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Abstract 

Timber-concrete composite structures were originally developed for bridges and upgrading 
existing timber floors, but today they have new applications in multi-storey buildings. Most of 
the research performed to date on these structures has focused on systems in which “wet” 
concrete is cast on top of timber beams with mounted connectors. A novel composite system, 
in which the concrete slab is prefabricated off-site with the connectors embedded and then 
connected on-site to the timber joists is presented in this thesis. 

A notable benefit of prefabricating the concrete slab is that most of the concrete shrinkage will 
occur before the slab is connected to the timber beam, markedly reducing the correlated 
increases in deflection and flexural stresses in the composite beam. Another advantage of the 
prefabrication is that moving work from the building site to the workshop reduces 
construction costs. In the research presented here special attention has been paid to the 
development and use of connection systems that are easy to produce and mount in order to 
speed up the construction process.

Diverse types of shear connectors suitable for prefabrication were investigated: coach screws 
(alone or combined with a timber joist notch), metal plates (glued or nailed), dowels, and 
toothed metal plates embedded in the concrete slab. The experimental test programme 
included: (i) direct shear tests to failure of seven different connection systems, (ii) full-scale 
bending tests to failure followed by a numerical analysis, (iii) long-term tests under sustained 
load of full-scale composite beams and a following numerical analysis. The outcomes of the 
experimental tests show that it is possible to achieve good structural performance with a 
prefabricated system, particularly using the connection with coach screws and timber notches. 
The mechanical properties of the prefabricated connections can be used in the design method 
described in Eurocode 5. 

The experimental-numerical investigations indicate that the new shear connections are suitable 
for prefabricated timber-concrete composite structures and perform equally well as “wet” 
systems. It is possible to achieve high load-carrying capacity and stiffness (with up to 98% 
composite efficiency) using the new shear connectors, and it is feasible to manufacture timber-
concrete composite structures as prefabricated elements. An additional benefit is that some of 
the systems are fully demountable, allowing the owner to disassemble the timber beams and 
concrete panels at the end of their service life. 

From the numerical analysis it was found that at the end of service life (50 years) the 
prefabricated timber-concrete composite floors behave adequately, with a mid-span deflection 
within the acceptable limit of l/250. Numerical studies show that prefabrication off-site of the 
concrete slab results in a reduction of the long-term deflection if the slab is cured for at least 56 
days before it is connected to the timber beam. Furthermore, although propping is required 
during the manufacture of both traditional and prefabricated timber-concrete systems, the 
props should be left in place for at least seven days using cast-in-situ concrete, while for 
prefabricated concrete slabs the props need to be left in place only for one day, leading to a 
significant economic advantage. Lastly, the long-term deflection of the proposed prefabricated 
system is hardly affected by the time between the end of construction and the live load 
application.
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Sammanfattning

Samverkanskonstruktioner i trä och betong utvecklades ursprungligen för broar och 
uppgradering av träbjälklag, men idag används de även i flervåningshus. Merparten av den 
forskning som genomförts på dessa konstruktionssystem har fokuserat på fallet när förbindare 
förmonterats i träbalkarna och en betongplatta sedan gjutits ovanpå. I den här avhandlingen 
presenteras ett nytt sätt att tillverka samverkanskonstruktioner där förbindarna gjuts in i 
betongplattan och träbalkarna monteras dit efter att betongplattan härdat. 

En fördel med att prefabricera betongplattan är att betongens krympning utvecklas innan 
plattan sätts ihop med träbalkarna, vilket starkt reducerar krympningens ökning av nedböjning 
och böjspänning i samverkanskonstruktionen. En annan fördel är att prefabricering reducerar 
kostnaderna genom att flytta arbete från byggplats till fabrik. Forskningen i denna avhandling 
har särskilt fokuserat på att utveckla förband som är enkla att producera och montera för att 
effektivisera byggprocessen. 

Olika typer av förbindare lämpade för prefabricering har undersökts; franska träskruvar 
(ensamma eller i kombination med ett urtag i träbalken), stålplåtar (limmade och spikade), 
dymlingar och spikplåtar som gjutits in i betongplattan. De experimentella testerna har 
omfattat; (i) skjuvförsök på 7 olika förbandstyper, (ii) böjprov i full skala till brott kompletterat 
med en numerisk analys och (iii) långtidsförsök i full skala med konstant last kompletterat med 
numerisk analys. Resultaten av experimenten visar att det är möjligt att åstadkomma goda 
mekaniska egenskaper för prefabricerade system, särskilt om förbandstypen med franska 
träskruvar kombinerat med ett urtag i balken används. De mekaniska egenskaperna för de 
prefabricerade förbanden kan användas i dimensioneringsmetoden i Eurocode 5. 

De experimentella och numeriska undersökningarna visar att de nya förbandstyperna är 
lämpliga för prefabricerade samverkanskonstruktioner och att de har samma prestanda som 
platsgjutna system. Det är möjligt att nå hög bärförmåga och styvhet (upp till 98% 
samverkansgrad) med de nya förbanden. Det är också möjligt att tillverka prefabricerade 
samverkansbjälklag och vissa av dem har också fördelen att de kan demonteras när livslängden 
nåtts.

De numeriska analyserna visar att i slutet av livslängden (50 år) har prefabricerade system 
fortfarande goda mekaniska egenskaper. Nedböjningen i mittsnitt ligger inom den accepterade 
nedböjningen l/250 (Eurocode 5). Från de numeriska analyserna kan man också konstatera att 
prefabricering resulterar i en reduktion av nedböjningen över tid om betongplattan får härda 
åtminstone 56 dagar innan den sätts samman med träbalkarna. Produktionsmetoden för 
bjälklagen (stämpat eller inte) påverkar de platsgjutna systemen mera. Stämpen skall lämnas kvar 
i minst sju dagar i ett platsgjutet system, medan i ett prefabricerat system kan stämpen tas bort 
efter en dag, vilket leder till en ekonomisk fördel. Slutligen kan konstateras att 
långtidsnedböjningen påverkas mycket lite av tiden mellan montage och påförsel av nyttig last. 
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1
Introduction

This chapter presents an introduction to timber-concrete composite systems and their applications, the aims, 
scope and limitations of the research, and outlines the structure of the thesis. 

1.1 Background

Timber-concrete composite structural systems have been investigated for nearly 80 years. 
Floors of composite timber and concrete have been used successfully in highway bridges, 
hangar aprons, wharves, piers, buildings and platforms since the early 1940’s (Richart and 
Williams). One of the first projects carried out on timber-concrete composite structures was 
described by McCullough (1943) who performed experimental tests (known as the Oregon
tests) on timber-concrete composite beams, prompted by a desire of the Oregon State Highway 
Department (USA) to develop a cost-effective short-span highway bridge. In many European 
countries timber-concrete composite constructions are being increasingly used in upgrading 
and post-strengthening of existing timber floors in residential/office buildings as well as new 
constructions for buildings and bridges (Ceccotti 1995). In the 1980’s and 90’s special attention 
was paid to timber multi-storey buildings and public structures. The most pertinent work was 
done by Natterer (1996) who proposed a system with vertical nailed planks for floors of new 
residential and public buildings that was applied in multi-storey buildings. Most research on 
wood-concrete composite structures has been performed on various types of shear connectors, 
used together with standard concrete and timber/glued laminated glulam beams or wooden 
decks. However, a few researchers have also explored the possibilities of using different 
concrete or other wood-based engineering materials. 

Figure 1.1 Example of “wet” timber-concrete composite system 
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Most of the research performed to date and currently in progress on wood-concrete composite 
systems is focused on systems in which “wet” concrete is cast on top of timber beams with 
mounted shear connector systems (traditional/”wet” timber concrete composite systems). An 
example of a “wet” timber-concrete composite system with mounted shear connectors is 
illustrated in Fig. 1.1.

In timber-concrete composite structure the concrete topping mainly resists compression, while 
the timber joist resists tension and bending, and the connection system transmits the shear 
forces between the two components. Advantages over wooden floors include the increased 
load-carrying capacity, higher stiffness (which leads to reductions in deflections and 
susceptibility to vibrations), improved acoustic and thermal properties, and higher fire 
resistance. There are also some advantages relative to normal reinforced concrete floors, 
notably cracks in the tensile region of reinforced concrete slabs may promote penetration of 
moisture and corrosion of the steel rebars. Further, the lower part of a concrete slab (40-60% 
of the depth) is generally ineffective since it is cracked and thus non-resistant. By replacing that 
part with a resistant solid wooden deck, the overall depth of the concrete slab can be reduced 
by about 50% and, thus, the self-weight of the structure can be markedly decreased 
(Gutkowski 2000). 

The connection system is a crucial part of any timber-concrete composite system. The 
connection needs to be stiff and strong to maximize the composite action, but its number of 
components and installation time should be minimal, to make the system cost effective (Deam 
et al. 2008). Evaluating the connection’s stiffness is important because the behaviour (static and 
dynamic) of the composite concrete-wood structure is strongly influenced by the slip between 
the beam and the slab (Gelfi et al. 2002). Hence, the design of timber-concrete composite 
structures generally requires consideration of the slip occurring in the joint between the timber 
and concrete. A method for calculating shear connector loads from mechanically jointed beams 
or columns is given in Annexes B and C of Eurocode 5 Part 1-1 (EN 1995-1-1:2004), and the 
design of timber-concrete connections is addressed in Eurocode 5 Part 2 (EN 1995-2:2004). In 
many cases, however, the load-carrying capacity and slip modulus of the connection have to be 
determined by empirical tests since Eurocode 5 only provides guidelines to calculate 
parameters of laterally loaded dowel-type fasteners inserted perpendicular to the shear plane 
(Blass and Schlager 1996).

However, despite the many advantages of timber-concrete composite structures, the use of wet 
concrete also has disadvantages, notably:

(i) the introduction of a “wet” component in the typically “dry” construction 
processes applied in timber buildings;

(ii) the time needed for the concrete to set, which adds to the time required on-site 
before the next scheduled action can be taken;

(iii) low stiffness and high creep while the concrete cures, which is particularly 
unfavourable for unpropped composite beams, hence propping of beams at mid-
span is crucial to minimize permanent deflection and enable the development of 
sufficient initial composite stiffness to sustain the full self-weight of the concrete 
slab (Yeoh et al. 2008);

(iv) the high cost of cast-in-situ concrete slabs, mainly due to the cost of transporting 
fresh concrete and the use of props, formwork such as planks/particleboard or 
plywood sheets as composite components, which further increases the self-weight 
of the structure, and use of separating layer-foil between the concrete and timber to 
prevent the timber coming into contact with wet concrete; and
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(v) potential problems of quality control.

Moreover, excessive shrinkage of concrete causes additional deflection, hence low shrinkage 
concrete is desirable in timber-concrete composite structures to minimize any permanent 
deflection (Yeoh et al. 2008).

No previous research has explicitly focused on timber-concrete composite systems in which 
“dry-dry” shear connectors are embedded in the concrete slabs so the slabs and the timber 
beams can be connected off-site. Some previous attempts have been made to develop 
prefabricated composite systems (Toratti and Kevarinmäki 2001, Bathon et al. 2006, Buchanan 
et al. 2008), but in the cited studies wet concrete was still cast on timber beams with inserted 
shear connectors.

1.2 Aims and scope 

The overarching purpose of this research project was to explore the mechanical performance 
(static short- and long-term, and dynamic) of “dry-dry” shear connectors for mounting in a 
prefabricated concrete slab in such a way that the concrete slab and glulam beams can be 
connected off-site. Such a prefabricated timber-concrete composite system can significantly 
reduce all the aforementioned drawbacks of the “wet” systems.  

Concrete exhibits creep and drying shrinkage, but by increasing the curing time before the 
assembly of the prefabricated concrete slab with the glulam beam the long-term deflection can 
be reduced in comparison to traditional composite floors. Particular focus was placed on 
thoroughly characterising the stiffness of the investigated shear connectors, and ensuring that 
they met the current specifications in Appendix B of Eurocode 5 for “dry-dry” shear 
connectors. Finally, the influence of various parameters on their long-term (50-years) structural 
performance was explored, especially the influence of concrete shrinkage. 

Specific questions addressed by the work presented in this thesis include the following: 

How can “dry-dry” shear connectors reduce the drawbacks of the “wet” composite systems? 

How does the stiffness of “dry-dry” shear connectors affect the overall structural short- and 
long-term, and dynamic, performance of prefabricated timber-concrete composite structures?

Which parameters affect the long-term structural performance of prefabricated and 
traditional/“wet” timber-concrete composite structures?

Can the guidelines provided in Eurocode 5 for the design of timber-concrete composite 
structures be applied for serviceability and ultimate limit state verifications of systems with 
“dry-dry” shear connectors? 

1.3 Limitations

The work presented in the thesis has several limitations, including the following. No full-size 
floor experiments on vibrations with dynamic loading were performed, only simple impact 
tests with a hammer were carried out to determine the natural frequencies of the tested floor 
specimens. No fire tests on single shear connectors or on full-scale specimens were performed. 
Long-term tests were performed only on full-scale floor specimens (T-beams) and no creep 
tests on single shear connectors were carried out. The numerical analyses did not include 
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different configurations of geometrical and mechanical properties and the glulam (of spruce) 
was of Swedish origin. No traditional/“wet” systems with “dry-dry” shear connectors were 
tested.

1.4 Outline of the thesis 

This doctoral thesis consists of two parts: part I summarizes the research project and contributes 
additional information, which is not presented in the appended papers (in part II). Part I also 
presents background theory related to the analytical and numerical methods applied in studies 
described in the papers, which present most of the experimental, analytical and numerical 
results. Since Part I includes supplementary information, references that were not incorporated 
in the appended papers are also cited.  

Part I Introduction, main results and extension of work 

Chapter 2 provides an overview of previously reported shear connection systems. In Chapter 3 
a theoretical background for the design of composite timber-concrete composite structures at 
serviceability and ultimate limit states is given. Chapter 4 presents a full description of the 
program of experiments performed on shear connectors and composite structures. The last 
section in Chapter 4 describes the FE model which was used for numerical and parametric 
studies. Chapter 5 includes the main experimental results from the studies presented in all of 
the papers, extended with further results from certain tests. These supplementary experimental 
results gathered in Chapter 5 were not presented in the appended papers, but are of interest 
since they link the discussion of pre-cast timber-concrete composite structures together. In 
Chapter 6 the main findings in Papers I-V are discussed. The most essential findings from this 
research project are summarized in Chapter 7, giving the reader an overview of the new 
technique for combining pre-cast concrete slabs with timber, together with its advantages and 
shortcomings. A few proposals for continuing the research pursued in this project are suggested 
in Chapter 8.

Part II Appended papers  

Paper I “Performance of Connections for Prefabricated Timber-Concrete 
Composite Floors” by Elzbieta Lukaszewska, Helena Johnsson and Massimo Fragiacomo 
was first published online in Materials and Structures in January 2008, 41:1533-1550. Elzbieta 
Lukaszewska’s contribution to this paper was the design of the novel connector types, 
planning, participating and performing the shear tests and evaluating the test results. 
Furthermore, the experimental part of the paper, including presentation of experimental 
results, was written by Lukaszewska. The purpose of the experimental study performed on 
different shear connector types presented in this paper was to select suitable shear connectors 
for prefabricated timber-concrete composite structures.  

Paper II “Evaluation of the slip modulus for ultimate limit state verifications of 
timber-concrete composite structures” by Elzbieta Lukaszewska, Massimo Fragiacomo 
and Andre Frangi was published in 2007 in the Proceedings of CIB-W18, the International 
Council for Research and Innovation in Building and Construction – Working Commission 
W18 – Timber Structures Conference in Bled, Slovenia, 2007. Elzbieta Lukaszewska’s 
contribution to this paper was collecting data, writing and evaluating the experimental test 
results from other researchers on different shear connector types. In this paper, the current 
design procedure described in Appendix B of Eurocode 5 for timber-concrete composite 



  Introduction   

5

structures with evaluation of slip modulus for serviceability and ultimate limit state verifications 
of those structures is discussed. Recommendations are made for choosing slip moduli for 
designing timber-concrete composite structures.

Paper III “Laboratory Tests and Numerical Analyses of Prefabricated Timber-
Concrete Composite Floors” by Elzbieta Lukaszewska, Massimo Fragiacomo and Helena 
Johnsson was submitted to Journal of Structural Engineering in November 2008, resubmitted after 
review in April 2009, and accepted for publication in May 2009, finally the paper has been 
posted ahead of print from June 2009 (10.1061/(ASCE)ST.1943-541X.0000080). Elzbieta 
Lukaszewska’s contribution to this paper included the design, participation in the reported 
bending tests and evaluation of the test results. Furthermore, the experimental part of the 
paper, including the presentation of experimental results, was written by Lukaszewska. 
Numerical, short-term and parametric tests were included. The numerical analysis was 
performed by Lukaszewska using the FE model developed by Fragiacomo. The purpose of the 
short-term tests was to evaluate the behaviour of two types of shear connectors in composite 
beams. The aim of the parametric study presented in this paper was to evaluate the 
performance of different shear connectors that were not tested in short-term tests.  

Paper IV “Time-dependent behaviour of prefabricated timber-concrete composite 
floors. Part 1: Experimental testing” by Elzbieta Lukaszewska, Massimo Fragiacomo and 
Helena Johnsson was submitted to Engineering Structures Journal in May 2009. Elzbieta 
Lukaszewska’s contribution to this paper included the design, participation in the long-term 
tests and evaluation of the test results. Moreover, the experimental part of the paper, including 
the presentation of experimental results was written by Lukaszewska. The aim of long-term 
tests described in this paper was to evaluate the behaviour of prefabricated timber-concrete 
composite structures exposed to varying environmental conditions. The outcomes of those 
tests were further studied and used to predict the long-term behaviour of composite structures 
at the end of their service life (50 years).   

Paper V “Time-dependent behaviour of prefabricated timber-concrete composite 
floors. Part 2: Numerical modelling and parametric study” by Elzbieta Lukaszewska 
and Massimo Fragiacomo was submitted to Engineering Structures Journal in May 2009. Elzbieta 
Lukaszewska performed the numerical analyses, using the FE model developed by Fragiacomo, 
presented in this paper. The purpose of the long-term numerical modelling was to evaluate the 
behaviour of composite beams with novel shear connectors at the end of their service life (50 
years). The aim of the parametric study presented in this paper was to estimate the influence of 
different factors on the long-term behaviour of prefabricated and traditional (cast in-situ) 
timber-concrete composite structures.
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2
Shear connectors in timber-concrete composite structures 

This chapter presents a literature review of existing shear connectors used in timber-concrete composite 
structures. Various applications of traditional composite systems are also presented.

2.1 “Oregon tests” – the first timber-concrete composite connectors 

Some of the first full scale bending tests on composite systems were performed between 1938 
and 1942 in the Talbot Laboratory, University of Illinois (USA), on 32 composite beams, 
primarily to compare various shear connections (Richart and Williams 1943). 

The shear connections were (i) triangular steel plates with 40 in. (ca. 101.6 mm) long sides 
(Fig. 2.1a) (in one case inclined 15o inward, mid-span) (ii) triangular steel plates supplemented 
with spikes, which acted as ties (Fig. 2.1b), (iii) vertical lag screws or railroad spikes (Fig. 2.1c) 
(also with 45o inclination), and (iv) sloped notches with or without spikes (Fig. 2.1d). 

Figure 2.1 Details of composite beams tested by Richart and Williams (1943): (a) triangular plates, 
vertical, (b) triangular plates and spikes, (c) lag screws or spikes, (d) sloped notches and spikes 

The beams with triangular plates units and spikes gave the best results as a group. They had 
high load carrying capacity, good integral beam action and developed small slip and 
deflections. Most of the other shear connectors showed fairly satisfactory strength and stiffness 
(Richart and Williams 1943).  

a)

c)

b) 

d) 
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The cited authors were also pioneers in performing long-term tests on timber-concrete 
composite structures, and their main conclusions were that the differences in volume change 
(shrinkage or expansion) of the two materials of the composite beam, measured in these tests 
over a 2½ year period, appeared to have little or no effect upon the strength of the beams, as 
compared to beams tested 28 days after fabrication. There was no indication of separation of 
the two elements of the beams and the stiffness and integral action were, if anything, slightly 
superior for the 2½-years-old beams.  

In a study published in the same year 22 full size composite beams were tested to destruction 
by McCullough (1943). Five types of shear connections were examined, consisting of spikes, 
daps in the timber, a combination of spikes and daps, pipe dowels and flat steel plates. The 
main objectives of the tests were: (i) to determine the relative ultimate flexural strength and 
relative deflection of the composite beams in comparison to plain timber beams of equal 
dimensions and under equal load, (ii) to investigate the effect of repeated or alternated loads, 
(iii) to investigate the effects of thermal changes, (iv) to study the general action of the 
composite beams under various load increments, the character and extent of shear distortion 
both elastic and plastic, and (v) to develop a theory of design for composite structures.  

The following conclusions were drawn from the tests: (i) the ultimate strength of a composite 
beam is at least twice that of the same elements with no interlayer connection; (ii) the 
deflection of a composite beam under a given load will be no more than 25% of the 
corresponding deflection for the same materials, of the same sizes, used independently; (iii) 
repeated loading did not appear to have any detrimental effect on this type of construction. 
The secondary bending resulting from thermal effects does not appear to induce stresses of 
sufficient magnitude to cause concern; however, the development of tension due to restraint in 
the lower portions of the concrete slab indicates that adequate longitudinal temperature 
reinforcement should be provided.

Based upon the results of the Oregon tests a composite design was developed by the Oregon 
Highway Department and more than 180 bridges, with a total length in excess of 20000 feet 
( 6100 km), have been constructed using it (Baldcock 1941).  

2.2 Strengthening of old timber structures and renovation of wooden bridges 

In some countries in Europe composite timber-concrete composite structures have become 
popular for renovation works and strengthening old timber structures (i.e. timber floors in old 
masonry structures; (Fig. 2.2) (Ceccotti 1995).
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Figure 2.2 Example of seismic strengthening of an existing timber floor in a mid-European masonry 
building using a timber-concrete composite system (Ceccotti 1995) 

One of the first applications in historic buildings was installed in Bratislava, in the former 
Czechoslovakia, in 1960 and is mentioned by Poštulka (1983). The system, which included use 
of 6.3  180 mm long nails, for strengthening wooden floors led to ca. four-fold increases in 
load capacity and stiffness, at less than half the costs of building a new floor. In Godycki et al. 
(1984) the renovation of more than 10000 m2 timber floor in ód , Poland, is described, using 
concrete joined with nails. Turrini and Piazza (1983a,b) describe the restoration of historic 
buildings in Italy using steel dowels glued in timber with a concrete layer poured on the floor. 
In other refurbishments of historic buildings in Italy presented by Blasi et al. (1992) corrugated 
metal sheets were used as lost formwork. In addition, a technique for renovating old timbers 
by adding a concrete slab and an L-shaped sheet metal nailed plate embedded in the concrete 
and nailed to wood was proposed by Van der Linden and Blass (1996). 

Wooden floors in ancient buildings are not the only structures in need of renovation and 
strengthening that can be treated in this kind of manner. There are, for instance, many 
deteriorated short-span wooden bridges to which a concrete layer can be added on top of the 
old wooden structure, and large numbers of timber-concrete bridges were built in Australia 
between the 1950’s and 80’s with lengths varying between 6 and 37.3 m and in New Zealand 
in the 70’s with spans from 6 m to 24.5 m (Dias 2005, and references therein, including Nolan 
2002, and Nauta 1984). 

2.3 Timber-concrete connections 

Fig. 2.3 summarizes the most commonly used methods of joining concrete to timber, as 
originally classified by Ceccotti (1995). The shear connectors are grouped, according to their 
stiffness, in four groups: connectors in group A have the lowest stiffness while connectors in 
group D are the stiffest (with twice as much bending stiffness as those in group A). With group 
D type connections it is possible to achieve full composite action between timber and concrete 
(Ceccotti 2002).  
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Figure 2.3 Examples of timber-concrete connections with: nails (A1); glued reinforced concrete steel bars 
(A2); screws (A3); inclined screws (A4); split rings (B1); toothed plates (B2); steel tubes (B3); steel 
punched metal plates (B4); round indentations in timber, with fasteners preventing uplift (C1); square 
indentations, ditto (C2); cup indentations and prestressed steel bars (C3), nailed timber planks deck and 
steel shear plates slotted through the deeper planks (C4), steel lattice glued to timber (D1); and steel plate 
glued to timber (D2).

Group A connectors have the advantage of being inexpensive and straightforward to install. 
However, as mentioned above they are generally considered to be the least rigid. Connectors 
in group B have been shown to have higher rigidity, ductility and ultimate strength than 
dowel-type connectors (Blass and Schlager 1996, Mungwa et al. 1999). The reason for this is 
that nails and screws typically cause wood splitting failure, whereas tubular-type connectors 
(rigid ring connectors, in particular) provide greater rigidity and can cause wood shear plug 
failure, which generally occurs at higher loads (Clouston et al. 2004). Group C connectors, in 
which notches (shear keys) have been cut into the wood and reinforced with anchorage 
devices such as post-tensioned bolts or lag screws, have been shown to have similar to 
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moderately better strength and slip resistance than group B connectors (Blass and Schlager 
1996). The horizontal shear forces are transmitted through the shear key with little interlayer 
slip, while the dowels work in traction to resist the vertical load component. The last (group 
D) connectors are generally considered to have the greatest rigidity, as mentioned above. In 
this group design calculations for connections can be easily made since there is no slip between 
the concrete layer and timber member and the concrete section can be “transformed” to an 
equivalent timber section with the same centre of gravity. In contrast, connections in groups 
A-C are semi-rigid composites, subject to varying levels of slip, which require more complex 
design procedures (Clouston et al. 2004). Analytical solutions as well as finite element based 
solutions for partial composite action have been proposed by many researchers. Their semi-
rigid behaviour will be discussed in Chapter 3.

Existing shear connectors will be discussed further in this chapter in terms of their strength and 
stiffness as determined in shear tests. The shear connector performance in composite systems 
will be analysed in terms of observed efficiency where data are available. 

2.3.1 Epoxy glue as a shear connector 

Pincus (1969) investigated the use of an epoxy resin compound to bond horizontal concrete 
flanges to vertical wood beams. Five wood-concrete composite T-beams were tested to 
destruction. No appreciable slip between the two materials was found prior to the final failure, 
indicating that the system had true composite action. However, important effects that should 
be considered in glued wood-concrete beams are environmental conditions before and after 
bonding, timber moisture contents and tensile strength variability, the compatibility with 
preservative treatments, effects of repeated loads, impact loading, the compatibility of the 
epoxy and concrete, and the long-term behaviour of the system. These aspects were not 
considered and therefore remained unknown. Eight composite epoxy bonded wood-concrete 
T-beams with nails added along the beam to serve as supplementary mechanical shear transfer 
devices were subsequently tested (Pincus 1970). It was found that applying epoxy glue to 
vertical boards or wood beams and immediately casting the concrete on the beams is an 
efficient constructional procedure that results in wood–concrete composite beams. The beams 
had negligible slip between concrete and timber before final failure. The maximum slip at the 
end support was 0.305 mm (0.0120 in.). The small magnitude of the slip is indicative of 
excellent adhesion compared with the maximum slip of 1.52 mm (0.06 in.) recorded in the 
tests performed by Richart and Williams (1943) using mechanical shear connectors. Using nails 
as additional shear transfer devices increases the horizontal shear capacity at the wood-concrete 
interface. The nails, which were driven into the wood before application of the epoxy and 
casting of the concrete, resulted in increases of up to 50% in sliding shear failure load for the 
specimens tested. 

Recently Brunner et al. (2007) proposed a similar approach to the one described by Pincus in 
1969: the “wet on wet process”, in which fresh concrete is poured onto epoxy-based adhesive 
while the adhesive is still wet. This technique provides a rigid connection, but it is a very 
delicate process, because of the danger of the concrete displacing the adhesive when it is 
poured.

2.3.2 Epoxy glued-in continuous shear connectors 

Piazza and Ballerini (2000) carried out experimental tests on 6 m long full-scale specimens (Fig. 
2.4) with eight different connector types, complemented by push-out tests on single 
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connectors and numerical analyses to verify the influence of the connection systems on the 
mechanical behaviour of the composite beams.

Figure 2.4 Geometry of specimens tested by Piazza and Ballerini (2000) (dimensions in mm)

One of the connection systems was made with 2 mm thick steel sheets epoxy-glued to timber 
(Fig. 2.5). The steel sheet connector type showed a linear response nearly right up to failure, 
followed by a pseudo-plastic branch, due to the progressive failure of the connection (Piazza 
and Ballerini 2000). The failure occurred due to the shear collapse of the timber nearest the 
glue surface. Strength at failure was about 30 kN/m2, with a corresponding mid-span 
deflection of about 70 mm. The bending strength of this glued-in system is about 2.5 times 
higher than that of timber beams. The composite action achieved for this type connector was 
about 90%.

Figure 2.5 Steel sheet (appropriately shaped and drilled) epoxy glued to timber (after Piazza and 
Ballerini 2000) (dimensions in mm) 

Bathon and Graf (2000) introduced a continuous wood-concrete composite system in which a 
steel mesh embedded in a concrete slab is inserted into a continuous slot in the wooden beam 
and connected by an adhesive, Fig. 2.6, providing a rigid but ductile connector between the 
wood and concrete. The ultimate shear failure load was found to be on average ca. 90 kN, 
with an average displacement of 1.8 mm.

Full-scale specimens (5400 mm long, with 600 mm wide  70 mm high concrete slabs and 
wooden beams with cross-section dimensions of 100 mm  200 mm height) were used in 
bending tests. The ultimate failure load was on average 70 kN, with an average mid-span 
deflection of approximately 42 mm (Bathon and Graf 2000). 
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Figure 2.6 Example of prefabricated wood-concrete composite floor panels, Bathon and Graf (2000) 
(www.hbv-systeme.de)

Clouston has investigated the same type of connector for use with U.S. manufactured products 
(Clouston et al. 2004, Clouston et al. 2005, Clouston and Schreyer 2006) with five different 
adhesives. The shear connector reached ultimate loads of approximately 52 kN, with a 
corresponding slip modulus of 22.8 kN/mm. Two bending tests were performed on 4500 mm 
long specimens with concrete slabs of 76  610 mm and Parallel Strand Lumber (PSL) of 89 
241 mm. The average ultimate capacity was 119 kN, with a corresponding mid-span 
deflection of about 50 mm. It was found that the wood composite beam behaves as a full 
composite action system (Clouston et al. 2004). The comprehensive report (Clouston et al. 
2005) from tests performed on this continuous steel-mesh connector type showed that the 
wood concrete composite beam has just 3% lower effective bending stiffness than that of a 
beam with full composite action. 

The continuous steel-mesh solution was approved for the HBV-Building System, a prefabricated 
modular system with wall-, floor-, and roof-elements (Bathon et al. 2006). The prefabricated 
modular HBV-building elements consist of a concrete slab (100 mm thick and 2500 mm wide 
with varying length) and multiple girders with a cross-section of 76  203 mm at 625 mm 
spacing (Bathon et al. 2006). The long-term performance of the HBV-system is described in 
Bathon et al. (2006). A recommendation from the long-term tests is that in order to 
compensate for the long-term deflection of the wood-composite system a sufficient negative 
deflection (cambering of the wooden section) should be included in the design.  

2.3.3 Glued-in shear connectors 

Floor specimens assembled by means of glued-in steel connectors showed better mechanical 
responses that those assembled using mechanical connectors. Furthermore, the specimens with 
glued-in shear connectors are less sensitive to the loading/unloading cycles in terms of residual 
displacements.

Two glued-in type connectors were tested in the experimental test program presented by 
Piazza and Ballerini (2000) and described in section 2.3.2 (Figs. 2.7 & 2.8). One connection 
system was made with  16 mm bent dowels glued to timber (Fig. 2.7), while the other one 
included concrete stocky dowels coupled with  16 mm steel ribbed dowels epoxy-glued to 
timber (Fig. 2.8).

The behaviour of these shear connectors in composite structures was characterised by a quite 
linear response up to about 50% of the failure load, followed by a post-elastic hardening 
branch, due mainly to the non linear-behaviour of connections the hardening branch shows a 
stiffness which ranges between 70% and 85% of composite efficiency for bent dowels and 

http://www.hbv-systeme.de
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concrete dowels, respectively. Strength at failure was about 25 kN/m2, with corresponding 
mid-span deflection of about 70 mm for bent dowels, while for concrete stocky dowels with 
steel dowels the strength was about 30 kN/m2, with corresponding mid-span deflection of 
about 50 mm. The bending strength of this glued-in system, with bent and concrete stocky 
dowels, was about 2.0 and 2.5 times that of timber beams, respectively.  

Figure 2.7 Bent dowels epoxy glued into the timber (after Piazza and Ballerini 2000) (dimensions in 
mm)

Figure 2.8 Concrete stocky dowel with steel dowels epoxy glued to timber (after Piazza and Ballerini 
2000) (dimensions in mm) 

Ceccotti et al. (2006) reported the outcomes of a comprehensive test performed on a timber-
concrete composite system with glued-in connections (Fig. 2.9), realized using  18 mm 
corrugated re-bars, which were placed in holes drilled in timber beams and filled with epoxy 
resin. The spacing of the connectors varied from 150 mm over the supports to 300 and 450 
mm in the middle of the span. After a preliminary short-term test, the beam was subjected to 
sustained load for five years, in outdoor conditions. After the long-term test, the beam was 
ramp-loaded to failure. The main observation from the test was that the mid-span deflection 
markedly increased during the first two years of the long-term test, with a final value below 
the limit adopted by national regulations. The collapse load was 2.44 times the service design 
load. For the tested beam, the composite efficiency values were 93% and 87% from half the 
serviceability load and the actual collapse load, respectively, confirming that the connection 
was very stiff.
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Figure 2.9 Cross-section of the composite beam tested by Ceccotti et al. (2006) (dimensions in mm) 

2.3.4 Vertical, inclined nails, screws, bolts and horizontal shear connector types

Unnikrishna (1977) used commercially available 3 mm and 5 mm wire nails as shear 
connectors in systems subjected to 28 push-out tests. The obtained loads for nails of  3 mm 
per shear connector were between 2.2 kN for inclined nails (with the head pointing in the 
opposite direction of the shear) and 4.0 kN for straight nails. For  5 mm nails the loads were 
between 5.2 kN for inclined nails (with the head pointing in the direction of the shear) and 6.4 
kN for straight nails. The corresponding slip was >15 mm. The main conclusions were that 
the minimum spacing of nails should not be less than 10 times their diameter, the length of 
embedment of the nail into concrete should be at least 25 mm in the compressive zone and the 
penetration into the timber beam at least two–thirds of the length of the nail. Placing the nails 
at an inclination of 45o, with the head pointing in the direction of the shear on the timber 
surface will result in higher strength and lower slips.  

Two different shear connection types, one horizontal and one vertical, were investigated and 
used in the construction of a composite floor and staircase for an acoustics laboratory (Murthy 
1984). In the beams with horizontal shear connectors, timber ribs were slotted over a depth of 
37 mm into the concrete topping slab. The shear connectors were made of 13 mm diameter 
mild steel rods cut from round mild steel reinforcing rods, and passed horizontally through the 
holes in the timber rib, ensuring a tight fit by making the holes in the timber of smaller 
diameter than the rods (Fig. 2.10a). Two mild steel rods of  6 mm were placed in the 
longitudinal direction of the beam on either side of the timber rib and held tightly by wires to 
the shear connectors. The beam with vertical shear connectors did not have timber ribs slotted 
into the concrete topping slab, but mild steel bolts of  16 mm were used as vertical shear 
connectors (Fig. 2.10b). 

Slip at the interface was high for beams with vertical shear connectors, but for beams with 
horizontal shear connectors almost full composite action was achieved, particularly for loads 
below 50% of the ultimate load. Due to considerable slip at the interface of the timber and 
concrete at ultimate loads the author advised use of a capacity reduction factor of about 0.7 on 
the ultimate loads calculated assuming full composite action.  
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a) b) 

Figure 2.10 Cross-sections of timber-concrete composite beams with horizontal shear connectors (a) and 
vertical shear connectors (b) (after Murthy 1984) (dimensions in mm) 

In the early 1990s the RF 2000 system was introduced, by Meierhofer (1992), which was one 
of the first types of steel fasteners produced specifically for timber-concrete composite 
structures (Figs. 2.11 & 2.12). The fastener, which has two heads, allows part of the screw to 
be fixed in concrete, and the rest in timber. Many researchers have used this type of connector 
in their studies, including Blass et al. (1995), Van der Linden (1999), Steinberg et al. (2003), 
Frangi and Fontana (2003), Dias (2005) and Jorge (2005). The system includes a special, high 
strength Stadler VB-48-7.5 × 100 steel connector, which is divided into two parts: an upper 50 
mm long part with a  of 6 mm that acts as an anchor in the concrete and a lower, threaded 
100 mm long part with a diameter of 7.5 mm that acts as an anchor in the wood.

Figure 2.11  SFS VB screw 48-7.5 100 (Jorge 2005) (dimensions in mm)

Figure 2.12 SFS VB screws in an inclined arrangement in the longitudinal direction (Jorge 2005) 

Meierhofer (1992) performed several kinds of tests to evaluate this type of connector’s 
structural performance: short-term pull-out, shear and bending tests and long-term pullout and 
bending tests of the entire composite element. Five different arrangements of connectors were 
tested in configurations with straight or inclined nails at ±45° (Fig. 2.13). 



Shear connectors in timber-concrete composite structures 

17

a)  b)

c)  d)

e)

Figure 2.13 Arrangements of the connectors in bending tests described by Meierhofer (1992)  

The highest stiffness (of about 60% of composite efficiency) was obtained with the 
arrangement shown in Fig. 2.13d. The maximum load was about 30 kN, with a corresponding 
mid-span deflection of about 20 mm. The end slip was <1.5 mm. The lowest stiffness was 
shown by connectors arranged vertically (Fig. 2.13a), for which the maximum load was about 
25 kN with corresponding mid-span deflection of 60 mm. The end slip for this arrangement 
was <6.5 mm, hence it showed more flexible connection behaviour. The long-term test results 
clearly demonstrated the superiority of the arrangement with the connectors inclined at 45
(Fig. 2.13d), for which the mid-span deflection after 250 days was around 7 mm, while for 
vertically arranged connectors it was around 22 mm. This system has been applied in many 
projects in Switzerland, in both new structures and for strengthening existing wooden floors 
(Fig. 2.14).
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Figure 2.14 Example of renovation work – SFS screws used as shear connectors (photo by A. Frangi)

In 1992 Delft University and the University of Karlsruhe started a research programme focused 
on the load-carrying capacity of timber-concrete composite beams (Van der Linden 1999, Van 
der Linden and Blass 1996). The research included shear tests, bending tests, creep tests on 
composite beams and Monte Carlo simulations of floor systems.  

Four types of timber–concrete composite beams with different types of connectors were tested. 
The concrete slabs and timber beams were connected by means of SFS screws (Fig. 2.11) 
installed at ±45o, with an interlayer of a 28 mm particleboard (Figs. 2.15), nailplates, bent at an 
angle of 90o (described in section 2.3.5, Fig. 2.20), reinforcement bar with a concrete notch 
(described in section 2.3.6, Fig. 2.25) and grooved connections in LVL (described in section 
2.3.6, Fig. 2.27). The main conclusion was that all connector categories satisfied serviceability 
and ultimate limit state requirements. 

Figure 2.15 Timber-concrete connection with crossed screws (after Van der Linden 1999) (dimensions in 
mm)

The average strength reached by screws (2  2) in the shear tests was around 30 kN, with 
corresponding slip of <1.5 mm. The force decreased with increasing slip once the maximum 
load had been reached. The strongest composite beams, with the screws arrangement shown in 
Fig. 2.15, exhibited almost plastic behaviour. The maximum load per jack (in four-point 
bending tests) was 19 kN, with corresponding mid-span deflection of about 100 mm (Van der 
Linden 1999).
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Ten different kinds of high strength nails employed as shear connectors have been tested under 
static short-term loading, repeated loading and long-term sustained loading by Ahmadi and 
Saka (1993). The experimental studies showed that the ultimate load capacity of the proposed 
composite floor system with two different kinds of nails was twice as high as the non-
composite system. It was also shown that the deflection of the floor system can be reduced to a 
fifth of that of the non-composite system. Experimental studies also showed that it is sufficient 
to drive the nails into the timber joists to a depth of 11 times their diameter. It was concluded 
that an increase in the stiffness and load–carrying capacity, with at least a 50% saving in the cost 
of the timber joists compared to non-composite floors, can be achieved by simply providing 
appropriate shear connectors. The use of two selected nails in composite timber-concrete 
floors in residential buildings is described by Ahmadi and Saka (1994).  

Taka  (1996) investigated a full-scale structure (3.2 m span length) with Bulldog E75M16 type 
“one-side” dowels (spaced at 200 mm) in a long-term test for 173 days. The timber and 
concrete was bonded by dowels with wooden bolts, which were sunk 50 mm into the 
concrete, enabling concrete  bolt  dowel  timber force transfer. The investigations of 
the rheological behaviour indicated that the shift yield is highest during the first seven days 
after loading.

A flexible tubular connector named INSA–Hilti for wood-concrete composite structures was 
developed by Mungwa (1999). The INSA–Hilti connector is essentially a hollow cylinder with 
varying cross-section and wall thickness. The connector was tested in two static (push–out and 
composite slab) tests. The connector was classified as a flexible tubular connector with dowel-
type behaviour, characteristics that were corroborated in push-out tests. The connector 
showed great ductility, with relative slip observed in the tests of 16 and 22 mm (with 
maximum corresponding loads per four connectors of 163 and 160 kN), respectively. 

Gelfi and Giuriani (1999) performed experimental work with a simple kind of connection, 
suitable for strengthening, in which stud connectors obtained by simply forcing ordinary 
smooth steel bars into drilled holes in the wooden beam without resins were used.

a)

b)

Figure 2.16 Stud shear connectors for stiffening and strengthening wooden floors: direct contact connection 
(a) and interposed plank connection (b) (after Gelfi and Giuriani 1999) 



Development of Prefabricated Timber-Concrete Composite Floors

20

Two different types of connections were studied: one with the concrete slab in direct contact 
with the wood beam using  12 mm stud connectors, the other with interposed planks and 
16 mm stud connectors (Figs. 2.16a & 2.16b). The main observation from the study was that 
wood insertion lengths greater than five times the stud diameter do not considerably improve 
the connection stiffness and strength. The shear strength for the  12 mm stud ranged from 
8.3 to 10.7 kN, with corresponding slip <3.5 mm, and that of the  16 mm stud ranged from 
9.9 to 12.7 kN, with corresponding slip between 3 and 3.5 mm.

Benitez (2000) presented three types of shear connectors for potential use in new timber 
bridges and the rehabilitation of old bridges with timber girders and concrete decks (Fig. 2.17). 
Static and dynamic responses were examined of connectors consisting of: 20 mm plain mild 
steel dowel inclined at 60° (Fig. 2.17a), a circular hollow section (CHS) fitted in a groove of 
the same diameter in conjunction with 150 × M16 coach screws (Fig. 2.17b) and finally a 
universal column section (UC) fastened to timber using four 75 × M16 coach screws (Fig. 
2.17c). The average maximum loads (per two connectors) achieved in shear tests were 353 kN, 
344 kN and 121 kN for the CHS, UC and steel dowel type connectors, respectively. It was 
concluded that full composite action can be achieved with universal column sections, which 
give far better ductility than the CHS with coach screw systems, and the specimens sustained 
large forces after 100,000 cycles. 

a)  b)

c)

Figure 2.17 Shear connectors for use in composite systems to construct new, or rehabilitate old, timber 
bridges: (a) 20 mm plain mild steel dowel inclined at 60o; (b) circular hollow section ; (c) universal column 
section (after Benitez 2000) (dimensions in mm) 
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Dowel type connectors have also been tested in an experimental test program presented by 
Piazza and Ballerini (2000) and described in section 2.3.2. One connection system was made 
with  16 mm screws placed at constant spacing of 200 mm, driven into the timber to about 
140 mm (Fig. 2.18a) while the other consisted of  16 mm ribbed dowels simply placed in 
16 mm holes, which were drilled with a 45  inclination (Fig. 2.18b).  

a)

b)

Figure 2.18 Screws driven into the timber beam (a) and dowels placed into the timber at 45  (b) (after 
Piazza and Ballerini 2000) (dimensions in mm) 

The behaviour of screws in composite structures was characterised by a quite linear response 
up to about 50% of the failure load, followed by a post-elastic hardening branch due mainly to 
the non-linear behaviour of the connection. The behaviour of inclined dowels is non-linear 
due to the non-elastic responses of unglued dowels (which allow small non-elastic slip). 
Strength at failure was about 23 kN/m2, with corresponding mid-span deflection of about 55 
mm for steel screws, while for inclined steel dowels the strength was about 24 kN/m2, with a 
corresponding mid-span deflection of about 80 mm. The bending strength of this glued-in 
system was about twice that of the timber beams. 

Lehmann et al. (2001) presented a so-called flat steel lock connector, which can be utilized to 
join nail-laminated timber elements with a concrete slab. The steel connector, which has a flat, 
5  40 mm cross-section, is inclined towards shear at an angle of 5° to the vertical (Fig. 2.19). 
Both shear and bending tests were carried out to determine the structural characteristics of the 
connection. It was found that the shear forces between the timber and concrete can be 
transferred through the flat-steel lock and the distance between connectors can be kept 
relatively large in comparison to dowel type connectors. The shear strength achieved in push-
out tests was around 100 kN (per two shear connectors), with corresponding slip of about 4 
mm.
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Figure 2.19 Flat steel lock connector (after Lehmann 2001) (dimensions in mm) 

Dias performed a large number of experimental shear-tests on dowel type fasteners and 
notched joints to evaluate their short- and long-term mechanical performance (Dias 2005, Dias 
et al. 2007). The dowel type fasteners were made of dowel produced from short pieces of steel, 
smooth or profiled reinforcing bars. Three different types of timber were used (spruce, 
maritime pine and chestnut), and low strength/lightweight, normal strength and high strength 
concrete. The shear test results are presented in Table 2.1 for all tested dowel type connectors.

Table 2.1 Summary of results for joints with dowel type fasteners (Dias 2005) 

Strength, Fmax Stiffness, KiTest series Connector Timber Concrete
[kN] [kN/mm] 

8 mm1)  8 mm smooth bar Spruce MSC* 13.6 13.2 
10 mmA1)  10 mm smooth bar Spruce MSC 22.6 17.2 
HSC1)  10 mm smooth bar Spruce HSC** 23.6 15.7 
MP1)  10 mm smooth bar Maritime pine MSC 25.5 26.4 
C1)  10 mm smooth bar Chestnut MSC 26.2 36.1 
LWAC1)  10 mm smooth bar Spruce LC*** 18.5 16.1 
10 mmB2)  10 mm profiled bar Spruce MSC 68.8 40.2 
INT2)  10 mm profiled bar Spruce**** MSC 63.3 26.2 

*medium strength concrete, **high strength concrete, ***lightweight aggregate concrete, ****with additional 20 mm thick interlayer, 
1) two fasteners, 2) four fasteners  

The cited author also performed experimental tests (Lopes et al. 2004) on composite beams 
with nails to evaluate the applicability of the design procedure proposed by Ceccotti (1995). In 
one series  6  100 mm long nails were used, and in a second series a 20 mm thick 
intermediate layer of nailed timber boards running perpendicular to the beam direction was 
used as framework for the concrete cast. In this series  6  180 mm long nails were used. 
The cited author concluded that the design procedure can be used to predict the deflection of 
timber-concrete structures, but with errors in the range of 20-30%. Moreover, the 
experimental deflections of timber-concrete slabs with nails were around twice as large as the 
expected deflection for full composite action.  
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2.3.5 Punched metal plate fasteners 

The first investigations on punched metal plate fasteners (nail-plates) as timber-concrete 
connectors were reported by Girhammar (1984a,b), who presented results from 50 push-out 
tests carried out on nail-plate connectors in order to determine their load-slip and failure 
characteristics. In all tests, the nail-plates were excessively deformed in shear. The maximum 
shear strength per nail-plate was about 8 kN, with corresponding slip of 10 mm. This type of 
connector has been used in timber-concrete wall elements developed in Sweden (Girhammar 
1984).

Studies on nail-plates were also performed by Van der Linden and Blass (1996), Van der 
Linden (1999) (Fig. 2.20) and Jorge (2005) (Fig. 2.21). The maximum bearing capacity of the 
nail-plate was reached at a displacement of about 6 mm with corresponding load of  48 kN,
whereas failure occurred at about 10 mm slip. The maximum load per jack (in four-point 
bending tests) was 23 kN with corresponding mid-span deflection of about 80 mm (Van der 
Linden 1999).

Figure 2.20 Timber-concrete connection with punched metal plate fasteners (after Van der Linden 1999) 
(dimensions in mm) 

Figure 2.21 Nail-plate connector type (Jorge 2005) 

Ronca et al. (1991) examined in detail the deformability of composite beams connected with 
double gang-nails welded together, in terms of both flexibility and slip along the wood-
concrete interface, paying particular attention to the system’s long-term and cyclic composite 
performance. The cited authors found that these connectors provided the composite beam 
with six times greater flexural stiffness than the wooden beam. Moreover, under long-term 
loading the final deflection was about four times that expected under non-slip theory and 
about 2.5 times the actual value under short-term load. 

Starting in 1997 an investigation was carried out at VTT Building Technology in Finland on 
wood-concrete composite floors for multi-storey buildings (Toratti and Kevarinmäki 2001, 
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www.sepa.fi). Two kinds of systems with nailplate trusses as shear-connectors were developed, 
one cast in situ (Fig. 2.22) and one prefabricated with the concrete cast in factory conditions 
upside-down, without any need for formwork (Fig. 2.23). Approved by the Finnish Ministry 
of the Environment, and designated SEPA-2000, both of these wood-concrete composite 
floor systems are currently produced in Finland.

