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Abstract. Steel-concrete composite slabs with profiled steel sheeting are widely used in the execution of floors in steel and
composite buildings. The rapid construction process, the elimination of conventional replaceable shuttering and the reduction of
temporary support are, in general, considered the main advantages of this structural system. In slabs with the spans currently
used, the longitudinal shear resistance commonly provided by the embossments along the steel sheet tends to be the governing
design mode. This paper presents an innovative reinforcing system that increases the longitudinal shear capacity of composite
slabs. The system is constituted by a set of transversal reinforcing bars crossing longitudinal stiffeners executed along the upper
flanges of the steel sheet profiles. This type of reinforcement takes advantage of the high bending resistance of the composite
slabs and increases the slab’s ductility. Two experimental programmes were carried out: a small-scale test programme — to study
the resistance provided by the reinforcing system in detail — and a full-scale test programme to test simply supported and
continuous composite slabs — to assess the efficacy of the proposed reinforcing system on the global behaviour of the slabs.
Based on the results of the small-scale tests, an equation to predict the resistance provided by the proposed reinforcing system
was established. The present study concludes that the resistance and the ductility of composite slabs using the reinforcing system
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proposed here are significantly increased.
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1. Introduction

Steel-concrete composite slabs are the most used
structural systems for the conception of floors in steel or
steel-concrete composite buildings. A steel-concrete
composite slab, according to EN 1994-1-1 (CEN, 2004b),
and, from now on, just referred to as by “composite slab”, is
a 2D structural component comprised of profiled steel
sheeting in conjunction with a concrete layer placed above.
In the definitive phase (composite action), the profiled steel
sheet is used to resist tension stresses while the concrete is
used to resist compressive stresses. In the construction
phase, the profiled steel sheet is used as shuttering and is
designed to resist the weight of the wet concrete plus the
construction loads. This multi-functional role of the profiled
steel sheeting leads to the main advantages of composite
slabs, such as, the rapid construction process, the
elimination of conventional replaceable shuttering and the
reduction of temporary support.

The design of composite slabs submitted to uniform
distributed loads for the ultimate limit states, as shown in
Fig.1, may be governed by one of three failure modes: (i)
the bending moment at the mid-span cross-section, (ii) the
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longitudinal shear along the shear span L, or (iii) the
vertical shear in a cross-section close to the supports. These
three failure modes are represented in the graph shown in
Fig. 1, which relates the maximum load p (defined by the
vertical shear at the supports V;) with the span length
(defined by the shear span L;); the remaining symbols in
Fig. 1 have the following meanings: b is the width of the
slab; d, is the distance from the centroidal axis of the
profiled steel sheeting to the upper top fiber of the
composite slab in compression; 4, is the area of the cross-
section of the profiled steel sheeting on the width b; L is
the shear span length, equal to L/4 for a simple supported
composite slab submitted to a uniform distributed load; m
and k are constants regarding one of the methods (m-k
method) given in standard EN 1994-1-1 (CEN, 2004b) to
predict the longitudinal shear resistance of composite slabs.
A composite slab failure induced by vertical shear is a
predictable mode but only in short-span composite slabs.
For current length spans between 2 and 5 m, the failure by
longitudinal shear along the steel sheet-concrete interface is
the most common type of failure, and consequently, the
verification of the longitudinal shear resistance tends to be
the governing design condition for this type of structural
component. The bending moment resistance usually
governs the design only in long-span slabs. The design may
also be governed by the serviceability limit states, for
composite slabs with low values of the relation 4/L (thin
slabs), where 4 is the slab’s thickness and L is the span
length. Taking the previous assumptions into account,
increasing the longitudinal shear resistance seems to be one
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of the most effective ways to increase the load bearing
capacity of composite slabs.

In Europe, the design of composite slabs is regulated by
standard EN 1994-1-1 (CEN, 2004b), which states that the
profiled steel sheeting must be capable of transmitting
horizontal shear at the interface between itself and the
concrete to ensure the composite behaviour. The composite
behaviour between the two components (steel sheeting and
concrete layer) must be ensured by one or more interlocking
systems. As shown in Fig. 2, standard EN 1994-1-1 (CEN,
2004b) predicts 4 types of interlocking systems to be
applied: (a) a mechanical interlock provided by indentations
or embossments in the profile; (b) a frictional interlock; (c)
an end anchorage provided by welded studs or another type
of local connection between the concrete and the profiled
steel sheeting, in combination with the previous ones; (d) an
end anchorage system by deformation of the ribs at the end
of the sheeting, which must be combined with a frictional
interlock.
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Fig. 1 Failure modes of composite slabs
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Fig. 2 Typical forms of interlocking for composite slabs
(CEN, 2004b)

According to standard EN 1994-1-1 (CEN, 2004b), the
longitudinal shear resistance of a composite slab can be
predicted by one of two methods: (i) the m-k method or (ii)
the partial connection method. In general, the m-k method is
quite conservative; it is based on empirical parameters
obtained from slab tests meeting the basic requirements of
the method and is valid for slabs with a brittle or ductile
behaviour of the structural element. The partial connection
method is also based on parameters obtained from tests but
it allows us to take into account the contribution of any
additional reinforcing system (e.g., end anchorage) or
longitudinal reinforcing bars; however, its application is
restricted to composite slabs with ductile behaviour.

To take better advantage of the high bending capacity of
composite slabs, several researchers have been studying and
developing different ways to improve the longitudinal shear
behaviour of steel-concrete composite slabs. Some of these
are reviewed in the following paragraphs.

Porter and Greimann (1984) carried out one of the first
experimental studies to analyze the influence of end
anchorage systems on steel-concrete composite slab
resistance. These authors carried out an experimental
programme comprising 15 prototypes of composite slabs
with or without end anchorage devices constituted by end-
span studs, in order to determine the percentage of load
increase by comparing the prototypes without studs with the
prototypes with studs. The test results showed that the
inclusion of end studs increased the bearing load capacity of
those composite slabs by 8 to 33%. Later, Jolly and Lawson
(1992) studied the influence of end anchorage systems on
composite slab behaviour; from the research work
performed, they verified that the resistance of composite
slabs with end anchorage devices almost doubled the
resistance of composite slabs in comparison with those
without any type of end anchorage device.

