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A B S T R A C T   

This paper presents a new pre-fabricated lightweight slab system where the relatively high post-cracking tensile 
capacity of steel fibre reinforced concrete (SFRC) is combined with the high ductility and tensile strength of 
optimized shape profiles made by cold formed steel sheets for a synergetic result in terms of structural perfor-
mance. The SFRC fills the longitudinal steel profiles (girders) that have openings in the web for materializing 
SFRC shear mechanisms that provide very high shear resistance to the slab. This slab system (designated by 
PreSlabTec) includes a SFRC deck of 40 mm thickness and lightweight blocks serving as permanent moulds to the 
SFRC and thermal insulation. The transversal stiffness is assured by thin wall tubular steel profiles that remained 
anchored in the girders due to their openings. PreSlabTec is simple and fast of executing and was conceived for 
being produced in an automation process of prefabrication industry. 

For assessing the performance of the PreSlabTec in serviceability and ultimate limit state conditions, an 
extensive program with almost real scale prototypes was executed and tested under loading configurations for 
flexural and shear failures. For the flexural loading configurations, the PreSlabTec demonstrated a very high load 
carrying capacity and ductility performance. The PreSlabTec never failed in shear, despite the very exigent shear 
loading configurations adopted. The long-term deflection was also experimentally evaluated for the standard 
design requirement for slabs of residential buildings, and a relatively low average creep coefficient of 0.13 was 
obtained. 

Finally, the theoretical approach for the design of PreSlabTec is described and its good predictive performance 
is demonstrated.   

1. Introduction 

The higher post-cracking tensile capacity provided by fibre rein-
forcement to cement based materials is being explored for reducing, or 
even eliminating, conventional steel reinforcements in flooring [1], road 
pavements [2], tunnelling [3–6], prefabricated concrete structural ap-
plications [7–9], elevated slabs [10–12], or for developing new con-
structions systems [13,14], in an attempt of producing more cost 
competitive and sustainable built environment. 

One of the main applications of fibre reinforcement is in the 
replacement of steel stirrups [8,15–20] due to the relatively large time 
required on the preparation and application of this type of reinforce-
ment, and the restrictions it imposes for decreasing the thickness of 
beam’s web, due to the required concrete cover protection against 

corrosion effects. In fact, there is evidence of the possibility of elimi-
nating conventional steel stirrups without the occurrence of brittle shear 
failure in real scale FRC structures, as long as an adequate high post- 
cracking tensile capacity is assured for the FRC [8,9,15–17]. In the 
major part of these structural applications, conventional longitudinal 
reinforcement, applied passively or with a certain prestress level, is used 
for assuring the aimed flexural capacity. This reinforcement has also a 
favourable effect on the shear resistance due to dowel effect and its in-
fluence on the aggregate interlock mechanisms. This last mechanism is 
mainly significant when the flexural reinforcement is applied with a 
certain prestress [8,9,16]. Due to the susceptibility of these steel flexural 
reinforcements to corrosion, attempts are being made for their 
replacement by fibre reinforced polymer (FRP) systems [21–26]. How-
ever, due to the susceptibility of FRP to high temperatures [27,28], 
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hybrid flexural reinforcements (FRP and steel) have been used 
[9,29–32], where FRP have the minimum concrete cover thickness for 
assuring their required bond conditions, while steel reinforcements are 
disposed with a larger concrete cover thickness for better protection to 
corrosion and in a percentage sufficient to avoid collapse in case of a fire 
[9], since it is assumed that FRP reinforcements lose their functionality 
in a fire scenario [24–26]. By using FRC for eliminating the steel stir-
rups, I shape cross section beams of relatively large size and 70 mm 
web’s thickness, flexurally reinforced with a hybrid passive/prestressed 
FRP-steel system, were tested up to their failure with notable load car-
rying and deflection capacity [9]. The use of fibres as a shear rein-
forcement and for improving the FRP-concrete bond performance of 
structural elements flexurally reinforced with FRP bars has been 
demonstrated capable of enhancing the behaviour of this type of ele-
ments at serviceability limit state conditions (stiffness, cracking, 
deflection and stress level in the FRP bars), as well as at ultimate limit 
state conditions by assuring more ductile failure modes [33–36]. 

Regarding concrete slab systems, the use of FRP as flexural rein-
forcement is already quite current, not only for new constructions where 
corrosion of steel bars is a serious concern [22–26], but also for the 
rehabilitation and strengthening of existing concrete structures, espe-
cially in decks of bridges, sometimes combined with FRC for better 
cracking control [37]. FRP slab systems based on the concept of sand-
wich panels have been explored, where the stiffer and stronger com-
ponents are disposed in the outer layers and the core is formed by FRP 
grids and/or engineered foams [38–42]. These very lightweight slabs 
are mainly dedicated to the structural rehabilitation of pavements, in 
locations where elevation of heavy construction systems is not possible 
or is too time consuming and costly. Some of these FRP-based slab 
systems include a compression layer in FRC [43] to avoid premature 
failure of the FRP part in compression (local buckling or wrinkling 
failure mode with very deficient mobilization of the tensile capacity of 
the FRP part in tension [42]). As long as proper bond between the FRC 
layer and FRP substrate is assured, the relatively large deformation of 
FRC in compression allows the development of large curvature, 
improving the pseudo-ductility of this type of slab systems [44]. 

By combining FRP profiles produced by the pultrusion technique 
with a thin compression deck in FRC, very lightweight pedestrian 
bridges of simple and fast application have been developed, without any 
element susceptible to corrosion [45]. However, the relatively high 
depth of these FRP profiles for attending the design verification for 
serviceability limit states due to deflection and vibrations, and their 
consequent high costs, do not allow the use of this material concept for 
slab systems in residential and commercial buildings. 

