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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 Ls 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 Vt) with the span length 

(defined by the shear span Ls); the remaining symbols in 

Fig. 1 have the following meanings: b is the width of the 

slab; dp is the distance from the centroidal axis of the 

profiled steel sheeting to the upper top fiber of the 

composite slab in compression; Ap is the area of the cross-

section of the profiled steel sheeting on the width b; Ls 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 h/L (thin 

slabs), where h 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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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 
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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 

proposed here are significantly increased. 
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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. 

 

 

 

Fig. 1 Failure modes of composite slabs 

 

 

  
(a) Mechanical interlock (b) Frictional interlock 

  
(c) End anchorage by 

welded studs 

(d) End anchorage by 

deformation 

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 
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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. 

 

 

 
(a) Transversal cross-section 

 
(b) Side view 

 
(c) Bearing of the steel sheeting 

Fig. 3 End anchorage using transversal bars (Fonseca et 

al. 2015) 
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(a) System applied on slabs 

  
(b) Crown-shaped cuttings (c) Punched sheeting 

Fig. 4 UPC System 

 

 
(a) Perfobond connectors in composite slabs 

  
(b) Application in Donping 

bridge 

(c) Specimen – steel part 

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 et 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. 

 

 

 
(a) End anchorage system of welded headed studs 

 
(b) Transversal reinforcing bars over the span 

Fig. 6 Types of reinforcing systems for steel-concrete 

composite slabs 

 

 

  
(a) Simple reinforcing 

system 

(b) Vertical cuts in the steel 

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 hp, 

the width of a module bm, the mean width of a rib b0, 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 φ, the width bs 

and the height hs of the longitudinal stiffener added on the 

upper flange. All the steel sheets used in the tests had a 

nominal thickness tnom 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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(a) H60 geometry 

 
(b) H60 3D perspective 

Fig. 8 The steel sheeting profile already produced 

(dimensions in mm) 

 

 

 
(a) LAMI 60+ 

 
(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 

 hw 

[mm] 

bm 

[mm] 

b0 

[mm] 

e 

[mm] 

α 

[º] 

bs 

[mm] 

hs 

[mm] 

H60 60.0 205.0 89.2 34.0 69 16.0 8.0 

LAMI 60+ 60.0 205.0 89.2 37.7 69 22.3 24.9 

LAMI 120+ 114.0 222.0 105.8 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 Fb,Rd of a bolted shear connection (Eq. (1)), in 

accordance with Table 8.4 of standard EN 1993-1-3 (CEN, 

2006), 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

2.5


 b t u

b Rd
M

k f dt
F  (1) 

where: 

αb is the minimum value between 1.0 and e1/(3d); 

e1 is the distance to the end of the steel sheeting; 

d is the bar’s diameter;  

kt  is given by (0.8t+1.5)/2.5 if 0.75 mm ≤ t ≤1.25 

mm and by 1.0 if t > 1.25 mm; 

t is the thickness of the steel sheeting; 

fu is the ultimate strength of the profiled steel 

sheeting; 

γM2 is the partial safety factor with a recommended 

value of 1.25. 
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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 t – 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 fcm of 40.41 MPa for  

 

 

the concrete and a corresponding characteristic value fck 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 fyp of 329.51 MPa and an average 

ultimate stress fup of 379.48 MPa were obtained. Regarding 

the reinforcing bars, average yield stresses fys 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. 

 

 

 
 

(a) 3D representation (b) 2D dimensions (yz and xz sections) 

   
(c) Specimen example (d) Specimen compression (e) Steel plate for compression 

Fig. 10 Experimental approach 

y 

z 

x 
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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 rti 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 (rti, rei), where rei corresponds to the 

experimental resistance given by one eighth of the peak 

load (values Pi 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 δi for each rei 

value was defined through Eq. (3); the coefficient of 

variation Vδ is defined by Eq. (7) 
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where: 

δi is the error term for specimen i; 

Δi is the logarithm of the error term δi; 

 is the estimated value for E(Δ); 

sΔ is the standard deviation of Δi values; 

Vδ is the coefficient of variation of error terms δi. 

