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Hybrid Steel-Trussed Concrete Beams (HSTCBs), introduced in civil construction around the 70s, combine a
steel truss within an in-situ cast concrete core, often with a steel or concrete bottom plate. Initially favoured in
industrial buildings for their semi-prefabricated construction and ability to span large distances with contained
depths, HSTCBs have subsequently attracted scientific interest in residential construction, focusing on static
and seismic response. The technical literature on this topic highlights that HSTCBs do not follow the same
mechanical rules of RC or steel-concrete composite beams, necessitating specific insights into their behaviour
under flexure, shear, and seismic conditions. This review aims to collect the major scientific results obtained
in the last twenty-five years by several researchers in Italy and abroad, beside the outcomes of some relevant
earlier studies. The reviewed papers encompass findings from experimental campaigns on weldings, push-out
test specimens, simply supported beams and beam-to-column joints. Some of these studies also incorporate
proposals for analytical formulations aimed at offering design-oriented and code-compliant prediction models,
alongside finite element simulations to replicate the strengthening mechanisms. Following a thorough synthesis
of the primary findings to date, the literature review underscores notable gaps in knowledge and still open

Shear behaviour
Beam-—column joints
Long-term behaviour
Size effect

issues, particularly concerning long-term performance and size-effect laws.

1. Introduction

The structural performance of Hybrid Steel-Trussed Concrete Beams
(HSTCBs) has been studied since the *70s by the scientific community,
and their adoption in civil construction has been widened since the
2000s. These beams are constituted by a planar or space steel truss,
with a steel or concrete bottom plate, embedded within a concrete core
which is cast in place. The beam is semi-prefabricate and it generally
carries its own self-weight in Phase I, i.e., before the concrete casting,
and then it collaborates with the concrete block as a unique system
after casting and curing of concrete in Phase II. One of the most typical
structural morphology of HSTCB is depicted in Fig. 1.

HSTCBs were introduced for the first time in Italy by Salvatore
Leone, who was the inventor of a patent in 1967 and defined the first
relevant production rules and calculation methods a few years later [1].
Similar typologies were also diffused abroad in the form of concrete
composite truss beams, which were made of a concrete slab working
with a steel joist, frequently adopted in the construction of bridges.
However, this typology differed from that patented by S. Leone because
the steel truss was not embedded within the concrete block.
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After the introduction of HSTCBs by S. Leone, the development
of HSTCBs followed several different directions, leading to the in-
troduction of numerous diverse geometrical layouts in the construc-
tion industry. Since the beginning, it was clear that HSTCBs did not
follow the same resisting and stress transfer mechanisms typical of
RC and steel-concrete composite beams, but, in a certain measure,
their mechanical behaviour was intermediate. Therefore, their adoption
needed the repeated verification of the static performance of structural
elements using design-by-testing procedures.

Today, these beams are extensively utilised in industrial buildings
because of the benefits offered by the semi-prefabricated construction
process and their capability to span large distances with minimal beam
depths. Furthermore, in recent years, the scientific community has
also directed its attention to studying the performance of HSTCBs in
residential buildings, focusing on both static and seismic responses.

As mentioned before, the technical literature suggests that HSTCBs
diverge from the mechanical principles governing RC or steel-concrete
composite beams and, therefore, many efforts have been made in the
last decades with the scope of achieving standardised design rules
in national and international codes by fully understanding the main
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special devices at the supports

Fig. 1. Typical structural morphology of the HSTCB.

resistant mechanisms. Hence, recent research has sought specific in-
sights into the distinctive structural behaviour of HSTCBs, particularly
concerning flexure and shear, as well as their compliance with seismic
requirements in earthquake-prone regions. One of the first deliver-
ables which addressed this issue was represented by the guidelines
provided in 2009 by the Italian Standard Commission for constructions
concerning the procedures for the release of the authorisation to the
usage of HSTCBs [2]. Later, a technical operational guide for the
practitioners was published in 2011, which collected the results of
a coordinated national research program conducted by several Ital-
ian Academies that conducted experimental campaigns and developed
theoretical interpretations of the studied resistant mechanisms [3].

Within this framework, this review aims to synthesise the most
noteworthy scientific findings gathered over the past twenty-five years
by researchers both in Italy and internationally. The considered papers
present the results of experimental campaigns on simply supported
beams, beam-to-column joints, and specimens for analysing inner con-
nections. Moreover, some of these papers present finite element numer-
ical models developed for the detailed simulation of the strengthening
mechanisms and contain the proposal of analytical formulation to
provide design-oriented and code-compliant prevision models. Finally,
after a careful synthesis of the main findings currently available, the
literature review allows the detection of the lack of knowledge still
remarkable, which mainly concerns the understanding of long-term
performance and size-effect laws.

The paper develops as follows: Section 2 presents the bibliometric
analysis of the database; Section 3 reports the main findings related
to the response of the HSTCBs during the transient time of Phase
I; Section 4 illustrates the experimental performance and some rele-
vant prediction models of the mechanical behaviour of the HSTCBs
in Phase II; Section 5 is devoted to the cyclic response of traditional
and innovative joints including HSTCBs; Section 6 highlights the main
currently open issues and gap of knowledge in the state-of-the-art,
while conclusions are discussed in Section 7.

2. Bibliometric data from 1972 to today

This section reports the database of research papers, technical
reports and guidelines on the design of HSTCBs from the 70’s, produced
in Italy and abroad. As Fig. 2a shows, 45% are journal articles, 43%
are conference proceedings while remaining 12% are other documents,

12% 45%

= Journal Article

u Conference Paper

43% \ u Other
(a)
y ' = Journal Article (indexed)
( | = Journal Article (not indexed)
[ = Conference Paper (indexed)
‘ * Conference Paper (not indexed)
17% 15%
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12% 38%

= Journal Article (indexed)

= Journal Article (not indexed)

= Conference Paper (indexed)

= Conference Paper (not indexed)
u Other (not indexed)

36% 7%
(©

Fig. 2. Percentage of: (a) document type referred to the whole database; (b) In-
dexed/not indexed journal and conference papers referred to the total number of
journal and conference papers; (c) Indexed/not indexed documents referred to the
whole database.

i.e. technical reports and guidelines. Moreover, 85% of journal articles
are Scopus-indexed while only 17% of conference papers are (see
Fig. 2b). Also the documents classified as “other” are not indexed.
Fig. 2c shows the percentage of indexed and not indexed documents
considering the whole database. By analysing the database, it is
interesting to observe the distribution of the documents during time
reported in Fig. 3. In detail, from Fig. 3a it can be noted that very
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Fig. 3. Distribution of documents in percentage from 1972 to 2024: (a) whole database
in time; (b) documents with national or international diffusion vs. publication year.

few investigations have been carried out until 2000’s, when the scien-
tific interest towards these beams started to increase after more than
thirty years of practical adoption of this structural typology without
specific guidelines. The growing attention to the design with HSTCBs
is also demonstrated by the increasing international diffusion of the
research results shown in Fig. 3b where the percentage of national
and international documents is compared during the timeline. The
database considered in this paper is analysed also considering the
most relevant topic under investigation in each document. The main
keywords are collected in Fig. 4 where the number of papers dealing
with each topic is reported next to the corresponding bar. Considering
the beam typology (Fig. 4a), there are documents in the database which
focus on the behaviour of the beam during the first phase, i.e. before
the concrete casting [3-16] and the second phase, i.e. after concrete
casting, when the steel truss and the concrete material start to work
as a composite system [3-5,9,10,12,14,15,17-83]. It can be noted that
the behaviour in Phase II is more investigated than that in Phase I.
Moreover, considering the two most diffused beam typologies, those
with steel plate as bottom chord are more studied than the beams with
reinforced concrete base. The plot also shows that most research focuses
on beams with space steel trusses made of two parallel or inclined
planar trusses [3,5,6,8,10-12,14,15,17,20,22-51,53-72,74-93], while
only a few studies consider HSTCBs with single planar steel trusses [3,
17,31,56,73,94]. Moreover, in some cases, the steel truss is made with
ribbed steel, typical of RC beams [3,5,6,8,13,14,16,19,22-27,29,33,35,
37-41,43,44,46-51,53-66,68-71,74-78,83,84], while in other cases, it
is made of smooth steel, as the bottom steel plate is, when present [3,
10,12,16,17,19,20,22,26,27,30-32,36-39,42,45,46,54,56,58,66,67,72,
73,79-82,85-95]. Considering their mechanical response (Fig. 4b-c),
HSTCBs are first of all analysed in order to understand the stress
transfer mechanisms ruled by the inner connections. In the available
literature, this investigation is mainly conducted by means of push-out
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Fig. 4. Number of documents classified according to the most relevant keywords
concerning: (a) beam typology, (b) structural behaviour, (c) insights, and (d) research
method.

tests in Phase I and Phase 1I [3,5,14,17,20,22,27,28,37,38,43,46,54,
56,58,66,73]. Many studies focus on both flexural and shear response
in the second phase [3,4,6,7,9,10,12,15,18,19,23,25,26,29-31,34-37,
39-42,44,45,47-49,51-53,55-60,65-67,79,84-93,05-98] and on the
cyclic behaviour of joints which belong to civil constructions in seis-
mic areas [3,12,23-26,32,33,35,44,50,56,57,60-64,68-72,74-78,80—
84,90,94,99-104]. A smaller number of studies is available on other
peculiar topics, such as the strength of the truss welds in the first
and second phase [3,6,8,13,14,16,20,37,73], the torsional behaviour
and buckling phenomena especially in Phase I [3,7,11,30,31,84,96],
the deformability of the beams at Serviceability Limit State (SLS)
and Ultimate Limit State (ULS) [29,31,42,86,88] and their long term
behaviour [3,29,105]. The effect of geometrical parameters represents
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Fig. 5. Map of the most relevant linked keywords with higher co-occurrence. (Created with VOSviewer [106]).

a further insight in the considered database, where items such as the
beam depth (i.e. full thick and slab thick beams), the diagonal bar slope,
the spacing of the mesh, the depth-to-span ratios and the topological
optimisation are investigated [7,15,53,65,89,91-93]. Considering the
methodology, the documents report research results mainly obtained
through experimental testing (about 56% of documents), numerical
modelling developed with the Finite Element Method (FEM) (about
48% of documents) and analytical interpretation of the mechanical
behaviour (about 50% of documents).

The most relevant keywords reported in Fig. 4 are also associated
with a letter code from A to W in order to propose two synoptic tables in
which the documents belonging to the analysed database are collected
and linked to the main topics treated in the document. At the end of the
document, Table R1 and Table R2 are provided. The first one collects
the documents published between 1972 and 2015, while the second
table those published between 2016 and 2024. In both tables, each
document is associated with some letters which represent the following
keywords: A - Phase I; B - Phase II; C - Steel plate; D - Concrete plate; E
- Single planar truss; F - Space/double truss; G - Ribbed steel truss; H -
Smooth steel truss; I - Flexural strength; J - Shear strength; K - Push-out
response; L - Torsional strength/Buckling; M - Cyclic behaviour; N -
Seismic behaviour; O - Deformability at SLS and ULS; P - Long-term
behaviour; Q - Welding strength; R - Geometrical effects; S - Beam-
to-column joint; 7 - Inner connections; U - Experimental testing; V -
Numerical analysis; W - Analytical modelling.

Finally, Fig. 5 proposes a map aimed at better depicting the links be-
tween the most relevant keywords characterised by higher co-
occurrence. The map was generated with VOSviewer [106]. The colours
in the map indicate cluster of keywords which are linked to other
keywords by means of curved lines that are visible if those keywords
appear in the same document. Moreover, the thickness of the curve
indicates the link intensity: thicker curves represent more frequent
links, while thinner curves more rare links. As an insight of the analysis
of linked keywords, the coloured circles in the map depict the keywords
among all the relevant ones, which are characterised by higher levels of
co-occurrence, indicating which are the most studied correlated topics.

From the analysis of this database, supported by the graphs and
maps reported above, some items are chosen to be described more in
detail in the following sections, which report the main findings taken
from the most relevant research documents on that item.