The maximum allowable span of the floor is determined by its vibration properties. Table 2.2 
summarizes the maximum spans based on the calculations and experiments carried out by 
Toratti and Kevarinmäki (2001). Using these spans the composite floor structure performs 
satisfactorily in terms of strength, stiffness, vibrations and point loads. The floor may also be a 
continuous structure (with three or more supports), in which case the span signifies the largest 
allowed single span of the floor. However, floors longer than 12 m should be avoided due to 
handling problems.

Figure 2.22 Cross-section of the VTT cast-in-situ wood-concrete composite multi-storey house floor 
system

Figure 2.23 Cross-section of the VTT prefabricated wood-concrete composite multi-storey house floor 
system

http://www.sepa.fi
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Table 2.2 Maximum allowable span of the cast-in-situ and prefabricated (element) VTT wood-concrete 
floor systems, with 600 mm truss spacing (Toratti and Kevarinmäki 2001) 

Height of truss Height of composite floor Full floor height Max span 
[mm] [mm] [mm] [mm] 

in situ element in situ element in situ element in situ element 
290 235 362 315 415 368 5730 5320 
300 250 372 330 425 383 5880 5510 
310 265 382 345 435 398 6030 5710 
320 280 392 360 445 413 6180 5900 
330 295 402 375 455 428 6330 6090 
340 310 412 390 465 443 6480 6280 
- 320 - 400 - 453 - 6410 
- 335 - 415 - 468 - 6600 

2.3.6 Notch-type connectors with and without dowel  

An investigation reported in Yttrup (1996) explores the achievement of composite action by 
“embedment of the beam prepared with small scale vertical and horizontal dimples into the 
timber” Fig. 2.24. The results suggest that full composite action is achievable without the use 
of any steel connectors. The small-scale “dimples” used as shear connectors (which are located 
in the concrete slab) can provide effective shear transfer. 

Figure 2.24 Shear key-“dimples” (after Yttrup 1996)  

Figure 2.25 Timber-concrete connection with grooved holes and dowels (after Van der Linden 1999) 
(dimensions in mm) 

Grooved connections with dowels were among four different types of shear connectors studied 
by Van der Linden (1999) and Van der Linden and Blass (1996). In order to manufacture this 
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type of joint,  70 mm grooves were routed 30 mm deep into the timber surface. Within 
each of these indentations a hole with a diameter of 20 mm was drilled and a steel dowel was 
driven into the hole (Fig. 2.25).  

This type of connector exhibited plastic deformation capability. The maximum shear capacity 
of the reinforcement bar with concrete notch was reached at a displacement of about 5 mm, 
with corresponding load of about 52 kN, while failure occurred at about 15 mm slip. The 
maximum load per jack (in four-point bending tests) was 32 kN, with corresponding mid-span 
deflection of about 80 mm (Van der Linden 1999).

A similar connection type to that presented by Van der Linden (1999) was studied by Piazza 
and Ballerini (2000) (Fig. 2.26). However, the connection contained only concrete stocky 
dowels (  65 mm  55 mm high) spaced at 130 mm along the beam length. The stocky 
concrete dowels showed non-linear responses, probably due to progressive mechanical damage 
of the “concrete stocky dowels”, through cracking (Piazza and Ballerini 2000). Strength at 
failure was about 10 kN/m2, comparable to the average bending strength of beams (8.5 
kN/m2, assuming an average bending strength of about 35 MPa) (Piazza and Ballerini 2000). 

Figure 2.26 Concrete stocky dowels (after Piazza and Ballerini 2000) (dimensions in mm) 
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Figure 2.27 Timber (LVL)-concrete connection with grooved indentations in the LVL (after Van der 
Linden) (dimensions in mm) 

Grooved connections (Fig. 2.27) were also developed for use in composite plate structures in 
which instead of timber beams laminated veneer lumber (LVL) was used as sheet material in 
the tensile zone (Van der Linden 1999, Van der Linden and Blass 1996). The maximum shear 
capacity was reached within a slip of 2 mm and was held or could even increase up to 15 mm, 
where the test was ended. The average shear load was about 50 kN. The maximum load per 
jack (in four-point bending tests) was 19 kN, with corresponding mid-span deflection of about 
80 mm (Van der Linden 1999). 

Interest in wood-concrete composite structures increased in many European countries in the 
1980’s and 90’s, when particular attention was paid to their potential use in multi-storey 
buildings as well as public structures. The most pertinent work was done by Natterer (1996, 
1997), who proposed a floor system for new residential and public buildings (Figs. 2.28 & 
2.29), in which the timber component consisted of planks nailed vertically to each other, 
resulting in a planar surface. The two components are linked by a system of grooves in the 
wood and dowels that are post–tensioned after the concrete curing period (Fig. 2.30).  

The advantage of the post–tensioning is that the gap caused by the concrete’s shrinkage is 
dramatically reduced. It was shown in experimental tests that the connection between the 
wood and concrete does not depend on the rigidity of the link, but only on the position and 
the dimensions and spacing of the grooves. The composite efficiency of the connection was 
found to be 85% to 90 (Natterer 1997).  

Figure 2.28 The system of vertical nailed planks for application in multi-storey buildings (photo by A. 
Frangi)
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Figure 2.29 The system of vertical nailed planks for application in multi-storey buildings (photo by A. 
Frangi)

Capozucca (1998) proposed a development of the system presented by Natterer (1996), but 
without any indentation in the wood. The redesigned system was based on a connection 
system involving use of prestressed steel axial connectors that impose a high contact force 
between the two materials. Using this technique, the initial bonding is increased considerably, 
without making grooves in the wood, and the connection system may be considered rigid 
(providing full composite action), thereby eliminating the numerous problems related to the 
analysis of flexibility of the connector. Use of prestressed axial connectors can increase both the 
resistance of the structure and its ductility. The maximum bending strength observed was 
around 120 kN (in four-point bending tests) with corresponding mid-span deflection of about 
40 mm for 4000 mm long specimens with 60  600 mm concrete slabs and 180  250 mm 
timber beams. It is of fundamental importance to evaluate the stress losses that might occur in 
this kind of connector due to high humidity levels and/or changes in humidity and 
temperature. The normal forces applied were equal to 10 kN (specimen 1) and 15 kN 
(specimen 2) (Capozucca 1998). The loss of tension after 3 months from the application of 
preload was about 6% and 10 % of the initial load, for specimens 1 and 2, respectively, with an 
immediate loss of 2.5%.

Gutkowski (1999) presented a comparable connection system to that developed by Natterer 
(1996, 1997), with a wooden deck and a concrete slab interconnected by a notched shear 
key/anchor connection detail (Fig. 2.30). Sixty slip test specimens were constructed and tested 
with three different notch configurations (Gutkowski et al. 2004). The highest slip modulus 
(28.2 kN/mm) was reached by the configuration with notches 152 mm wide and 38 mm 
deep, with corresponding failure load of 90 kN. The lowest slip modulus (20.3 kN/mm) was 
obtained for a configuration with notches 102 mm wide and 25 mm deep, with corresponding 
failure load of 79 kN (Fig. 2.30). The composite efficiencies determined from the measured 
mid-span deflections of the tested beams were in the range of 57.4-77.0% for 3500 mm spans 
with four 32  128 mm notches. The distance from the edge of the beam to the first notch, 
and the spacing between notches, was 330 mm. The concrete and wood layer (nailed planks) 
were 64 mm and 89 mm thick, and 267 and 305 mm wide, respectively. 
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Figure 2.30 Shear key/anchor connection detail (dimensions in mm) (after Gutkowski 1999)

Kulhmann and co-authors (Kuhlmann and Shänzlin 2001, Kuhlmann and Michelfelder 2006) 
proposed a timber-concrete connection system consisting of grooves 20 mm deep and 200 mm 
long in the timber (Fig. 2.31). They also proposed that screws with a diameter of 12 mm and 
250 mm spacing could be installed and tightened after hardening of the concrete, to handle the 
tensile force in the connection caused by the resulting eccentric bending moment, if necessary. 
Several experimental short- and long-term tests, as well as numerical modelling of the system, 
were performed at the Institute of Structural Design at the University of Stuttgart, Germany, 
to determine the effects of varying the depth and length of the grooves and numbers of screws. 
Interestingly, these tests showed (inter alia) that the presence of screws in the grooves had no 
significant effect on either the load carrying capacity or the stiffness of the connectors, 
Kuhlmann and Michelfelder (2004). 

Figure 2.31 Geometry of the grooves studied by Kuhlmann and Michelfelder (2006) (dimensions in mm)

A range of shear connectors, mostly of notch/plug connector types, was proposed and tested in 
shear-tests by Deam et al. (2008a) and Yeoh et al. (2008) to identify the most efficient and 
cost-effective shear connectors for an 8 m timber-concrete composite office floor with LVL 
beams (Figs. 2.32 & 2.33). Concrete plugs reinforced with a screw or steel pipe provided the 
best stiffness, strength and post-peak behaviour. For 8 m long spans, 16 reinforced rectangular 
concrete plugs, equally spaced along the length of the beam were chosen. Full-scale 6 m long 
specimens with rectangular notches reinforced with lag screws were subjected to quasi-static 
and dynamic tests to obtain indications of the structural performance of the LVL-concrete 
composite systems and their susceptibility to vibration (Deam et al. 2008b). The obtained 
efficiency for 50 kN load was 93%, and for 150 kN it was 71%, while the failure load was 158 
kN (Deam et al. 2008b). The composite system had 295% greater stiffness and 74% greater 
strength than the bare LVL beam. 
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Rectangular notches reinforced with lag screw connectors have also been used in a new system 
for multi-storey pre-stressed timber buildings with timber-concrete composite floors developed 
in New Zealand (Buchanan 2008). The system, which can be used in multi-storey timber 
buildings with more than 10 storeys, includes glulam or veneer lumber (LVL) members as part 
of T-beam floors with concrete topping and post-tensioned connections for ease of building 
and high-seismic resistance. It consists of 2400 mm wide “M” section panels, built with a 
single 400  63 mm LVL joist on each outer edge and a double LVL joist in the centre (Fig. 
2.34). A plywood interlayer is nailed on top of the LVL joists to provide a permanent 
formwork for the concrete. A steel mesh is laid above the panels to provide shrinkage control 
for a 65 mm thick cast-in-situ concrete slab. Notches are cut from the LVL joist before the 
plywood interlayer is nailed. The span, of between 8 and 10 m, requires six to eight 
connectors along the length of each joist to provide adequate composite action. The 
prefabricated 2400 mm panels are placed side by side and connected using either screws or 
nails, with the concrete slab poured thereafter (Yeoh et al. 2008). 

1&2
Type: round plug 
Plug:  48.5 mm, 20 mm depth 
Fmax=13.2 kN, k0.4=83.1 kN/mm 

3&4

Type: round plug with screw 
Plug:  48.5 mm, 20 mm depth 
Screw:  12 mm, 9 mm predrilled, 150 
mm length, 100 mm embedment length 
Fmax=31.4 kN, k0.4=105.9 kN/mm 

5&6

Type: reinforcement plug 
Plug: Plug:  48.5 mm, 20 mm depth 
Pipe: 40 mm length
Fmax=32.6 kN, k0.4=66.6 kN/mm 

7&8

Type: rectangular plug with screw 
Plug: 50 mm length, 16.5 mm depth 
Screw:  12 mm, 9 mm predrilled, 150 
mm length, 103 mm embedment length 
Fmax=54.9 kN, k0.4=297.0 kN/mm 

Figure 2.32 Characteristics of plug connectors tested by Deam et al. (2008)
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9
Pryda steel brace anchor with rods 
placed parallel to the beam axis 
Fmax=15.3 kN, k0.4=156.9 kN/mm

10 Pryda steel brace anchor placed 
parallel to the beam axis
Fmax=16.6 kN, k0.4=170.3 kN/mm

11
Pryda steel brace anchor placed at a 
45  angle to the beam axis
Fmax=19.3 kN, k0.4=77.2 kN/mm

12
Pryda steel brace anchor placed 
perpendicular to the beam axis
Fmax=16.3 kN, k0.4=271.7 kN/mm

13

Coach screw:  12 mm, 9 mm 
predrilled, 165 mm length, 115 mm 
embedment length 
Fmax=21.5 kN, k0.4=195.5 kN/mm

14

Coach screw:  16 mm, 12.5 mm 
predrilled, 155 mm length, 105 mm 
embedment length 
Fmax=34.2 kN, k0.4=88.3 kN/mm

15 Pryda framing bracket FB47/76’ 
Fmax=16.8 kN, k0.4=27.8 kN/mm

16
Inverted Pryda framing bracket 
FB47/76’ 
Fmax=15.8 kN, k0.4=37.8 kN/mm

17
Two SFS screws  7.5  100 mm 
inclined at 45  angle
Fmax=18.5 kN, k0.4=14.4 kN/mm

Figure 2.33 Characteristics of the mechanical connectors tested by Deam et al. (2008)

Figure 2.34 Semi-prefabricated “M” section panel (dimensions in mm) (after Buchanan et al. 2008) 

Dias also performed several series of experimental shear-tests on notched joints to evaluate 
their short- and long-term mechanical performance (Dias 2005, Dias et al. 2007). The notch 
joints consisted of timber or wood-based timber notches, which were glued to the timber 



Development of Prefabricated Timber-Concrete Composite Floors

32

beams (Fig. 2.35). In the “ON” test series Holm oak notches of 100  100  15 mm3 were 
used, in the “dvwN” series densified veneer notches of 100  100  15 mm3 were used and in 
the “dvwN1” series densified veneer notches of 100  100  35 mm3 were used with a 20 mm 
thick interlayer. Spruce was used for the beams, with normal strength concrete. The maximum 
shear load and stiffness obtained for all tested notch type connector (with two notches in the 
connection) in the shear tests are presented in Table 2.3.  

Figure 2.35 Notch joint, Dias (2005)

Table 2.3 Summary of results for joints with dowel type fasteners (Dias 2005) 

Strength, Fmax Stiffness, KiTest
series

Connector Timber Concrete
[kN] [kN/mm] 

ON1) Oak notch  Spruce MSC* 59.5 161.2 
dvwN1) dvw-notch Spruce MSC 138.6 317.3 
dvwN11) dvw-notch** Spruce MSC 116.2 224.0 

*medium strength concrete, **with an additional 20 mm thick interlayer, 1) two fasteners, 

2.3.7 Mechanical continuous shear connectors 

A mechanical continuous shear connector – made with a 2 mm thick shaped and drilled steel 
sheet, fixed to the timber beams with  6 mm screws every 20 mm – has been studied by 
Piazza and Ballerini (2002) (Fig. 2.36).

Figure 2.36 Bent and perforated steel sheet fixed to the timber with screws (after Piazza and Ballerini 
2000) (dimensions in mm) 

The behaviour of full-scale specimens is characterized by a quite linear response up to about 
50% of the failure load, followed by a post-elastic hardening branch due mainly to the 



Shear connectors in timber-concrete composite structures 

33

nonlinear-behaviour of the connections. The specimens showed strength at failure of about 22 
kN/m2 with corresponding mid-span deflection of about 72 mm (representing a ca. 200% 
improvement in strength in comparison to timber beams alone). The composite action 
displayed by this connector type is in the range of 90% for low load levels (<7 kN/m2) and 
30% for failure load (Piazza and Ballerini 2002). 

Another system, called slim-floor-profile, Fig. 2.37, intended for use in tall buildings, has been 
proposed by Kuhlmann and Schänzlin (2004, 2008). 

Figure 2.37 Slim-floor-profile (after Kuhlmann and Schänzlin 2008) 

An integrated slim-floor profile, designated UPE270, is produced by welding a common U-
profile on a flat bar steel and adding headed studs on top of the U-profile to provide the 
composite action between steel and concrete. Such a system is placed on supports while board 
stacks are laid on the lower flange of the profile without any secondary support and the 
concrete is cast over the entire structure. The assembly of this system does not differ from the 
manufacture of a common concrete slab with prefabricated Filigree elements. However, the 
system has several main advantages that should be mentioned, including reductions of the 
required number of props (due to the higher bending strength of the board stacks in 
comparison to prefabricated Filigree concrete slabs) and the assembly time (since the amount of 
cast-in-situ concrete can be reduced by about two thirds due to the greater thickness of the 
board stacks compared to those of prefabricated Filigree slabs).

2.4 Different materials – from lightweight to high performance steel fibre 
reinforced concrete

Most research on wood-concrete composite structures has been performed on systems 
consisting of normal concrete and timber/glued laminated beams or wooden decks connected 
by various types of shear connectors. However, a few researchers have explored the potential 
utility of other types of concrete or wood-based materials, including the following. 

Heiduschke (2003) proposed a composite system in which high performance steel fibre 
reinforced concrete (HPFRC) and vertically laminated wood were combined to create a 
composite floor or bridge deck. The composite action of the wood and concrete was facilitated 
by pouring high shear-strength concrete into 50 or 100 mm circular openings in the wooden 
deck. The shear strength of the 50 and 100 mm variants, obtained from push-out tests, were 
around 30 kN and 78 kN, respectively (with corresponding slips of about 1.5 mm in both 
cases). Preliminary experiments and analyses showed the feasibility of combining vertically 
laminated wood with HPFRC. However, no significant strength improvement was achieved 
in comparison to a solid wood section of the same thickness. 
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Yttrup (1996) used pine LVL beams as an alternative for low cost bridges and floor systems 
(Fig. 2.24), and an innovative solution for medium- to long-span floors with LVL beams has 
been recently developed in New Zealand (Figs. 2.32-34) (Deam 2008). The improved 
strength, dimensional stability and uniformity that LVL provides in comparison to sawn timber 
makes it a highly desirable option for floors. However, the improved strength of LVL is not 
matched by a similar improvement in stiffness, and adding a concrete layer on top of the LVL 
is expected to be the best method for providing additional stiffness. Regarding the concrete 
slab reinforcement it is necessary in most cases to restrain shrinkage of the concrete and to 
ensure that there is sufficient resistance against splitting forces around the shear connectors 
(Holschemacher et al. 2003). The cited authors mention that in many cases the concrete slab is 
thicker than necessary to meet the required bearing capacity, and hence the dead load is 
unnecessarily high.  

In some cases steel fibre reinforced concrete (SFRC) has been used in timber-concrete 
composite systems, initially in the rehabilitation of a timber ceiling in a building in 
Altengurg/Thuringia (Köhler 2002). Its use followed tests by Holschemacher et al. (2002 & 
2003) showing that the normal reinforced concrete usually used in timber-concrete composite 
systems can generally be replaced by SFRC, and hence the thickness of the concrete slab can 
be reduced. The experimental program included push-out tests in which  16  160 mm long 
wood screws were tested with a plywood interlayer, in two configurations. In one 
configuration a hole around the screw was made to create a concrete key while in the other 
configuration no hole was made in the plywood sheet (Fig. 2.38). 

Based on the push-out tests results the solution with a concrete key was chosen to rehabilitate 
the timber beam ceiling. The cited authors showed that application of SFRC is more 
economical than using mesh reinforced concrete and they recommended reducing the 
concrete slab thickness, depending on the steel fibre geometry, to 35 mm. The ultimate load 
reached by specimens with SFRC and concrete keys was 19.3 kN (ks and k0.6 stiffness 
parameters: ks=40.6 kN/mm and k0.6=20.8 kN/mm). The ultimate load reached by specimens 
with SFRC lacking concrete keys was 11.0 kN (ks and k0.6 stiffness parameters: 9.1 and 7.6 
kN/mm, respectively). Finally, the ultimate load reached by specimens with plain concrete and 
concrete keys was 15.2 kN (ks and k0.6 stiffness parameters: 14.6 and 12.5 kN/mm, 
respectively).

a) b) 

Figure 2.38 SFRC-timber composite specimen with concrete key (a) and without concrete key (b) 
(dimensions in mm) 
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Lightweight concrete (LC) was used in composite floors with five different shear connectors 
presented by Steinberg (2003). The main observation from the experimental tests was that the 
dead load of a timber-concrete composite floor can be reduced by 15% by using an LC with a 
density of 1.6 kN/m3 instead of a normal weight concrete of 2.3 kN/m3. The application of 
LC provides an attractive alternative in timber-concrete composite structures due to the 
reduction of the dead load on the timber floors. A lightweight concrete could be a good 
alternative in renovation situations in which the supporting walls or foundations do not have 
sufficient strength to support a high extra load (Dias 2005). Fragiacomo et al. (2000) also used 
light-weight concrete while testing Tecnaria shear connectors (Fig. 2.39). The use of light-
weight concrete slabs instead of normal weight concrete slabs affected the outcomes of neither 
collapse push-out tests nor long-term tests (Fragiacomo et al. 2006).

Figure 2.39 “Tecnaria” connector, Fragiacomo et al. (2006) 

The use of adhesive in combination with fibre-reinforced ultra-high-performance-concrete 
(UHPC) was studied by Schäfers (2008). Components of UHPC can be very slim, compared 
to components of standard concrete, and due to its high surface-tensile-strength gluing is a 
very efficient way to connect UHPC members with other materials. Cured concrete prisms, 
20 mm thick, were cut from a plate and glued on the timber members. This seems to be a very 
attractive option, but further research is needed, especially regarding the long-term 
performance of the adhesive joint. 
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3
Composite action of timber – concrete composite systems 

This chapter presents theoretical models that have been developed for predicting the behaviour of composite 
systems with incomplete composite action between concrete and timber layers. It also presents guidelines for 
short- and long-term verifications of timber-concrete composite systems according to Eurocode 5. Further, a 
recently developed approach, which accounts for inelastic strains, for predicting the long-term behaviour of 
timber-concrete composite structures is described. Finally, models for predicting timber-concrete joints’ 
stiffness, strength and overall behaviour are presented. 

3.1 Background

To manufacture timber-concrete composite systems with high degrees of composite action, the 
shear between the timber beam and the concrete slab needs to be transferred effectively 
through the shear connector system. Therefore, the shear connectors are key elements of a 
composite system, which require particular attention since they determine the system’s 
performance parameters. There are two bounds of composite action: 

- a lower bound of fully non-composite action, displayed by timber and concrete layers 
that are not connected and thus work independently, with no transfer of horizontal 
force between the two layers via either mechanical bonds or friction (Fig. 3.1c). The 
layers have individual neutral axes and there is discontinuous flexural strain at the 
timber-concrete interface.

- an upper bound of fully composite action, displayed by timber and concrete 
components that are rigidly connected with no interlayer slip, have cross sections with 
a single neutral axis and identical flexural strains at the timber-concrete interface (Fig. 
3.1a). Consequently, the transformed section method can be validly applied to analyze 
stresses in such systems. 

The timber and concrete layers are connected by mechanical fasteners in most cases (and/or in 
a few cases by adhesives). In reality the shear connection system is deformable and most 
connectors generate at least some horizontal movement (“slip”) at the interface. Such 
behaviour is referred to as “partial composite action”. The single neutral axis splits and as slip 
between the layers increases the two neutral axes move farther apart, hence slip between the 
timber beam and concrete slab reduces the efficiency of the cross section. It is difficult to 
achieve a rigid connection between timber and concrete, but minor slippage can be 
advantageous, allowing the redistribution of shear stresses along the shear connectors. Fig. 3.1b 
presents strain diagrams for structures with full, partial and no composite action. 
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Figure 3.1 Strain diagrams for composite structures with a rigid connection (a), a deformable connection 
(b), and no connection between the timber beam and concrete slab (c) 

As mentioned above, using an efficient shear connection is the key to achieving strong and stiff 
composite systems. The efficiency of the shear connection can be measured using the 
following relationship, suggested by Gutkowski et al. (2008):

CN

IN

DD
DDEfficiency    (3.1a) 

where DN is the theoretical fully non-composite deflection (calculated for a layered beam with 
no interlayer shear transfer), DC is the theoretical fully composite deflection (calculated by the 
transformed section method) and DI the measured deflection of the timber-concrete composite 
beam. The efficiency can vary between 0% and 100% for ideal cases with no connection and 
fully rigid connection, respectively. It may also be convenient to define the efficiency of a 
shear connection for a composite beam, using the following equation, originally proposed by 
Piazza in 1983 (after Piazza and Ballerini 2000, Ballerini et al. 2002).  

0

0

EIEI
EIEIreal (3.1b)

where:  is the efficiency of the interlayer connection, EI  is the bending stiffness of the beam 
with a theoretical full composite action, EI0 is the bending stiffness of the beam with no 
composite action and EIreal is the actual bending stiffness of the beam. When the shear 
connection is very stiff EIreal tends to EI  and thus 1. On the other hand, for a very flexible 
shear connection EIreal would tend to EI0 and thus 0.

In order to limit the deflections in composite structures relatively rigid shear connectors should 
be used. However, rigidity is not the only desirable characteristic of timber-concrete shear 
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connectors. Notably, to prevent undesirable brittle failure in the composite structure, shear 
connectors should also be sufficiently ductile (Ballerini et al. 2002).

3.2 Theoretical models for incomplete composite action

Generally, analytical models for calculating stresses and deformations in timber-concrete 
composite structures have been developed for composite structures with semi-rigid 
connections between two layers (either steel and concrete or wood and wood) and more 
recently such models have been applied to wood-concrete composite structures. One of the 
first models was developed in 1943 following small-scale tests carried out on T-beams 
composed of a concrete slab and a steel I-beam linked together by a shear connector 
(Newmark 1951). The model is applicable to any types of beams consisting of two interacting 
layers that satisfy the following assumptions: (i) the shear connection between the upper layer 
and I-beam can be regarded as continuous along the length of the beam, (ii) the amount of slip 
permitted per shear connection is directly proportional to the load transmitted, (iii) the 
distribution of strains throughout the depth of the upper and lower layers is linear, and (iv) 
both interlayers deflect equal amounts at all points along their length at all times.

A simple linear model that is used widely nowadays and takes into account the slip between 
two layers of a composite structure is described by many authors, which base their work on 
Newmark (1951) and Möhler (1956). This linear model found its presence in Eurocode 5 and 
is based on previously derived differential equations of equilibrium of a composite cross-
section. The basic assumptions and formulae are described in section 3.3. 

Goodman et al. (1968) combined theory with experimental work to develop a procedure for 
analyzing the nonlinear responses of the connectors used in a 3-layer system made of wood, 
which can be extended to analyzing systems with more layers. In their procedure, all layers are 
considered to have the same mechanical properties throughout. Extension of the theory to 
beams made with layers of varying sizes or properties requires no additional concepts, but the 
theory has to be modified in order to address time-dependent changes in the behaviour of the 
systems.

Godycki et al. (1984) presented a linear elastic model for calculating properties of timber-
concrete composite structures, including the slip of the connectors. The cited authors 
accounted for time-dependent changes in the behaviour of concrete by assuming that its 
modulus of elasticity declines with time in the model.  

Stevanovic (1989 & 1996) proposed an elastic method to calculate forces in composite timber–
concrete structures subjected to transverse and axial loading, which takes into account slip 
between the timber–concrete elements. The developed method, based on an elastic theory, 
allows deflections and section forces in wood and concrete to be predicted, and the shear force 
between wood and concrete to be calculated. 

In addition, closed form solutions based on Euler-Bernoulli theory for analysing the behaviour 
of timber-concrete composite beams/columns, with interlayer slip, which include axial load 
acting together with bending moments and second order (P- ) effects have been developed, 
initially by Girhammar and Gopu (1991). Such solutions are especially applicable when timber-
concrete elements are used in wall panels, which are subjected to both axial and transverse 
loads, hence their design requires the consideration of second order effects. In 1993 the cited 
authors presented exact first- and second-order functions for composite beam-columns of 
timber and concrete with partial interaction that are subjected to transverse and axial loading 
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since the procedure they previously presented dealt with only one particular axial loading case. 
Girhammar and Pan (2007) subsequently extended and generalized the theories and procedures 
given by Girhammar and Gopu in 1991. The aim was to derive an exact closed form solution 
for characteristic equations within the validity domain of Euler-Bernoulli beam theory and the 
associated buckling length coefficients for partially composite beam-columns. The exact second 
order analysis, though rigorous, is very elaborate and extremely cumbersome. Hence, for 
design applications Girhammar (2008) developed a simplified approach to evaluate the second 
order effects in composite members with interlayer slip. The approximate procedure allows 
engineers to analyse and design composite beam-columns with interlayer slip conveniently, but 
with high accuracy.

Girhammar and Pan (1993) also proposed exact and approximate procedures to analyse 
composite members with partial interaction that are subjected to general dynamic loading. For 
both exact and approximate analyses general closed-form solutions for displacement functions 
and the various internal actions in the composite elements were developed. The theories and 
procedures published in 1993 have been recently extended and generalized by Girhammar et 
al. (2009). 

A simplified method for analysing characteristics of composite beams with interlayer slip has 
also been recently proposed by Girhammar (2009). The principle of the approximate method 
for partially composite beams is to replace the fully composite bending stiffness (EI ) with the 
partially (effective) composite bending stiffness (EIeff) in the expressions for deflections, internal 
actions and stresses in corresponding fully composite beams. The effective bending stiffness 
reflects the influence of the interlayer slip, and depends on the partial composite action (or 
shear connector stiffness) parameter (which accounts for the slip modulus, cross-section 
material, geometry and length of the beam) and relative bending stiffness parameter (the 
stiffness of the beam, relative to that of a fully composite beam). The major difference between 
the analytical methods presented by Girhammar (2009) and the one recommended in 
Eurocode 5 is that the effective beam length equals the buckling length in the corresponding 
column buckling problem. An approximate method for characterising mechanically jointed 
beams given in Eurocode 5, Annex B (further described in section 3.3) was originally 
developed solely for end-supported conditions. For other boundary conditions Eurocode 5 
gives recommendations regarding the “effective” beam length that are generally not as accurate 
as those provided by the method proposed by Girhammar (2009). However, it should be 
noted that the recently proposed method by Girhammar gives identical results for composite 
beams with interlayer slip to those obtained from the approximate method given in Eurocode 
5 for simply supported members. For other boundary conditions, the Eurocode 5 procedure 
may give results with up to 27% errors, depending on the recommended value for the effective 
beam length. 

In 1999 Van der Linden presented a procedure, the so-called frozen shear force approximation, to 
calculate the failure load of a timber-concrete composite beam.  The plasticity of the shear 
connectors is considered by using an elasto-plastic load-slip relationship. The fundamental idea 
is that the shear forces in all connectors are frozen once the first connector at the support starts 
to plasticize. The approach discussed by the cited author leads to a lower bound solution, 
assuming that the concrete and timber still behave in a linear fashion. However, if tests indicate 
that non-linearities in the behaviour of the materials significantly influence the load levels, the 
derived equations will no longer be valid lower bound solutions, and are likely to over-
estimate the beam’s lower load-bearing capacity (Van der Linden 1999).  
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Frangi and Fontana (2003) described an elasto-plastic model for predicting the behaviour of 
timber-concrete composite beams with ductile connections. The structural behaviour of 
timber-concrete composite elements is governed by the shear connector type and its 
performance. If the connection under load remains within the linear elastic range until the 
timber members fail, linear-elastic behaviour of the composite structure may be assumed. 
However, if the load exceeds the connectors’ load carrying capacity, the outermost connectors 
will deform plastically and the composite structure will begin to behave non-linearly. The 
elasto-plastic analytical model considers the behaviour of the connection by assuming the 
connectors to be rigid-perfectly plastic in terms of their load-slip relationship. The assumed 
rigid-perfectly plastic load-slip relationship of the connectors is analogous to the model 
assumed in the European Yield Model (Johansen 1949) for designing the load-carrying 
capacity of dowel-type fastener connections (Frangi and Fontana 2003). In this case the slip 
modulus of the connectors does not have to be considered, which makes calculations easier 
and less sensitive to the large coefficient of variation of the slip modulus. For timber, linear 
elastic behaviour is assumed because timber subjected to combined bending and tension 
exhibits brittle behaviour. Linear elastic material behaviour is also assumed for concrete because 
timber members usually fail before the concrete slab plasticizes. The cited authors considered 
three different cases, which depend on the number of connectors placed in the interlayer: 

(i) in the first case there is no interlayer connection.

(ii) in the second the interlayer is partially connected, total collapse due to failure of the 
timber under combined bending and tension takes place once the connectors reach 
their maximum shear strength. The composite structure in such cases exhibits non-
linear behaviour before total collapse occurs. 

(iii) in the last case the interlayer is fully connected and total collapse of the structure is 
due to failure of the timber before the maximum shear strength of the connectors is 
exceeded. In this case the composite structure performs linearly before the total 
collapse occurs.

The fully connected interlayer and the unconnected interlayer represent the upper and lower 
bounds for the partially connected interlayer. Since the fully connected interlayer and the 
unconnected interlayer represent the upper and lower bounds for the partially connected 
interlayer, a simplified linear approximation, which is conservative, may be used to calculate 
the load-bearing capacity of a partially connected timber-concrete composite beam. The 
elasto-plastic model gives upper and lower bounds for the load-carrying capacity that are 
within 5% of those obtained by linear approximation, and the cited authors found it 
satisfactory for calculating the load-bearing capacity of partially connected composite systems 
(Fontana and Frangi 2003).

3.3 Design procedure according to the Eurocode 5-“ -method”

The design of timber-concrete composite structures must satisfy both ultimate (ULS) and 
serviceability (SLS) limit states for short- and long-term loads. The ULS is assessed by 
evaluating the maximum stresses in the component materials (timber, concrete and connection 
system) using an elastic analysis while the SLS is checked by evaluating the maximum 
deflection.
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Eurocode 5-Part 1-1, Annex B provides a simplified method for calculating these parameters of 
mechanically jointed beams (Fig. 3.2) with flexible elastic connections, under the following 
assumptions: 

the beam is simply supported with a span l. For continuous beams the expressions may 
be used with l equal to 0.8 of the relevant span, and twice the cantilever length for 
cantilevered beams
the individual parts (of wood, wood-based panels) are either full length or made with 
glued end joints 
the individual parts are connected to each other by mechanical fasteners with a slip 
modulus k
the spacing s between the fasteners is constant or varies uniformly according to the 
shear force, between smin and smax with smax 4 smin

the load acts in the z-direction giving a moment M=M(x) that varies sinusoidally or 
parabolically, and a shear force V=V(x).

This method is based on an approximate solution of the differential equation for beams with 
partial composite action. The simplified design method, the so-called “ -method” is closely 
related to the model initially derived by Möhler (1956) and has proved to provide excellent 
approximations for composite beams with closely spaced fasteners (Kenel 2000 and Frangi and 
Fontana 2001). The full derivation of the formulae can be found in Kreuzinger (1995). 

According to the -method, the effective bending stiffness (EI)eff of a simply supported timber-
concrete composite beam is calculated as:

2
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with shear  coefficient and distances ai given by: 
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where Ii, Ai and Ei designate the second moment of inertia, area, and modulus of elasticity of 
the concrete slab (i=1) and timber beam (i=2), respectively, s is the connector spacing, L is the 
beam length, k is the slip modulus of the connector, and the other variables are illustrated in 
Fig. 3.2. A  coefficient equal to 0 applies in cases where there is no connection system and the 
layers act fully independently. A  coefficient equal to 1 indicates full composite action with no 
slip at the interface between the timber and concrete, see Fig. 3.1.  
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Figure 3.2 Cross-section (left) and stress distribution (right) of a composite beam with partial shear 
connection (Eurocode 5) 

The effective stiffness can be used to calculate the deflection, the stress distribution and the 
shear load in the fastener, using the following equations: 
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where is the mid-span deflection of a simply supported beam, q is the uniformly distributed 
load, i, m,i are the stress at the centroid and the flexural component of the stress in the 
concrete (i=1) and timber (i=2), F is the shear load in the fastener, M is the bending moment 
and V is the shear force in the cross-section of interest. 

The prefabricated timber-concrete composite structures examined in the studies underlying 
this thesis have been evaluated at SLS and ULS states using the “ -method”, and results of 
analyses of their short-term behaviour in terms of maximum mid-span deflection, maximum 
slip at the support, shear force in the maximally loaded connector and stresses in the glulam
and concrete are presented in Paper II. 

3.4 Short- and long-term verifications 

A general effect (such as stress and displacement), designated EF, caused by the load 
combination for ultimate (ULS) and serviceability limit (SLS) states, expressed in Eqs. (3.12)-
(3.15) can be calculated using the formulas provided by Eurocode 5. These values depend on 
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the load applied on the beam, and on the Young’s and slip moduli of the component materials 
and can be expressed in the following basic form: 

sermeancm
FsFs kEtEEE ,, ,00  (3.10)  

umeancm
FuFu kEtEEE ,, ,00  (3.11) 

where, in general, kser ku.

For the serviceability limit state (SLS) three combinations: (i) characteristic, (ii) frequent and 
(iii) quasi-permanent are considered, while for the ultimate limit state (ULS) just one design 
load combination is considered (Eqs. 3.12-3.14 and 3.15, respectively):
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where G denotes the permanent and Q the variable actions, characterized by different values of 
creep coefficients calculated according to the load duration class, and ,  are coefficients 
tabulated in Eurocode 0. 

The short-term verifications, at the initial state where loads are applied instantaneously and 
with no creep effect, can be performed according to the procedure based on the use of 
Young’s moduli for concrete and timber, and the slip modulus of the connection, as described 
by Ceccotti et al. (2002) and Ceccotti (1995). Since the load-slip relationship of the shear 
connection is typically non-linear, two different slip moduli are considered for design purposes, 
as proposed by Ceccotti (1995): kser for the serviceability limit state (SLS) and ku for the 
ultimate limit state (ULS). The slip modulus kser, which corresponds to the secant value at 40% 
of the load-carrying capacity of the connection (k0.4), is usually evaluated by push-out tests 
according to EN 26891. For the slip modulus ku, use of the secant value at 60% (k0.6) is 
recommended; see for example STEP 2 (1995), Fig. 3.3. However, if experimental data are 
not available, Eurocode 5-Part 1-1 suggests using the formulae for timber-to-timber 
connections by multiplying the corresponding values of the slip modulus kser by 2. The slip 
modulus ku may then be taken as 2/3 of kser (Eurocode 5). Depending on the type of 
connection involved, this assumption may or may not be adequate. Ceccotti et al. (2007), for 
example, reported a significant (50%) discrepancy between experimentally and analytically 
determined properties of connections, and recommended the use of empirically determined 
values of connection properties obtained from push-out tests. In Papers I and II the 
experimental results of shear-tests performed on shear connectors are presented in terms of the 
slip moduli kser and ku, which are further analysed in the short-term verifications at SLS and 
ULS.
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Figure 3.3 Example of load-slip behaviour of shear connector and definition of slip moduli: kser (k0.4) at 
40% of the estimated load-carrying capacity, ku (k0.6) at 60% of the maximum load-carrying capacity 

Thus, the current procedure for short-term solutions for the serviceability and ultimate limit 
state can be summarized as follows: 

1. For the serviceability limit state an elastic solution has been proposed where uinst due to 
the load combination Fd,r (Eq. 3.12) is obtained using the elastic moduli: 

)(tEE cmc meant EE ,0 serkk  (3.16) (3.17) (3.18) 

2. For the ultimate limit state an elastic solution has been proposed where

Sinst due to the load combination Fd,u (Eq. 3.15) is obtained using the elastic moduli 
according to Eqs. 3.16 and 3.17 and: 

ukk    (3.19)  

The verification of a composite beam in the long-term is more problematic, since concrete 
creep and shrinkage, the creep and mechano-sorption of the timber and connection, and 
thermal strains of concrete and timber should all be considered. Numerical programs 
(Fragiacomo and Ceccotti 2006, Schänzlin 2003) and analytical formulas (Fragiacomo 2006, 
Fragiacomo and Ceccotti 2006, Schänzlin and Kuhlmann 2004) have been proposed to 
provide accurate solutions, but no consensus among researchers has been reached regarding 
methods to predict the long-term performance of timber-concrete composite structures (after 
Clouston 2006). Referring to Clouston for steel-concrete construction, the ACI-ASCE Joint 
Committee recommends using Ec/2 as the concrete modulus of elasticity instead of Ec when 
calculating sustained load creep deflection (after Clouston 2006). The AASHTO Bridge 
Design Specification, Section 10.38.1.4, suggests using Ec/3 (after Clouston 2006). The 
European Code recommends using creep factors developed from load duration studies to 
reduce the moduli of the respective materials (Eurocode 5).

The simplified approach suggested by Ceccotti (2002) does not account for shrinkage or 
thermal strains and is based on the Effective Modulus Method, in which the creep and mechano-
sorption of the concrete, timber and connection are accounted for by reducing the elastic and 
slip moduli according to the following expressions: 
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For the concrete, Eurocode 2-1-1 provides some guidlines for evaluating the creep 
coefficient 0, tt , t and t0 being the final and loading instants, respectively. Eurocode 5-1-1 
provides tables of values of the creep coefficients kdef for both timber and the connection. 
Those moduli are then used in equations 3.2 to 3.9 to solve the beam parameters in long-term 
loading.

The creep phenomenon has two types of effect on the composite beam: (i) increments with 
time in strains and displacements and (ii) changes in the distributions with time of stresses and 
internal forces in the component materials because of the differences in creep properties. 
Consequently, creep affects both the ultimate and serviceability limit states, and cannot be 
neglected in long-term verifications.

The currently proposed procedure (Effective Modulus Method) for calculating a long-term 
solution for the serviceability and ultimate limit states can be summarised as follows: 

1. For the serviceability limit state an elastic solution has been proposed where ufin due to 
the quasi-permanent part of the load combination Fd,p (Eq. 3.14) is obtained using the 
effective moduli Eqs. 3.20 to 3.22.

The creep effects are due only to the quasi-permanent part of the load Fd,p considered as 
acting on the structure for the entire service life. The long-term maximum vertical 
displacement can be calculated by substituting the long-term displacement due to the 
quasi-permanent part of the load for the instantaneous displacement due to the difference 
between the rare and quasi-permanent combinations applied at the end of the service life t:
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with Fd,r-Fd,p given by Eq. 3.24: 
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2. For the ultimate limit state an elastic solution has been proposed where

Sfin due to the part of load combination Fd,p (Eq. 3.14) is obtained using the effective 
moduli according to Eqs. 3.20 to 3.22.

In addition, for ultimate limit state verification only the quasi-permanent part of Fd,p of the 
combination Fd,u has to be considered as acting throughout the entire service life. The 
effects due to the load Fd,p can be estimated, as mentioned above, using the effective 
moduli Efin. Moreover, the difference between the ultimate and the quasi-permanent load 
combination is instead applied instantaneously, therefore for this part of the load the 
Young’s moduli at the instant t have to be used. Consequently, the following formulation 
can be applied: 
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with Fd,u-Fd,p given by Eq. 3.26: 
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3.5 Extension of Eurocode5 Annex B formulae for predicting the long-term 
behaviour of timber-concrete composite structures - consideration of inelastic 
strains

The simplified analytical approach for predicting the long-term behaviour of timber-concrete 
composite structures that was proposed by Ceccotti (1995) and presented in section 3.4 does 
not account for such phenomena as concrete shrinkage and inelastic strains due to variations in 
the temperature and relative humidity of the environment. The mechano-sorptive effect is not 
considered either, since there is no direct dependence of the creep coefficient on the history of 
moisture content (Fragiacomo and Ceccotti 2006). Instead, the global changes with time in 
creep and mecahno-sorptive creep are indirectly accounted for by making the final creep 
coefficient dependent upon the service class. Ignoring such phenomena as concrete shrinkage 
and inelastic strains due to the variation of temperature and relative humidity of the 
environment, may lead to significant errors and make the simplified solution non-conservative 
(Ceccotti et al. 2006, Fragiacomo 2006, Fragiacomo et al. 2006). Therefore, more accurate 
methods for predicting the long-term behaviour have been proposed. Notably, Kuhlman and 
Schänzlin (2004) proposed the use of effective values of creep and shrinkage to take into 
account differences in time trends of those coefficients in the component materials (timber, 
concrete and connection system). In addition, Fragiacomo and Ceccotti (2006) proposed 
improvements to Ceccotti’s earlier approach to account for changes in mechano-sorptive 
creep, concrete shrinkage, and inelastic strains/stresses due to variations in environmental 
temperature and relative humidity, which will be further described below.

The elastic solution of a simply supported composite beam with smeared flexible connections 
subjected to vertical loads and different inelastic strains in the concrete slab and timber beam 
can be obtained by solving a differential equation. However, the problem is quite complex and 
a simplified approach has been developed: substitution of the effects (deflection and internal 
forces) of vertical loads with the effects of inelastic strains Eq. (3.27). The former effects can be 
calculated using the EC5 Annex B formulae (Eqs. 3.2-3.9 presented in section 3.3). For the 
latter effects, closed form formulae derived by integrating the differential equation for 
composite beams with flexible connections are employed (Fragiacomo 2006 and Fragiacomo 
and Ceccotti 2006).  

The solution S (where S may be a generic effect, such as vertical displacement, slip, the shear 
force in the connection system, the internal forces or stresses in the concrete or timber beam) 
for the timber-concrete composite structures at a general time t is obtained, as mentioned 
above, by including the effects of appropriate loading conditions: 
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where the effects of creep and mechano-sorptive creep are taken into account on the solutions 
S(G1), S(G2), S( 2Q) and S( cs) where G1, G2 and Q are the self-weight of the timber-concrete 
composite structure, the other part of the dead load and the quasi-permanent part of the live 
load, respectively and cs is the concrete shrinkage. Effects of shrinkage/swelling due to 
environmental variations are taken into account in the solutions S( y) and S( d), y and d

being annual and daily variations, respectively.

Rigorous formulae for elastic analyses of simply supported timber-concrete composite 
structures with flexible connections subjected to inelastic strains in the concrete slab and timber 
beam are presented in Eqs. 3.28-3.50. 

Mid-span deflection due to inelastic strains: 

ufulluu max,max  (3.28) 

where
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llu 5.0cosh
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Internal forces due to inelastic strains: 

xNxNxN fulltct max,,  (3.31) 

xMxM fullii max,,   with i=c,t (3.32) 

where

dycs SSSQSGSGSS 21  (3.27)

The effects of G1, G2 and Q are calculated 
using the formulae for composite beams with 
flexible connections suggested in Annex B of 
the EC5-Part 1-1 using the Effective Modulus 
Method.

Concrete shrinkage is evaluated according to 
the CEB formulae (CEB 1993) using the 
Effective Modulus Method.

The effects of creep and mechano-sorptive 
creep are taken into account in the solutions 
of terms1-4 of the equation. 

The inelastic strains change 
in time with cyclic trends, 
therefore the effects of 
creep and mechano-
sorptive creep are 
negligible on such 
components, consequently 
the Young’s moduli of 
concrete and timber and 
the slip modulus of  the 
connection are employed 
in the formulae.
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Shear forces in the connection due to inelastic strains 

xskxF fser  (3.37) 

where

xsxs scompnonff max,,  (3.38) 
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Geometrical properties (lever arm z, area A, second moment of inertia I) are defined as follows 
(where b and h are the breadth and depth of the concrete and timber component, and t the 
floor thickness): 

tc hthz 5.05.0 iii hbA
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2
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i
hbI  (3.41)(3.42)(3.43)

Stiffness (Young’s modus E) is expressed as: 
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And, finally, the stresses due to the axial force and the bending moment in the member i are, 
respectively: 

t
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M
  with i=c,t (3.49)(3.50)  

Since the prefabricated concrete slab is connected to the timber beam some time after the 
concrete is cast, there are two differences when designing a prefabricated system as opposed to 
a traditional system with a cast-in-situ concrete slab:  

(i) the modulus of elasticity of the concrete will be larger than for a traditional 
construction in which the connection is created at the time of the concrete 
placement and, thus, the concrete is younger when the permanent and imposed 
loads are applied to the composite beam;  

(ii) the value of the concrete shrinkage to use in the advanced analytical formulas 
(Fragiacomo 2006, Fragiacomo and Ceccotti 2006, Schänzlin and Kuhlmann 2004) 
will be markedly lower since most of the shrinkage will take place before the 
concrete slab is connected to the timber. There is therefore a potential in the 
proposed system to cancel out or significantly reduce the effect of concrete 
shrinkage, provided the concrete panels are stored for some months/weeks after the 
concrete is cast before it is connected to the timber members. 

