(ME/MR)av 1.28 1.71

TABLE 5.13: Peak valued of normal moments in innovative specimens, J_02 and J_02_S.

Specimen (M+
E /M+

R )av (M−
E /M−

R )av
[-] [-]

J_01 1.28 1.36
J_02 0.59 0.80
∆(ME/MR)av[%] -54 -41
J_01_S 1.87 2.32
J_02_S 1.28 1.71
∆(ME/MR)av[%] -32 -26
J_01 1.28 1.36
J_02_S 1.28 1.71
∆(ME/MR)av[%] 0 26

TABLE 5.14: Comparison between the peak normal moments of conventional and inno-
vative specimens.
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5.3.2 LongitudinalBeamsResponse

Thelongitudinalbeamstorsionalrotations,detectedbytheLDTspairsV-LDT_1-V-

LDT_4andV-LDT_3-V-LDT_6,aswellasthejointrotations,detectedbyV-LDT_2

-V-LDT_5,areplottedversusthetopdriftimposedtothespecimen.Theinnovative

specimensresultsarecomparedtotheconventionalones,discussedinSection5.2.2.

Therotations,θ,exhibitedbythelongitudinalbeamsandjointofsimpleinno-

vativespecimensaregiveninFigure5.14andFigure5.15,withreferenceto,re-

spectively,J_02−M+andJ_02−M−modules.Inpositiveloadingdirection,ro-

tationsontheconnectionexternalsidewereessentiallysimilartoeachother,es-

peciallyuntilthe2.5%driftlevel. Themaximumvalueofthejointrotationwas

θ(V-LDT_2-V-LDT_5)=0.0015rad,whileinthelongitudinalbeamswereθ(V-LDT_1-

V-LDT_4)=0.0014radandθ(V-LDT_3-V-LDT_6)=0.0014rad.Inthesimpleconven-

tionalmodule,J_01−M+(Figure5.4),rotationsprovidedbythesameLDTswere

θ(V-LDT_2-V-LDT_5)=0.0037rad,θ(V-LDT_1-V-LDT_4)=0.0032radandθ(V-LDT_3-

V-LDT_6)=0.0034rad.Hence,byreferringtothepositiveloadingdirection,therota-

tionsinsimpleinnovativespecimensreducedbyhalf.Innegativeloadingdirection,

instead,rotationsweregreaterandreachedvaluesclosertothoseofJ_01−M+mod-

ule,i.e. θ(V-LDT_2-V-LDT_5)=−0.0029rad,θ(V-LDT_1-V-LDT_4)=−0.0033radand

θ(V-LDT_3-V-LDT_6)=−0.0024rad
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FIGURE5.14:RotationsoflongitudinalbeamsandjointinJ_02−M+specimen.
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FIGURE5.15:RotationsoflongitudinalbeamsandjointinJ_02−M−specimen.

Theresponseofinnovativespecimensequippedwiththefloordecktopos-

itiveandnegativeapplieduni-directionaldisplacementshistoryisdepicted,re-

spectively,inFigure5.16andFigure5.17. Thepeakrotationsofjointandlon-

gitudinalbeamsinJ_02_S−M+ module were θ(V-LDT_2-V-LDT_5)=0.0070rad,

θ(V-LDT_1-V-LDT_4)=0.0225radandθ(V-LDT_3-V-LDT_6)=0.0208rad.Thepeakro-

tationsofthejointandlongitudinalbeamsinJ_02_S−M− module were θ(V-

LDT_2-V-LDT_5)=−0.0069rad,θ(V-LDT_1-V-LDT_4)=−0.0150radandθ(V-LDT_3-

V-LDT_6)=−0.0269rad. Notethattheformerrotationstoppedat-5.64%driftlevel,

beingthetopdriftatthetestendequalto-10.96%.Consequently,thecurveprovided

byV-LDT_3andV-LDT_6wasconsideredtobetheeffectivetrendoftherotationof

thelongitudinalbeams.

Fortheinnovativespecimensaswellasfortheconventionalones,moduleswith

thefloordeckexhibitedgreaterrotationsthanthesimpleones. Moreover,their

responsewasnotsymmetric,showinghigherrotationsofthelongitudinalbeams

fornegativeapplieddisplacements.Theaveragepeakrotationswere,respectively,

|−0.0269|and0.0216. Asopposedtosimplespecimens,theaveragepeakvalues

ofthelongitudinalbeamsrotationsweregreaterthanthejointrotation,whichwas

equalto|−0.0069|and0.0070.

Acomparisonisestablishedwiththerotationsofconventionaljointswiththe

floordeck.Recallingthat,forJ_01_Sspecimens,thejointrotationswere0.0092rad

(inJ_01_S−M+)and−0.0112rad(inJ_01_S−M−),andtheaveragelongitudinal

beamsrotationswere0.0233rad(inJ_01_S−M+)and−0.0751rad(inJ_01_S−M−),

innovativespecimenswiththefloordeckwereobservedtoexhibitsmallerrotations,

especiallyinthelongitudinalbeamsinnegativeloadingdirection.
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Inconclusion,theinnovativedetailreducedtherotations,hencethedamage,on

theexternalsideoftheconnection,asprovedbythecrackpatternattheendofthe

tests.Indeed,whereasinsaggingbendingconditionsthedamageininnovativeand

conventionalspecimenswiththefloordeckwasslight,inhoggingbending,i.e.once

theslabundergoestensilestress,itwaswiderspreadandmoresignificant,especially

inconventionalspecimens(Figure5.18andFigure5.19).

FIGURE5.16:RotationsoflongitudinalbeamsandjointinJ_02_S−M+
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FIGURE5.17:RotationsoflongitudinalbeamsandjointinJ_02_S−M−specimen.
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(a)
(b)

FIGURE 5.18: Joint crack pattern in J_01_S−M+ (a) and J_02_S−M+ (b) specimens.

(a) (b)

FIGURE 5.19: Longitudinal beams crack pattern in J_01_S−M+ a and J_02_S−M+ b
specimens.

5.3.3 Joists Response

The response of innovative specimens to uni-directional positive and negative load-
ing direction is discussed in terms of joists and transverse beam displacements ver-
sus the drift applied at the top of the transverse beam.
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InFigure5.20,thedisplacementsofthefloordeckinJ_02_S−M+specimenare

illustrated.Thetransversebeamdisplacementscurves(H-LDT_3-H-LDT_4)over-

lappedperfectly. Thejoistscurves,instead,showedlowerslopesandquitethe

samedisplacements,withtheexceptionofH-LDT_1. Atthe7%levelofdrift,H-

LDT_1=67.86mm,H-LDT_2=75.31mm,H-LDT_5=80.82mmandH-LDT_6=79.98mm.

InFigure5.21,thefloordeckdisplacementsversusthetopdriftofJ_02_S−

M− specimenaregiven. Thedisplacementswereequalforthehomologousel-

ements,i.e.thoselocatedatthesamedistancefromthetransversebeamaxis.

Hence,theLDTpairs,H-LDT_1-H-LDT_6,H-LDT_2-H-LDT_5andH-LDT_3-H-

LDT_4hadanindependenttrend. Atthe-7%levelofdriftthejoistsdisplace-

mentswereH-LDT_1=−63.43mm,H-LDT_2=−66.78mm,H-LDT_5=−67.14mmand

H-LDT_6=−63.75mm.