Chen (2003) tested 7 simply supported one-span and 2
continuous composite slabs with different end restraints to
evaluate the influence of the shear bond action on the
composite behaviour. The results obtained showed that the
slabs with end anchorage were found to have a higher
longitudinal shear bond resistance than the slabs without
end anchorage. The author also noticed that the composite
slabs without end anchorage devices showed a brittle
behaviour, unlike those with end anchorage systems that
showed a ductile behaviour.

Ferrer et al. (2006) carried out a numerical study to
understand the effect of several geometrical aspects on the
shear bond resistance, such as: the embossing slope, the
sheet’s thickness, the embossment depth, the profiling angle
and the embossment inclination. The parametric study made
it possible to optimize the slab’s behaviour and to develop a
new steel-sheet design method.

Chuan et al. (2008), in order to improve the longitudinal
shear behaviour of composite slabs, performed an
experimental programme to test composite slabs using shear
screws to enhance the horizontal shear interaction. The
results obtained showed that the shear screws increased the
load carrying capacity and the ductility of the slab.

Some researchers (Salonikios, Sextos, & Kappos 2012;
Saravanan, Marimuthu, Prabha, Arul Jayachandran, & Datta



An innovative system to increase the longitudinal shear capacity of composite slabs 511

2012) have been carrying out experimental programmes in
accordance with standard EN 1994-1-1 (CEN, 2004b) to
define the longitudinal shear resistance of composite slabs
with specific steel sheet profiles. These authors tested 6
composite slabs for each profile to obtain the m and k&
values to allow the design of composite slabs for
longitudinal shear using the m-k method in accordance with
standard EN 1994-1-1 (CEN, 2004b).

Abas et al. (2013) studied the effect of steel fibres on
steel-concrete continuous composite slabs. The researchers
developed an experimental programme comprised by 8 two-
span composite slabs with or without steel fibre
reinforcement to study the influence of the quantity of steel
fibre on the cracks that developed, on the redistribution of
the bending moments, on the end slip and on the bearing
capacity. The authors concluded that composite slabs
containing a higher density of steel fibres achieved higher
slip and peak loads.

Altoubat et al. (2015) evaluated the influence of fibres
and welded-wire mesh reinforcements on the diaphragm
behaviour of steel-concrete composite slabs. A set of twelve
tests was carried out consisting of the application of a
horizontal load on cantilever composite slabs. The slabs
were supported by rollers on the side, the load was applied
and fixed to a supporting steel beam on the opposite side.
The specimens had different types of secondary
reinforcement: varying the type (synthetic or steel) and
dosage of the fibres or the type of the weld-wire mesh. The
orientation of the specimens was also studied: eight slabs
with the ribs perpendicular to the main beam and four slabs
with ribs parallel to the main beam (strong and weak
orientation, respectively, according to the authors). Two of
the specimens (one for each direction) did not have any type
of secondary reinforcement as a reference. The authors
observed that slabs tested with a strong orientation
developed a diagonal cracking pattern, while those with a
weak orientation developed cracking in the thinner parts of
the slab and achieved lower ultimate loads. The authors
concluded that fibres increased the in-plane shear capacity
by up to 50%, when compared to slabs without secondary
reinforcement.

In the University of Coimbra, Fonseca et al. (2015),
based on the study started by Carmona et al. (2009),
improved the longitudinal shear resistance of composite
slabs using transversal bars crossing the profiled steel
sheeting at the middle height of the webs in the support
cross-sections; this system behaves in a similar way to an
end anchorage device constituted by welded studs (see Figs.
3(a) and 3(b)). The authors performed two experimental
programmes: one small-scale specimen experimental
programme to define an equation to determine the
resistance provided by the new end anchorage system and
one full-scale specimen experimental programme to analyze
its influence on the behaviour of simply supported
composite slabs. The second experimental programme
comprised 8 tests of composite slabs with or without
transversal bars in the support cross-sections and
longitudinal bars on the concrete ribs. The failure mode of
the specimens equipped with the end anchorage system was
the bearing of the steel sheeting, as shown in Fig. 3(c). The

results achieved showed that the proposed alternative end
anchorage system increased the slab’s capacity and ductility.
However, the authors noted that the production of the steel
sheet and the erection on site would be the main
disadvantages of the system.

Rana et al. (2015a) carried out an experimental and
numerical study to analyze the behaviour of composite slabs
with and without end anchorage to reach a conclusion about
the influence of this element on the bearing capacity and the
failure mode of those slabs. The authors concluded that the

More recently, Ferrer et al. (2018) presented an
innovative full-connection bonding mechanism, comprised
of small crown-shaped cutting bands produced in the webs
of the profiled steel sheeting as a replacement of the
embossments, named the UPC-System and shown in Fig. 4.
The researchers carried out an experimental campaign
comprising several tests of composite slabs with three
different commercial trapezoidal profiles, from 60 to 80
mm high and having the UPC-System or embossments on
the profile’s webs. The authors also tested different
densities of punching (low, medium or high) and two
different steel sheet thicknesses. The results showed that
those slabs with the UPC-System achieved the full
connection between the steel sheeting and concrete until the
final failure without significant slip. The UPC-System also
made it possible to increase the ultimate load.