Thereby, in the present paper, a new prefabricated lightweight slab is 
proposed, and its structural performance assessed, where instead of 
using FRP pultruded profiles for the longitudinal girders, profiles made 
by cold formed steel sheets and with engineered openings in their webs 
are adopted for being filled with FRC. When filling the girders of this 
slab system, a very thin deck of FRC is also cast. Prefabricated blocks in 
polystyrene serve as permanent moulds for the casting process of the 
FRC and also as thermal insulation. The transversal stiffness of this slab 
system is assured by thin wall tubular steel profiles that are anchored in 
the longitudinal girders, due to the openings in the profiles of these 
girders. The very high flexural and shear capacity of this slab, and 
outstanding ductility despite its relatively low self-weight, are demon-
strated in this paper by performing experimental tests with almost real 
scale prototypes subjected to different flexural and shear loading con-
figurations. The long-term deflection of this very effective composite 
slab system is also assessed experimentally, by determining its creep 
coefficient. Finally, the theoretical approach developed for the design is 
presented and its adequate predictive performance is demonstrated. 

2. Experimental program 

Throughout the experimental program, the same slab prototype 

geometry was adopted (see Fig. 1). The slab prototype has a nominal 
total length of 4600 mm and a nominal width of 1227 mm, corre-
sponding to a slab panel of 5.64 m2. It is composed by two girders, 
placed 983 mm from each other (center-to-center). Each girder is 
composed of a 3 mm U-shaped steel sheet, which acts both as stay-in- 
place formwork for the FRC that fills the girder, as well as longitudi-
nal and shear reinforcement. The steel sheet exhibits laser cut hexagonal 
openings on the vertical faces of the U-shape, from which the FRC flows 
during the filling operation, forming a 30 mm stiffener on the outer 
surface of the steel sheet. The prototype possesses a permanent insulated 
filling (extruded polystyrene, XPS) between the girders, which also acts 
as mould to shape the FRC stiffeners and compression deck layer. 

The hybrid FRC-U-shaped steel sheet girders have a height of 180 
mm, while the concrete nominal deck thickness is 40 mm; the total 
height of the prototype is 220 mm. To guarantee the stability of the 
prototype during handling and to provide transversal stiffness, the first 
and last hexagonal openings of each girder are coupled with embedded 
hollow steel profiles of cross-section 50 × 90 mm2 and thickness of 4 
mm. 

The span length of these prototypes is a compromise between being 
representative of the most current span length of slab systems existing in 
the market for residential buildings and the testing space of the adopted 
reaction frame. The width of the cross section of the prototypes aims to 
optimize the space occupied by these elements when transported in the 
type of trucks used to transport prefabricated structural elements, and 
also takes into consideration the flexural capacity of the relatively thin 
SFRC deck regarding the distance between girders. 

3. Material properties 

Due to the large amount of concrete necessary to produce the spec-
imens, the average concrete properties were determined by an inde-
pendent experimental program. The concrete specifically developed for 
these elements uses 413 kg/m3 of Portland cement CEM I 42.5R and is 
reinforced with 60 kg/m3 of hooked ends steel fibres (fibre length = 60 
mm, aspect ratio = 80 and tensile strength of approximately 1100 MPa). 
The average compressive strength in cubes (fcm,cub) and cylinders (fcm,cyl), 
the modulus of elasticity (Ecm), the limit of proportionality (fLOP) and the 
residual flexural tensile strength parameters in bending (fRi, i = 1 to 4) 
obtained for the FRC at different ages are presented in Tables 1–4. 

The girder is fabricated from 3 mm steel sheets (S275JR). The yield 
strength (fsy) and ultimate strength (fsu) were obtained by testing 3 
samples with 40 mm of width and 300 mm of length. Although the steel 
strain during the tensile test was not possible to be measured, the 
elongation after fracture (εsu) was determined by the manual procedure 
defined in ISO 6892–1:2019. The obtained results are presented in 
Table 5. 

4. Monotonic tests 

In this experimental campaign, four types of tests were carried out. 
For simplification purposes, the tests are referred to as Xn, where X is a 
letter describing the test type (B, for bending and S, for shear), and n is a 
number that indicates the test span, in millimetres. The following tests 
are reported in this paper:  

- Test B4400: 4-point bending test with a distance between supports of 
4400 mm;  

- Test B2400: 3-point bending test with a distance between supports of 
2400 mm;  

- Test S800: 3-point shear test with a distance between supports of 
800 mm;  

- Test S1200: 3-point shear test with a distance between supports of 
1200 mm. 

As a control property, 150 mm cubes were collected during the 
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production of the prototypes for assessing the compressive strength 
variation of the FRC batches. In the B4400 prototype, the average 
compressive strength at 28 days was 45.8 MPa, while in the remaining 
tests the average compressive strength was 64.5 MPa (values at 28 days 

of FRC age). 
In all the tests, the deflection was monitored in several positions of 

the slab prototype, as well as the strains in the bottom face of the girder 
(steel tensile strain) and in the top face of the FRC deck (concrete 
compressive strain), as shown in Fig. 2. The strains installed on the 
bottom face of the girder (on the steel surface) and on the top surface of 
the FRC deck were measured by electric strain gauges with 30 mm and 
60 mm gauge length, respectively. Additionally, in the tests with the 
prototypes B2400, S800 and S1200, the strain state of the lateral FRC 
stiffener was also monitored. This was made by using delta rosettes, as 
proposed elsewhere [46]. Since two rosettes are installed in each test, 
the rosette pointing upwards will be referred as delta (Δ) rosette (closer 
to the loaded section), while the rosette pointing downwards will be 
referred as nabla (∇) rosette. The strains in the rosettes were measured 
by installing in each rosette arm a proximity sensor with a 4 mm range. 
Although the full rosette arm size is 100 mm, each sensor has monitored 
the deformation of a 75 mm reference length. 