Insummary,thejoistsdisplacementsininnovativeconnectionsshowedadiffer-

entresponsetopositiveandnegativeappliedloads.Intheformercase,atagiven

driftlevel,greaterjoistsdisplacementswereobserved.Inthelattercase,thesamebe-

haviourofthefloordeckhomologouselementsandtheindependenttrendoftheso-

definedelementspairswerefound.Similarfindingswereobtainedforconventional

specimens. However,ascomparedtoJ_01_Smodules,withreferencetothesame

driftlevel,thedisplacementsofthejoistsinJ_02_S
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moduleswereslightlysmallerfor

appliedpositiveuni-directionalloading,i.e.whentheslabunderwentcompressive

stress,andgreaterwhenanegativeloadprotocolwasapplied. Althoughgreater,

thedisplacementsexhibitedinnegativeloadingdirectiondidnotresultingreater

torsionalrotation,hencedamage,ofthelongitudinalbeams,duetothepositionof

thecentreofrotationoftheconnection,shiftedintheRBS.

FIGURE5.20:JoistsandbeamdisplacementsversustopdriftinJ_02_S−M+specimen.
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Chapter 6

Finite Element Modelling

6.1 Introduction

When a quite complex structure is subjected to an experimental campaign, the be-
haviour of all its parts is hard to be gathered. Many parameters, indeed, can affect
the experimental data due, for example, to particular features of the test machine.
Others simply can not be investigated during the test, for instance the occurrence of
the plasticity in the elements. Hence, a Finite Element Model (FEM) of the investi-
gated structure is useful to better understand what happened in a precise moment
of the test. Furthermore, it is useful to evaluate the behaviour of the structure under
different boundary conditions, loading history and so on. For these reasons, a 3D
FEM of the tested specimen was implemented in the Abaqus [52] software.

In this chapter, firstly general information about the geometry and the mesh size
of the FE models are referred. Secondly, the boundary conditions and the applied
load history are shown. Then, great attention is paid in defining the material model
for the reinforced concrete composing the tested specimens. The constitutive law of
concrete, both in compression and in tension, is built based upon the information
of the laboratory tests in Chapter 3 and on well-known literature references. The
overall response of the concrete is described, both in the elastic and plastic field, by
means of the ’Concrete Damaged–Plasticity’ (CDP) model implemented in Abaqus.
The CDP model is able to account for the concrete plasticity and the damage storage
as well, typical of brittle-materials. CDP is especially useful in cyclic tests because
of the possibility to control the stiffness recovery effects during cyclic load rever-
sals. The main objective, indeed, is to calibrate the model according to the cyclic
test. In the following, the calibration of monotonic tests is reported, as it is a pre-
liminary stage before running cyclic analyses, according to the steps summarised
in the flow chart of Figure 6.1. Similarly, the constitutive law of the steel is built
from the results of the rebars tensile tests pointed out in Chapter 3. The assumed
behaviour is reported without particular details, since it has, theoretically, a sym-
metrical constitutive law in tension and compression and a significant plastic de-
formation capacity. The results of the calibrated numerical models are reported in
terms of load-displacement curve and evolution of damage.
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START

Establish the basic material properties
(define stress-strain curves of materials)

Develop (or re-adjust) the 3D-FEM for RC
(mesh/ element type/ boundary condi-

tions/ loading/ connection concrete-steel)

Run monotonic analyses
to validate/verify 3D-FEM

Is convergence
achieved?

Is the response
of the system

validated?

Run cyclic analyses to verify 3D-FEM

Are the numerical re-
sults in good agreement?
(load-displacement curve,
failure type, strain etc.)

END

NO

YES

NO

YES

NO

YES

FIGURE 6.1: Steps to implement a Finite Element Model.
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6.2 Finite Element Geometry and Mesh

The geometry of the specimens was implemented in Abaqus software in full com-
pliance with the design technical details, illustrated in Chapter 2.

Each structural element composing the specimen (transverse beam, column, lon-
gitudinal beams) was implemented as a single part. After, all the parts were merged
by means of constraints. The transverse beam, the one subjected to load, is a solid
homogeneous element, whose length is 1.70m. The longitudinal beams are two solid
homogeneous elements of 1.00m length. Also the column is modelled as single solid
homogeneous element of 2.00m length. Different typologies of constraints, like cou-
pling, tie and merge, were used in order to find the best solution in connecting each
part of the model. It turned out that they lead, more or less, to the same results but
some of them entailed premature convergence problems. Finally, the continuity of
the concrete has been simulated by applying tie constraints between the in-contact
surfaces of the different parts. Rebars and stirrups were modelled as 3D wire de-
formable beam elements. Structured mesh technique was employed in the model.
In particular, 3D 8–node hexahedral elements (C3D8R) were used for concrete and
3D linear beam (B31) elements for steel of rebars and stirrups. C3D8R, shown in Fig-
ure 6.2, is a general purpose linear brick element, with reduced integration, such as
1 integration point. The reduced integration implicates both advantages and short-
comings. On one hand, there are no locking phenomena observed and the compu-
tational cost is moderate. On the other hand, it is not too stiff in bending and small
elements are required to adequately capture the information (stresses, strains, etc.),
since those are located at the integration point [53]. B31 element used for the steel is
a Timoshenko shear flexible beam (B) in space (3) with first order (1) linear interpo-
lation. The beam orientation was assigned to enable the model work properly. The
assigned mesh size was 50mm, for all the elements in the model.

FIGURE 6.2: 1x1x1 integration point scheme in hexahedral elements.

The interaction between steel and concrete was modelled by means of the beam-
in-solid embedded technique. The steel, the guest element, was embedded in the
concrete, the host region. In this way, a perfect bond between reinforcement and
concrete was assumed, since the embedded elements have the same translational
degrees of freedom of the host region [53]. The usual real effects arising from the
reinforcement-concrete interaction, such as bond slip and dowel action, was implic-
itly considered by defining "tension stiffening" in the reinforced concrete model, in
order to indirectly simulate the load transfer through the rebars between the cracks
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[53]. This technique is particularly effective for monotonic behaviour of reinforced
concrete, however is not adequate in describing cyclic test, since pinching phenom-
ena, due to the sliding, could not be captured.

The geometry and mesh of the modelled specimens are illustrated in Figure 6.3
and Figure 6.4 concerning, respectively, J_01 and J_02 specimen.

(a) (b)

FIGURE 6.3: Geometry (a) and mesh (b) of J_01 specimen.

(a) (b)

FIGURE 6.4: Geometry (a) and mesh (b) of J_02 specimen.

6.3 Boundary Conditions and Load Application

The test machine is made up of an hydraulic actuator pushing (or pulling) the trans-
verse beam of the specimen and one hinge and one roller constraining the column
ends. The experimental layout of the loading machine and its FE implementation
are shown in Figure 6.5.

In the model, boundary conditions were applied to proper sections by means of
“reference points”, such as points associated with a part. The column end sections
were coupled to “reference points” located at the effective position of hinge and
roller axes. Hence, constrains were not applied directly on the sections, but 35cm
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horizontally out of their centroid, as shown in 6.5. Finally, displacement/rotation
boundary conditions were applied to the defined ’reference points’, enabling the
horizontal displacement (y-direction in Figure 6.5) for the roller and the rotation
around the axis (x-direction in Figure 6.5) for both the constraints.

Experimental tests were carried out in displacements control and, consequently,
in the software, the displacements history, for each test, was applied to the section of
the transverse beam located at 141cm from the beam-column inter-face. At this level,
indeed, representing the actuator plate centroid, the load is supposed to be applied.
The horizontal displacements were directly applied to the “reference point” to which
the above mentioned section is coupled.