Perfobond shear connectors are also a type of
reinforcing system usually applied to improve the
longitudinal shear behaviour of composite members, but
mainly in steel-concrete composite beams. Nevertheless,
Yang et al. (2018) studied the behaviour of steel-concrete
composite slabs with flat horizontal steel sheeting and
perfobond shear connectors — see Fig. 5.
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Fig. 3 End anchorage using transversal bars (Fonseca et
al. 2015)
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Fig. 5 Perfobond connectors in composite slabs with flat
steel sheeting

Flat steel sheeting saves money in moulding equipment and
is easier to transport but also requires a greater thickness to
compensate for the loss of bending stiffness when compared
to profiled ones. Yang ef al. (2018) tested two series of three
composite slabs, each with flat steel sheeting and perfobond
shear connectors. A thickness of 6 mm was used for the
steel plates. The authors tested composite slabs with two
different spans (3400 and 2400 mm for series 1 and 2,

respectively) and three different amounts of transversal bars.

All slabs failed by bending with yielding of the steel plate
and the connectors. The authors concluded that full
connection was achieved because no significant slip
occurred between the steel plate and connectors and the
concrete. The authors established a calculation approach
based on the experimental results and validated it.

In order to overcome some of previously mentioned
drawbacks concerning the behaviour of composite slabs, a
research project (INOV_LAMI) was carried out at the
University of Coimbra in a partnership between the Civil
Engineering Department and a Portuguese steelwork
company. The aim of the research project was to improve
the behaviour of composite slabs, focusing on the
development of an innovative reinforcing system to
increase the longitudinal shear resistance along the steel
sheet-concrete interface. This innovative system, described
fully in this paper, was the object of a patent registration.

In the present paper the proposed innovative reinforcing
system for longitudinal shear of composite slabs is
presented. The system consists of a set of steel bars crossing
longitudinal stiffeners executed along the upper flanges of
the profiled steel sheeting. The reinforcing system is
detailed in this paper, highlighting its versatility and main
advantages. Two experimental test programmes were
carried out: the first was comprised of an experimental
programme of small-scale tests to determine the resistance
of the reinforcing system and to calibrate an analytical
expression to predict its design value; a second
experimental campaign comprised a set of full-scale tests on
simply supported and two-span continuous composite slabs.
The results of the full-scale bending tests are compared with
the resistance predicted, obtained according to the analytical
procedures calibrated with the experimental results of the
small-scale tests performed.

2. Proposed innovative reinforcing system for
composite slabs

As explained before, the load bearing capacity of
composite slabs is usually governed by the low degree of
longitudinal shear connection ensured by the sheet
embossments along the steel sheet-concrete interface. The
end anchorage systems constituted by stud connectors
welded to the flange of the supporting steel beams if welded
through the steel sheet, are one of the most used ways to
increase the degree of connection between the steel and the
concrete. This reinforcing system is efficient; however, it
has also some constraints: the welding of the stud
connectors must be executed on the site, to be done through
the steel sheet, and the supporting beam must preferably be
a steel beam.

The reinforcing system developed and studied in the
present research comprises a set of transversal reinforcing
steel bars, distributed along the span, and placed in vertical
cuts executed in the longitudinal stiffeners, for example in
the inverted V-shape, located in the upper flanges of the
profiled steel sheeting, as it is illustrated in Fig. 6(b). The
function of the bars is to prevent the relative displacement
between the profiled steel sheeting and the concrete in the
longitudinal direction, allowing the slab to exercise its
entire bending resistance. When demands are made on the
system, the shear strength of the bars and the bearing
strength of the sheet are mobilized. The transference of the
longitudinal shear forces is all the more effective, the
greater the thickness of the steel sheets is. To prevent the
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bars from loosening during concreting, these are fitted into
a hole-shaped cut-out located at the base of the vertical cut,
whose diameter, approximately equal to the diameter of the
bar, may be slightly larger than the width of the cut, thus
obtaining a snap fit between the bar and the profiled sheet.

Fig. 7 details the proposed reinforcing system, which
could be applied in two different ways: (i) simple
reinforcing system (Fig. 7(a)) consisted in just the
transversal bars applied in the pre-drilled holes (Fig. 7(b))
or (ii) reinforcement mesh Fig. 7(c)) combining transversal
and longitudinal bars. The latter could be prepared in such a
way that the transversal bars, which only have a significant
role in the region of the intersection with the longitudinal
stiffeners, could be folded down to support the longitudinal
bars and, consequently, replace the application of bar
spacers, as shown in Fig. 7(d). Apart from these two ways
of application, other variants may be used.

(b) Transversal reinforcing bars over the span

Fig. 6 Types of reinforcing systems for steel-concrete
composite slabs

(a) Simple reinforcing (b) Vertical cuts in the steel
system ’ 7 sheet

(c) Transversal and
longitudinal bars

(d) Reinforcing mesh

Fig. 7 The reinforcing system developed

The proposed reinforcing system, developed to improve
the longitudinal shear behaviour of composite slabs, has the
following advantages, some of them obvious, others still to
be proved by the results presented in the next sub-chapters:
i) an increased load bearing capacity due to the increased
longitudinal shear resistance; ii) for a given design loading
scenario, the span of the slabs may be increased thereby
decreasing the number of supporting beams required; iii)
the system may be combined with the most common
longitudinal shear resistant system constituted by
embossments along the profiled steel sheeting; iv) easy to
incorporate in the partial connection method, providing a
less conservative design method for composite slabs when
compared with the m-k method; v) the longitudinal shear
capacity is no longer dependent on other possible
reinforcing systems, such as the end anchorage device
provided by headed studs welded to the supporting beams
through the steel sheeting, which requires in-situ welding
techniques; vi) the efficacy of the system does not depend
on the material and shape of the supporting beams (e.g.,
timber or concrete beams may also be used as supporting
beams); vii) increased ductility of the slabs because the
most probable failure modes (bending or even longitudinal
shear) are ductile; viii) increased transversal stiffness in the
plane of the slab, which makes the diaphragm effect more
effective, which is beneficial for resistance to horizontal
actions, such as the action of the wind or the action of an
earthquake; ix) support for the placement of other wire
meshes (longitudinal and/or distribution) required for other
functions; x) ease of on-site execution (cuts may be done
previously in the factory). The possible leak of wet concrete
(in the construction phase) through the gaps performed on
the profiled steel sheeting to place the transversal bars can
be avoided by closing the gaps, from the bottom side, with
an expansive polyurethane foam or an adhesive tape.