Note that the right support on the test setup of B2400, S800 and 

Fig. 1. Prototype geometry and dimensions (in millimetres).  

Table 1 
Average compressive strength in 150 mm cubes (NP EN 12390–3:2019).  

Age No. of 
samples 

Average strength, fcm,cub 

[MPa] 
Standard deviation 
[MPa] 

CoV 
[%] 

3 4  39.6  0.7  1.8 
7 4  51.6  1.4  2.7 
14 4  58.8  2.0  3.4 
28 4  61.7  0.8  1.4 
90 4  64.3  1.2  1.8  

Table 2 
Average compressive strength in cylinders (NP EN 12390–3:2019).  

Age No. of 
samples 

Average strength, fcm,cyl 

[MPa] 
Standard deviation 
[MPa] 

CoV 
[%] 

3 3  37.0  0.3  0.9 
7 3  46.3  0.8  1.8 
14 3  52.7  0.2  0.3 
28 6  55.8  2.2  3.9 
90 3  61.9  0.7  1.1  

Table 3 
Average secant elasticity modulus in 150 mm cylinders (NP EN 
12390–13:2014).  

Age No. of 
samples 

Average elasticity 
modulus Ecm [GPa] 

Standard deviation 
[GPa] 

CoV 
[%] 

3 3  22.3  1.0  4.3 
7 3  26.3  1.7  6.4 
14 3  27.4  0.5  1.7 
28 6  28.4  1.1  3.9 
90 3  30.5  0.8  2.5  

Table 4 
Average LOP and residual strength in notched beams at 28 days (EN 
14651:2005 + A1:2007).  

No. of 
samples 

Property Average strength 
[MPa] 

Standard deviation 
[MPa] 

CoV 
[%] 

9 fLOP  4.87  0.40  8.2  
fR1  7.11  1.85  26.0  
fR2  7.75  1.87  24.1  
fR3  6.94  1.71  24.6  
fR4  6.17  1.51  24.5  

Table 5 
Steel sheet properties (ISO 6892–1:2019).  

No. of samples Property Average strength Standard deviation CoV [%] 

3 fsy [MPa] 289 7 2.3  
fsu [MPa] 371 3 0.7  
εsu [‰] 341 40 12  
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Fig. 2. Test configurations (dimensions in millimetres): (a) Test B4400; (b) Test B2400; (c) Test S800 and (d) Test S1200.  
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S1200 does not restrict the uplift of the prototype in this section, so only 
the self-weight of the prototype part out of the testing span affects the 
reactions in the other supports, whose amount is very small regarding 
the ultimate applied loads. 

The first bending test (B4400) was controlled by a servo-actuator 
equipped with a load cell of 500 kN maximum capacity. The test ve-
locity was 25 μm/s (controlled by the internal transducer of the actu-
ator). To prevent the dislocation of the two loaded points during this 
test, the rounded steel profiles used to transfer load are bolted to a grid 
of steel profiles (see Fig. 3a). The remaining tests were controlled by a 
different servo-actuator, equipped with a load cell of 2000 kN maximum 
capacity. In these tests, load was transmitted to the slab prototype by 
means of a steel profile of 50 × 50 mm2 cross section (see Fig. 3b/c/d). 
The adopted deflection velocity was 20 μm/s in second bending test 
(span = 2400 mm) and 5 μm/s in both shear tests. 

4.1. Deflection 

The relationship between the force at the loaded section and its 
corresponding deflection is represented in Fig. 4 for each tested proto-
type. The ordinate axis corresponding to the force is different amongst 
the tested prototypes since it was adopted the criterion of having the 
same ordinate axis of the bending moment at the loaded section in all the 
prototypes. 

In the prototypes B4400 and B2400, the force–deflection response is 
characterized by the following phases: 1) linear-elastic; 2) elasto- 
cracked of relatively high amplitude and small loss of stiffness 
regarding the previous phase; 3) elasto-plastic-cracked with significant 

hardening and very high ductile behaviour. In the B2400, above the 
deflection of about 35 mm, this prototype entered in a structural soft-
ening stage, indicating the flexural capacity of the prototype’s cross 
section is 117.3 kN.m. It is interesting to note that, considering the 
flexural capacity of the B4400 prototype when it was interrupted, it 
supports an equivalent live load (uniform distributed load inducing the 
same maximum bending moment) of approximately 44 kN/m2. 

Regarding the behaviour of the S800 and S1200 prototypes, both 
tests were interrupted when the maximum load carrying capacity of the 
reaction frame was attained (≅ 500 kN). However, at this stage no sign 
of shear failure occurrence was visible. Furthermore, the force-
–deflection response of the S1200 has entered in a significant nonlinear 
phase, indicating the initiation of yielding of the steel profile, demon-
strating the excellent shear strength capacity of the PreSlabTec system. 

The total applied force and the deflection (middle span section for 
the B4400 and at loaded section in the remaining prototypes) at concrete 
crack initiation, at steel yield initiation and at peak load are presented in 
Table 6, as well as the force at deflection levels of l/250 and l/500, 
where l is the prototype’s span length. The deflections corresponding to 
l/250 and l/500 define the interval recommended by EC2 [47] for the 
verifications of serviceability limit state conditions in slabs applications. 
Apart from the B4400 prototype, in the other prototypes the deflection 
at yield initiation was less than the deflection corresponding to l/250, 
and even the deflection corresponding to l/500 in the S-type prototypes. 