6.4 Material Models

Reinforced concrete is a composite material, made up of steel rebars embedded into a
cement-based matrix. Therefore, its structural behaviour is complex to be modelled
through FE packages, both in the elastic and plastic stage, because of the joined
action of concrete and steel and their interaction. Concrete exhibits a brittle failure
under tension, with the possibility, under cycling reversal loading, to recover part of
the original stiffness. Steel, instead, shows a ductile behaviour until the occurrence
of cracks, which make impossible to connect the separated parts anymore.

The main point in modelling reinforced concrete is defining the constitutive laws,
in particular the post-elasticity of the concrete. Experimentally, two main failure
mechanisms affect concrete: compression crushing and tensile cracking. While the
former can be well described by the theory of plasticity, the latter is well fitted by the
damage theory. Consequently, the theory of plasticity, which is severely defined for
metals, is not suitable for quasi-brittle materials like concrete, which can be better
represented by damage models [54].

Abaqus materials library offers many models for concrete in-elasticity: the “Con-
crete smeared cracking” in Abaqus/Standard, the “Cracking model for concrete” in
Abaqus/Explicit and the “Concrete damaged-plasticity” in both Abaqus/Standard
and Abaqus/Explicit. Given the above considerations, a model coupling the
two theories of plasticity and damage was chosen, i.e. the “Concrete Dam-
aged–Plasticity” (CDP) model, in order to catch both the concrete plastic behaviour
and the stiffness loss due to the damage storage [55], [56]. CDP is particularly recom-
mended for arbitrary and cyclic loading applications. The elastic stiffness is properly
modified as a function of the plastic deformations, both in tension and in compres-
sion, which is calculated by means of damage parameters. Moreover, it takes into
account the stiffness recovery effects under cyclic loading [53]. Analyses were run
with Abaqus/Standard solver, although the FE standard implicit procedure could
bring about convergence problems when cracking and damage are involved [57].
However, to overcome any convergence problem, it is possible to apply a viscoplas-
tic regularization of the constitutive equations.
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FIGURE6.5:TestlayoutsimulationinAbaqusenvironment.
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case,orexperimentallyevaluated[58].

Auni-axialplasticitymodelwasemployedforthebehaviourofthesteelcon-

stitutingtherebars.Theyieldandultimatestrengthvalueswerethoseevaluated

throughtensiletestsinChapter3.Asfirstattempt,anelastic-plasticconstitutivelaw

wasimplemented,inordertoreducethecomputationaltime.
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6.4.1 Concrete Damaged-Plasticity Model

The CDP theory was firstly proposed by Lubliner et al.[55], for monotonic, cyclic and
dynamic behaviour, and it was further developed by Lee and Fenves [56]. The con-
stitutive model is suitable for different types of concrete structures (beams, trusses,
shells, and solids) exhibiting a quasi-brittle behaviour, such as subjected to low con-
fining pressure. The main failure mechanisms of cracking in tension and crushing
in compression, occurring under limited confining pressure, manage the brittle be-
haviour of the concrete. Conversely, a significant hydrostatic pressure, avoiding the
crack propagation, ensures the concrete macroscopically behaves in a ductile man-
ner.

The inelastic behaviour of concrete is obtained by combining the isotropic dam-
aged elasticity theory and the isotropic tensile and compressive plasticity theory.
Figure 6.6 clarifies the differences among uni-axial stress-strain curves of “Plastic-
ity” (a), “Damage” (b) and “Plastic Damage” (c) models [59]. In the “Plasticity
Model”, the unloading branch has the slope of the elastic one, provided by the ini-
tial modulus of elasticity E0. Besides, the total strain (ε) is the sum of an elastic (εel)
and plastic component (ε̃pl). In the “Damage Model”, the unloading branch is not
only dependent on the deformation modulus E0, but on the damage variable d too,
which causes stiffness degradation and the impossibility to know the irreversible
strain. The “Plastic Damage Model” overestimates neither the plastic strain, like the
elastic-plastic relation, nor the damage, like the damage law, since combines these
two approaches by catching the constitutive experimental unloading behaviour. By
means of the damage part, it reproduces the softening behaviour and the reduction
of the elastic modulus; in the meantime, through the plasticity part, it estimates the
plastic unrecoverable strain [60].
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FIGURE 6.6: CDP constitutive law.
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In other words, CDP describes the irreversible damage occurring during the frac-
ture evolution, by combining non-associated multi-hardening plasticity and scalar
(isotropic) damaged elasticity [53]. The two hardening variables controlling the yield
surface are the tensile and compressive equivalent plastic strain, respectively ε̃

pl
t and

ε̃
pl
c . These variables are linked to the two main failure mechanisms of tensile crack-

ing and compressive crushing and are calculated by the software from the uni-axial
stress behaviour in tension and compression.

By means of specific parameters, w, to be defined both in tension and in com-
pression (wt and wc, respectively), is also possible to take into account the stiffness
recovery effects under reversed cyclic loading, as illustrated in Figure 6.7.

FIGURE 6.7: Uni-axial load cycle (tension-compression-tension).

6.4.1.1 Uni-axial Concrete Tensile Behaviour

The uni-axial tensile behaviour of the concrete was difficult to calibrate for different
reasons. Firstly, the experimental ultimate tensile strength was unknown, since no
specific tests were led up to find out it. Secondly, many different formula computing
this value are available in literature and in codes. Finally, according to [61], [62],
[63], the ultimate tensile strength of the concrete, ftm was evaluated, in megapascal
(MPa), as a function of the concrete compressive strength fcm:

ftm = 0.33
√

fcm (6.4.1)

The tensile stress-strain response of the concrete is elastic until the failure stress,
with a slope corresponding to the modulus of elasticity E0, equal to the compressive
one reported in detail in the following Section 6.4.1.2.

After the failure stress, micro-cracks spread throughout the concrete, inducing
strain localization, which has to includes both the crack width and tensile strain be-
tween the cracks. Noticeably, such a tensile model is called “smeared” and shows a
softening stress-strain response [64]. The tension softening behaviour, also known as
tension stiffening, is required in the CDP model, as it allows to take into account the
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interaction between concrete and reinforcement. Abaqus User’s Guide [53] provides
different ways to implement the tension stiffening. For instance, it suggested a value
for the ultimate tensile strain (10−3 for standard concrete), in order to achieve the nu-
merical solution. Indeed, more tension stiffening helps to achieve convergence more
easily. On the contrary, less tension stiffening can lead to instability in the model
response.

In this work, the softening segments of the constitutive laws were implemented
throughout a post-failure stress-strain parameters, based on the “Fracture Energy
Cracking” criterion. In the tension case, it assumes that the stress is a decreasing
function of the crack opening, w. The descending branches, both for compressive
and tensile behaviour, are generated in order to assure the mesh independency of
the model, according to one of the so-called mesh regularization techniques, i.e. the
“Crack Band Method” [65]. Therefore, the softening branch is obtained from the
fracture energy per unit area. Consequently, both fracture and crushing energy, GF

and Gch respectively, which are material parameter, have been set on the equivalent
length leq of the finite element. As one might imagine, the characteristic (or equiva-
lent) length leq depends on the finite element integration point, such as on the mesh
size and on the type, form and quadratic rule of the element [59], [66]. In this work,
the characteristic length of the first-order solid brick elements meshing the concrete
was derived by dividing the volume by the largest face area [59].

