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Summary 
The paper reports the outcomes of an experimental test to failure performed on five 4.8m long full-
scale timber-concrete composite beams with prefabricated concrete slabs. As a result of preliminary 
shear tests, two different connector types were selected for the beam tests: (i) steel tubes inserted 
into the concrete slab and screwed to the glulam beam, and (ii) single folded steel plates nailed to 
both sides of the glulam beam and embedded into the concrete slab. The load-displacement curves 
and slip distribution along the beam monitored during the tests to failure were compared with the 
numerical results carried out using a program purposely developed for non-linear analyses of 
composite beams. Very accurate results were obtained, proving the possibility to use the software to 
extend the experimental results to composite beams of different properties. A comparison with the 
analytical formulas suggested by the Eurocode 5 showed acceptable accuracy for design purposes.  
1. Introduction  
Timber-concrete composite systems have been investigated for over 50 years as a technique for 
strength and stiffness upgrading of existing floors. Composite systems can also be used in new 
construction such as multi-storey buildings and short-span bridges. Several benefits over timber-
only floors can be obtained, such as the increase in load-carrying capacity, the higher stiffness 
which leads to reduction in deflection and less susceptibility to vibrations, larger thermal mass, 
better acoustic separation, and higher fire resistance. Advantages over reinforced concrete floors 
include a reduction in self weight and the possibility to achieve a more sustainable construction. 
The choice of an effective shear connection is the key to achieve strong and stiff composite beams. 
Many different connectors have been proposed so far [1]. Steel meshes epoxy-glued into the timber 
[2], [3] and notches cut from the timber [4], [5] were found to be very effective. Steel fasteners such 
as nails, screws etc. are ductile and commonly used in many applications, however they are 
generally more flexible and require a large number of fasteners to achieve high efficiency [6].  
Most of the research performed to date has been focused on systems where wet concrete is cast on 
top of timber beams with mounted connectors. Some drawbacks of this type of construction are the 
time needed for the concrete curing, the lower stiffness and higher creep during concrete curing, the 
higher cost of cast-in-situ concrete, and some possible problems of quality control. The 
prefabrication off-site of a concrete slab with shear connectors already inserted, and the connection 
with the timber beams on the building site can significantly reduce all the aforementioned 
drawbacks of the wet systems. Prefabrication also permits an improvement in the construction 
process achieving high quality while saving resources and simplifying recycling of waste. 
Prefabricated modular wood-concrete composite elements with a glued-in metal plate as shear 
connector developed in Germany resulted in a cost-effective system which can compete with 
contemporary reinforced concrete and steel-concrete composite systems [3]. The modular elements 
can be utilized in floors, walls and roofs in both residential and commercial applications.  
The prefabrication of the concrete slab with already embedded shear connectors is believed to be a 
possible way to reduce the cost by moving most of the work from the building site to the fabrication 
plant. The development of new mechanically effective connectors potentially leading to high 
efficiency is meaningless if the system is too difficult to build and/or too time consuming. 



 

Therefore, in this research careful consideration has been given to develop and use connection 
systems easy to produce and mount so as to speed up the construction process.  
2. Shear test program  

  
Fig. 1 Shear test set-up (measures in mm) 

Several shear connectors were investigated in this 
research programme through direct shear tests. The 
outcomes of the tests are reported in [7]. Based on a 
number of considerations, it was concluded that the 
most suitable connectors for prefabricated timber-
concrete composite systems were the SST+S and SP+N 
types.  
The SST+S connector type was chosen since it was the 
most ductile system among those tested. However, 
since the strength and stiffness were fairly low, longer 
screws were used in an attempt to improve the 
mechanical performance. The shear tests with the new 
screws were therefore repeated. The connector type 
SST+S consisted of one Ø20×47mm long steel tube 
inserted into the concrete slab with one Ø20×120mm 
hexagon head coach screw (Fig. 2a). The distance 
between the connectors was 250mm. A plastic cap was 
screwed on top of the steel tube to create room for the 
screw head during the placement of the concrete. The 
plastic cap was removed after the concrete curing. The 
screw was pre-tensioned with a 130Nm torque moment 
using a torque wrench. 