From the results in the B-type prototypes it is verified that the ratio of 
the deflection at maximum and at steel yielding is higher (since the load 
carrying capacity of B4400 was still increasing when the test was 
interrupted) than 5.3, demonstrating the high level of ductility of the 

)b()a(

)d()c(

Fig. 3. Photographs of the test configurations: (a) B4400; (b) B2400; (c) S800 and (d) S1200.  
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PreSlabTec. 
Table 7 presents the elastic flexural stiffness, EIel, which was evalu-

ated according the following equations for the different test setup: 

EIel = Pcracka
(
3l2 − 4a2)/(48δcrack) for B4400 (1)  

EIel = Pcrackl3/(48δcrack) for B2400 (2)  

EIel = Pcracka2(l − a)2
/(3δcrack⋅l) for S800 and S1200 (3)  

where Pcrack and δcrack are the load at crack initiation and the corre-
sponding deflection (values indicated in Table 6), and a (shear span) is 
the distance between the leftmost support and the leftmost loaded sec-
tion. As expected, the EIel decreases with the decrease of the shear span 
due to the higher contribution of the shear stiffness for the deflection at 
crack initiation. The S800 is an exception, which should be caused by 
the smaller length of the shear spans (Fig. 2c), aleft/h=600/220 ≅ 2.7, 
aright/h=200/220 ≅ 0.9, where h is the total height of the prototype, 
which has promoted the conduction of the applied load to the supports, 

Fig. 4. Load and bending moment versus loaded-section displacement: (a) Test B4400; (b) Test B2400; (c) Test S800 and (d) Test S1200.  

Table 6 
Summary of the displacement and forces in the slab prototypes.  

Parameter Test Concrete 
cracking 

Steel 
yielding 

Maximum l/500 l/250 

Displacement 
* [mm] 

B4400  1.58 20.0 106 8.80 17.6  

B2400  0.53 6.36 34.4 4.80 9.60  
S800  0.04 NA NA 1.60 3.20  
S1200  0.11 1.62 NA 2.40 4.80 

Applied force 
[kN] 

B4400  17.1 112 146 60.5 104  

B2400  28.1 156 196 126 174  
S800  97.0 NA 503** NA NA  
S1200  63.5 437 503** NA NA 

NA: not applicable. 
* The displacements refer to the mid-span in test B4400 and to the loaded- 

section in all other tests. 
** The indicated force is the maximum load carrying capacity of the reaction 

frame. 

Table 7 
Summary of the mechanical properties of the tested slab prototypes.  

Test EIel [kNm2] Bending moment [kNm] Shear forces [kN]   

FRC Cracking,Mcr Steel Yielding,My Maximum,Mmax Left support Right support 

B4400 16,239 12.4 81.3 106.0 73 73 
B2400 15,269 16.9 93.5 117.3 98 98 
S800 14,550 14.6 – 75.4 125.75* 377.25* 
S1200 11,690 14.3 98.4 113.2 125.75* 377.25* 
Average 14,437 14.5 91.1 103.0 – – 
Standard deviation 1958 1.85 8.80 18.96 – – 
CoV[%] 14 13 10 18 – –  

* Do not represent the shear capacity, since the corresponding tests were interrupted due to the attainment of the load carrying capacity of the reaction frame. 
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contributing to the relative increase of Pcrack and decrease of δcrack. 
Regarding the bending moment at crack and steel yield initiation, 

Mcr and My, respectively, and at maximum load, Mmax, apart the case of 
S800 where steel yield initiation did not occur when the test was 
interrupted due to the attainment of the load carrying capacity of the 
reaction frame, the values were similar in the tested slab prototypes. In 
any case, B4400 presented smaller values, which can be justified by the 
existence of a branch subjected to pure bending (if self-weight is dis-
regarded, which is acceptable for this discussion), and the higher 
probability of having weaker sections (deficiencies on the local me-
chanical properties of FRC and/or steel profiles). 

Regarding the shear capacity, it is verified that it significantly ex-
ceeds the flexural capacity (S800 and S1200), so shear failure never 
occurs for the present material-structural configuration of the 
PreSlabTec. 

4.2. Strain measurement 

Fig. 5 shows the force versus the compressive strains measured in the 
strain gauges indicated in Fig. 2 for the tested prototypes. Fig. 5a evi-
dences that the compressive strains in the top surface of the FRC of the 
B4400 prototype were identical in the girders and in the deck. This re-
veals that, despite the very small thickness and relatively large width of 
the central part of the FRC deck, the strain field is the one expected for a 
standard T cross section. Therefore, it seems possible the adoption of this 
assumption for the development of a relatively simple design model, as 
will be discussed in Section 6. The results also evidence that when the 
test was interrupted, the compressive strain was about 1.6 ‰, which 
means that FRC was still far from crushing. 

In the B2400 prototype the SG1 and SG2 strain gauges are 200 mm 
from the loaded section, and each one is installed in the girders. Fig. 5b 
shows that the evolution of the strains in these SGs was almost equal, 
and linear with the applied load, with a maximum value of about 0.55‰. 

In the S800 the SG1 and SG2 are 200 mm and 400 mm from the 
loaded section, and the maximum corresponding values are 0.06‰ and 
0.52‰, respectively. 

The SG1, SG2 and SG3 in the S1200 are 600 mm, 300 mm and 150 
mm from the loaded section, but the SG3 is located in the right span, 
which is the smallest one, while the SG1 and SG2 are in the left span, the 
largest one (Fig. 2d). Due to the predominant direct load transference to 
the right support above a load level of about 340kN, the strain in the SG3 
started decrease with the increase of load. The maximum compressive 
strain did not exceed 0.48‰. 

Fig. 6 shows the force versus the tensile strains measured in the strain 
gauges bonded to the steel in the bottom surface of the girders of the 
tested prototypes (Fig. 2). Fig. 6a evidences that the steel yielded at the 
loaded section of the B4400 prototype, with a maximum tensile strain of 
about 13‰. In the B2400 prototype the evolution of the tensile strains 
with the applied load was equal in both SG3 and SG4 up to a load level of 
about 125 kN, above which the gradient was a little bit higher in the SG4 
than in the SG3, indicating a larger evolution of damage in the right 
shear span. The maximum tensile strain was 1.69‰, which indicates 
that at sections 200 mm from the loaded section, the steel is starting 
yielding (steel at yield initiation: 289 MPa/200GPa = 1.445‰). 
Regarding both the S-type prototypes, the maximum tensile strain was 
1.4‰, below the yield strain of the steel. 