 

The ultimate tensile strength of the steel sheet fup is the 

only basic variable included in the initial design model 

(geo metr ica l  parameter s  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 (Simões da Silva et al. 2009; Simões da Silva et al. 

2018). The coefficients of variations Vrt and Vr must be  

 



Table 2 Experimental specimens tested and results – small-scale tests 

Specimen Type t [mm] d [mm] Bar surface Pi [kN] Pm [kN] 

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 

  
(a) P-s curve for each specimen type (b) P-s curves for SS_1.0_8R specimens 

Fig. 11 Experimental results 
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obtained and, for small values of Vδ
2 and VXi

2, these values 

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

Using the Eqs. (7)-(9), numerical values for the coefficients 

of variation V , Vrt and Vr of 0.159, 0.060 and 0.170, 

respectively, were obtained. 

2

1

j

rt Xi

i

V V



   (8) 

2 2
r rtV V V   (9) 

where VXi is the coefficient of variation of the basic variable 

X. 

The characteristic resistance value rk should be obtained 

from Eq. (10). And so, the calibration factor η to apply to 

the original design model is defined according to Eq. (11). 
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and k∞ and kn are the fractile factors given by 1.64 and 1.84, 

respectively, for a number of experiments n = 15 and 

considering VX 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 η was found and the longitudinal shear resistance at each 

contact point (between the transversal bar and steel sheet) 

Ft,Rd 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 τt,Rd given by Eq. (18). Fig. 12 shows the 

diagram of every pair obtained Fb,Rd – Ft,Rd, with the 

respective best-fit linear function with a b slope, and the 

comparison of these with the design equation developed.  

All pairs rti-rte are above this line so it could be assumed 

that the equation developed may adequately represent a 

design model for the proposed reinforcing system. 

 

 

 

 

Fig. 12 Diagram Ft,Rd – Fb,Rd 

 

 

 

 

Table 3 Theoretical resistance values rti 

Specimen type t [mm] tcor [mm] d [mm] αb kt fu [MPa] γM2 rti 

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 fup 

Basic variable xk,i mx sx
2 sx VXi = sx / mx  

fup [MPa] 

354.72 

379.476 526.228 22.940 0.060 383.68 

400.02 
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where: 

bm is the width of a composite slab module; 

lb 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 MEd 

must be lower than the design resistance MRd. The design 

resistance MRd for unit of width b (in general the slab 

module bm) 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 τu,Rd should be replaced by τt,Rd 

evaluated according to Eq. (18). 

,p pe yp dN A f  (19) 
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Rd c prM N z M   (25) 

 

where: 

Nc is the compressive force in the concrete, defined 

according to Eq. (21); 

Mpr is the reduced plastic resistant moment of the 

profiled steel sheeting; 

τu,Rd is the design shear strength (to be replaced by 

τt,Rd given by Eq. (18)); 

Lx is the distance of the cross-section being 

considered to the nearest support; 

Ncf is the compressive force in the concrete for full 

shear connection; 

Np is the tensile force in the profiled steel sheeting; 

fcd is the design value of the compressive strength of 

the concrete; 

fyp,d is the design value of the tensile strength of the 

steel of the profiled sheet; 

zpl 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; 

Mpa 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 fcm of 36.32 MPa for 

the concrete and a corresponding characteristic value fck of 

28.32 MPa, in accordance with Eurocode 2 (CEN 2004a), 

was obtained; for the steel of the profiled sheets, average 

yield stresses fyp of 329.51 MPa (LAMI 60+), 363.57 MPa 

(LAMI 120+) and 388.73 MPa (H60) were obtained.  
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Regarding the reinforcing bars, average yield stresses fys 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+ (A1 and  

 

 

 

 

 

A2) 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 A1 and A2 were 

identical, although the surface roughness of the bars used 

was different: bars with a smooth (S) surface in specimen 

A1 and bars with a ribbed (R) surface in specimen A2.  