In order to evaluate the efficiency of this reinforcing
system by experimental tests, two new profile
configurations were developed: (i) LAMI 60+ and (ii)
LAMI 120+. The steel sheet profile LAMI 60+ was adapted
from the profile H60, which has the dimensions specified
on Fig. 8 and is already produced by the steelwork company
involved in this research, for the purpose of the present
study; the main difference between them consists in the
longitudinal stiffener executed on the upper flange of the
profile LAMI 60+ to fit the transversal bars on it. Fig. 9
shows the geometry of both the profiles developed, which
were produced by folding and press braking processes,
being all the geometric properties based on the full cross-
section and not on the cross section at the notches; the
geometric quantities specified are the height of the web #,,
the width of a module b,,, the mean width of a rib by, the
vertical distance between the bottom flange and the position
of the centroid of the steel sheet’s cross-section e, the angle
between the web and the horizontal plane ¢, the width b
and the height 4, of the longitudinal stiffener added on the
upper flange. All the steel sheets used in the tests had a
nominal thickness #,,, of 1.00 mm, and a core thickness of
0.96 mm after excluding the corrosion protection by hot-dip
galvanizing, composed of two 0.02 mm thick layers on each
face.
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39.2

(b) H60 3D perspective

Fig. 8 The steel sheeting profile already produced
(dimensions in mm)

60.0

(@) LAMI 60+

114.0

105.8

(b) LAMI 120+
Fig. 9 The steel sheeting profiles developed (dimensions in
mm)

In accordance with the production process, the surface
of the profiled steel sheeting used in the present research is
smooth, without any type of embossments; as a
consequence, it must be highlighted that once the adhesion
connection is broken, the longitudinal shear resistance is
entirely dependent on the bearing resistance of the
transversal bars crossing the longitudinal stiffeners, which
are the main components of the proposed reinforcing
system.

Table 1 Main dimensions of the profiles used over this
study

hy by, by e a b hs
[mm] [mm] [mm] [mm] [°] [mm] [mm]
H60 60.0 205.0 89.2 34.0 69 16.0 8.0

LAMI 60+ 60.0  205.0 89.2 377 69 223 24.9
LAMI 120+ 1140 2220 105.8 65.1 73 20.0 19.1

3. Evaluation of the resistance of the reinforcing
system

3.1 Introduction

A small-scale experimental programme and a statistical
analysis of the results were carried out to calibrate an
equation to determine the bearing resistance of the
transversal bars crossing the longitudinal stiffener produced
along the upper flange of the profiled steel sheeting. The
statistical analysis of the results was developed according to
the standard evaluation procedure - method (a) - described
in clause D8.2 of Annex D of standard EN 1990 (CEN,
2002), which requires, as the first step, developing a design
model to obtain the theoretical resistance of the system.
Then, to calibrate the design formula, a comparison
procedure between the experimental and theoretical results
must be made.

The behaviour of the transversal bars crossing the
longitudinal stiffeners is similar to the bearing behaviour of
a bolted shear connection. So, following the same procedure
of Fonseca et al. (2015), the equation of the bearing
resistance Fjrqs of a bolted shear connection (Eq. (1)), in
accordance with Table 8.4 of standard EN 1993-1-3 (CEN,
20006), is selected as the basic equation to be calibrated in
order to reproduce the equivalent phenomenon, relative to
the transversal bars crossing the longitudinal stiffeners.

2.5a,k, f,dt

Forg=—"""— (1)
M2
where:
op is the minimum value between 1.0 and e,/(34d);
e is the distance to the end of the steel sheeting;
d is the bar’s diameter;

ke is given by (0.8#+1.5)/2.5 if 0.75 mm < ¢ <1.25
mm and by 1.0 if > 1.25 mm;

t is the thickness of the steel sheeting;

Ju is the ultimate strength of the profiled steel
sheeting;

ym2  is the partial safety factor with a recommended
value of 1.25.
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Fig. 10 Experimental approach

3.2 Experimental approach

An experimental programme comprised of 15 specimens
was carried out to determine the characteristic value of the
resistance at each contact point between the transversal bars
and the steel sheeting. Figs. 10(a) and 10(b) shows the
geometry of the specimens tested. These specimens are
constituted by a 300 mm long concrete part (in the direction
of the load application - axis x), and two steel sheets, which
are 20 mm longer to allow for the slip movement and
consequently the transference of the applied load (by shear
through the connecting bars) between the two different
materials (steel and concrete). The cross-sections of the
specimens (yz plane sections) were doubly symmetric to
avoid eccentricity effects. Two reinforcing bars were placed
crossing each steel sheet at a 50 mm distance from both end
sections. Each specimen was loaded in compression along
the x axis until its failure, using a 15 mm thick steel plate
with a cross-section identical to the concrete part — Fig.
10(e). Tests were performed with displacement control: a
displacement rate of 0.01 mm/s up to a total displacement
of 2 mm, followed by a displacement speed of 0.02 mm/s
until the failure. Five groups of three equal specimens were
developed, as it is described in Table 2, varying: (i) the
thickness of steel sheeting ¢ — 0.8, 1.0 or 1.2 mm; the bar
diameter d — 8 or 10 mm; the bar surface — smooth (S) or
ribbed (R).

In order to quantify the concrete’s resistance, uniaxial
compressive tests were performed on cubic specimens with
edges of 150 mm. To obtain the steel’s tensile resistance,
uniaxial tensile tests were performed on steel sheet
specimens with a geometry according to standard ISO
6892-1 (ISO, 2009). The characterization of the concrete
was carried out on the same day as the full-scale tests. An
average compressive stress resistance f.,, of 40.41 MPa for

the concrete and a corresponding characteristic value f.x of
32.41 MPa, in accordance with EN 1992-1-1 (CEN, 2004a),
were obtained; for the steel of the profiled steel sheets, an
average yield stress f,, of 329.51 MPa and an average
ultimate stress f,, of 379.48 MPa were obtained. Regarding
the reinforcing bars, average yield stresses f,; of 598.37
MPa and 483.89 MPa were obtained for bars with diameters
of 8 and 10 mm, respectively.