3.6 Analytical models for timber-concrete joints 

3.6.1 Load-carrying capacity  

For the load-carrying capacity of timber-concrete composite connections no specific models or 
simplified expressions are presented in Eurocode 5; part 2 of the Code does not present any 
equations to quantify even the strength capacity of dowel-type connections used in timber-
concrete composite structures (Branco et al. 2009). Therefore, models for timber-to-timber 
and steel-to-timber were considered as a first approach (Dias 2005). Johansen’s yield model, 
also known as the European Yield Model, is used to predict the load-carrying capacity of a 
single fastener, per shear plane, loaded transverse to its axis. The load-carrying capacity depends 
on both the material properties of the timber and fasteners, and on the geometry of the 
connection (Branco et al. 2009). There are two possible general approaches for modelling the 
strength of timber-concrete joints. Assuming the concrete to behave as though completely 
rigid, steel-to-timber models may be used. On the other hand, if the behaviour of the concrete 
is considered as elastic-plastic, timber-to-timber models may be used (Dias 2005). However, 
the cited author showed that these models have some limitations due to the assumption of 
elastic-perfect plastic behaviour of the materials since the concrete displays brittle behaviour, 
usually resulting in crushing. In reality, reductions in resistance are caused by damage/crushing 
of the concrete under the fastener while the model assumes that the whole fastener length is in 
contact with concrete. Dias also pointed out that when using steel-to-timber models the 
assumption of perfect clamping of the fastener in the concrete element is unrealistic, since 
some damage occurs in the concrete part. Consequently, using the steel-to-timber models for 
predicting timber-concrete joints strength leads to overestimation of the concrete’s bearing 
capacity.
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Johansen’s yield theory was also used by Kavaliauskas et al. (2007) to estimate the load bearing 
capacity of timber-to-concrete connections with inclined screws, which are principally loaded 
in tension. To model connectors with inclined fasteners Johansen’s theory was extended, 
taking into account the withdrawal capacity of the fasteners and the friction between the 
contact interfaces of connected members. The cited authors derived basic equations for three 
possible failure modes. In Mode I the ultimate load-bearing capacity is reached when the wood 
yields plastically along the screw. Mode II failure occurs when the embedment stresses are 
distributed over the length of the screw so that a plastic hinge forms at the timber and concrete 
interface and the fastener rotates as a stiff member in the wood. Such failure may occur if the 
embedded length of the fastener in the wood is sufficient to allow the formation of a plastic 
hinge in the fastener. The last failure Mode (III) occurs when the embedment stresses are 
distributed over the part of the embedded length of the fastener, forming an additional plastic 
hinge. Equations 3.51 to 3.53 cover Modes I-III, respectively. 
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where fax is the withdrawal strength of the fastener, d is the outer diameter of the thread, t is 
the embedded length of the fastener in wood, fh is the embedment strength of the wood, and 
My is the yield moment for the fastener. Withdrawal and embedment strengths are affected by 
the angle between the fastener axis and the timber grain, and the construction process 
(predrilling). To predict the load-carrying capacity for timber-to-concrete connections with 
inclined screws and predrilled holes, withdrawal and embedding strengths of the timber and 
fastener should be obtained from additional tests since Eurocode 5 does not provide guidelines 
for this case. 

In Dias (2005) strength models for timber joints with interlayers are also presented, which can 
be used to predict the ultimate load carrying capacity of joints in timber-concrete composite 
structures. There are many practical applications of these models, especially in the 
rehabilitation of buildings where a board interlayer is placed between timber and concrete. Full 
descriptions of models and their applications can be found in Dias (2005).

3.6.2 Slip modulus

The mechanical performance of timber-concrete composite structures is more influenced by 
the joint slip modulus than the joint ultimate load-carrying capacity. It should be noted that in 
general the strength and stiffness parameters of timber-concrete composite structures should be 
evaluated empirically (as noted by Branco et al. 2009). If experimental data are not available, 
Eurocode 5 suggests doubling the value of the slip modulus for a similar timber-to-timber 
connection. This issue was discussed in detail in section 3.3 of this chapter.  

However, extensive experimental results published by Dias (2005), Mascia and Soriano (2000), 
and Gelfi and Giuriani (1999) conflict with the Eurocode 5 suggestion (after Branco et al. 
2009). Several expressions for estimating the slip modulus have been proposed, which instead 
of the mean timber density value (Kser m

1.5  d/23 for pre-drilled dowels, bolts without 
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clearance, screws and nails with pre-drilling or Kser m
1.5  d0.8/30 for non-pre-drilled dowels, 

according to Eurocode 5) suggest that the slip modulus should be defined in terms of the 
fastener diameter and the timber’s modulus of elasticity: 

Turrini & Piazza (1983) dEK wser 08.0  (3.54)  

Capretti (1992) 16.0 dEK wser  (3.55) 

Ceccotti (1995) dEK wser 08.0   (3.56) 

The presence of an interlayer such as wooden planks or a wood-based panel between timber 
and concrete and its influence on the behaviour of connection stiffness was evaluated by Gelfi 
et al. (2002). These authors derived an analytical formulation for the stud connector stiffness 
that allows the connection design to be based on the accepted beam deflection. The main 
assumption is modelling the stud as a Winkler beam of unlimited length, both in concrete and 
wood. Such an assumption can be made as the diffusion zones, where the stud deformations 
are significant in both materials, are small and never larger than the stud length. The simplified 
theoretical formulations allow the stud spacing and stud length to be determined.

Gelfi et al. (2002) 3*

12 Ss
ser

IEK  (3.57)  

where Es is the timber’s Young’s modulus, Is is the moment of inertia of the timber beam 
and is the ideal length of the fastener given by Eq. 3.58: 

dtkk wc 34.488.000894.0000572.03.17  (3.58) 

where kc is the concrete stiffness, in N/mm2, kw is the timber stiffness, in N/mm2, t is the 
thickness of the interlayer, in mm, and d is the fastener diameter, in mm.

Using a simplified relationship for the quantities of commonly used variables (ordinary steel 
studs having diameter of 12-16 mm and length of ca. seven diameters, adopting as a reference 
the most recurring values for the concrete and the wood stiffness kc=10000N/mm2,
kw=1300N/mm2 and interlayer thickness t=25 mm and considering relationship Is= d4/64) the 
stiffness of the connector in Eq. 3.57 can be expressed for dowels as. 

3

34.4

124000

d
t
dKser  (3.59) 

Gelfi and Guriani (2003) also studied the influence of slab-beam slip on the deflection of 
composite beams, and roughly approximated the relationship between the deflection 
increment v and the maximum slip  as v 10 . It was suggested by these authors that for a 
correct design of wood-concrete composite floors, the connection’s maximum slip should be 
very small ( <0.3 mm) in order to limit the deflection increment.  
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3.6.3 Complete load-slip models for  timber-concrete joints  

The complete load-slip curve representing the real behaviour of joints in timber-concrete 
composite systems must be described by different models. The models described in sections 
3.6.1 and 3.6.2 provide the ultimate load of the connection and additional information about 
stiffness, but do not take into account other relevant variables, such as ductility. As described 
by Dias (2005), in the first approach (using models referred to as predictive models developed 
by McLain 1975 and Heine and Dolan 2001) the input are the properties of the joint elements, 
whereas in the second approach the models’ parameters are determined in order to obtain the 
best possible fits to load-slip curves obtained in shear tests (using models referred to as 
descriptive models developed by Foschi 1974 and Jaspart and Maquoi 1994). 

The load-slip relationships for joints tested in shear tests and presented in this thesis are 
described by the formula derived by Ollgaard et al. (1971). An empirical formula for the load-
slip relationship of continuously loaded specimens with distributed load and stud connectors 
embedded in both normal-weight and a lightweight concrete and steel composite structure was 
determined as: 

5
2181 eQQ u  (3.60) 

where uQ is the ultimate load, and is the slip.

Coefficients for prefabricated timber-concrete composite joints are given in Table 6.1 in 
section 6.1 and Paper I. 
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4
Materials and methods 

This chapter presents the experimental shear, bending, dynamic and long-term test program performed on 
small and full scale specimens. The FE model for short- and long-term analyses is described. Finally, the 
parametric study program is presented.

4.1 Introduction

The experimental tests were carried out at the Complab laboratory at Luleå University of 
Technology. The experiments included: (i) shear tests performed on seven types of connectors, 
(ii) bending tests carried out on three different full-scale test specimens, (iii) dynamic tests 
carried out on two different full-scale test specimens and (iv) long-term tests performed on 
full-scale specimens with two different types of connectors. 

4.2 Shear test program 

The aim of the shear test program was to investigate the following mechanical parameters of 
seven novel types of shear connectors designed for prefabricated timber-concrete composite 
structures: stiffness (slip modulus), shear strength and ductility. In addition to the investigation 
of mechanical properties, the feasibility of the proposed prefabrication process was evaluated 
during the manufacture of the shear test specimens. The connectors used in the tests had 
mechanical properties ranging from high strength and stiffness with low ductility, to 
substantially lower strength and stiffness but high ductility. Based on the shear-test results and 
experience of constructing the specimens two types of shear connectors that appeared to be 
suitable for the prefabricated timber-concrete composite systems were chosen for further tests.  

4.2.1 Test set-up

Direct shear tests were performed on asymmetrical specimens with each of seven different 
connector types, in batches of four, to determine the connectors’ load-slip relationships and 
slip moduli (kser and ku), using the experimental set-up illustrated in Fig. 4.1.  

This type of test was chosen because asymmetrical specimens are lighter, cheaper and quicker 
to construct than symmetric (push-out) specimens, in which the timber beam is connected to 
two concrete slabs, one on the left- and the other on the right-hand side. A disadvantage of the 
asymmetrical shear test set-up is that it gives slightly higher estimates of the shear strength and 
slip modulus than symmetric shear tests (Van der Linden 1999). This is because the 
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overturning moment due to the eccentricity of the axial force results in a compression force at 
the interface between the concrete and timber, which increases the friction and (thus) 
improves the apparent mechanical properties of the connection. Calculations based on first 
principles and the dimensions shown in Fig. 4.1 indicate that the compression force at the 
interface between timber and concrete is a sixth of the applied shear force. Hence, assuming a 
friction coefficient of 0.62 between the timber and concrete, the measured values overestimate 
true values of strength and slip moduli by ca. 10% (see Paper I). 

Figure 4.1 Shear test set-up (dimensions in mm)

Each test sample consisted of a 60 × 400 × 400 mm3 prefabricated concrete slab, strength class 
C20/25, connected by a previously inserted shear connector to a 115 × 135 × 400 mm3 glued 
laminated member of Swedish strength class L40 (BKR 1999), approximately equivalent to 
GL28c/GL32 class according to EN 1194. The width of the concrete slab, 400 mm, was 
chosen since it represents the minimum spacing between timber joists.

The shear tests were carried out according to EN 26891, which also includes provisions for 
determining the connection slip moduli. Preliminary tests were performed on one sample with 
each type of connector to obtain estimates of its failure load Fest and the rate of load 
application. Each test was continued until either the failure load was reached or 15 mm slip 
was attained, which occurred within 20 minutes. The tests were performed under 
displacement control. A 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. 4.1). Data during the shear tests were retrieved with a frequency of 2 
Hz (i.e. every 0.5 s). Load was applied using a DARTEC hydraulic jack, which provides 1%
accuracy over the load range 0-600 kN. 

4.3 Types of connectors

The tested connectors are described in Table 4.1. The specimens were tested 42-70 days after 
the concrete casting. 

S
N

P
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Table 4.1 Shear connector description 

Type Drawing Description of the connection system 

SNP
A 55 × 55 × 250 mm toothed metal plate, folded at 
an angle of 90o, moulded into the slab, Fig. 4.2 

SM
A continuous steel mesh embedded 50 mm into the 
slab and epoxy-glued into a 50 mm deep slot routed 
in the glulam beam, Fig. 4.3 

SST+S
A Ø 20 × 47 mm long steel tube inserted into the 
concrete slab with one Ø 20 × 120 mm hexagon 
head coach screw, Figs. 4.6 and 4.7

SST+S*
A Ø 20 × 47 mm long steel tube inserted into the 
concrete slab with one Ø 20 × 160 mm hexagon 
head coach screw, Figs. 4.6 and 4.9a 

SP+N

Two folded steel plates embedded into the slab to a 
depth of 50 mm and nailed to both sides of the 
glulam beam with eight Ø 4.5 × 75 mm annular 
ringed shank nails, Fig. 4.11

SP+N*

U-shaped steel plates welded to a long punched 
metal plate embedded into the slab to a depth of 30 
mm and nailed to both sides of the glulam beam 
with eight Ø 4.5 × 75 mm annular ringed shank 
nails, Fig. 4.12

GSP

A 115 mm wide two-folded steel plate, embedded 
into the slab at a depth of 50 mm and epoxy-glued 
into a 70 mm deep slot milled in the glulam beam, 
Fig. 4.4

ST+S+N

A Ø 20 × 67 mm long steel tube inserted into the 
concrete slab with one Ø 20 × 160 mm hexagon 
head coach screw and one notch cut from the 
glulam beam, Figs. 4.8b and 4.9
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GDF

A Ø 20 × 120 mm dowel with flanges embedded 
into the concrete slab to a depth of 50 mm and 
epoxy-glued into a 70 mm deep hole drilled in the 
glulam beam, Fig. 4.5

The SNP type connector consists of a common toothed metal plate previously investigated by 
Van der Linden and Blass (1996), which was chosen for its ductile behaviour. The toothed 
plate was 250 mm long, manufactured from common toothed plates with 8 mm nails. A flat 
toothed plate was bent at an angle of 90o and the teeth were removed from the part inserted 
into the concrete slab to eliminate the occurrence of air pockets around the nails. The pre-cast 
concrete slab with the toothed plate was pressed into the glulam beam using a hydraulic jack, 
which created compression stresses nearly equal to the compression strength of the wood 
perpendicular to the grain, causing several cracks to appear at the mid-section of the glulam 
beam.

Figure 4.2 Toothed metal plate connector (type SNP): (a) in the moulding form, (b) prefabricated slab, (c) 
pressing the glulam member onto the precast concrete slab

c)

b)a)
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Figure 4.3 Epoxy-glued continuous steel mesh (SM): (a) in the moulding form, (b) prefabricated concrete 
slab with inserted shear connector

Figure 4.4 Epoxy-glued folded steel plate (GSP): (a) in the moulding form, (b) prefabricated slab with 
inserted shear connector

Figure 4.5 Epoxy-glued steel dowel with flanges (GDF): (a) in the moulding form, (b) prefabricated slab 
with inserted shear connector

Glued connections have been proven in previous studies (Clouston at al. 2004, Bathon et al. 
2006) to provide almost full composite action. The following types of glued connectors were 
investigated in this project: (i) a continuous steel mesh (SM), Fig. 4.3, (ii) a folded steel plate 
(GSP), Fig. 4.4, and (iii) a Ø 20 × 120 mm dowel with two welded flanges (GDF), Fig. 4.5. 

b)a)

b)a)

b)a)
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A two-component epoxy-resin available on the Swedish market, StoBPE 465/464, was used 
to bond the steel parts to the glulam members in the SM, GSP and GDF specimens. In each 
case the connection was realized by leaving a 2-mm gap around the fastener and filling the slots 
and holes to 2/3 of their depth with epoxy. Plastic foil was placed between the concrete slab 
and the glulam beam to avoid any bonding at the interface, which could increase the slip 
moduli for low loads. Specimens with SM, GSP and GDF connectors were tested seven days 
after gluing in order to allow the glue to harden and cure completely, as recommended by the 
glue manufacturer (Sto Scandinavia AB 2007). The prefabricated concrete slabs with the steel 
mesh, steel plate and dowel inserted, before the gluing, are displayed in Fig. 4.3b-4.5b.

Figure 4.6 SST+S and SST+S* steel tube shear connectors: (a) in the moulding form with the screw’s 
plastic cap, (b) assembled to the glulam beam 

Several novel types of mechanical connectors were also investigated in this project. The first 
new type, designated SST+S, consisted of a 47 mm long steel tube, inner  20 mm, with a 
welded flange embedded in the concrete slab (Fig. 4.6a). The concrete slab and the glulam 
beam were then connected using a Ø 20 × 120 mm hexagon head coach screw (Fig. 4.6b and 
4.7). A plastic cap was screwed on top of the steel tube to create space for the screw head 
during the placement of the concrete and was removed after the concrete had cured. The 
screw was pre-tensioned with a 130 Nm torque moment using a torque wrench.

Figure 4.7 Hexagon head coach screws (Ø 20×120 mm) for the SST+S series

For the SST+S* series the concrete slab was connected to the glulam beam using the same kind 
of steel tube, as shown in Fig. 4.6a, but with a Ø 20 × 160 mm hexagon head coach screw 
instead of a Ø 20 × 120 mm screw. 

A modified steel tube, 67 mm long, with two welded flanges, and a Ø 20 × 160 mm hexagon 
head coach screw were used in the ST+S+N series in conjunction with a notch cut from the 
timber beam (Fig. 4.8a and Fig. 4.9a). A prefabricated concrete slab with a 115 × 120 mm2

rectangular hole was placed on top of the glulam member (Fig. 4.8b). The hole was filled with 

Ø20 × 120 mm

a) b)
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concrete mix and the tests were performed 28 days after the filling operation. The screw was 
pre-tensioned with a 130 Nm torque moment using a torque wrench. The notch in the glulam 
had an inclination of 15o, a length of 100 mm, and a depth of 25 mm (Fig. 4.9b). The 
prefabricated concrete slab with inserted steel tube and notch is displayed in Fig. 4.10. 

Figure 4.8 ST+S+N shear type connector: (a) steel tube detail, (b) prefabricated concrete slab with a 115 
× 120 mm2 rectangular hole placed on top of the glulam member

Figure 4.9 (a) hexagon head coach screw (Ø 20 × 160 mm) for the ST+S+N series, (b) notch in the 
glulam beam (dimensions in mm)

Figure 4.10 Prefabricated concrete slab with ST+S+N type connector 

The last new type of mechanical connector (displayed in Fig. 4.11a) consisted of a pair of 
folded steel plates embedded in the concrete slab and connected to the glulam beam by means 
of eight Ø 4.5 × 75 mm annular ringed shank nails (SP+N series). The two plates were placed 
in the moulding form so that there was a 10 mm overlap, thus the flanges folded in the steel 

a)

a) Ø20 × 160 mm

b)

b)

Steel tube 
ST+S+N
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plate acted as an anchor in the concrete slab. The plate was 160 mm long, 75 mm wide and 3 
mm thick. 

Figure 4.11 SP+N steel plate shear connector in the moulding form

The connector type designated SP+N* consisted of a U-shaped steel plate welded to a 400 mm 
long punched steel profile embedded into the concrete slab and nailed with eight Ø 4.5 × 75 
mm annular ringed shank nails to both sides of the glulam beam. The U-shaped steel plates 
were welded to a long steel profile running along the length of the beam to overcome the 
difficulty of positioning each U-shaped steel plate correctly in the moulding form individually 
(Fig. 4.12). The U-shaped steel plates and the punched steel profile were 3 mm thick.

Figure 4.12 SP+N* shear connector type in moulding form

4.4 Bending test program 

To assess the mechanical properties and structural performance of the prefabricated timber-
concrete composite floor systems five bending tests to failure were carried out with full-scale 
(4.8 m long) specimens with two kinds of shear connector systems. 

4.4.1 Construction of the specimens

Two types of connectors were selected for these tests following the direct shear tests described 
in section 4.3. They were neither the strongest nor the stiffest, but they were selected for their 
ease of implementation in the proposed prefabricated system.

b)a)



 Materials and method   

63

The first type of connector, designated SP+N*, consisted of a U-shaped steel plate welded to a 
long punched steel profile (Figs. 4.12-4.14) nailed with eight Ø 4.5 × 75 mm annular ringed 
shank nails. The second type of connector, designated SST+S*, consisted of Ø 20 × 160 mm 
hexagon head lag screws (Fig. 4.9a) and steel tubes (Figs. 4.15-4.16) to connect the slab to the 
glulam beam (Fig. 4.6b). The prefabrication of the concrete slabs did not require any special 
moulding forms for either of the chosen connector systems, making the prefabrication process 
straightforward (Figs. 4.13 & 4.17). 

The specimens (designated specimens 1-5) (Figs. 4.14 & 3.18) were made from one 60 × 1600 
× 4800 mm3 prefabricated concrete slab of strength class C20/25 according to Eurocode 2 and 
three 90 × 270 × 4800 mm3 glulam joists of Swedish strength class L40 (BKR 1999), 
approximately equivalent to strength class GL28c/GL32 according to EN 1194 spaced at 600 
mm c/c, Fig. 4.19. 

The concrete slabs were reinforced with a 6 mm diameter, 100 × 100 mm steel mesh placed 
30 mm above the formwork (Figs. 4.13 & 4.17), mainly to avoid damage during transportation 
and reduce cracking in the slab due to concrete shrinkage. An even surface of the concrete slab 
at the interface with the timber beam was required to provide a tight fit between the two 
components. Thus, self-consolidating concrete (SCC) was used during prefabrication of the 
slabs. SCC allows easy filling of restricted sections around connectors and reinforcement, and 
provides an even surface once the formwork is removed. 

Figure 4.13 Test specimen with SP+N*

connectors in the moulding form prior to the 
concrete placement-step I 

Figure 4.14 Test specimen with SP+N* connectors 
after removal from the moulding form prior to 
assembly

The pre-cast concrete slabs with inserted shear connectors were produced within three days 
and delivered one week after the last concrete slab had been cast, along with concrete cube 
samples for material property tests. The concrete slabs were cast upside-down and had to be 
lifted up, turned over, transported to the laboratory and fitted to the timber beams. No 
particular problems were encountered during this process. However, for longer and/or wider 
slabs, it would be essential to check that the stresses in the concrete slab due to its self weight 
remained below the tensile strength limits of the concrete during transportation and lifting, in 
order to avoid damage. The U-shaped steel plates were welded every 600 mm to a 2.4 m long 
steel profile running along the length of the beam. The 2.4 m steel profiles were welded 
together to make a 4.8 m element encased in the moulding form on top of the reinforcing 
steel mesh (Fig. 4.13). To increase the anchorage of the shear connector in the concrete slabs 
and decrease the total weight of the shear connector system, 50 mm diameter holes were 
punched in the 2.4 m long steel profile at 100 mm intervals. The U-shaped steel plates and the 
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punched steel profiles were 3 mm thick, rather than the standard 2 mm, to increase the stiffness 
of the system during transportation of the pre-cast concrete slab. A possible option to reduce 
costs would be to use standard 2 mm thick metal plates without holes. Figure 4.20 shows a 
prefabricated concrete slab with SP+N type connectors during assembly, while Figures 4.21 & 
4.22 show the assembled composite floor strip. 

Figure 4.15 SST+S* trype steel tube connector 
with plastic cap in the moulding form 

Figure 4.16 SST+S* type steel tube connector 
SST+S* in prefabricated concrete slab 

Figure 4.17 SST+S* type test specimen 
with connectors in the moulding form prior to 
the concrete placement-step I

Figure 4.18 SST+S* type test specimen with 
connectors after removal from moulding form prior to the 
assembly

Figure 4.19 Cross-section of the composite beams tested (dimensions in mm) 

Steel tube 
SST+S*
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Figure 4.20 Test specimens with SP+N* connectors during the assembly process-step II: placing the pre-
cast concrete slab on top of glulam joists

Figure 4.21 Pre-cast concrete slab with SP+N*

connectors after assembly process-step IV: the 
concrete slab nailed to the glulam joists

Figure 4.22 Pre-cast concrete slab with SP+N*

connectors after assembly process-step IV: the 
concrete slab nailed to the glulam joists-detail

Specimens 2 & 4 were produced with pre-cast concrete slabs with inserted SST+S* type shear 
connectors (Figs. 4.9a & 4.15) at 250 mm c/c, while specimen 3 had the same type of 
connectors, but spaced at 500 mm c/c. Figures 4.15 & 4.17 show the steel tubes in the 
moulding forms with custom-designed plastic caps inserted in each tube to make room for the 
screw head and to keep the inner surface of the tube clear during the concrete casting, Fig. 
4.16. The steel tubes were 3 mm thick, with 20 mm inner diameter. A 3 mm thick, 60 × 60 
mm square plate was welded to each tube to improve the anchorage of the connector in the 
concrete slab. The steel tubes were connected to the reinforcing steel mesh by spot welding 
and placed in the moulding form (Fig. 4.15), ensuring correct positioning of the connectors in 
both longitudinal and transversal directions. Figures 4.23-4.25 show a prefabricated concrete 
slab with embedded steel tubes during the assembly process.  



Development of Prefabricated Timber-Concrete Composite Floors 

66

Figure 4.23 Test specimens with SST+S* connectors during the assembly process-step II: placing the pre-
cast concrete slab on top of glulam joists

Figure 4.24 Pre-cast concrete slab with SST+S*

connectors during the assembly process-step III: 
screwing the concrete slab onto the glulam joists

Figure 4.25 Pre-cast concrete slab with SST+S*

connectors after assembly process-step IV: the 
concrete slab screwed onto the glulam joists

Figure 4.26 Prefabricated timber-concrete composite floor strip with SST+S* type connectors  

The assembly time for the shear connectors was fairly short compared, for example, to the time 
required to assemble systems with glued-in dowels or continuous connectors, based on 
experience gained during preparation of shear-test specimens. Pre-drilling to 80% of the screw 
diameter was required prior to connecting the pre-cast concrete slab to the glulam beams. 
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Then the lag screws were inserted into the holes (Fig. 4.24) and pre-tensioned with a 130 Nm 
torque moment using a torque wrench, with no need for grouting. The unthreaded part of the 
screw below the head, however, had to be ground in order to fit into the steel tube. 
Consequently, a “small” clearance was introduced between the inner part of the steel tube and 
upper part of the screw. Figure 4.26 shows a prefabricated timber-concrete composite floor 
strip with SST+S* type connectors. 

4.4.2 Full-scale bending tests

Full-scale bending tests were performed on specimens 1-5 (Figs. 4.19 & 4.27-4.29) to 
investigate the structural performance of the composite systems (68, 78, 78, 182 and 189 days 
after casting, respectively, during which the required apparatus was prepared and adjusted). 
The beam specimens were subjected to four-point bending tests, to failure, using the 
experimental set-up displayed in Figs. 4.27-4.31. The distance between supports was 4440 mm 
and the load was applied at the third points using a 600 kN hydraulic actuator and a spreader, 
Figs. 4.30 & 4.31.

Figure 4.27 Elevation of the composite beams (dimensions in mm): specimens 1 & 5 (lower-case letters 
indicate the locations of LVDTs installed to measure slip) 

Figure 4.28 Elevation of the composite beams (dimensions in mm): specimens 2 & 4 (lower-case letters 
indicate the locations of LVDTs installed to measure slip)

Figure 4.29 Elevation of the composite beams (dimensions in mm): specimen 3 (lower-case letters indicate 
the locations of LVDTs installed to measure slip)
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The bending tests were performed under displacement control, and the load was applied at a 
constant 0.05 mm/s rate within a time frame of 30-40 min until maximum capacity was 
reached, according to the loading protocol recommended by EN 26891 with a preloading 
cycle up to 40% of the estimated ultimate load, declining to 10% of the estimated failure load, 
and ramp loading to failure. 

Figure 4.30 Bending test set-up, transversal 
view

Figure 4.31 Bending test set-up, longitudinal 
view

Figure 4.32 Elevation of composite beam: 
specimens 1 & 5 with installed LVDTs to 
measure slip along the beam length - outer joist

Figure 4.33 LVDT, as installation on specimens 
1 & 5 at connector nos. 3 and 6

Data on the following variables were recorded during the tests: (i) mid-span deflection of the 
three timber joists vmax measured using Linear Voltage Displacement Transducers (LVDTs); (ii) 
relative slip between the concrete slab and the glulam joists at the connector location using 
LVDTs, as illustrated in Figs. 4.27-4.29 and 4.32-4.34; and (iii) applied load, measured 
through a load cell. Specimens 1 & 5 had LVDTs at connector locations a-c indicated in Figs. 
4.27, 4.32 and 4.33 on all three timber joists. The inner joist of specimens 2 & 4 had LVDTs at 
connector locations a-f indicated in Figs. 4.28 and 4.34 but, since limited numbers of 
transducers were available, the outer beams had transducers installed only at the a, c, and e 
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locations (see Fig. 4.28). Specimen 3 had LVDTs at all connector locations a-d indicated in 
Fig. 4.29 for all three joists. 

Figure 4.34 Elevation of composite beam:  specimens 2 & 4 with installed LVDTs to measure slip along 
the beam length - inner joist

In order to determine the Young’s modulus (Ew) and bending strength (fb) of the glulam one 
undamaged timber joist was removed from the composite beam after completion of the 
collapse test and was tested in a four-point bending test using the set-up presented in Figs. 4.35 
& 4.36.

Figure 4.35 Set-up for bending tests of single glulam 
joist

Figure 4.36 End support for the glulam 
beam during a bending test

4.5 Dynamic-impact test program 

4.5.1 Test set-up 

The purpose of the impact tests was to investigate the natural frequencies and damping ratios 
of the prefabricated timber-concrete composite systems, which represent the system’s 
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behaviour at the serviceability limit state. Ten impact tests with five repetitions for each test 
were conducted on specimens designated 1DYN & 2DYN, with SP+N* (Tests 1a-5a) and 
SST+S* (Tests 1b-5b) type connectors, respectively. Both specimens had a 60 × 1600 × 4800 
mm3 prefabricated concrete slab with strength class C20/25 according to Eurocode 2 and three 
90 × 270 × 4800 mm3 glulam joists of Swedish strength class L40 (BKR 1999), approximately 
equivalent to strength class GL28c/GL32 according to EN 1194 (Fig. 4.19). After the dynamic 
tests the specimens were subjected to four-point bending tests to failure, as described in section 
4.4.2. The results are only comparative because the test specimens each represent a strip of an 
entire floor and the transverse stiffness, which significantly affects the response of floor systems, 
will increase with increases in the floor width.  

For the impact tests, two specimens were each struck with a 5 kg hammer on their longer 
edges, 1 m from the shorter edge. The resulting vertical accelerations were then recorded using 
two solid state accelerometers. The first accelerometer was always located at a point 1/3 of the 
specimen’s width and half the specimen’s length away from its support, while the second 
accelerometer was located 1/3 of the specimen’s width and 1110 mm, 740 mm, 555 mm, 444 
mm and 370 mm away from the specimen’s support, in Tests 1a-5a and 1b-5b, respectively. 
The acceleration records were used to estimate the natural frequencies and damping ratios for 
the floor specimens. Table 4.2 shows the impact test program. 

Table 4.2 Impact test program for specimens 1DYN & 2DYN

1DYN         
(with SP+N*

connector type) 

2DYN
(with SST+S*

connector type) 

Accelerometer position-distance measured 
from specimen support                 

(mm)
Impact test number V— accelerometer V accelerometer 

Number 
of impact 

tests

1a 1b 1110 
2a 2b 740 
3a 3b 555 
4a 4b 444 
5a 5b 

2220

370

5

4.6 Long-term test program 

4.6.1 Test set-up 

The purpose of the long-term tests was to investigate the time-dependent behaviour of the 
prefabricated timber-concrete composite systems at the serviceability limit state. Two 4.8 m 
long timber-concrete composite beam specimens, representative of floor strips, were 
constructed and tested under sustained loading for one year.

The first and second beam specimens, denoted specimens 1a and 2a, respectively, were 
produced with pre-cast concrete slabs with inserted SP+N* and SST+S* shear connectors. Both 
specimens had a 60 × 800 × 4800 mm3 prefabricated concrete slab of strength class C20/25 
according to Eurocode 2 and one 90 × 270 × 4800 mm3 glulam joist of Swedish strength class 
L40 (BKR 1999), approximately equivalent to strength class GL28c/GL32 according to EN 
1194, Fig. 4.37.
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Figure 4.37 Cross-section of the composite specimens for long-term tests (dimensions in mm) 

The pre-cast concrete slabs were connected to the glulam beams 172 days after the slabs were 
cast. During the assembly, the glulam beams were vertically supported and the props were left 
in place for the next 68 days. After removing the props, the specimens were left unpropped 
and unloaded inside the laboratory, in an unconditioned, unheated environment, for the 
following 304 days, during which no variable was monitored. Then, 544 days after concrete 
casting, two concentrated loads were applied at the third points of the beam span (see Figs. 
4.38-4.39) using the loading frames with steel weights displayed in Fig. 4.40.

Figure 4.38 Elevation of beam specimen 1a with SP+N* connection

Figure 4.39 Elevation of beam specimen 2a with SST+S* connection 
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The concentrated loads were 5.02 kN and 6.65 kN each for specimens 1a and 2a, respectively. 
These values were calculated as the quasi-permanent part of the service load, corresponding to 
13% of the experimental collapse load determined during the tests to failure. The point loads 
were left on the specimens for 339 days, during which deflections, slips and strains were 
measured. After the point loads were removed, the monitoring continued for another 21 days 
in order to investigate the elastic recovery of the specimens. 

The variables monitored during the entire test (339 days of loading and the following 21 days) 
were: (i) mid-span deflection; (ii) temperature and relative humidity of the environment; (iii) 
relative slip between the timber and concrete at the 1st, 3rd, 6th and 8th connectors for specimen 
1a, and at the 1st, 6th, 13th and 18th connectors for specimen 2a (Figs. 4.38 & 4.39); (iv) the 
compression of glulam beams perpendicular to the grain at the supports (Fig. 4.41); and (v) the 
strains in the concrete slab and the glulam beams along the depth of the mid-span cross-
section, Fig. 4.37.

Two types of strain gauges (supplied by Tokyo Sokki Kenkyujo Company) were used to measure 
the strains in the concrete slab and the glulam beams: (1) PL-60-11 concrete strain gauges, and 
(2) PLW-60 wood strain gauges, both 60 mm long, Fig. 4.37. The relative humidity RH and 
the temperature T of the laboratory environment were measured using a UNB-502 datalogger. 
The moisture content in the wood was not monitored during the long-term test, however 
readings taken at the end of the test had an average value of 10%. The mid-span deflection and 
relative slip between the glulam beams and concrete slabs, as well as the compression 
perpendicular to the grain over the support, were recorded using Linear Voltage Displacement 
Transducers (LVDTs) as displayed in Fig. 4.41. 

Figure 4.40 Photograph of the loading frame Figure 4.41 Photograph of LVDTs on specimen 
1a for measuring the slip at the 1st and 8th

connectors, and compression perpendicular to the 
grain at the supports 
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4.7 FE modelling/numerical analysis short- and long-term verifications, and parametric 
study

4.7.1 Background

The finite element (FE) model used in the analysis in the studies underlying this thesis was 
originally developed by Fragiacomo, and a detailed description of the model can be found in 
Fragiacomo et al. (2004). The model can be used for both short-term nonlinear analyses to 
failure (Fragiacomo et al. 2004, Ceccotti et al. 2006), and long-term analyses under sustained 
loads (Fragiacomo 2005, Fragiacomo 2006, Fragiacomo and Ceccotti 2006, Fragiacomo et al. 
2007).

The purpose of using FE modelling was to investigate the performance of prefabricated 
timber-concrete composite systems in the short- and long-term. The FE model was used to 
extend the experimental results to composite beams with connection systems different from 
those used in the beam specimens, and to predict the deflection beyond the testing time of one 
year to 50 years. The numerical outcomes of both short- and long-term analyses together with 
parametric studies are presented in Papers III and V.

4.7.2 FE model for short-term analysis  

The uniaxial finite element model used in the short-term analysis consists of a lower timber 
beam linked to an upper beam made of concrete with one layer of reinforcement (Fig. 4.42) 
linked by a continuous spring system schematizing a flexible shear connection. In the model, 
the cross-sections of both beams are divided into cells to consider variations in properties of 
interest along their depth and width.  

Figure 4.42 FE model

The displacement method is used to solve the structural problem, with the nodal unknowns 
being three axial displacements uc of the concrete slab, three axial displacements uw of the 
timber beam, and four flexural displacements v of the entire composite element (10 nodal 
displacements assumed in total as unknowns). Quadratic and cubic shape functions are used to 
simulate the axial and flexural displacements, respectively. The axial force Nc, Nw and bending 
moment Mc, Mw of the concrete slab and timber beam are calculated by integrating the stresses 
over the cross-section using the trapezoidal rule. The equivalent nodal forces of the element 
are calculated using the Gauss formula with three Gauss points (sections) along the element 
length.
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The connection system is modelled as explained above by linking the upper and lower beams 
with a continuous horizontal spring system with nonlinear behaviour. A smeared connection is 
assumed by many authors when modelling composite beams to reduce computational 
demands. This simplification is also adequate when modelling concentrated connectors, as long 
as their spacing is quite small with respect to the beam length, as it was in all cases considered 
in this thesis. The local effects around the connectors are neglected in this type of modelling, 
but the global interaction between the upper and lower beam can be rigorously addressed. No 
vertical spring connecting the concrete slab and the timber beam was considered, since 
significant uplift between the concrete and timber will be prevented by the uplift resistance and 
stiffness of the connection systems used.  

When a nonlinear analysis to failure is carried out, the applied load is incrementally increased 
and the solution is sought at each step through an iterative procedure based on the modified 
secant stiffness method (Fragiacomo et al. 2004). The method is very robust even when the 
component materials have stress-strain relationships with softening. A nonlinear uniaxial stress-
strain relationship with softening branch is used for concrete in compression and tension, 
whilst an elasto-brittle relationship in tension and elasto-plastic with limited ductility stress-
strain relationship in compression is used for timber. The load is monotonically increased and 
collapse of the composite beam is assumed to have occurred, according to a global failure 
criterion, when numerical convergence is no longer attained. 

The FE model was validated using the experimental results presented in Paper III. The 
constitutive relationships of the connection systems used to construct specimens 1-5 are also 
presented in Paper III and in Chapter 6, Figs. 6.1 and 6.10. The geometrical and mechanical 
properties of timber and concrete used in the short-term numerical simulation are reported in 
Paper III. 

4.7.3 FE model for long-term analysis 

4.7.3.1 Timber

Several phenomena should be taken into account when modelling the long-term behaviour of 
timber: creep, the mechano-sorptive effect, dependence of Young’s modulus on moisture 
content, and shrinkage/swelling due to thermal and moisture content variations (Fragiacomo 
2005).
The finite element model described in section 4.7.2 was also used for long-term analyses in the 
studies. The FE model rigorously accounts for all the time-dependent phenomena occurring in 
timber and listed above. Various rheological models for timber have been developed, both 
linear (Ranta Maunus 1975, Toratti 1992) and non-linear (Hanhijärvi 1995a,b). In the FE 
model developed by Fragiacomo (2005) Toratti’s rheological model (Toratti 1992) is used to 
describe the time-dependent behaviour of timber: 
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where: w , w are the total strain and stress, respectively; Jw=Jw0+Jwd is the creep function, in 
which Jw0 is the reciprocal of Young’s modulus and Jwd the creep component; u is the moisture 
content; T is the temperature; wu and wt are the moisture and thermal dilatation coefficients; 
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bw, cw and Jw  are material parameters that are assumed to be equal to 0, 2.5 and 0.7Jw0(uref),
respectively (see Toratti 1992 and Fragiacomo 2005); uref=0.20; and t0,  and t are the initial, 
current and final times of analysis, respectively. In this equation, the sum of the first two 
integrals represents the viscoelastic strain, the third integral accounts for the dependence of 
Young’s modulus on the moisture content, the fourth integral represents the mechano-sorptive 
term, the fifth integral takes into account the dependence of shrinkage/swelling on the total 
strain, and the sixth and seventh integrals represent the climatic strains due to 
shrinkage/swelling and thermal expansion, respectively.

4.7.3.2 Connection

As described in section 4.7.2 the connection system is regarded as smeared along the beam axis. 
If the shear connectors are concentrated, as they are in all cases considered in this thesis, the 
smeared shear stiffness Kf is given by Kf=kf/if where kf is the shear stiffness of the connector and 
if is the spacing between connectors. If the connectors display linear-elastic behaviour, the shear 
force per unit length carried by the connection system will be Sf=Kfsf where sf is the relative 
slip between the concrete slab and timber beam (Fragiacomo 2005). The non-linearity of the 
behaviour of the connection is negligible when the shear force is low compared to the 
connection strength. This condition is generally satisfied in long-term verifications under the 
quasi-permanent part of the load (Fragiacomo 2005). Long-term push out tests reported by 
several authors (Bonamini et al. 1990, Amadio et al. 2001a,b) have demonstrated that shear 
connections creep, even more than timber, and their long-term behaviour is affected by 
changes in moisture content (as noted by Fragiacomo 2005). No rheological model has been 
developed to analyse the long-term behaviour of timber-concrete joints. For that reason, 
timber-timber models are used to simulate their behaviour. A comprehensive description of 
models based on deformation kinetics theory has been presented in Van der Put (1989) and 
Van der Kuilen (1999) (as noted by Dias 2005). Based on the remark that timber affects the 
behaviour of the shear connection much more than concrete because of its large deformability, 
the shear connection in the FE model is described by means of a rheological model similar to 
that adopted for timber (Fragiacomo 2005). The creep around concrete is omitted since it is 
less important than the rheological phenomena at the interface between the timber and 
connector. Toratti’s linear-viscoelastic model with mechano-sorptive effect is employed as a 
constitutive law for the connection system:   
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where: sf and Sf are the relative slip and shear force in the connector per unit length, 
respectively; and Jf=Jf0+Jfd is the creep function of the connection, in which Jf0 is the reciprocal 
of the slip modulus at 40% of the shear strength and Jfd the creep component. All the other 
symbols have similar meaning and values to those described for Eq. 4.1. Both Eqs. 4.1 and 4.2 
show that the time-dependent behaviour of the timber and connection depends on the 
moisture content u(t), which affects the Young’s modulus of timber, the mechano-sorption of 
timber and the connection, and the shrinkage/swelling of timber. The moisture content u(t)
varies along the width and depth of the timber beam depending on the dimensions of the 
timber section, and the history of the environmental relative humidity RH(t). The histories of 
moisture content u(t) over the timber cross-section are computed for a given history of 
environmental relative humidity RH(t) using software that computes the diffusion of water 
across the timber cross-section, and hence changes the moisture content in the timber 
(Fragiacomo 2005). The temperatures of the timber Tw(t) and concrete Tc(t), which affect the 
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thermal strains of both materials, are assumed to be the same as the ambient temperature T(t)
(Fragiacomo 2005).

4.7.3.3 Concrete

Important rheological phenomena such as creep and shrinkage influence the long-term 
behaviour of concrete. In order to account for creep in concrete, its behaviour is commonly 
assumed to be linear-viscoelastic (Fragiacomo 2005). This hypothesis is valid if the concrete is 
subjected to compressive stresses, that do not exceed 40% of its short-term strength. While 
considering the long-term performance of timber-concrete composite structures only the 
quasi-permanent part of the load is considered for the serviceability limit state, therefore the 
condition that compressive stresses must not exceed 40% of the short-term strength is generally 
satisfied. For simply supported timber-concrete composite beams, such as those tested in the 
studies underlying this thesis, the concrete flanges are subjected to bending and compression. 
Therefore, the concrete slab is mainly compressed and tensile stresses due to the service load, if 
any, are generally lower than the tensile strength of the concrete. If the tensile stresses exceed 
the tensile strength, the influence of cracking on the performance of the composite structure 
can be considered by the software, which would then perform a non-linear long-term analysis 
(Fragiacomo at al. 2004). It should be noted, however, that the influence of concrete cracking 
is generally negligible for simply-supported timber-concrete composite beams (Fragiacomo 
2005).

For the sake of simplicity, the equation describing the linear-viscoelastic behaviour of concrete 
is:

t

t
ccTcsccc dTddtRt
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,  (4.3) 

where c and c are the total strain and stress, respectively; cs is the drying shrinkage; Rc is the 
relaxation function; and cT and Tc are the thermal expansion coefficient and temperature, 
respectively.  

Equations 4.1 to 4.3 are solved by expanding the creep functions of timber and the 
connection, and the relaxation function of concrete in a series of exponentials, by dividing the 
duration of load into time steps, and applying the trapezoidal rule in order to transform the 
integral equations into recurrent algebraic formulas.  

The geometrical, mechanical and rheological properties of the timber, concrete and 
connection used for long-term numerical analysis are reported in Paper V. 

4.7.4 Short- and long-term parametric studies

The main purpose of the short-term parametric studies was to extend the results of tests on 
full-scale beam specimens in the laboratory to beams with different connection systems which 
had been previously tested only under direct shear. All geometrical parameters (as shown in 
Fig. 4.19) and mechanical parameters for timber and concrete were kept unchanged. Only the 
type of shear connector (and therefore the shear-slip relationship) was varied in the parametric 
study. Five types of connections were considered in the analysis: epoxy-glued connector type 
GDF connectors spaced at (i) 250 and (ii) 500 mm c/c respectively; (iii) epoxy-glued GSP 
connectors spaced at 500 mm c/c; (iv) SNP connectors and (v) ST+S+N connectors spaced at 
600 mm c/c, see Table 4.1 for a full description of connector types. The short-term parametric 
program is described in detail in Paper III.   
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Prior to long-term parametric studies the FE model was used to extend the one-year 
experimental results to 50 years, which is the end of service life. In this respect, the use of 
software is important since evaluating the best-fit approximation of the one-year experimental 
creep curve is not so straightforward. Unlike simple timber members, thermal and moisture 
strains due to environmental variations induce stress distributions and deflections in the 
composite beam. Due to the cyclic nature of the environmental variations, these effects will be 
largely cancelled at the end of the year. However, they will confound the time trends of creep 
deformation, complicating attempts to recognize the trends and making them difficult to fit 
with logarithmic or power-type functions. In order to carry out this numerical analysis, the 
environmental conditions monitored during the one-year experimental test (presented in Paper 
IV) were extended to the end of the beam’s service life by assuming that the variations were 
the same in each of the following 49 years. The results of the numerical analysis are presented 
and discussed in Paper V. 

In addition to the analysis described above, two specimen beams with different types of 
connector, designated ST+S+N (specimen 3) and GDF (specimen 4) were analyzed using the 
FE model. Those types of connector (described in detail in section 4.3) were not tested under 
long-term load, but were selected for their desirable mechanical properties. The shear moduli 
k0.4 for the ST+S+N and GDF connectors were 28 and 16 times that of the SST+S*

connector, and their shear strength was 3 and 1.4 times that of the tested connectors, 
respectively. The outcome from the analysis is described in detail in Paper V.

The main purpose of the long-term parametric study was to investigate advantages and 
disadvantages of the proposed prefabricated composite floor system in comparison to traditional 
composite beams, in which concrete is cast on top of timber beams. In this study, the time 
trends of the deflection during the 50-year service life were computed using the finite element 
model described in section 4.7.3. The same histories of temperature and relative humidity 
monitored during the one-year experimental test (see section 4.6) and repeated for all 50 years 
were used in the numerical simulations. The analyses were carried out only for beams with the 
SST+S* connectors, (specimen 2b), see Table 4.1. The geometrical, mechanical and 
rheological properties of the timber, concrete and connection are reported in Paper V, except 
for the thermal and moisture dilation coefficients, which were assumed to be zero to facilitate 
estimation of the increase in deflection over time.  

Five parameters were varied in the parametric study:  
the mode of construction of the concrete slab (prefabricated off-site or 

traditionally cast-in-situ); 
the method used to construct the composite beam, with the timber beam 

propped or unpropped during assembly of the prefabricated slab or casting of the 
traditional concrete slab; 

the curing time t1 of the prefabricated concrete slab, which corresponds to the 
time between the concrete casting and the connection of the prefabricated concrete 
slab to the timber beams; 

the time t2 that the props are left in place, measured from the concrete casting 
for traditional systems and from the assembly time t1 for prefabricated systems; 

the time t3 between the concrete casting (for traditional, unpropped systems), 
the assembly time t1 (for prefabricated, unpropped systems) or from the time of prop 
removal t2 (for propped systems) and the time t3 when the live load is applied. 
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5
Test results 

This chapter presents the main outcomes of the experimental program described in Papers I, III, IV and 
V, including shear tests, bending tests and long-term tests. Outcomes from dynamic tests that were not 
included in Papers I-V are presented in section 5.3. 

5.1 Shear test results

Shear test results are reported in Paper I for all tested types of single shear connectors except 
two (types SST+S* and SP+N*), which were designed after evaluating the main shear test 
results. Additional shear tests were performed with SST+S* and SP+N* connector systems and 
they were used in bending, dynamic and long-term tests. Average shear force-relative slip 
curves for all types of connectors are presented in Fig. 5.1 
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Figure 5.1 Shear test results for all type of connectors: average shear force vs. relative slip

The shear force-relative slip curves for all specimens are presented in the low slip range to 
illustrate the connectors’ performance in terms of stiffness at 40% of the estimated maximum 
load and 60% of the maximum shear force. These slip moduli values, k0.4 and k0.6, were used in 
the further study of full-scale timber-concrete composite floor specimens, according to 
Ceccotti (1995) and Appendix B of EC5 (Eurocode 5). The mean secant slip moduli k0.4 and 
k0.6 are reported in Table 5.1.  
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Table 5.1 Shear test results: slip moduli and shear strength 

Slip moduli Shear force Max 
slip 

k0.4 k0.6 k0.8 Fmax s
Type of 

connection Values

[kN/mm] [kN/mm] [kN/mm] [kN] [mm] 

SNP
(4 samples) 

range 
average 

95.3-135.2 
121.4
18.0

72.8-118.5 
99.0 
19.3

52.4-86.9 
67.6 
15.8

35.4-38.9 
37.3 
1.6 

11.0 

SM
(4 samples) 

range 
average 

377.0-595.8 
483.8 
90.8

345.2-543.5 
449.4 
82.7

300.6-487.1 
396.0 
80.0

74.3-88.1 
81.2 
5.7 

4.0 

SST+S
(4 samples) 

range 
average 

4.7-6.8 
5.9 
0.9 

6.0-8.1 
6.8 
1.0 

6.0-7.1 
6.4 
0.5 

33.2-34.6 
33.9 
0.6 

15.0 

SST+S* 
(4 samples) 

range 
average 

5.9-12.8 
8.5 
3.0 

7.0-10.2 
8.3 
1.4 

6.6-9.3 
7.4 
1.3 

36.5-41.3 
38.2 
3.0 

15.0 

SP+N
(4 samples) 

range 
average 

80.8-412.0 
258.8 
166.6

80.4-138.8 
113.1 
26.2

60.8-74.8 
68.3 
5.8

36.8-47.0 
42.3 
4.3 

4.5 

SP+N*
(2 samples) 

range 
average 

5.0-5.7 
5.3 
0.5 

3.1-3.5 
3.3 
0.3 

2.4-3.0 
2.7 
0.4 

37.0-43.0 
40.0 
4.3 

16.0 

GSP
(4 samples) 

range 
average 

118.2-325.9 
248.5 
90.4

101.4-269.0 
183.4 
72.8

79.7-167.9 
130.9 
41.3

43.3-73.4 
64.4 
14.2 

6.0 

ST+S+N
(3 samples) 

range 
average 

221.3-245.6 
235.7 
12.8

231.6-248.2 
234.4 

8.7

139.6-217.9 
178.0 
39.2

99.6-126.7 
110.6 
14.2 

12.0 

GDF 
(4 samples) 

range 
average 

120.0-174.6 
135.1 
26.5

94.6-98.9 
96.8 
2.3

59.1-71.9 
64.4 
5.6

51.0-54.8 
52.5 
1.6 

15.0 

Figures 5.2-5.11 present shear force-relative slip curves and failure modes for each type of 
connections. In Appendix 1 the parameters determined according to EN 26891 are presented, 
which were needed to establish the mean secant moduli k0.4 and k0.6 presented in Table 5.1. 