The second connector type SP+N was proved to be simple to construct and to use, economical and 
relatively stiff [7]. It consisted of single folded steel plates welded onto a long punched metal plate 
embedded into the concrete slab and nailed to both sides of the glulam beam by means of 8 
Ø4.5×75mm annular ringed shank nails (Fig. 2b). 
Shear tests were performed in order to obtain the load-slip relationships and slip moduli kser and ku. 
An overall number of 6 specimens (4 specimens for SST+S and 2 specimens for SP+N connector 
type respectively) were tested using the experimental set-up displayed in Fig. 1. Each test sample 
consisted of a 60×400×400mm3 prefabricated concrete slab, strength class C20/25, with shear 
connectors previously inserted, and a 115×135×400mm3 glued laminated member, strength class 
GL28c class according to EN 1194 [8]. The shear tests were carried out in accordance with EN 
26891 [9] which also contains provisions for the determination of the connection slip moduli.  

   

    

Fig. 2 Shear connectors: a) drawing of the steel tube (left) and photo of the moulding form used for 
the shear tests with the screw plastic cap for connection type SST+S (right); b) drawing of the steel 
plate (left) and photo of the moulding form for the shear connector type SP+N (right) 
The tests were carried out within 20 minutes until either the failure load was reached or 15 mm slip 
was attained. The tests were performed under controlled displacement. One Linear Voltage 
Displacement Transducer (LVDT) was mounted on each side of the sample in order to measure the 
relative slip between the concrete slab and the glulam element (see Fig. 1). 

a) 

b)



 

3. Shear test results 

Fig. 3 Shear test results for SST+S and SP+N 
connection types: experimental shear force-
relative slip curves and approximating curves 

The shear force-relative slip curves are 
presented in Fig. 3 over the whole range of slip 
values. The lines corresponding to the slip 
moduli at 40% of Fest, 60% and 80% of Fmax are 
also reported in the graphs. The secant slip 
moduli k0.4 at 40% of the estimated ultimate 
load, k0.6 and k0.8, at 60% and 80% of the 
maximum ultimate load, respectively, are 
reported in Table 1. The same table also 
presents the failure loads and the coefficients of 
the approximating shear-slip analytical curves 
for the pre-peak behavior, which is modeled 
according to Eq. (1), [10]. The mean values, 
range of variation and standard deviations σ of 
shear strength and slip moduli are additional 
information provided in Table 1.  

( )( ) psssPP <−−= for      exp1max
αβ               (1) 

Table 1 Shear test results: slip moduli and shear strength with coefficients for the analytical 
approximation of the shear force-slip relationship  

Mean slip modulus Pre-peak behavior – Eq. (1) Failure 
load k0.4 k0.6 k0.8 Pmax α β 

Slip sp Type Values 

[kN] [kN/mm] [kN/mm] [kN/mm] [kN] - [mm-1] [mm] 

SST+S 
Range 

average 
σ 

69.7-82.6 
76.5 
6.1 

11.7-25.5 
17.0 
5.9 

13.9-20.4 
16.6 
2.7 

13.1-18-5 
14.7 
2.6 

75.625 1.525 0.475 15.0 

SP+N 
Range 

average 
σ 

37.0-43.0 
40.0 
4.3 

5.0-5.7 
5.3 
0.5 

3.1-3.5 
3.3 
0.3 

2.4-3.0 
2.7 
0.4 

104 0.55 0.0105 16.0 

The SST+S type connectors appeared to be the most ductile system. The resistance was still 
increasing after 15mm slip demonstrating significant plastic deformations from approximately 5mm 
slip on. The screws failed in bending due to a plastic hinge formation into the concrete slab, and no 
crack appeared in the concrete slab throughout the test. The failure modes of the connectors are 
showed in Fig. 4a.  

 

The characteristic failure mode for the 
SP+N connector type is presented in 
Fig. 4b. The tests were stopped when 
the concrete started to crack although 
the maximum load was not reached. 
The crack in the concrete slab occurred 
due to the rotation of the steel plate. 
Shear failure was observed in the 
concrete slab while the nails remained 
undamaged. 