Based on the obtained data, the moment versus curvature (M − χ) 
curves of each monitored cross section were constructed (Fig. 7). It is 

Fig. 5. Concrete strains: (a) Test B4400; (b) Test B2400; (c) Test S800 and (d) Test S1200.  
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concluded that, in general, the cross-sections monitored in three of the 
tests (B4400, B2400 and S1200) exhibit very similar M − χ response, 
particularly up to crack initiation (14.5 kNm, average value given in 
Table 7). In the S1200, the span in which the shear failure was expected 
to occur (SG3/SG6 section), a deviation was observed, due to the 
decrease of the strain in SG3 (see Fig. 5d) in consequence of a pre-
dominant direct load transference to the support. 

On the other hand, in the S800 the monitored cross sections 

displayed considerably lower stiffness when compared to all other tests, 
which may indicate that in this case, the right support absorbed a much 
larger force than expected. 

4.3. FRC stiffener strain evaluation 

In one of the flexural tests (B2400) and both of the shear tests (S800 
and S1200), the principal strains in the FRC composing the lateral 

Fig. 6. Steel strains: (a) Test B4400; (b) Test B2400; (c) Test S800 and (d) Test S1200.  

Fig. 7. Experimental moment–curvature curves.  
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stiffener were appraised. These strains allow the detection of compres-
sion struts in the concrete, which usually precede the occurrence of a 
shear failure mode. The principal strains are calculated based on the 
monitorization of a couple rosettes installed in each test, as depicted in 
Fig. 2. 

The adopted numbering and sign convention for the strains in the 
rosette, principal strains and their orientation are presented in Fig. 8. 
The maximum and minimum principal strains and corresponding angle 
are calculated from the following equations: 

εmax,min =
ε1 + ε2 + ε3

3
±

̅̅̅
2

√

3

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(ε1 − ε2)
2
+ (ε2 − ε3)

2
+ (ε3 − ε1)

2
√

(4)  

θ =
1
2
tan− 1

( ̅̅̅
3

√
(ε3 − ε2)

2ε1 − ε2 − ε3

)

(5) 

To estimate the compressive stress (σc) from the measured 
compressive strain (minimum principal strain in the rosette, εmin=εc), 
the parabola-rectangle diagram, as defined in Eurocode 2 [47] was 
adopted: 

σc =

⎧
⎪⎪⎨

⎪⎪⎩

fcm

[

1 −

(

1 −
εc

εc2

)2
]

εc⩽εc2

fcm εc2⩽εc⩽εcu2

(6)  

where fcm is the average concrete compressive strength (50 MPa was 
adopted), εc2 is the strain at the point where the maximum compressive 
stress is reached (2.0‰ was adopted) and εcu2 is the ultimate concrete 
compressive strain (3.5‰ was adopted). 

Fig. 9 presents the evolution of the principal strains and their ori-
entations in the B2400 test (positive and negative values represent, 
respectively, tension and compression strains). The relationship 
εmin-εmax during the loading process is shown in Fig. 9a, where it is 
visible that in the delta (Δ) rosette (closer to the loaded section) it was 
attained a maximum principal strain of 17.3‰ (much larger than the 
nominal steel yielding strain of about 289 MPa/200 GPa = 1.445‰) and 
a minimum principal strain of − 2.2‰, which according to Eq. (3) con-
ducts to a compressive stress of − 45.5 MPa, quite close to the FRC 
average compressive strength. In the nabla (∇) rosette, the maximum 
principal strain state installed was significantly lower: a maximum 
principal strain of 1.26‰ (tensile) and a minimum principal strain of 
− 0.85‰ (compressive), when the applied load was 187.7 kN (after the 
onset of yielding). These results suggest the critical shear region is close 
to the delta rosette or eventually between it and the loaded section (a 
non-monitored region), but yielding of the steel has occurred before an 
eventual shear failure occurrence. 

Concerning the angle of the maximum principal strain, in the B2400 
test, in the delta rosette, Fig. 9b shows that it maintained almost con-
stant from cracking up to yield initiation, in about 40◦, but for load 
levels above yield initiation, the angle of the maximum principal strain 
started decreasing up to have stabilized at about 10◦ by the end of the 
test. This decrease indicates the plastic hinge has spread to the region of 
this rosette. On the other hand, the nabla rosette shows a slightly 
different behaviour. The maximum principal strain orientation was 
around − 20◦ at cracking, varying up to − 40◦ at yielding initiation. At a 
load of 187.7 kN the maximum principal strain started inverting its 
orientation, getting an orientation of − 10◦ at the end of the test, which 
suggests that the spread of the plastic hinge is attained in this rosette 
only above the indicated load level. 

Fig. 10 shows that, in the S800 test the principal strains were smaller 
than 0.15‰, and the angle of the maximum principal strain has not 
exceeded 15◦ in the delta rosette and was higher than − 30◦ in the nabla 
rosette. These results indicate this prototype was far away from failing in 
shear. 

In the S1200 test (Fig. 11), more significant compressive strains in 
the FRC stiffener were mobilized compared to the previous test. In fact, 
although the maximum tensile strain was expected in the delta rosette, 
which is closer to the loaded section as well as closer to the tensile zone 
of the cross-section, the largest principal tensile strain was registered in 
the nabla rosette. The maximum compressive strain mobilized was only 
around 1‰, which is far from the strain necessary to produce a crushing 
strut. 