The main observations from the shear tests were:  

The SM type connector had the highest stiffness, k0.4=483.8 kN/mm and a 
maximum load of 81.2 kN with a corresponding slip of 4.0 mm (Fig. 5.2a). The failure of 
the connection system was brittle and occurred in the concrete slab due to the formation of 
cracks along the steel mesh line, followed by yielding and tearing of the steel mesh, Fig. 
5.2b.
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Figure 5.2a Results of the shear test for connector 
type SM: shear force-slip curves

Figure 5.2b Results of the shear test for 
connector type SM: failure mode in the 
connection, after separating the timber beam from 
the concrete slab
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Figure 5.3a Results of the shear test for connector 
type ST+S+N: shear force-slip curves

Figure 5.3b Results of the shear test for 
connector type ST+S+N: failure mode in the 
connection

The ST+S+N connector type displayed the highest maximum shear force, of 
110.6 kN, with a corresponding slip of 12 mm and stiffness k0.4 value of 235.7 kN/mm 

Yielding and tearing 
of the steel mesh

F



Development of Prefabricated Timber-Concrete Composite Floors 

82

(Fig. 5.3a). The primary failure mechanism was a combination of pure shear failure at the 
vertical cross-section of the notch (see visible crack in the lower part of Fig. 5.3b) and 
tension in the upper part of the notch, caused by the eccentric bearing force at the strut 
and tie timber-to-concrete interface (see inclined crack in the upper part of Fig. 5.3b). 

The SP+N* connector type had the lowest stiffness k0.4=5.3 kN/mm and a 
maximum ultimate load of 40 kN at a slip of 16 mm (Fig. 5.4a). The failure mode is shown 
in Fig. 5.4b. The crack in the concrete slab occurred due to the rotation of the steel plate 
of about 6o. Shear failure was observed in the concrete slab while the nails remained 
undamaged. 
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Figure 5.4a Results of the shear test for connector 
type SP+N*: shear force-slip curves

Figure 5.4b Results of the shear test for 
connector type SP+N*: failure mode in the 
connection
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Figure 5.5a Results of the shear test for connector 
type SST+S: shear force-slip curves

Figure 5.5b Results of the shear test for 
connector type SST+S: slip
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Figure 5.5c Results of the shear test for 
connector type SST+S: open specimen, 
embedding failure 

Figure 5.5d Results of the shear test for 
connector type SST+S: open specimen-coach 
screw removed

The lowest maximum shear force was displayed by SST+S type connectors; 
33.9 kN, with a corresponding slip of 15 mm while the stiffness k0.4 was 5.9 kN/mm (Fig. 
5.5a & 5.5b). The coach screw failed in bending due to plastic hinge formation (Figs. 5.5c-
5.5d) at the timber-concrete interface. No cracks appeared in the concrete slab throughout 
the shear test. 

For the SST+S* connector type connector type a crack along the depth of the 
glulam occurred (Fig. 5.6b) becasue two connectors were tested in one shear test specimen 
and the distance to the end of the specimen was too small. The coach screw failed in 
bending due to plastic hinge formation. No cracks appeared in the concrete slab 
throughout the shear test. 

The failure with the SP+N connector type occurred in the concrete slab due to 
a crack which was initiated by the rotation of the steel plate of about 1.6o, Fig. 5.7b. Shear 
failure was observed in one nail at the interface between the steel plate and glulam beam 
while the other nails remained undamaged. 
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Figure 5.6a Results of the shear test for connector 
type SST+S*: shear force-slip curves

Figure 5.6b Results of the shear test for 
connector type SST+S*: failure mode - 
crack in the glulam
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Figure 5.7a Results of the shear test for connector 
type SP+N: shear force-slip curves

Figure 5.7b Results of the shear test for 
connector type SP+N: failure in the 
connection
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Figure 5.8a Results of the shear test for connector 
type GSP: shear force-slip curves

Figure 5.8b Results of the shear test for 
connector type GSP: failure in the connection

In the GSP connection system the final failure occurred due to failure of the 
concrete slab, Fig. 5.8b. 

The GDF connection system failed due to cracking in the concrete slab, 
perpendicular to the glulam cracks propagating on both sides of the beam, Fig. 5.9b. 

The failure of the SNP connector type was characterized by yielding of the 
toothed metal plate after some cracks occurred in the concrete slab, Fig. 5.10b. 
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of the steel 
plate

1.6o

Crack
propagation
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Figure 5.9a Results of the shear test for connector type 
GDF: shear force-slip curves

Figure 5.9b Results of the shear test for 
connector type GDF: failure in the 
connection
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Figure 5.10a Results of the shear test for connector 
type SNP: shear force-slip curves

Figure 5.10b Results of the shear test for 
connector type SNP: failure mode of the 
connector: slip 

5.1.1 Material properties 

The physical properties of glulam were measured after the shear test. The mean glulam density 
was 418 kg/m3 and the mean moisture content was 11%. Measurements were made on two 
samples taken from the inner lamellas of the glulam. The average cubic compression strength 
of the concrete, measured 28 days after its casting, was 51 MPa. The compression strength was 
calculated by averaging the results from three 150  150  150 mm3 cubes. Properties of the 
glulam and concrete specimens are presented in Appendices 2 and 3, respectively.  

5.2 Bending test results 

Experimental bending test results are presented in Papers II and III in terms of failure load and 
corresponding maximum mid-span deflection and slip along the beam length. Table 5.2 
presents a summary of the experimental test results.  

11 mm slip 

Crack
propagation
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Table 5.2 Experimental results of the tests to failure performed on specimens 1-5 

Slip of the connectors Pmax
Max

deflection 1st 3rd 4th 6thTest
[kN] [mm] [mm] [mm] [mm] [mm] 

Specimen 1 
Specimen 5 

SP+N*

600 mm 
235.19
156.11

58.64
37.57

5.2-7.2 4.0-6.0 - - 

Specimen 2 
Specimen 4 

SST+S*

250 mm 
179.13
308.17

31.35
54.53

4.7-5.5 - - 3.0-3.3 

Specimen 3 SST+S*

500 mm 
295.85 60.93 5.6-6.9 - 2.2-3.8 - 
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Specimen 5

Specimen 1

Pmax,1=235.2 kN - max mid-span deflection 58.6 mm
Pmax,5=156.1 kN - max mid-span deflection 37.6 mm

Figure 5.11a Load-mid-span deflection curves for 
specimens 1 and 5 (connection type SP+N*)

Figure 5.11b Specimen 1 - failure of the outer 
joist in the finger joint in the vicinity of 
connector no. 3

Figure 5.11c Specimen 5 - failure of the outer 
joist in the finger joint in the vinicity of connector 
no. 3 (detail)

Figure 5.11d Specimen 1 - cracks in the concrete 
slab in the region of a shear connector (detail) 

Figures 5.11-5.12 present the experimental results obtained for specimens 1 & 5 with SP+N*

connectors. Specimen 5 showed the lowest load capacity (2P=156.1 kN) with a corresponding 
mid-span deflection of 37.6 mm, while specimen 1 reached a higher ultimate load (2P=235.2
kN), with a corresponding mid-span deflection of 58.6 mm (Fig. 5.11a). The collapse of 
specimen 1 was due to failure of the finger joint in the outer joist in the vicinity of connector 
No. 3 (Figs. 5.11b & 5.11c). The failure of specimen 5 occurred in the outer beam between 
connector nos. 4 and 5 where a finger joint was located. The inner joist subsequently failed in 
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the area with a finger joint and a knot between connector nos. 4 and 5. Some cracks occurred 
in concrete slabs in the tension zone, in the locations of shear connectors, see Fig. 5.11d. 

Figures 5.12a & 5.12b present the slip between the concrete slab and the glulam beams at the 
1st (near the support) and 3rd (near the loading point) connectors of specimen 1. The slip near 
the support ranged from 5.2 to 7.2 mm (Fig. 5.12a). The slip of the connectors near the 
loading point ranged 4.0 mm to 6.0 mm (Fig. 5.12b). 
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Figure 5.12a Load-slip curves for the first 
connectors (i.e. nearest the support) of specimen 1

Figure 5.12b Load-slip curves for the third 
connectors (i.e. nearest the loading point) of 
specimen 1

The highest failure load (2P=308.2 kN) was obtained for specimen 4 with SST+S* connectors, 
with a corresponding 54.4 mm mid-span deflection, Fig. 5.13a. Specimen 2 reached a lower 
ultimate load (2P=179. 1 kN), with a corresponding mid-span deflection of 31.4 mm. The 
collapse of the outer joist, which failed before the other two in specimen 4, occurred due to 
fracture in tension of the glulam joist in the region where a finger joint was located, between 
connector nos. 9 and 10, Fig. 5.13b. The inner joist subsequently failed in a cross-section with 
an evident defect (a knot), between connector nos. 12 and 13, at the loading point, Figs. 5.13c 
& 5.13d. Specimen 2 collapsed due to fracture in tension of the inner joist in a region where a 
finger joint was located, between connector nos. 11 and 12. Subsequently, failure of the outer 
joist occurred between connector nos. 9 and 10 in a region with an evident defect (a knot). 
Fig. 5.13e shows the coach screw located near the support after its removal from specimen 4 
after the bending test. No damage was found in the screw, but the wood around the connector 
showed modest signs of embedment failure (ovalization of the hole). 
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Figure 5.13a Load-mid-span deflection curves for 
specimens 2 and 4 (connection type SST+S*, 250 mm 
spacing)

Figure 5.13b Specimen 4 - failure in the outer 
joist in the finger joint between connector nos. 9 
and 10

Figure 5.13c Specimen 4 - failure of the inner 
joist in a cross-section with a knot between 
connector nos. 12 and 13 

Figure 5.13d Specimen 4 - failure of the inner joist in 
a cross-section with a knot between connector nos. 12 
and 13 (detail) 

Figure 5.13e Specimen 4 - disassembled specimen, coach screw no. 18 removed from the connection - no 
plastic hinge formed in the screw 
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Figures 5.14a & 5.14b present curves showing loads versus slip between the concrete slab and 
the glulam beams at the 1st (near the support) and 6th (near the loading point) connectors of 
specimen 4. The slip near the support was ranged from 4.7 mm to 5.5 mm (Fig. 5.14a). The 
slip of the connectors near the loading point was in the range of 3.0 mm to 3.3 mm (Fig. 
5.14b).
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Figure 5.14a Load-slip curves for the first 
connectors (i.e. nearest the support) of specimen 4 
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Figure 5.14b Load-slip curves for the sixth 
connectors (i.e. nearest the loading point) of 
specimen 4
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Pmax,3=295.9 kN - max mid-span deflection 60.9 mm

Figure 5.15a Load-mid-span deflection curves for 
specimen 3 (connection type SST+S*, 500 mm 
spacing)

Figure 5.15b Specimen 3 - failure of the 
inner joist in the finger joint in the region of 
connector no. 3

Specimen 3, with SST+S* connectors spaced 500 mm apart, reached a failure load of 
2P=295.8 kN with a corresponding 60.9 mm mid-span deflection (Fig. 5.15a). The collapse 
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occurred due to fracture in tension of the inner joist caused by failure of a finger joint close to 
connector no. 3, Figs. 5.15b & 5.15c. 

Figure 5.15c Specimen 3 - failure of the inner joist in a finger joint close to connector no. 3 (detail)
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Figure 5.16a Load-slip curves for the first 
connectors (i.e. nearest the support) of specimen 3
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Figure 5.16b Load-slip curves for the fourth 
connectors (i.e. nearest the loading point) of 
specimen 3

Figures 5.16a & 5.16b present slip between the concrete slab and the glulam beams at the 1st

(near the support) and 4th (near the loading point) connectors of specimen 3. The slip near the 
support was in the range of 5.6 mm to 6.9 mm (Fig. 5.16a). The slip of the connectors near 
the loading point ranged from 2.2 mm to 3.8 mm (Fig. 5.16b). 

5.2.1 Material properties 

The Young’s modulus (Ew) and bending strength (fb) of the glulam were found to be 10.7 GPa 
and 47.9 MPa, respectively, in a four-point bending test performed on one undamaged timber 
joist removed from the composite beam after completion of the collapse tests. The modulus of 
elasticity was lower than the expected mean value of 13.5 GPa, while the bending strength was 
33% higher than the expected mean strength of 32 MPa, but still in the expected range for 
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glulam class GL32. The mean density of the glulam joists was 458 kg/m3 and the mean 
moisture content was 10%, measured directly after completion of the collapse tests.

The average cubic compression strength of the concrete, calculated by averaging the 
compression strength measured on three 150  150  150 mm3 cubes, was 55.7 MPa. The 
concrete cubes were tested in compression at the same time as the composite beams were 
tested. Properties of the glulam and concrete specimens are presented in Appendices 4 and 5, 
respectively.

5.3 Dynamic test results 

The acceleration records for specimens 1DYN & 2DYN from tests designated 1a-b are 
presented in Figs. 5.17a-d and 5.18a-d, respectively. The records from further tests designated 
2a-b, 3a-b, 4a-b and 5a-b for both specimens 1DYN and 2DYN are included in Appendix 6. 

The first two natural frequencies fn vs amplitude u for specimens 1DYN & 2DYN, from tests 
1a-b are presented in Figs. 5.19 and 5.20, respectively. The natural frequencies from tests 2a-b, 
3a-b, 4a-b and 5a-b for both specimens 1DYN and 2DYN are included in Appendix 7. Fig. 
5.19 shows the frequency response of specimen 1DYN at two measurement points (recorded 
by accelerometers V— and V  located 2220 mm and 1110 mm from the specimen support, 
respectively). Fig. 5.20 presents the frequency response for the 2DYN floor specimen with the 
same accelerometer arrangement. The natural frequencies and damping ratios for both 
specimens are presented in Table 5.3. 

Table 5.3 The two lowest natural frequencies and damping ratios for floor specimens 1DYN & 2DYN 

Floor specimen 
Natural 

frequency, fn
[Hz]

Damping ratio
[%]

Natural 
frequency, fn     

[Hz]

Damping ratio
[%]

Floor specimen 1DYN 18.5 7.3 24.8 6.7 
Floor specimen 2DYN 18.9 7.1 25.8 7.5 
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Figure 5.17a Time responses of specimen 1DYN 
during impact test 1a, recorded by a “V ”
accelerometer located 2220 mm from the specimen 
support - five tests 
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Figure 5.17b Detailed time response of specimen 
1DYN during impact test 1a, recorded by a “V ”
accelerometer located 2220 mm from the specimen 
the support
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Figure 5.17c Time responses of specimen 1DYN 
during impact test 1a, recorded by a “V ”
accelerometer located 1110 mm from the specimen 
support - five tests
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Figure 5.17d Detailed time response of specimen 
1DYN during impact test 1a, recorded by a “V ”
accelerometer located 1110 mm from the specimen 
support
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Figure 5.18a Time responses of specimen 2DYN 
during impact test 1b, recorded by a “V ”
accelerometer located 2220 mm from the specimen 
support - five tests
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Figure 5.18b Detailed time response of specimen 
2DYN during impact test 1b, recorded by a “V ”
accelerometer located 2220 mm from the specimen 
support
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Figure 5.18c Time responses of specimen 2DYN 
during impact test 1b, recorded by a “V ”
accelerometer located 1110 mm from the specimen 
support - five tests 
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Figure 5.18d Detailed time response of specimen 
2DYN during impact test 1b, recorded by a “V ”
accelerometer located 1110 mm from the specimen 
support
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Figure 5.19 Frequency response of specimen 
1DYN recorded at two points in five impact tests 
(accelerometers located 2220 mm and 1110 mm 
from the specimen support)  
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Figure 5.20 Frequency response of specimen 
2DYN recorded at two points in five impact tests 
(accelerometers located 2220 mm and 1110 mm 
from the specimen support)  

5.4 Long-term test results 

The long-term test results for two tested specimens, 1a and 2a, are presented in this section in 
terms of: (i) temperature and relative humidity of the environment, see Figs. 5.21 & 5.22; (ii) 
mid-span deflection (Table 5.4 and Figs. 5.23 & 5.24); (iii) relative slip between the timber and 
concrete at the 1st, 3rd, 6th and 8th connectors for specimen 1a, and the at 1st, 6th, 13th and 18th

connectors for specimen 2a (Figs. 5.25 & 5.26) and (iv) the strains in the concrete slab and 
glulam beams along the depth of the mid-span cross-section, Figs. 5.27-5.30. These variables 
were monitored throughout the entire test for 339 days of loading and the following 21 days 
after load removal. 

Table 5.4 Experimentally determined mid-span deflection for specimens 1a and 2a at selected times 
during the long-term tests

Experimentally/numerically determined mid-span deflection [mm] 
Specimen/

connector type 
vel

30 days 
v30

180 days 
v180

339 days 
v339,1

339 days 
v339,2

360 days 
v360

Specimen 1a 
SP+N* 5.6 6.9 7.0 8.3 2.7 2.0 

Specimen 2a 
SST+S* 5.4 6.9 - 9.5 4.3 3.5 
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Figure 5.21 Fluctuations in relative humidity
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Figure 5.22 Fluctuations in temperature

The fluctuations in relatively humidity (RH) and temperature (T) over the test year are 
presented in Figs. 5.21 & 5.22, respectively. The temperature varied between 6.5°C in winter 
time and 23°C in summer time, while the relative humidity varied from 27.5% in winter time 
and 72% in summer time. Such ranges are typical in Scandinavian countries (Ranta-Maunus 
2003).

The experimental results in terms of mid-span deflections of specimens 1a and 2a are presented 
in Figs. 5.23 & 5.24. The elastic deflection vel after the live load application was 5.6 mm and 
5.4 mm for specimens 1a and 2a, respectively.

At the end of the long-term test (339 days after the load application), before the load was 
removed, the mid-span deflection (v339d,1) of specimens 1a and 2a reached 8.3 and 9.5 mm, 
respectively. The mid-span deflection v339d,2 after the load removal (339 days from the load 
application) was 2.7 mm and 4.3 mm for specimens 1a and 2a, respectively. At the end of the 
monitoring period (21 days after the load removal) the final mid-span deflection vfin reached 2.0 
mm and 3.5 mm for specimens 1a and 2a, respectively. 

0 60 120 180 240 300 360
Time (days)

0

2

4

6

8

10

M
id

-s
pa

n 
de

fle
ct

io
n 

(m
m

)

Experimental SP+N
Temperature
Relative humidity

0

20

40

60

80

100
R

H
 (%

) a
nd

 T
em

pe
ra

tu
re

 (o
C

)
Specimen 1a SP+N*

31st December 31st March

31st July

Temperature

Relative humidity

v e
l=

5.
6

v 3
0=

6.
9

v 1
80

=7
.0

v 3
39

,1
=8

.3

v 3
39

,2
=2

.7

v f
in

=2
.0

Figure 5.23 Mid-span deflection of specimen 1a with SP+N* connector type during the long-term test
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Figure 5.24 Mid-span deflection of specimen 2a with SST+S* connector type during the long-term test

Figures 5.25 & 5.26 present the slips of the outer and inner shear connectors in specimens 1a 
and 2a. The slip values are very low for both the outermost and innermost connectors. There 
was almost no increase in slip over the testing period, and little variation of slip can be noticed 
from the outer to the inner connectors. 

Figures 5.27-5.30 display the strain development over time for the glulam beam and the 
concrete slab of specimens 1a and 2a. Both specimens show similar values and trends over time 
for both concrete and timber. 
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Figure 5.25 Slip of the 1st, 3rd, 6th and 8th

connectors in specimen 1a vs time 
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connectors in specimen 2a vs time
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Figure 5.27 Time trends of the strains at the top, 
middle and bottom fibres of the glulam beam at 
mid-span in specimen 1a
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Figure 5.28 Time trends of the strains at the top, 
middle and bottom fibres of the glulam beam at 
mid-span in specimen 2a
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Figure 5.29 Time trends of the straains at the top 
and bottom fibres of the concrete slab at mid-span 
in specimen 1a 
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Figure 5.30 Time trends of the strains at the top 
and bottom fibres of the concrete slab at mid-span 
in specimen 2a
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6
Analysis and discussion 

This chapter presents a discussion of the studies described in Papers I-V, with additional analysis of the 
dynamic test results and an analytical evaluation of long-term tests, which were not included in the papers. 
Further, the performance of prefabricated timber-concrete composite systems with novel shear connector types 
is discussed focusing on the behaviour of single shear connectors and the manufacturability of the systems.

6.1 Evaluation of joint systems

In Paper I an experimental study on seven types of connectors for prefabricated timber-
concrete composite structures is presented. Load-slip curves and analytical approximations 
acquired in these tests are presented in Fig. 6.1, with additional results for connector types 
SST+S* and SP+N*, which were tested after the main shear test program so results for these 
connectors were not presented in Paper I.
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Figure 6.1 Shear test results for all types of connection: average shear force-relative slip curves and 
analytical approximations 

Experimental and analytical results for single SST+S* and SP+N* connectors are displayed in 
Figs. 6.2 and 6.3. The SST+S* type connector (which is identical to the SST+S connector, 
except that it has a shorter coach screw) appeared to be one of the most ductile systems. Its 
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resistance was still increasing after 15 mm slip, demonstrating significant plastic deformation 
from approximately 5 mm slip onwards. The screws failed in bending due to formation of a 
plastic hinge into the concrete slab, and no crack appeared in the concrete slab throughout the 
test. The characteristic failure mode of the SP+N* connector type is illustrated in Fig. 6.4b. 
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, in a 
similar fashion to the SP+N connector, see Fig. 6.7b. Shear failure was observed in the 
concrete slab, while the nails remained undamaged.
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Figure 6.2 Shear test results for SST+S*

connectors: shear force-relative slip curves with 
approximating curve 
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Figure 6.3 Shear test results for SP+N*

connectors: shear force-relative slip curves with 
approximating curve

Analytical approximations, illustrated in Fig. 6.2, are needed to represent the connections’ 
behaviour while modelling the short- and long-term global timber-concrete composite 
performance using commercial or customized software packages.  

The pre-peak shear connector behaviour was modelled using the following equation (Paper I): 

psssPP forexp1max (6.1)

While the post-peak behaviour for the SM and GSP connector type is given by equation 6.2 
(Paper I): 

up sssbasP for      (6.2)

Table 6.1 Coefficients for the analytical approximation of the shear-slip relationships, and type of failure 
for the connection systems

Pre-peak behaviour 
Eq. (6.1) 

Pmax

Post-peak behaviour 
Eq. (6.2) 

Slip sp Max slip su
Type of 
failure

Connector
type

[kN] - [mm-1] P in [kN], s in [mm] [mm] [mm] - 
SNP 37 0.80 3.20 Plateau 11.0 - Ductile 
SM 85 1.25 11.00 (a=-18.19, b=93.66) 0.5 4.0 Brittle 
SST+S 32 2.00 0.60 Plateau 15.0 - Ductile 
SST+S* 75.625 1.525 0.475 Plateau 15.0 - Ductile 
SP+N 42 0.50 2.15 Plateau 4.5 - Ductile 
SP+N* 104 0.55 0.0105 Plateau 16.0 - Ductile 
GSP 70 0.85 4.50 (a=-7.87, b=77.21) 1.0 6.0 Brittle 
ST+S+N 112 1.30 4.00 Plateau 12.0 - Ductile 
GDF 50 0.44 1.58 Plateau 15.0 - Ductile 
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The coefficients of the analytical approximations for pre- and post-peak behaviour and type of 
failure for the connection systems are presented in Table 6.1. The failure was defined as ductile 
if the connection could withstand a relative slip of 10 mm without a reduction in strength 
greater than 20% of the peak value (after Deam et al. 2007). 

Shear test outcomes showed that some of the novel shear connection systems for prefabricated 
timber-concrete composite beams are very stiff (SM, GSP and ST+S+N) while some are 
ductile (SNP, SST+S, SST+S*, SP+N, SP+N* and GDF). The SST+S and SST+S*

connectors were the most ductile systems, but with the lowest stiffness (slip moduli) and 
strength. Stiffness and strength could be increased by using longer screws and optimizing the 
distance between the connectors, or using customized screws with two different threads and 
diameters along the length of the screw. Such screws could eliminate the clearance between 
the steel tube and the screw and increase the stiffness of the system. Stiffness could also be 
increased by gluing the lower part of the screw/dowel into the glulam beam as in the GDF 
connector type. The prefabrication of pre-cast concrete slabs with SST+S or SST+S*

connectors does not require special moulding forms, which makes it feasible for most concrete 
manufacturers. The steel tubes can be connected to the reinforcing steel mesh by spot welding 
and then placed in the moulding form. Even though the spot welding process requires some 
time, it was found to be cheaper and simpler than using epoxy-glue as in SM, GSP and GDF 
connector types. The pre-cast concrete slabs are easily connected to the glulam beams using 
pre-tensioned screws, for which only a pre-drilling operation is required. 

The ST+S+N connectors, which have the highest strength of all the tested connection 
systems, with high stiffness and ductility, have high potential due to the notch cut from the 
timber beam. This system requires less connectors than systems with only coach screws 
(SST+S or SST+S*) to achieve high efficiency. However, prefabricating concrete slabs with 
protrusions (Figs. 4.10 and 5.3b) would require expensive individual moulding forms with 
recesses. This drawback could be resolved by prefabricating concrete slabs with rectangular 
holes at the connector locations, which would be filled with concrete mixture after placing the 
steel tubes on-site, as in the shear test program. 

No complex moulding forms are needed to prefabricate concrete slabs with SP+N type 
connectors (Fig. 4.11). The prefabricated concrete slabs can be simply connected to the glulam 
beams using nails. A weakness of the system in the full-scale floors would be the difficulty of 
placing every single plate in the right position in the moulding form. This problem was solved 
by welding all the connector plates to a long steel profile running along the length of the beam 
(as in the SP+N* connection system). This procedure improves the construction accuracy, and 
reduces the construction time. Furthermore, it increases the longitudinal stiffness of the 
concrete slab, which is highly desirable during transportation of the prefabricated slabs. 

The SPN connection system has two main disadvantages, which make the system 
uncompetitive compared to other alternatives: the needs for complex moulding forms to 
prevent leakage onto the teeth of the plate used for the connection with the timber and for 
special equipment to press the glulam beam into the pre-cast concrete slab. Moreover, the 
pressing process creates compression stresses that are equal to the compression strength 
perpendicular to the grain, hence several cracks appeared at the mid-section of the glulam 
beam.
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Figure 6.4 Rusty SM connector after removal from the moulding form 

Figure 6.5 Rusty GDF (a) and GSP (b) connectors after removal from the moulding form

A high degree of composite action was achieved using continuous glued-in connector types, as 
described by Clouston at al. (2004). The SM connector type, which was characterized by both 
high stiffness and strength, might be a promising connection system due to its desirable 
structural behaviour. However, it also has several drawbacks, so its use should be carefully 
considered, notably the cost of epoxy resin and the time required for the glue to cure 
(Clouston et al. 2004, Sto Scandinavia AB 2007), during which there is a need for storage in a 
conditioned environment, make the connection system unfavourable and expensive. 
Moreover, the moulding forms should be designed to prevent leakage of the concrete through 
the form and further through the holes of the mesh. Concrete leaking onto the lower part of 
the mesh to be glued into the timber should be avoided since it causes rusting of the 
connectors (Fig 6.4). Similar problems were encountered with the GDF and GSP type 
connectors, Fig. 6.5a-b, and to resolve them specifically designed moulding forms would be 
required. 

Another negative aspect of the glued-in connector types is the accuracy required during the 
prefabrication of the slab. The shear connectors need to be placed exactly in the right position 
in the moulding forms to eliminate problems during assembly of the slabs and glulam beams. 
The holes (for GDF connectors) or longitudinal slots (for GSP and SM connectors) in the 
glulam beams were made with a 2 mm gap around the connectors for filling with epoxy. 

Dias (2005) showed that the slip modulus is an important property of shear connectors 
intended for use in timber-concrete composite structures, and using continuous joint systems, 
e.g. a steel mesh glued into timber, as proposed by Clouston and Bathon (2004), it is possible 

a) b)
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to achieve high degrees of composite action. A composite action of 95% can only be reached 
using joints with high stiffness (slip modulus higher than 400 N/mm/mm). Such high values of 
slip modulus can be achieved by using glued systems or notches (Dias 2005). However, the 
same study showed that generally the composite action is at least 50% even the most flexible 
joints available are used. 

Dias (2005) also demonstrated the influence of the joint strength on the behaviour of 
composite structures, and concluded that in most practical solutions the choice of the fastener 
can be based on criteria other than the ultimate load capacity of the shear 
connector/connection system. 

Consequently, it was concluded that the connection systems for prefabricated timber-concrete 
composite systems that would be easiest to manufacture would be the SST+S* and SP+N*

connector types. Hence, despite their low strengths and stiffness (see Fig. 6.1) they were 
chosen for further evaluation in full-scale bending, dynamic and long term tests. The ST+S+N 
type connection, which showed excellent mechanical performance, was excluded from the 
experimental program due to the complexity of prefabricating systems with these connectors. 
However, it was included in the short- and long-term numerical analysis. The glued-in type 
connectors SM and GSP were also excluded from the experimental program due to a number 
of problems related to the use of epoxy, notably: (i) the need to control environmental 
variables, such as temperature and humidity, to ensure successful curing of the epoxy and (ii) 
the greater costs of disposing of the waste generated during the prefabrication of the 
connection (and hence higher overall costs of the system), due to the use of the glue, which 
requires special care in recycling at the manufacturing plant. However, the glued-in connector 
type GDF was considered during the numerical study of the short- and long-term performance 
of composite beams due to its high stiffness and ductility. 

6.2 The relation between the slip modulus in serviceability and ultimate limit states 

The simplified Eurocode 5 method was used to evaluate prefabricated timber-concrete 
composite beams with shear connectors embedded into the concrete slabs. The analytical 
results in terms of mid-span deflection, slip, shear force in the connector, and finally stresses in 
the bottom part of the glulam beam and top part of the concrete slab are presented in Paper II 
for serviceability (SLS) and ultimate (ULS) limit states. The connectors considered were: 
SP+N*, SST+S*, GDF, GSP, SNP and ST+S+N. The analytical results were compared to 
numerical outcomes. Since the load-slip relationship of the shear connection is usually non-
linear, two different shear slip moduli were considered for design purposes: kser for the 
serviceability limit state (SLS) and ku for the ultimate limit state (ULS). The slip modulus kser,
which corresponds to the secant value at 40% of the load-carrying capacity of the connection 
(k0.4), was evaluated by shear tests presented in Paper I. For the slip modulus ku, the use of the 
secant value at 60% (k0.6) was used as recommended in Ceccotti (1995).

The slip modulus ku may then be taken as 2/3 of kser according to Eurocode 5. Depending on 
the type of shear connection involved, this assumption may or may not be adequate, leading in 
some cases to too conservative or non-conservative results. In Paper II seven types of shear 
connector (previously presented in Paper I) and a further 34 different shear connector types 
were evaluated in terms of the ratios between their experimentally determined secant slip 
moduli k0.6 and k0.4 for ULS and SLS verification (  ratio). The ratios obtained varied 
between 0.2 and 1.15, showing significant differences from the value of 2/3 recommended in 
Eurocode 5. The  ratio should be assumed to be equal to 1 for notched connection details, 
for which the shear force-relative slip relationship is essentially linear, and in the range 0.9 to 1 
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for stiff connectors such as inclined screws. The value of 2/3 seems to be appropriate for 
vertical screws and dowels.

Comparisons of experimental, analytical and numerical values of mid-span deflection, 
maximum slip along the beam length, maximum shear force in the connection and stresses in 
the concrete and glulam for SST+S* connectors spaced at 250 mm (specimens 2 and 4) are 
shown in Table 6.2, while corresponding comparisons for specimens 1, 3 and 5 are presented 
in Paper II. Table 6.2 also displays analytical predictions of mid-span deflection, slip, shear 
forces in the connection and stresses in the bottom part of the glulam and top part of the 
concrete obtained when the slip moduli k0.4EC5 and k0.6EC5 calculated by applying Eurocode 5 
formulae are used. In this case the errors are larger and thus, based on the results presented in 
Table 6.2 and Paper II, it can be stated that the experimental values of k0.4exp and k0.6exp are 
preferable for design purposes. The analytical formulae for evaluating the k0.4EC5 and k0.6EC5 slip 
moduli should only be used for preliminary predictions, since they lead to significant errors. 

The numerical solutions, described in Paper III, for specimens 2 and 4 are very close to the 
experimental values (Fig. 6.6), thus they were used to predict the variables that were not 
measured during the experimental tests: the maximum shear force in the connection, Fconn, the 
maximum stress at the bottom part of the glulam beam, glulam, and the top part of the concrete 
slab, concrete.

Table 6.2 Comparison of analytical, experimental and numerical values obtained for indicated parameters 
for the beam with SST+S* connectors spaced at 250 mm

SLS load=92.04 kN ULS load=138.06 kN 
Quantity 

Exp. Num. Anal.
k0.4exp

Error 
%

Anal.
k0.4EC5

Error 
%

Exp. Num. Anal.
k0.6exp

Error 
%

Anal.
k0.6EC5

Error 
%

max

[mm] 
14.41 14.90 14.44 0.2 12.19 -15.4 21.74 22.14 21.82 0.4 20.91 -3.8 

smax

[mm] 
1.23 1.34 1.18 -4.1 1.26 2.4 1.89 1.98 1.76 -6.9 1.63 -13.8 

Fconn.

[kN]
- 10.40 9.38 -9.8 11.92 14.6 - 15.89 14.61 -8.1 15.44 -2.8 

glulam

[MPa]
- 12.44 12.34 -0.8 11.29 -9.2 - 18.60 18.57 -0.2 18.15 -2.4 

concrete

[MPa]
- 8.47 7.81 -7.8 7.19 -15.1 - 12.06 11.76 -2.5 11.29 -6.4 
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Figure 6.6 Load-mid-span deflection curve for specimen 4 (connection type SST+S*, 250 mm spacing) 
and corresponding numerical results, showing limit case curves for fully rigid and fully flexible connections 
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Figure 6.7 Load-mid-span deflection curve for specimen 1 (connection type SP+N*) and corresponding 
numerical results, showing limit case curves for fully rigid and fully flexible connections  

Experimental and numerical values obtained for specimen 1 are compared in Fig. 6.7 and those 
for specimen 3 in Fig. 6.8. The use of the analytical approach, presented in Paper II, with 
experimentally determined shear moduli (k0.4exp and k0.6exp) leads to accurate results since the 
differences with respect to the experimental and, where available, numerical values do not 
exceed 10% for either SLS or ULS load levels (Table 6.2, Paper II). As shown in Paper II, 
larger errors were detected for the slip and shear forces in the connection, in accordance with 
the theory presented in Eurocode 5, Annex B, where the sinusoidal approximation of the 
vertical load is generally fairly good for the deflection and bending moments, but may lead to 
larger errors for the slip and shear forces. 
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6.3 Experimental and numerical study of the short-term behaviour of prefabricated composite 
systems

Paper III presents results of experimental tests performed on specimen beams with two types of 
shear connectors (SP+N* and SST+S*), and corresponding numerical analysis of specimens 
with all considered kinds of connectors, in which the connection efficiencies E at SLS and 
ULS load levels were found from equation 3.1a (Gutkowski et al. 2008). This section of the 
thesis discusses the results and implications of these tests and analyses.

Table 6.3 Experimental and numerical results of the tests to failure performed on specimens 1-5, and 
numerical results for composite beams with connector types SP+N*, SST+S*, GDF, GSP, SNP and 
ST+S+N

Experimental Numerical analysis Slip modulus k0.4 Efficiencies [%] 

Test Pmax

[kN]

Max 
deflection

[mm]

Pmax

[kN]

Max 
deflection

[mm]
[N/mm/mm] SLS ULS 

Specimen 1 
Specimen 5 

SP+N* 235.2 
156.1 

58.6
37.6

246 63.4 9 31 26 

Specimen 2 
Specimen 4 

SST+S*

250mm 
179.1 
308.2 

31.4
54.5

318 55.6 34 57 56 

Specimen 3    
SST+S*

500mm 
295.9 60.9 270 60.2 28 40 47 

Specimen GDF  250mm - - 378 42.9 540 98 96 
Specimen GDF  500mm - - 300 53.8 270 92 86 
Specimen GSP  500mm - - 282 53.5 497 96 96 
Specimen SNP  600mm - - 270 59.4 202 84 73 
Specimen
ST+S+N  

600mm - - 372 44.4 393 95 94 

The SP+N* connector type in specimen 1 had the lowest efficiencies of all connection systems, 
with values of 26% at ULS and 31% at SLS load levels, Table 6.3. The stiffness of SST+S*

connectors (specimen 3, with 500 mm spacing between connectors) was somewhat higher, 
providing 40% and 47% efficiency at SLS and ULS load levels, respectively. The efficiency in 
this case was constrained by the relatively low stiffness and strength of the coach screws. In 
addition, the distance between connectors plays an important role, as can be seen by 
comparing the data obtained for specimen 3 and specimen 4, which had the same type of 
connectors, but denser spacing (250 mm) which increased the efficiency to 57% and 56% at 
SLS and ULS load levels. It should be noted that the low to moderate efficiencies are mainly 
due to the relatively low slip moduli of the connection systems used. 

The experimental results obtained for specimens 1-5 were extended to composite beams with 
different types of connectors that had been tested in shear tests, but not in full-scale beams. 
The numerically analyzed composite beams had, as expected, higher composite action due to 
the higher slip modulus of the shear connectors (see Table 6.3). 

Three systems displayed composite action of 95% or more at SLS load levels. For the 
connector (ST+S+N) with notched timber and the glued-in connectors (GSP and GDF) the 
slip moduli k0.4 were 393, 497 and 540 N/mm/mm respectively, which is consistent with 
conclusions by Dias (2005), that efficiency exceeding 95% can be reached if the shear modulus 
exceeds 400 N/mm/mm. 

Dias (2005) also evaluated effects of the plastic deformation capacity of shear connectors on the 
composite action of composite beams. For brittle shear connectors, at the highest loads the 
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connectors’ residual strength is very low, hence most of its original load will be distributed to 
surrounding connectors, probably resulting in overload and consequent failure. Very stiff 
connectors, such as those with notches and continuous glued-in connectors, always have to be 
considered to have brittle behaviour. For the GSP connector type a nonlinear shear force-slip 
relationship was obtained, with a softening branch after peak strength (Fig. 6.1). It is therefore 
interesting to investigate whether the brittle behaviour at the local level (the connector) will 
cause the composite system to display brittle behaviour overall. The load-mid span deflection 
curve in Fig. 6.9 shows that the composite system displays greater ductility than beams with 
connectors characterized by significant hardening in the nonlinear phase.
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Figure 6.10 Nonlinear shear force Fconn vs. 
slip relationships assumed in the numerical 
analyses for each of the analyzed connectors, 
with indications (stars) of the collapse points of 
the composite beams obtained from tests or 
parametric studies
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Figure 6.11 Load-slip numerical curves for the 
first connectors (i.e. nearest the support) for the 
indicated connector types

Figure 6.12 Numerical comparison of the 
performance in terms of load-shear force Fconn curves 
of composite beams with different connection 
systems

These findings demonstrate that it is possible to construct a ductile system, even when some 
components like the connectors are not fully plastic, as long as the post-peak behaviour is 
characterized by a gradual reduction in load, as in light softening. However, it should be noted 
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that once the first connector reaches peak strength, the beam collapses rapidly with small 
further increases in load. 

The composite system with GSP type connectors will collapse due to failure of the connector 
over the support, when the peak strength has been exceeded, accompanied by an ultimate slip 
of 6 mm (Figs. 6.10 & 6.11) and simultaneous fracture in tension of the glulam beam. In Fig. 
6.10 approximated shear force vs. slip curves are presented for different shear connectors with 
indications (stars) of the collapse points of the composite beams, while Fig. 6.11 presents 
numerical load-slip numerical curves for the connectors nearest the support, for various 
connector types, obtained from FE modelling, as described in Chapter 3 and Paper III. Figures 
6.9 & 6.11 clearly show that it is possible to construct a ductile system using brittle GSP 
connectors.

Dowel type fasteners showed an ultimate slip exceeding 10 mm (15 mm for SST+S*

connectors, Fig. 6.1) and plastic deformation capacity. Using these types of connectors it is 
nearly impossible for failure to occur in the connection system. The redistribution of loads 
among the connectors will be excellent and can result in a significant increase in the load 
carrying capacity of the composite structure (Dias 2005). The composite structure with 
SST+S* connections (specimens 3 and 4) exhibited only slight plastic deformation (Figs. 6.9 & 
6.11), despite their observed ductility in single shear tests, Fig. 6.1. The load-slip relationship 
of the connection, displayed in Figs. 6.1 & 6.10, is characterized by a long plastic plateau after 
the attainment of peak strength. Careful examination of the test specimens after the bending 
tests (Fig. 5.13e) revealed that no plastic hinge formed in the coach screws. The only visible 
damage was crushing of the wood at the interface with the screws. The limited plastic 
deformation exhibited by the composite beams (specimens 3 and 4) was due to failure of the 
glulam joists after the connection began to plasticize, Fig. 6.10. Therefore, ductile behaviour of 
the entire composite beam was prevented by the failure of finger joints of the glulam beam, 
before plasticization of the connector could occur. 

Figure 6.12 presents a numerical comparison of the performance, in terms of applied load-
connector shear force Fconn curves, of composite beams with different connection systems. This 
comparison was made using the FE model presented in Chapter 4 and Paper III. The results 
confirm that the ultimate strength of the shear connectors governs the performance of 
prefabricated timber-concrete composite structures.

The maximum slip values obtained for the composite structures indicate that the limit slip 
value in the joint recommended by EN 26891 for which the load ought to be determined if 
the maximum load has not already been reached (15 mm) is too high. The composite systems 
do not have sufficient plastic deformation capacity to deform to a slip of 15 mm (Fig. 6.11). 
Hence, such a value will rarely (if ever) occur in practice, thus it was not even considered in 
the evaluations under different load conditions. These results are consistent with findings by 
Dias (2005) that the maximum slip of various tested beams with span lengths up to 10 m 
ranged from 0 to 8 mm. The cited author concluded that the slip is unlikely to be higher than 
8 mm in timber-concrete composite structures built and loaded according to the design rules. 
Using one of the most ductile shear connector type (SST+S* with 250 mm spacing) it is 
possible to achieve composite action exceeding 50% with slip <5.5 mm (see Table 6.3 and Fig. 
6.14).

Figures 6.13-6.15 present load-slip curves for the first connectors (i.e. nearest the support) of 
specimens 1-5 and the numerical results obtained using the FE model presented in Chapter III 
and Paper III. The load-slip curves for the other connectors (2nd, 3rd, 4th, 5th, 6th) are presented 
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in Appendix 8. The largest slip (ca. 7.2 mm) was recorded for specimen 1 with SP+N*

connectors (Figs. 6-11 & 6.13). In specimen 4 with SST+S*connectors (spacing 250 mm) the 
maximum slip was 5.5 mm (Figs. 6.11 & 6.14). Specimen 3 with connector type SST+S*

(spacing 500 mm) reached a maximum slip of 6.9 mm (Figs. 6.11 & 6.15). As expected, the 
slip between the glulam beam and concrete slab decreases with increases in the composite 
action of the structure (Table 6.3 and Fig. 6.11). 
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Figure 6.13 Load-slip curves for the connectors nearest the support of specimen 1 with numerical 
comparison
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Figure 6.14 Load-slip curves for the connectors nearest the support of specimen 4 with numerical 
comparison
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Figure 6.15 Load-slip curves for the connectors nearest the support of specimen 3 with numerical 
comparison

Since all of the tested timber-concrete composite beams collapsed in bending tests due to 
fracture in tension caused by failure of finger joints (in two cases the strength of the glulam 
beams was lower than the target strength) special attention is paid hereafter to this 
phenomenon. The numerical stresses ( w) corresponding to the actual collapse loads of each of 
the tested specimens are considered. 
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Figure 6.16 Numerical load vs. timber stress curves in the bottom fibre of the cross-section at the third 
point of the span length for the tested composite beams 

Fig. 6.16 presents numerical load-timber stress curves obtained for the bottom fibre of the 
cross-section at the third point along the span where the stress was maximal. It is well known 
that the failure modes that normally occur in glulam are: bending, tension failure parallel to the 
grain or shear failure due to high tensile stresses perpendicular to the grain (Serrano 2003). The 
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failure often originates at a knot or finger-joint; based on a large number of glulam bending 
tests (Colling, 1990), the finger joint is likely to be the main cause of beam failure in about 40-
60% of cases in which finger-joints are placed in the region of the maximum bending moment 
(Serrano 2003). The collapse of all tested specimens occurred due to fracture in tension of the 
glulam in a region where finger joints were located. 

The highest failure load (2Pc=308.2 kN) was obtained for specimen 4 with SST+S*connectors
spaced 250 mm apart, while the collapse load of specimen 2 with the same connection system 
was 72% lower (2Pc=179.1 kN) than that of specimen 4. Comparison of the numerical stresses 
( w) with the experimentally measured bending strength of timber in an undamaged glulam 
joist at the completion of the collapse test (fb=47.9 MPa), showed that the actual strength of 
the glulam in specimen 2 was far below the target strength (Fig. 6.16).

The system with SP+N* connectors exhibited the lowest load capacity of the tested specimens 
(2Pc=235.2 kN), whereas the ultimate load of specimen 5 with the same connection system 
was 51% lower (2Pc=156.1 kN) than that of specimen 1. By comparing the numerical stresses 
( w) to the bending strength of the timber fb it was found once again that the actual strength of 
glulam in specimen 5 was below the target strength (Fig. 6.16).  

The numerical stresses w were 44.5, 52.1 and 45.6 MPa for specimens 1, 3 and 4, whereas for 
specimens 2 and 5 the values were 25.6 and 28.7 MPa, respectively. The numerical stresses w

reached by specimens 1, 3 and 4 are close to the bending strength fb, but they are nearly 50% 
lower for specimens 2 and 5, corroborating the conclusion that poor glulam quality was the 
main reason for the low load-carrying capacity of these specimens.

6.4 Experimental, analytical and numerical study of long-term behaviour of prefabricated 
composite systems

6.4.1 Experimental-numerical study

A detailed description of the validation of the numerical model against data acquired in the 
experimental tests is presented in Paper V. In this section the experimentally determined and 
modelled mid-span deflections for both specimens 1a & 2a are compared, and the extension of 
the experimental results to the end of service life is discussed. The numerical long-term mid-
span deflections predicted for two additional types of shear connectors, ST+S+N (specimen 
3a) and GDF (specimens 3a and 4a, chosen for their desirable mechanical properties as 
described in section 4.7.4), are also presented for comparison with those tested in the 
laboratory environment.

6.4.1.1 Long-term tests

The recorded mid-span deflections of the two specimens (specimen 1a with SP+N* connectors 
and specimen 2a with SST+S* connectors) are presented in Figure 6.17 and compared with 
modelled mid-span deflections in Figures 6.18-6.19 and Table 6.4.  

The elastic deflection vel after applying the load was 5.6 mm and 5.4 mm for specimens 1a and 
2a, respectively, and the mid-span deflections of the two specimens remained very similar 
during the first 60 days (Fig. 6.17). The differences between the experimental determinations 
and numerical predictions of elastic deflection due to application of the live load for specimens 
1a and 2a were -7.1% and -1.9%, respectively. The mid-span deflections then remained fairly 
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constant until ca. 240 days after application of the load, when the environmental conditions 
changed rapidly and a significant increase in deflection was observed for both specimens (Figs. 
6.18 & 6.19). 

The relative humidity increased quickly while the temperature dropped from around 20oC to 
10oC just prior to 240 days, and returned again after a few days to ca. 20oC. The observed 
increases in deflection at around 240 days can be explained by the effect of the climatic 
(inelastic) strains induced in the composite beam by the environmental change. An increase in 
ambient relative humidity causes an increase in timber moisture content, which promotes 
elongation of the timber beam, but this is prevented by the concrete slab. The overall effect is, 
therefore, a downward deflection, and self-equilibrated stress distribution over the composite 
cross-section. A reduction in temperature causes a shortening of both the concrete slab and, to 
a lesser degree, the timber beam (due to the smaller dilation coefficient of timber, which is 
5 10-6 oC-1 compared to that of concrete, which is 10 10-6 oC-1). The overall effect is, again, a 
downward deflection, exacerbating the deflection due to the increase in relative humidity. 
This finding agrees well with previous investigations (Bonamini et al. 1990). 
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Figure 6.17 Mid-span deflections of specimen 1a with SP+N* type connectors and specimen 2a with 
SST+S* type connectors during the long-term test

Table 6.4 Comparison of experimentally determined and modelled mid-span deflections for specimens 1a 
and 2a 

Experimentally/numerically determined mid-span deflection [mm] 
Specimen/

connector type 
vel

30 days 
v30

180 days 
v180

339 days 
v339,1

339 days 
v339,2

360 days 
v360

Specimen 1a 
SP+N*

(Error %)

5.6/5.2
(-7.1)

6.9/6.5
(-5.8)

7.0/7.6
(8.6)

8.3/8.9
(7.2)

2.7/4.2
(55.6)

2.0/2.6
(30.0)

Specimen 2a 
SST+S*

(Error %) 

5.4/5.3
(-1.9)

6.9/6.9
(0)

-/7.7
(-)

9.5/9.1
(-4.2)

4.3/3.9
(-9.3)

3.5/2.4
(-31.4)

At the end of the long-term test (339 days from the load application), before the load was 
removed, the mid-span deflection of specimens 1a and 2a reached 8.3 mm (v339d,1) and 9.5 mm, 
respectively (a 15% difference). There were 6.9 and 4.2% differences between experimentally 
and numerically determined mid-span deflections at the time just before the load removal for 
specimens 1a and 2a, respectively. A 76% increase in elastic deflection from the initial value 
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(vel=5.4 mm) was found at the end of the long-term test (v339d,1=9.5 mm) for specimen 2a, 
while for specimen 1a an increase of 48% was recorded (vel=5.6 mm and v339d,1=8.3 mm). The 
difference may be explained by differences in the time-dependent behaviour of the shear 
connectors used in specimens 1a and 2a. Due to the lack of long-term creep tests performed on 
single shear connectors, however, this is just a supposition.