Many different post-elastic tensile relations can be implemented, applying the
“Fracture Energy Cracking” criterion. The simplest one consists in assuming a lin-
ear function until the critical crack width is reached [53]. This approximation can
considerably reduce the computational time of the analysis, on one side, and it can
cause a more stiff response, on the other side. Bi-linear [67, 68] and exponential
expressions [69] can lead to more accurate results. In this case, the exponential for-
mulation [69] was chosen. The ratio between the generic tensile stress at crack width,
σ(w), and the ultimate tensile strength, ftm is:

σt(w)

ftm
=

[
1 +

(
c1

w
wc

)3
]

e−c2
w

wc − w
wc

(
1 + c3

1
)

e−c2 (6.4.2)

in which c1 = 3, c2 = 6.93 are material constants [69] and wc is the crack-opening
displacement at complete release of fracture energy, GF, since σt(0) = ftm and
σt(wc) = 0. Therefore, the critical crack-opening is equal to:

wc = 5.14
GF

ftm
(6.4.3)

and the fracture energy GF (N/mm) can be evaluated, according to [68], as:

GF = 0.073 f 0.18
tm (6.4.4)

Alternatively, GF can be also estimated as GF = GF0( fcm/ fcm0)0.7 [70], in which
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GF0 is the base value of the fracture energy, depending on the maximum aggregate
size, and fcm0 = 10MPa.

The whole tensile constitutive law is shown in Figure 6.8.
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FIGURE 6.8: Uni-axial concrete tensile behaviour.

According to [57], the crack distribution was not studied in this work and was as-
sumed a single crack per element. Therefore, the stress-crack opening displacement
curve was switched into a stress-strain curve, by means of the kinematic relation
from the “Crack Band Model”:

εt = εtm +
w
leq

(6.4.5)

where εtm is clearly the strain corresponding to ftm.
The obtained stress-strain values were implemented in Abaqus as stress versus

inelastic strain values, ε̃ck
t in Figure 6.8. Once the damage parameters have been

implemented, according to Section 6.4.1.3, the software automatically deduces the
plastic strain. The cracking strain is the total strain minus the elastic strain of the
undamaged material, i.e. ε̃ck

t = εt − εel
0t, with εel

0t = σt/E0 [53].

6.4.1.2 Uni-axial Concrete Compressive Behaviour

The uni-axial compressive constitutive law of the concrete follows the general
damaged-plasticity curve shown in Figure 6.9. It is composed of three parts: a first
linear branch, until the value of the initial yield stress, a hardening part, until the
failure strength, and a last softening field.

The uni-axial constitutive law was derived according to [68], by means of the
average ultimate stress value, obtained from the compressive strength tests on con-
crete cubes, fcm, occurring at the conventional strain rate εcm = 0.0022 [68]. The first
linear segment follows the Hooke law:

σ
(1)
c = E0εc (6.4.6)
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FIGURE 6.9: Uni-axial concrete compressive behaviour.

starting from zero stress until 0.4 fcm. In Equation 6.4.6, εc is the generic strain value,
and E0 is the secant modulus of elasticity, equal to (in MPa):

E0 =

(
0.8 + 0.2

fcm

88

)
Eci (6.4.7)

In Equation 6.4.7, Eci is the initial deformation modulus for zero stress, which is
equal to (in MPa):

Eci = 10000 f 1/3
cm (6.4.8)

The assumption of an initial linear behaviour is not in accordance with experimental
results, as the σ− ε law is not linear even starting from very low load values. Nev-
ertheless, for normal concrete, the linear σ− ε relation is a fair approximation until
30-40% of the maximum stress, before the internal micro-cracking occurs, reducing
the stiffness.

For stress values ranging from 0.4 fcm to fcm, the concrete shows a hardening
behaviour, with a stiffness progressively decreasing to 0 (horizontal tangent) at ul-
timate strength. The second segment of the σ− ε law is well fitted by the quadratic
analytical function in [68]:

σ
(2)
c =

Eci
εc
fcm
−
(

εc
εcm

)2

1 +
(

Eci
εcm
fcm
− 2
)

εc
εcm

fcm (6.4.9)

The third softening field, after the peak strength fcm and its relative strain εcm,
is characterized by the localization of the damage. As tension, also the compres-
sive softening branch has been derived by means of the “Crack Band Method” [65].
Therefore, the fracture energy under compression, which is the material parameter
of the crushing energy per unit area Gch, and the equivalent length leq of the finite
element were employed. In consequence, fixed the mesh size, the third segment,
describing the softening behaviour, was defined according to the following relation
[66]:

σ
(3)
c =

(
2 + γc fcmεcm

2 fcm
− γcεc +

ε2
cγc

2εcm

)−1

(6.4.10)
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in which:

γc =
π2 fcmεcm

2
[

Gch
leq
− 0.5 fcm

(
εcm (1− b) + b fcm

E0

)]2 (6.4.11)

with:

b =
ε̃

pl
c

ε̃ch
c

(6.4.12)

and:

Gch =

(
fcm

ftm

)2

GF (6.4.13)

The scalar parameter b splits inelastic strains, ε̃ch
c , into plastic strains, ε̃

pl
c . It can

be assumed b = 0.9, as first approximation, according to experimental observations.
The value of b changes during the iterative procedure explained in Section 6.4.1.4,
hence it has to be uploaded each step until convergence is reached.

In Equation 6.4.13, GF is the fracture energy described in Section 6.4.1.1. Since the
softening branch asymptotically drops to zero, Gch is used to evaluate the maximum
fictitious strain value of the curve, as the product between the area under the curve
and the characteristic length is the target to achieve.

As for tension, for compression as well the stress-strain curve was implemented
in the FE software throughout stress versus inelastic strain values. The compressive
inelastic (or crushing) strain is obtained as the total strain minus the elastic strain
corresponding to the undamaged material, ε̃ch

c = εc − εel
0c, with εel

0c = σc/E0 [53].

6.4.1.3 Damage Variables

As above explained and illustrated in Figures 6.8 and 6.9, the CDP model requires
the definition of damage parameters, describing the unloading response in the soft-
ening branch of constitutive laws, both in tension and in compression. Indeed, if the
damage is not defined as a function of inelastic strains, ε̃ck

t and ε̃ch
c , the material model

behaves like a plasticity model, as already reported in Figure 6.6, thus ε̃ck
t = ε̃

pl
t and

ε̃ch
c = ε̃

pl
c .

Conversely, the CDP model assumes that the unloading of the concrete specimen
in the softening branch of the stress-strain curve is affected by a degradation of the
elastic stiffness. It means that the material response is weakened since the material
has been affected by damage. The parameters to be defined in order to account for
the degradation of the stiffness are scalar variables, dt and dc, respectively for tensile
and compressive behaviour, which depend on the plastic strains, ε̃

pl
t and ε̃

pl
c . The

damage parameters values vary between 0 and 1, representing respectively the un-
damaged condition and the total loss of strength. They serve a purpose of defining
the ’effective’ tensile and compressive cohesion stress, in Equations 6.4.14 and 6.4.15,
characterizing the size of the yield (or failure) surface:
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σ̄t =
σt

(1− dt)
= E0(εt − ε̃

pl
t ) (6.4.14)

σ̄c =
σc

(1− dc)
= E0(εc − ε̃

pl
c ) (6.4.15)

Actually, Abaqus documentation does not provide any recommendation about
how to evaluate the scalar damage parameters. A highly regarded method to de-
fine damage variables was provided by Lubliner et al.[55]. This method related the
stiffness to the material cohesion, hence to the strength of the concrete. Over the
years, many researchers proposed modifications. Constant factors [71], fitting with
the experimental data of cyclic tests, were added to the main expression proposed by
Lubliner et al.[55]. Alternatively, exponential functions were employed to calculate
the damage variables for both compression and tension [72].