Fig. 11(a) shows the P-s curves obtained for one of each
type of specimen, where P is the applied load and s is the
measured slip. From this graph it is possible to conclude
that the bearing capacity is higher for thicker steel sheets
and larger bar diameters, as expected. The ductility of the
reinforcing system is also higher for the thicker steel sheets.
These observations were already expected and were in
accordance with conclusions obtained by Fonseca et al.
(2015), based on the small scale test campaign carried out.
Fig. 11(b) represents, for exemplification, P-s curves for the
three specimens of the SS 1.0 _8R group. Table 2 presents
the peak load values obtained in each group of tests, and
also the corresponding average values.

3.3 Statistical analysis

Annex D from standard EN 1990 (CEN, 2002) provides
guidance to develop design procedures assisted by testing.
In order to calibrate an equation to predict the resistance of
the reinforcing system (at each contact point), a statistical
analysis of the experimental results obtained was performed
as presented hereafter. The statistical analysis of the results
was developed according to the method (a) of Annex D of
standard EN 1990 (CEN, 2002), consisting in a 7 step
method to define a characteristic resistance value.
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Table 2 Experimental specimens tested and results — small-scale tests

Specimen Type ¢t [mm] d [mm] Bar surface Pi [kN] P [kKN]
SS 0.8 8R 0.8 8 Ribbed (R) 58.50 52.10 52.20 54.27
SS 1.0_8R 1.0 8 Ribbed (R) 68.90 69.90 71.20 70.00
SS 1.2 8R 1.2 8 Ribbed (R) 65.50 67.40 71.70 68.20
SS 1.2 8S 1.2 8 Smooth (S) 88.50 84.30 68.60 80.47

SS 1.2 10R 1.2 10 Ribbed (R) 89.80 76.60 106.30 90.90
100 SS_0.8 8R 100 15 N SS_1.0_8R_1
80 gg_i-g_gg SS_1.0 8R 2
6 ———-55.12.8S 510.8R 3
................. SS_]_Z_]_OR
40
20
s [mm]
O T T T T T O T T SI [mm]

0 2 4 6 8 10
(a) P-s curve for each specimen type

0 2 4 6 8
(b) P-s curves for SS_1.0_8R specimens

Fig. 11 Experimental results

The design model defined by Eq. (1) (bearing resistance
in a bolted shear connection) was chosen to define the
theoretical values for the resistance of the reinforcing
system, at each contact point. For current situations —
thickness of the steel sheet between 0.75 and 1.50 mm and
bar diameters higher than 8 mm — the shear resistance of the
reinforcing bar does not need to be taken in account because
the resistance of the system is governed by the bearing
capacity of the steel sheet. Table 3 presents the
determination of the theoretical resistance r; for a contact
point for each group of specimens, obtained using the Eq. (1)
and the real material properties; taking into account the
negligible differences between the real and the nominal
geometric properties observed in the tests, for simplification
the latter were used.

After defining the theoretical values for the contact
point resistances, these values should be compared with the
experimental results. Fig. 12 presents a plot with all pairs of
corresponding values (74, re.;), where r.; corresponds to the
experimental resistance given by one eighth of the peak
load (values P; in Table 2) obtained experimentally (Xi/8).
The value obtained for the mean value correction factor b
was 1.1323 and it represents the “least squares” best fit to
the slope represented on the graph. Error term ¢; for each r;
value was defined through Eq. (3); the coefficient of
variation Vs is defined by Eq. (7)

n
Z Fei fi
]

b==— @)

" n
2
2%
i=1l

r.
6 = —— 3
e 3)
A =In(3) 4)
-l
A==D"A (5)
N
1 < —\2
2 e — —
(e (©)
Vs = [exp(si)—l (7)
where
0i is the error term for specimen i;
A is the logarithm of the error term J;
A is the estimated value for E(4);
S4 is the standard deviation of 4; values;
Vs is the coefficient of variation of error terms J;.

The ultimate tensile strength of the steel sheet f,, is the
only basic variable included in the initial design model
(geometrical parameters have been considered
deterministically). The coefficient of variation of this
variable was found to be 0.06 as shown in Table 4. This
value was compared with previous studies from the
bibliography and similar values for this coefficient were
found (Simodes da Silva et al. 2009; Simdes da Silva ef al.
2018). The coefficients of variations V,, and V, must be
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Table 3 Theoretical resistance values 7y
Specimen type ¢t [mm] teor [mm] d [mm] ob ki Jfu [MPa] M2 i
SS _0.8_8R 0.8 0.76 8 1.00 0.84 379.48 1.00 4.86
SS_1.0_8R 1.0 0.96 8 1.00 0.91 379.48 1.00 6.61
SS 1.2 8R 1.2 1.16 8 1.00 0.97 379.48 1.00 8.55
SS 1.2_8S 1.2 1.16 8 1.00 0.97 379.48 1.00 8.55
SS 1.2 10R 1.2 1.16 10 1.00 0.97 379.48 1.00 10.69
Table 4 Determination of the coefficient of variation of the ultimate strength fi,
Basic variable Xki mix i Sx Vii = sx | mx
354.72
Jup [MPa] 383.68 379.476 526.228 22.940 0.060
400.02

obtained and, for small values of Vs* and Vy?, these values

could be obtained according to Egs. (8) and (9), respectively.

Using the Egs. (7)-(9), numerical values for the coefficients
of variation V, V,, and V, of 0.159, 0.060 and 0.170,
respectively, were obtained.

i
Vn=J§)% (8)
i=1

V, = ‘/\_/52 +V2 )

where Vy; is the coefficient of variation of the basic variable
X.