The mid-span deflection after the load removal (at 339 days from the load application, v339d,2)
was 2.7 and 4.3 mm for specimens 1a and 2a, respectively, and at the end of the monitoring 
period (21 days after the load removal) their final mid-span deflections vfin were 2.0 and 3.5 
mm, respectively. The elastic recovery was approximately 48% and 79% lower for specimens 
1a and 2a, respectively, than the initial elastic deflection when the specimens were loaded. 
After the load was removed, the deflection fell sharply and then decreased slowly during the 
following 21 days, after which the residual deflections of specimens 1a and 2a were 24% and 
36% of their respective values at the time that the load was removed. The FE model does not 
predict the elastic recovery after the load removal well. The numerical solution substantially 
overestimates (by 56%) and underestimates (by 9%) the experimental deflection just after 
unloading for specimens 1a and 2a, respectively, then over- and under- estimates this 
parameter at the end of the test by 30% and 31%, respectively (Figs. 6.18 & 6.19).
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Figure 6.18 Comparison of empirically determined and modelled mid-span deflections for specimen 1a 
with SP+N* connectors 
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The numerical model predicts the time trends of the mid-span defection of specimen 2 well, 
however, the approximation is worse for specimen 1, possibly because the creep coefficient of 
the novel connector type and the dilatation coefficients wt and wu are unknown, so average 
values were used in the numerical model.

6.4.1.2 Extension of experimental results to the end of service life and to different connection systems 

The deflection after 50 years was found to be 15.3 mm and 15.1 mm for specimens with 
SP+N* (specimen 1a) and SST+S* (specimen 2a) connector types, corresponding to 2.8 times 
the instantaneous deflection for the respective specimens. Eurocode 5 suggests limit values of 
l/250 to l/200 for long-term deflections of beams on two supports, l being the span length.
The deflections at the end of the service life were l/290 and l/295, for specimens 1a and 2a, 
respectively (see Paper V), which are less than the acceptable upper limit. 

Two beams with connector types ST+S+N (specimen 3a) and GDF (specimen 4a), which 
were not tested under long-term load, were analysed using the FE model to predict their 
deflections at the end of their service life. All geometrical, mechanical and rheological 
properties of the glulam and concrete were assumed to be the same as those of specimens 1a 
and 2a, (Table 1 in Paper V). The live loads applied to the beams, estimated as the quasi-
permanent part of the service load, were 9.26 kN and 9.41 kN for specimens 3a and 4a, 
respectively. The mid-span deflections of specimens 3a and 4a at various times from the live 
load application are compared in Paper V with the results obtained for specimens 1a and 2a. 
The final deflections of specimens 3a and 4a reached 10.8 and 9.7 mm; ~29% and ~36% lower 
than for specimens 1a and 2a, corresponding to ~3.2 times the elastic deflection. These final 
deflection values are ~50% and ~56% lower than the Eurocode 5 limit value of l/200,
respectively, showing excellent long-term performance (significantly better than that of 
specimens 1a and 2a). It should also be noted that although the creep properties of all 
component materials were assumed to be the same in specimens 1a, 2a, 3a and 4a, the v50years/vel

ratios were found to be different (v50years/vel values were 2.75, 2.80, 3.18, 3.22 for specimens 1a, 
2a, 3a and 4a, respectively, see Table 2 in Paper V). Such differences can be explained by the 
differences in slip modulus and spacing of the connectors, which affect the flexural stiffness 
and, thus, the ‘global’ creep behaviour of the composite beams.

6.4.2 Analytical-numerical study 

This method, outlined in section 2.5 of this thesis, is an extension of an approach proposed by 
Ceccotti (1995) according to Eurocode 5-Parts 1-1 and 2 (CEN 1995, 1996), that was 
developed and fully described by Fragiacomo (2006) and Fragiacomo and Ceccotti (2006). In 
this thesis the simplified method, which accounts for concrete shrinkage and inelastic strains 
due to environmental variations, has been used to validate the method applied to analyse the 
prefabricated timber-concrete composite system with SST+S* connectors (specimen 2a). The 
results from numerical analysis presented in Paper V, and sections 5.4.1.1 and 5.4.1.2, are 
compared to results obtained with the simplified method proposed by Ceccotti (2006) below. 

Figure 6.20 displays trends in time of the mid-span deflection from the point when the 
concrete is cast through every step at which the load conditions of the prefabricated timber-
concrete specimen change until the moment when the load is removed from the beam 
specimen (904 days from concrete casting). All of the phases are fully described in section 4.6.1 
and Paper V.  
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Figure 6.20 Comparison of results obtained from the numerical and simplified approaches in terms of 
mid-span deflection during the long-term test period  

The curves presented in Fig. 6.20 show: (i) black, the rigorous numerical solution (previously 
presented in Fig. 6.19, but only from the loading time) under the empirically determined 
environmental temperature and relative humidity histories; (ii) blue, the approximate numerical 
solution obtained from an analysis with no inelastic strains due to environmental variations 
(moisture strains in the timber beam, thermal strains in the concrete slab and timber beam), but 
incorporating all variations caused by the other rheological phenomena (creep and mechano-
sorption of timber and connection, creep and drying shrinkage of concrete); (iii) green, the 
simplified algebraic solution, obtained using the proposed procedure with the timber and 
connection creep coefficient evaluated according to Toratti’s rheological model (1992) without 
daily variations of temperature; (iv) red, as in (iii), but with creep coefficients evaluated 
according to the Eurocode 5 model; (v) violet, the current approach (Ceccotti 1995), with 
global creep behaviour taken into account by replacing the elastic Young’s moduli and slip 
moduli with the effective moduli according to Eqs. 3.26-3.28 and no climatic strains or 
concrete shrinkage; (vi) orange, as in (v),  but with total creep coefficients obtained using the 
use Toratti’s rheological model (1992) for timber and connection, rather than of the Eurocode 
5 total coefficients; (vii) turquoise, the simplified algebraic solution with allowance for concrete 
shrinkage, obtained using the proposed procedure with the timber and connection creep 
coefficients evaluated according to Eurocode 5 with no inelastic strains due to environmental 
variations; (viii) pink, as in (vii) but replacing the total creep coefficients suggested by Eurocode 
5 with those of Toratti’s rheological model (1992).

Figure 6.21 displays trends in time of mid-span deflection for 50 years from the point when the 
concrete has been cast. The colour coding of all the curves is the same as in Fig. 6.20. For 
simplicity of comparison, data for only the first three years and the last five year are 
represented. 
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Figure 6.21 Comparison of mid-span deflections obtained using numerical and simplified approaches over 
50 years 

As can be seen in Fig. 6.21, use of the proposed approach (Fragiacomo 2006, Fragiacomo and 
Ceccotti 2006), which includes concrete shrinkage and inelastic strains due to environmental 
variations in long-term analysis, leads to very accurate results in terms of deflection (black line vs 
green/pink curves), while the current approach with the use of Torrati’s rheological model for 
the timber and connection coefficients (Ceccotti 1995) slightly underestimates deflection 
(orange vs black curves). The differences between results obtained using the numerical and 
proposed approaches are about 3% at the end of service live (50 years) and about 12% at the 
end of the long-term test. Large discrepancies were found by Fragiacomo and Ceccotti (2006) 
for traditional composite beams with cast-in-situ concrete slabs, for which percentage errors 
between numerical and analytical results using the current and proposed methods were ca. 5 
and 28%, respectively, for mid-span deflections and even higher for stresses ( bottom fibre 
timber stresses are underestimated by 34% and 14% using the current and proposed approaches, 
respectively).  

The concrete shrinkage, in fact, represents a significant component of the long-term deflection 
of composite beams with cast-in-situ concrete slabs (Fragiacomo and Ceccotti 2006). 
Conversely, if the concrete slab is prefabricated off-site most of the concrete shrinkage occurs 
before assembly with the timber beam and thus, its effect is less important. It should also be 
noted that the annual and daily fluctuations due to environmental variations are not very 
significant, accounting for only about 3% of the total deflection in the long-term. The use of 
the Eurocode 5 creep coefficients for timber and connection (service class 2) leads to 
underestimation (of about 23%) of the creep phenomenon compared to Torrati’s model (red vs 
green curves), as previously noted by Ceccotii et al. (2007).
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6.4.3 Parametric study 

A parametric study was carried out to investigate advantages and disadvantages of the proposed 
prefabricated composite floor system in comparison to traditional composite beams. In this 
study, the time trends of the deflection during the 50-year service life were computed using 
the FE model described in Paper V and section 4.7.4. The same histories of temperature and 
relative humidity monitored during the one-year experimental test and repeated for all 50 years 
were used in the numerical simulations. The analyses were carried out only for beams with the 
SST+S* connector type, see section 4.6. The geometrical, mechanical and rheological 
properties of the timber, concrete and connection were assumed to be the same as those 
reported in Table 1 of Paper V, except for the thermal and moisture dilatation coefficients, 
which were set to zero for the sake of clarity. Five parameters were varied in the parametric 
studies, which are described in Paper V and section 4.7.4.

6.4.3.1 Influence of concrete curing time and construction method (propped or unpropped) for 
prefabricated systems

In this analysis, two parameters were varied simultaneously: (i) the time of concrete curing t1,
set to 6, 27, 55, 111, 364 or 3649 days for propped prefabricated slabs, and an additional day 
for unpropped prefabricated slabs; and (ii) the method of construction, with the timber beam 
propped for t2=1 day or t2=0 day for unpropped systems after assembly with the concrete 
slab. The live load was applied t3=28 days after connecting the concrete slab to the timber 
beam, therefore the time from concrete casting was assumed to be t3=35, 56, 84, 140, 393 and 
3678 days. The results of the long-term numerical analyses are displayed in Table 6.5 and Fig. 
6.22.

Table 6.5 Cases analyzed in the parametric studies

Type of 
construction 

Time of 
curing t1 for 
prefabricated 

slabs

Time
t2=(t2-t1)

the timber 
beam is left 

propped

Time of props 
removal since 
the concrete 

casting t2

Time t3=(t3-t2)
between end of 
construction and 

loading

Time of loading 
since the 

concrete casting 
t3

Mid-span
deflection 

after
50 years  

 (days) (days) (days) (days) (days) (mm) 
FIN35Pp 6 1 6+1=7 28 7+28=35 21.6 
FIN35Pu 7 0 - 28 35 23.1* 
FIN56Pp 27 1 27+1=28 28 28+28=56 20.6 
FIN56Pu 28 0 - 28 56 22.3* 
FIN84Pp 55 1 55+1=56 28 56+28=84 20.1 
FIN84Pu 56 0 - 28 84 21.8 
FIN140Pp 111 1 111+1=112 28 112+28=140 19.5 
FIN140Pu 112 0 - 28 140 21.3 
FIN393Pp 364 1 364+1=365 28 365+28=393 18.7 
FIN393Pu 365 0 - 28 393 20.6 
FIN3678Pp 3649 1 3649+1=3650 28 3650+28=3678 17.8 
FIN3678Pu 3650 0 - 28 3678 19.7 

* maximum mid-span deflection higher than the upper limit value l/200 

The propped prefabricated system (FIN35Pp) with a concrete slab cured for six days and load 
applied after 35 days reached a long-term deflection of 21.6 mm, while the same system left 
unpropped (FIN35Pu) reached a 6.5% greater long-term deflection, 23.1 mm. The systems 
FIN3678Pp & FIN3678Pu with concrete slabs cured for ~3650 days reached 17.8 mm and 
19.7 mm final deflections, respectively. Hence, the modelled deflection was 10% greater for 
the unpropped variant, indicating that the construction method noticeably affects the 
deflection in the long-term. 
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Comparison of the results obtained for the FIN35Pp and FIN3678Pp systems shows that 
increasing the concrete curing time from 7 to 3650 days reduces the deflection by 18% (from 
21.6 mm to 17.8 mm). Similar results are obtained for systems left unpropped (FIN35Pu and 
FIN3678Pu). These findings are consistent with expectations, since shrinkage of the concrete 
can freely occur before assembly with the timber beam when the concrete is allowed to cure 
for a longer time in the prefabrication plant, thereby reducing subsequent stresses and 
deflections in the composite beam. 

The systems FIN35Pu and FIN56Pu reached mid-span deflections of 23.1 mm and 22.3 mm, 
respectively, which are higher than the upper limit value l/200=22.2 mm for 4440 mm long 
beams. From both engineering and economic perspectives it is interesting to analyze whether it 
is better to adjust the cross-section of the composite beam to reduce the long-term mid-span 
deflection in order to fulfill serviceability criteria, or to prop the composite structure for a day.
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Figure 6.22 Time trends of mid-span deflections for systems with propped and unpropped prefabricated concrete 
slabs with indicated curing times 

6.4.3.2 Influence of concrete slab type (prefabricated or cast-in-situ) and construction method (propped 
or unpropped)

A further analysis was carried out to investigate possible differences between propped and 
unpropped systems with a cast-in-situ or prefabricated concrete slab. The live load application 
time t3= t3+t2 was assumed to be 35 days from the concrete casting, to allow direct 
comparison between prefabricated and traditional systems. The curing time t1 of the 
prefabricated concrete slab was assumed to be seven days, and the props were left in place for 
t2= 7 days in the traditional, propped system. Based on the outcomes presented in Table 6.6 
and displayed in Fig. 6.23 (cases FIN35Pp with 21.6 mm and FIN35Tp with 22.1 mm mid-
span deflections) it can be seen that the type of concrete slab (prefabricated vs. traditional) does 
not affect the long-term deflection if the prefabricated slab is allowed to cure for only seven 
days. In these cases, the reduction in deflection of the composite beam due to reduced 
concrete shrinkage is negligible for prefabricated slabs. Similarly, there was only a 3.2% 
difference in deflection between the unpropped FIN35Pu (23.1 mm) and FIN35Tu (23.9 mm) 
cases. However, extending the curing time of the prefabricated slab, e.g. to t1=56 days (and 
hence t3 to 84 days), appears to provide significant advantages, as shown by the 8.7% 
reductions in deflection obtained for the FIN35Tp and FIN35Tu systems, relative to the 
FIN84Pp and FIN84Pu systems, respectively (Fig. 6.23).  
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Table 6.6 Cases analyzed in the parametric studies

Type of 
construction 

Time of 
curing t1 for 
prefabricated 

slabs

Time
t2=(t2-t1)

the timber 
beam is left 

propped

Time of props 
removal since 
the concrete 

casting t2

Time t3=(t3-t2)
between end of 
construction and 

loading

Time of loading 
since the 

concrete casting 
t3

Mid-span
deflection 

after
50 years 

 (days) (days) (days) (days) (days) (mm) 
FIN35Pp 6 1 6+1=7 28 7+28=35 21.6 
FIN35Pu 7 0 - 28 35 23.1* 
FIN84Pp 55 1 55+1=56 28 56+28=84 20.1 
FIN84Pu 56 0 - 28 84 21.8 
FIN35Tp  - 7 7 28 7+28=35 22.1 
FIN35Tu - 0 - 28 35 23.9* 

* maximum mid-span deflection higher than the upper limit value l/200 
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Figure 6.23 Time trends of mid-span deflections for prefabricated and traditional propped/unpropped 
systems with load application times t3 of 35 days and 84 days from concrete casting 

The FIN35Tu system reached mid-span deflections of 23.9 mm, which is higher than the 
upper limit value l/200=22.2 mm for 4440 mm long beams. Here again it would be 
interesting to analyze whether it is better (from engineering and cost perspectives) to prop the 
composite structure for seven days or to adjust the composite cross-section to reduce the long-
term mid-span deflection.

6.4.3.3 Influence of propping time t2 for systems with prefabricated and cast-in-situ concrete slabs

The results of the long-term analyses of the composite beams with a prefabricated concrete slab 
cured for t1=28 days, which was then connected to the timber beam and left propped for 

t2=0, 1, 28, 56, 112, 365 and 3650 days are graphically displayed in Paper V and listed in 
Table 6.7. In these simulations the live load was applied t3=28 days after removal of the props 
and left on the beam for 50 years. Table 6.7 clearly shows that the influence of propping time 
is negligible (resulting in a 3% difference between systems with propping times t2 of 1 and 
365 days, and 5.4% between systems with propping times of 1 and 3650 days). However, the 
comparison between the corresponding cases in which the timber beam was left propped 
(FIN56Pp, with a mid-span deflection of 20.6 mm) and unpropped (FIN56Pu, with a mid-
span deflection of 22.3 mm>l/200) shows that the long-term deflection can be reduced by 
7.5% by propping the timber beam even for a short time (1 day). 
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Table 6.7 Cases analyzed in the parametric studies

Type of 
construction 

Time of 
curing t1 for 
prefabricated 

slabs

Time
t2=(t2-t1)

the timber 
beam is left 

propped

Time of props 
removal since 
the concrete 

casting t2

Time t3=(t3-t2)
between end of 
construction and 

loading

Time of loading 
since the 

concrete casting 
t3

Mid-span
deflection 

after
50 years 

 (days) (days) (days) (days) (days) (mm) 
FIN56Pu 28 0 - 28 56 22.3* 
FIN56Pp 27 1 27+1=28 28 28+28=56 20.6 
FIN84Pp 28 28 28+28=56 28 56+28=84 20.5 
FIN112Pp 28 56 28+56=84 28 56+28=112 20.4 
FIN168Pp 28 112 28+112=140 28 140+28=168 20.3 
FIN421Pp 28 365 28+365=393 28 393+28=421 20.0 
FIN3706Pp 28 3650 28+3650=3678 28 3678+28=3706 19.5 
FIN35Tu - 0 - 28 35 23.9* 
FIN29Tp - 1 1 28 1+28=29 23.8* 
FIN35Tp  - 7 7 28 7+28=35 22.1 
FIN56Tp - 28 28 28 28+28=56 21.8 
FIN84Tp - 56 56 28 56+28=84 21.7 
FIN140Tp - 112 112 28 112+28=140 21.6 
FIN393Tp - 365 365 28 365+28=393 21.3 
FIN3678Tp - 3650 3650 28 3650+28=3678 20.8 

* maximum mid-span deflection higher than the upper limit value l/200 

Fig. 6.24 shows results of the long-term analyses of the composite beams with a cast-in-situ 
concrete slab left propped for different times ( t2=0, 1, 7, 28, 56, 112, 365 and 3650 days) 
before application of the live load to the structure t3=28 days after the prop removal and left 
in place for 50 years. Unlike prefabricated slabs, the propping time is more important for 
traditional systems (Table 6.7). The FIN29Tp system, which was propped for only one day, 
reached a long-term deflection of 23.8 mm, 7.3% more than the FIN35Tp system, which was 
propped for seven days, and very close (less than 0.5% difference) to the final deflection of the 
FIN35Tu system left unpropped. However all mid-span deflections are higher than, or very 
close to, the upper limit l/200 value of 22.2 mm. The final deflection would be 12.8% less 
than in a system left unpropped if the props were left in place for 3650 days (system 
FIN3678Tp). Therefore, traditional systems should be propped for at least seven days. 
Consequently, an advantage of the system with a prefabricated concrete slab is that the props 
can be left in place for a shorter time (one day) than for traditional composite systems, in 
which the props should be left for at least seven days in order to reduce the long-term 
deflection.
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Figure 6.24 Influence of propping time t2 on the mid-span deflections of systems with a prefabricated 
and traditional cast-in-situ concrete slab
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6.5 Dynamic behaviour of prefabricated timber-concrete composite structures

Research into the perception of uncomfortable vibration indicates that bodily oscillation in the 
range 4-8 Hz induces the greatest discomfort (BSI 1984, ISO 1978). However, the degree of 
discomfort suffered by an individual can change depending on whether the person is moving 
or stationary. Moreover, acoustic cues such as noise, reverberation, or shaking of floors and 
furnishings can be as important to the perception of vibration as motion of an individual’s 
body. Body perceptions of motion are important at frequencies of 4-8 Hz, but noise and 
acoustic cues are more important at higher frequencies (Bernard 2008). Therefore, it is clear 
that there should be an override in any design methodology to ensure that the fundamental 
natural frequencies of floors are greater than 8 Hz to avoid 4-8 Hz vibration, to which humans 
are most sensitive (Ohlsson 1982) (after Smith and Chui 1988).

The human response to floor vibration is dependent upon the amplitude, rate of decay, and 
frequency components of the vibration (Smith and Chui 1987). For lightweight floors 
increasing the mass so that the inertia of the floor is high relative to the magnitude of the 
impulse is attractive because it is easy to achieve. However, this approach has several 
shortcomings (Bernard 2008), notably the extra material requirements are accompanied by 
increased costs, reduced resonance frequencies (Chui and Smith 1990), increased deflections, 
and long-term creep of the floor. Supporting structures must also be larger, and earthquake 
resistance may be compromised (Bernard 2008). Accordingly, Ohlsson (1988) presented clear 
evidence that increasing the mass of the floor is counterproductive unless the mass contributes 
to structural rigidity (Bernard 2008).

For timber-concrete composite structures the increased stiffness and mass reduce the 
susceptibility to floor vibrations (Natterer et al. 1996), which is one of the reasons that this 
construction technique has been extensively used to upgrade existing timber floors. However, 
the additional mass of the concrete topping may reduce the natural frequency of a composite 
floor, particularly if the connection system is not stiff, leading to unsatisfactory dynamic 
performance (Ghafar et al. 2008).  Remedies for this problem include increasing the stiffness of 
the connections or decreasing the mass of the system. However, reducing the mass would 
decrease the thermal mass and acoustic separations, which are very important features of floors 
in multi-storey buildings (Ghafar 2008). Consequently, using a stiff connection system may be 
the optimal way to produce timber-concrete composite floors with acceptable dynamic 
behaviour and effective acoustic separation.

In this thesis, the dynamic responses of two floor systems (specimens 1DYN & 2DYN) are 
represented as variations of acceleration with time. Two representatives of the very “clean” 
acceleration traces obtained for these specimens are shown in Fig. 6.25. 

Chui (1986a,b) has shown by experimental work on both laboratory-built and in-situ timber 
floors that a suitable acceleration limit (Ar) in domestic structures is <0.45 m/s2. This refers to 
the motion experienced by a human observer, standing in the centre of the floor when he/she 
generates a heel-drop impact. For both specimens 1DYN & 2DYN the acceleration was in the 
range of 0.25-0.45 m/s2 (Fig. 6.25 and Appendix 6). 
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Figure 6.25 Examples of acceleration traces for specimens 1DYN & 2DYN recorded by an accelerometer 
V  located 1110 mm from the specimen support 
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Figure 6.26 The first and second natural frequencies for specimens 1DYN & 2DYN 

The impact test outcomes for specimens 1DYN & 2DYN should not be directly compared to 
the acceleration limit for timber floors, since the tested composite specimens were struck with 
a hammer rather than being subjected to heel-drop impact tests, but the values at least provide 
first indications of their performance in this respect.

Natural frequencies observed for 1DYN & 2DYN are presented in Fig. 6.26. Frequency 
response functions, constructed using the fast Fourier transforms of the recorded accelerations, 
indicate that the fundamental frequencies (fn

I) for specimens 1DYN and 2DYN were 18.5 Hz 
and 18.9 Hz, respectively, and the second natural frequencies (fn

II) were 24.8 Hz and 25 Hz, 
respectively. The fundamental frequencies (fn

I) indicate that the composite floor systems were 
well built from a dynamic response perspective, with natural first frequencies well above 8 Hz. 
The slightly higher values of natural frequencies of specimen 2DYN can be related to the 
higher stiffness of the composite floor. The connector stiffness k0.4 was 8.5 kN/mm and 5.3 
kN/mm for the SST+S* and SP+N* connectors used in the specimens 1DYN and 2DYN, 
respectively.   

The dynamic responses of the tested prefabricated composite floor systems (specimens 1DYN 
& 2DYN) and traditional composite floors, as developed for instance by Toratti (2001) or 
Deam et al. (2008), can be compared here only indicatively, rather than absolutely, since (inter 
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alia) the fundamental frequency is a function of the stiffness, weight and span of the composite 
floor system. The fundamental frequency predicted by Toratti (2001) has been taken as the 
frequency of a full size floor and was 9.7 Hz for a 6.1 m long span. Deam et al. (2008) 
predicted the fundamental frequency as the frequency of a single joist within the floor of a 6 m 
long span, and obtained values for four floor specimens with different connection systems, 
concrete and prestressing tendons ranging from 16.0 to 19.3 Hz. The cited authors stated that 
the floor specimens would most likely have greater frequencies when several units are coupled 
together by the concrete topping in a two-way system (Deam et al. 2008). The results 
obtained by Deam et al. (2008) indicated that the reduction in stiffness arising from the lack of 
composite action was more significant than the mass reduction.  

The damping ratios found for both specimens 1DYN & 2DYN were not analyzed in detail 
since many researches have shown that "the damping ratio depends primarily on non-structural 
components and furnishings" (Allen & Murray 1993 in Raynolds 2000). Therefore, to base 
vibration serviceability analyses on damping values measured from bare structures is likely to 
lead to gross overestimation of structural responses (Reynolds 2000). This opinion is shared by 
Fahy and Westcott (1978) who stated that "vibration tests on incomplete, unoccupied 
buildings and isolated components are of little practical value" (after Reynolds 2000). 
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7
Conclusions

This chapter presents general conclusions that can be drawn from the studies described in the appended 
papers, and complementary investigations mentioned in the thesis, in the form of answers to the research 
questions posed in Chapter 1.

How can “dry-dry” shear connectors reduce the drawbacks of the “wet” composite systems? 

From a practical perspective, joining concrete and timber through shear connectors embedded 
in prefabricated concrete slabs offers several advantages, including:  

(i) Reduction of construction times, since no time is needed for curing concrete on-
site. The time required in traditional systems for placing shear connectors in timber 
beams on-site is eliminated when prefabricated systems are used since shear 
connectors are embedded in the pre-cast concrete slabs, so all that needs to be done 
on-site is to connect the pre-cast slab and the timber beams. If the pre-cast concrete 
slab and timber beams are connected off-site too, on-site construction time can be 
further reduced to the time required to assemble floor elements to each other, and 
to vertical elements. 

(ii) Avoidance of use of “wet” components during the generally “dry” process of 
constructing timber buildings. No separating layer-foil (preventing timber from 
coming into contact with wet concrete) between the pre-cast concrete slab and 
timber, nor formwork, which is often required during on-site processes in 
traditional timber-concrete systems, are needed. The elimination of “lost” 
formwork also reduces the self-weight of the structure.

(iii) Realization of the full stiffness of the timber-concrete composite structure as soon 
as the concrete slab and timber beam are connected (in contrast to traditional wet 
systems, which require time to develop sufficient stiffness to sustain the full self-
weight of the concrete slab).

(iv) Shrinkage of concrete can freely occur when the concrete is allowed to cure in the 
prefabrication plant before assembly with the timber beam, thereby reducing 
subsequent stresses and deflections in the composite beam. 

How does the stiffness of “dry-dry” shear connectors affect the overall structural short- and 
long-term, and dynamic, performance of prefabricated timber-concrete composite structures? 

The structural behaviour of timber-concrete composite members is mainly governed by the 
shear connection between the timber and concrete. Unfortunately, the structural performance 
of the tested systems was not fully satisfactory, with efficiency varying from 31% to 57%, for 
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connector types consisting of long punched metal plates with nails and steel tubes coupled with 
coach screws, respectively. This is mainly due to the low slip moduli of the connection systems 
selected for these tests (k0.4=8.5 and 5.3 kN/mm for steel tubes with coach screws and long 
metal plates with nails type connectors, respectively). However, numerical results indicated 
that using steel tubes coupled with coach screws and notches, or glued-in dowel type 
connectors, it would be possible to obtain 95% and 98% composite efficiency (SLS), 
respectively, with k0.4 slip moduli of 235.7 kN/mm and 131.1 kN/mm, respectively. 

To predict the mid-span deflection at the end of service life a finite element model, with a 
simplified numerical procedure for long-term evaluations of prefabricated structures, was used 
to extend the one-year experimental test results to 50 years. According to the model the mid-
span deflection at the end of the service life of the proposed systems will be lower than the 
acceptable limit of l/250 recommended by Eurocode 5. The results indicate that prefabricated 
systems will perform successfully at serviceability limit state, even though the shear moduli of 
steel tubes with coach screws and long metal plates with nails type connectors were particularly 
low.

The fundamental frequencies observed for specimens with SST+S* and SP+N* type 
connectors were 18.5 and 18.9 Hz, respectively, indicating that the composite floor systems 
had more than adequate dynamic responses, with natural frequencies easily exceeding 8 Hz. 
Hence, composite systems with shear connectors that have very low slip moduli should meet 
all foreseeable specifications in this respect and are unlikely to cause human discomfort through 
vibration.

Which parameters affect the long-term structural performance of prefabricated and 
traditional/“wet” timber-concrete composite structures?

There are no significant differences in long-term deflection between systems with prefabricated 
and traditional concrete slabs, provided that the prefabricated concrete slab is allowed to cure 
for at least seven days, and the long-term mid-span deflection will be lower than that of 
traditional systems if the prefabricated concrete slab is cured for a longer time. Propping the 
structure affects both traditional and prefabricated systems, but the propping time has negligible 
influence on the long-term mid-span deflection of prefabricated systems (provided that it is at 
least a day; keeping the props in place for 365 days instead of just 1 day led to only a 3% 
difference in long-term mid-span deflection). In contrast, for traditional systems it is important 
to leave the props in place for at least seven days. The prefabricated concrete slabs can be left 
propped for just a single day during assembly, and still deliver reductions in mid-span 
deflections at the end of service life compared to traditional systems. The load application time 
also appears to have minor effects on the long-term mid-span deflection of prefabricated 
concrete slabs, since only 4% differences in this variable were observed between systems (both 
propped and unpropped) loaded for 1 day and 3650 days. For traditional systems the influence 
of loading time on the mid-span deflection at the end of service life can also be disregarded. 

Can the guidelines provided in Eurocode 5 for the design of timber-concrete composite 
structures be applied for serviceability and ultimate limit state verifications of systems with 
“dry-dry” shear connectors? 

For short-term verification, based on the experimental-analytical comparison, it is 
recommended that evaluations of prefabricated timber-concrete composite beams at 
serviceability and ultimate limit states should be carried out using experimentally determined 
values of the slip moduli at 40% and 60% of the shear strength, k0.4 and k0.6, as recommended 
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by Ceccotti (1995). The latter values may be significantly different from the value of 2/3k0.4

recommended by Eurocode 5. The analytical formulae for the evaluation of k0.4 and k0.6 should 
only be used for preliminary design since they lead to significant differences from 
experimentally measured values of slip moduli. Use of the Annex B formulae of Eurocode 5 
for composite beams with flexible connections leads to reasonably accurate solutions when the 
slip moduli at 40% and 60% of the shear strength evaluated in shear tests are used. The errors 
for deflection and stresses at both serviceability and ultimate limit state design loads do not 
generally exceed 10-20%.  

Regarding long-term verification large discrepancies were found between values obtained 
using the proposed numerical method and the current approach (which does not include 
considerations of concrete shrinkage and inelastic strains due to changes in environmental 
conditions). The percentage errors between the mid-span deflection values obtained using the 
numerical and analytical approaches were ca. 28%, indicating that the ignored factors are too 
significant to neglect, and hence should be considered in any long-term verifications of 
prefabricated timber-concrete composite structures. 
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8
Future research 

There have been extensive research studies on layered wood-concrete composites in recent decades. However, 
the investigations presented in this thesis are the first to consider systems in which the concrete layer is pre-
cast and mechanical connectors are used to attach the pre-cast slab to the wooden beams. The presented 
studies explore ways to avoid curing the concrete while in contact with the wood members (and hence 
associated mechano-sorptive shrinkage/swelling and creep problems). The investigations answered many 
questions, but raised new problems and questions that should be addressed in future analyses of 
prefabricated systems, as outlined below.

8.1 Experimental investigations

The experimental program presented in the thesis was limited and further experimental four-
point bending tests should be performed, particularly on the systems that were only 
numerically analyzed with ST+S+N and GDF type connectors, which have very promising 
mechanical properties. The effects of the size and shape of the notch, in the case of ST+S+N 
connectors, were not examined, therefore further investigations on the effects of varying the 
overall geometry of the notch are recommended. In the case of glued-in shear connectors 
(such as GDF connectors) only one type of adhesive was used, so it would be reasonable to 
perform complementary tests (e.g. withdrawal tests, as described by Gutkowski et al. 2004) to 
identify the optimal adhesive. For SST+S and SST+S* connector types, with steel tubes and 
coach screws, additional studies are required to improve the stiffness of the connection system. 
Customized screws with two different threads and diameters along the length of the screw 
could eliminate the need for clearance between the steel tube and the screw, thus increasing 
the stiffness of the system. The stiffness could also be increased by gluing the lower part of the 
screw/dowel into the glulam beam, as it is when GDF connectors are used. All proposed 
improvements of shear connectors should be verified in shear tests to evaluate their effects on 
the stiffness and ease of prefabrication of the connection systems. The feasibility and effects of 
using light-weight concrete to reduce the weight of the prefabricated timber-concrete 
composite panels should also be assessed in further experimental tests, initially on small shear 
test samples and subsequently on full-scale specimens.  

Further experimental investigations are needed to draw definitive conclusions regarding the 
long-term behavior of the proposed composite systems. Creep tests (in variable and 
conditioned environmental conditions) should be performed on push-out specimens 
incorporating a few connectors subjected to shear in order to evaluate the creep and mechano-
sorptive effects of the novel connection systems, and to investigate the reduction in slip 
modulus of the coach screws due to relaxation in systems with SST+S, SST+S* and ST+S+N 
connector types. The shrinkage and creep of self-consolidated concrete was not investigated in 
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this study, but should be considered in future research since both the creep and shrinkage of 
the concrete significantly influence the long-term behavior of composite structures. 

The proposed prefabricated timber-concrete composite panels should be subjected to full-scale 
floor vibration tests, to complement and extend the simple tests carried out thus far (in which 
the natural frequencies and damping ratios of two connection systems were determined). The 
vibration parameters of floors are factors that must be considered, especially for long-span 
structures, as shown by Toratti and Kevarinmäki (2001), since they must comply with 
vibration regulations. Acoustic insulation tests (airborne and impact sound) should also be 
performed, with prefabricated composite floors that have various toppings, as appropriate for 
any intended (residential or non-residential) uses. 

Last, but not least, since the fire resistance of timber-concrete composite elements is heavily 
dependent on the effects of fire on the timber and shear connectors, and composite beams will 
inevitably lose stiffness when subjected to fire, the fire-resistance of the prefabricated timber-
concrete composite slabs should be investigated in tensile and shear fire tests (Frangi and 
Fontana 1999, 2001). 

8.2 Numerical/parametric analysis

As outlined in this thesis, the results obtained in numerical analyses of the composite systems 
were very similar to the experimental values, especially for their short-term behavior, 
indicating that the FE software can be reliably used to extend the experimental results to 
composite beams with different configurations, geometrical and mechanical properties. Further 
FE investigations to improve the prefabricated timber-concrete composite floor systems should 
include parametric studies to identify the optimal cross-sections, numbers and locations of the 
connectors for systems with different properties, and to estimate short-term responses of 
systems with different span lengths. In addition, long-term analyses should be carried out on 
long-span beams, which may fail to meet the serviceability limit state deflection criteria. 

8.3 Theory

Comparisons of the experimentally and analytically obtained results indicated that evaluations 
of prefabricated timber-concrete composite structures at serviceability and ultimate limit state 
load levels should be carried out using experimentally determined values of the slip moduli at 
40% and 60% of the shear strength (k0.4 and k0.6; suggested by Ceccotti 1995) since use of 
formulae recommended by Eurocode 5 may lead to significant underestimations or 
overestimations of the experimental values. However, no convenient formulae are available as 
yet for estimating k0.4 and k0.6 parameters of notch and glued-in type connectors. Thus, 
convenient methods for deriving such formulae are required. 

8.4 Industrial implementation

At this stage of the research project no attempt has been made to estimate costs of the 
prefabricated timber-concrete composite floor systems, although the relative costs of novel 
shear connectors were considered while choosing suitable connectors. Therefore, the next 
stages of this industrial project should include detailed cost analyses for both the prefabrication 
and assembly of all components, taking into account the results of the parametric study 
presented in Paper V.
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Other aspects of the system that are not discussed in the thesis, but are important from a 
manufacturability viewpoint, are the connection details between composite panels and 
between panels and vertical elements.  These aspects need to be considered to ensure that any 
developed composite floor structure is compatible with existing timber-frame building systems. 
An example of a possible connection between composite panels for further development is 
presented in Fig. 8.1. 

Figure 8.1 Possible interconnection between panels for prefabricated timber-concrete composite system 

The proposed prefabricated system should eventually be used to construct a full-scale floor in a 
real building in order to verify its feasibility on-site and monitor possible problems during 
construction.
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Abstract Timber–concrete composite beams and

slabs require interlayer connectors, which provide

composite action in the cross-section. A range of

mechanical connectors is available on the market

with an extensive variety of stiffness and strength

properties, which are fundamental design parameters

for the composite structure. Another crucial param-

eter is the cost of the connector, including the labour

cost, that if too high may prevent the use of the

composite system. In order to reduce the construction

cost and make timber–concrete structures more

widespread on the market, it is believed that a high

degree of prefabrication should be achieved. For a

simple and cost effective construction process, the

use of ‘‘dry’’ connections, which do not require the

pouring and curing of concrete on site, may represent

a possible solution. This paper reports the outcomes

of an experimental programme aimed to investigate

a number of different mechanical ‘‘dry–dry’’

connectors previously embedded into a prefabricated

concrete slab. Direct shear tests on small blocks made

of a glulam segment connected with a prefabricated

concrete slab were performed. The shear force-

relative slip relationships were measured and all the

relevant mechanical properties such as slip moduli

and shear strengths were calculated. It was found that

some of the new developed connection systems for

prefabricated concrete slab can perform as satisfac-

torily as those for cast-in-situ slabs, with the

additional benefit of being relatively inexpensive.

Keywords Composite beams �
Timber–concrete structures � Timber joints �
Shear connectors � Wood � Experimental tests

1 Introduction

Timber–concrete composite systems offer several

applications in civil engineering such as floor struc-

tures or bridges. This technology is fairly known and

has been investigated for over 50 years, mainly for

upgrade of existing wooden floors [1]. Nowadays

research is mostly focused on the use of this solution

for new construction such as multi-storey buildings

and short-span bridges [2–4].

The timber–concrete composite structure is con-

structed by connecting a concrete topping with timber

joists or beams. The concrete topping mainly resists

to compression, while the timber joist resists to
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tension and bending, and the connection system

transmits the shear forces between the two compo-

nents. Advantages over wooden floors include the

increase of load-carrying capacity, the higher stiff-

ness which leads to reduction in deflection and less

susceptibility to vibrations, the improvement of acous-

tic performance and thermal properties, and the higher

fire resistance (up to F30, F60 and F90) [5–7]. Some

benefits are obtained with respect to normal rein-

forced concrete floors, too. The cracks in the tensile

region of reinforced concrete slabs may cause

moisture penetration and corrosion of the steel rebars.

Furthermore, the lower part of the concrete slab

(40–60% of the depth) is ineffective since cracked

and therefore not resisting. By replacing that part

with a resisting solid wood deck, the overall depth of

the concrete slab can be reduced by about 50% and,

therefore, the self weight of the structure can be

markedly decreased [8]. Several successful projects

involving wood-concrete deck floors in office build-

ings were developed in Switzerland [2]. The use of

lightweight concrete with a density of 1.6 kN/m3

instead of a normal weight concrete of 2.3 kN/m3

represents a possible option to reduce the permanent

load of the floor by up to 15% [9].

The choice of an effective shear connection is the

key to achieve strong and stiff composite systems.

The efficiency of the shear connection can be

measured as suggested by Gutkowski et al. [10]:

Efficiency ¼ DN � DI

DN � DC

ð1Þ

where DN is the theoretical fully composite deflection

(calculated by transformed section), DC is the theo-

retical fully non-composite deflection (calculated as a

layered beam without interlayer shear transfer) and

DI the actual deflection of the timber–concrete

composite beam. The efficiency can vary between

0% in the case of no connection and 100% in the case

of fully rigid connection with no interlayer slip

between concrete and timber and fully composite

action. In order to optimize the behaviour of the

composite beam, stiff and strong connection systems

should be used so as to achieve high efficiency. Many

different connectors have been proposed thus far

[3, 8–18]. Steel meshes epoxy-glued into the timber

[3, 15] and notched details cut into the timber part

[2, 8, 10, 12, 13] were found to be very effective (up

to 92%). Steel fasteners such as nails, screws etc. are

ductile and commonly used in many applications,

however they are generally more flexible. A large

number of fasteners is therefore required to achieve

high efficiency [1, 18].

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, lower stiffness and

higher creep during concrete curing, the higher cost

of cast-in-situ concrete, and some possible problems

of quality control. In addition, the shrinkage of the

concrete slab which cannot fully develop due to the

connection with the timber beam may cause a

significant increase in initial deflection and self-

equilibrated stress distributions (eigenstresses) in the

composite structure. This problem is under research

and analytical approaches were developed to quantify

this effect [19–21].

The prefabrication off-site of a concrete slab with

already inserted shear connectors, and the connection

with the timber beams on the building site can

significantly reduce all the aforementioned draw-

backs of the wet systems. In this case, most of the

shrinkage will develop when the prefabricated con-

crete slab is not yet connected to the timber beam,

markedly reducing its effect in terms of increase in

deflection and flexural stresses. Prefabrication also

permits an improvement in the construction process

achieving high quality while saving resources and

simplifying recycling of waste [22]. 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 mod-

ular elements can be utilized in floors, walls and roofs

in both residential and commercial buildings. An

example is reported in Fig. 1. More information on

the system can be found on [23].

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. This is why special attention

has been paid, in this research, to propose connection

systems easy to produce and mount so as to speed up

the construction process. The prefabrication of the

concrete slab with already embedded shear connec-

tors is believed to be a possible way to reduce the cost
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by moving most of the work from the building site to

the fabricator.

The aim of this paper is to present the outcomes of

an experimental programme comprising tests on

seven series of different connector types already

embedded into prefabricated concrete slabs. The

objective of the research was not only to measure

different mechanical parameters of the connectors

such as stiffness (slip modulus), shear strength and

ductility, but also to evaluate the feasibility of the

prefabrication process. It was decided to investigate a

range of connectors with either strong and stiff

mechanical properties but low ductility, or with less

strength and stiffness but high ductility.

2 Basics of design

The design of timber–concrete composite structures

must satisfy both ultimate (ULS) and serviceability

(SLS) limit states in the short- and long-term. The

ULS are controlled by evaluating the maximum

stresses in the component materials (timber, concrete

and connection system) using an elastic analysis

while the SLS are checked by evaluating the maxi-

mum deflection.

The structural behavior of timber–concrete com-

posite members is mainly governed by the shear

connection between timber and concrete. Almost all

connection systems are flexible, i.e. they cannot

prevent a relative slip between the bottom fibre of

the concrete slab and the top fibre of the timber

beam. As a consequence of that, conventional

principles of structural analysis such as the method

of the transformed section cannot be applied to

solve the composite beam. The Eurocode 5-Part

1–1, Annex B [24] provides a simplified calculation

method for mechanically jointed beams with

flexible elastic connection. This method is based

on the approximate solution of the differential

equation for beams with partial composite action.

The simplified design method, the so-called ‘‘c-
method’’, is closely related to Möhler’s model [25]

and was proved to provide excellent approximation

for composite beams with closely spaced fasteners

[26, 27].

According to the c-method, the effective bending

stiffness of a simply supported timber–concrete

composite beam is calculated as:

EIð Þeff ¼ E1I1 þ cE1A1a
2
1 þ E2I2 þ E2A2a

2
2 ð2Þ

with shear coefficient gamma and distances ai given

by:

c ¼ 1

1þ p2E1A1s
kL2

ð3Þ

a1 ¼ hc þ ht
2

� a2 ð4Þ

a2 ¼ cE1A1 h1 þ h2ð Þ
2cE1A1 þ E2A2

ð5Þ

where Ii, Ai and Ei signify the second moment of area,

area, and modulus of elasticity of the concrete slab

(i = 1) and timber beam (i = 2), s is the connector

spacing, L is the beam length, k is the slip modulus of

the connector, and the other quantities are shown in

Fig. 2. A c coefficient equal to 0 represents the

condition with no connection system and layers

acting independently. A c coefficient equal to 1

indicates a full composite action with no slip at the

interface between timber and concrete. The effective

stiffness can be used to calculate the deflection, the

stress distribution and the shear load in the fastener:

Fig. 1 Example of

prefabricated wood-

concrete composite floor

panel used in Germany [3]
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d ¼ 5qL4

384 EIð Þeff
ð6Þ

ri ¼ cEiai
EIð Þeff

M ð7Þ

rm;i ¼ 0:5Eihi
EIð Þeff

M ð8Þ

F ¼ cEiAiais

EIð Þeff
V ð9Þ

where d is the mid-span deflection of a simply

supported beam, q is the uniformly distributed load,

ri, rm,i are the stress at the centroid and the flexural

component of the stress in the concrete (i = 1) and

timber (i = 2), F is the shear load in the fastener, M

is the bending moment and V is the shear force in the

cross-section of interest.

As the shear connection is usually characterized by

non-linear load-slip relationship, two different slip

moduli are considered for design purposes: kser for

SLS and ku for ULS design. The slip modulus kser,

which corresponds to the secant value at 40% of the

load-carrying capacity of the connection (k0.4), is

evaluated by push-out or direct shear tests performed

according to EN 26891 [28]. For the slip modulus ku,

the use of the secant value at 60% (k0.6) is recom-

mended [1, 29].

The verification of the composite beam in the long-

term is more problematic. Concrete creep and shrink-

age, creep and mechano-sorption of timber and

connection, thermal strains of concrete and timber

should be considered.Numerical programs [19, 30] and

analytical formulas [20, 21, 31] have been proposed to

provide accurate solutions. The simplified approach

suggested by Ceccotti [1] does not account for

shrinkage and thermal strains. This approach is based

on the use of the EffectiveModulusMethod, where the

creep and mechano-sorption of concrete, timber and

connection are accounted for by reducing the elastic

moduli and slip modulus according to the following:

E1;eff ¼ E1

1þ u1ð Þ ð10Þ

E2;eff ¼ E2

1þ u2ð Þ ð11Þ

keff ¼ k

1þ ucð Þ ð12Þ

where u1, u2 and uc signify the creep coefficient of

concrete, timber and connection respectively. Those

moduli are then used in Eqs. 2–11 to solve the beam

in the long-term.

All the basic equations reported above can be used

for the design of prefabricated timber–concrete

beams. Since the prefabricated concrete slab is

connected to the timber beam some time after the

concrete cast, there are two differences when

b1

0.5h1

0.5h2

0.5h2

y-axis

h1

h2

b2

A1, I1, E1

A2, I2, E2

a1

a2

h

m,2 2

m,11Fig. 2 Cross-section (left)
and stress distribution

(right) of a composite beam

with flexible shear

connection [24]
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designing the prefabricated system as opposed to a

traditional system with cast-in-situ concrete slab: (i)

the modulus of elasticity of concrete will be larger

than in the case of traditional construction where the

connection is achieved at the time of the concrete

placement and, therefore, the concrete is younger

when the permanent and imposed loads are applied

on the composite beam; (ii) the value of the concrete

shrinkage to use in the advanced analytical formulas

[20, 21, 31] will be markedly less since most of the

shrinkage will take place before connecting the

concrete slab to the timber. There is therefore a

potential in the proposed system to cancel out or

significantly reduce the effect of concrete shrinkage

provided the concrete panels are stored for some

months/weeks after the concrete cast and before the

connection with the timber members.

3 Shear test program

3.1 Test set-up

Shear tests were performed on seven series of

different connector types in order to obtain their

load-slip relationships and slip moduli kser and ku. An

overall total of 28 specimens (four samples in each

test batch) were tested using the experimental set-up

displayed in Fig. 3.

A direct shear test using an asymmetrical speci-

men was used. This type of test was chosen since the

asymmetrical specimens are lighter, cheaper and

quicker to construct than symmetric (push-out)

specimens where the timber beam is connected to

two concrete slabs, one on the left- and the other on

the right-hand side. A disadvantage of the asymmet-

rical shear test set-up is the slight overestimation of

the shear strength and slip modulus with respect to

the symmetric shear test (push-out) set-up [16]. The

overturning moment due to the eccentricity of the

axial force will result, in fact, into a compression

force at the interface between concrete and timber

which will increase the friction and, therefore, will

improve the mechanical properties of the connection.