In this work, a new methodology proposed by [59] was applied to compute the
damage variables since it provided a good accordance between experimental and
FEM load versus displacement curve. Hence, tensile and compressive damage func-
tions are:

dt = 1− 1
2 + at

[
2 (1 + at) e−bt ε̃

ck
t − ate−2bt ε̃

ck
t

]
(6.4.16)

dc = 1− 1
2 + ac

[
2 (1 + ac) e−bc ε̃ch

c − ace−2bc ε̃ch
c

]
(6.4.17)

where:

at = 2
(

ftm

ft0

)
− 1 + 2

√(
ftm

ft0

)2

−
(

ftm

ft0

)
(6.4.18)

ac = 2
(

fcm

fc0

)
− 1 + 2

√(
fcm

fc0

)2

−
(

fcm

fc0

)
(6.4.19)

and:

bt =
ft0leq

GF

(
1 +

at

2

)
(6.4.20)

bc =
fc0leq

Gch

(
1 +

ac

2

)
(6.4.21)

In Equations 6.4.18, 6.4.19, 6.4.20 and 6.4.21, the at, ac, bt and bc parameters are
expressed as a function of ft0 = ftm and fc0 = 0.4 fcm.

6.4.1.4 Implementation of CDP Parameters

In this Section, the detailed implementation of the previously defined CDP param-
eters is reported. The iterative procedure, proposed by [59], is herein reported step
by step, by expressing all the stresses in MPa. Once the convergence is achieved,



180 Chapter 6. Finite Element Modelling

the definitive curves of stress versus strain and damage variables versus crack-
ing/crushing strain are obtained, for tensile and compressive behaviour. The output
of the iterative procedure for each modelled specimen, i.e. the parameters imple-
mented in the software, are reported in Table 6.1 and in Figures 6.10, 6.11 and 6.12.
However, the constitutive parameters implemented were limited to damage values
of about 90%, as for higher values Abaqus exited with errors.

1. Define the starting data. Firstly, the average value of the concrete compressive
strength, fcm, and the value of the strain at the peak compressive strength,
εcm = 0.0022, as indicated in Section 6.4.1.2. In addition, the average value of
the concrete tensile strength, ftm, according to Equation 6.4.1. Moreover, the
equivalent length of the mesh size, leq, fixed a priori. Finally, the b parameter
in Equation 6.4.12, initially assumed equal to 0.9.

2. Evaluate the concrete tangent and the secant modulus of deformation, respec-
tively Eci = 10000 f 1/3

cm and E0 = (0.8 + 0.2 fcm/88), as pointed out in Section
6.4.1.2.

3. Calculate the fracture and crushing energy, according to Equation 6.4.4 and
6.4.13, in N/mm, i.e. GF = 0.073 f 0.18

cm and Gch = ( fcm/ ftm)2GF.

4. Define, according to Equation 6.4.3, wc = 5.14GF/ ftm, the critical crack open-
ing.

5. Build the whole concrete compressive constitutive law, through its first, Equa-
tion 6.4.6, second, Equation 6.4.9, and third, Equation 6.4.10 branch. It is re-
minded to limit the crushing strain in order to develop the entirely crushing
energy, Gch.

6. Build the two segments of the tensile stress-strain constitutive law, by using
the linear relation σ

(1)
t = E0εt and by referring to Equation 6.4.2 and Equation

6.4.5, for respectively stress and strain of the second branch.

7. Evaluate the at, ac, bt and bc parameters according to Equations 6.4.18, 6.4.19,
6.4.20 and 6.4.21, remembering that ft0 = ftm and fc0 = 0.4 fcm.

8. Define both the tensile and the compressive damage evolution parameters, dt

and dc, by following the Equations 6.4.16 and 6.4.17, respectively.

9. Calculate the tensile and compressive plastic strain ε̃
pl
t = ε̃ck

t − σtdt/[(1− dt)E0]

and ε̃
pl
c = ε̃ch

c − σcdc/[(1− dc)E0], as reported in Figures 6.8 and 6.9.

10. Evaluate the average value of ratio b = ε̃
pl
c /ε̃ch

c , compare it with the value in
step 1 and iterate the procedure until convergence is reached.
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Specimen leq fcm ftm Gch GF b at ac bt bc
[mm][MPa][MPa][N/mm][N/mm][-] [-] [-] [-] [-]

J_01−M+ 50 28.311.76 16.16 0.06 0.86 1 7.87 2119 173
J_02−M+ 50 30.281.82 37.50 0.13 0.96 1 7.87 1010 80
J_02−M− 50 20.731.50 9.51 0.05 0.81 1 7.87 2255 215
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FIGURE6.10:Stress,strainanddamageforuni-axialtensileandcompressivebehaviour
ofconcreteinJ_01−M+specimen.



182 Chapter6.FiniteElementModelling

0 0.01 0.02 0.03 0.04

strain [-]

0

10

20

30

40
c
o
m
pr
e
ss
iv
e 
st
r
e
ss
 [
M
P
a]

J_02-M+

0 1 2 3

strain [-] 10-3

0

0.5

1

1.5

2

t
e
n
sil
e 
st
r
e
ss
 [
M
P
a]

J_02-M+

0 0.01 0.02 0.03 0.04

crushing strain [-]

0

10

20

30

40

c
o
m
pr
es
si
v
e 
st
r
es
s 
[
M
P
a]

J_02-M+

0 1 2 3

cracking strain [-] 10-3

0

0.5

1

1.5

2

t
e
ns
il
e 
st
r
es
s 
[
M
P
a]

J_02-M+

0 0.01 0.02 0.03 0.04

crushing strain [-]

0

0.2

0.4

0.6

0.8

1

c
o
m
pr
es
si
v
e 
d
a
m
a
g
e 
[-
]

J_02-M+

0 1 2 3

cracking strain [-] 10-3

0

0.2

0.4

0.6

0.8

1

t
e
ns
il
e 
d
a
m
a
g
e 
[-
]

J_02-M+
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ofconcreteinJ_02−M+specimen.



6.4. MaterialModels 183

0 0.01 0.02 0.03

strain [-]

0

10

20

30

c
o
m
pr
e
ss
iv
e 
st
r
e
ss
 [
M
P
a]

J_02-M-

0 1 2 3

strain [-] 10-3

0

0.5

1

1.5

2

t
e
n
sil
e 
st
r
e
ss
 [
M
P
a]

J_02-M-

0 0.01 0.02 0.03

crushing strain [-]

0

10

20

30

c
o
m
pr
es
si
v
e 
st
r
es
s 
[
M
P
a]

J_02-M-

0 1 2 3

cracking strain [-] 10-3

0

0.5

1

1.5

2

t
e
ns
il
e 
st
r
es
s 
[
M
P
a]

J_02-M-

0 0.01 0.02 0.03

crushing strain [-]

0

0.2

0.4

0.6

0.8

1

c
o
m
pr
es
si
v
e 
d
a
m
a
g
e 
[-
]

J_02-M-

0 1 2 3

cracking strain [-] 10-3

0

0.2

0.4

0.6

0.8

1

t
e
ns
il
e 
d
a
m
a
g
e 
[-
]

J_02-M-

FIGURE6.12:Stress,strainanddamageforuni-axialtensileandcompressivebehaviour
ofconcreteinJ_02−M−specimen.