3. Assessment of the behaviour in phase I

The behaviour of the beam in Phase I concerns the transient time
during the construction process in which the steel truss is bare be-
fore the concrete casting. The analysis of the database, shows that
the most relevant keywords with high co-occurrence with ‘“Phase I"
are those depicted in Fig. 6. In particular, considering the structural
behaviour items, in this phase, one of the main problem is the buckling
phenomenon of the compressed web bars or the upper chord of the
steel truss. In the literature [3,7,11], three main different buckling
modes have been identified: (1) the instability of the web truss or
the upper chord, which involves the buckling length of a single rod;
(2) the instability of the compressed upper chord with a buckling
length that involves more than one mesh of the truss; (3) the coupled
flexural-torsional instability of the steel truss. The classical criteria for
investigating instability can be applied only in the first scenario, where
the buckling length is determined by the distance between the trans-
verse restraints of the upper chord or the length of the rods forming the
web truss. However, if the transverse restraints are not rigid enough
to prevent the displacement of nodes in the upper chord, this could
lead to a collapse involving a buckling length that spans more than one
mesh of the truss. Moreover, flexural-torsional instability could affect
the entire beam, particularly in cases involving deep cross-sections. It
is important to note that in these scenarios, the critical load value is
significantly lower than the Eulerian critical load of individual rods.
Nonetheless, it has been demonstrated that the critical load causing
instability increases when the steel truss is configured as a spatial truss
rather than a planar truss, thereby utilising both the axial and flexural
strength of the diagonal web bars in the response mechanism.

3.1. Push-out response on bare specimens

To gain a better understanding of the behaviour of HSTCBs in
Phase I, Badalamenti et al. [5] conducted monotonic push-out tests
under displacement control on specimens constructed according to the
scheme in Fig. 7.

This test was similar to the one recommended in Eurocode 4 [107]
for push-out tests on classical composite steel-concrete beams. Two
tests were performed on specimens S1 and S2. Specimen S1 consisted
of two truss sections symmetrically joined along the bottom plate’s
middle lines using an 8 mm thick connecting steel plate positioned
perpendicular to the steel trusses’ plates. Each truss beam featured an
upper chord of three coupled 16 mm diameter rebars, a bottom chord
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Fig. 7. Specimens for push-out test in Phase I (dimensions in mm) [5,14]: specimen
S1 without vertical restraints (left) and specimen S2 with stiffeners (right).

of a 5 mm S355 steel plate, and B450C 12 mm diameter web rebars
formed into a reverse V shape. The truss beam had a depth of 210 mm.
An 8 mm thick plate was placed orthogonal to the specimen axis at
the top and properly stiffened to apply the load through the testing
machine. Specimen S2 differed from specimen S1 only by the addition
of two longitudinal plates, each 40 mm wide and 5 mm thick. These
plates were welded to the web bars to reduce their slenderness and
prevent buckling. The specimens exhibited a similar peak resistance of
328 kN and 333 kN for specimen S1 and S2, respectively. The latter
was analytically interpreted by Colajanni et al. [14], who calculated
the moment-axial force domain of the diagonal bars of the specimens
according to Eurcode 3 [108] and proposed a simplified mechanical
model based on the static scheme reported in Fig. 8.

Considering the symbols in the figure, these equilibrium equations
were written:

(N; — Ny)sina* — ll(Ml — M,)cosa*+

1 @
-5 (2(M| + My)+ M3+ M) =0
_ s w _ 2AM3—-My)cosa*  3Ms _ pcp
(N3 — Ny)sina ; R —— @

+5 (2M, + My) + My + My) =0

5 5
S:(Z{Ni>cosa*+%<;Mi>sina* 3)

where p-p and p¢p are the flexural stiffness of the rods labelled CB
an CD, while /,, and [/, are respectively the length of the diagonal
bar and the upper chord. The maximum external force S that the
system can withstand was determined using the lower bound theorem
of plasticity, as outlined by equilibrium equations Egs. ((1),(2),(3)) and
the allowable plastic and buckling conditions:

d3 N3
Mu= ?fy 1- F (4)
y

In Eq. (4), d is the diameter of the rod, M, and N, are the ultimate
bending moment and axial force, while N, and f) are the yielding axial
force and tensile strength. Considering Eq. (5), N* = N, in tension,
while N* = N, in compression, and M* represents the yielding or plas-
tic bending moment in the case of yielding domain or plastic domain,
respectively. Consequently, the analytical estimate of the maximum
load P was derived from the peak value of S, considering the interaction
between the two trusses forming the beam. This yielded an estimated
value of P = 326.64 kN, obtaining a ratio between predicted and
experimental results of 0.996. Finally, the authors in [14] explained
that a different mechanism was modelled for the failure of specimen S2
with the stiffening plates, which involved the buckling of the top chord.
In a very simplified way, considering the reduced axial strength of the
top chord, equal to N,=66.5 kN, and considering that the latter was
made of three rebars for each truss of the specimen, then the maximum
load could be assessed as P = 6 - N, = 399 kN, with an overestimation
of about 21%.

3.2. Welding strength
In order to integrate the analysis of the behaviour of HSTCBs during

the first phase, the strength of welded joints is crucial. To this scope,
several authors in the literature developed ad-hoc experimental tests on
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Fig. 8. Simplified mechanical model for pushout resistance in Phase I.

Source: Redrawn from [14].

Fig. 9. Types of weld tested in Phase I.

fillet welds between two adjacent circular bars, i.e. the welds used to
join the inverted V-shaped bars with the longitudinal upper chord (Type
1) [8,13,16], butt welds for the end-to-end joint between the diagonal
web rebars and the steel plate (Type 2) [8,13] and fillet welds used to
join the longitudinal rebars of the bottom chord to the steel plate (Type
3) [16]. These three types of weld are schematically depicted in Fig. 9.

For the Type 1 weld, two different specimens were prepared [8,16];
they are depicted in Fig. 10 and represent the weld between inverted
V-shaped bars and longitudinal chord (Fig. 10a) and between two adja-
cent circular ribbed (Fig. 10b) and smooth (Fig. 10c) rebars. Similarly,
Fig. 11 reports the other two typologies of welds [8,16].

The experimental results showed that the average welding strength
of Type 1 specimens was about 57 kN according to La Mendola et al. [8,
13] while it ranged between 92-549 kN according to Caprili et al. [16].
Similarly, considering Type 2 specimens, La Mendola et al. [8] reported
an average strength of about 65 kN. Finally, for Type 3 welding, Caprili
et al. [16] obtained a range of variation of the strength similar to that
of Type 1 specimens, i.e. between 95-535 kN. In all cases, different
failure modes were observed, involving the bar or the welding failure.
The authors in [8,13,16] also proposed the analytical interpretation of
the failure load according to the following equations [108]:

Su

f w= T~

B3

in which f,,, is the welding strength, f, is the nominal ultimate
stress of the filler metal and g, is the correlation factor for the fillet
welds, equal to 0.9 for all specimens tested in [8,16]. In particular, for
specimens of Type 1 and 2 tested in [8], the average ratio between
experimental and analytical failure load was about 1.137 and 1.253
respectively.

As the main conclusion, these studies showed the reliability of
welded joint fabrication techniques; however, tests have shown that

©

Fig. 10. Specimens of Type 1 weld tested by: (a) La Mendola et al. [8]; (b) and (c)
Caprili et al. [16].

the use of stronger filler material did not always guarantee higher
weld strength, as the welding execution methods played a decisive role,
which could result in a different throat section height.
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Fig. 11. Specimens of weld of: (a) Type 2 [8]; (b) Type 3 with ribbed bars [16]; (c)
Type 3 with smooth bars [16].

4. Structural performance during phase II

This section presents several investigations conducted in the lit-
erature on the mechanical behaviour of HSTCBs during the second
phase, i.e. after the concrete casting and curing. Fig. 12 shows the most
relevant topics studied in relation to Phase II behaviour, which are pre-
dominantly related to the stress transfer mechanisms and the flexural
and shear resistance. Most studies refer to HSTCBs with a bottom steel
plate and a ribbed steel truss, and they are predominantly conducted
through experimental tests, with subsequent analytical and/or numeri-
cal interpretation of the results. This section specifically addresses local
slip issues related to the stress transfer mechanism, showcasing the
results of Phase II push-out tests conducted by various authors [14,17,
22,37,73]. Additionally, it describes experimental analyses focused on
these beams’ global flexural and shear behaviour [36,39,45,55].

4.1. Analysis of the stress transfer mechanisms

Push-out tests are the first experimental method useful for inves-
tigating stress transfer mechanisms. They have been conducted on
HSTCBs since the ’80s by reproducing the same testing technique
adopted for classical composite beams according to Eurocode 4 [107].
As in traditional push-out tests, two identical trusses are connected
using a steel plate welded perpendicular to the bottom chords of the
trusses, and this plate is reinforced at the load application point. The
bars used in these tests can be made of ribbed or smooth steel, and
the trusses can be single or double. This section considers the push-
out tests conducted by Puhali and Smotlack [17] in 1980; Aiello [22],
Tullini and Minghini [37] and Colajanni et al. [14] between 2009 and
2014 and, more recently, by Vigneri et al. [73] in 2022. The specimens
tested by these authors are depicted in Fig. 13.

Puhali and Smotlack [17] prepared specimens with both planar and
space trusses, made with a 6 mm thick steel plate as the bottom chord
and web bars and upper chord characterised by the same diameter,
which was between 14 mm and 32 mm. They adopted smooth steel
of class S355, while the concrete compressive strength was in the
range 26-30 N/mm?. The authors observed that the specimens with
a space truss (B-P4, B-P5, and B-P6) performed with higher stiffness
and strength compared to the samples with planar truss (A-P1, A-P2,
and A-P3); moreover, the specimens with web bars with smaller diam-
eter (A-P1 and B-P4) demonstrated lower strength but a more ductile
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response. Specimens with larger diameter web bars showed greater
strength but underwent a more brittle failure mechanism characterised
by concrete failure or buckling of the steel plate. Aiello [22] tested
eight specimens: S12-# samples were made with smooth steel (class
S$355) diagonal bars with diameter 12 mm, while in S14-# samples
the diameter was 14 mm; similarly, specimens B12-# and B14-1 were
made of ribbed steel (class B450C) and were characterised by 12 mm
and 14 mm diameter web rebars, respectively. In all specimens, the
upper chord was an 18 mm diameter web rebar made of ribbed steel
of class B450C, while the bottom chord was a 6 mm thick steel plate
(class S355). The average concrete compressive strength was about 43
N/mm?. In nearly all cases, the collapse of the specimens was due
to concrete failure; however, welding failure also occurred occasion-
ally. The specimens exhibited an overall ductile response until failure.
Tullini and Minghini [37] tested three identical specimens. The truss
was constructed using an S355 steel plate with a thickness of 4 mm,
12 mm diameter web bars, and an 18 mm diameter upper chord. The
bars were made of steel with a nominal yield stress of 440 N/mm?, and
the concrete had an average compressive strength of about 42 N/mm?.
The ultimate load was reached prematurely in all tests due to welding
failure. Colajanni et al. [14] tested three identical specimens, too, with
a double space truss made of B450C steel; the diameter of the web
rebars was 12 mm, and the bottom plate was 5 mm thick and made
of steel class S355. The average concrete compressive strength was
about 28 N/mm?. For all specimens, failure occurred when the concrete
reached its tensile strength, resulting in large longitudinal cracks. These
cracks progressively transferred tensile stresses from the concrete to
the tensile web bars of the steel trusses, causing significant plastic
deformation near their connection to the plate. Finally, in more recent
years, Vigneri et al. [73] conducted further push-out tests on specimens
with planar trusses (single truss or two parallel planar trusses), made
of smooth steel of class S355. The geometry of these specimens differed
from the previous ones because the transversal cross-section was wider:
in fact, Vigneri et al. [73] wanted to simulate the steel truss embedded
within a concrete slab instead of a concrete beam. They also used two
concrete classes, i.e. C25/30 and C45/55. Another distinctive feature
of this experimental campaign was given by the preparation of two
additional types of specimens, labelled with B and C, that differed from
the A typology (depicted in Fig. 13) because they were made only with
a cut sinusoid with or without two additional bottom chords welded to
the steel plate. The main failure modes observed in these tests were the
concrete crushing and pull-out.