 

 

Fig. 15 Experiment layout (dimensions in mm) – Group A 

 

 

Fig. 13 Stress distribution for the sagging bending resistance of a composite slab 

   
(a) Reinforcing system (b) Specimens for simply supported 

slabs 

(c) Specimens for continuous slabs 

Fig. 14 Specimen preparation 
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Specimens A3 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 B1 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 B2 

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. 

 

 

 

 

 

 

 

 

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-δ, P-s and P-ε curves are represented in Figs. 

21(a)-21(c), respectively, where: P is the total applied load, 

δ is the mid-span section’s vertical deflection, s is the slip 

measured at one of the slab’s extremities and ε is the 

maximum strain measured at the bottom flange of the steel 

sheet in the mid-span cross-section. 

Experimental tests A1 and A2 showed a similar general 

behaviour. However, the peak load achieved on test A1 was 

slightly higher than the one achieved on test A2. 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 A3 and A4; the maximum 

load achieved increased 34.56% from specimen A3 to 

specimen A4 just with 2 additional longitudinal bars. The 

greater thickness of the slabs of specimens A3 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 εyp (see Fig. 21(c)), which means that the  

 
(a) A1 

 
(b) A2 

 
(c) A3 

 
(d) A4 

Fig. 16 Cross-section of the specimens – Group A 
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plastic bending capacity of the slabs tested was almost 

attained. 

 

 

 

 
 

 

 

 

 

For each test, Figs. 22(a)-22(d) shows: (i) the sagging 

bending moment measured along the span – MTest; (ii) the 

sagging bending moment resistance of the slab’s cross- 

 

 

b = 820 mm 

h = 150 mm 

hp = 60 mm 

hc = 90 mm 

L = 2800 mm 

L1 = 1250 mm 

L2 = 800 mm 

L3 = 750 mm 
 

Fig. 17 Experiment layout – Group B 

  
(a) B1 (b) B2 

Fig. 18 Cross-section of the specimens – Group B 

 
(a) Group A 

 
(b) Group B 

Fig. 19 Instrumentation of experimental tests 
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section – bending moment resistance of the slab’s cross-

section – Mpl,Rd; (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 - MRd; (iv) the sagging 

bending moment expected along the span, if governed by 

the longitudinal shear resistance – MEd. The analytical 

values were evaluated using the average mechanical 

properties (real properties) of the materials instead of the 

design values. In tests A1, A2, A3 and A4 the maximum 

sagging bending moments measured MTest were 36.99%, 

17.94%, 27.90% and 11.51% higher respectively than the 

maximum bending moments that were expected MEd. 

Furthermore, the maximum sagging bending moment 

measured MTest in test A1 was 8.23% higher than the plastic 

moment resistance Mpl,Rd; 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-δ, P-s and P-ε  

 
(a) Experimental test set-up 

 

 
(c) Slip at the ends 

 
(b) Bearing of the steel sheet (d) Crack pattern at the mid-span 

Fig. 20 Experimental approach 

   
(a) P-δ curves (b) P-s curves (c) P-ε curves 

Fig. 21 Experimental results – Group A 
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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 B1) with the transversal bars crossing the 

longitudinal stiffener (test B2). Furthermore, the ductility 

acquired was significant. In test B1 a brittle behaviour was 

obtained, since the slip started immediately after the 

maximum load level was reached, while in test B2, the load 

significantly increased even after the first slip. The slip 

developed in test B1 was also significantly higher, when 

compared with the one in test B2.  

 

 

 

 

Following the same procedure used for group A, Fig. 25 

presents the bending moment diagrams MTest, Mpl,Rd along 

the span and MRd and MEd for test B2. Since specimen B1 

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 MTest obtained in test B2, 

compared with the predicted diagram MEd according to the 

methodology proposed in the previous chapter, was very 

accurate. 

  
(a) A1 (b) A2 

  
(c) A3 (d) A4 

Fig. 22 Bending moment diagrams – Group A 

   
(a) Longitudinal shear B1 (b) Longitudinal shear B2 (c) Experimental test B2 

Fig. 23 Failure of specimens from group B 
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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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