5. Creep test 

A creep bending test was also executed by subjecting a slab prototype 
to a uniformly distributed sustained load. The applied load was selected 
in order to replicate, as much as possible, the loading conditions of a 
residential building subjected to a design quasi-permanent combination 
action. According to Eurocode 0 [50], the quasi-permanent combination 
is evaluated as. 

Ed = E
{

Gk,j;P;ψ2,iQk,i
}

(7)  

where Gk,j is the characteristic value of a permanent actionj, P is the 
representative value of a prestress action (not applicable in the current 
case), ψ2,i is the factor for quasi-permanent value of a variable action (for 
residential and office areas this factor is 0.3), and Qk,i is the character-
istic value of a variable action i. 

In terms of permanent actions, the following actions are considered: 
the self-weight of the slab (2.215 kN/m2) and an average estimated self- 
weight value of flooring and partitions (2.85 kN/m2). On the other hand, 
in terms of variable actions, only the reference value for imposed loads 
on residential floors is considered (2 kN/m2, as given in Eurocode 1 
[51]). Since the slab prototype can replicate its own self-weight, a target 
additional uniformly distributed load of 2.85 + 0.3 × 2.0 = 3.45 kN/m2 

was established, which corresponds to a mid-span bending moment of 
8.733 kNm/m (or 10.715 kNm when considering the total width of the 
slab prototype, 1227 mm). 

Regarding the monitoring systems, 6 displacement transducers were 
installed in the slab prototype, 3 transducers per girder. In each girder, 2 
transducers monitored the displacement of the sections at 1125 mm 
from each support (L/4), and one transducer monitored the displace-
ment at mid-span (see Fig. 12). The test was performed in laboratory 
environment, with non-controlled temperature and relative humidity 
conditions, whose values were recorded along the test. 

5.1. Loading 

The effective additional load was applied by means of discrete 
masses distributed on the top surface of the slab prototype. A total mass 
of 1883 kg was used in this test and, by concentrating some of the 

Fig. 8. Numbering and axis convention of the strain components and principal 
strains in a rosette. 
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heavier items on the central portion, an effective bending moment of 
11.445 kNm was induced (corresponding to an equivalent uniformly 
distributed load of 3.685 kN/m2). The prototype was loaded 65 days 
after its production. 

Load was applied in approximately 40 min in three distinct phases: 
(1) 5 units of 90 kg weights; (2) 7 units of 42.5 kg weights and (3) 57 
units of 20 kg weights. The instantaneous displacement values recorded 
in the different transducers in these phases are presented in Fig. 13. 

5.2. Sustained loading 

The load was maintained on the slab prototype for a total period of 
nearly 2500 h (about 100 days). During an initial period of about 1300 
h, the displacements, ambient temperature and relative humidity were 
monitored continuously. After that, monitoring was suspended and 
resumed only a couple of days before unloading (all displacement 
transducers were kept in place during the suspension period). The ob-
tained raw data is plotted in Fig. 14. 

The evolution of one of the midspan transducers and corresponding 
ambient temperature within the time window defined in Fig. 14 is 

depicted in Fig. 15. This data clearly shows that the ambient tempera-
ture is directly correlated to the decrease of deflection in the prototype, 
which justified the correction of the original curves with temperature 
compensation coefficients. The obtained corrected displacements are 
presented in Fig. 16. 

5.3. Unloading 

At unloading, the deflection recovery of the prototype was moni-
tored and the corresponding results are presented in Fig. 17a (the 
monitoring system was reset at the initiation of the unloading process, 
therefore null displacements are considered at this stage). While during 
loading the largest deformations were observed in the posterior girder 
(Girder 2: odd numbered LVDTs), during unloading the largest 
displacement recovery was observed in the frontal girder (Girder 1: even 
numbered LVDTs). In terms of average displacements, depicted in 
Fig. 17b, the variability between the ¼ span transducers was signifi-
cantly lower compared to the loading stage. 

Fig. 9. B2400 test: (a) Minimum principal strain versus maximum principal strain and compressive stress, (b) Force and bending moment versus principal 
strain angle. 

Fig. 10. S800 test: (a) Minimum principal strain versus maximum principal strain, (b) Force and bending moment versus principal strain angle.  
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Fig. 11. S1200 test: (a) Minimum principal strain versus maximum principal strain, (b) Force and bending moment versus principal strain angle.  

Fig. 12. Global monitoring system (dimensions in millimetres).  

Fig. 13. Displacements measured during loading.  
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5.4. Analysis 

Based on the results presented in Table 7, the applied bending 
moment in the creep test, 11.445 kNm (which does not take into account 
the self-weigh), is not expected to exceed the average cracking bending 
moment of the prototype, 14.5 kNm (in addition to the self-weight). 
Therefore, classic deflection equations may be used to estimate the ex-
pected deformation of the slab. For a beam subjected to a uniformly 
distributed load, the displacements at midspan and ¼ span are given by 
the following respective equations: 

δ(l/2) =
5pl4

384EI
(8)  

δ(l/4) =
57pl4

6144EI
(9) 

Assuming the equivalent uniformly distributed load of 3.685 kN/m2 

(estimated value given in section 5.1), p may be approximated as 4.521 
kN/m. The stiffness term, can be approximated as the average value 
obtained in Table 7 (EI=14437 kNm2) and the span is 4500 mm. 

Equations (8) and (9) provide an instantaneous deflection of 1.672 
mm and 1.191 mm at midspan and at ¼ of the span, respectively. The 
error in relation to the experimentally obtained average values is 2% 
and 4%, respectively (Table 8), which demonstrates the good prediction 
capacity of these traditional equations for this structural composite 
system with this loading level. Concerning the deflection recovery, it 
was observed that the prototype exhibited a residual average deflection 
of approximately 30% (Table 8). 

The creep coefficient,φ(t, t0), between the loading time t0 and a given 
time incrementt, can be determined from the following equation. 