Table 1 summarises the results obtained in the considered litera-
ture. The detected failure modes are indicated in the table through
the following codes: C, Concrete crushing; CP, Concrete Pull-Out and
crushing; SW, Steel Web strength; SP, Steel Plate buckling; W, Welding
failure. Moreover, the ultimate loads reported for the specimens tested
by Tullini and Minghini [37] and Vigneri et al. [73] are indicated with
an asterisk because the values refer to the maximum load carried per
weld.

Two main analytical models should be mentioned for the interpreta-
tion of the push-out response. The first one was proposed by Colajanni
et al. [54], who considered the plastic behaviour of the inclined web
bars of the beam as the ruling mechanism. The model was governed
by five primary parameters explained below. (1) The slope « of the
diagonal bars in the 3D space, which act as the dowels of the system:

a = arccos < 05s ) @
V0.2552 +d2 +0.25 b2

where s, b and d are the lattice spacing, width and depth, respectively;
(2) the bearing stress of concrete f:

fo=w-f. ®

where y is a coefficient that rules the value of the plastic strength of
concrete f, when it is fully confined, and that depends on the concrete
cover [109];
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Fig. 13. Push-out tests in Phase II conducted by: (a) Puhali and Smotlack [17]; (b) Aiello [22]; (c) Tullini and Minghini [37]; (d) Colajanni et al. [14]; (e) Vigneri et al. [73].

(Dimensions in mm).

(3) the distance between the two plastic hinges in the dowel L, =0
which is calculated as the effective length, L,,,, minus the length of
the plastic hinge located in the proximity of the steel plate, q;

(4) the plastic bending moment M, in the M — N domain according
to Millard and Johnson [110]:

a3 2\
My =1, 1—N2/<7r7wfy> 9

(5) the shear-normal stress interaction M — N — V according to
Eurocode 3 [108], which takes into account the reduction coefficient

p:

p=0QV/[(08f,4,,) - 1])? (10)

with f, the ultimate strength of the steel bar with cross section area
A

sw*

The solving equation proposed by the authors [54] can be finally

written as:

s2 2
2| sin“a 16cos”a -V

+
27,4 z
b 37[2dwfy<l—<flm;2 -1) )
urdy,

(o) =)

- a - sina+

11)

3

Moreover, two simplified expressions were proposed. The first one

was obtained by neglecting the M — N — V' domain:

2pdy | 3721 dy,

-2 2
V2<sma+l6cosa>_V_a‘sina+
- (%h- 42 ) 0

12)
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Table 1
Results of push-out tests in Phase II from literature.
Author ID d, P, failure
[mm] [kN]

Puhali and A-P1 14 463 SW

Smotlack [17] A-P2 24 648 C
A-P3 32 844 C
B-P4 14 736 SwW
B-P5 24 1178 C
B-P6 32 1325 SP

Aiello [22] S12-1 12 817 C
S12-2 12 842 C
S14-2 14 787 C
S14-3 14 808 C
S14-4 14 861 w
B12-1 12 996 C
B12-2 12 1008 w
B14-1 14 1139 SwW

Tullini and S1 12 61* w

Minghini [37] S2 12 63* w
S3 12 71% w

Colajanni P1 12 1052 C

et al. [14] P2 12 1005 C
P3 12 1258 C

Vigneri D32-1-C25-A 32 609* C

et al. [73] D32-1-C45-A 32 680* C
D20-1-C25-A 20 287* C
D20-1-C45-A 20 308* C
D20-2-C25-A 20 278* C
D20-S125-C25-A 20 301* C
D32-1-C25-B 32 318* CP
D32-2-C25-B 32 267* CP
D32-3-C25-B 32 199* CP
D32-1-C25-C 32 169+ CP
D20-1-C25-C 20 91+ CP

The last simplified expression was obtained by ignoring also the dis-
tance a, thus achieving an analytical expression for the dowel strength
V, useful for practical applications:

d2 /21, ],

. 3
3sinZa + 228 cos2a
z2fy

V= 13)

In Colajanni et al. [54], the analytical formulation was then verified
against some experimental results of push-out tests [14,17,22,37] and
several FEM analyses conducted by the same authors, reporting the
following average ratio between the analytical prediction P,,, and
experimental value P,

= Pyeo/ Py = 1.01 (CV, = 0.20) when using Eq. (11);

= Prheo/ Pexp = 1.05 (CV, = 0.24) when using Eq. (12);

= Pyeo/ Py = 091 (CV, = 0.21) when using Eq. (13).

More recently, Vigneri et al. [73] developed a reliability analysis for
obtaining the expression of the longitudinal shear strength resistance
function in HSTCBs. The authors observed the similarities of this system
with that of headed stud shear connectors, especially in terms of
combined concrete crushing and steel bending failure. Therefore, their
initial reference formulation corresponded to that given in Eurocode
4 [107] for predicting the shear resistance of studs in solid slabs due
to concrete crushing. Considering the features of the specimens previ-
ously tested in their experimental campaign [73], they calculated the
longitudinal shear resistance for each bottom weld between sinusoidal
web bars and base plate. Moreover, they remarked on the difference
between the expected resistance depending on the type of specimen
(Type A, B and C previously described), and therefore, they introduced
a reduction factor k,,,, that takes into account the type of sinusoid
(complete or cut, with/without added bottom bars):

-k = 1.0 (Type A specimens);

heo

w,type
= kyype = 0.53 (Type B specimens);
= Ky gype = 0.26 (Type C specimens).
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The authors also considered the interaction between the number of
parallel sinusoids, n,, placed at a centre-to-centre distance equal to s,,
by formulating a reduction coefficient k,:

(5:kg—4)-(n,—2)+2-k

k, = - a4
r
where
0.1(s,—d,—d,)
k,=09+ —— = <1 15
g * de - dc - ( )

with s, > d,, +d..

In Egs. (14) and (15), d,, and d, are the nominal diameter of the
diagonal bars and chords, respectively.

From the equations above, and using the mean values of the basic
variables X,,, the following resulting expression was obtained for the
resistance function r,(X,,):

F(X,) =15 kyyippe by - 029 - d2 A/ femE e 1e)

In Eq. (16), the terms f,,, and E,,, are the mean values of the cylin-
der strength and secant modulus of elasticity of concrete, respectively.

Fig. 14 shows the validation of this analytical model to the experi-
mental database [73]. The authors obtained a linear correlation coeffi-
cient of 0.979 and a coefficient of variation CV, = 0.213, demonstrating
a good agreement between theoretical prediction and experimental
evidence.

The same figure proposes the trend of the design value of the
longitudinal shear resistance r, that the authors finally proposed by dis-
tinguishing the contribution given by the lower parts of the sinusoidal
diagonals and the top weld between sinusoidal webs and chords. To the
scope, they introduced two coefficients, i.e. k;, and k,,, respectively,
and obtained the following design expression:

(Kpor + kigp) - Ky +0.29 - d2 N/ Bk

Py = - a7n

in which f,, and E,, are the characteristic values of the cylinder
strength and secant modulus of elasticity of concrete, respectively, and
the recommended value for y, is 1.25. Finally, the suggested values for
ky, and k,,, are given according to the following cases:

— ky,; = 1.0 (bottom chords, with steel plate underneath);

-k, = 0.5 (no bottom chords, with steel plate or “carter" under-

neath);
= ko, =0.0 (full utilisation of vertical shear resistance);
-k, =0.5 (reduced vertical shear resistance needed).

top
As a final note, the authors reported that k,,, = 0.5 may be adopted

only if the full plastic capacity of the diagonal is reduced by 15%;
otherwise, further advanced analysis should be conducted to assess the
coefficient more accurately.
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4.2. Bending and shear Table 2
Flexural and shear resistance of the specimens tested by Tesser and Scotta [36].
In the literature, there are several tests aimed at understanding the D ’I?ux,//ex ’;mn Error flex Error shear
0, 0,
behaviour of HSTCBs in flexure and shear. Generally, the studies start (] [kN] %) (]
from the execution of experimental tests, which are then interpreted Bl 111 149 -9.7 24
. . . . . B2 150 192 -21.4 4
using analytical and numerical models. In this section the most relevant B3 143 263 o4 o2
tests on HSTCBs in Phase II are briefly summarised. In detail, the exper- B4 211 203 6.4 9
iments conducted by Tesser and Scotta [36], Chisari and Amadio [39], B5 208 382 -7.7 -18
Monti and Petrone [45] and Colajanni et al. [55] are considered. B6 193 280 -15.2 15
Tesser and Scotta [36] performed the tests on HSTCBs with inferior B7 276 490 -17.5 -22
b ding the bottom chord of the steel truss. Moreover i 313 96 -9 “le
precast .ase surrounding ? ottom chord of the steel truss. . oreover, B9 303 501 42 _10
they designed the beams in order to apply to each specimen two B10 332 457 _10.4 5
different tests, inducing, firstly, a flexural failure and, secondly, a shear Bl1 326 376 -6.8 17
failure (Fig. 15). B12 328 381 -9.2 23
The specimens had a length L of about 6 m and different cross ?;’e;ie ;;1'6 (1)7

sections with the base b equal to 0.25 m, 0.3 m or 0.4 m and the
depth h equal to 0.24 m, 0.34 m, 0.44 m or 0.54 m. The top chord
was made of three bars of smooth steel (class S355JR) with diameter
equal to 26 mm, 28 mm or 30 mm, while the bottom chord was made
with four bars of diameter 28 or 30 mm embedded within the concrete
base. The steel truss was made with diagonal bars of diameter 14 mm
or 16 mm. The spacing between the meshes varied between 0.40 mm
and 0.46 mm. Different inclinations were chosen for the angles « and g
indicated in Fig. 15. The concrete class was C50/60, i.e. characteristic
cylindrical compressive strength equal to 50 MPa. All the details of each
specimen are available in [36]. Table 2 reports the maximum loads

attained by the specimens in flexural tests (P, ;i) and shear tests
(P,

max,sheur)'

The crack pattern observed in the flexural tests was characterised by
cracks wider than 0.5 mm, generally opened in the central sections of
the beam, with a sub-vertical direction going from the concrete base
to the concrete topping. All beams exhibited yielding in the lower
chord across the range of section sizes and longitudinal reinforce-
ment ratios tested. Additionally, specimens B3 and B6 experienced
concrete crushing in the upper part of the section between the two
load application points. The crack pattern observed in the shear tests
was characterised by at least one diagonal crack between the support
and the nearest loading axis in the upper concrete section. This crack
progressively widened, extending at one end towards the upper section
edge and at the other towards the interface between concrete casts.
Subsequently, in this latter direction, the cracks advanced horizontally
along the interface towards the closest support, except in beam B8.
At peak strength, two phenomena were observed either together or
separately. First, the crack at the interface enlarged and moved towards

10

the support, often causing detachment of the concrete base near the end
of the lower chord. Second, the interface cracks continued diagonally
in the concrete base, typically offset from the concrete topping. In
all cases, the shear test cracks did not intersect with the flexural test
cracks.

For the analytical interpretation of the results, the authors in [36]
adopted two analytical formulations. The flexural capacity My, was
assessed according to Eurcode 2 [111]:

ax
Mus = f,Ad (1= 57)
!

o
U.)A_S/
s

x_Lh " N
d B flbyrd

where A  and A’ are the tensile and compressive steel reinforcement,
respectively, while o, and ¢’ are the corresponding stresses; d is the
effective depth of the beamj f C’ the concrete cylindrical compressive
strength, b, ., the effective compressive concrete width, and §, a co-
efficient for the integration of the stress distribution over the section
(equal to 0.8 if the stress block simplification is assumed).

For the assessment of the shear capacity, the authors proposed
several models from existing building codes. For brevity, only the
expressions given by Model Code 2010 [112] are reported because
they proved to be more accurate in predicting the experimental data.
The authors in [36] assumed that the nominal shear strength can be
estimated as the sum of concrete and steel contributions:

18

19

VRa = Vera + Vsra (20)
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S Table 3
VcRd = kubz \Y; fc (21) Test results obtained by Chisari and Amadio [39].
Specimen ID Al A2 A3 Bl B2 B3 C1 Cc2 C3
=A , ina - . 22

Vira = Asuwfyw (Ot + cota)sina - cos f - z/s 22) P,kN] 861 865 856 1078 929 931 1048 975 1027

In Eq. (20), Eq. (21) and (22), k, is a coefficient depending on the
concrete compressive strength, in the range 0.145 - 0.178 for the tested
beams; z is the inner lever arm of the section; A,,, and f,, are the
area and yield strength of the transversal reinforcement, respectively;
9 indicates the inclination of the compression strut to the beam axis.