Fig. 4 Failure modes in the connections: a) SST+S connector type, b) SP+N connector type 

4. Bending tests 
Five timber-concrete composite specimens representative of strips of full-scale floors were tested to 
failure. The specimens are represented in Fig. 5. Two beam specimens had the connection system 
SP+N (see Fig. 1b) made from steel plates embedded in the concrete slab and nailed on the glulam 
beams at 600mm centre (Specimens 1&5), Fig. 5a.  

a) b)



 

 

 
Fig. 5 Elevation of Specimens 1&5 (a), Specimens 2&4 
(b), and Specimen 3 (c) (measures in mm) 

The other three beams had shear 
connectors type SST+S made from 
inserted steel tubes (see Fig. 1a) spaced 
at 250mm (Specimens 2&4, see Fig. 5b), 
while another specimen had the same 
type of connectors but spaced at 500mm 
center (Specimen 3, see Fig. 5c). The 
test specimens had a span length of 
4800mm. They were made from 
60×1600mm prefabricated concrete slab 
with strength class C20/25 and three 
90×270mm strength class GL28c glulam 
beams spaced at 600mm centre, Fig. 6. 
The Young’s modulus of glulam was 
measured in four-point bending tests 
carried out on one timber joist which 
was removed from the composite beam 
after the collapse tests. A mean value of 
Ew=10700 MPa was found. The mean 
density of glulam beams was 458kg/m3 
and the mean moisture content was 10%. 
The average cubic compression strength 
of concrete was 55.7MPa. 

5. Experimental and numerical results 
The full-scale timber-concrete composite beams were subjected to four-point bending loading and 
tested to failure. Both mid-span deflection vmax and relative slip over the support smax were measured 
using potentiometers. The results are presented in Fig. 7a, Fig. 7b and Fig. 8 for the specimens with 
connection type SP+N, SST+S with spacing 250mm, and SST+S with spacing 500mm. The figures 
illustrate the experimental total load 2P vs. mid-span deflection curve. In the same figures, the 
numerical curves, obtained using a uniaxial finite element model for collapse and long-term 
analysis of timber-concrete composite beams, are also reported. In such a model, the analytical 
approximations of the actual non-linear shear force-relative slip relationship measured in the direct  

Fig. 6 Cross-section of Specimens 1-5 
(measures in mm) 

shear tests on the connection system was implemented. 
The detailed description of FE model used in the 
numerical analyses is reported in [11]. The 
approximating analytical curves obtained using the 
Annex B formulae of the Eurocode 5-Part 1-1 are plotted 
as well. Those curves were obtained using the 
experimental secant shear moduli of the connection, 
k0.4exp and k0.6exp, at 40% and 60%, respectively, of the 
ultimate shear load of the connection measured in direct 
shear tests. The curves represent the secant stiffness of 
the whole composite beams, and should be used,  

respectively, for SLS (serviceability limit state) and ULS (ultimate limit state) verifications as 
recommended by Ceccotti [1] and Ceccotti et al. [12].The experimental results fall inside two limit 
curves representing the behavior of the timber-concrete system with no connection and with rigid 
connection, also reported in the graphs. The main experimental quantities such as the collapse load 
and corresponding mid-span deflection are compared with the numerical values in Table 2. The 
error of less than 10% indicates good agreement between experimental and numerical results. The 
highest collapse load was reached for SST+S connector type spaced at 250mm by Specimen 4 and 
was 2Pc=308.17kN with a corresponding 54.53 mm mid-span deflection. Based on the experimental 
value of the collapse load, the ULS load level can be estimated using the formula [12] 
2Pu=(fk/fm)·2Pc·kmod/γM while the SLS load level is given by 2Ps=2Pu/γQ. The obtained load levels 
would be: 2Pu=138.06kN and 2Ps=92.04kN if the properties are assumed according to the 
following: characteristic strength of the glulam fk equal to 70% of the mean strength fm, strength 
modification factor kmod=0.8, partial factor for material strength γM=1.25, and partial factor for 

a) 

b) 

c) 



 

variable actions γQ=1.5. Using the same procedure, SLS and ULS load levels were found for 
Specimens 1 and Specimen 3, see Table 3. 

  
Fig. 7 Total load vs. mid-span deflection for the collapse test of the composite beams with a) SP+N 
connector type and b) SST+S connectors at 250 mm centre 

 

Fig. 8 Total load vs. mid-span deflection 
for the collapse test of the beam with 
SST+S connectors at 500 mm centre 

The collapse of all beams occurred due to fracture in 
tension of the glulam beam in a cross-section with 
evident defects (knots) or in areas where finger joints 
were located. The collapse load of all beam 
specimens was 3.35 times the service design load and 
2.23 the ultimate design load. The ultimate load of 
Specimen 5 was 51% lower than that of Specimen 1. 
The collapse load of Specimen 2 was 72% lower that 
of Specimen 4. Such a significant difference could be 
caused by the scatter in the glulam strength, which 
was not separately evaluated prior the full scale 
bending tests of the composite beam. Only one four-
point bending test was carried out on the glulam joist 
removed from one of the composite specimens after 
the collapse test to measure the Young’s modulus of 
the glulam beam. Such a value of Young’s modulus 
was employed in the FE model used in numerical 
analysis of the behavior of the prefabricated 
composite systems. 