φ(t, t0) =
δt − δ0

δ0
(10)  

where δt is the total displacement at the time instantt, and δ0 is the total 
instantaneous displacement. A summary of the obtained results is pre-
sented in Table 9. 

Since the instantaneous deformation component measured during 
the tests does not account for the deformation due to the self-weigh, the 
values of δ0,exp and δt,exp were corrected to reflect the correct total 
deformation. The corrected instantaneous deflection is denoted by δ′

0,exp 

while the deflection after t days is denoted byδ
′

t,exp. 
The obtained creep coefficients for the individual LVDTs vary be-

tween 0.05 and 0.26. In terms of average values, both at midspan and at 
¼ span, the average value of the coefficient is about 0.13, which is much 
smaller than the one obtained with the formulation of Eurocode 2 
(approximately 0.74) when the theoretical exposed concrete perimeter 
(u) is considered (u = 1227 mm). The real exposed concrete perimeter 
was, in reality, smaller than this value since almost the total top surface 
of the slab was covered by the loading masses. However, even assuming 
the minimum theoretical u value in this context, the creep coefficient 
exceeds 0.5, which is still higher than the experimentally recorded 
value, indicating that this approach overestimates this coefficient. 

6. Software for design of the PreSlabTec slab system 

6.1. User interface 

A numerical tool was developed to assist the structural design of the 
PreSlabTec slab system for various load and geometry conditions. Based 

Fig. 14. Displacements during the sustained load period.  

Fig. 15. Displacement in LVDT AML377400 and ambient temperature between 
500 and 1000 h. 
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on the available set of slab configurations and considering the slab’s 
span and acting loads, the software performs the ultimate (ULS) and 
serviceability limit states (SLS) safety verifications according to the 
design recommendations and rules of Eurocode 2 [47] and fib Model 
Code 2010 [48]. 

The interface of the software is presented in Fig. 18. One of its main 
functionalities is the possibility to run the SLS and ULS safety verifica-
tions for all the available configurations of the PreSlabTec slabs, given 
the slab’s span and loads acting on the slab. 

6.2. Theoretical approach 

The software has the following aspects:  

i. It includes a database file with the data of each PreSlabTec slab 
configuration, namely: geometry, material properties and the 
flexural response (curvature vs resisting bending moment vs 
neutral axis position, χ − M − na) for the SLS and ULS conditions. 
The flexural response, namely the moment vs curvature (M − χ) of 
each different type of cross section of the available PreSlabTec 
configurations is determined with the software DOCROS [49] by 
considering the constitutive models for the SFRC and steel com-
ponents according to the MC2010 design recommendations [48]; 

ii. The self-weight of each slab configuration is determined consid-
ering the geometry and materials density;  

iii. The structure is discretized in nodes and bars considering the 
span of the slab and the position of the openings in the webs of the 

Fig. 16. Average displacements during the sustained load period.  

Fig. 17. Displacements measured during the unloading operation: (a) Displacement transducer measurements, (b) average displacement results.  
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steel longitudinal girders. As presented in Fig. 19, each bar is 
discretized by two nodes, with two degrees of freedom per node: 
vertical displacement (u1) and rotation (θ2 = u2). For each bar is 
assigned a cross-section type for the steel girders as presented in 
Fig. 20, namely: S1 – girder without the opening in the web, S2 to 

S5 – girder with openings in the web. For each cross-section type 
(S1 to S5), the data base indicated in step i) includes the corre-
spondingM − χ, from which the flexural stiffness is obtained and 
used in Eq. (11) for the evaluation of the secant (or tangent) 
stiffness matrix of the elements discretizing the slab;  

iv. According to the loads acting in the slab, the software determines 
the load combinations according to the Eurocode 0 [50] to be 
used in the SLS and ULS safety verifications;  

v. Based on the matrix displacement method, the incremental 
generalized displacements of the nodes of the structure (Δu) are 
determined considering the stiffness (secant or tangent are op-
tions in the software) matrix of the slab (K) and the incremental 
generalized nodal forces on the structure (ΔF), namely: 

K⋅Δu = ΔF (11) 

The stiffness matrix of each bar is determined considering the Tim-
oshenko beam theory, admitting the reduced shear area (Ared, Fig. 21) is 
determined from the equation: 

Ared = A1 + β⋅A2 (12) 

where A1 is the area of the FRC in compression, A2 is the area of FRC 
in tension (Fig. 21),β = 1 − εt/εu, with εt being the tensile strain and εu =

2% the ultimate tensile strain for SFRC slab submitted to bending;  

vi. The shear resistance of the PreSlabTec slab is determined for ULS 
conditions. The model is based on the Variable Engagement 
Model and Simplified Modified Compression Field Theory adop-
ted in MC2010 to determine the shear resistance of FRC structural 
elements, which is presented elsewhere [52,53]. The steel webs 
of the slab’s girders are considered as transverse reinforcement. 
However, its contribution is limited to the minimum resistance 
provided by the steel area in the section in shear (Ss) and in 
section in tension (St) in the vicinity of a critical diagonal shear 
crack, as illustrated in Fig. 22;  

vii. The results of the SLS and ULS safety verifications are displayed 
in the results window, including the graphical output of the 
vertical displacement profile of the slab for SLS conditions, and 
the bending moment and shear force diagrams for ULS 

Table 8 
Instantaneous displacements of the slab prototype at loading and unloading.  

LVDT Experimental values  

δloading δunloading %δ 

AML377400  1.389  1.220 12% 
AML377399  1.902  1.024 46% 
AML377398  0.932  0.866 7% 
AML377397  1.190  0.780 34% 
AML377396  1.026  0.900 12% 
AML377395  1.443  0.680 53% 
½ span  1.646  1.122 32% 
¼ span  1.147  0.806 30% 

%δ is the residual displacement of the slab prototype, given 
by

(
δloading − δunloading

)/
δloading × 100%.  