The comparison between experimental and theoretical results is
reported in Table 2 in terms of the errors given by the validation.
More in detail, for each specimen, for the flexural capacity, the error is
assessed as:

M, — M,
Error flex = ] o (23)
exp
and similarly, in shear it is assessed as:
Vg = Ve
Error shear = —— =%, @4
exp

The second experimental campaign considered in this section was
performed by Chisari and Amadio [39] on nine specimens of HSTCBs
with bottom steel plate. The authors performed three-point bending
tests with shear failure. The reinforcement details and the static scheme
of tests are reported in Fig. 16.

All specimens had a 16 mm thick steel plate, grade S355, and steel
reinforcement made with smooth steel (specimens A3, B3 and C3) or
ribbed steel (specimens Al, A2, B1, B2, C1 and C2), class B450 C and
S355, respectively. The top reinforcement was made with four ribbed
bars with a diameter of 40 mm, while the bottom reinforcement, when
present, was made with three or five rebars with the same diameter.
The web reinforcement was constituted by a couple of diagonal rebars
with a diameter of 16 mm at a spacing of 450 mm, made of smooth
steel (specimens A2, B2 and C2) or ribbed steel (all other specimens).
The average concrete compressive strength was about 47 N/mm?. The
experimental results are summarised in Table 3.

The test results showed that different steel trusses do not sig-
nificantly change the overall shear capacity of the beam; generally,
specimens made with ribbed steel exhibited higher stiffness and ul-
timate strength. They also observed that the higher the number of
bottom rebars, the greater the first-cracking load, allowing a better ser-
viceability limit state performance. Without the bottom bars, the steel

11

base and concrete bond were maintained solely by the joist and the
vertical external plates, and the plate itself was essentially smooth. This
resulted in poorer performance at both the serviceability and ultimate
limit states. However, when bottom bars were present, they helped to
sustain a minimum bond. In general, almost all specimens exhibited
an overall ductile failure. No welding failures were observed after the
concrete was removed. Inclined cracks appeared in the concrete in all
cases, accompanied by a concurrent slip between the steel plate and the
concrete. In some instances, the inclined cracks merged with debonding
cracks, but generally, the debonding cracks remained stable, and the
collapse was caused by the propagation of the inclined cracks. Due to
the presence of the steel truss, longitudinal cracks also appeared in the
upper part of the beams, separating the inner concrete from the outer
section.

Chisari and Amadio [39] also proposed several numerical and an-
alytical interpretations of the shear failure mechanism. In particu-
lar, they considered an additive model in which the shear resistance
Vgq is the sum of two contributions, given by the concrete panel
zone, subjected to diagonal compression, V., and the steel reinforce-
ment, Vg,,. The authors proposed the resolution of the hyperstatic
scheme of the concrete panel reinforced with steel ties, and, deducing
some parameters from their numerical simulations, suggested these
equations:

111,
ViRea = el pn (25)
0.66/! + 1.997,,
VRea 1 .
Virsa = [ AswSyw = sin‘a ! ; sina (26)
o (4 + 7

In Eq. (26), the coefficients k; and k, are equal to k; = 0.963Gbsina
and k, = k; ;2 +1
2-0.628
the concrete and 4 the lever arm, which can be approximated by the
steel joist height. The proposed model was validated by the authors

. Moreover, f., is the tensile strength of
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Table 4
Test results obtained by Monti and Petrone [45].
Specimen ID Vi lkN] VialkN] Vipax kN1
(from [79])
S2-60 270 400 450
S2-40 516 571 650
S4-60 500 - 812
S4-40 751 879 900

considering the wide numerical database that they obtained through
several parametric analyses: they obtained a very good correlation with
the numerical ultimate loads, achieving an average error of —0.92% and
a standard deviation of 11.06%.

A similar experimental campaign was conducted by Monti and
Petrone [45] on four full-scale beams, whose details are depicted in
Fig. 17. In particular, these tests were aimed at examining the effects
of diagonal reinforcement quantity and spacing.

Each specimen measured 4 m in length, was simply supported, and
subjected to point loads applied above the top nodes of the reinforc-
ing truss. All beams had a cross-sectional depth of 475 mm, with a
vertical centre-to-centre distance of 400 mm between bottom and top
chords. Specimens S2-40 and S2-60 had a cross-sectional width of
330 mm; their steel reinforcement was made with a space truss with
a 330 x 8 mm bottom steel plate, a top chord with five 30 mm bars,
and two diagonals with a diameter of 16 mm, spaced at 400 mm
(S2-40) or 600 mm (S2-60). Conversely, specimens S4-40 and S4-
60 had a cross-sectional width of 500 mm, a 500 x 10 mm bottom
steel plate, a top chord made with seven bars with a diameter of
32 mm, and four diagonals with a diameter of 16 mm, spaced at either
400 mm (S4-40) or 600 mm (S4-60). The steel adopted was a smooth
steel with a characteristic yielding strength of 334.5 N/mm? while
the characteristic concrete compressive strength was 41.2 N/mm?. The
results of the tests are summarised in Table 4. In particular, it can
be noted that the authors reported two main shear resistance values,
denoted as V,; and V,,, which represent the value of the shear capacity
at yielding of the first web steel bar and at yielding of the second web
steel bar, respectively. Conversely, the values of the total shear capacity
of the specimens was assessed from the force-displacement curves [79].

As a test result, the authors monitored the relationship between
the strain in the tensile diagonal bars and the increasing shear value,
observing that the first couple of tensile bars yielded before the second

12

Petrone [45] (dimensions in mm).

one, confirming their hypothesis of a failure sequence of the shear-
resisting elements. Moreover, from the crack pattern of specimen S2-60
after increasing the load beyond flexural failure, they also observed that
the concrete strut actually formed.

The authors remarked on the importance of the shear capacity
related to the number of couples of diagonals reaching the yielding
because they formulated an analytical model under this assumption.
This modelling approach allowed the tracking of the development of
shear capacity as yielding progressed from the initial pair of web steel
bars to the subsequent pairs, provided that the concrete did not crush.
To the scope, the following simplified code-compliant equation was
proposed:

V =«kfyAgsina 27)
with
n—2(1-6
oo 275 28)
n, —2(ng — 5p)

In Eq. (28) n, is the overall number of tensile web steel bars of
the beam; n; = n is the number of tensile web bars that yield; 5,
is a coefficient equal to O if the load is applied at the top of the
beam, equal to 1 if the load is applied at the bottom. However, the
authors observed a significant underestimation of the experimental
data. In fact, they remarked that this method considers the concrete
contribution only in terms of stiffness, not strength, as explained in
Eq. (27). Therefore, this method offers the benefit of providing practical
formulations for engineers, since it simplifies the calculation of shear
capacity as the number of yielded bars increases, but, as expected, it
leads to conservative values of the shear capacity, the ratio between
analytical prediction and experimental value being averagely equal to
42%.

The last experimental campaign reported here was conducted by
Colajanni et al. [55] on two series of specimens, series A and B, tested
under positive and negative three-point bending tests, respectively. The
geometry of the samples is reported in Fig. 18.

The specimens had a cross-section of 300x250 mm in order to
reproduce the behaviour of a slab-thick beam. The bottom chord of
the truss was made with a 300x5 mm smooth steel plate (class S355),
while the top chord of the prefabricated basic truss was constituted by
three 16 mm rebars. Moreover, in all specimens, four rebars of the same
diameter were added as top reinforcement. In specimens A2-1 and A2—
2, two rebars with the same diameter were also added to the steel plate
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Fig. 18. Specimens tested by Colajanni et al. [55].

Table 5 _ o The symbols introduced in Egs. (29) and (30) represent: j,d, the
Test results obtained by Colajanni et al. [55]. inner lever arm; A,, f,, and D, the area, yielding strength and equiva-

Specimen ID Al A2-1 A2-2 Bl B2 lent diameter of the longitudinal steel rebars; A,, f,, and b, the area,

P,[kN] 578 422 461 520 336 yielding strength and effective width of the steel plate; gy ), and e s

Concrete type 1 2 2 1 2 ’ )

as bottom reinforcement. The basic truss was made with reverse V-
shaped rebars with a diameter of 12 mm and spacing 300 mm. The
steel grade of all rebars was B450C (i.e. ribbed steel); two concrete
mixtures were created, namely concrete type 1 and type 2, with average
compressive strength of about 25 N/mm? and 16 N/mm?, respectively.
The maximum loads obtained for all specimens are reported in Table 5.
Among the specimens referred to in the table, specimens Bl and B2
were tested under negative bending moment, i.e. with the steel plate
in compression.

The test outcomes showed that specimen Al exhibited a shear
collapse, with the initial formation of vertical cracks under the loading
point, and the subsequent development of classical diagonal shear
cracks. As in Chisari and Amadio [39], the specimen exhibited an
overall ductile failure until the progress of the main diagonal shear
crack, which caused a brittle shear failure. Conversely, samples A2-1
and A2-2, cast with the weaker concrete, exhibited from the beginning
an evident brittle shear failure characterised by a partial detachment of
the bottom steel plate from the concrete core. In general, the failure of
the specimens was caused by the crushing of the compressed concrete
strut. Specimen B1, cast with the stronger concrete and tested under
negative bending moment, performed according to a mixed flexure-
shear collapse mechanism characterised by a quasi-ductile behaviour.
Conversely, specimen B2, cast with weaker concrete, exhibited a shear
collapse failure characterised by a more brittle behaviour. None of the
welds, whether between the steel plate and web bar or between the
web and top chord rebar, showed any sign of damage.

An analytical model for the interpretation of these results was
proposed by Campione et al. [49] who considered the combined re-
sistance provided by concrete and shear reinforcement, assuming that
the diagonal rebars of the steel truss function as transverse inclined
stirrups, transferring stresses from the concrete to the bottom steel
plate. The model also included the contribution of the diagonal rebars
in both the shear force direction and the longitudinal traction direction,
while also considering the contribution of the steel plate in the latter
direction. The concrete contribution, V. was computed as the capacity
given by the sum of two resisting mechanisms, i.e. the arch effect, Vi,
and the beam action, V,,, according to the following equations:

. &
jod .
VRC] = 7 I:mIH {Abfyb;qres,b ta- ﬂZDi}

i=1

(29)
+ min {Apfyp; resp b’ a+ Z Tyu(x — )'ci)}]
=
ny ' n(x)
VRcZ = jod <qres¢b7[ Z Di + qres,pbzu + Z Twiﬁ(x - )_‘i)> (30)
i=1 i=1
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the residual bond stresses around the longitudinal rebars and on the
plate, respectively; T,;, the dowel force attributed to each diagonal of
the steel truss, whose calculation is reported in detail in [49]. Campione
et al. [49] also assumed a limitation to the shear capacity of concrete
given by the failure of the compressed concrete strut:
sin(26)

VRc SI/Cu:Vfcb"xc" T

with v a softening coefficient, 6 the slope of the concrete strut and
x, the neutral axis depth.

In the proposed model, the contribution was assessed as:

(3D

Vrs = Agwfyw sinasin (32)

assuming that a and B represent the inclination of the diagonals
along the beam axis and in the cross-section plane, respectively. There-
fore, the total shear capacity was given by the following expression:

VR = Vre + Vs = (Vret + Vre2) + Vs (33)

In Campione et al. [49], this model was validated against the exper-
imental tests previously described [55], obtaining a good agreement:
the average ratio between analytical prediction and experimental shear
capacity was about 0.97, with a coefficient of variation of 0.109. In
the same study, the model was also validated against the test results
obtained by Chisari and Amadio [39], and the ratio between theoret-
ical and experimental shear capacity was an average of 0.92, with a
coefficient of variation of 0.101, demonstrating a good agreement also
in this case.

with V. <V,

5. Beam-to-column joints

This section presents some relevant investigations conducted in
the literature on the cyclic behaviour of beam-to-column joints with
HSTCBs connected either to classical RC columns cast in place or
hybrid columns equipped with internal reinforcement layout identical
to that of the reference specimens, eventually encased in a steel tube
profile [26,32,50,72,82]. The items of interest investigated in relation
to the behaviour of joints are illustrated in the map of Fig. 19. The map
shows that, in most cases, the analysed joints are made with HSTCBs
with space double trusses and bottom steel plate; the research is mainly
conducted through experimental tests, but analytical and numerical
interpretations are also available. The mechanical performance of these
joints is also investigated with regard to the seismic design of buildings
according to the most recent strategies based on the energy dissipation
capacity of structural components [64,68,70,75,78].