The characteristic resistance value r should be obtained
from Eq. (10). And so, the calibration factor # to apply to
the original design model is defined according to Eq. (11).

i =D 0 (X ) &XP( k.20 Q —kps ~05Q%)  (10)

n=>b- eXP(_kooartht —knas _O'SQZ) (i
where
Qu =,[In(Vit +1) (12)
Qs = [In(Vi +1) (13)
Q= fIn(V7 +1) (14)
Ay = % (15)
;= (16)

and k. and £, are the fractile factors given by 1.64 and 1.84,
respectively, for a number of experiments n=15 and
considering ¥y unknown, according to Table D.1 of Annex
D from standard EN 1990 (CEN, 2002).

Developing this procedure, a calibration factor of 0.8205
for  was found and the longitudinal shear resistance at each
contact point (between the transversal bar and steel sheet)
Firs should be defined as expressed in Eq. (17) in the
design stage. Considering the transversal bars uniformly
distributed along the span and two contact points on each
inverted V-shape stiffener, the resistance to longitudinal
shear can be defined as a resistant force per unit of area, so
a resistant stress 7,zqs given by Eq. (18). Fig. 12 shows the
diagram of every pair obtained Fprs — Firs, With the
respective best-fit linear function with a b slope, and the
comparison of these with the design equation developed.
All pairs r;-r; are above this line so it could be assumed
that the equation developed may adequately represent a
design model for the proposed reinforcing system.

15
Fr,Rd
[kN] O
12 - r,=113237
a) @)
(\,/
9 1 @)
6 1 Fira=0.8205-FbRra
F, pq [KN]
3 ] ] 1
4 6 8 10 12

Fig. 12 Diagram Frqs — F ra
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2.5k, T, dt
Fi g =0.8205 22505 =2 (17
Ym2
k, f,dt
Torg = —tRd — 4,103 %05 (18)
b bl 72
where:
b is the width of a composite slab module;
I is the length between the transversal bars.

3.4 Design of composite slabs reinforced with the
proposed system

Based on the experimental results presented in the next
sub-chapter, a composite slab reinforced with transversal
bars according to the reinforcing system proposed in the
scope of the present paper has a ductile behaviour. So, the
partial connection method can be used to predict its bending
and longitudinal shear resistance. The application of such
methodology, already incorporating the contribution of the
proposed reinforcing system, is described hereafter.

According to standard EN 1994-1-1 (CEN, 2004b), if
the partial connection method is used it should be shown
that at any cross-section the design bending moment Mgy
must be lower than the design resistance Mzs. The design
resistance Mpzs for unit of width b (in general the slab
module b,,) should be determined by Eq. (25), according to
the stress diagrams shown in Fig. 13. For composite slabs
with transversal bars crossing the profiled steel sheeting, the
design shear strength 7,z; should be replaced by t,za
evaluated according to Eq. (18).

Np = Ape fypa (19)
Ny =min{N;0.85f,bh.} (20)
Nc = z-u,Rdbe < ch (21)
7 —L 22
P 0.85f4b (22)

Z N

_ pl c
z_h—?—ep+(ep—e)Np (23)

M _=125M__|1 —NC <M
pro— = pa| — f = VY pa 24
pe "yp.d

Mpg =Ncz+M, (25)

where:
N, is the compressive force in the concrete, defined
according to Eq. (21);
M, is the reduced plastic resistant moment of the
profiled steel sheeting;

T,ra 18 the design shear strength (to be replaced by
7,ra given by Eq. (18));

Ly is the distance of the cross-section being
considered to the nearest support;

Ny is the compressive force in the concrete for full
shear connection;

N, is the tensile force in the profiled steel sheeting;

Sed is the design value of the compressive strength of
the concrete;

fipa  1s the design value of the tensile strength of the
steel of the profiled sheet;

Zpi is the distance between the plastic neutral axis
and the upper surface of the slab;

ep is the distance between the plastic neutral axis
and the lower flange of the profiled steel sheeting;
e is the distance between the centroidal axis and

the lower flange of the profiled steel sheeting;
Ape  is the effective cross-section area of the profiled
steel sheeting;
M,, is the design value of the plastic resistant bending
moment of the effective cross-section of the
profiled steel sheeting.

Other symbols are represented in Fig. 13 or explained
before.

If, in addition to the proposed reinforcing system,
longitudinal reinforcing bars are to be used on the concrete
ribs, the previous formulation must be adapted in
accordance, which may be consulted elsewhere (Fonseca et
al. 2015, Johnson and Shepherd 2013).

4. Experimental verification of the efficacy of the
proposed reinforcing system

4.1 Introduction

An experimental campaign was carried out to evaluate
the efficacy of the proposed reinforcing system on the
global behaviour of simply supported and continuous
composite slabs. Fig. 14 shows the specimens in production
and composite phases. The experimental results obtained in
this experimental campaign were also used to verify the
accuracy of the design methodology presented in the
previous sub-chapter, the partial connection method of
standard EN 1994-1-1 (CEN 2004b), accounting for the
longitudinal shear strength through Eq. (18).

In order to characterize the concrete, uniaxial
compressive tests were performed on cubic specimens with
edges of 150 mm. To obtain the steel’s tensile resistance,
uniaxial tensile tests were performed on steel sheet
specimens with a geometry according to standard ISO
6892-1 (ISO 2009). The characterization of the material
was carried out in the same week as the full-scale tests. An
average compressive stress resistance f.,, of 36.32 MPa for
the concrete and a corresponding characteristic value fo; of
28.32 MPa, in accordance with Eurocode 2 (CEN 2004a),
was obtained; for the steel of the profiled sheets, average
yield stresses f;, of 329.51 MPa (LAMI 60+), 363.57 MPa
(LAMI 120+) and 388.73 MPa (H60) were obtained.
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(a) Reinforcing system
slabs

(b) Specimens for simpl suported

(c) Specimens for continuous slabs

Fig. 14 Specimen preparation

Regarding the reinforcing bars, average yield stresses f;; of
598.37 MPa, 483.89 MPa and 476.89 MPa were obtained
for bars with diameters of 8, 10 and 12 mm, respectively.