Based on the dimensions reported in Fig. 3, a

compression force at the interface between concrete

and timber of one-sixth of the applied shear force can

be calculated using first principles. A difference of

about 10% between measured and actual values of

strength and slip moduli can then be evaluated by

assuming a friction coefficient of 0.62 between

timber and concrete [32].

Each test sample consisted of a 60 9 400 9

400 mm3 prefabricated concrete slab, strength

class C20/25, with one shear connector previously

inserted, and a 115 9 135 9 400 mm3 glued lami-

nated member, strength class GL28c class according

to EN 1194 [33]. The 400 mm concrete slab breadth

Fig. 3 Shear test set-up

(measures in mm)
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was chosen to represent a minimum spacing between

timber joists of technical interest.

The shear tests were carried out according to EN

26891 [28] which also contains provisions for the

determination of the connection slip moduli. Pre-

liminary tests were performed on one sample of each

series to evaluate the estimated failure load Fest and

the rate of load application. The tests were carried out

within 20 min 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. 3). Data from the

shear tests were retrieved with a frequency of 2 Hz

(i.e. every 0.5 s). Load was applied using a DARTEC

hydraulic jack with an accuracy of 1% over the load

range 0–600 kN.

3.2 Types of connectors

The description of the connectors is reported in

Table 1. The specimens were tested after about 42–

70 days from the concrete placement in the moulding

forms.

The SNP type connector is a common toothed metal

plate previously investigated by van der Linden [16]

that was chosen for its ductile behaviour. The length of

the toothed plate was 250 mm and it wasmanufactured

from common toothed plate with 8 mm long nails. A

flat toothed plate was bent at an angle of 90� and the

teeth were removed from the part inserted in the

concrete slab to eliminate the occurrence of air pockets

around the nails. The pre-cast concrete slab with the

toothed plate was pressed into the glulam beam using a

hydraulic jack. The pressing process created compres-

sion stresses nearly equal to the compression strength

perpendicular to the grain and several cracks appeared

at the mid-section of the glulam beam (Fig. 4).

Glued connections currently used in several pro-

jects by Bathon et al. [3] were proved in previous

studies [15] to provide almost full composite action.

The following types of glued connectors were

investigated in this project: a continuous steel mesh

(SM), Fig. 5a, a folded steel plate (GSP), Fig. 5b, and

a [ 20 9 120 mm dowel with two welded flanges

(GDF), Fig. 5c.

A two component epoxy-resin StoBPE 465/464

available on the Swedish market was used to bond the

steel parts to the glulam members in all the SM, GSP

and GDF series. The connection was realized by

leaving a 2-mm gap around the fastener and filling

the slots and holes up to 2/3 of the depth with the

epoxy. A plastic foil was placed between the concrete

slab and the glulam beam to conservatively remove

any bond at the interface which could increase the

slip moduli for lower levels of load. Specimens from

the SM, GSP and GDF series were tested 7 days after

gluing in order to allow the glue to harden and

achieve 100% curing as recommended by the glue

manufacturer [34]. The prefabricated concrete slabs

with inserted steel mesh, steel plate and dowel before

the gluing process are displayed in Fig. 6.

Some new types of mechanical connectors were

investigated in this project. The first new connector

SST + S consisted of a steel tube characterized by an

inner diameter of 20 mmand a length of 47 mm,with a

welded flange embedded in the concrete slab (Fig. 7a).

The connection between the concrete slab and the

glulam beam was obtained with a [ 20 9 120 mm

hexagon head coach screw for the SST + S series

(Fig. 7b). A plastic cap was screwed on top of the steel

tube to create room for the screw head during the

placement of the concrete and was removed after the

concrete cured. The screw was pre-tensioned with a

130 Nm torque moment using a torque wrench.

A modified steel tube characterized by a length of

67 mm, with two welded flanges, and a hexagon head

coach screw [ 20 9 160 mm was used in the ST +

S + N series in conjunction with a notch cut from the

timber beam (Fig. 8a). A prefabricated concrete slab

with a 115 9 120 mm2 rectangular hole was placed on

top of the glulam member. The hole was filled with

concrete mix and the tests were performed 28 days

after the filling operation. The screwwas pre-tensioned

with a 130 Nm torque moment using a torque wrench.

The notch in the glulam had an inclination of 15�, a
length of 100 mm, and a depth of 25 mm (Fig. 8b).

The last new type of mechanical connector

displayed in Fig. 9 consisted of a pair of folded steel

plates embedded into the concrete slab and connected

to the glulam beam by means of 8 [ 4.5 9 75 mm

annular ringed shank nails (SP + N series). The two

plates were placed in the moulding form so that a

10 mm overlap could be obtained. The flanges folded

in the steel plate acted as an anchor in the concrete
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Table 1 Shear connector description

Type Description of the connection system Drawing

SNP One 55 9 55 9 250 mm toothed metal plate, folded at an angle of 90�,
moulded into the slab.

SM Continuous steel mesh embedded into the slab for a depth of 50 mm and

epoxy-glued into a 50 mm deep slot milled in the glulam beam.

SST + S One [ 20 9 47 mm long steel tube inserted into the concrete

slab with one [ 20 9 120 mm hexagon head coach screw.

SP + N Two folded steel plates embedded into the slab for a depth of 50 mm and

nailed to both sides of the glulam beam with 8 [ 4.5 9 75 mm annular

ringed shank nails.

GSP One 115 mm wide folded steel plate, embedded into the slab for a depth

of 50 mm and epoxy-glued into a 70 mm deep slot milled in the glulam beam.

ST + S + N One [ 20 9 67 mm long steel tube inserted into the concrete slab with one

[ 20 9 160 mm hexagon head coach screw and one notch cut from the

glulam beam.

GDF One [ 20 9 120 mm dowel with flanges embedded into the concrete

slab for a depth of 50 mm and epoxy-glued into a 70 mm deep hole

drilled in the glulam beam.
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slab. The plate was 160 mm long, 75 mm wide and

3 mm thick.

4 Test results

The shear test results are reported for single shear

connectors. The shear force-relative slip curves

presented in Fig. 10 over the whole range of slips

and Fig. 11 for low values of slips, correspond to the

mechanical behaviour of each type of shear connector

averaged over 4 samples. The ripples of the curves

were caused by some difficulties in setting up the

testing machine which is quite old. The mean secant

slip moduli k0.4 at 40% of the estimated ultimate load,

k0.6 and k0.8, at 60% and 80% of the maximum

Fig. 4 Toothed metal plate

connector (type SNP):

(a) prefabricated slab,

(b) pressing the glulam

member onto the precast

concrete slab

Fig. 5 Epoxy-glued connections in the moulding forms: (a) continuous steel mesh (SM), (b) folded steel plate (GSP), (c) steel dowel
with flanges (GDF)

Fig. 6 Concrete slabs with inserted shear connectors: (a) continuous steel mesh (SM), (b) folded steel plate (GSP), (c) steel dowel
with flanges (GDF)
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ultimate load, respectively, are reported in Table 2

for all the test series. It has to be emphasized that

given the low number (four) of samples tested for

each connection type, such mechanical properties

should be considered only as an indicative measure of

the connection performance relative to another one.

The purpose of this research was in fact a compar-

ative evaluation of the performance of various

connectors in order to identify the most suitable

connection system for application in prefabricated

composite systems. The mean values, range of

variation and standard deviations r of shear strength

and slip moduli are reported in Table 2 for the

different connection systems tested. The connectors

are also ranked in terms of slip modulus k0.4 and

strength from the highest (No. 1) to the lowest value

(No. 7).

Three groups of connectors can be identified

according to their average slip moduli. The SM type

connector with the highest stiffness k0.4 = 483.8 kN/

mm forms the first group. The second group contains

the GSP, ST + S + N, SP + N, GDF and SNP type

connectors with secant slip moduli ranging from

k0.4 = 258.8 kN/mm for the SP + N connector type

to k0.4 = 121.4 kN/mm for the SNP connector type.

The third group includes the SST + S type connec-

tors with corresponding secant slip modulus

k0.4 = 5.9 kN/mm, the lowest one obtained during

the shear tests.

The type ST + S + N connector had the highest

shear resistance Fmax = 110.6 kN while the highest

initial stiffness was observed in the SM type

connector. The maximum shear load, Fmax = 81.2

kN, reached by the SM connector was 25% less than

that observed in the ST + S + N connector although

the connector initial stiffness was more than 50%

higher than that observed in the ST + S + N

Fig. 7 Steel tube shear

connector SST + S: (a) in
the moulding form with the

screw plastic cap, (b)
assembled to the glulam

beam

Fig. 8 Steel tube shear

connector ST + S + N: (a)
in the moulding form with

the screw plastic cap, (b)
notch in the glulam beam

(measures in mm)

Fig. 9 Steel plate shear connector SP + N in the moulding

form
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connector. The initial stiffness of GSP type connec-

tor was comparable with the stiffness of the

ST + S + N and SP + N shear connector but it

was only about 50% of the stiffness achieved by

SM type connector, although the ultimate load

Fmax = 64.4 kN was 60% of that observed in the

ST + S + N connector. The GDF glued-in type

connector reached a maximum shear load Fmax =

52.5 kN, which was 50% of the strength observed in

the ST + S + N connector. The initial stiffness of

GDF type connector was only 30% of the stiffness

observed in the SM connector. The lowest initial

stiffness of all tested connectors was measured on

the SST + S connector. Such stiffness was only

1.2% of the highest stiffness reached by the SM

connector although the shear strength was compa-

rable with that of the SNP shear connector (33.9 kN

and 37.3 kN, respectively). The maximum shear

loads for the SST + S, GDF and SNP type

connectors are characterized by low scatter, while

the GSP type connector shows the largest scatter.

The results of all types of connectors and samples

tested are presented in Figs. 12–18 as shear force-slip

curves. The lines corresponding to the slip moduli at

40% of Fest, 60% and 80% of Fmax are also reported

in the graphs. The failure modes of the seven

investigated connectors are shown in Figs. 12b–18b.

The test results of the connector type SNP are

shown in Fig. 12a. The behaviour of all connectors

was consistent and once the maximum capacity was

reached the plasticization phase occurred. Fig. 12b

shows the failure mode, which was ductile being

characterized by yielding of the toothed metal plate

Fig. 10 Shear test results for all types of connection: average shear force-relative slip curves and approximating curves

Fig. 11 Shear test results for all types of connection: average

shear force-relative slip curves for low values of slip
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after some cracks occurred in the concrete slab.

Figure 13 displays the results for the SM type

connectors. The specimens exhibited fairly linear

behaviour up to the attainment of the maximum shear

capacity, which was followed by a drop of strength

without plastic phase in the connection (see Fig. 10).

The failure, brittle, occurred in the concrete slab due

to crack formation along the steel mesh line followed

by yielding and tearing of the steel mesh (Fig. 13b).

The crack formed at the steel mesh location due to

punching of the steel mesh into the concrete caused

by the bending moment induced by the eccentricity of

the load applied in the specimen (Fig. 3).

Results for the SST + S shear connector are

shown in Fig. 14a. The SST + S type connectors

showed behaviour different from all other connectors

tested and appeared to be the most ductile system due

to the ability to carry load under large deformation.

The resistance was still increasing after 15 mm slip

demonstrating significant plastic deformations from

approximately 5 mm slip. The screws failed in

bending due to a plastic hinge formation into the

Table 2 Shear test results: slip moduli and shear strength

Type of connection Values Slip moduli Shear strength

k0.4 (kN/mm) k0.6 (kN/mm) k0.8 (kN/mm) Stiffness rank Fmax (kN) Strength rank

SNP Range 95.3–135.2 72.8–118.5 52.4–86.9 6 35.4–38.9 6

Average 121.4 99.0 67.6 37.3

r 18.0 19.3 15.8 1.6

SM Range 377.0–595.8 345.2–543.5 300.6–487.1 1 74.3–88.1 2

Average 483.8 449.4 396.0 81.2

r 90.8 82.7 80.0 5.7

SST + S Range 4.7–6.8 6.0–8.1 6.0–7.1 7 33.2–34.6 7

Average 5.9 6.8 6.4 33.9

r 0.9 1.0 0.5 0.6

SP + N Range 80.8–412.0 80.4–138.8 60.8–74.8 2 36.8–47.0 5

Average 258.8 113.1 68.3 42.3

r 166.6 26.2 5.8 4.3

GSP Range 118.2–325.9 101.4–269.0 79.7–167.9 3 43.3–73.4 3

Average 248.5 183.4 130.9 64.4

r 90.4 72.8 41.3 14.2

ST + S + N Range 221.3–245.6 231.6–248.2 139.6–217.9 4 99.6–126.7 1

Average 235.7 234.4 178.0 110.6

r 12.8 8.7 39.2 14.2

GDF Range 120.0–174.6 94.6–98.9 59.1–71.9 5 51.0–54.8 4

Average 135.1 96.8 64.4 52.5

r 26.5 2.3 5.6 1.6

Fig. 12 Results of the

shear tests for connector

type SNP: (a) shear force-
slip curves, (b) failure mode

of the connector

Materials and Structures (2008) 41:1533–1550 1543



concrete slab, and no crack appeared in the concrete

slab throughout the test. The failure modes of the

connectors are showed in Fig. 14b.

Results for the SP + N type connector are

presented in Fig. 15a. This type of connection was

the second stiffest connection after the SM series.

The plastic phase occurred at approximately 1 mm

slip due to the nail yielding. The load carried out

resistance remained constant after that point. The

tests were stopped when the concrete started to crack

although the maximum load was not reached.

Fig. 15b shows the characteristic failure mode in

the SP + N type connectors. The crack in the

concrete slab occurred due to the rotation of the steel

plate. Shear failure was observed in one nail at the

interface between steel plate and glulam beam with

the other nails remaining undamaged.

For the GSP type connector the results are shown

in Fig. 16a. This type of connector showed an

increase in shear capacity during the test, but once

the maximum load was reached the resistance

decreased although the system continued to carry

Fig. 13 Results of the

shear tests for connector

type SM: (a) shear force-
slip curves, (b) failure mode

in the connection, after

pulling the timber beam

apart from the concrete slab

Fig. 14 Results of the

shear tests for connector

type SST + S: (a) shear
force-slip curves, (b) failure
mode in the connection

Fig. 15 Results of the

shear tests for connector

type SP + N: (a) shear
force-slip curves, (b) failure
mode in the connection
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load. The final failure of the system occurred due to

the failure of the concrete slab, and was similar to

that in the SP + N type connector (see Fig. 16b).

Results for the ST + S + N type connector are

reported in the Fig. 17a. The pre-test outcomes were

excluded from the analysis due to the underestima-

tion of the maximum shear capacity that led to an

enormously high initial stiffness. The shear load vs.

slip curves demonstrated consistent linear behaviour

of the connection up to 50% of the ultimate shear

load. The secant shear moduli k0.4 and k0.6 are

therefore very close. The secant slip modulus then

decreased from that point up to the strength peak and

farther on due to the plasticization of the connection

system. The primary failure mechanism was a

combination of pure shear failure at the vertical

cross-section of the notch (vertical crack visible in

the lower part of Fig. 17b) and tension in the upper

part of the notch, caused by the strut and tie

mechanism occurring in the notch due to the eccen-

tric bearing force at the timber-to-concrete interface

(inclined crack visible in the upper part of Fig. 17b).

Fig. 16 Results of the

shear tests for connector

type GSP: (a) shear force-
slip curves, (b) failure mode

in the connection

Fig. 17 Results of the

shear tests for connector

type ST + S + N: (a) shear
force-slip curves, (b) failure
mode in the connection
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The reduction in resistance gradually occurred for all

tested specimens and the system was capable to carry

residual shear load. The screw, in fact, acted as an

anchor in tension thanks to its pull-out strength and

enabled a strut-and-tie mechanism to develop into the

notch.

Tests results of the GDF type connector are

presented in Fig. 18a. The shear force-slip curves

are characterized by elasto-plastic behaviour which

corresponds to the classical behaviour of dowel-type

connectors. The phase of large plastic deformations

initiated at about 50% of the strength capacity and

continued steadily without notable increase in load

carrying capacity after 1 mm of relative slip until the

end of the test. The tests were continued until the first

cracks occurred in the concrete slabs and two tests

were stopped when the 15 mm slip was attained.

Cracks propagated perpendicular to the glulam beam

in the concrete slab, on both sides of the dowel (see

Fig. 18b).

The physical properties of glulam were measured

after the shear tests. Themean density was 417.6 kg/m3

and the mean moisture content was 11%. The average

cubic compression strength of concrete after 7, 14, 28

and 35 days from the concrete pouring was 43, 47, 51

and 53, respectively. Such a mechanical property was

calculated by averaging the compression strength

measured on three 150 9 150 9 150 mm3 cubes.

5 Analysis

From the outcomes of the shear tests, it was found

that some of the ‘‘dry–dry’’ connection systems are

very stiff (SM, GSP, ST + S + N) while some other

are ductile (SNP, SST + S, SP + N, GDF). The

collapse mainly occurred due to failure in the

concrete slabs. The two connector types SM and

SNP were heavily damaged during the test while the

others remained undamaged. Only bending deforma-

tions of the fastener was observed in the systems with

screws (SST + S and ST + S + N). Table 3 sum-

marizes the type of failure (ductile or fragile) for the

different types of connectors. The failure was defined

as ductile if the connection could withstand a relative

slip of 10 mm without a reduction in strength higher

than 20% of the peak value [18]. Table 3 also reports

the coefficients of the approximating shear-slip

analytical curves for the pre- [35] and post-peak

behaviour. Such analytical approximations are

needed to represent the connection behaviour in

finite element modelling implemented in commercial

software packages such as ABAQUS [36] or in

specific programs for non-linear analyses of timber–

concrete composite beams [37]. The pre-peak behav-

iour is modelled according to the following:

P ¼ Pmax 1� exp �bsð Þð Þa for s\sp ð13Þ
while the post-peak behaviour for the connector types

SM and GSP is given by:

P ¼ asþ b for sp\s\su ð14Þ
The comparison with the mean experimental curves is

reported in Fig. 10. Type SP + N connector was

classified as ductile although the tests were stopped

when the concrete started to crack before the attain-

ment of a 10 mm slip since no noticeable strength

degradation occurred during the plastic phase.

Fig. 18 Results of the

shear tests for connector

type GDF: (a) shear force-
slip curves, (b) failure mode

in the connection
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6 Discussion

The type SM connector was characterized by both

high stiffness and strength. The corresponding test

outcomes showed good agreement with the results

obtained by Clouston et al. [15] where shear failure

was observed in the steel connector and the load

carrying capacity decreased once the maximum

strength was reached. High degree of composite

action can be achieved using this type of connection.

The cost of the epoxy resin and the time needed for

the glue to cure [15, 34], especially for commercial

buildings involving large composite sections and long

beams, represent drawbacks of the system. Another

shortcoming is the concrete leaking during the

concrete placement in the moulding forms through

the holes of the mesh used as a connector. Such a

concrete leaking on the lower part of the mesh to be

glued in the timber beam should be avoided, but that

was proved to be very difficult during the construc-

tion process. A similar problem was encountered also

for the GSP and GDF type connectors. In order to

resolve this issue, expensive and specifically

designed moulding forms would be required.

Another drawback of the GSP and GDF type

connectors is the accuracy required during the

prefabrication of the slab. The connectors need to

be placed exactly in the right position in the moulding

forms to eliminate problems during the assembling

process with the timber beams on the building site.

This was proved to be quite difficult to achieve even

in laboratory conditions. Furthermore, the cost of the

glue and the additional time needed for the curing

make these systems less attractive if compare to other

mechanical shear connectors.

The type ST + S + N connector, characterized by

the highest strength among all the systems tested,

high stiffness and large ductility, offers wide poten-

tials of use in commercial applications as previously

shown by Natterer et al. [2]. In order to use this type

of connection in the pre-cast option, however,

individual and expensive moulding forms with

recesses would be needed to manufacture concrete

slabs with protrusions (Fig. 8). An alternative solu-

tion could be the prefabrication of concrete slabs with

rectangular holes at the connector location, to be

filled with concrete mixture after placing the steel

tubes on site as it was done for the shear specimens in

this experimental programme. Another drawback of

the system is that the mix design of concrete needs to

be carefully investigated to minimize the shrinkage in

the notch and to achieve a tight fit between concrete

and timber.

The type SNP connector showed similar behaviour

and mechanical properties to that previously inves-

tigated by van der Linden [16]. However, only one-

fourth of the stiffness and half of the strength

compared to the stiffest SM type connector and to

the strongest ST + S + N connector type, respec-

tively, were achieved. Two disadvantages can be

recognized when using this connector in full scale

structures: (i) the complexity of moulding forms and

concrete placement during the prefabrication process,

which must be done so as to ensure that no leaking

will occur on the teeth used for the connection with

the timber beam, and (ii) the need to use specific

equipment to press the glulam beam in the pre-cast

concrete slab.

The connector type SST + S was the most

ductile system with, however, the lowest stiffness

Table 3 Coefficients for the analytical approximation of the shear-slip relationships, and type of failure for the connection systems

Connector type Pre-peak behaviour—Eq. 13 Post-peak behaviour—Eq. 14

(P in kN, s in mm)

Slip

sp (mm)

Max slip

su (mm)

Type of failure

Pmax (kN) a b
(mm-1)

SNP 37.0 0.80 3.20 Plateau 11.0 – Ductile

SM 85.0 1.25 11.00 (a = -18.19, b = 93.66) 0.5 4.0 Brittle

SST + S 32.0 2.00 0.60 Plateau 15.0 – Ductile

SP + N 42.0 0.50 2.15 Plateau 4.5 – Ductile

GSP 70.0 0.85 4.50 (a = -7.87, b = 77.21) 1.0 6.0 Brittle

ST + S + N 112.0 1.30 4.00 Plateau 12.0 – Ductile

GDF 50.0 0.44 1.58 Plateau 15.0 – Ductile
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and strength. An increase in stiffness and strength

can be obtained using longer screws and optimizing

the distance between the connectors. The prefabri-

cation of pre-cast concrete slabs with embedded

steel tubes does not require particular moulding

forms as in the systems previously described. The

steel tubes can be connected to the reinforcing steel

mesh by spot welding and then can be placed into

the moulding form. The spot welding process

requires some time, however it was found to be

cheaper and simpler than working with the epoxy-

glue. The pre-cast concrete slabs can be easily

assembled to the glulam beams using pre-tensioned

screws where only the pre-drilling operation is

required. Furthermore, easier storage and transport

of the prefabricated concrete slab can be achieved.

The connector type SP + N was proved to be

simple, economical and relatively stiff. The GSP type

connector which was similar in detail achieved

comparable initial stiffness but only two-thirds of

the strength observed in the SP + N connector type.

In addition, the complexity of the prefabrication and

assembling process would make the GSP system

more expensive than the SP + N one. Conversely, no

complex moulding forms are needed to prefabricate

concrete slabs with SP + N type connectors. A

shortcoming in full scale beams may be the difficulty

of placing every single steel plate into the right

position in the moulding form. This problem can be

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.

Based on the considerations reported above, it

was concluded that the most suitable connectors for

prefabricated timber–concrete composite systems

were the SST + S and SP + N types. The glued-

in type connectors SM, GSP and GDF were

excluded from further applications due to a number

of problems related to the use of the glue. Such

problems include: (i) the need of controlled envi-

ronmental conditions such as temperature and

humidity to ensure a successful curing of the epoxy,

and (ii) the more expensive disposal of the waste

generated during the prefabrication process of the

connection due to the use of the glue, which

requires modification for recycling with an increase

in the overall price of the system. The SNP type

connecter was also eliminated from further consid-

erations due to the poor mechanical properties and

to the complex equipment needed for pressing the

concrete slabs with inserted toothed plates into the

glulam beams.

The connection type ST + S + N is also a

promising system thanks to the excellent mechanical

performance, however the prefabrication process is

more complex and therefore more expensive.

As far as fire resistance of the connection

systems is concerned, an overall satisfactory behav-

iour can be achieved for SNP, SST + S and

ST + S + N systems as long as a suitable distance

from the edge of timber beam is assumed, as

suggested by Frangi and Fontana [6]. Connectors

SM, GSP and GDF are more problematic due to the

use of glue which does not perform adequately at

high temperatures, as well as connector SP + N

where the plates and the nails are exposed to the

fire and unprotected. However only qualitative

conclusions can be drawn at this stage since no

fire test was performed.

7 Conclusions

This paper presents an experimental study on seven

series of different connector types for timber–con-

crete composite structures already embedded into

prefabricated concrete slab. Four samples of each

type of connection were tested up to failure under

shear using small timber–concrete blocks. Different

mechanical properties of the connectors such as

stiffness (slip modulus), shear strength and ductility

were presented and discussed. The outcomes of the

experimental study show that it is feasible to

manufacture timber–concrete structures as fully pre-

fabricated elements, with the concrete slabs

prefabricated off-site and connected on site on the

timber beams. Advantages of the proposed systems

include less cost, increase in speed of construction,

and reduced effect of concrete shrinkage on the

composite system with respect to cast-in-situ

concrete.
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8 Future research

The two simple, economical and relatively stiff

connector types SST + S and SP + N will be chosen

for planned full scale beam tests. The ongoing

research project will involve ramp loading tests up

to failure and dynamic tests of vibrations. Long-term

tests will also be performed to investigate the time-

dependent behaviour of the composite beam. The

proposed system will eventually be used to construct

a full-scale floor in a real building in order to prove

the feasibility on site and monitor possible problems

during construction.
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24. Comité Européen de Normalisation (2003) Eurocode 5—

design of timber structures—part 1-1: general rules and

rules for buildings, prEN 1995-1-1. Bruxelles, Belgium
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1 Introduction
The timber-concrete composite structure consists of timber joists and beams effectively 
interconnected to a concrete slab cast on top of the timber members. This type of 
structure was developed as an effective method for strength and stiffness upgrading of 
existing timber floors. Thanks to the several advantages over traditional timber floors 
such as increased strength and stiffness under gravity load, better seismic resistance, 
effective acoustic separation and improved fire resistance, the composite structure is also 
used in new construction. 
The structural behaviour of timber-concrete composite members is mainly governed by 
the shear connection between timber and concrete. Almost all connection systems are 
flexible, i.e. they cannot prevent a relative slip between the bottom fibre of the concrete 
slab and the top fibre of the timber beam. As a consequence of that, conventional 
principles of structural analysis cannot be applied to solve the composite beam. The 
Eurocode 5-Part 1-1, Annex B [1] provides a simplified calculation method for 
mechanically jointed beams with flexible elastic connection. This method is based on the 
approximate solution of the differential equation for beams with partial composite action. 
As the shear connection is usually characterised by non-linear load-slip relationship, two 
different slip moduli are considered for design purposes: kser for the serviceability limit 
state (SLS) and ku for the ultimate limit state (ULS) design. The slip modulus kser, which 
corresponds to the secant value at 40% of the load-carrying capacity of the connection 
(k0.4), is usually evaluated by push-out tests according to EN 26891 [2]. For the slip 
modulus ku, the use of the secant value at 60% (k0.6) is recommended (see for example 
STEP 2 [3]). However, if experimental data are unavailable, the Eurocode 5-Part 1-1 
suggests the use of the formulae for timber-to-timber connections by multiplying the 
corresponding values of slip modulus kser by two. The slip modulus ku may then be taken 
as 2/3 of kser [1]. Depending on the type of connection, this assumption may or may not 
be adequate, leading in some cases to too conservative or not conservative results. 
Ceccotti et al. [4], for example, reported a significant (50%) discrepancy between 
experimental and analytical properties of the connection, and recommended the use of the 
actual connection properties obtained from push-out tests for the design of timber-
concrete composite systems. 
As shear connections markedly affect the efficiency of timber-concrete composite 
structures, a large number of shear tests on different connection systems as well as 
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bending tests on composite beams have been performed worldwide [4-17]. Test results 
can be used in conjunction with finite element (FE) numerical simulations [18] to check 
whether the hypothesis of assuming the slip modulus for ULS as two-thirds of the slip 
modulus for SLS is adequate.
The first part of the paper presents the values of the slip moduli k0.4 and k0.6 as well as the 
ratios k0.6/k0.4 measured in experimental shear tests for different connection systems. The 
slip moduli k0.4 and k0.6 are also compared with the analytical values computed using the 
approximate formulae suggested by Eurocode 5. In the second part of the paper, 
analytical calculations are compared with bending test results and numerical simulations 
for different timber-concrete composite beams. The analytical calculations are carried out 
for loads at SLS and ULS using the formulas in Annex B of Eurocode 5 and the slip 
moduli k0.4 and k0.6, respectively. The aim of the analysis is to check whether the use of 
the aforementioned secant shear moduli leads to accurate results for SLS and ULS 
design. Finally, based on the values of the ratios k0.6/k0.4 calculated from experimental 
tests, the assumption of the Eurocode that ku may be taken as 2/3 of kser is verified and if 
necessary improved. 

2 Description of the connectors tested 
The choice of an effective shear connection is the key to achieve strong and stiff 
composite structures. Many different connectors have been proposed thus far [4-17]. Lots 
of research has been performed on systems with steel fasteners such as nails, screws, 
dowels, etc. which are generally ductile but provide only limited composite efficiency. 
Steel meshes epoxy-glued into the timber and notched details cut from the timber beam 
were found to be very effective [5,6]. This paragraph presents some of the laboratory 
tests performed on connection systems in different European universities. 

Table 1 Shear connector description 
Type Description of the connection system 
SNP Toothed metal plate, folded at an angle of 90o, moulded into the slab 
SST+S (A) One steel tube inserted into the concrete slab with one Ø20×120mm hexagon head coach screw 
SST+S (B) One steel tube inserted into the concrete slab with one Ø20×160mm hexagon head coach screw 

SP+N (A) Two folded steel plates embedded into the concrete slab and nailed to both sides of the glulam beam 
with 8 4.5×75mm nails 

SP+N (B) A single folded steel plate welded onto a long punched metal plate embedded into the concrete slab and 
nailed to both sides of the glulam beam with 8 4.5×75mm nails 

GSP Folded steel plate embedded into the slab and epoxy-glued into a slot milled in the glulam beam 

ST+S+N One steel tube inserted into the concrete slab and connected to the glulam beam with one Ø20×160mm 
hexagon head coach screw and one notch cut from the glulam beam 

GDF 20×120mm dowel with flanges embedded into the concrete slab and epoxy-glued into a hole drilled in 
the glulam beam 

Figure 1 Shear connectors inserted in prefabricated concrete slabs

a) SNP b) SST+S 
(A&B) 

c) SP+N (A) d) SP+N (B) e) GSP f) ST+S+N g) GDF 
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At Luleå University of Technology, Sweden shear tests were performed on seven series 
of different connector types in order to assess their mechanical performance. An overall 
total of 30 specimens (four samples in each test batch, two samples only for the SP+N 
(B) connector type) were tested. Table 1 describes the type of connectors, which are 
displayed in Fig. 1. Full description of the test programme can be found in [7-8]. The 
feature of the connectors tested was that they were already embedded into prefabricated 
concrete slabs.
Dowel type connectors were investigated at the University of Coimbra, Portugal and at 
Delft University, The Netherlands. The dowel type connector consisted of a rod 
fabricated from steel reinforcing bars. Smooth bars were used in four tests series and 
corrugated bars in the rest of the tests. Three different types of timber were used: Spruce, 
Maritime Pine and Chestnut. Three different concrete strengths were used: a low 
strength/lightweight concrete, a normal strength concrete and a high strength concrete. 
More detailed description of the whole test programme is reported in [9]. Table 2 
summarizes the push-out test programme. 

Table 2 Experimental programme of push-out tests performed at the University of 
Coimbra, Portugal and at Delft University, The Netherlands

Type Number of 
specimens Description of the connection system 

10mm A 21 10×140mm smooth bar with glulam spruce and normal strength concrete C25/30 
HSC 21 10×140mm smooth bar with glulam spruce and high strength concrete C50/60 

LWAC 21 10×140mm smooth bar with glulam spruce and lightweight concrete LC16/18-D1,6 
C 21 10×140mm smooth bar with chestnut timber and normal strength concrete C25/30 

MP 21 10×140mm smooth bar with maritime pine timber and normal strength concrete 
C25/30

8mm 21 8×120mm smooth bar with glulam spruce and normal strength concrete C25/30 
10mm B 10 10×180mm corrugated bar with glulam spruce and normal strength concrete C30/37 

INT 10 10×200mm corrugated bar with glulam spruce and normal strength concrete C30/37, 
with a 20mm thick timber interlayer  

dVWN 10 100×100×15mm densified veneer notches and normal strength concrete C30/37 

dvwNI 10 100×100×35mm densified veneer notches and normal strength concrete C30/37, with a 
20mm thick timber interlayer  

At the University of Coimbra, a parallel research programme was undertaken on different 
connector types. The push-out test programme is summarized in Table 3. A full 
description of the research project is presented in [10]. The experimental programmes 
included SFS screws (see Fig. 2), toothed metal plates and castellated profile of the 
timber-to-concrete interface, where the notches are constructed from high density timber 
pieces glued on top of the main beams (see photos in Table 3).  

Figure 2 SFS VB 48-7.5×100 screw connector (measures in mm) 
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Table 3 Test programme at the University of Coimbra with screws, toothed metal plates 
and notch type connectors 
Type Number of 

specimens Description of the connection system Photo Timber 
interlayer 

B
H
C
I
V
Q

39
39
24
20
23
20

SFS screws cross arranged at ±45º 

no
no
yes 
no
yes 
no

T
P
S
U

24
20
24
24

SFS parallel screws arranged at 45º 

yes 
no
yes 
no

A
G
D
J

20
19
18
39

SFS screws cross arranged at ±45º with washer -

yes 
no
yes 
no

F
E

6
6 20 mm notches no

no

M 10 Toothed metal plates no

The laboratory test programme performed at the University of Karlsruhe, Germany 
included a series of direct shear tests as well as a series of short and long-term bending 
tests. The following connection systems were investigated: 

SFS screws cross arranged at ±45°. A total of 46 specimens characterised by different 
thickness of the interlayer between the concrete slab and the timber beam (0mm for 
type A-SCH, 19mm for type C-SCH and 28mm for type D-SCH) were tested. Fig. 3a 
displays the specimen type D-SCH. In the beam tests, the SFS screws were equally 
spaced at 200mm centre. 
Nailplates (NAG) type MNP-A with dimensions of 114×266mm, folded at an angle 
of 90° and moulded into the slab. A total of 46 specimens were tested. The specimen 
is displayed in Fig. 3b. In the beam tests, the nailplates were equally spaced at 
540mm centre. 
Steel dowels and concrete notches (N+S). The 70mm diameter notches were drilled to 
a 30mm depth into the timber beam. The steel dowels (20mm diameter rebars) were 
driven in 80mm deep predrilled holes. A total of 46 specimens were tested. The 
specimen is shown in Fig. 3c. In the beam tests, the connectors were equally spaced at 
300mm centre. 

More information can be found in the report of the experimental programme [11-12]. 
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Figure 3 Direct shear test programme performed at the University of Karlsruhe: a) 
Screws (SCH), b) Nailplates (NAG), c) Steel dowels and concrete notches (N+S) 
(measures in mm) 

A timber-concrete composite beam was tested for 5 years under sustained load in outdoor 
condition and then tested to failure at the University of Florence, Italy. The description of 
the experimental programme is reported in [4]. Glued-in connectors made from 18mm 
diameter corrugated rebars were used. The rebars were placed inside larger predrilled 
holes, and the gaps  between the  holes and  the connectors  were filled  with epoxy  resin.

Figure 4 “Tecnaria” 
connector

Two direct shear tests were performed on specimens cut from 
the end of the composite beam upon completion of the test to 
failure.
The “Tecnaria” stud connector, see Fig. 4, was experimentally 
investigated at the University of Trieste, Italy. The connector is 
made from a 12mm diameter, 40mm long steel stud welded to a 
50 mm square plate connected to the timber beam with two 
10×120mm screws. Detailed report of the short- and long-term 
tests performed on this connector can be found in [13]. In total 
18 push-out tests were performed, 9 of which with C20/25 class 
normal concrete slabs (NW) and 9 with concrete slabs made of 
L9/11 class lightweight concrete (LW).
Screw-type connectors were tested at the University of Leipzig, 
Germany.  Detailed description  of the push-out  tests carried out 

can be found in [14]. The test configurations were as follows: 
Types A&B: two mm diameter, 156mm long slender screws, installed at an angle 
of 45°. Type A screws were SFS connectors (Fig. 2) cross arranged at ±45°. Type B 
connector had screws with shaped shank installed in the direction of shear.  
Type C: “Tecnaria” connector (see above, Fig. 4).
Type D: connector made from an upright steel sheet 40mm wide and 30mm high 
anchored in the timber beam through two 6×150mm screws at 45o angle. 
Type E: 16mm diameter connector specifically produced for the tests. The connector 
was a 180mm long screw with a 50mm diameter washer welded under the head. 

At the University of Stuttgart, Germany, timber-concrete composite slabs with notches 
cut from the slab and reinforced with screws were investigated [6]. A total of 30 push-out 
specimens with different connection configurations were tested under short- and long-
term loading. Some strips of floor were also tested to failure. The tested configurations 
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included connections with notches cut from the timber deck reinforced with hexagon 
head screws of 12mm and 16mm diameter, notches reinforced with 12mm diameter self-
drilling timber screws, and notches without screws. Concrete strength classes C12/15 and 
C20/25 were used. 

3 Shear test outcomes 
The outcomes of the shear tests performed on the connectors described above are 
reported in this Section in terms of average shear strengths Fmax, secant slip moduli k0.4

and k0.6, and ratios  between the experimental slip moduli k0.6 and k0.4. The analytical 
values of the secant slip moduli k0.6 are also presented for those connectors where the 
analytical formulae suggested by the Eurocode 5 are applicable.

Table 4 Results of the direct shear tests performed at Luleå University of Technology
Test results EC5 Error 

Fmax k0.4 k0.6 density k0.4,anal 2k0.4,anal k0.6=2/3(2k0.4,anal) k0.6,test&k0.6,EC5Type 
[kN] [kN/mm] [kN/mm] - [kg/m3] [kN/mm] [kN/mm] [kN/mm] %

SNP 37.32 121.4 99.0 0.82 427.8 - - - - 
SST+S (A) 33.90 5.9 6.8 1.15 405.5 7.10* 14.20* 9.47* 39.3* 
SST+S (B) 38.25 8.5 8.3 0.98 405.5 7.10* 14.20* 9.47* 14.1* 
SP+N (A) 42.27 258.8 113.1 0.43 426.6 13.79** 27.59** 18.39** -83.7** 
SP+N (B) 39.97 5.3 3.3 0.62 - - - - -

GSP 64.39 248.5 183.4 0.74 432.7 - - - - 
ST+S+N 40.63 235.7 234.4 1.01 431.0 - - - - 

GDF 52.52 135.1 96.8 0.72 435.1 7.90* 15.80* 10.53* -89.1* 
*- k0.4, anal calculated for one fastener in the connection, **- k0.4, anal calculated for eight fasteners in the conn. 

Table 4 reports the results of the direct shear tests performed at Luleå University of 
Technology. The slip moduli vary from 5.3 to 258.8 kN/mm at 40% of the collapse shear 
load and from 3.3 to 234.4 kN/mm at 60% of the collapse shear load. The ratios are in 
the range 0.43-1.15. The analytical (EC5 formulae) values of secant slip moduli k0.6, only 
applicable for connectors with nails (SP+N), screws (SST+S) and glued-in dowels 
(GDF),  are  markedly  different  from  the experimental  ones (differences  in the  range  
-89.1% to 39.3%). 

Table 5 Results of dowel type and notched connectors tested at the University of Coimbra 
and at Delft University

Test results EC5 Error 
Fmax k0.4 k0.6 density k0.4,anal 2k0.4,anal k0.6=2/3(2k0.4,anal) k0.6,test&k0.6,EC5Type 
[kN] [kN/mm] [kN/mm] - [kg/m3] [kN/mm] [kN/mm] [kN/mm] %

8mm 13.7 11.5 8.80 0.77 453 6.7* 13.4* 8.9* 1.6* 
10mm A 22.6 15.2 11.9 0.79 460 8.6* 17.2* 11.5* -3.7* 

HSC 23.6 13.8 10.9 0.80 453 8.3* 16.7* 11.2* 2.3* 
MP 25.5 24.4 20.0 0.84 610 13.1* 26.2* 17.5* -12.7* 
C 26.2 30.5 19.5 0.66 559 11.5* 23.0* 15.3* -21.4* 

LWAC 18.5 14.5 12.8 0.79 451 8.3* 16.7* 11.1* -13.3* 
10mm B 41.1 34.2 23.4 0.69 436 15.8** 31.7** 21.1** -9.8** 

INT 63.3 22.3 15.8 0.71 436 15.8** 31.7** 21.1** 33.6** 
dvwN 138.6 304.8 318.8 1.04 436 - - - - 
dvwNI 116.2 199.9 186.9 0.94 436 - - - - 

*- k0.4, anal calculated for two dowels in the connection, **- k0.4, anal calculated for four dowels in the conn. 

Table 5 reports the results of the tests performed on notched connectors, smooth and 
corrugated bar fasteners investigated at the University of Coimbra, Portugal and at Delft 
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University, The Netherlands. For C and 10mm B connector types where, respectively, 
10mm smooth and corrugated bars were used in conjunction with normal strength class 
concrete, the ratio varies from 0.66 to 0.69 proving the assumption that k0.6 can be 
taken as 2/3 of k0.4. The comparison between analytical and experimental secant slip 
moduli k0.6 for the aforementioned connector types leads to -21.4% and -9.8% errors, 
respectively. For the other configurations tested, the ratio is higher than 2/3, and the 
difference between analytical and experimental values of k0.6 is in the range -13.3% to 
33.6%.

Table 7 Results of tests performed at the 
University of Karlsruhe

Test results 
Fmax k0.4 k0.6 densityType 
[kN] [kN/mm] [kN/mm] - [kg/m3]

A-SCH 21.5 26.1 24.6 0.94 415
C-SCH 15.3 12.9 12.5 0.97 393
D-SCH 15.0 15.6 15.9 1.02 438
NAG 47.9 48.8 31.8 0.65 463
N+S 51.1 79.5 71.6 0.90 472

1.0 and is in good agreement with the tests 
performed at the University of Coimbra. 
The connection with nailplates showed an 
evident non-linear shear force-slip 
relationship. For this type of connection 
the ratio was 0.65 proving the 
assumption that k0.6 can be taken as 2/3 of 
k0.4.

Table 6 Results of tests on screws, toothed 
metal plates and notched connectors 
performed at the University of Coimbra 

Test results 
Fmax k0.4 k0.6 densityType 
[kN] [kN/mm] [kN/mm] - [kg/m3]

B 15.4 21.0 19.5 0.93 429
H 16.4 31.8 28.0 0.88 432/429 
C 15.6 19.1 18.6 0.97 430
I 14.6 31.1 29.5 0.94 430
V 17.0 20.2 18.6 0.92 430
Q 15.3 29.2 27.4 0.94 433
T 24.8 23.7 21.9 0.93 433
P 23.4 31.4 28.6 0.91 428
S 22.1 23.8 23.5 0.99 430
U 22.9 34.6 31.6 0.91 426
A 14.9 17.7 17.2 0.98 431
G 16.9 25.6 24.3 0.95 430
D 17.6 14.9 14.2 0.96 430
J 14.6 24.7 21.1 0.87 430
F 35.1 63.9 57.0 0.89 429
E 42.1 66.6 57.8 0.87 433
M 53.0 114.1 103.9 0.92 -

Push-out  test results  presented in Table 6 
refer to connections with inclined screws, 
notches and toothed metal plates. The 
ratios between experimental values of 
the secant slip moduli k0.6 and k0.4 varies 
from 0.88 to 0.99 which indicates that the 
shear force-slip relationship is almost 
linear up to failure or before significant 
plasticization occurs in the connection. 
Table 7 reports the results of the direct 
shear tests performed at the University of 
Karlsruhe, Germany. For the screwed 
connection (SCH) and the connection with 
steel dowels and concrete notches (N+S)  
the observed shear force-slip relationship 
was almost linear up to failure. For these 
connections  the  ratio  varies from 0.9 to

Table 8 reports the results of the push-out
tests performed on the “Tecnaria” connector. The ratios  vary in the range 0.22-0.31, 
well below the value of 2/3 suggested by the Eurocode 5. The type of concrete did not 
markedly affect either the strength or to the slip moduli.  

Table 8 Outcomes of the push-out tests 
performed on the Tecnaria connector 

Test results 
Fmax k0.4 k0.6

Type of 
specimen [kN] [N/mm] [N/mm] -
NW 35.1 16208 5018 0.31 
LW 32.4 22138 4875 0.22 
NW+LW 33.6 19442 4940 0.25 

Table 9 Experimental-analytical comparison 
for the push-out test on the glued-in 
connection tested in Florence (Italy) 

Experimental Analytical Error %
k0.4 [kN/mm] 25.0 14.9 -40.2 
k0.6 [kN/mm] 20.0 10.0 -50.2 

0.80 0.67 -19.2 
Fmax [kN] 39.7 23.0 -42.2 
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The results of the direct shear tests performed in Florence on a specimen cut from beam 
No. 2 at the completion of the collapse test are presented in Table 9 together with the 
comparison with the analytical values. The analytical values of the glued-in rebar 
connection are significantly different from the experimental outcomes of the test (40-50% 
less). The use of the Eurocode 5 analytical formulae would therefore lead to an 
underestimation of the connection stiffness and strength and, consequently, to larger 
resistance but possible brittle failure of the composite structure [4].  

The results of the push-out tests performed at the 
University of Leipzig, Germany are reported in 
Table 10. Connector type E with vertical screws 
achieved a low stiffness even with large diameters. 
The ratio  is 0.73. Connector types A, B and D 
with inclined screws in tension were more efficient. 
The  ratio is larger than 0.9 confirming the 
outcomes of the Karlsruhe and Coimbra tests.

Table 10 Results of the push-out 
tests performed at University of 
Leipzig

Fmax k0.4 k0.6Type 
[kN] [kN/mm] [kN/mm] -

A 15.05 15.076 13.957 0.93 
B 21.66 9.933 9.310 0.94 
C 17.85 20.979 13.947 0.66 
D 21.49 18.608 17.258 0.93 
E 12.60 6.831 4.969 0.73 

different geometry and type of screw showed no difference if the notch edge is cut 
perpendicular or at an angle to the bottom of the notch. The additional insertion of a 
screw in the notch was found not to affect either the shear strength or the slip modulus. 
The shear vs. slip relationship was found to be linear almost up to failure, leading to a 
coefficient  equal to one. This result is also consistent with the outcomes of other tests 
performed on notched connectors; see for example Gutkowski et al. [5].

The outcomes of the tests performed at the 
University of Stuttgart on notched connections with 

The outcomes of the shear tests performed on the most common shear connectors used in 
timber-concrete composite structures indicate that in many cases the secant slip modulus 
k0.6 is significantly different from 2/3 of the k0.4 value as suggested by the Eurocode 5 for 
connections between timber members. The extension of the analytical formulas for the 
slip modulus of timber-timber connection to timber-concrete connection suggested by the 
Eurocode 5 leads to fairly large differences with the experimental results, and is non 
conservative in some cases. 

4 Experimental-analytical comparisons 
This Section reports the outcomes of a number of experimental tests and numerical 
simulations carried out on timber-concrete composite beams with different connection 
systems. The purpose is to compare those values with the analytical results obtained 
using the Annex B formulas of the Eurocode 5-Part 1-1. 
Five full-scale timber-concrete composite beams were subjected to four-point bending 
loading and tested to failure at Luleå University, Sweden. Both mid-span deflection vmax
and relative slip over the support smax were measured. Two beam specimens had the 
connection system type SST+S (B) made from inserted steel tubes (see Fig. 1b and Table 
1) spaced at 250mm, while another specimen had the same type of connectors but spaced 
at 500mm center. The other two beams had shear connectors type SP+N (B) made from 
steel plates embedded in the concrete slab and nailed on the glulam beams (see Fig. 1d 
and Table 1) at 600mm centre. The test specimens had a span length of 4800mm. They 
were made from 60×1600mm prefabricated concrete slab with strength class C20/25 and 
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three 90×270mm glulam beams strength class GL28c spaced at 600mm centre. The 
collapse test results are presented in Fig. 5 for one of the beam specimens with 
connection type SST+S (B) and spacing 250mm. The figure illustrates the experimental 
total  load 2P vs. mid-span  deflection  curve.  In  the  same  figure, the  numerical  curve 

obtained using a finite element model for 
collapse and long-term analysis of timber-
concrete composite beams is also 
reported. In such a model, the actual non-
linear shear force-relative slip relationship 
measured in the direct shear tests of the 
connection system was implemented. The 
detailed description of FE model used in 
the numerical analyses is reported in [18]. 
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 measured  in direct  shear tests 

Figure 5 Total load vs. mid-span deflection 
during the collapse test of the beam with 
SST+S (A) connectors at 250 mm centre 

of the connection. The curves represent the secant stiffness of the whole composite 
beams, and should be used for SLS and ULS verifications as suggested by Ceccotti [3] 
and Ceccotti et al. [4]. The results are inside two limit curves representing the behaviour 
of the timber-concrete system with no connection and with rigid connection. The 
experimental collapse load was 2Pc=308.17kN with a corresponding mid-span deflection 
of 54.53 mm. The collapse of the system occurred due to fracture in tension of the glulam 
beam in a cross-section with evident defects (knots). 
Based on the experimental value of the collapse load, the ULS load level can be 
calculated using the formula [4] 2Pu=(fk/fm)·2Pc·kmod/ M while the SLS load level is given 
by 2Ps=2Pu/ Q. 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 M=1.25, and partial factor for variable actions Q=1.5.
The comparison among experimental, analytical and numerical values is reported in 
Table 11 for both the SLS and ULS design loads. The numerical solution is very close to 
the experimental values, and can effectively be used to extend the experimental results to 
composite beams with other geometrical and mechanical properties. The numerical 
solution can also be used to predict quantities which were not measured during the 
experimental test but are needed in the design of composite beams, such as the maximum 
shear force in the connection, Fconn, the maximum stresses at the bottom fibre of the 
glulam beam, glulam, and at the top fibre of the concrete slab, concrete. The use of the 
analytical approach leads to accurate results since the differences with respect to the 
experimental and, where unavailable, numerical values (bold values in Table 11) do not 
exceed 10% for both SLS and ULS load levels. Table 11 reports also the analytical 
predictions when the slip moduli k0.4EC5 and k0.6EC5 calculated using the Eurocode 5 
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formulas are used. In this case the errors are larger (almost doubled). It is interesting to 
notice that the larger errors introduced by the Eurocode 5 formulas in the evaluation of 
the k0.4EC5 and k0.6EC5 values, 67% and 14% respectively (see Table 4), do not induce 
errors of the same magnitude on the composite beam (maximum 15%). This outcome, 
however, might be different in composite beams with stiffer connection system where the 
influence of the slip moduli on the global beam behavior is more significant. 