Therefore, in the following, two main items will be treated, i.e.,
firstly, the behaviour of traditional joints with HSTCBs and RC or
composite columns and, secondly, the innovative design of connections
in which the hybrid joint is integrated with dissipative systems.
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Fig. 20. Specimens of the joints tested by Scotta and Tesser [32] (dimensions in mm).

Source: Redrawn from [32].
5.1. Traditional joints with HSTCBs and RC or composite columns

The first experimental tests on hybrid joints considered in this
section were performed by Scotta and Tesser [32] who tested five
specimens, i.e. one reference classical RC joint (here referred to as JO);
two joints with hybrid trussed beams and classical RC column (here
referred to as J1, J2); one joint with HSTBs, RC column and cross-
shaped integrated lattice (here referred to as J3); one joint with HSTCBs
and RC columns jacketed with a cross-shaped integrated lattice (here
referred to as J4). The details of the hybrid specimens are reported in
Fig. 20.

In all cases, the HSTCBs utilised are made with a bottom concrete
base and a space steel truss. The steel grade is S355 for both the base
joist and the cross-shaped integrated lattice. The concrete compressive
strength varied from 41 to 60 N/mm?. The tests were conducted by
supporting the two lateral ends of the beam (vertical displacements
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forbidden) and the bottom section of the column (horizontal displace-
ments not allowed), while the lateral force was cyclically applied on
the top of the column, in force control (+£50kN, +100kN, +150kN).
Analysing the results, the authors found that the hybrid beam—column
joints have demonstrated an experimental strength equal to the theo-
retical expectations, confirming the reliability of the structural system.
These nodes also exhibited a larger ductility compared to the reference
RC joint and achieved a maximum lateral displacement corresponding
to an inter-storey drift of 4%. Finally, they observed that specimen
J4, i.e. the joint equipped with the cross-shaped integrated lattice and
jacketed column, exhibited the most limited damage of the panel zone
compared to the other specimens. The load-displacement curves are
reported in Fig. 20.

The second experimental investigation here summarised was per-
formed by Amadio et al. [26] on one specimen of beam-column joint
made with RC-encased steel joists. The column was 3.8 m in height,
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Fig. 21. Specimens of the joints tested by Amadio et al. [26] (dimensions in mm).

Source: Redrawn from [21,26].

simply supported at the two ends, and connected to a 2 m long
cantilever beam, which was loaded at the free tip by a vertical force. A
loading history in displacement control was applied, with cycles with
amplitude up to +80 mm and -120 mm. Fig. 21 reports the details of
the specimen, the loading scheme and the resulting load—displacement
and load-rotation curves.

The collapse of the specimen occurred under a load of 145 kN. The
failure happened in the beam at the point of the change in longitudinal
reinforcement near the joint (at the end of the joint connecting plates),
where there was a sudden reduction in cross-section and transverse
reinforcement. At this load value, a significant shear crack propagated
through the entire height of the beam, leading to the rupture of a
longitudinal angle in the lower region, along with the crushing and
expulsion of concrete in the upper region. The joint was also affected
by significant diagonal cracking. The overall response in terms of load-
rotation and load-end deflection showed that the energy dissipation
capacity was high despite the premature collapse due to the shear
cracking of the beam.

The authors also proposed an analytical interpretation of the shear
capacity of the joint in compliance with Eurocode 2 [111], through the
following equations:

VRd,j = VRj,xtee/ + VRj.conc (34)
VRj,steel = Ngiag Adfyd cos o (35)
0.25f.
VRj,conc = Cy—ckbjhj (36)
c

In the equations above, the terms Vg; ., and Vg; ., represent the
contributions to the shear capacity given by the diagonal steel bars
and the concrete strut, respectively; C is a coefficient equal to 20 for
external beam—column joints; b; and h; are the beam width and depth,
respectively; ny,,, is the number of diagonals in the joint and « their
inclination with respect to the horizontal direction.

The authors calculated the theoretical shear capacity through
Eq. (34), Eq. (35) and (36) finding that Vg; ;..; = 314 kN, Vg; cone =
450 kN and Vg, ; = 764 kN. The latter was compared to the exper-
imental value, which was ¥V, = 670 kN, obtaining an overestimation
of the predicted shear resistance. However, they also noted that the
experimental failure of the joint was achieved prematurely at the
failure of the beam, which was actually designed to resist bending and
shear forces lower than the capacity of the joint.
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The further experimental tests discussed here were conducted by
Colajanni et al. [50] on three specimens of four-way joints made
with HSTCBs and classical RC columns. It should be mentioned that
previously, Colajanni et al. [44] tested three specimens of two-span
continuous beams under monotonic and cyclic actions as a three-point
bending test with the goal of investigating the behaviour of the end
zone of the beam integrated into a moment resisting frame. However,
such a loading scheme did not reproduce the seismic behaviour of
the joint, and therefore, for brevity, it is not discussed in this section.
In the test campaign reported hereafter from [50], the HSTCB was
made up of a metallic spatial truss obtained with inclined steel bars
for RC structures type B450C, as transverse reinforcement of the beam;
these web bars were then connected superiorly to an upper chord
constituted by coupled rebars of the same type of the truss through
fillet weldings, and inferiorly butt-welded to a metal plate of smooth
steel type S355. When preparing the joint specimen, four rebars with
diameter of 24 mm where added as top reinforcement and two rebars
with the same diameter on the bottom; all added rebars were passing
through the panel zone. Conversely, the steel truss and its plate were
stopped few centimeters before the joint because the truss was not
equipped with bearing devices and, as a consequence, it did not exploit
the self-bearing capacity. The average concrete compressive strength
was about 37 N/mm?. The test set-up was designed in order to apply a
precompression to the specimens (800 kN in Test 1 and Test 2, 400 kN
in Test 3), to simply support the beams at both ends and to finally apply
the lateral cyclic load to the column base, the head being constrained
through a hinge. Moreover, in the first test, the specimen was disposed
with the steel plate of the beam on the bottom, while in tests n. 2 and
3, the specimen was collocated with the steel plate on the top. The
details of the specimens and the load—displacement curves are reported
in Fig. 22.

The results of Test 1 showed a maximum load of 128 kN for the
joint, with a maximum drift of almost 8% at the end of the test. The
crack of the panel zone started at about the fourth cycle, i.e. at about
mid-test, and the plastic hinge at the end of the beam, next to the
column face, was clearly visible at the end of the loading phases.
From the stain gauge measurements, the authors also observed that
the bottom plate near the joint, in the absence of sufficient anchorage,
did not significantly contribute to the resistance of the joint, while
increasing strain values in the plate were detected a little bit far from
the joint, i.e. for reduced values of the bending moment, showing the
efficacy of the diagonal rebars in transferring the stresses through the
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Fig. 22. Specimens of the joints tested by Colajanni et al. [50].

steel plate. In Test 2, the joint exhibited a maximum capacity of 112
kN and a larger maximum drift, of more than 10%. At mid-test, the
crack of the panel zone was still limited, showing an increasing crack
pattern starting from the fifth cycle, when the specimen exhibited rele-
vant plastic displacements with a further increase of its load capacity.
During the last cycle, the joint showed a significant pinching but still
presented a residual strength of more than 70% than the maximum
value. The last specimen exhibited behaviour similar to the previous
one in terms of load capacity, crack pattern and reduction in stiffness
and energy dissipation capacity during unloading and reloading cycles,
but it achieved a slightly lower drift, equal to 7.6%.

For the analytical interpretation of the results, the authors in [50]
considered two literature models, namely HL model (from Hwang and
Lee [113]) and KLS model (from Kim et al. [114]). According to
HL model [113], which is based on a strut-and-tie mechanism, the
following equation should be written:

V, = C;sind (37)
V, = C,cosé (38)
Vo/Vi =1,/1y = tand (39)

where V,, and V), are the vertical and horizontal shear forces, respec-
tively, while C, is the diagonal compression, which has an inclination
of @ with respect to the horizontal axis. The terms /, and /, represent
the inner lever arm of the vertical and horizontal shear couples. Then,
C, can be calculated as follows:

C;=—D+ F},/cos6 + F,/sind (40)

with D the compression force in the strut and F,, and F,, the tension
forces in the horizontal and vertical ties, respectively. The system
was statically indeterminate, so compatibility equations and material
constitutive laws were required to determine the shear strength of
the joint. Due to the nonlinear behaviour of the material, an iterative
process was necessary to obtain the numerical solution.

According to KLS model, which is purely empirical, the following
regression equation should be written:

th = [atﬂtrlrA;(JI)O‘15(31)0‘30(f‘.)0‘75]bjhc (41)

The parameters in Eq. (41) refer to the in-plane geometry («,), the
out-of-plane geometry (f,), the beam eccentricity (1,); then 4, = 1.31
for setting to 1.0 the overall average of the ratios of Eq. (41). Finally,
BI is the beam reinforcement index, which depends on the beam
reinforcement ratio and the volumetric transversal reinforcement ratio
of the joint.

According to HL model, the authors assessed the shear capacity
of the joint as 1115 kN for Test 1 and Test 2 and 903 kN for Test

16

3; similarly, according to KLS model, they assessed the joint shear
capacity as 914 for Test 1 and Test 2 and 640 kN for Test 3 [50]. Then,
they evaluated the experimental shear resistance through the following
equation:

th,exp

=12(40+ A)f, -V, (42)

\exp

with, A/ and A; the area of the top and bottom rebars having a
yielding strength of f,, and V,,,, the ultimate load applied to the
specimen. From Eq. (42) it resulted V)., = 1501 kN for specimens 1
and 2, while v}, .., = 978 kN. Therefore, if compared to the analytical
prediction, the average ratio between experimental and theoretical
shear capacity considering the HL model was equal to 1.27, while
it resulted in 1.61 if KLS model was considered. In both cases, the
predictions gave a conservative result.

More recently, Albright et al. [72] developed an experimental
campaign on exterior and interior joints made with HSTCBs and RC
columns. They tested nine specimens, two of which were RC reference
samples. In the hybrid joints, the beam was equipped with a bottom
steel plate (5 mmx400 mm), two planar parallel trusses made of
smooth steel with four upper 26 mm plain bars and diagonal bars with
20 mm of diameter and 400 mm spacing, welded to the bottom plate.
Additional reinforcement was added to the beam by 30 mm rebars to
the top and bottom, making the joint continuity. Among all specimens,
the one labelled NPS1 was equipped with two additional inner trusses,
planar and parallel to each other, identical to the basic trusses but
located in the inner core of the cross-section of the beam, making the
joint continuity. The column was made of reinforced concrete, with
a cross-section of 400x400 mm and 12 rebars of diameter 28 mm,
finally encased in a steel tube. The material properties were concrete
compressive strength of 40 N/mm? and yielding strength of steel equal
to 450 N/mm?2. Fig. 23 shows the details of the specimens and the
test set-up, together with the cyclic load—displacement curves of the
relevant typologies of joints.