4.2 Experimental programme

The second experimental programme carried out for the
present research work consisted of 6 experimental full-scale
tests, divided into two groups: one group of simply
supported slabs — group A and another group constituted by
2 span continuous slabs — group B. Group A comprised four
bending tests of simply supported composite slabs with
2.8 m span lengths L. These slabs were loaded with four
transversal linear loads applied symmetrically in relation to
the half span cross-section and spaced by L/4, as shown in
Fig.15. This loading system was established in order to
approximate as much as possible a real loading scenario,
which, in general, is constituted by a uniformly distributed
load. Fig. 16 shows the cross-section of each specimen from
test group A, specifying the reinforcement bars applied.
Group B comprised two bending tests on continuous slabs
with 2 equal spans of 2.8 m in length. These slabs were also
loaded with four linear transversal loads applied
symmetrically to the intermediate support section, as shown
in Fig. 17. Fig. 18 shows the cross-section of each specimen
from test group B, specifying the reinforcement bars
applied.

The effect of the transversal bars crossing the profiled
steel sheeting was studied for slabs with LAMI 60+ (A and

Az) or LAMI 120+ (A3 and A4) profiles in group A. In all
specimens of this group, 8 mm diameter transversal
barswere uniformly distributed over the span, with a space
of 200 mm between them. Specimens A; and A, were
identical, although the surface roughness of the bars used
was different: bars with a smooth (S) surface in specimen
A and bars with a ribbed (R) surface in specimen A;.

Test Ax Az As Aq
b 820 820 666 666
h 150 150 200 200
hyp 60.0 60.0 113.96 113.96
he 90 90 86.04  86.04
L 2800 2800 2800 2800
L 700 700 700 700

L 350 350 350 350

Fig. 15 Experiment layout (dimensions in mm) — Group A
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Specimens Az and A4 were also identical, but the specimen
A4 had 2 additional longitudinal bars, one in each concrete
rib. The lateral flanges of the profiled steel sheeting were
bended in order to avoid local buckling and ensure the
transversal continuity of the slabs.

The specimens from group B were identical, except for
the longitudinal shear reinforcing system: specimen B was
constituted by an H60 profiled steel sheeting without any
type of longitudinal shear reinforcement, therefore the
longitudinal shear resistance was acquired only from the
embossments on the profile (a base case) and; specimen B>
was constituted by a LAMI 60+ profiled steel sheeting,
reinforced with 10 mm diameter transversal bars uniformly
distributed over the slabs, crossing the longitudinal
stiffeners with a space of 400 mm between them (a
specimen with the proposed reinforcing system). In the
region of the intermediate support, 12 mm diameter
longitudinal bars were placed with a space of 150 mm
between them in both specimens; the coverings, measured
from the centroids of the longitudinal bars and the top
concrete surface was of 30 mm.

,[’ 820 ,[’

! o a7 Lol 24
A L AP S N
YRR VAR U/ARN

?8S//200 mm

(a) A
;[’ 820 zl’
F .. . * T T . . - . J
15 4 nt : in M P
LY T
@D8R//200 mm
(b) Az
,I/ 666 ,I/
AvRTA®
@8R//200 mm
(c) As
ps 666 /

1 _ _ 1

L2
&
200 = =
J N
L L= L]
2012 @8R//200 mm

(d) As
Fig. 16 Cross-section of the specimens — Group A

The tests were carried out applying an increasing load,
controlled by a displacement increase of 0.02 mm/s until the
plastic behaviour was reached and 0.04 mm/s in a
subsequent phase until failure. Fig. 19 shows the
instrumentation prepared for tests from groups A (Fig. 19(a))
and B (Fig. 19(b)). In all the specimens, strain gauges (SG)
were applied on the steel sheeting. These strain gauges were
placed at the bottom flange of the middle rib on cross-
sections A and B, respectively for specimens from groups A
and B, according to Fig. 19. Load cells (LC) were used on
the supports and on the loading system to measure the
reaction forces and the load applied. Several displacement
transducers (LVDTs) were also used to measure the
deflections along the span and the slip between the steel and
the concrete at both ends. The deflection results presented
on the next section were considered to be the values
obtained from LVDTs 2 and 3, for tests from group A, and
from LVDTs 1 and 2, for tests from group B.

4.3 Experimental results

4.3.1 Group A — simply supported slabs
All the slabs of the present group reached failure by
longitudinal shear, but for a loading level close to the
bending moment capacity. In all the specimens tensile
cracks developed in the concrete in the tension zone of the
slab’s cross-section, along the span length with uniform
bending moment (close to the mid span) (see Fig. 20(a)).
The longitudinal shear failure was governed by the bearing
of the steel sheeting, as shown in Fig. 20 (b).

Fig. 21 shows the results obtained for the test specimens
in group A. P-d, P-s and P-¢ curves are represented in Figs.
21(a)-21(c), respectively, where: P is the total applied load,
o0 is the mid-span section’s vertical deflection, s is the slip
measured at one of the slab’s extremities and ¢ is the
maximum strain measured at the bottom flange of the steel
sheet in the mid-span cross-section.