Table 11 Analytical-experimental-numerical comparison for the beam with SST+S (B) 
connectors at 250 mm centre

SLS load=92.04kN ULS load=138.06kN 
Quantity Exp. Num. Anal.

k0.4exp

Error 
%

Anal.
k0.4EC5

Error 
% Exp. Num. Anal.

k0.6exp

Error 
%

Anal.
k0.6EC5

Error 
%

max [mm] 14.41 14.90 14.44 0.2 12.19 -15.4 21.74 22.14 21.82 0.4 20.91 -3.8 
smax [mm] 1.23 1.34 1.18 -4.1 1.26 2.4 1.89 1.98 1.76 -6.9 1.63 -13.8 
Fconn. [kN] - 10.40 9.38 -9.8 11.92 14.6 - 15.89 14.61 -8.1 15.44 -2.8 

glulam [MPa] - 12.44 12.34 -0.8 11.29 -9.2 - 18.60 18.57 -0.2 18.15 -2.4 
concrete [MPa] - 8.47 7.81 -7.8 7.19 -15.1 - 12.06 11.76 -2.5 11.29 -6.4 

Table 12 Analytical-experimental-numerical comparison for the other beam specimens 
tested at Luleå University (Sweden), and beams with different connection systems

SLS ULS
Connector type Quantity

Exp. Num. Anal.
k0.4exp

Error % Exp. Num. Anal.
k0.6exp

Error % 

max [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] - 9.95 8.08 -18.8 - 13.17 8.35 -36.6 

glulam [MPa] - 10.88 11.48 5.5 - 17.39 18.00 3.5 

SP+N (B)*  
Spacing=600mm 
SLS=70.24kN
ULS=105.37kN

concrete [MPa] - 7.29 7.19 -1.4 - 10.39 11.26 8.4 
max [mm] 16.85 17.38 16.96 0.7 23.36 26.49 25.57 -3.5 

smax [mm] 1.60 1.70 1.58 -1.3 2.05 2.62 2.34 -10.7 
Fconn. [kN] - 13.56 13.15 -3.0 - 20.53 19.47 -5.2 

glulam [MPa] - 13.06 13.27 1.6 - 20.53 19.97 -2.7 

SST+ S (B)*  
Spacing=500mm 
SLS=88.36kN
ULS=132.54kN

concrete [MPa] - 8.76 8.35 -4.7 - 12.29 12.57 2.3 
max [mm] - 8.02 8.75 9.1 - 12.67 13.72 8.3 

smax [mm] - 0.10 0.21 110.0 - 0.26 0.31 19.2 
Fconn. [kN] - 21.11 20.39 -3.4 - 30.84 30.03 -2.6 

glulam [MPa] - 10.32 10.99 6.5 - 15.53 16.76 7.9 

GDF**
Spacing=250mm 
SLS=112.90kN
ULS=169.34kN

concrete [MPa] - 7.08 7.10 0.3 - 10.50 10.82 3.0 
max [mm] - 7.41 7.71 4.0 - 12.88 12.41 -3.6 

smax [mm] - 0.25 0.32 28.0 - 0.65 0.46 -29.2 
Fconn. [kN] - 30.40 30.92 1.7 - 41.08 44.82 9.1 

glulam [MPa] - 8.29 9.07 9.4 - 12.94 14.0 8.2 

GDF**
Spacing=500mm 
SLS=89.60kN
ULS=134.40kN

concrete [MPa] - 5.69 5.85 2.8 - 8.86 9.07 2.4 
max [mm] - 8.25 6.59 -20.1 - 9.65 10.32 6.9 

smax [mm] - 0.11 0.17 54.5 - 0.21 0.24 14.3 
Fconn. [kN] - 31.09 30.30 -2.5 - 45.78 44.66 -2.4 

glulam [MPa] - 7.78 8.23 5.8 - 11.73 12.54 6.9 

GSP**
Spacing=500mm 
SLS=84.22kN
ULS=126.34kN

concrete [MPa] - 5.35 5.32 -0.6 - 8.01 8.23 2.7 
max [mm] - 8.13 7.37 -9.3 - 14.93 11.62 -22.2 

smax [mm] - 0.46 0.33 -28.3 - 1.13 0.48 -57.5 
Fconn. [kN] - 29.92 32.44 8.4 - 36.20 47.43 31.0 

glulam [MPa] - 8.16 8.37 2.6 - 13.18 12.81 -2.8 

SNP**
Spacing=600mm 
SLS=80.64kN
ULS=120.96kN

concrete [MPa] - 5.66 5.38 -4.9 - 9.11 8.23 -9.7 
max [mm] - 8.52 8.98 5.4 - 13.09 13.45 2.8 

smax [mm] - 0.19 0.20 5.3 - 0.32 0.30 -6.3 
Fconn. [kN] - 49.16 47.34 -3.7 - 73.48 71.05 -3.3 

glulam [MPa] - 10.41 10.98 5.5 - 15.77 16.47 4.4 

ST+S+N**
Spacing=600mm 
SLS=110.10kN
ULS=166.66kN

concrete [MPa] - 7.14 7.09 -0.7 - 10.72 10.63 -0.8 
*SLS and ULS design load calculated from experimental results
**SLS and ULS design load calculated from FE numerical analysis
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Table 12 presents additional comparisons for the other beam specimens tested at Luleå 
University of Technology (connection types SP+N (B) and SST+S (B)). In addition, 
some numerical simulations were carried out in order to find the collapse loads for 
composite beams with the same geometrical and mechanical properties of the beam 
tested, but different connection systems. The ULS and SLS design loads were calculated 
using the same formulas introduced above. The analytical values were calculated using 
the slip moduli k0.4exp and k0.6exp measured in the direct shear tests and the Annex B, 
Eurocode 5 formulae. The comparisons confirm the accuracy of the numerical and 
analytical results, the latter suffering from errors generally lower than 10%. Larger errors 
are detected for the slip and shear forces in the connection (maximum 110% for the slip 
and 37% for the shear force in the connector). This is consistent with the theory on the 
base of the Eurocode 5-Annex B formulae, where the sinusoidal approximation of the 
vertical load is generally fairly good for the deflection and bending moments, but may 
lead to larger errors for the slip and shear force. 

A 6m long timber-concrete composite 
beam with glued-in connectors and two 
glulam beams class GL24h was tested to 
failure in Florence (Italy). The concrete 
slab was characterized by a mean value of 
cylindrical compressive strength fcm=30.4
MPa. Connector spacing was 150mm over 
the supports, 300mm from the support to 
the third points, and 450mm between the 
third points. The collapse occurred under 
a total load 2P=500kN due to fracture in 
tension of the timber beam. 
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Figure 6 Total load vs. mid-span deflection 
during the collapse test

Fig. 6 displays the total load 2P vs. midspan deflection together with the theoretical limits 
of rigid and no connection between timber and concrete slab. The design loads for ULS 
and SLS, 2Pu=307.4kN and 2Ps=204.9kN, obtained from the collapse load as described 
above, are reported as well. The shear moduli of the connection as measured in the direct 
shear tests, k0.4exp and k0.6exp (see Table 9), were used to calculate the analytical curves 
based on the use of the Annex B formulas of the Eurocode 5. Those curves are used for 
the design at SLS and ULS. The values of the slip moduli calculated with the Eurocode 5 
formulas, k0.4EC5 and k0.6EC5 (see Table 9) were also used to calculate the deflection, slips 
and stresses at SLS and ULS. The comparison is reported in Table 13. The use of the 
experimental shear moduli k0.4exp and k0.6exp leads to maximum errors of 30%, whereas the 
analytical shear moduli k0.4EC5 and k0.6EC5 would lead to errors of up to 50% (doubled) on 
deflection an stresses, and even more in terms of slips (180%). 

Table 13 Experimental-analytical comparison for the collapse test of the composite beam 
with glued-in connectors 

SLS load 2P=204.9kN ULS load 2P=307.4kN 
Quantity

Exp. Anal.
k0.4exp

Error % Anal.
k0.4EC5

Error % Exp. Anal.
k0.6exp

Error % Anal.
k0.6EC5

Error % 

max [mm] 10.6 10.1 -4.7 11.8 11.3 17.2 16.3 -5.2 20.4 18.6 
smax [mm] 0.45 0.58 28.9 1.26 180.0 0.85 1.03 21.2 1.64 92.9 

glulam [MPa] 7.9 10.3 30.4 11.1 40.5 12.2 15.5 27.0 18.1 48.4 
concrete [MPa] 6.8 7.6 11.8 7.2 5.9 9.9 11.3 14.1 10.7 8.1 
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Four-point short-term bending tests to failure were performed at the University of 
Karlsruhe on timber-concrete composite beams with the connection systems shown in 
Fig. 3. The span length of the simply supported beams was 5.4 m, while the spacing 
between the support and the point load was 1.8 m. The timber beams consisted of 100mm 
wide and 200mm deep glulam beams class GL24h. The strength class C20/25 concrete 
slab was 600mm wide and 70mm deep. The moisture content varied between 10 and 
12%. All test specimens showed a linear-elastic behaviour under service loads. At higher 
load levels, a non-linear behaviour due to plastic deformations of the shear connections 
was observed. All beam specimens failed due to fracture of the timber beams subjected to 
combined bending and tension. The design load for SLS and ULS was calculated using 
the same procedure detailed above. The connection properties k0.4exp and k0.6exp measured 
from direct shear tests were employed in the Eurocode 5 Annex B formulas to obtain the 
analytical values. The experimental-analytical comparison is summarized in Table 12 for 
the SLS and ULS design loads. The maximum errors on the deflection are around 25%, 
while the slip suffers from a larger error (up to 49%). The outcomes of the previous 
analyses are therefore confirmed also for these experimental tests. 

Table 14 Experimental-analytical comparison for the collapse tests performed at the 
University of Karlsruhe  

SLS ULS
Connector type Quantity

Exp. Anal. k0.4exp Error % Exp. Anal. k0.6exp Error % 

max [mm] 8.9 11.13 25.1 14.1 15.25 8.2 SCH-1
SLS=6.96kN
ULS=9.48kN smax [mm] 0.31 0.41 32.3 0.54 0.55 1.9 

max [mm] 16.0 12.78 -20.1 26.5 19.98 -24.6 NAG-3
SLS=8.14kN
ULS=11.24kN smax [mm] 0.79 0.62 -21.5 1.55 0.79 -49.0 

max [mm] 14.2 15.38 8.3 22.4 22.31 -0.4 N+S-8
SLS=11.57kN
ULS=16.38kN smax [mm] 0.42 0.42 0.0 0.59 -15.7 0.70

5 Concluding remarks 
The structural behaviour of timber-concrete composite members is mainly governed by 
the shear connection between timber and concrete. As the shear connection is usually 
characterised by non-linear load-slip relationship, different values of slip moduli are 
adopted for SLS and ULS verifications. The slip modulus kser for SLS is usually 
evaluated by means of push-out tests and corresponds to the secant value at 40% of the 
connection shear strength. The slip modulus ku for ULS verifications should be assumed 
as the secant value at 60% of the connection shear strength. For connection between 
timber members, however, the Eurocode 5 recommends assuming it as 2/3 of the kser
value. If experimental shear test data are unavailable, the Eurocode 5 suggests the use of 
the formulae for timber-to-timber connections by multiplying the values of slip modulus 
at SLS, kser, by two. The slip modulus ku for ULS verifications should then be taken as 
2/3 of kser. The slip moduli kser and ku are employed to design the timber-concrete 
composite beam at SLS and ULS using the formulae of the Eurocode 5-Part 1-1, Annex 
B, for composite beams with flexible connection. 
In the first part of the paper, the results of shear tests performed on different types of 
connection systems in a number of European institutions are analysed and compared with 
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the simplified analytical formulae suggested by Eurocode 5 for dowel type fasteners. The 
second part of the paper presents a wide comparison among analytical, numerical and/or 
experimental outcomes for a number of composite beams. The analytical calculations are 
based on the use of the Annex B formulas with the shear moduli kser and ku, whilst the 
numerical results were carried out using finite element software purposely developed 
which allows the user to implement the actual shear force-relative slip relationship for the 
connection. The primary conclusions are reported in the following: 

The ratios  between the experimental values of secant slip moduli k0.6 and k0.4 for 
ULS and SLS verifications varied between 0.2 and 1.15, showing significant 
differences from the value of 2/3 recommended by the Eurocode 5 for timber joints. 
The ratio  should be assumed equal to one for notched connection details 
characterized by linear shear force-relative slip relationship, and in the range 0.9 to 1 
for stiff connectors such as inclined screws. The value of 2/3 seems to be appropriate 
for vertical screws and dowels, even though in some cases it may drop significantly 
(for example to 0.25 for the “Tecnaria” stud connector). 
The use of the Eurocode 5 formulae for the evaluation of k0.4 and k0.6 (k0.4EC5 and 
k0.6EC5) may lead to significant underestimation (up to 90%) or overestimation (up to 
40%) of the experimental values. 
The use of the Annex B formulas of Eurocode 5 for composite beam with flexible 
connections leads to reasonably accurate solutions when the slip moduli at 40% and 
60% of the shear strength evaluated in shear tests are used. The errors on deflection 
and stresses at both SLS and ULS design loads, in fact, do not generally exceed 10-
20%. The slip and shear forces suffer from a larger error. 
The use in the Annex B formulas of the slip moduli k0.4EC5 and k0.6EC5 analytically 
evaluated leads to larger differences (20-40%, almost doubled) on deflection and 
stresses at both SLS and ULS. 

Based on these outcomes, it is therefore recommended that the design of timber-concrete 
composite beams at SLS and ULS be carried out using the experimental values of the slip 
moduli at 40% and 60% of the shear strength, k0.4 and k0.6. The latter values, in fact, could 
be significantly different from the value of 2/3k0.4 recommended by the Eurocode 5 for 
connections between timber members. The analytical formulae for the evaluation of k0.4
and k0.6 should be used only for preliminary design since they leads to significant 
differences on the experimental values of slip moduli and, therefore, on the deflection, 
slip and stresses of the composite beam. 
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Laboratory Tests and Numerical Analyses of Prefabricated 

Timber-Concrete Composite Floors 

E. Lukaszewska1; M. Fragiacomo2; H. Johnsson3

Abstract: This paper describes tests on a novel composite floor system constructed by 

connecting prefabricated concrete slabs to timber joists. Seven types of shear connectors have 

been developed and tested: lag screws, either alone or combined with a notch cut from each 

timber joist; metal plates embedded in the concrete slab and either nailed or glued to the 

joists; dowels embedded in the concrete and glued to the timber; and toothed metal plates 

embedded in the concrete and pressed into the timber. Four-point bending tests to failure were 

performed on five, full-scale, 4.8 m long specimens connected with lag screws or metal plates 

nailed to the timber. Values of deflection and relative slip between the concrete slab and the 

timber obtained in these tests showed high correspondence with values obtained from a 

uniaxial finite element model developed for nonlinear analyses of composite beams. The 

model was also used to perform a numerical analysis to failure of composite beams with the 

other four connection systems that were developed but not tested on full-scale specimens. The 

outcomes of the experimental tests and numerical analyses show that the newly developed 

system can provide good structural performance, especially if connections with coach screws 

and notches in the timber are used. The economic advantages of prefabrication and the 
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possibility to disassemble the structure and reuse the timber beams and concrete panels at the 

end of the service life make the proposed floor system very promising. 

CE Database keywords: Composite structures; Connectors; Timber construction; 

Prefabrication; Precast concrete; Wood. 

Introduction

Timber-concrete composite beams are structural systems in which an upper concrete flange 

is connected to a lower timber web, allowing the best properties of both materials to be 

exploited, combining the high compression resistance of the concrete with the greater 

capacity of the timber to withstand bending and tension. Due to the greater density and 

stiffness of the concrete slab, such composite floors are deflected less by imposed loads, they 

are less susceptible to vibrations, and they have greater fire resistance and thermal mass than 

floors made solely from timber. Hence, composite beams have been extensively used in many 

European countries to upgrade existing timber floors (Ceccotti 1995). In addition, several 

types of wood-concrete deck floors with attractive features have been developed for office 

buildings and for residential, commercial and industrial applications (Natterer et al. 1996, 

Bathon et al. 2006). Recently, laminated veneer lumber (LVL) has been used as the web of 

composite beams due to its high strength-weight ratio, ease of transport and handling, and 

predictable material properties (Deam et al. 2008). 

Effective interlayer connections are needed to ensure a high degree of composite action 

between the concrete and the timber and, consequently, high stiffness of the composite 

system. In addition, it is essential to use connectors that allow the composite system to be 

constructed cost-effectively, thus providing a viable alternative to timber, steel-concrete and 

reinforced concrete floors (Fernandez-Cabo et al. 2008). The first shear connectors for timber-

concrete composite beams were proposed in the 1940s (Richart et al. 1943), and since then 

many kinds of mechanical connectors have been described and tested. Rigid connectors, such 
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as steel meshes embedded in the concrete and epoxy-glued in the timber (Clouston et al. 

2005), or notches cut from the timber (Natterer et al. 1996, Gutkowski et al. 2000 and 2004, 

Kuhlmann et al. 2004, Deam et al. 2008) have been found to provide the highest degree of 

composite action (99%). Less structural efficiency is reportedly provided by steel fasteners 

such as smooth bars (Dias et al. 2007), screws (Steinberg et al. 2003), nails or spikes. Such 

mechanical connectors are ductile and commonly used in many applications, but large 

numbers of such fasteners are required to provide a high degree of composite action due to 

their low slip moduli (Ceccotti 1995, Deam et al. 2007), which increases construction costs.  

The potential uses of timber-concrete composite systems have been expanding in recent 

years, inter alia to applications in multi-storey buildings and short-span bridges. For instance, 

timber frames have been permitted for use in multi-storey housing in Sweden since 1994, and 

recent Swedish investigations suggest that industrialized timber frame systems could reduce 

total construction costs of such housing by up to 25-30% without compromising safety or 

robustness (Höök 2005). The possibilities for cost improvements are not connected to 

reducing material costs, but to developing industrialized methods that can simplify the 

construction process. Consequently, a number of research projects are currently focused on 

developing prefabricated (Bathon et al. 2006) or semi-prefabricated (Buchanan et al. 2008) 

timber-concrete composite panels in attempts to compete with more traditional steel-concrete 

composite and precast concrete floor systems.  

Although the possibility of joining timber and concrete is well-known, it is rarely used in 

new floors for the following four reasons: (i) the difficulty in determining, a priori, the 

efficiency of the proposed shear connection type, relative to theoretical upper and lower limits 

(Fernandez-Cabo et al. 2008), (ii) limitations in knowledge of changes over time in the 

behavior of composite systems, which have been examined in few studies ,(iii) complexities 

in the dynamic behavior of the systems, and (iv) the lack of straightforward design guidelines. 
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Further, the potential benefits are not well quantified, and the systems are considered to be 

relatively complex and expensive to construct (Deam et al. 2008) in terms of material and 

labor costs.

Most research performed to date and currently in progress on timber-concrete composite 

systems has focused on systems in which “wet” concrete is cast on top of timber beams with 

mounted connectors. However, use of wet concrete has considerable disadvantages, notably: 

the introduction of a “wet” component in the typically “dry” process of constructing timber 

buildings; the time required for the concrete to set; the lower stiffness and higher creep during 

the curing of the concrete, which is particularly detrimental for unshored composite beams; 

the higher cost of concrete cast in-situ, and potential quality control problems. A possible 

remedy for all of these drawbacks is to prefabricate concrete slabs off-site with shear 

connectors already inserted, and subsequently connect them to the timber beams on the 

building site (Lukaszewska et al. 2008a, b). A notable benefit of the proposed system is that 

most of the concrete shrinkage will then occur before the slab is connected to the timber 

beam, markedly reducing its tendencies to increase deflection and flexural stresses in the 

composite beam. Prefabrication also reduces construction costs by shifting most of the work 

from the building site to the fabrication plant. Furthermore, it facilitates the maintenance of 

high quality, conservation of resources and waste recycling (Herzog et al. 2004). However, 

the development of new, mechanically effective connectors is pointless if the construction of 

the system is too intricate and/or time consuming. Thus, the objective of the study presented 

here was to develop and test connection systems that are easy to produce and mount in order 

to accelerate the construction process. 

The experimental and numerical results presented in this paper were obtained during a 

pilot research project conducted at Luleå University of Technology, Sweden, on timber-

concrete composite beams with prefabricated concrete slabs. Four series of experimental tests 
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have been performed: (i) direct shear tests to failure on seven types of shear connectors, as 

previously reported (Lukaszewska et al. 2008b); (ii) full-scale bending tests to failure of beam 

specimens, presented in this paper; (iii) dynamic (vibration) tests; and (iv) long-term tests 

under sustained load, which will be presented in future papers.

Construction of the specimens

Five full-scale, 4.8 m long timber-concrete composite beam specimens representing floor 

strips were constructed and tested to failure: a pair with one type of shear connectors, one 

with the same type of connectors but at different spacing, and another pair with a different 

type of connectors. The two types of connectors were selected following the abovementioned 

direct shear tests to failure on seven types of connectors (Lukaszewska et al. 2008a, b). They 

were neither the strongest nor stiffest, but they were selected for their ease of implementation 

in the proposed prefabricated system. The first type of connector, designated SP+N, consisted 

of a U-shaped steel plate welded to a long punched metal plate embedded into the concrete 

slab and nailed with eight Ø 4.5 × 75 mm annular ringed shank nails to both sides of the 

glulam beam (Figs. 1a and 2).  

a) b) c) 

d) e) f) 

Fig. 1 The types of connectors used in the parametric study: a) SP+N, b) SST+S, c) GDF, d) GSP, e) SNP, f) 
ST+S+N 
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The second type of connector, designated SST+S, consisted of Ø 20 × 160 mm hexagon 

head lag screws screwed into steel tubes inserted into the concrete slab to connect the slab to 

the glulam beam (Fig. 1b and 3). 

Fig. 2 Test specimen with SP+N connectors in the moulding form prior to the concrete placement

Fig. 3 Test specimen with SST+S connectors in the moulding form prior to the concrete placement-step I 

Prefabrication of pre-cast concrete slabs with either embedded long, punched metal plates 

running along the length of the beam (connector type SP+N) or inserted steel tubes (connector 

type SST+S) does not require special moulding forms, making the prefabrication process 

straightforward, rapid and convenient for any concrete prefabricator. Moreover, the pre-cast 

concrete slabs can be easily connected to the glulam beams using only screws or nails. The 

specimens (designated Specimens 1-5) were each made from one 60×1600×4800 mm 

prefabricated concrete slab of strength class C20/25 according to Eurocode 2 (CEN 2003a) 
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and three 90×270×4800 mm glulam joists of strength class GL32 according to EN 1194 (CEN 

1999) spaced at 600 mm c/c (see Fig. 4). The specimens were reinforced with 6 mm diameter, 

100 × 100 mm steel mesh placed 30 mm above the formwork, mainly to avoid damage during 

transportation and to reduce cracking in the slab due to concrete shrinkage. An even surface 

of the concrete slab at the interface with the timber beam is required to provide a tight fit 

between the two components and prevent additional slips between them. Thus, self-

consolidating concrete (SCC) was used during prefabrication of the slabs. SCC allows easy 

filling of restricted sections around connectors and reinforcement, and at the same time 

provides an even surface once the formwork is removed.

Fig. 4 Cross-section of the composite beams tested (dimensions in mm) 

The pre-cast concrete slabs with inserted shear connectors were produced within three 

days and delivered a week after the last concrete slab had been cast, along with concrete cube 

samples for material property tests.  

Table 1 Results of the material tests performed on timber and concrete

Concrete properties Glulam properties 
Strength [MPa] Test

Mean
cubic 

Mean
cylindrical

Density 
[kg/m3]

Density 
[kg/m3]

Moisture 
content 

[%] 
Test 1 56.5 46.9 2363.0 452.9 9.3 
Test 2 50.8 42.2 2320.4 446.1 10.0 
Test 3 53.7 44.6 2318.4 471.7 10.0 
Test 4 58.0 48.2 2344.6 465.0 10.1 
Test 5 59.6 49.5 2313.1 453.8 10.0
Average 55.7 46.3 2331.9 457.9 10.1

The results from concrete tests, such as mean cubic and cylindrical compression strength 

and density tests, are presented in Table 1. The density and compression strength of the cubes 
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were tested on the same dates as the bending tests for each specimen. The Young’s modulus 

was indirectly obtained from the mean compressive strength using the analytical equations 

recommended in Eurocode 2 (CEN 2003a). 

Fig. 3 shows test Specimens 1 & 5 (with the SP+N connection system) in the moulding 

form before the concrete placement. The concrete slabs were cast upside-down and had to be 

lifted up, turned over, transported to the laboratory and fitted to the timber beams. No 

particular problems were encountered during this construction process. However, for longer 

and/or wider slabs, it would be essential to check that the stresses in the concrete slab due to 

its own weight remain below the tensile strength limits of the concrete during transportation 

and lifting operations, in order to avoid damage. The U-shaped steel plates were welded every 

600 mm to a 2.4 m long metal plate running along the length of the beam. This procedure 

overcomes the difficulty of positioning each U-shaped steel plate at the right position in the 

moulding form. The 2.4 m metal plates were also welded together to make a 4.8 m element 

encased in the moulding form on top of the reinforcing steel mesh (Fig. 3). To decrease the 

total weight of the shear connector system, 50 mm diameter holes were punched in the 2.4 m 

long metal plate at 100 mm intervals. The U-shaped steel plates and the punched metal plate 

were 3 mm thick, rather than the standard 2 mm, to increase the stiffness of the system during 

transportation of the pre-cast concrete slab. However, a possible option to reduce costs would 

be to use standard 2 mm metal plates without holes. 

Specimens 2 & 4 were produced with pre-cast concrete slabs with inserted SST+S type 

shear connectors (Fig. 1b) at 250 mm c/c, while Specimen 3 had the same type of connectors, 

but spaced at 500 mm c/c. Fig. 3 shows the steel tubes in the moulding forms with custom-

designed plastic caps inserted in each tube to make room for the screw head and to keep the 

inner surface of the tube clear during the concrete casting. The steel tubes were 3 mm thick, 

with 20 mm inner diameter. A 3 mm thick, 60×60 mm square plate was welded to each tube 
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to improve the anchorage of the connector in the concrete slab. The steel tubes were 

connected to the reinforcing steel mesh by spot welding and placed into the moulding form, 

ensuring correct positioning of the connectors in both longitudinal and transversal directions. 

Fig. 5 shows a prefabricated concrete slab with embedded steel tubes during the assembly 

process. The assembly time for the shear connectors was fairly short compared, for example, 

to the time required to assemble systems with glued-in dowels or continuous connectors. Pre-

drilling to 80% of the screw diameter was required prior to connecting the pre-cast concrete 

slab to the glulam beams. Then the lag screws were inserted in the holes and pre-tensioned 

with a 130 Nm torque moment using a torque wrench (Fig. 6), with no need for grouting. The 

unthreaded part of the screw below the head, however, had to be ground in order to fit into the 

steel tube. Consequently, a “small” clearance was introduced between the inner part of the 

steel tube and upper part of the screw. Customized screws with two different threads and 

diameters along the length of the screw could eliminate the small clearance and improve the 

stiffness of this connection system. 

Fig. 5 Test specimens with SST+S connectors during the assembly process-step II: placing the pre-cast concrete 
slab on top of glulam joists 
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Fig. 6 Pre-cast concrete slab with SST+S connectors during the assembly process-step III: screwing the 
concrete slab onto the glulam joists 

The Young’s modulus (Ew) and bending strength (fb) of the glulam were found to be 10.7 

GPa and 47.9 MPa, respectively, in a four-point bending test performed on one undamaged 

timber joist removed from the composite beam after completion of the collapse tests. The 

modulus of elasticity was lower than the mean value of 13.5 GPa, while the bending strength 

was 33% higher than the mean strength of 32 MPa, but in the expected range for glulam class 

GL32. The mean density of the glulam joists was 458 kg/m3 and the mean moisture content 

was 10%, directly after completion of the collapse tests. 

Full-scale bending tests  

Full-scale bending tests were performed on Specimens 1-5 to investigate the structural 

performance of the novel composite systems (68, 78, 78, 182 and 189 days after casting, 

respectively, during which the required apparatus was prepared and adjusted). The beam 

specimens were subjected to four-point bending tests, to failure, according to the experimental 

set-up displayed in Fig. 7.

The distance between supports was 4440 mm and the load was applied at the third points 

using a 600 kN hydraulic actuator and a spreader. The bending tests were performed under 

displacement control, and the load was applied at a constant 0.05 mm/s rate within a 

timeframe of 30-40 min until maximum capacity was reached, according to the loading 

protocol recommended by EN 26891 (CEN 1991) with a preloading cycle up to 40% of the 
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estimated ultimate load, downloading to 10% of the estimated failure load, and ramp loading 

to failure. 

Fig. 7 Elevation of the composite beams (dimensions in mm): Specimens 1 & 5 (top), Specimens 2 & 4 (center), 
and Specimen 3 (bottom) (lower-case letters indicate the locations of LVDTs installed to measure slip) 

The following data were recorded during the tests: (i) midspan deflection of the three timber 

joists vmax measured using Linear Voltage Displacement Transducers (LVDTs); (ii) relative 

slip between the concrete slab and the glulam joists at the connector location using LVDTs, as 

illustrated in Fig. 7; and (iii) applied load, measured through a load cell. Specimens 1 & 5 had 

LVDTs at connector locations a-c indicated in Fig. 7 (upper diagram) on all three timber 

joists. The inner joist of Specimens 2 & 4 had LVDTs at connector locations a-f indicated in 

Fig. 7 (middle diagram) but, due to limited numbers of transducers, the outer beams had 

transducers installed only at the a, c, and e locations (see Fig. 7-middle). Specimen 3 had 

LVDTs at connector locations a-d indicated in Fig. 7 (bottom diagram) for all three joists. 



12

Experimental results

Figs. 8, 9 and 10 illustrate the experimental total load (2P) vs. midspan deflection curves 

obtained for the specimens with SP+N, SST+S with 250 mm spacing, and SST+S with 500 

mm spacing connection types, respectively. The experimental curves are shown within two 

limit curves representing the estimated behavior of the timber-concrete system with no 

connections and perfectly rigid connections between the glulam joists and the prefabricated 

concrete slab. The limit curves were determined by summing the flexural stiffness values of 

the concrete and timber obtained in the abovementioned tests of these materials, and using the 

transformed section method, respectively. The curve representing the stiffness of the bare 

timber joists is also displayed for convenient comparison with those of the composite beams. 

Values of the main experimentally determined variables, such as the failure load and the 

corresponding midspan deflections, are presented in Table 2.

Table 2 Experimental and numerical results of the tests to failure performed on Specimens 1-5, and numerical 
results for composite beams with connector types SP+N, SST+S, GDF, GSP, SNP and ST+SN 

Experimental Numerical analysis Error [%] Efficiencies [%] 

Test Pmax
[kN] 

Max 
deflection

[mm] 

Pmax
[kN] 

Max 
deflection

[mm] 
Pmax Deflection SLS ULS 

Specimen 1 
Specimen 5 SP+N 235.19 

156.11 
58.64 
37.57 246.0 (7) 63.36 4.4 7.4 31 (8) 

-
26 (7) 

-
Specimen 2 
Specimen 4 

SST+S
250mm 

179.13 
308.17 

31.35 
54.53 318.0 (3) 55.61 3.1 1.9 -

57 (6) 
-

56 (5) 

Specimen 3    SST+S
500mm 295.85 60.93 270.0 (6) 60.15 -9.6 -1.3 40 (7) 47 (6) 

Specimen GDF 250mm - - 378.0 (1) 42.92 - - 98 (1) 96 (1) 
Specimen GDF 500mm - - 300 (4) 53.75 - - 92 (4) 86 (3) 
Specimen GSP - - 282 (5) 53.50 - - 96 (2) 96 (1) 
Specimen SNP - - 270 (6) 59.40 - - 84 (5) 73 (4) 
Specimen ST+S+N - - 372 (2) 44.38 - - 95 (3) 94 (2) 

The highest failure load (2Pc=308.2 kN) was obtained for Specimen 4 with SST+S type 

connectors spaced 250 mm apart, with a corresponding 54.5 mm mid-span deflection (see Fig. 

9). The system behaved linearly up to around 200 kN, beyond which slight nonlinearity was 

detected, up to the failure of the system. The collapse of the outer joist, which failed before 

the other two, occurred due to fracture in tension of the glulam joist in the region where finger 

joints were located, between connector Nos. 9 and 10. The inner joist subsequently failed in a 

cross-section with an evident defect (a knot), between connector Nos. 12 and 13, at the 
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loading point. The test was stopped once failure, due to fracture of the timber joists, occurred. 

The composite beam exhibited only slight plastic deflection due to plasticization of the 

screws, despite the observed ductility of this type of connector in previous shear tests 

(Lukaszewska et al. 2008b). 

Fig. 8 Load-midspan displacement curves for Specimens 1 and 5 (connection type SP+N) in comparison to the 
numerical results, showing limit case curves for fully rigid and fully flexible connections 

Fig. 9 Load-midspan displacement curves for Specimen 2 and 4 (connection type SST+S, 250 mm spacing) in 
comparison to the numerical results, showing limit case curves for fully rigid and fully flexible connections 

The shear force-relative slip relationship of the connection, displayed in Fig, 11, is 

characterized by a long plastic plateau after the attainment of peak strength. The limited 

plastic deflection exhibited by the composite beam is due to failure of the glulam joist when 

the connection began to plasticize. Careful examination of the specimen after the test revealed 
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that no plastic hinge formed in the lag screw at the timber joist-concrete interface. The only 

visible damage was some crushing of wood at the interface with the screws. Ductile behavior 

of the entire composite beam was therefore prevented by the brittle failure of a component, 

the glulam beam, before plasticization of the ductile component, the connection system, could 

fully occur. The collapse load of Specimen 2 was 72% lower than that of Specimen 4, due to 

fracture in tension of glulam in a region where a finger joint was located, between connector 

Nos. 11 and 12. This substantial difference is due to the poor quality of some of the glulam 

beams used, particularly in the finger joints.  

Specimen 3, with SST+S type connectors spaced 500 mm apart, reached a failure load of 

2Pc=295.8 kN with a corresponding 60.9 mm midspan deflection (see Fig. 10). An almost 

linear load-deflection curve was also recorded in this case, with a collapse due to fracture in 

tension of the inner joist caused by failure of the finger joint close to connector No. 3.

Fig. 10 Load-midspan displacement curves for Specimen 3 (connection type SST+S, 500 mm spacing) in 
comparison to the numerical results, showing limit case curves for fully rigid and fully flexible connections 

The system with the SP+N connector type exhibited the lowest load capacity (2Pc=235.2

kN), with a corresponding deflection of 58.6 mm reached by Specimen 1. The ultimate load 

of Specimen 5 was 51% lower than that of Specimen 1, which can again be explained by the 

poor quality of the glulam, with failure occurring in the finger joint between connector Nos. 4 

and 5. A nonlinear load-deflection response was observed at loads exceeding 100 kN, due to 
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yielding of the nails in the connection. In this case too the failure was fairly brittle since the 

finger joint of the timber joist failed before the anticipated plastic phase in the connection 

associated with plasticization of the nails (as observed during the previous direct shear tests; 

Lukaszewka et al. 2008b). The collapse of the outer joist occurred first, due to failure of the 

finger joint in the vicinity of connector No. 3 (see Fig. 8). 

Fig. 11 Nonlinear shear force Fconn vs. slip relationships assumed in the numerical analyses for each of the 
analyzed connectors, with indications (star points) of the collapse points of the composite beams from testing 

The connection efficiencies E at Serviceability Limit State (SLS) and Ultimate Limit State 

(ULS) load levels are listed in Table 2 for all tested specimens. The SLS and ULS load levels 

were assumed to be 30% and 45% of the experimental collapse load, as suggested by Ceccotti 

et al. (2006). The connection efficiency indicates the degree of composite action observed as a 

proportion of the maximum possible, and is defined by equation (1) (Gutkowski et al. 2008): 

100
CN

IN

DD
DDEfficiency  (1) 

where DI, DN and DC signify, respectively, the experimental deflection, the theoretical 

deflection in the absence of a connection, and the theoretical deflection with a perfectly rigid 

connection between the concrete and timber. The SP+N connector type in Specimen 1 had the 
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lowest efficiencies of all connection systems, with values of 26% at ULS and 31% at SLS 

load levels. Possible remedies to improve the efficiency include increasing the number of 

nails, the use of nails or screws with larger diameters, and the use of inclined nails or screws. 

The stiffness of Specimen 3 was somewhat higher, since it had stiffer shear connectors (type 

SST+S), providing 40% and 47% efficiency at SLS and ULS load levels, respectively. The 

efficiency in this case was constrained by the relatively low stiffness and strength of the lag 

screws. In addition, the distance between connectors plays an important role, as can be seen 

by comparing the data obtained for Specimen 3 with the data for Specimens 2 & 4, since the 

efficiency increased to 57% and 56% at SLS and ULS load levels when the distance between 

connectors was decreased by 50%. It should be noted that the low to moderate efficiencies 

were mainly due to the relatively low slip modulus of the connection systems used, while the 

poor quality of the finger joints reduced the load-bearing capacity of some specimens. 

Fig. 12 Load-slip curves for the first connector near the support of Specimens 1 and 4 with numerical 
comparisons

The relative slip between concrete and timber measured at the first connector location for all 

joists of Specimens 1 and 4 is plotted in Fig. 12 versus the total load applied to the beam. 

Comparison of the slip values at collapse from Fig. 12 with the values displayed in Fig. 11, 

which shows the analytical approximations of the shear force vs. relative slip experimental 
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curves obtained from shear tests (Lukaszewska et al. 2008b), provide further confirmation 

that the connection was hardly plasticized when the beam collapsed. 

Numerical analyses 

The purpose of the analyses described in this section was to extend the outcomes of the 

experimental tests to composite beams with the four connection systems (Fig. 1) not tested at 

full scale using a finite element model specifically developed for nonlinear analyses of 

timber-concrete composite beams. After validation of the experimental results, the model was 

used to investigate the mechanical performance of different composite beams in collapse 

tests.

FE model 

The uniaxial FE model consists of two parallel beams placed one above the other (see Fig. 

13); an upper beam made of concrete with one layer of reinforcement, on a lower beam made 

of timber. In the model, the cross-sections of both beams are divided into cells to consider 

variations in properties of interest along their depth and width.

Fig. 13 FE model 

The displacement method is used to solve the structural problem, with the nodal 

unknowns being three axial displacements uc of the concrete slab, three axial displacements 

uw of the timber beam, and four flexural displacements v of the whole composite element. 

Quadratic and cubic shape functions are used to simulate the axial and flexural displacements, 

respectively. The axial force Nc, Nw and bending moment Mc, Mw of the concrete slab and 



18

timber beam are calculated by integrating the stresses over the cross-section using the 

trapezoidal rule. The equivalent nodal forces of the element are calculated using the Gauss 

formula with three Gauss points (sections) along the element length.  

The connection system is modeled by linking the upper and lower beams with a continuous 

horizontal spring system with nonlinear behavior. A smeared connection is assumed by many 

authors when modeling composite beams to reduce computational demands. This 

simplification is also adequate when modeling concentrated connectors, as long as their 

spacing is quite small with respect to the beam length, as it was in all cases considered here. 

The local effects around the connectors are neglected in this type of modeling, but the global 

interaction between the upper and lower beam can be rigorously addressed. No vertical spring 

connecting the concrete slab and the timber beam was considered, since significant uplift 

between the concrete and timber will be prevented by the uplift resistance and stiffness of the 

connection systems used.  

The model can be used for both short-term nonlinear analyses to failure (Fragiacomo et al. 

2004, Ceccotti et al. 2006), and long-term analyses of the performance of beams under 

sustained loads (Fragiacomo 2005). When a nonlinear analysis to failure is carried out, the 

applied load is incrementally increased and at each step the solution is sought through an 

iterative procedure based on the modified secant stiffness method (Fragiacomo et al. 2004). 

The method is very robust even when the component materials are characterized by their 

stress-strain relationships, with softening. A nonlinear uniaxial stress-strain relationship with 

softening branch is used for concrete in compression and tension, whilst an elasto-brittle 

relationship in tension and elasto-plastic with limited ductility stress-strain relationship in 

compression is used for timber. The load is monotonically increased and collapse of the 

composite beam is assumed to have occurred, according to a global failure criterion, when 

numerical convergence is no longer attained. 
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The FE model was validated using the experimental results presented in the previous 

section. The constitutive relationships of the connection systems used to construct Specimens 

1-5 are displayed in Fig. 11. A brittle failure with reduction of the shear force to zero is 

assumed once the ultimate slip is attained. The following mechanical properties were assumed 

for the materials, based on the previous tests of the components: Young’s modulus of timber 

Ew=10700 MPa, bending strength of timber fb=47.9 MPa, Young’s modulus of concrete 

Ec=35380 MPa, compression strength of concrete fc=44.6 MPa, and tensile strength of 

concrete ft=3.3 MPa. Sixteen finite elements were used to model the entire beam in each case, 

with the concrete slab divided into 61 horizontal layers and the timber beam divided into 271 

cells. Comparisons of the numerical predictions and experimentally obtained values show that 

the model provides satisfactory approximations for both deflections (Figs. 8-10) and slips 

(Fig. 12). Note that predicting the slip is quite complex since its extent is very small and is 

affected by phenomena that are difficult to model such as friction and adherence. The main 

experimental variables, such as the failure load and the corresponding midspan deflections are 

compared with the corresponding numerical values in Table 2. Discrepancies of less than 10% 

between experimental and numerical results provide further confirmation of the satisfactory 

agreement between the modeled and actual behavior of the composite beams.  

The FE model can also be used to explore the mechanical behavior of the composite 

beams. In the previous section it was pointed out that despite the high ductility shown by the 

SST+S lag screw connectors in shear tests, the composite beams with these connectors 

(Specimens 2 and 4) failed in a fairly brittle way. However, modeled results (Fig. 11) indicate 

that the connections were hardly plasticized at the collapse of the beam (see the star points 

indicating collapse conditions). Indeed, the slip at the beam’s collapse was notably lower than 

the maximum slip of 15 mm obtained from the shear tests. In other words, the glulam joists 

were too weak to exploit the plasticity of the connections and fractured in tension while the 
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connections were hardly plasticized. The results obtained for beams with SP+N plate 

connectors used in Specimens 1 and 5 were qualitatively similar. These numerical outcomes 

agree well with the experimental evidence that no plastic hinge formed in the lag screws at the 

timber-concrete interfaces of Specimens 2-4, and that there was no significant plasticization 

of the nails in Specimens 1 & 5.  

Fig. 14 Numerical load vs. timber stress curves in the bottom fiber of the cross-section at the third point of the 
span length for the tested composite beams 

Fig. 14 displays the numerical load-timber stress curves obtained for the bottom fiber of 

the cross-section at the third point along the span where the stress was maximal, for the 

composite beams tested. Comparison of the numerical stresses ( w) corresponding to the 

actual collapse loads of each of the tested specimens with the experimentally measured 

bending strength of timber in an undamaged glulam joist at the completion of the collapse test 

(fb=47.9 MPa), shows that the actual strength of the glulam in Specimens 2 and 5 was far 

below the target strength. The numerical stresses w were 44.5, 52.1, 45.6 MPa for Specimens 

1, 3 and 4, whereas for Specimens 2 and 5 the values were 25.6 and 28.7 MPa, respectively. 

While for Specimens 1, 3 and 4 the numerical stresses w are close to the bending strength fb,

they are almost 50% lower for Specimens 2 and 5, corroborating the conclusion that poor 

glulam quality was the main reason for the low load-bearing capacity of some specimens. 
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Parametric study

As outlined above, the numerical results are close to the experimental values, therefore the 

FE software can be effectively used to extend the experimental results to composite beams 

with different configurations, geometrical and mechanical properties. To directly compare the 

results of the parametric study with the outcomes of the experimental tests, it was decided to 

keep all geometrical parameters (as shown in Fig. 4) and mechanical parameters for timber 

and concrete unchanged. Only the type of connector and, thus, the shear-slip relationship was 

varied in the parametric study. Five types of connections were considered in the analysis: (i) 

 20  120 mm dowel with flanges embedded in the concrete slab and epoxy-glued into 24 

mm  holes drilled in the glulam beam spaced at 250 mm c/c (GDF 250 mm, Fig. 1c); (ii) as 

in (i), but with connectors spaced at 500 mm c/c (GDF 500 mm); (iii) 3 mm thick, 115 mm 

wide folded steel plates, embedded in the slab and epoxy-glued in a 7 mm thick slot milled in 

the glulam beam spaced at 500 mm c/c (GSP, Fig. 1d); (iv) 55  55  250 mm toothed metal 

plates, bent at an angle of 90 , molded into the slab and pressed into the timber, spaced at 600 

mm c/c (SNP, see Fig. 1e); and (v)  20  67 mm long steel tubes (Fig. 1f) inserted into the 

concrete slab with a  20  160 mm hexagon-head coach screw and a 100 mm long, 25 mm 

deep notch cut into the glulam beam, spaced at 600 mm c/c (ST+S+N). More information 

about those connection systems, including their mechanical performance in direct shear tests, 

can be found in Lukaszewska et al. (2008b). The corresponding shear load vs. slip curves are 

plotted in Fig. 11. A brittle failure with drop of shear force to zero is assumed once the 

ultimate slip is attained. 
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Fig. 15 Numerical comparison of the performance in terms of load-midspan deflection curves of composite 
beams with different connection systems 

Fig. 15 depicts the load vs. mid-span deflection curves obtained, whilst Fig. 11 displays 

the points at which the composite beams collapsed in the shear load vs. slip curves of the 

connector close to the support. The maximum loads with the corresponding midspan 

deflections are summarized in Table 2. The beam with SNP type connectors exhibited 

significant nonlinear behavior, from relatively low values of the applied load (about 80 kN). 

The toothed metal plate connector is characterized by low strength and stiffness (the lowest of 

all the connection systems), but high ductility (Fig. 11). When the most stressed connector 

(the one over the support) is subjected to the maximum shear force, redistribution to the other, 

less loaded connectors will occur due to its high ductility. The load on the beam can therefore 

be increased, but the stiffness of the beam will decrease as the plasticized connectors deform, 

with large displacements, but cannot carry more shear force (see also Fig. 15). Collapse 

eventually occurs due to fracture in tension of the timber beam. The strength (270 kN) is of 

the same order as that of Specimens 1 & 5 with nailed metal plates. The configuration system 

designated GDF 500 mm shows stiffer and stronger behavior overall, with a more extended 

linear phase followed by a nonlinear phase due to plasticization of the connection system 

(Figs. 15 and 11). The strength (300 kN) is of the same order as that of specimens 2 & 4 with 

coach screws. By halving the connector spacing from 500 mm c/c to 250 mm c/c (GDF 250 
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mm), the strength and stiffness can be significantly increased (ultimate load 378 kN). 

However, this decreases the ductility of the system, as can be seen in Figs. 15 and 11 (the 

latter indicates that the most stressed connector hardly plasticized at the failure of the 

composite beam with the short spacing due to fracture of timber in tension). 

For GSP connections a nonlinear shear force-slip relationship was obtained, with a 

softening branch after peak strength was attained (Fig. 11). It is therefore interesting to 

investigate whether this brittle behavior at the local level (the connector) will cause the 

composite system to display brittle behavior overall. The curve in Fig. 15 shows that the 

composite system displays ductile overall behavior, even more ductile than the beams with 

connectors characterized by significant hardening in the nonlinear phase. These findings 

demonstrate that it is possible to construct a ductile system, even when some components like 

the connectors are not fully plastic, as long as the post-peak behavior is characterized by a 

gradual reduction in load, as in a light softening. Note, however, that once the first connector 

reaches peak strength, the beam collapses quite rapidly with small further increases in load. 