Table 2 Experimental-numerical comparison for the collapse tests and efficiencies of the systems  
Test Experimental Numerical analysis Error [%] Efficiencies [%] 

 Pmax [kN] Max deflection 
[mm] Pmax [kN] Max deflection 

[mm] Pmax Deflection SLS ULS 

Specimens 
1&5 

235.19 
(156.11) 

58.64 
(37.57) 246.0 63.36 4.4 7.4 31 26 

Specimens 
2&4 

(179.13) 
308.17 

(31.35) 
54.53 318.0 55.61 3.1 1.9 57 56 

Specimen 3 295.85 60.93 270.0 60.15 -9.6 -1.3 40 47 

The FE software was used to predict the slip s along the beam, and the corresponding shear force F 
in the connection. Furthermore, the software was used to predict the quantities not measured during 
the experimental test but needed for the design of composite beams, such as the maximum stresses 
at the bottom fibre of the glulam beam, σglulam, and at the top fibre of the concrete slab, σconcrete. The 
comparison among experimental, analytical and numerical values is reported in Table 3 for both the 
SLS and ULS design loads, where the analytical results are evaluated using the procedure suggested 
by Ceccotti [1] in accordance with the Eurocode 5 [13]. 
It can be noted that the numerical results are very close to the experimental values, therefore the FE 
software can be effectively used to extend the experimental results to composite beams with other 

a) b) 



 

geometrical and mechanical properties. The use of the analytical approach leads to accurate results 
since the differences with respect to the experimental and, wherever unavailable, numerical values 
(bold values in Table 3) do not exceed 10% for both SLS and ULS load levels in almost all cases. 
The efficiency of the connection systems, calculated using the formula suggested by Gutkowski et 
al. [4], is presented in Table 2 and was calculated at SLS and ULS load level. The efficiencies of the 
Specimens 1 to 5 vary between 26% and 57%, indicating that these efficiencies are lower than the 
values obtained in traditional composite beams with cast-in-situ concrete slabs (55%-77%, 87%-
93%) [4], [12]. Connection type SP+N, which showed the lowest efficiency, could be improved by 
using more nails or larger diameter nails and screws in order to increase the composite action 
achievable. 
Table 3 Analytical-experimental-numerical comparison for the Specimens 1-5 

SLS ULS 
Connector type Quantity Exp. Num. Anal. 

k0.4exp 
Error 

% Exp. Num. Anal. 
k0.6exp 

Error % 

νmax [mm] 14.65 14.63 15.48 5.7 23.14 23.70 24.92 7.7 
smax [mm] 1.47 1.54 2.43 65.3 2.40 2.58 2.51 4.6 
Fconn. [kN] 10.42 9.95 8.08 -22.5 13.61 13.17 8.35 -38.6 
σglulam [MPa] - 10.88 11.48 5.5 - 17.39 18.00 3.5 

SP+N 
(Specimens 1&5) 
Spacing=600mm 
SLS=70.24kN 
ULS=105.37kN σconcrete [MPa] - 7.29 7.19 -1.4 - 10.39 11.26 8.4 

νmax [mm] 14.41 14.90 14.44 0.2 21.74 22.14 21.82 0.4 
smax [mm] 1.23 1.34 1.18 -4.1 1.89 1.98 1.76 -6.9 
Fconn. [kN] 10.92 10.40 9.38 -14.1 17.01 15.89 14.61 -14.1 
σglulam [MPa] - 12.44 12.34 -0.8 - 18.60 18.57 -0.2 

SST+S  
(Specimens 2&4) 
Spacing=250mm 
SLS=92.04kN 
ULS=138.06kN σconcrete [MPa] - 8.47 7.81 -7.8 - 12.06 11.76 -2.5 