Experimental tests A; and A, showed a similar general
behaviour. However, the peak load achieved on test A; was
slightly higher than the one achieved on test A,. No
significant effects were observed due to the difference in the
surface roughness of the transversal bars used; this
difference is due to the common dispersion of results on
experimental programmes. The use of longitudinal
reinforcing bars significantly increased the resistance of the
composite slab, which can be verified from the comparison
of the test results of specimens Az and As; the maximum
load achieved increased 34.56% from specimen Aj to
specimen A4 just with 2 additional longitudinal bars. The
greater thickness of the slabs of specimens A3z and A4 results
in a larger bending stiffness as expected. Generally, all the
specimens showed a high resistance and high ductility; the
low values of the end slips measured at both ends (see Fig.
21(b)) allow us to conclude that the incorporation of the
transversal bars crossing the profiled steel sheeting makes it
possible to reach high degrees of longitudinal shear
connection. The maximum strains measured at the bottom
flange of the steel sheet in the mid-span cross-sections of all
the specimens were also much higher than the yield strain
of the steel used ¢, (see Fig. 21(c)), which means that the
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b= 820 mm
h= 150 mm
hp = 60 mm
he= 90 mm
L= 2800 mm
L= 1250 mm
/ L= 800 mm
La 2 L= 750 mm
i b
/ 2
1 . .
Fig. 17 Experiment layout — Group B
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150 4 oo d e o Fal
L\ Y
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(a) B1 (b) B2
Fig. 18 Cross-section of the specimens — Group B
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Fig. 19 Instrumentation of experimental tests
plastic bending capacity of the slabs tested was almost For each test, Figs. 22(a)-22(d) shows: (i) the sagging
attained. bending moment measured along the span — My.g; (ii) the

sagging bending moment resistance of the slab’s cross-
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(b) Bearing of the steel sheet

(c) Slip at the ends

e ——— e
(d) Crack pattern at the mid-span

Fig. 20 Experimental approach
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(c) P-¢ curves

Fig. 21 Experimental results — Group A

section — bending moment resistance of the slab’s cross-
section — M, ra; (iii) the sagging bending moment resistance
according to the partial connection method predicted in
standard EN 1994-1-1 (CEN 2004b), already incorporating
the proposed reinforcing system - Mzq; (iv) the sagging
bending moment expected along the span, if governed by
the longitudinal shear resistance — Mgqs. The analytical
values were evaluated using the average mechanical
properties (real properties) of the materials instead of the
design values. In tests Ai, Az, A3 and A4 the maximum
sagging bending moments measured Mz, were 36.99%,
17.94%, 27.90% and 11.51% higher respectively than the
maximum bending moments that were expected Mgq.
Furthermore, the maximum sagging bending moment
measured Mz, in test A; was 8.23% higher than the plastic
moment resistance M rq; in the remaining tests, lower
values were reached although they were always very close

to the plastic bending resistance of the slab’s cross-section.

The results obtained in this group of tests allow us to
conclude that: (i) the proposed reinforcing system
constituted by transversal bars crossing the profiled steel
sheeting, if adequately designed, allows the full bending
capacity of a composite slab to be reached and; (ii) the
design methodology based on the partial connection method,
incorporating the longitudinal shear strength acquired by
the proposed reinforcing system, can be used to predict the
resistance of a composite slab.

4.3.2 Group B — continuous slabs

Test group B was developed to verify the efficacy of the
proposed reinforcing system when applied in continuous
composite slabs. Both specimens collapsed by longitudinal
shear, as it is shown on Fig. 23. Fig. 24 shows the similar
results obtained for the tests on group B. P-d, P-s and P-¢
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Fig. 23 Failure of specimens from group B

curves are represented in Figs. 24(a)-24(c) respectively.
Based on the results obtained and taking into account that
the geometry of both profiles were similar, an increase of
43.03 % was observed in the maximum load achieved
caused by replacing the embossments in the steel sheet
profile (test Bi) with the transversal bars crossing the
longitudinal stiffener (test B;). Furthermore, the ductility
acquired was significant. In test By a brittle behaviour was
obtained, since the slip started immediately after the
maximum load level was reached, while in test B,, the load
significantly increased even after the first slip. The slip
developed in test B; was also significantly higher, when
compared with the one in test B.

Following the same procedure used for group A, Fig. 25
presents the bending moment diagrams M7y, My ra along
the span and Mgy and Mg, for test B,. Since specimen B;
presented a brittle behaviour according to standard EN
1994-1-1 classification, the partial connection method must
not be applied to evaluate its resistance to longitudinal shear.

The results of group B show that the proposed
reinforcing system makes it possible to significantly
increase the ductility of steel-concrete composite slabs. The
bending moment diagram Mpy obtained in test Bo,
compared with the predicted diagram Mg, according to the
methodology proposed in the previous chapter, was very
accurate.
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5. Conclusions

In the scope of a research project carried out in the
University of Coimbra, in a partnership between the Civil
Engineering Department and a Portuguese steelwork
company, an innovative reinforcing system for steel-
concrete composite slabs was proposed and studied
experimentally. The reinforcing system consists in
transversal bars uniformly distributed over the span,
crossing longitudinal stiffeners executed on the upper
flange of the profiled steel sheeting, which allows to
improve the behaviour of steel-concrete composite slabs.
Some of the advantages are obvious taking into account just
the mode of the reinforcing system:

. with the proposed reinforcing system, the slab’s
behaviour is independent of end anchorage devices, which
are normally dependent on the way the slab is supported
and the material and shape of the supporting beams;

. if the transversal bars are continuous along the
perpendicular direction of the ribs of profiled steel sheeting,
the transversal stiffness in the plane of the slab is increased,
which makes the diaphragm effect more effective;

. the proposed reinforcing system could be
combined with the most common longitudinal shear

resistant system constituted by embossments along the
profiled steel sheeting, although this needs to be confirmed
through additional research.

Based on the test results and their analyses presented
throughout this paper, a summary of the main conclusions is:

. the reinforcing system proposed, developed to
increase the longitudinal shear capacity, allows the full
bending capacity of a composite slab to be reached and
provides high levels of ductility, if adequately designed;

. taking into account the bearing failure mode at the
contact points between the transversal bars and the steel
sheets, the proposed reinforcing system is all the more
effective the greater the thickness of the steel sheets;

. the design methodology based on the partial
connection method, incorporating the longitudinal shear
strength acquired by the proposed reinforcing system may
be used to predict the resistance of a composite slab.
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