The authors in [72] observed that all systems achieved their tar-
geted design strength and demonstrated good ductility. Generally, in-
terior joints experienced joint failure following beam yielding at the
beam-column interface, whereas exterior joints did not show signs
of distress in the joint and experienced beam yield failure. In both
scenarios, the system’s demand was governed by the yield strength
provided by the continuity elements at the beam-column interface.
All interior joints exhibited a pinched force-displacement behaviour
due to bond-slip deterioration caused by the high bond demand on
the continuity bars. Despite the observed pinching, almost all systems
demonstrated satisfactory levels of strength, ductility, stiffness, and
energy dissipation. Finally, they observed that all exterior joints ex-
hibited excellent performance, without deterioration of the panel zone
and only minimal bond-slip deterioration. Their force-displacement



A. Monaco et al. Structures 71 (2025) 108018
- 400 2400 —=t 400 + 2400 |
HL— 212 0 150 — 012 0150 NPS1i vs. NPS2Bi NPS2Ai vs. NPS4i
[ — s sreey ree — Mss STEEL TuBE o ok
[ . 5 o o P e M = 00 [ NPSAL | P48
LI/ o couun suear B/ Ao nps2s 2 NPS1i z 2 NPS2Ai
[  Rewrorcemen, CoNTNUITY v
(hck oF space) [ TRuss itio 10 =
I § 100 g 100
A =800 ” ) 2
—_ 1 r r (AN 2
7 M 777 0 = 0
/ X o %2 3 |y
H = mp) -100 g -0t
n EARS HVP7 @ r INTIN : ! =
H / = Ty /i £ 200
i % o B 5 °" s (1)
5 & | I
I B8 es Inl T s hes 200 <100 0 100 200 200 -100 0 100 200
i © 400 (TYP) Displacement (mm) Displacement (mm)
i \. too s Sree 4001 STEEL PL(TYP)
NPS2Ae vs. NPSle NPS2Ae vs. NPS4e
POSIWfeJnf'l Sign Convemlcr;q - — VEM} S-gn Convenllon e v —T =
AHydraullc Hydraulic 100 ”Nl’ﬁl“ Peal ~ 100} NP‘S;lo F::xl-‘
wial Load———> . Axial Load NPS2Ae Z NPS2Ae
300 kN Peak™* 24
- = z-—n-spxacemem = Tmi se=_Displacoment  5() A s 50
Hyurauu:Ac«uamrJ ‘ Measurement Hydraulic Actuator Measixement / =
See Loading _Linear Seo Loadng P Linear / <
Protocol " Potentiometer Protocol b Potentiometer 0 — 0
) - e | 3 Lo
2 = [ SN ST e = 501 s
Pin / Pin 4 £
Column Column __ [ -100 - -100
clamp\hv=é Clamp H (
=T - _—Pin - | . ) |
)] [P\ 200 -100 0 100 200 200 -100 0 100 200

o

Exterior joints Interior joints

Fig. 23. Specimens of the joints tested by Albright et al. [72] (dimensions in mm).

Source: Redrawn from [72].

response was characterised by large hysteretic loops, indicating high
energy dissipation and ductility levels.

The last experimental program here considered was very recently
conducted by Di Cesare et al. [82] on two specimens of steel-trussed
concrete beam ductile joints, made with the same beam but two dif-
ferent columns, i.e. RC column in one specimen, and concrete-filled
steel tube in the other specimen. In both cases, an exterior joint is
considered, but two different constraints are assumed at the column
base, namely a hinge for the specimen with an RC column (specimen
1) and a fixed restraint for the specimen with the concrete-filled tube
column (specimen 2). Both specimens are equipped with the same
composite precast truss beam, whose cross-section is 300x250 mm;
the steel truss ended before the column, and the two end parts of the
beam consisted of a simple RC section reinforced with six 24 mm steel
rebars anchored within the joint panel. Specimen 1 comprised concrete
class C28/35, while specimen 2 had concrete class C40/50. For both
specimens, reinforcement rebars and steel elements were made with
steel grade B450C and S355, respectively. The loading scheme was
characterised by a constant axial force of 80 kN applied to the column
and a triangular load with a resultant equal to 34 kN applied to the
beam. The scope of this scheme was to reproduce the loading and
specimen deformation due to only gravitational loads. In the first stage
of the test, the beam was free to deform, while in the second stage,
a rigid rod was applied at the end of the beam in order to reproduce
the deflection points; in this phase, the lateral load was finally applied
on the top of the column. Quasi-static cyclic tests were conducted in
displacement control by means of twelve consecutive tests, each one
characterised by three cycles of displacements applied to the specimen.
Fig. 24 reports the specimen details and the load-drift curves of the
cyclic tests.

From the analysis of the test results, the authors in [82] found that
the global behaviour of the two specimens was different because of
the diversity of geometrical features, boundary conditions and concrete
compressive strength. Nevertheless, the results also showed similar lo-
cal performance in terms of the crack pattern detected at the end of the
test in the panel zone. Moreover, in both specimens, the plastic hinge
deformation was observed at the end section of the beam, starting from
about 1% of drift; the plasticisation of the section was characterised
by stable behaviour with a large amount of energy dissipation and a
limited reduction in strength. In general, the cyclic curves revealed,
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in both cases, good dissipative and ductile capacities. Both joints were
able to support gravity loads despite the relevant reduction of global
stiffness and strength related to the damage developed after the first
half of the loading history.

5.2. Dissipative connections in seismic areas

Recent studies have addressed the design of innovative connec-
tions in buildings in seismic areas to improve the dissipation capacity
through the joints [83]. To achieve this goal, the latest design strategies
adopted in steel-framed structures have been re-adapted to RC build-
ings equipped with HSTCBs (among the most relevant, [64,68,70,75]).
The up-to-date contribution proposed by Monaco et al. [78] revealed
the design process of a novel patented solution [115] of a hybrid
beam-column connection equipped with friction-damping devices. The
concept of this friction connection in the joint between the HSTCB
and the RC column involved steel members that served as the rotation
centre at the top of the connection; additionally, a system of three steel
plates in contact through friction bolts was situated at the bottom of the
connection. Consequently, both the top and bottom steel profiles were
linked by special devices to the RC column and the hybrid beam, form-
ing the friction-damping system. Three design solutions were proposed
schematically depicted in Fig. 25.

The friction connection design process started with the value of the
design bending moment, M, which triggers the system’s slippage. The
design procedure aimed to prevent device slippage at the serviceability
limit state, while allowing energy dissipation through sliding during
seismic events. Therefore, the device geometry was determined through
an iterative process to find the optimal internal lever arm value, z;,
for each proposed solution (where i = 1,2,3 for solutions A, B, and C,
respectively). The, in order to conduct a feasibility study, an arbitrary
value of M, 110 kNm was assumed. This value was compatible
with the hogging moment strength of the beam in the subassembly,
Mg, = 165 kNm, calculated with an overstrength factor of 1.5. Finally,
the friction damper was designed to withstand a sliding force, F,,,
determined as follows:

= (43)
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Fig. 24. Specimens of the joints tested by Di Cesare et al. [82].

Source: Redrawn from [82].
The number of preloaded bolts used was #,; with an area 4,,,; and
ultimate strength f,,;. The preloading force F,.; of each bolt, as per
Eurocode 3 [108], was calculated as follows:

ch,i =07 fub,iAre:,i (44)

and the code-compliant slip resistance of the connection, F; r,,, was
evaluated as:

Fs,Rd,i = ksnb,ins”ch,i/yMS (45)

In Eq. (45), k,; and y,; are coefficients introduced in the design
formula to prevent the device from sliding until the ultimate limit state
(assumed equal to 1 in [78]). The terms n, and u represent the number
of friction planes and the slip factor, respectively. For all proposed
solutions, n; =2 and u = 0.4 were assumed [78].
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Considering that the preload value decreases over time due to creep
phenomena, the adopted design preloading force F, ,; was in the range
between 30%-60% of the code-compliant value given in Eq. (44). The
ratio between effective and code-compliant preload was assessed using
the coefficient 7 ;:

Fyi
t, = ————— (46)
M g ngpFy
Finally, the effective design value of preload was assumed equal to:

=t .F 47)

s,i" pe,i

ch,d,i

The authors observed that according to Eq. (46), the parameter 7
indicates the stress level of each preloaded bolt and, therefore, the
design procedure allows for the diameter of the preloaded bolts to
be adjusted to achieve the same preloading force at different stress
levels [78]. Regarding the dimensions of the slotted holes, they were
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designed based on the displacement demand of the structure. Lastly,
the steel members connected to the upper and lower parts of the beam
and column were sized to withstand both the horizontal and vertical
components of the design sliding force from Eq. (43), amplified by the
overstrength factor.

The three proposed solutions were based on the same design crite-
ria, but they differed in the arrangement of the components because
Solution A was characterised by a friction device endowed with a
hinged connection and crossed slotted holes, Solution B was a friction
device equipped with a T-stub, curved slotted holes and shaped con-
crete section of the beam, while Solution C represented a friction device
with shaped T-stub, curved slotted holes and perfobond connectors.

More in detail, in Solution A, the pin connection on the top made
the rotation centre of the system, C,, while the bottom connection was
made with two lateral steel angles connected to a central plate using
six M16 class 10.9 bolts with A,,, ; = 157 mm? and f,;,; = 1000 N/mm?,
The steel angles and the central plate had slotted holes in the vertical
and horizontal directions. The cross-section of the beam measured
250 x 300 mm, with an inner lever arm z; 399 mm. The angle
between the beam axis and the sliding force’s application point was
a; = 61°. In this configuration, F,; = 275.7 kN,F,.; = 109.9 kN, #,, =
0.523, and F), 4 ; = 57.5 kN. The main disadvantage of this solution was
the clearance around the pin of the hinged connection, which caused
additional sliding and friction resistance before the activation of the
designed mechanism, with the rotation centre C; not exactly centred
in the pin since the beginning of the loading process.

In Solution B, five bolts were collocated along two rows of curved
slotted holes, with the rotation centre C, determined on the weakest
section of a T-stub placed on the top connection to replace the pin of
the previous solution. This T-stub was then connected to the beam by
means of a C-shaped steel profile. In this case, the preloaded bolts were
M18 of class 10.9, with 4,,,, = 192 mm? and f,;, = 1000 N/mm?. The
angle @, = 68° and the inner lever arm z, = 380 mm. Consequently,
the authors found F,, = 289.5 kN, F,., = 1344 kN, #,, = 0.538, and
F,c42 = 72.3 kN. This solution was able to overcome the issues detected
in the previous one even though it showed inadequate stiffness of the
top bolted connection and still slight shifting of the rotation centre due
to the plasticisation of the T-stub cross-section.

Therefore, the last Solution C was proposed with further improve-
ments compared to the others. First of all, the authors here proposed
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an extension of the central curved-slotted plate throughout the beam,
further equipping this extension with slotted holes useful to make a
so-called perfobond connector. The vertical extension of the plate is
then welded to a horizontal plate with slotted holes, on which the
T-stub and the longitudinal top rebars of the beam are welded. Also
in this case the T-stub was provided with a weakened section for the
development of the plastic hinge (rotation centre C;). In this system,
two rows of curved slotted holes were designed, introducing five M20
class 10.9 bolts (A, 3 = 245 mm? and f,,3 = 1000 N/mm?). The inner
lever arm was z; = 374 mm and the angle a, = 68°. Therefore, the
following parameters were found: F,; = 294.12 kN, F,. 3 = 171.5 kN,
t;3 = 0429, and Fpe,d,3 = 73.5 kN. The main advantage of this
solution was the additional shear strength developed thanks to the
dowel action provided by the perfobond connector system and a more
stable behaviour.

The structural performance of the three proposals was investigated
through the numerical simulation of a cyclic loading scheme on the
joint specimens. Fig. 25 shows the comparison between the moment—
rotation curves obtained through FEM analyses. The cyclic analysis of
the first joint (Solution A) was conducted in the range of +100mm.
The simulated behaviour of the joint showed the negative effect of the
clearance around the pin connection, which was notable due to the
presence of two sub-horizontal branches in the curves. These branches
signified the resistance the friction plates offered when the pin initially
moved inside the hole before establishing contact. This behaviour
significantly impacted both the stiffness of the system and its ability
to dissipate energy effectively.

The cycles applied to the joint of Solution B were too in the range
of +100mm. Additionally, analyses with varying preload levels in the
bolts were conducted to simulate the system’s behaviour under two dif-
ferent design moment values: M, and 1.5M,, with 1.5 the overstrength
factor. The simulation results indicated that the system adhered to the
design assumptions, with a similar response observed for positive and
negative bending moments and no significant damage was observed
during the loading-unloading phases. However, after an initial elastic
phase with no sliding, an almost perfectly plastic branch emerged when
sliding was initiated, and the upper T-stub underwent plasticisation,
resulting in a slight displacement of the designed rotation centre.