νmax [mm] 16.85 17.38 16.96 0.7 23.36 26.49 25.57 9.5 
smax [mm] 1.60 1.70 1.58 -1.3 2.05 2.62 2.34 14.1 
Fconn. [kN] 14.36 13.56 13.15 -8.4 18.46 20.53 19.47 5.5 
σglulam [MPa] - 13.06 13.27 1.6 - 20.53 19.97 -2.7 

SST+ S  
(Specimen 3) 
Spacing=500mm 
SLS=88.36kN 
ULS=132.54kN σconcrete [MPa] - 8.76 8.35 -4.7 - 12.29 12.57 2.3 

The average slip along the specimens is presented in Fig. 9a), 10a), 11a) for Specimens 1&5, 
Specimens 2&4 and Specimen 3, respectively. The diagrams report the slip at SLS and ULS load 
levels as well as close to the failure. The experimental results are compared with the numerical 
predictions. The numerical curves fit well with the experimental results at every load level, although 
the prediction of the slip is generally fairly complex being affected by phenomena difficult to model 
such as adherence and friction. This result provides a further confirmation of the accuracy of the FE 
software. 

  
Fig. 9 Experimental-numerical comparisons for slip and shear force in the connectors along the 
beam for Specimens 1&5: a) slip, b) shear force 
Figures 9b), 10b), and 11b) present the experimental and numerical shear forces in the connectors 
along the beams for Specimens 1&5, Specimens 2&4 and Specimen 3, respectively. The 
experimental values were found using the approximating curves of the shear tests results (see 

a) b) 



 

equation 1) and the slip values measured along the beam in the experimental tests to failure. Again, 
good agreement between numerical and experimental results can be noticed.  

  

Fig. 10 Experimental-numerical comparisons for slip and shear force in the connectors along the 
beam for Specimens 2&4: a) slip, b) shear force 

  
Fig. 11 Experimental-numerical comparisons for slip and shear force in the connectors along the 
beam for Specimens 3: a) slip, b) shear force 

 
6. Conclusions 
This paper presents the outcomes of an experimental programme on timber-concrete composite 
beams with prefabricated concrete slabs which included shear tests on different connection systems 
and tests to failure of five 4.8m long full-scale beam specimens. The load-midspan deflection 
curves and slip distribution along the beam span were monitored and compared with the outcomes 
of a numerical analysis carried out using finite element software purposely developed. The accuracy 
achievable using the analytical formulae suggested by Ceccotti in accordance with the Eurocode 5 
was also investigated. 
The FE model provided very good agreement with the experimental results and, therefore, was used 
to calculate quantities not measured during the experimental test but needed for the design of the 
composite beam. The use of the analytical design approach recommended by Ceccotti and based on 
the γ-method was found to provide accurate results: the error with respect to the experimental and, 
wherever unavailable, numerical values did not exceed 10% for both SLS and ULS load levels in 
almost all cases. The efficiency of the connection was calculated by comparing the experimental 
results with the analytical limits of full and no composite action and it was found that the new 
developed connection systems for prefabricated concrete slab can perform as satisfactorily as those 
for cast-in-situ slabs. The efficiency for connection with steel tubes inserted into the concrete slab at 
a distance of 250mm and screwed to the glulam beam was comparable to the efficiency achieved by 
the notched shear key connection system.  

a)

a) 

b)

b)



 

The prefabrication of concrete slabs with embedded steel tubes does not require particular moulding 
forms. The steel tubes were connected to the reinforcing steel mesh by spot welding and then placed 
into the moulding form. The pre-cast concrete slabs were easily assembled to the glulam beams 
using pre-tensioned screws where only the pre-drilling operation was required. Furthermore, easier 
storage and transport of the prefabricated concrete slab with this connector type were achieved. No 
complex moulding forms were needed to prefabricate concrete slabs with SP+N type connectors. A 
shortcoming in full scale beams with this connector type was the difficulty of placing every single 
steel plate into the right position in the moulding form. This problem was overcome by welding all 
the connector plates to a long punched metal plate running along the length of the beam and 
encased in the concrete slab. Even though the use of the punched metal plate represents an 
additional cost, it offers significant advantages with respect to the solution without plate in terms of 
improved accuracy, reduced time of construction, and increase in longitudinal stiffness of the 
concrete slab which is highly desirable during transportation of the panel. This system, however, 
provided the lowest efficiency. Improvements such as the use of more nails, larger diameter nails or 
screws will be sought in order to increase the composite action of the system. 
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