6.4.1.5 ConcretePlasticity

TheconstitutiveparametersdefiningmechanicalplasticityoftheconcreteinCDP

modelconsistinfourvalues,concerningtheshapeoftheflowpotentialsurfaceand

theyieldsurface.Thefundamentalparametersare:

•Kc,theratioofsecondstressinvariantsontensileandcompressivemeridians;

•ψ,thedilatancyangleindeviatoryplanathighconfiningpressure;

•fb0/fc0,theratiobetweenthebi-axialanduni-axialcompressiveyieldstrength;

• ,theeccentricityofplasticpotentialsurface.
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The effective values can be identified by means of specific laboratory tests [58] or
set to the default values or properly calibrated. In this work, some plasticity values
were properly calibrated, others were assumed as default. Additionally, aiming at
overcoming convergence problems of implicit analysis in Abaqus/Standard, viscos-
ity parameter can be set to a small value, different from the default zero.

The effective stress, for the general three-dimensional multi-axial condition, is
defined as:

σ̄ = (1− d)Del
0 : (ε− εpl) (6.4.22)

In Equation 6.4.22, Del
0 is the elastic stiffness tensor, σ and ε are respectively the

stress and strain tensors, and d is the scalar damage parameter.
Two stress invariants of the effective stress tensor are useful to define both the

plastic flow potential function and the yield surface, which are the hydrostatic pres-
sure stress and the Mises equivalent effective stress:

p̄ = −1
3

trace(σ̄) (6.4.23)

q̄ =

√
3
2
(S̄ : S̄) (6.4.24)

In Equation 6.4.24, S̄ is the effective stress deviator, equal to:

S̄ = σ̄ + p̄I (6.4.25)

The plastic flow in the CDP model is assumed to be non-associated potential
plastic flow. The flow potential, G, serving this model is the Drucker-Prager hyper-
bolic function [73]:

G =
√
(εσt0tanψ)2 + q̄2 − p̄tanψ (6.4.26)

in which:

• ε is the eccentricity parameter stating the rate at which the function approaches
the asymptote. Indeed, the flow potential tends to a straight line as the eccen-
tricity tends to zero;

• σt0 is the uni-axial tensile stress at failure;

• ψ is the dilation angle measured in the p–q plane at high confining pressure.

The flow potential is always uniquely defined.
The eccentricity parameter modifies the curvature of the flow potential. In this

work, the eccentricity has been set to the default value, ε = 0.1, meaning the dilata-
tion angle remain almost the same over a wide range of confining pressure.

The dilatancy angle, ψ, is a suitable parameter describing the phenomenon of the
shear dilatancy, observed in all granular materials and in the cemented materials,
like concrete, as well. Dilatancy represents the volume changes due to shear distor-
sion of an element; hence ψ represents the ratio of plastic volume change over plastic
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shear strain. In other words, high dilatancy means a great increasing in volume and,
in consequence, it corresponds to a high dilatancy angle. As clearly demonstrated in
[54], the difference in the load-deformation behaviour between a strong dilatant and
a non-dilatant material relies on the superior stiffness of the former as compared to
the latter, while the resistances remain comparable. In [54], the values of the dila-
tancy angle have been investigated through test data then, in this work, ψ values
have been calibrated, starting from the suggested ones.

The yield function of the model is by Lubliner et al.[55], with the modifications
proposed by Lee and Fenves [56] including different evolution of strength under
tension and compression. The evolution of the yield surface is controlled by the
hardening variables, ε̃pl and ε̃

pl
c . In terms of effective stresses, the yield function can

be expressed as:

F =
1

1− α

(
q̄− 3α p̄ + β(ε̃pl)〈 ˆ̄σmax〉 − γ〈− ˆ̄σmax〉

)
− σ̄c ε̃

pl
c = 0 (6.4.27)

with:

α =
(σb0/σc0)− 1

2(σb0/σc0)− 1
, 0 ≤ α ≤ 0.5 (6.4.28)

β =
σ̄c(ε̃

pl
c )

σ̄t(ε̃
pl
t )

(1− α)− (1 + α) (6.4.29)

γ =
3(1− Kc)

2Kc − 1
(6.4.30)

In Equation 6.4.27, ˆ̄σmax is the maximum principal effective stress.
In Equation 6.4.28, σb0/σc0 is the ratio of initial bi-axial compressive yield stress

and initial uni-axial compressive yield stress, as already referred. The exact value of
this parameter can be evaluated by means of a laboratory bi-axial test [58]. In this
work, the default value, σb0/σc0 = 1.16, was assumed.

In Equation 6.4.29, σ̄t(ε̃
pl
t ) is the effective tensile cohesion stress and σ̄c(ε̃

pl
c ) is the

effective compressive cohesion stress.
In Equation 6.4.30, Kc is the ratio of the second stress invariant on the tensile

meridian, qTM, to that on the compressive meridian, qCM, at initial yield for any
given value of the pressure invariant p such that the maximum principal stress is
negative, σ̂max ≤ 0 (see Figure 6.13). It must satisfy the condition 0.5 < Kc ≤ 1. In
this work, the default value Kc = 2/3 has been assumed. However, the γ parameter
could be exactly estimated by performing a full tri-axial test of concrete [58]. In
conclusion, it is clearly seen that the shape of loading surface in the deviatoric plane
depends on γ, Figure 6.13, whereas α is evaluated with reference to the yield surface
for plane stress condition, i.e. the Kupfer’s curve reported in Figure 6.14.

As revealed in advance, an additional parameter can be specified as part of the
CDP model: the viscosity. Indeed, severe convergence difficulties can be frequent
in implicit analysis programs, particularly when material models exhibit softening
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FIGURE 6.13: Yield surfaces in the deviatoric plane, corresponding to different values
of Kc.

behaviour and stiffness degradation. The use of viscoplastic regularization of the
constitutive equations is a common technique to overcome these kind of difficul-
ties, making the consistent tangent stiffness of the softening material positive for
sufficiently small time increments. In Abaqus/Standard the viscoplasticity lets the
stresses exceeding the yield surface, by means of the Duvaut-Lions regularization.
A small value, as compared to the characteristic time increment, of the viscosity pa-
rameter, µ, is often useful to reach convergence in the softening regime. It represents
the relaxation time of the viscoplastic system and does not affect the analysis out-
put. The default value of viscosity is zero, meaning no viscoplastic regularization
is applied, but, in the performed analysis, it has been calibrated with the aim of
completing the analysis.

The implemented parameters are summarised in Table 6.2.

Specimen KcKcKc ψψψ fb0/ fc0fb0/ fc0fb0/ fc0 εεε µµµ
- (◦) - - -

J_01−M+ 0.67 20 1.16 0.1 0.0002
J_02−M+ 0.67 30 1.16 0.1 0.0001
J_02−M− 0.67 20 1.16 0.1 0.0003

TABLE 6.2: CDP implemented constitutive parameters.

6.4.2 Steel

The steel reinforcement, rebars and stirrups, were modelled in Abaqus as beam ele-
ments embedded in the concrete host element. The metal plasticity model was used
to describe the behaviour of the steel, by employing the effective material properties
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FIGURE 6.14: Yield surface in plane stress.

derived from characterization tests performed in the laboratory and listed in Chap-
ter 3 for each specimen. The elastic perfectly plastic constitutive law was generally
preferred to the elastic plastic hardening one.