Finally, the simulations of the third joint (Solution C) were made
for three values of the design bending moment, namely 0.5M,, M,
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and 1.5M,. The results of the analyses indicated that this connection
had sufficient stiffness to prevent any shifting of the system’s centre
of rotation. The hysteresis loops were wide and stable, meeting the
design requirements, and the system’s response varied proportionally
with changes in the bolt preload.

In conclusion, the initial Solution A with a pin connection exhib-
ited a pinching effect in its cyclic response due to clearance in the
pin connection and additional resistance from the dissipative device
caused by bolt shifting during sliding, primarily through vertical and
horizontal translations. Consequently, Solution B addressed these issues
by replacing the pin connection with a bolted configuration involving
a T-stub and C-shaped profile and implementing curved slotted holes
in the friction plates instead of crossed slotted holes. Even though
Solution B exhibited improved performance, it revealed weaknesses
such as inadequate stiffness in the top bolted connection, contributing
to the centre of rotation shifting during analysis. Therefore, the third
proposed solution, Solution C, introduced perfobond connectors and a
reduced T-stub middle cross-section, resembling the steel structures’
dog-bone-shaped beam ends. Solution C effectively resolved the re-
maining weaknesses of Solution B and ensured minimal damage to all
components within the connection device; therefore, the authors stated
that it represents a promising damping system for semi-prefabricated
RC buildings equipped with HSTCBs [78].

6. Open issues

Following a thorough synthesis of the primary findings described in
the previous sections, the literature review highlights significant gaps
in knowledge and unresolved issues, particularly regarding long-term
performance and geometrical effects.

6.1. Long-term performance

Concerning, long-term behaviour, the literature only reports the ex-
perimental and numerical analyses conducted by Sassone and
Casalegno [29], who studied two different configurations: a simply
supported beam measuring 10 meters in length and having a cross-
section of 300x350 mm, and a pair of beams of the same dimensions,
connected by introducing a fixed constraint at a later stage at the
intermediate support. Although this second scenario is more common
in construction using precast concrete elements than HSTCBs, for the
authors, it represented an important test for assessing the impact of
viscosity on the redistribution of internal forces and deformation states.
The first approach followed in [29] was a computational viscoelastic
analysis conducted in the field of the General Method by coupling
the traditional discrete solution procedure of integral equations with
a FEM solver that provides specific simulation tools for the analysis of
reinforced concrete structures. In particular, they assumed a beam with
three different reinforcement ratios p equal to 1%, 5% and 10% and
calculated the midspan deflection, f, in time, ¢, as shown in Fig. 26.

Two primary results emerged: on one hand, viscous deformations,
assuming a fully reactive concrete section, were significantly influenced
by the amount of reinforcement. For reinforcement ratios exceeding
5%, the delayed deformation was either smaller or equal to the ini-
tial deformation, whereas, with minimal reinforcement percentages,
delayed deformations could reach up to twice those of the initial ones.
Therefore, the contribution of reinforcement resulted in a substantial
reduction in long-term delayed deformations. Moreover, the differ-
ence in prediction obtained by applying the various viscosity models
proposed in the literature varied significantly. Between the European
model CEB90 and the US models B3 and GL2000, in particular, there
was a substantial difference in prediction after approximately 1000
days: while the CEB90 model assumed an asymptotic trend, suggesting
a substantial settling of the phenomenon, the other two models, albeit
differently, predicted instead a continuation of the phenomenon even
over timescales of one or two orders of magnitude longer. When the
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later constraint was introduced, a discontinuity clearly emerged with
a subsequent reduction of the long-term deformation. These numerical
investigations showed that HSTCBs exhibited particularly good long-
term performance. Therefore, experimental tests were performed as
validation tools to achieve more accurate results. Four samples of
simply supported beams were constructed, using the HSTCB type with
lower steel plate, and two further beams with similar general char-
acteristics but equipped with bottom concrete base. In all specimens,
the rebars were made only of ribbed steel. The beams were designed
to produce an initial deflection of approximately 20 mm under the
applied load. The main challenge in these tests was the application
of long-duration loading, which was addressed by using steel sheet
packages corresponding to a load of approximately 4.00 kN/m. Given
the relatively modest load, the beams were designed to be particularly
slender, with a nominal cross-section of 190x200 mm for the beams
with steel plate and 200x240 mm for the beams with concrete base.
The specimens had a total length of 5960 mm; the spacing between
diagonals was 340 mm and 360 mm for steel plate and concrete base
beams, respectively. Moreover, the beams were designed with different
reinforcement ratios, reaching a maximum value of approximately 9%.
Fig. 27 reports the structural details and the long-term deflection of two
beams taken as an example, namely beam n. 101 (with steel plate) and
beam n. 105 (with concrete base).

The experimental deflection was manually measured in a discrete
way, at day number 14, 15, 17, 20, 27, 45, 56, 63, 91 and 144. Then,
the experimental data were compared with the numerical predictions as
shown in the graphs of Fig. 27. The authors found that, over the consid-
ered time frame, the long-term deformations due to viscous phenomena
measured experimentally were in good agreement with the numerical
predictions. The largest discrepancies concerned the magnitude of the
initial deformations, which were influenced by imperfections in the
testing apparatus. The presence of high reinforcement ratios, which
was explicitly considered in the simulations, had a beneficial effect in
reducing viscous deformations, and this effect was predicted with a
good level of reliability. Even though this study provided promising
results, further tests would be useful for validation, and additional
numerical studies should be conducted to analyse the effects of the
bottom chord of the beam (steel plate rather than concrete base, with
or without additional longitudinal reinforcement) on the long-term
deflection in the serviceability limit state. Finally, the influence of the
geometrical layout of the steel truss should be investigated, aiming at
optimising the beam design.

6.2. Geometrical and size effects

The second open issue considered in this section is related to the
investigation of the geometrical effects on the mechanical performance
of the HSTCB, including the analysis of the size effect. First of all, it is
noteworthy to mention two scaling transition laws from the literature,
which are the Size Effect Law (SEL) [116] and the Multi-Fractal Scaling
Law (MFSL) [117], the first one based on dimensional analysis, the
second one funded on fractal geometry. SEL is valid for initially cracked
specimens, the initial crack length being proportional to the specimen
size, while MFSL is based on Renormalization Group Theory and is valid
for initially uncracked specimens. In this regard, the concept of size ef-
fect on single material strength and the issue of scale effect on structural
brittleness should be distinguished and analysed. In fact, especially
in cases where particularly large or particularly small structures are
involved, the strength of the material must be compared against other
characteristics, such as the toughness in the case of fracturing processes,
in order to define, via the structural size, the ductility or the brittleness
of the structure [118-120].

A very limited number of studies in the literature aimed at address-
ing the topic of geometrical effects on HSTCBs. A recent study was
conducted by Etman et al. [89] on RC beams reinforced with internal
trussed strips and bars placed in the shear span zone. In this study, the
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Fig. 26. Numerical long-term mid-deflection of the beams tested by Sassone and Casalegno [29].

Source: Redrawn from [29].
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Fig. 27. Long-term deflection experimental tests by Sassone and Casalegno [29] (dimensions in mm).

Source: Redrawn from [29].

truss was characterised by two parallel systems of diagonal strips made
of smooth steel. The hybrid beams were tested under four-point bend-
ing, assessing the structural performance of different reinforcement
layouts, which varied for the strip configuration (vertical, inclined, and
trussed strips with the same width of 25 mm and the same spacing
of 200 mm), the strip cross-sectional areas (trussed strips of 14 mm
and 40 mm width, with the same spacing of 200 mm), and the strip
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spacing (160 mm and 265 mm, with the same cross-sectional width of
the trussed strips equal to 25 mm). Similarly, different layouts were also
tested in the case of inclined and trussed bars: vertical, inclined, and
trussed bars with the same diameter of 8 mm and the same spacing of
200 mm; trussed bars of diameter of 6 mm and 10 mm, with the same
spacing of 200 mm; trussed bars with the same diameter of 8 mm and
different spacing of 160 mm and 265 mm. Based on the experimental
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results, the authors observed that the ultimate capacity of the beams
reinforced with trusses was directly related to the cross-sectional area of
the truss members and inversely related to the spacing between the ver-
tical members. Nonetheless, the ultimate capacities of beams reinforced
with trussed strips exceeded those of beams reinforced with equivalent
trusses made from rounded bars of about 16%. Moreover, they also
observed that considering the cross-sectional area of the truss members
and the spacing in the tested different configurations, the shear crack
width at any load level was smaller in beams reinforced with trussed
strips compared to the corresponding beams reinforced with equivalent
trussed bars. Finally, the authors in [89] also mentioned a gap of knowl-
edge in the literature concerning the lack of an analytical expression for
calculating the load value which corresponds to the maximum shear
crack width. This topic is not fully defined in the literature, leading
to some discrepancies between the experimental results of major shear
crack width and the analytical results derived from existing models. In
their research, the authors found that, despite the differing load levels
as a percentage of failure load corresponding to the measured shear
crack width, the experimental results were comparable to the results
from some available equations proposed for calculating shear crack
width. However, a new reduction factor should be introduced in order
to account for the type of reinforcement, whether single or trussed steel
strips.

The effects of different layouts of steel trusses were also numerically
analysed in a study conducted by Taher et al. [91], who considered
five specimens with the same overall dimensions and longitudinal
reinforcement equipped with different steel trusses. However, the major
limit of this study is the focus on the solely geometrical spacing of
the truss, considering the presence or the absence of added vertical
bars. Therefore, the main finding was limited to the evidence that the
adoption of embedded steel truss as web reinforcement resulted in an
increased ultimate capacity of the beam of about 4%-8% compared to
the control specimen, which was reinforced only with vertical stirrups.

Similar considerations can also be conducted regarding the recent
analysis by Lofty et al. [92] on hybrid trussed beams adopted in
aerospace shelters. Here, the authors simply considered two different
configurations, i.e., beams with vertical strips and beams with inclined
trussed strips, and two main layouts for the inclined strips, i.e., an incli-
nation angle of 45° or 60°. Under these hypotheses, the authors found
an improvement of the flexural capacity of about 11% in the trussed
beams compared to the standard reinforced beam and a significant
ductile behaviour in the post-elastic phase.

In conclusion, in the aforementioned studies, neither the issues
related to size effect nor the influence of the geometrical layout in
the transition between flexural and shear failure were investigated.
Conversely, in this regard, the studies previously conducted by Ballarini
et al. [53,65] should be mentioned. In these studies a computational
analysis was proposed for detecting the different failure modes in
HSTCBs with different scaled sizes chosen from considerations on some
typical dimensions adopted in the industrial practice. Fig. 28 shows
the beam specimens considered by Ballarini et al. [53,65]: they were
characterised by three different scaled geometries labelled size 1, 2
and 3, with the same cross-sectional width (b = 300 mm), the same
longitudinal reinforcement (upper chord made of seven rebars of di-
ameter 16 mm and lower chord made of a 5 mm thick steel plate)
and the same transversal reinforcement (steel truss with 12 mm reverse
V-shaped rebars). The overall dimensions were established in order to
keep the ratio between shear span a and beam depth D constant and
equal to a/D = 2.4. Therefore, the horizontal span of the steel truss
is linearly scaled with the beam depth, resulting in different slopes of
the diagonals in the plane of the cross-section as well as along the
longitudinal axis of the beam. Since the steel reinforcement of the
beams was not scaled, the three specimens did not exhibit geomet-
rical similarity, which consequently affected their failure modes. The
latter were therefore investigated through FEM analyses by exploiting
the validation against the experimental results obtained in separate
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research on the size 1-beam [55]. For conducting the analyses, the ma-
terial properties assumed in all specimens were the same: compressive
strength of concrete equal to 25 MPa, steel class B450C for the ribber
rebars and steel class S355 for the bottom plate. First of all, a simplified
model was developed in which a perfect bond was assumed between
rebars and concrete, showing that it was satisfactory for catching the
peak load capacity and the overall energy dissipation of the beam
and computationally efficient, compared to more detailed modelling
of the steel-concrete interface by means of cohesive contact laws. To
this scope, the graphs in Fig. 28 show the comparison between the
curves obtained with perfect bond and cohesive models. These curves
also evidenced a transition from fragile and ductile failure passing from
the smallest to the biggest size.