Table 9 
Experimental creep coefficient for t = 100 days of loading and t0 = 65 days.  

LVDT Displacements [mm] φ(100, 65)exp  

δ0,exp δ100,exp δ′

0,exp δ′

100,exp  

AML377400  1.389  1.806  2.224  2.641  0.19 
AML377399  1.902  2.130  3.045  3.273  0.07 
AML377398  0.932  1.073  1.492  1.633  0.09 
AML377397  1.190  1.290  1.905  2.005  0.05 
AML377396  1.026  1.453  1.643  2.070  0.26 
AML377395  1.443  1.719  2.310  2.586  0.12 
½ span  1.646  1.968  2.635  2.957  0.12 
¼ span  1.147  1.384  1.838  2.073  0.13 

δ
′

0,exp = δ0,exp +c⋅δ0,exp andδ
′

100,exp = δ100,exp + c⋅δ0,exp, where the constant c is 0.6, 
estimated from the ratio between the nominal self-weight of the prototype 
(2.215 kN/m2) and the effective uniformly applied load, 3.685kN/m2.  

Fig. 18. User interface of the software.  
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conditions. It is also given the possibility to export the results to 
an excel format file. 

6.3. Assessment of the predictive performance of the software 

The predictive performance of the software was assessed by 
comparing the force vs. deflection relationship with the experimental 
results of PreSlabTec slab submitted to 4-point bending (B4400) pre-
sented in Section 4. 

To simulate the flexural response of the slab, the average values of 
material properties indicated in Section 3 were used for defining the 

constitutive models of the SFRC and steel components. Additionally, 
partial safety factors equal to 1.0 are considered for the materials. 

Fig. 23 presents the moment vs. curvature and force vs. deflection 
response obtained from the software (numerical) and registered exper-
imentally (experimental) for the 4-point bending test. The results show 
that the software could capture with acceptable accuracy for design 
purposes both the M − χ and the F − u relationships. Regarding this last 
one, the predictive performance was excellent up to yield initiation of 
the steel component. Since the numerical approach is controlled in force, 
when the bending moment in a certain element attains the maximum 
value of the flexural capacity of the corresponding slab’s cross section, 
the flexural stiffness is assumed almost null for the element represen-
tative of this moment–curvature response (Fig. 23a), which leads to the 
localization of a plastic hinge in this element, conducting to the plateau 
observed for the numerical F − u relationship in Fig. 23b. 

7. Conclusions 

In this paper a new pre-fabricated lightweight slab system for resi-
dential and commercial buildings was proposed, and its structural per-
formance at serviceability and ultimate limit state conditions (SLS and 
ULS, respectively) was assessed by performing experimental tests with 
representative prototypes. From the experimental tests the following 
observations can be pointed out:  

(1) The prototypes tested in flexural loading conditions, one under 4 
points, B4400, and the other under 3 points, B2400, both 

Fig. 19. Discretization of structure in bars of two nodes (two degrees of freedom per each node).  

Fig. 20. Assignment of cross-section type for each bar.  

Fig. 21. Determination of the reduced shear area.  

Fig. 22. Determination of the minimum steel area that contributes to the slab’s 
shear resistance. 
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presented a very ductile behaviour, by mobilizing the tensile 
capacity of the cold formed steel sheets of the longitudinal 
girders, without signs of crushing of the fibre reinforced concrete 
(FRC). An average elastic flexural stiffness (EIel), bending 
moment at crack initiation (Mcr) and at yield initiation (My) of, 
respectively, 15,754 kN/m2, 14.65 kNm and 87.4 kNm were 
obtained, while the maximum flexural capacity was 117.3 kNm. 
The force–deflection response of these prototypes was composed 
by a linear phase, followed by an elasto-cracked stage of rela-
tively high amplitude and small loss of stiffness up to the yield 
initiation of the longitudinal steel profiles, with subsequent 
hardening phase of very ductile behaviour. If the maximum load 
supported by the B4400 prototype is converted in a uniform 
distributed load (inducing the same maximum bending moment), 
a live load approximately 44kN/m2 is obtained. For the flexural 
stiffness of these prototypes, and considering a load combination 
for SLS conditions of 7kN/m2 (which includes a live load of 2kN/ 
m2), a maximum span of about 8.0 m can be supported by 
respecting the SLS and ULS conditions. The self-weight of this 
slab is 210 kg/m2, composed by 0.08 m2/m2 of FRC and 18.21 
kg/m2 of cold formed steel profiles;  

(2) Despite the adoption of loading conditions for inducing shear 
failure in the S800 and S1200 prototypes, shear failure never 
occurred, revealing the very effective resisting shear mechanisms 
assured by the FRC crossing the openings executed in the longi-
tudinal steel girders. This is also supported by the maximum 
principal strains measured in the web’s lateral face of the longi-
tudinal girders in the S1200 prototype, where the steel yield 
strain was exceeded ;  

(3) For the prototype submitted to a permanent bending loading 
configuration recommended by Eurocode 0 for slabs of residen-
tial buildings, an average creep coefficient of 0.13 was obtained, 
which is significantly smaller than the one determined by the 
Eurocode 2 formulation. Research on this specific phenomenon 
should be developed for deriving a dedicated formulation on the 
creep of this material-structural system;  

(4) A dedicated user-friendly software was developed for the design 
of PreSlabTec slabs, based on a theoretical approach that com-
bines the moment–curvature relationship for the types of sections 
composing a PreSlabTec slab and the matrix displacement 
method. The good predictive performance of this approach was 
demonstrated by simulating the force–deflection registered in the 
B4400. 

Numerical simulations with software based on the finite element 
method are being carried out for extending the potentialities of Pre-
SlabTec for larger spans and also for assessing its performance under 
dynamic loading conditions. 
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