6.5 Results

6.5.1 Conventional Specimens

6.5.1.1 Load-Displacement Curve

The comparison between the experimental and numerical results are illustrated in
Figure 6.15, in terms of load versus displacement. In general, stiffness and strength
are in good agreement. In particular, the FEM stiffness is slightly overrated at about
30kN. The maximum load achieved in the experimental test was 86.06kN, while it
was 84.51kN in the FEM.
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FIGURE6.15:ComparisonbetweenexperimentalandsimulatedresultsofJ_01−M+

specimen.

6.5.1.2 PlasticityandDamage

ThefinalplasticstrainmagnitudeandconcretecrushingdamageaffectingJ_01−

M+specimenaredisplayed,respectively,inFigure6.16andFigure6.17.Forthesake

ofcomparison,photosoftheexperimentaltestsarereportedontheleftside.They

showthatthemodeliscapabletoexactlyidentifytheareasaffectedbyplasticityand

crushingdamage.

FIGURE6.16:Plasticityatthefinalstageoftheexperimentalandnumericalanalysisof
J_01−M+specimen.
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FIGURE6.17:Crushingdamageatthefinalstageoftheexperimentalandnumerical
analysisofJ_01−M+specimen.

6.5.2 InnovativeSpecimens

6.5.2.1 Load-DisplacementCurve

TheresultsoftheFEanalysesperformedoninnovativespecimensarediscussedin

thisSectionintermsofloadversusdisplacement.InFigure6.18andFigure6.19,

theresponseof,respectively,J_02−M+ andJ_02−M− numerical modelswas

comparedtothatoftheexperimentaltests.Inthiscase,theexperimentaldataof

themonotonicandcyclictestwereplotted,considering,forthislatter,theskeleton

curve.Itshouldberecalledthatthefinalobjectiveistocalibratethecyclictest.In

Figure6.18,thedottedline,FEM−M,followsthemonotonicexperimentalcurve,

whilethedashedline,FEM−C,followsthecyclictestenvelope.BoththeFEM

curvesprovidedexcellentresultsintermsofstiffness,bycatchingalsothetransition

fromlineartonon-linearbehaviour.Intermsofstrength,thepeakloadinFEM−M

curvewasequalto44.79kN,inaccordancetotheoneachievedbytheexperimental

monotoniccurve,44.50kN.However,thedisplacementscorrespondingtothepeak

loadswerenotinagreement.Theformerwasat63.57mmandthelatterat41.00mm.

ThepeakloadsobservedintheskeletonandFEM−Ccurveswere,respectively,

38.88kNand40.84kN. Althoughtheslightdifferenceintheresistance,thislatter

modelwillbeusedforthefuturecalibrationofthecyclictest,accountingforthe

materialsofthepropermaterialsofJ_02−Cspecimen.Therefore,thefurtherre-

sultsshownbelowarerelatedtothismodeling.SincetheJ_02−M−monotonictest

wasunreliable,itbecomesnecessarytofittheFEcurvewiththeskeletoncurveof

J_02−Cspecimen,thedashedlineinFigure6.19.IntheFEM,thestiffnessisslightly

overratedbutperfectlyparalleltotheexperimentalcurve.TheFEMcurvereached

higherloadvalues,duetothematerialpropertiesofJ_02−M+specimen.Indeed,

thepeakloadwas−58.18kNintheexperimentalmonotoniccurve,and−56.11kNin

theFEMcurve.
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FIGURE6.19:ComparisonbetweenexperimentalandsimulatedresultsofJ_02−M−

specimen.

6.5.2.2 PlasticityandDamage

FromtheresultsoftheFEanalysesperformedoninnovativespecimens,theareasaf-

fectedbyplasticityandcrushingdamagewerealsopointedout.Acomparisoncom-

parisonbetweenthefinalstageoftheexperimentaltest,ontheleftsideofFigures,

andtheFEanalysis,ontherightside,areillustrated.InFigures6.20and6.21,the

plasticstrainmagnitudeandtheconcretecrushingdamageinJ_02−M+specimen

areshown.InFigures6.22and6.23,theplasticstrainmagnitudeandtheconcrete

crushingdamageinJ_02−M−specimenareshown.
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FIGURE 6.20: Plasticity at the final stage of the experimental and numerical analysis of
J_02−M+ specimen.

FIGURE 6.21: Crushing damage at the final stage of the experimental and numerical
analysis of J_02−M+ specimen.
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FIGURE 6.22: Plasticity at the final stage of the experimental and numerical analysis of
J_02−M− specimen.

FIGURE 6.23: Crushing damage at the final stage of the experimental and numerical
analysis of J_02−M− specimen.
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Chapter 7

Conclusions and Future
Developments

7.1 Main Conclusions

Since 1980, several experimental programs were devoted to investigating the influ-
ence of the RC slab in the beam-to-column connections. In the tested sub-assemblies
and frames, the presence of the slab was found to mainly increase the flexural ca-
pacity of the beam, by acting as a beam flange. The slab action was referred to as
“slab effect”. The resistance and the stiffness of the structures were consequently
increased. In seismic designed structures, the “slab effect” can be particularly detri-
mental since the flexural strength of the beam controls the capacity design rules. In
particular, an enhanced flexural capacity of the beam reduces the column-to-beam
moment ratio, thus shifting the plastic hinges in the adjacent columns and then al-
tering the collapse mechanism of the structure. The experimental campaigns led to
identifying different factors, of primary and secondary importance, determining the
effective width of the slab acting as a flange for the beam. Based on the identified pa-
rameters, over the years, experimental formulas were derived and improved, with
the aim to evaluate the exact width of the slab to account in the design stage. How-
ever, the wide experimental tests investigated a specific floor deck typology, made
up of an integrated slab, monolithically cast with the beam.

Conversely, the present work evaluated, theoretically and experimentally, the
contribution provided by a different RC floor deck to the resistance of connections
designed according to the current Eurocodes. The most common and widely spread
in the Mediterranean regions RC floor deck was considered, i.e. the one composed
of RC joists and upper slab, with interlaid hollow tile blocks. With reference to the
above-mentioned floor system, no experimental tests are available in the literature,
but few numerical analyses[37] and studies on gravity load-designed buildings [38,
39]. Moreover, there is a gap in European rules [1, 44] in this area, since it is not
specified how to account for the floor joists contribution in the resistance of RC con-
nections. Indeed, in the case of a floor deck consisting of RC joists with the upper
slab, it is preferable, since more rigorous, to use “joists effect” rather than “slab ef-
fect”.
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This thesis evolved from previous works of the same research team [40, 41], in
which a theoretical model evaluating the joists contribution was developed. The
model provides a formula computing the exact number of joists, within the influence
area of a generic connection, which collaborate to the flexural strength of the beam
(parallel to them). The joists and beam were assumed to act together, by constituting
the so-called “equivalent beam”.

The formula, properly modified, was applied in this work to design the 12 RC
concrete beam-to-column joints experimentally tested at the STRENGTH (STRuc-
tural ENGineering Test Hall) Laboratory of the University of Salerno. In particular, 6
conventional specimens and 6 innovative specimens were tested under quasi-static
monotonic and cyclic loading. The tests were performed in displacement-control
loading conditions. Each group of six conventional and innovative specimens was
realised without and with the floor deck. Conventional modules without and with
the floor deck were tagged, respectively, as J_01 and J_01_S. Innovative modules
without and with the floor deck were tagged, respectively, as J_02 and J_02_S.

Conventional specimens, so-called since they were designed in compliance with
the current European codes [1, 42], were tested for two main purposes. Firstly, the
conventional specimens were tested to experimentally evaluate the over-resistance
that the floor deck add to the connection. Secondly, they were tested in order to
experimentally validate the accuracy of the employed “equivalent beam” theoretical
model.