This result was explained analytically by adopting the approximate
size and geometrical effect equation proposed by Bazant [116,121] for
calculating the nominal structural strength o :

oy =0y(1+D/Dy) " (48)

in which ¢ is the nominal structural strength at the small-size limit
while D, is the transitional size. Moreover, in [53,65] the nominal
structural strength is calculated as:

oN = Pmax/bD (49)

in which P,,, is the maximum load capacity of the beam, D is the
characteristic size (i.e. the beam depth), and b is the beam width.

The shear failure observed in the smallest specimen followed the
same mechanism as the diagonal shear failure in conventional RC
beams. Consequently, Eq. (48) was expected to adequately approxi-
mate the size effect in the shear failure of HSTCBs, by describing the
transition from quasi-plastic shear failure to brittle shear failure as the
specimen size becomes much larger than the size of the fracture process
zone. Therefore, if Eq. (48) represented the size effect for the diagonal
shear failure mode, a different relationship was derived for the nominal
structural strength achieved in the case of flexural failure. In particular,
the authors neglected the concrete damage in the diagonal direction
and assumed that only the yielded bottom steel plate contributed to
the tensile response. Therefore, they calculated the bending moment
capacity at the midspan as M, = fyAﬁ (with f, and A, the yielding
strength and cross-sectional area of the bottom plate, and d the effective
depth of the beam) and the peak load as P, = 4FyASE/ L. Considering
that the size of the beam was scaled in two dimensions, the ratio /L
was assumed constant. According to these assumptions, a parameter 5
was defined as n = 4FyAsE/bL, and the corresponding scaling equation
was written:

oN = ;1D_1 (50)

Finally, the nominal structural strength of the beam was assessed as
follows:

6N = min [r]D’l,ao(l + D/DO)_I/Z] (51)

Fig. 29 shows the schematic plot of Egs. (48) and (50), evidencing
how size 2 and size 3 specimens were aligned with the analytical
prediction of the flexural failure mode, with the size effect derived by
a simple plastic analysis. In contrast, size 1 specimen was expected to
follow the analytical prediction of the shear failure mode, with the
size effect described by using the classical Bazant’s size effect law of
quasi-brittle fracture.

This analysis identified a transition point between the two expected
failure modes, which was influenced by the geometrical features of the
bottom steel plate in the three specimens. In particular, the authors
evidenced that the steel plate was not scaled in order to keep its thick-
ness coherent with the dimensions adopted in the industrial practice.
However, this assumption represented a mechanical disadvantage for
the beams with the biggest size because, if the thickness of the steel
plate were scaled proportionally with the beam size, the size effect
on nominal strength in the flexural failure mode would disappear.
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Consequently, only the diagonal shear failure mode would manifest,
potentially exhibiting a significant size effect in the absence of shear
stirrups.

Even though this research provided relevant basic results on the
geometrical effects in HSTCBs with different sizes, further insights
would be useful for analysing the influence of the complex geometry of
the steel truss on the size effect, and the impact of three-dimensional
instead of two-dimensional scaling rules. Moreover, the three speci-
mens considered in this study did not follow geometrical similarity;
therefore, existing analytical scaling models were not applicable, and
the analytical modelling of this complete size effect was infeasible.
Therefore, further robust and efficient computational models appear
essential for the design process of HSTCBs across different sizes and
geometries.
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7. Conclusions

This paper presented a systematic review of the most noteworthy
scientific results gathered over the past twenty-five years by researchers
in Italy and abroad concerning the mechanical performance of HSTCBs.
Outcomes of experimental campaigns and proposals of theoretical for-
mulations have been considered. The topics treated in this review
were chosen starting from the careful analysis of an extensive litera-
ture database, which was investigated considering the following items:
beam typology, structural behaviour, specific insights related to the
specialised structural member, and research methodology. Considering
the first item, beams with bottom steel plate and concrete base have
been analysed, equipped with single planar trusses or double space
steel joists. Investigations on ribbed and smooth steel reinforcements
have been reported, and the behaviour of the beams in both Phase
I and Phase II has been mentioned. With regard to the second item,
firstly, the behaviour of weldings and inner connections was treated;
secondly, this review reported the main findings dealing with the
flexural and shear capacity of beams under ultimate and serviceability
limit states in monotonic and cyclic loading conditions. Specific insights
have been synthesised regarding the inner connections’ stress transfer
and shear capacity and the behaviour of beam—column joints endowed
with HSTCBs connected to RC columns, hybrid trussed columns or
concrete-encased steel columns. In general, the review showed that
the classical methods of structural engineering were adopted during
years to conduct the research, i.e., extensive experimental tests on
structural elements and sub-assemblages, whose resistant mechanisms
were interpreted by applying existing analytical formulations given by
national and international codes, often followed by the proposal of
novel expressions for the assessment of the beam capacity. Simplified
and detailed FEM simulations were also developed for validation. The
analysis of the main research findings on the aforementioned topics
allowed us to outline the comments reported hereafter.



A. Monaco et al.

Table R1

Research documents from 1972 to 2015.
Legend: A - Phase I; B - Phase II; C - Steel plate; D - Concrete plate; E - Single planar truss; F - Space/double truss; G - Ribbed steel truss; H
- Smooth steel truss; I - Flexural strength; J - Shear strength; K - Push-out response; L - Torsional strength/Buckling; M - Cyclic behaviour; N -
Seismic behaviour; O - Deformability at SLS and ULS; P - Long-term behaviour; Q - Welding strength; R - Geometrical effects; S - Beam-to-column
joint; T - Inner connections; U - Experimental testing; V - Numerical analysis; W - Analytical modelling.
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Authors keyword code Authors keyword code

Leone [1] w Badalamenti et al. [25] BCFGIMTU

Papia [96] ILUW Vincenzi and Savoia [11] ACFLVW

Puhali and Smotlack [17] BCEFHKTU Amadio et al. [26] BCDFGHIJMSTUVW
Giordano and Spadea [97] 1U0 Colajanni et al. [27] BCFGHKTW
Sanpaolesi et al. [99] MSU Desiderio et al. [28] BCFKTVW

Giordano et al. [98] IUwW Sassone and Casalegno [29] BCDFGIOPUVW
Sanpaolesi et al. [100] MSU Amadio and Sorgon [12] ABCDFHIJMSUW
VV. AA. [18] BIJ Trentadue et al. [30] BFHILVW

Mele et al. [101] MSU Quaranta et al. [31] BEFHILOVW

Mele and Sassone [102] MSU Scotta and Tesser [32] BDFHMNSU

Hsu et al. [84] FGILMNUW Colajanni et al. [33] BCFGMNSU

Di Marco [122] U Amadio et al. [34] BCFJUVW

Sassone and Chiorino [105] PW Cancelliere et al. [35] BCFGIJMTU

1zzo et al. [19] BGHJ Colajanni et al. [13] ACGQSTUW

Tullini et al. [20] BCFHKQTUW Tesser and Scotta [36] BDFHIJUW

Ju et al. [103] MSTU Tullini and Minghini [37] BCFGHIKQTUVW
Scotta and Tesser [4] ABCIJU Colajanni et al. [38] BCFGHKTV

Borri and Grazini [104] N Colajanni et al. [14] ABCFGKQTUW

Badalamenti et al. [5]
Badalamenti et al. [6]
Amadio et al. [21]
Vincenzi et al. [7]
Aiello [22]
Badalamenti et al. [23]
La Mendola et al. [8]
Scotta and Tesser [9]
Amadio et al. [10]
Amato et al. [24]

ABCFGKTU
ACFGJQTUVW
BSU

AILRVW
BCFGHKTU
BCFGIMTUV
ACFGQTUW
ABCIJU
ABCFHIJSUVW
BCFGMSU

Chisari and Amadio [39]
Colajanni et al. [40]
Colajanni et al. [41]
Trentadue et al. [42]
Djamaluddin et al. [85]
Colajanni et al. [43]
Colajanni et al. [44]
Monti and Petrone [45]
Latour et al. [46]
Colajanni et al. [47]

BCFGHJUVW
BCFGJUVW
BCFGJUW
BCFHIOVW
FHIU
BCFGKTVW
BCFGIMTUV
BCDFHJUVW
BCFGHKTW
BCFGJV

Table R2

Research documents from 2016 to 2024.
Legend: A - Phase I; B - Phase II; C - Steel plate; D - Concrete plate; E - Single planar truss; F - Space/double truss; G - Ribbed steel truss; H
- Smooth steel truss; I - Flexural strength; J - Shear strength; K - Push-out response; L - Torsional strength/Buckling; M - Cyclic behaviour; N -
Seismic behaviour; O - Deformability at SLS and ULS; P - Long-term behaviour; Q - Welding strength; R - Geometrical effects; S - Beam-to-column
joint; T - Inner connections; U - Experimental testing; V - Numerical analysis; W - Analytical modelling.

Authors

keyword code

Authors

keyword code

Monaco [48]
Campione et al. [49]
Colajanni et al. [50]
Colajanni et al. [51]
Kareemi et al. [52]
Zhang et al. [95]
Ballarini et al. [53]
Colajanni et al. [54]
Colajanni et al. [55]
Djamaluddin et al. [86]
Colajanni et al. [56]
Colajanni et al. [57]
Latour et al. [58]
Monaco et al. [59]
Deng et al. [94]
Arafa et al. [87]
Colajanni et al. [60]
Monaco et al. [61]
Pagnotta et al. [62]
Colajanni et al. [63]
Colajanni et al. [64]
Ballarini et al. [65]
Latour et al. [66]
Frans and Tahya [67]

BCFGJVW
BCFGIJTUVW
BCFGMNSUVW
BCFGJW
BIJU

HIJUW
BCFGIJRVW
BCFGHKTVW
BCFGJUW
FHIOU
BCDEFGHJKMTVW
BCFGIJMTUW
BCFGHJKTVW
BCFGJW
EHMNSU
FHJV
BCFGIJNVW
BCFGMNSYV
BCFGMNSYV
BCFGMNSV
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» The Phase II behaviour was much more investigated than the
Phase I response due to the need to understand the peculiarities
of the stress transfer mechanism between steel parts and concrete

weldings in allowing stress distribution, which was appropriately
validated through experimental tests.
» Push-out and shear response in Phase II proved to be highly
block under different conditions, i.e., diverse loading schemes affected by both the geometrical layout and the steel class of the
(push-out response, flexural and shear strength, behaviour of

joints) and various geometrical layouts of the steel joists. Con-

joist. The experimental tests supported by FEM analyses showed
that the stress-transfer mechanism in the push-out specimens and

versely, the behaviour in Phase I mainly concerned the efficacy of the shear strength mechanism in simply-supported beams did
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not follow the typical rules of either RC beams or steel-concrete
composite elements. Therefore, numerous analytical formulations
were proposed over the years to adequately interpret the resistant
mechanism and make the tentative to provide code-compliant
expressions useful for the practical design of HSTCBs.

The behaviour of the beam-column joint was significantly influ-
enced by the degradation phenomena in the panel zone due to
the small depth of the beam associated with a large amount of
longitudinal reinforcement passing through the joint. Pronounced
pinching effects were revealed in almost all specimens tested in
the different experimental campaigns, producing limits in the
energy dissipation capacity of the structure. This issue emerged
as a disadvantage in using such a hybrid joint in seismic areas.
Therefore, recent research has tried to address this issue by
developing novel strategies by equipping the joint with friction
dampers and connecting it by exploiting the bottom steel plate of
the HSTCB.

Open issues still remain on two main topics of interest, i.e., the
investigation of the long-term performance of HSTCBs and the
analysis of the geometrical and size effects. A very limited number
of studies is currently available on these issues, which would
need further efforts to be validated and extended. In particular,
concerning long-term performance, the effects of different geo-
metrical layouts and steel grades of the joist should be analysed
to understand how these parameters could affect the long-term
deformation of large-span beams. Concerning geometrical and
size effects, further computational models should be developed to
consider the case of beams scaled according to geometrical simi-
larity criteria and allow the analytical modelling of the complete
size effect on HSTCBs.

Considering the diffused and increasing adoption of HSTCBs in
the structural design of large-span structures and infrastructures,
the results of the numerous investigations conducted during the
last decades should be finally recalled to develop standardised
rules and calculation methods which are not yet implemented in
the currently available national and international building codes.
Further efforts should be made in order to achieve this goal.
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