The results of the tests showed that the deck with joists, slab and tile blocks en-
hanced the resistance of the connection. Indeed, the specimens equipped with the
floor deck, J_01_S, exhibited a greater flexural strength as compared to specimens
without the deck, J_01. In accordance with the findings of the examined bibliogra-
phy, the over-resistance was grater in hogging (+71%) rather than in sagging bend-
ing (+46%). When the slab underwent tensile stresses, indeed, a greater amount of
reinforcement was involved in tension.

Experimental tests, moreover, proved that the “equivalent beam” theoretical
model predicts the floor deck over-resistance fairly. The experimental results were
compared to the expected values, computed by means of the “equivalent beam”
model. The average difference between the experimental and expected values was
23% and 12%, respectively in positive and negative loading direction. Differences in
the range 28− 36% were considered admissible since they were observed in the sim-
ple specimens J_01, considered as a benchmark. The reduced gap between the ex-
perimental and theoretical values, evaluated through the “equivalent beam” model,
proved the accuracy of the model. In particular, the resistance of joints with the floor
deck was quite accurately provided in positive loading direction; on the contrary, it
was overrated in negative loading direction.

Also, the cracking evolution confirmed the actual involvement of the elements,
which are at the base of the theoretical model. The diagonal cracks, spread over the
beams supporting the joists, testified that the beam underwent torsional stress, due
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to the presence of the floor deck. Hence, the beam-joists interaction assumed in the
model was proved. Besides, the joists were found to exhibit different displacement
histories, once the slab underwent tensile stress. In particular, joists located at the
same distance from the main beam showed the same trend. As a consequence, the
joists along the bay span did not provide the same contribution to the beam resis-
tance, rather it varied as the distance from the beam increased.

In addition to the above-mentioned conclusions about the response of conven-
tional specimens, it should be noticed that the joint area was never affected by dam-
age, neither in simple modules nor in modules with the floor deck. Hence, although
the greater resistance due to the floor deck presence, the beam-to-column joints de-
signed for the Medium Ductility Class (DCM) were sufficiently strong.

Innovative specimens were designed to reduce the resistance of the connection.
Specifically, the main aim was to balance the over-resistance due to the floor deck
and widely confirmed by the results of the experimental tests carried out on con-
ventional specimens. In other words, it was expected that innovative connections,
although the presence of the floor deck (J_02_S), exhibited a flexural strength close
to that of simple conventional specimens (J_01).

Bearing in mind the basic concepts of the Reduced Beam Section (RBS) design,
applied to steel structures, the flexural strength of the connection was reduced by
modifying the beam section in a specific area. In particular, the effective height and
the bottom reinforcement of the beam were reduced. These changes affected only a
part of the beam, which was localised further away from the beam-column interface.
Moreover, its extent was set equal to the plastic hinge length, evaluated according
to EC8 [44]. In the innovative detail, indeed, the localised beam section reduction
became the new plastic zone.

The results of the experimental campaign led up on innovative specimens, with
and without the floor deck, demonstrated that the RBS effectively reduced the flex-
ural strength of the connection. However, the reduction amount was different in
positive and negative bending condition, due to the asymmetry of the RBS. By com-
paring innovative specimens with the same type of conventional specimens, i.e. J_02
versus J_01 and J_02_S versus J_01_S, the following conclusions were drawn. The
flexural strength of simple innovative joints, J_02, decreased by 54% and 41%, re-
spectively in positive and negative loading direction. The flexural strength of inno-
vative specimens with the floor deck, J_02_S, reduced by 32% and 26% for, respec-
tively, applied positive and negative displacements. Finally, with reference to simple
conventional specimens, J_01, innovative specimens with the slab, J_02_S, showed
the same resistance in positive bending conditions and 26% greater resistance in
negative bending.

In summary, the resistance of innovative specimens with the floor deck was
clearly much smaller than that of conventional specimens with the slab. Moreover, it
was in perfect agreement with the resistance of simple conventional specimens, es-
pecially in positive loading direction. In conclusion, it can be stated that the design
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objective was achieved for positive bending moment, while it was not for negative
bending moment. In this latter case, the floor deck still had a significant impact on
the flexural strength of the connection. Since the response of innovative specimens
is different in positive and negative loading direction, showing a greater increase
of resistance once the slab underwent tensile stress, the innovative detail needs to
be improved and consequently tested by means of Finite Element Analyses (FEA).
The crucial point of the current detail is the continuity of the top beam steel rein-
forcement along the beam axis. Due to technological reasons, indeed, the same steel
rebars equipped both the full-depth and reduced-depth part of the beam.

In order to understand the overall behaviour of innovative specimens, the beams
supporting the joists were also analysed. As compared to conventional specimens,
the beams of innovative specimens with the floor deck showed smaller rotations, in
negative loading direction. The average peak rotation of longitudinal beams was
−0.0751rad, in conventional specimens, and −0.0269rad, in innovative specimens.
In this case, the crack pattern affecting the longitudinal beams was limited, due to
the position of the rotational centre of the connection, which was shifted in the RBS.

The response of the joists displacements was also different under positive and
negative uni-directional loading. Smaller joists displacements were found in the
former case, as compared to the latter case.

According to the design purpose, the plastic hinge developed in the RBS. The
results of the monotonic tests highlighted that the plasticity area was different in
sagging and hogging bending, due to the asymmetry of the section. In the first case,
plasticity developed in the RBS only. In the second case, it affected a larger area,
centred at the beginning of the RBS, and extending toward the column and the beam
end. However, it was far from the joint area, which is particularly vulnerable in RC
structures. In this way, the plastic damage is surely moved away from the joint area
to an area which is accessible in the case of retrofitting structural interventions.

Finally, a Finite Element Model (FEM) of the RC beam-to-column joints was in-
vestigated. The validation of the FEM was based on the experimental results. The
FEM study was developed and analysed using Abaqus software. The analytical
investigation was carried out through an extended comparative parametric study
and was focused on the quantitative influence of certain simplified modelling as-
sumptions and several critical modelling parameters on the response of the system.
Great attention was given to define the material response, especially the reinforced
concrete. The constitutive laws of concrete, both in compression and in tension,
were modelled based on the results of laboratory tests and well-known literature
references. In particular, the simple specimens, conventional and innovative, were
calibrated according to a monotonic loading, as a preliminary stage before running
cyclic analyses. The results of the calibrated numerical model were reported in terms
of load-displacement curve, plasticity and concrete crushing damage. A good agree-
ment between the experimental and numerical results was observed.
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7.2 Future Developments

As a consequence of the above-referred conclusions, futures developments concern-
ing the work herein discussed can be scheduled.

The main further development, which is currently ongoing, is the calibration of
all the tested RC beam-to-column joints. Hence, the simple conventional and in-
novative specimens have to be calibrated according to the cyclic loading protocol.
The specimens with the floor deck, instead, have to be calibrated according to the
monotonic and cyclic loading protocol. The FEM, indeed, can provide additional
information about the experimental tests. Moreover, further analyses can be car-
ried out, accounting for different boundary and/or loading conditions, on the same
specimens or different ones.

Further studies on the RBS detail of innovative specimens are necessary. For the
reasons explained in Section 7.1, the RBS detail of innovative specimens have to be
improved, by focusing on the design and the construction detail as well. Also in this
case, numerical analyses are useful to investigate the response of the newly designed
detail with the aim to find out the best solution.
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