This type of beam, with GSP connections, is characterized by relatively low strength (282 

kN), but very high stiffness and, therefore, efficiency and ductility. The collapse occurs due to 

simultaneous failure of the connector over the support (which has overcome the peak strength 

and attained an ultimate slip of 6 mm), and fracture in tension of the timber. The beam with 

the ST+S+N connector type behaves linearly until the connector plasticizes due to shear 

failure in the concrete notch (Fig. 15). This type of connection is the stiffest and strongest (see 

Fig. 11). The collapse of the beam occurs due to fracture of timber in tension, with the 

connector plasticized, but far before ultimate slip has occurred. Overall, this kind of 

composite beam is very stiff, with high strength (372 kN) and low ductility. 
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Concluding remarks 

This study presents an analysis of properties of a novel prefabricated timber-concrete 

composite system, with various kinds of connections, intended for possible applications in 

multi-story buildings. The system provides two main advantages with respect to concrete 

slabs cast in-situ: (i) accelerated speed of construction; and (ii) a significant reduction of the 

effects of concrete shrinkage. Experimental tests to failure were carried out on five 4.8 m long 

strip floor specimens with two types of shear connector to establish the overall flexural 

behavior of the prefabricated systems. The principal observations from the experimental 

investigations are:  

The results of full-scale bending tests carried out on specimens with steel tubes 

inserted into the concrete slab and screwed to the glulam beam (SST+S) and specimens with 

U-shaped steel plates embedded into the concrete slab and nailed to both sides of the glulam 

beam (SP+N) showed that it is feasible to manufacture timber-concrete composite beams with 

prefabricated concrete slabs.

In most cases the collapse of the composite structure occurred due to fracture in 

tension of glulam joists in the vicinity of finger joints. The specimens exhibited only slight 

plastic deformation before failure. The load-bearing capacity of two specimens was 

unexpectedly low due to the use of glulam beams with poor quality finger joints. 

Measurements of slip along the composite beams showed that the most heavily 

loaded connectors only plasticized slightly, far less than observed during shear tests with 

identical connectors. No plastic hinges formed in the lag screws at the timber-concrete 

interface. Overall ductility of the composite beam was therefore prevented by brittle failure 

due to fracture in tension of the timber beam before the ductile connection could plasticize. 

Possible ways to increase the ductility of the system include the use of strongest timber 
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material, such as stronger classes of glulam or laminated veneer lumber (LVL), or larger 

timber cross-sections to delay the failure of the timber beam. 

Unfortunately, the structural performance of the tested systems was not fully 

satisfactory, with efficiencies varying between 31% and 57% for SP+N and SST+S connector 

types, respectively. This is mainly due to the low slip moduli of the tested connection 

systems, which were selected for their ease of implementation in the prefabricated composite 

beam. The effects of using stronger, stiffer lag screws and nails should be investigated to 

improve the overall structural behavior, particularly for the beams with lag screws and steel 

tubes, which are the most cost-effective. Customized screws with two different threads and 

diameters along the length of the screw could eliminate the clearance between the steel tube 

and the screw and increase the stiffness of the system. Stiffness could also be increased by 

gluing the lower part of the screw/dowel into the glulam beam. However, the additional time 

(at least seven days, see Lukaszewska et al. 2008b) and costs incurred during the production 

process for the adhesive to cure must be considered, since they could make the proposed 

system uneconomical. 

The experimentally determined mid-span deflections and slips were compared to (and 

generally agreed satisfactorily with) the numerical outputs of a finite element model 

specifically developed for nonlinear analyses of timber-concrete composite beams. The 

numerical values of the maximum tensile stresses in the timber beam corresponding to the 

actual experimental collapse loads were then compared with the experimentally measured 

bending strength of a glulam beam. This comparison showed that three specimens performed 

in line with the glulam strength class, but two specimens failed due to poor quality of their 

glulam beams, which had about 50% less than expected resistance. The FE model was then 

used in a parametric study to investigate the performance of composite beams with six 

different types of connections that had been already tested in shear tests, but not in full-scale 
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beams. Another important objective of the numerical analysis was to obtain benchmarks for 

comparisons in empirical tests of potentially improved systems. In this investigation, only the 

shear-slip relationship of the connection was changed, while all other geometrical and 

mechanical parameters were kept unchanged. The main findings from the numerical 

investigation are as follows:    

The stiffness and strength of shear connectors markedly affect the degree of 

composite action in the structure. The highest load-carrying capacity and stiffness (98% 

efficiency) were achieved using a dowel with flanges embedded into the concrete slab and 

epoxy-glued to the glulam beam, i.e. GDF connectors with 250 mm c/c spacing. The high 

efficiency of this system was due to the very good mechanical properties of the shear 

connector in terms of slip modulus, strength and ductility. The almost linear behavior of this 

kind of composite beam is comparable to the response of structures with continuous shear 

connectors or discrete, rigid notch connectors, which provide almost full composite action. 

The efficiency of the connector type made from a plate with flanges embedded into 

the concrete slab and epoxy-glued into the glulam beam (GSP) is slightly lower (96%). Due to 

the more brittle behavior of the connector the composite beam with GSP connectors collapses 

quickly once the shear force rises to the first connector’s peak strength. Overall, the beam 

displays elastoplastic behavior, despite the brittle behavior of the connector. 

The specimen with steel tubes inserted into the concrete slab, coach screws and a 

notch cut from the glulam beam (ST+S+N) performed relatively well and displayed high 

composite action (95%) with very high load-carrying capacity. This system shows high 

potential due to its excellent mechanical performance. The configuration with a toothed metal 

plate connector type (SNP) performed adequately (84% efficiency). However, due to the 

complex equipment needed for pressing the concrete slab with inserted toothed plates into the 



27

glulam joists, the system is impractical to construct and is not recommended for further 

investigation.  

The most promising system is that based on the use of ST+S+N connectors. These 

connectors are very rigid and strong due to the notch cut from the timber beam, and require 

less connectors than systems with only coach screws (SST+S) to achieve satisfactory 

efficiency. An additional benefit is that they are fully demountable, allowing the owner to 

disassemble the timber beams and concrete panels at the end of their service life and reuse 

them for other applications. However, the need to cut notches in the timber joists and to use 

either complex moulding forms to produce prefabricated slabs with concrete protruding into 

the timber notches, or prefabricated concrete slabs with a hole around to the notch to be 

grouted on-site are issues that needs careful evaluation before using this system. 

Further experimental tests should be performed, particularly on the systems that were only 

numerically analyzed. Parametric studies are considered necessary to identify the optimum 

cross-sections, and the spacing and locations of the connectors, for systems with different 

connector properties, and to estimate the responses of the systems with different span lengths.

Long-term experimental tests under sustained load are currently being performed on 

specimens with SST+S and SP+N connector types to investigate changes with time in the 

behavior of the composite systems. Phenomena such as the reduction in pre-tensioned screw 

force and creep of the component materials (glulam beam, concrete slab, and connection 

system) may diminish the effectiveness of the composite structure over time. The construction 

of a full-scale floor in a real building would be extremely useful in order to assess the 

feasibility of the systems on site and monitor possible problems during their assembly. 
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Abstract: This paper presents the results of long-term experimental tests performed on 

prefabricated timber-concrete composite beams intended for use in a proposed floor system, 

in which the concrete slab is prefabricated off-site and connected to the timber beam using 

one of two novel connection systems (either steel tubes inserted into the concrete slab and 

coach screws, or metal plates embedded in the concrete slab and nailed to the timber beams). 

In the experimental programme two specimen beams representing strips of composite floor 

were subjected to sustained (quasi-permanent service) loading for almost a year in an indoor, 

unheated and unconditioned environment, then for a further 21 days after the load was 

removed. Throughout the test, mid-span deflection, relative slips at various connector 

locations, strains in the concrete slab and timber beam, and the ambient relative humidity and 

temperature, were continuously monitored. These variables fluctuated over time due to 

changes in the environment. Both specimens showed only minor increases in deflection, slips 
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and strains over time, demonstrating excellent overall long-term behaviour. The findings are 

consistent with a major advantage of prefabrication in this context; the concrete cures and can 

thus freely shrink before the slab is connected to the timber beam, thereby minimizing stresses 

and deflection in the composite beam. Results of accompanying numerical tests and 

parametric studies are presented in a companion paper.

CE Database keywords: Composite structures; Connectors; Creep; Precast concrete; 

Prefabrication; Shrinkage; Timber construction; Timber joints; Wood. 

Introduction 

Timber-concrete composite beams are constructed from a concrete flange connected to a 

timber web. This technique has been extensively used in Europe to upgrade existing wooden 

floors [1] and, in some cases, to rejuvenate deteriorated short-span wooden bridges. They are 

also being used in the construction of various office, residential, commercial and industrial 

buildings [2,3,4]. In addition, in New Zealand innovative timber-concrete composite floors 

with joists made from laminated veneer lumber (LVL) for multi-storey timber buildings are 

being developed and tested [5,6,7,8].

In a timber-concrete composite beam, the concrete provides high compression resistance, 

while the timber provides capacity to withstand bending and tension. This structure offers 

many advantages over timber-only or reinforced concrete floors. The concrete slab diminishes 

deflections and susceptibility to vibrations of the floor system (due to its greater stiffness), 

and provides greater fire resistance and thermal mass than timber-only floors, but the 

composite floor is lighter than a reinforced concrete floor and, therefore, less load is 

transmitted to the foundations. 

To make the composite system a convenient alternative to traditional timber, steel-concrete 

and reinforced concrete floor solutions, it is essential to use an appropriate type of connection 

to ensure economic design and to obtain an effective interlayer connection (i.e. one that 



3

ensures a high degree of composite action, and thus high stiffness of the composite system, 

between the concrete and the timber) [9]. Stiffness and strength properties, which are 

fundamental parameters of the composite structure, can vary significantly depending on the 

connector type. Hence, diverse mechanical connectors have been proposed and tested. The 

highest degree of composite action (up to 99%) has been found when rigid connectors are 

used, e.g. continuous steel meshes epoxy-glued into the timber [2,10,11] or notches cut into 

the timber [5,6,12,13]. Conversely, structural efficiency is lower when discrete elements, such 

as smooth metal bars, screws [14,15], nails or spikes are used. There have also been some 

attempts to glue the concrete slab to the timber beam to obtain a fully rigid slip-free 

connection [10,11,16]. 

Recent Swedish studies on timber frame systems suggest that industrialized timber frame 

housing construction has the potential to reduce costs by up to 25-30% of the total 

construction outlay [17], largely through simplification of the construction processes, rather 

than simply by minimizing material costs, although industrialization can also reduce wastage. 

Therefore, several research projects are currently focused on developing semi- [7] or fully-

prefabricated [10,18,19,20] timber-concrete composite panels capable of competing with 

more traditional steel-concrete composite and precast concrete floor systems.  

Timber-concrete composite systems, in which “wet” concrete is cast on top of timber 

beams/wooden decking with mounted connectors, have been extensively investigated. This 

traditional “wet” production process offers substantial economic advantages, but it also has 

disadvantages, notably: (i) the time needed for the concrete to cure; (ii) the lower stiffness and 

higher creep of the system while the concrete cures, particularly if the beam is unpropped; 

(iii) the higher cost of cast-in-situ concrete; and (iv) potential quality control problems. 

These drawbacks of the ‘wet’ systems can be eliminated by prefabricating a concrete slab 

with shear connectors already inserted, and connecting it to the timber beams on the building 
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site [18,19]. A significant advantage of this novel, prefabricated system is that some of the 

concrete shrinkage occurs before the slab is connected to the timber beam. Consequently, the 

increases in deflection and flexural stresses in the composite beam due to the timber beam 

restraining shrinkage of the concrete can be markedly reduced. Additional advantages of 

prefabrication include reductions in construction costs, improvements in quality, saving of 

resources and simplification of waste recycling due to moving most of the work from the 

building site to the fabrication plant [21]. Several novel connector systems have been tested 

for use with this system. However, the development of new, mechanically effective 

connectors is pointless if the construction of the system is too intricate and/or too time 

consuming. Therefore, particular attention has been paid to developing connection systems 

that are simple to produce and assemble in order to accelerate the construction process. 

Although the basic principles and advantages of joining timber and concrete are well-known, 

it is a relatively complex and expensive construction system and this, together with a lack of 

simple design guidelines, may hinder its extensive use in new floors [5,6]. The main problem 

is to determine, a priori, the efficiency of any proposed shear connection type, in relation to 

its lower (fully non-composite action) and higher (fully composite action) limits [9]. It is also 

important to describe the dynamic behaviour of the system and understand its long-term 

performance, but little relevant, published information is available due to the complexity and 

expense of long-term testing. The most important phenomena to assess in long-term testing 

include the combined effects of loading and moisture changes. Timber under load exhibits 

much greater creep deformations over time when subjected to variations in moisture than 

under constant humidity conditions, and the effect of changes in moisture on the deformation 

(the so-called ‘mechano-sorptive’ effect) is generally more significant than the effect of time 

[22,23,24,25]. The mechano-sorptive behaviour of the connection system should also be 

considered [13,26,27,28,29]. In addition, thermal variations in timber and concrete should not 
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be neglected since they induce both stress and strain distributions in the composite structure. 

The creep and shrinkage of the concrete must also be taken into consideration. These 

phenomena may cause excessive deflections in timber-concrete composite structures at the 

serviceability limit state, particularly for medium to long-span beams. Thus, accurate 

evaluation of the time-dependent behaviour is very important when designing such structures 

[28,29,30], and testing is the best way to obtain basic information. 

Although there is a need for further information from long-term tests, a number of such tests 

have been performed on various (mainly ‘wet’) systems, including the following. One of the 

first long-term tests was performed in 1943 by Richart and Williams [31], who concluded that 

variations in volume (shrinkage or expansion) of concrete and timber, measured in tests over a 

2½ year period, had little or no apparent effect on the strength of composite beams they 

assessed, compared to beams tested 28 days after construction. There was no indication of 

separation between the concrete slab and the timber beam, and the stiffness of the 2½-year-

old beams was, if anything, slightly superior. Ronca et al. [32] performed a 2-year long-term 

test on composite beams with double gang-nails welded together as shear connectors. In 1992, 

Meierhofer [33] presented results from a 450-day test performed on a composite beam with 

proprietary screw connectors produced by SFS, marketed as Stadler VB-48-7.5×100. Ahmadi 

[34] tested composite beams with two different types of high-strength nails for approximately 

four months in 1993. In 1996, Taka  [35] tested composite beams consisting of timber and 

concrete bonded by E75M16 Bulldog one-side dowels for 173 days. A 5-year test of 

composite beams with cast-in-situ concrete slabs and inclined SFS screw connectors was 

performed in Switzerland [27]. Another 5-year long-term test was performed in Italy on a 6-m 

composite beam with glued rebars [36]. Long-term push-out tests were carried out in Italy by 

Amadio et al. [37] on ‘Tecnaria’ connections (proprietary head stud connectors screwed to the 

timber). Long-term shear tests have been performed by Kuhlmann and Michelfelder [13] on 
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composite systems with grooves in the timber as shear connectors, and wood-concrete 

composite floor/deck systems with shear key connection details have been subjected to long-

term (one-year) tests in Colorado (USA) [38,39]. A similar type of floor has also been tested 

in a real building constructed in Germany [40]. In addition, Bathon and Bletz [2] have 

subjected a semi-prestressed composite panel with continuous glued steel connections to 

long-term (510-day) tests. All of these studies showed that composite beams have promising 

qualities, but the composite (mainly ‘wet’) systems tested all had limitations of some kind. 

Long-term tests are currently in progress in New Zealand on semi-prefabricated LVL-

concrete composite floors [7]. 

This paper presents the outcomes of a long-term experimental test, part of a pilot research 

project conducted at Luleå University of Technology, Sweden, on timber-concrete composite 

beams with prefabricated concrete slabs. The overall research programme included four series 

of experimental tests: (i) direct shear tests to failure on seven different types of shear 

connectors, published in a previous paper [18]; (ii) full-scale bending tests to failure of 

composite beam specimens, discussed in another paper [19]; (iii) long-term tests under 

sustained load, presented in this paper; and (iv) dynamic (vibration) tests, which will be 

presented in a future paper. In addition, a numerical study of the time-dependent behavior of 

the composite systems is presented in a companion paper. 

Construction of the specimens 

Two 4.8 m long timber-concrete composite beam specimens, designated Specimens 1a and 

2a, representative of floor strips, were constructed and tested under sustained loading. Both 

consisted of a 60×800×4800 mm prefabricated concrete slab (strength class C20/25 according 

to Eurocode 2 [41]) and one 90×270×4800 mm glulam joist of strength class GL32 according 

to EN 1194 [42] (see Fig. 1).
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Figure 1 Cross-section of the composite specimens (dimensions in mm). 
However, the shear connectors used to join the concrete and joists of the two specimens 

differed. The two types of connectors used had been custom-designed and manufactured for 

the tests, and were selected from the seven types tested in the previously mentioned study 

[18], for their ease of prefabrication rather than mechanical superiority, since some of the 

other types had superior mechanical properties according to the direct shear tests. In both 

cases the connectors were embedded in the precast concrete slabs, which did not require 

customised moulding forms, and the glulam beams were connected to them simply using 

coach screws or ringed shank nails [19].

Figs. 2a and 3a,b show a schematic diagram and photographs of the type of connector used in 

Specimen 1a, designated SP+N, consisting of U-shaped steel plates welded every 600 mm 

onto a 2.4 m long punched metal plate embedded in the precast concrete slab. This system 

was devised to overcome the difficulty of placing each U-shaped steel plate at the right 

position in the moulding form. The 2.4 m metal plates were also welded together to construct 

a 4.8 m element encased in the moulding form on top of the reinforcement mesh (Fig. 3a). 

The glulam beam and concrete slab were connected by nailing the U-shaped steel plates to 

both sides of the glulam beam with eight Ø 4.5 × 75 mm annular ringed shank nails, Fig. 3b. 

The type of shear connector used in Specimen 2a (designated SST+S) consisted of steel tubes 

embedded at 250 mm c/c in the concrete, with customised plastic caps to provide room for the 

screw head and ensure that the inner surface of the tube remained clear while the concrete 
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slab was formed (Fig. 2b). Fig. 3c shows the steel tubes in the moulding forms. The steel 

tubes were connected to the reinforcing steel mesh by spot welding and placed in the 

moulding form. Coach screws of 160 mm length and 20 mm diameter, available off-the-shelf, 

were utilized to connect the glulam joist, by screwing them into the steel tubes (Fig. 3d), after 

pre-drilling to 80% of the screw diameter. Then the coach screws were inserted in the holes 

and pre-tensioned with a 130 Nm torque moment using a torque wrench. Full descriptions of 

the specimens’ construction can be found in [18,19]. 

a) b) 
Figure 2 Drawings of the two types of connectors used in the experimental test: a) SP+N, b) 
SST+S.

a) b) c) d) 
Figure 3 Test specimens with (a-b) SP+N and (c-d) SST+S connectors in the moulding form 
prior (a-c) to the concrete placement and after (b-d) assembly to the glulam beam. 
Self-consolidating concrete (SCC) was used to ensure the concrete slab had an even surface at 

its interface with the timber beam so as to provide a tight fit between the two components and 

prevent additional slips between them. 

The pre-cast concrete slabs with inserted shear connectors were produced within three days 

and delivered a week after casting the last slab, along with concrete cube samples for material 
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property testing. The mechanical properties of the glulam and concrete were evaluated after 

the previously described short-term tests [19], and re-evaluated after the long-term tests to 

obtain additional property information. The mean cubic and cylindrical compression strengths 

of the concrete were 55.7 and 46.3 MPa, respectively, while its density was 2332 kg/m3.

Directly after the completion of the collapse tests the glulam had a mean density of 458 kg/m3

and mean moisture content of 10%. The moisture content in the wood was not monitored 

during the long-term test. 

Long-term creep test  

In this test Specimens 1a and 2a were subjected to a one-year creep test to investigate the 

time-dependent behaviour of the new prefabricated timber-concrete composite systems at the 

serviceability limit state. In both cases, the precast concrete slabs were connected to the 

glulam beams 172 days after the concrete slab was cast. During the assembly, the glulam 

beams were vertically supported and the props were left in place for the next 68 days. After 

removing the props, the specimens were left unpropped and unloaded inside the laboratory, in 

an unconditioned, unheated environment, for the following 304 days, during which no 

properties were monitored. Then, 544 days from concrete casting, two concentrated loads 

were applied at the third points of the beam span (see Fig. 4) using the loading frames with 

steel weights illustrated in Fig. 4c.  

The concentrated loads were 5.02 kN and 6.65 kN each for Specimens 1a and 2a, 

respectively, equivalent to the calculated quasi-permanent service load, corresponding to 13% 

of the experimental collapse load evaluated during the tests to failure [19,43]. The point loads 

were left on the specimens for 339 days, during which deflections, slips and strains were 

monitored. After the point loads were removed the monitoring continued for a further 21 days 

to investigate the elastic recovery of the specimens. 
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a)

b)

c)

Figure 4 Elevations of beam specimen 1a with SP+N connection (a) and 2a with SST+S 
connection (b). Photo of the loading frame (c).  
The following variables were monitored throughout the entire test (339 days of loading and 

the following 21 days): (i) mid-span deflection; (ii) temperature and relative humidity of the 

environment; (iii) relative slip between timber and concrete at the 1st, 3rd, 6th and 8th

connectors for Specimen 1a, and at the 1st, 6th, 13th and 18th connectors for specimen 2a (see 

Figs. 4 and 5); (iv) the compression of the glulam beams perpendicular to the grain at the 

supports (see Fig. 5); and (v) the strains in the concrete slab and glulam beams along the 

depth of the mid-span cross-section, Fig. 1. The compression perpendicular to the grain at the 

supports was found to be negligible. The strains in the concrete slab and glulam beams were 

measured by 60 mm long PL-60-11 concrete strain gauges and PLW-60 wood strain gauges, 

respectively, both types supplied by Tokyo Sokki Kenkyujo Co. (Fig. 1).

The mid-span deflection and relative slip between the glulam beams and concrete slabs, and 

the compression perpendicular to the grain over the support, were recorded using Linear 

Voltage Displacement Transducers (LVDTs), as shown in Fig. 5. 
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Figure 5 Photo of LVDTs on Specimen 1a for measuring the slip at the 1st and 8th connectors, 
and compression perpendicular to the grain at the supports. 
The relative humidity RH and the temperature T of the laboratory environment were 

measured using a UNB-502 data logger. The fluctuations of both RH and T over the 360-day 

test period (hereafter referred to as ‘test year’ for convenience’) are presented in Fig. 6. The 

temperature varied between 6.5°C in wintertime and 23°C in summertime, while the relative 

humidity varied from 27.5% in wintertime and 72% in summertime (typical of the ranges in 

Scandinavian countries [44]).

a) b)

Figure 6 Fluctuations in relative humidity (a) and temperature (b) over the course of the test 
year.
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a) b)

Figure 7 Diurnal fluctuations in ambient relative humidity (a) and temperature (b) during 
five randomly selected five-day periods in December, January, March, May and July. 
From the RH and T measurements, periods of five consecutive days were randomly chosen in 

December, January, March, May and July to present diurnal fluctuations of RH and T (see 

Fig. 7). No consistent trends over time were discerned for the daily variations of either of 

these environmental variables. However, there were significant diurnal fluctuations in RH in 

winter (December and January) and spring (March), with amplitudes of ca. 9 and 23 %, 

respectively (maximum during the night and minimum during the day), and less significant 

diurnal fluctuations in summertime (amplitude, 4 to 7%, see Fig. 7a). Unlike observations in a 

previous study [29], the daily relative humidity and temperature fluctuations did not induce 

significant increases in mid-span deflection and slip along the span length. 

Results

The recorded mid-span deflections of the two specimens are presented in Fig. 8. The elastic 

deflection vel after applying the live load was 5.6 mm and 5.4 mm for Specimens 1a and 2a, 

respectively, and as can be seen in Fig. 8, the mid-span deflections of the two specimens 

remained very similar during the first 60 days. They then remained fairly constant until ca. 

240 days after application of the load, when the environmental conditions changed rapidly 

and a significant increase in deflection was observed for both specimens (see Fig. 6). The 

relative humidity increased quickly while the temperature dropped from around 20oC to 10oC

and returned again after a few days to ca. 20oC. At the end of the long-term test (339 days 
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from the load application), before the load was removed, the mid-span deflection of 

Specimens 1a and 2a reached 8.3 mm (v339d,1) and 9.5 mm, respectively (a 15% difference). 

The observed increases in deflection observed at around 240 days can be explained by the 

effect of the climatic strains induced in the composite beam by environmental variations. An 

increase in ambient relative humidity causes an increase in timber moisture content, which 

promotes elongation of the timber beam, but this is prevented by the concrete slab. The

overall effects are, therefore, a downward deflection, and self-equilibrated stress distribution 

over the composite cross-section. A reduction in temperature causes a shortening of both the 

concrete slab and, to a lesser degree, the timber beam (due to the smaller dilation coefficient 

of timber). The overall effect is, again, a downward deflection, exacerbating the deflection 

due to the increase in relative humidity. This finding agrees well with previous investigations 

[26]. A 76% increase in elastic deflection from the initial value (vel=5.4 mm) was found at the 

end of the long-term test (v339d,1=9.5 mm) for Specimen 2a, while for Specimen 1a, an 

increase of 48% was recorded (vel=5.6 mm and v339d,1=8.3 mm). This slight difference may be 

explained by differences in the time-dependent behaviour of the shear connectors used in 

Specimens 1a and 2a. Due to the lack of long-term creep tests performed on single shear 

connectors, however, this is just a supposition.  

The mid-span deflection after the load removal (at 339 days from the load application, v339d,2)

was 2.7 and 4.3 mm for Specimens 1a and 2a, respectively, and at the end of the monitoring 

period (21 days after the load removal) their final mid-span deflections vfin were 1.97 and 3.46 

mm, respectively. When the specimens were unloaded, the elastic recovery of deflection was 

approximately 48% and 78% lower for specimens 1a and 2a, respectively, than the initial 

elastic deflection when the specimens were loaded. After the load was removed, the deflection 

fell sharply and then declined much more slowly for the following 21 days, after which the 
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residual deflections of Specimens 1a and 2a were 24% and 36% of their respective values at 

the time that the load was removed.

Figure 8 Mid-span deflections of Specimen 1a with SP+N type connectors and Specimen 2a 
with SST+S type connectors during the creep test.

a) b)

Figure 9 Slip of the connectors vs time in Specimen 1a – first and third connectors (a) and 
Specimen 2a – first and sixth connectors (b). 
Figure 9 presents the recorded slips of the outermost and innermost shear connectors in 

Specimens 1a and 2a, which were consistently very low throughout the testing period, with 

little variation between the outer and inner connectors. These findings can be explained by the 

low level of applied load and, thus, importance of phenomena such as friction and the bond at 

the concrete-to-timber interface. 

More elastic slip was recovered by Specimen 1a than Specimen 2a at the time of load 

removal, possibly due to relaxation of the coach screws, which had been pretensioned at the 

time of assembly. In addition, negative slip values were obtained at the end of the long-term 
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test after the load was removed, possibly for the following reasons. Relaxation is expected to 

occur over time due to creep of the timber beam perpendicular to the grain. Consequently, less 

shear forces will be transferred by friction at the concrete-to-timber interface and, thus, a 

reduction in the slip modulus of the connection will occur over time, explaining the increase 

in elastic slip and, hence, negative slip values.

a) b)

Figure 10 Time trends of the strains at the top, middle and bottom laminas of the glulam 
beam at mid-span in Specimens 1a (a) and 2a (b).

a) b)

Figure 11 Time trends of the strains at the top and bottom laminas of the concrete slab at 
mid-span in Specimens 1a (a) and 2a (b).  
Figures 10 and 11 show the changes in strain over time in the glulam beam and concrete slab 

of Specimens 1a and 2a. The values and time trends of strain in both the concrete and timber 

of the two specimens were very similar. The overall increase in time was not very significant. 

However, the lowest deformations in both the tension and compression zones occurred when 

the relative humidity was lowest, and a clear increase in deformations occurred towards the 
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end of the testing period when the relative humidity increased, causing swelling of the timber 

beam. 

Conclusions

This paper reports the results of long-term experimental tests carried out on prefabricated 

timber-concrete composite structures with two novel connector types. The prefabricated 

concrete slabs were connected to the glulam beams 172 days after fabrication of the precast 

slabs. During assembly and for the next 68 days the composite structures were propped, then 

the load was applied to the specimens 544 days after casting the concrete. The acquired data 

included measurements of both environmental variables (relative humidity and temperature) 

and the composite materials (mid-span deflection, relative slip between the prefabricated 

concrete slab and glulam beams at various locations along the beams, and strains of both the 

concrete slab and glulam beams recorded at specific points across the depth of the composite 

cross-section). Based on the experimental results, the following conclusions can be drawn: 

The mid-span deflection of both specimens showed similar time trends during the long-

term test. The sustained load increased the total deflection by 48% for Specimen 1a and 

77% for Specimen 2a after 339 days. The 29% difference between the specimens, at the 

end of the test, can probably be largely explained by the difference in overall long-term 

behaviour of the connection systems. However, both of the novel prefabricated shear 

connection systems showed smaller increases in deflection under sustained load than 

wood-concrete composite beams with a cast-in-situ concrete slab connected by notched 

connection details tested by Balogh et al. (57.5%, 133 days after the load application 

[45]).

The maximum mid-span deflections monitored almost a year after the load application 

(8.28 and 9.54 mm for Specimens 1a and 2a, respectively) were well below 17.76-22.20 

mm, corresponding to the 1/250th to 1/200th of span length limits usually adopted by 
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codes of practice [46]. The deflection following further increases during the remaining 

period of the service life is unlikely to reach this limit, indicating that the proposed 

prefabricated system should perform successfully at the serviceability limit state. 

Changes in relative humidity and temperature over the year affect the deflection and 

strains of the composite beams. Noticeable increases in mid-span deflections of both 

specimens occurred when the relative humidity increased from ~40% to ~65%, causing 

swelling of the glulam beam at about 240 days from the beginning of the long-term test.  

The elastic recovery of Specimens 1a and 2a at the time of unloading was 79% and 48% 

lower, respectively, than the initial elastic response at the time of loading. The significant 

difference between specimens can be explained by the differences in their shear 

connector systems and their responses to environmental variations. The system with steel 

tubes inserted in the pre-cast concrete slab and screwed into the glulam beam (Specimen 

2a) seemed to creep more than the system with long steel plates nailed to the glulam 

(Specimen 1a). In addition, the relaxation of the torque moment applied to the coach 

screws in Specimen 2a due to creep of the timber beam perpendicular to the grain may 

play an important role by decreasing the friction at the concrete-to-timber interface and 

(thus) the slip modulus of the connection over time, causing greater recovery in final 

deflection compared to the specimen with plates nailed to the timber. 

The sustained load did not markedly increase the relative slip of the connectors, which 

was very small along the beam length.  

The time trends of strains in the glulam beams and concrete slabs followed the 

fluctuations during the test year in ambient relative humidity and temperature, but the 

strain distribution in both materials followed the variations in temperature more than the 

variations in relative humidity. When the climatic strains reached peak values the 

maximum mid-span deflection was also attained, which occurred towards the end of the 
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testing period when the relative humidity increased, causing swelling of the timber beam 

and thus an increase in deflection. 

Further experimental investigations are needed to draw definitive conclusions regarding the 

long-term behaviour of the proposed prefabricated composite system. Creep tests in variable 

and controlled environmental conditions should be performed on push-out specimens 

incorporating few connectors subjected to shear in order to evaluate the creep and mechano-

sorptive effects of the novel connection systems, and to investigate the reduction in slip 

modulus of the coach screws due to relaxation. The shrinkage and creep of the self-

consolidated concrete was not investigated in this study, but should be considered in future 

research since both creep and shrinkage of concrete significantly influence the long-term 

behaviour of the composite structures. Since the mid-span deflection is expected to increase 

during the whole 50-year service life, a numerical program should be used to predict the final 

value of deflection, which is needed for serviceability limit state design. Last, but not least, 

further experimental tests and/or numerical analyses should be carried out to extend the 

outcomes of this experimental test to composite beams with different connection systems, and 

to investigate the influence of the construction method on the long-term behaviour of the 

composite beams. Results of some such tests will be presented in a companion paper. 
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Abstract: This paper presents the outcomes of a numerical parametric study carried out on 

recently described prefabricated timber-concrete composite floor systems subjected to long-

term load. A rigorous uniaxial finite element model for time-dependent analyses of the 

composite beams was first validated against experimental results, presented in a companion 

paper, demonstrating the possibility to accurately predict the time trends of the mid-span 

deflection. The model was then used to predict the deflection at the end of the 50-year 

service life of systems with different types of connectors. In addition, to highlight 

advantages and disadvantages of the novel prefabricated floor systems, a parametric study 

was carried out. Parameters investigated include the mode of construction of the concrete 

slab (prefabricated off-site or cast-in-situ), the assembly of the composite beam (with 

propped or unpropped timber beam), the curing time of the concrete slab, and the time 

between the end of construction and the application of the live load. The outcomes of this 

numerical study indicate that the recently developed prefabricated system can provide good 

long-term structural performance, particularly when connections with either notches cut in 
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the timber and reinforced with coach screws or dowels glued to the timber are used. A 

notable advantage of the prefabricated system is that the long-term deflection can be 

significantly reduced by allowing the slab to cure for at least 28-56 days before it is 

connected to the timber beam, and leaving the props in place for a much shorter time (1 

day) than in systems with cast-in-situ concrete, in which the props should be left in place 

for at least seven days. Further attractive features of the novel floor systems, in addition to 

their good long-term performance, are that they can be readily disassembled and the off-site 

prefabrication of the concrete slabs reduces waste and facilitates quality control.

CE Database keywords: Composite structures; Connectors; Creep; Finite element 

modelling; Precast concrete; Prefabrication; Shrinkage; Timber construction; Timber-

concrete; Timber joints; Wood. 

Introduction

Timber-concrete composite structures respond to sustained loads by “creeping”, i.e. the 

loads induce movements over time, thus causing gradually increasing deformation and 

deflection [1]. Variations in the moisture content of the timber will accelerate the 

deformations and associated reductions in strength [2], and may lead to excessive 

deflection in the long-term. In order to ensure compliance with serviceability limit state 

design criteria, it is important to predict the time-dependent behaviour of such systems with 

acceptable accuracy. However, the components of a composite beam (timber, concrete and 

connectors) differ in their responses both to sustained loads and environmental variables, 

complicating such predictions [3]. Timber creeps, it shrinks and swells following 

reductions and increases in its moisture content [3], and/or temperature, respectively, and 
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its deformation is exacerbated by mechano-sorption due to variations in its moisture content 

[4,5]. Concrete exhibits creep [6], drying shrinkage [6], thermal strains and cracking in 

tensile zones. The shear connectors are flexible, apart from few exceptions [7,8], and 

exhibit both creep and mechano-sorptive creep [9,10,11], as well as non-linear mechanical 

behaviour (in terms of shear-slip relationships) [12]. In order to model the creep and 

shrinkage behaviour of a composite wood-concrete cross-section Mungwa and Kenmou 

[13] proposed a relaxation method, based on Dischinger’s equations established in [1]. The 

equations incorporate creep in both wood and concrete, as well as shrinkage in the concrete, 

but ignore the mechano-sorption of timber and assume a rigid connection between timber 

and concrete without any time-dependent variations in responses. However, given the 

complexities of the phenomena involved, as mentioned above, closed form solutions will 

have limited validity in real conditions, and since it is impossible to test systems under all 

permutations of environmental conditions they may encounter, numerical modelling must 

be applied, ideally incorporating as many of the significant variables as possible. Several 

rigorous numerical methods have been proposed to date, including the following. Schänzlin 

[14] developed a 1D numerical model based on the finite difference method, in which the 

rheological model proposed by Hanijärvi [3] was used for timber. Fragiacomo [15] 

developed a 1D finite element beam model in which the rheological model proposed by 

Toratti [4] was used for timber and the connection. Chassagne et al. [16] and To [17] 

implemented an external user subroutine in a 3D finite element model implemented in the 

Abaqus software package [18] to account for the rheological phenomena. Grosse et al. [19] 

used ISOBEAM elements with a framework-model presented in [20] to simulate the long-

term behaviour of composite beams connected at a few discrete points, taking rheological 
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and non-linear phenomena into consideration as comprehensively and realistically as 

currently possible. Schmidt et al. [21] used ANSYS [22] to model the long-term behaviour 

of composite beams with hexagonal head wood screw connectors, including allowances for: 

creep and shrinkage of concrete according to Eurocode 2 [23], creep of timber depending 

on the stress level, and creep and the non-linear shear-slip relationship of the connectors. 

This paper presents the outcomes of a numerical parametric study carried out on novel, 

prefabricated timber-concrete composite floors, described in [24], subjected to long-term 

load. After validation of a rigorous finite element model [15] against the results of a long-

term test performed at Luleå University of Technology, presented in a companion paper 

[25], the model was used to predict the deflection at the end of the 50-year service life of 

prefabricated composite beams with several different connection systems. In addition, the 

outcomes of a parametric study undertaken to investigate advantages and disadvantages of 

the proposed prefabricated composite system are presented. Parameters investigated include 

the mode of construction of the concrete slab (prefabricated off-site or cast-in-situ), the 

assembly of the composite beam (with a propped or unpropped timber beam), the curing 

time of the concrete slab, and the time between the end of construction and the application 

of the live load.  

FE modelling  

The uniaxial finite element model used in the long-term analyses simulates a lower timber 

beam linked to an upper concrete slab (see Fig. 1) by a continuous spring system 

schematizing a flexible shear connection. Accurate results can be obtained using this 

simplifying assumption of a smeared connection, provided that the spacing between 
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adjacent concentrated connectors is quite small relative to the span, as in the cases under 

study. A non-linear shear force-relative slip relationship can be considered for the 

connection system. One layer of reinforcement, assumed to be fully bonded, is considered 

in the concrete slab. The cross-sections of both beams are divided into cells in order to 

consider properties of interest along their depth and width. The kinematic hypotheses of the 

model are that: (i) strains are linearly distributed in both the timber and concrete cross-

sections; (ii) the rotations of the timber and concrete cross-sections are the same; and (iii) 

shear deformation is negligible in both the timber and concrete cross-sections. The 

displacement method is used to calculate deformations in the timber, concrete and 

connections, with 10 nodal displacements assumed as the unknowns [15].  

Figure 1 Schematic diagram of the finite element model used for the long-term numerical 
analyses. 
The finite element model rigorously accounts for all the time-dependent variations in 

strains, stresses, creep and the resulting deformations and deflections. Toratti’s rheological 

model [4] is used to describe the time-dependent behaviour of timber: 
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where: w , w  are the total strain and stress, respectively; wdww JJJ 0  is the creep function, 

in which 0wJ  is the reciprocal of Young’s modulus and wdJ  the creep component; u  is the 

moisture content; T  is the temperature; wu  and wT  are the moisture and thermal dilation 

coefficients; wb , wc  and wJ  are material parameters that are assumed to be equal to 0, 2.5 

and )(7.0 0 refw uJ , respectively (see  [4] and [15]); 20.0refu ; and 0t ,  and t  are the initial, 

current and final time of analysis, respectively. In this equation, the sum of the first two 

integrals represents the viscoelastic strain, the third integral accounts for the dependence of 

Young’s modulus on the moisture content, the fourth integral represents the mechano-

sorptive term, the fifth integral takes into account the dependence of shrinkage/swelling on 

the total strain, and the sixth and seventh integrals represent the climatic strains due to 

shrinkage/swelling and thermal expansion, respectively. Toratti’s rheological model is also 

used for the connection system: 
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where: fs  and fS  are the relative slip and shear force in the connector, respectively; and 

fdff JJJ 0
 is the creep function of the connection, in which

0fJ  is the reciprocal of the slip 

modulus at 40% of the shear strength and
fdJ  the creep component. All the other symbols 

have similar meaning and values to those described for Eq. (1). Both Eqs. (1) and (2) show 

that the time-dependent behaviour of the timber and connection depends on the moisture 

content )(tu , which affects the Young’s modulus of timber, the mechano-sorption of timber 

and the connection, and the shrinkage/swelling of timber. The moisture content )(tu  varies 

along the breadth and the depth of the timber beam depending on the dimensions of the 
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timber section, and the history of environmental relative humidity )(tRH . The histories of 

moisture content )(tu  over the timber cross-section are computed for a given environmental 

relative humidity history )(tRH  using a software package that computes the diffusion of 

water across the timber cross-section, and hence changes in moisture content in the timber 

[15]. 

The temperatures of the timber )(tTw  and concrete )(tTc , which affect the thermal strains of 

both materials, are assumed to be the same as the ambient temperature )(tT  [5]. For 

concrete, viscoelastic behaviour was assumed: 

t

t
ccTcsccc dTddtRt

0

,  (3) 

where c  and c  are the total strain and stress, respectively; cs is the drying shrinkage; cR  is 

the relaxation function; and cT  and cT  are the thermal expansion coefficient and 

temperature, respectively. Equations (1) to (3) are solved by expanding the creep functions 

of timber and the connection, and the relaxation function of concrete in a series of 

exponentials, by dividing the duration of load into time steps, and applying the trapezoidal 

rule in order to transform the integral equations into recurrent algebraic formulas. More 

information on the FE model can be found in [15]. 

Experimental-numerical validation 

This section describes the validation of the numerical model against data acquired in the 

experimental tests, performed at Luleå University of Technology, described in the 

companion paper [25]. Two beam specimens were tested: Specimen 1a, with U-shaped 

steel metal plates embedded in the prefabricated concrete slab and nailed to the glulam 
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beam with eight Ø 4.5 × 75 mm nails; and Specimen 2a, with steel tubes inserted into the 

concrete slab and screwed to the glulam beam with Ø 20 × 160 mm hexagonal head coach 

screws (connector types SP+N and SST+S, illustrated in Fig. 2a and 2b, respectively). A 

full description of the shear connection systems can be found in [24]. 

Figure 2 The types of connectors used in the parametric study: (a) SP+N, (b) SST+S. 
Table 1 Geometrical, mechanical and rheological properties of Specimens 1a and 2a
Property Specimen Property Specimen 
 1a 2a  1a 2a 
Span length (mm)  4800 Timber thermal coefficient (°C-1) 5×10-6 °C-1 

Timber width (mm) 90 Concrete thermal coefficient (°C-1) 10×10-6 °C-1 

Timber depth (mm) 270 Timber moisture coefficient 6×10-3

Concrete width (mm) 800 Creep of timber w Toratti’s model 
Concrete depth (mm) 60 Creep, shrinkage of concrete  CEB 90 model 
Reinforcement (mcm2) 169 Mechano-sorptive creep of timber Toratti’s model 
Dead load (N/mm) 131.2 Creep of connection 1 w
Live load (N) 2×5020 2×6650 Mechano-sorptive creep of connection Toratti’s model 
Timber Young’s modulus (MPa) 13500 Connector type (mm) SP+N SST+S  
Concrete compression strength (MPa) 44. 6 Connector spacing e 600  250  
Concrete Young’s modulus (MPa) 35380 Connector slip modulus (kN/mm) 5.33 8.49 

Notational thickness of concrete (mm) 58.5 Average RH for creep and shrinkage of 
concrete (%) 47.0 

Number of concrete layers 12 Number of timber cells 1200 
Number of concrete columns 2 Number of finite elements 16 

The numerical analyses were run using the geometrical, mechanical and rheological 

properties of timber, concrete and connections summarized in Table 1.  

The properties of interest in the Specimen beams were modelled throughout the entire 

construction and testing processes (904 days), from casting of the concrete to the removal 

of the live load, in the following five phases: (i) from casting and curing of the slabs in the 

a) b) c) d) 
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laboratory to their connection to the glulam beams (0-172 days after casting); (ii) from 

connection of the prefabricated concrete slabs to the propped glulam beams until the props 

were removed (172-240 days); (iii) the time while the specimens were left unpropped in the 

laboratory and subjected only to their self-weight (240-544 days); (iv) the duration of the 

creep test, from application of the live load until its removal (544-883 days); and (v) the 

time following removal of the live load, during which specimens were again subjected only 

to their self weight (883-904 days). The prefabricated concrete slab was modelled as a 

viscoelastic material, with creep function, shrinkage and Young’s modulus evaluated 

according to the CEB-FIP model code 90 [6]. Both the glulam beam and connection 

systems were regarded as hydro-viscoelastic materials and were simulated using Toratti’s 

model, adopting an identical creep coefficient for the connection systems to the coefficient 

used for the timber. 

Figure 3 Annual numerical fluctuation of average moisture content in the glulam beam, 
and equilibrium moisture content of the environment. 
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The relative humidity and temperature histories recorded during the experimental test [25] 

(which lasted for 360-days in total, hereafter referred to for convenience as the test year) were 

used to analyse the diffusion over the timber cross-section and (hence) the distribution of 

moisture content in the timber. The calculated fluctuations of the average moisture content of 

the lowest and middle laminations of the glulam cross-section over the course of the entire 

360-day test period are displayed in Fig. 3, together with the equilibrium moisture content of 

the environment, calculated as suggested in [26]. The fluctuations in average moisture content 

were largest in the lowest lamination because it is exposed to the environment on three sides. 

All the other laminations exchange moisture content only through the vertical sides, since the 

glue layers at the interface between adjacent laminations can be regarded as impermeable. A 

notable finding is that the diurnal fluctuations in ambient relative humidity do not induce any 

significant diurnal fluctuations in average moisture content, but longer-term variations are 

transmitted within the timber, albeit with reduced amplitude. 

Table 2 and Figs. 4-7 display modelled and empirically determined values of mid-span 

deflection, relative slip between the concrete and glulam beams, and strain distributions in the 

timber and concrete components of Specimens 1a and 2a.  

Table 2 Comparison of experimentally determined and modelled mid-span deflections for 
Specimens 1a and 2a and results for modelled mid-span deflections for Specimens 3a and 4a

Experimentally/numerically determined mid-span deflection [mm] 
Specimen/ 

connector type 
vel

30days 
v30

180days 
v180

339days 
v339,1

339days 
v339,2

360days 
v360

50years 
v50years

v50years/ vel

Long-term 
deflection as 
a fraction of 

the span 
length l

Specimen 1a 
SP+N
(Error %)

5.6/5.2 
(-7.1)

6.9/6.5 
(-5.8)

7.0/7.6 
(8.6)

8.3/8.9 
(7.2) 

2.7/4.2 
(55.6)

2.0/2.6 
(30.0) 

-/15.3 
(-) 2.8 

290
3.15 l

Specimen 2a 
SST+S
(Error %) 

5.4/5.3 
(-1.9) 

6.9/6.9 
(0) 

-/7.7 
(-)

9.5/9.1 
(-4.2) 

4.3/3.9 
(-9.3) 

3.5/2.4 
(-31.4) 

-/15.1 
(-) 2.8 

295
1.15 l

Specimen 3a 
ST+S+N -/3.4 -/4.6 -/4.6 -/6.3 -/2.9 -/2.3 -/10.8 

(-) 3.2 
410

8.10 l

Specimen 4a 
GDF -/3.0 -/4.2 -/5.2 -/5.9 -/2.9 -/2.3 -/9.7

(-) 3.2 
455

7.9 l

The following conclusions can be drawn from close examination of the data in these figures. 

Firstly, the numerical model predicts well the time trends of the mid-span deflection of 

Specimen 2a. The approximations are worse for Specimen 1a, possibly because the creep 
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coefficient of the novel connector type and the dilation coefficients wt and wu are unknown. 

These properties were not measured during the experimental long-term test, therefore 

averages of published values were assumed in the analyses. The differences between the 

experimental determinations and numerical predictions of elastic deflection due to application 

of the live load for Specimens 1a and 2a are -7.1% and -1.9%, respectively. The differences 

between experimental results and numerical predictions of the mid-span deflection at the time 

just before the load removal, 339 days after loading, are 7.2% and -4.2% for Specimens 1a 

and 2a, respectively. Secondly, the model predicts the elastic recovery after the load removal 

less accurately since the numerical solution substantially overstimates the experimental 

deflection (by 55.6 % and -9.3% just after unloading, and 30.0% and -31.4% at the end of the 

test for Specimens 1a and 2a, respectively, see Fig. 4). Thirdly, it predicts slip less accurately 

than the mid-span deflections for both specimens, simulating overall trends well, but 

consistently yielding higher than measured values (Fig. 5). This is not surprising since the slip 

is a very small quantity, and affected by phenomena such as friction and adherence that were 

not modelled. A similar conclusion was drawn in [27]. Fourthly, the strain distribution along 

the depth of the timber cross-section is predicted better than the distribution in the concrete 

slab, see Figs. 6 and 7. The numerical model also predicts the strains better in the middle and 

bottom laminas than in the top lamina of the timber. The numerical model underestimates the 

strain in the tension zone in the glulam beam by ca. 2.5×10-4, and overestimates the strain in 

the compression zone (relative to experimentally determined values) by ca. 4×10-4. However, 

apart from these deviations, the modelled time trends of the timber strains agree well with the 

experimental results, although the experimentally determined strains in the concrete slab 

appear to be more sensitive to daily and seasonal fluctuations of temperature than the model 

predicts. The discrepancies in this respect were largest for the top lamina and for Specimen 

1a. The reasons for these errors are uncertain at this stage. 
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a) b) 

Figure 4 Comparison of experimentally determined and modelled mid-span deflections for 
Specimen 1a with SP+N connector type (a) and Specimen 2a with SST+S connector type (b). 

a) b)
Figure 5 Comparison of experimentally determined and modelled slip for Specimen 1a – first 
and third connectors (a) and Specimen 2a – first and sixth connectors (b).

a) b)

Figure 6 Comparison of experimentally determined and modelled strains in the top, middle 
and bottom laminas of the glulam beam at mid-span for Specimens 1a with SP+N connector 
type (a) and 2a with SST+S connector type (b). 
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a) b)
Figure 7 Comparison of experimentally determined and modelled strains in the top and 
bottom laminas of concrete slab at mid-span cross-section for Specimens 1a with SP+N 
connector type (a) and 2a with SST+S connector type (b). 

Extension of experimental results to the end of the service life and to different 

connection systems 

In the previous section it was shown that the numerical results are reasonably close to the 

experimental values, particularly in terms of mid-span deflection, which is the most important 

variable to control at the serviceability limit state. The FE software can therefore be used to 

extend the experimental results to 50 years, the end of the service life. In this respect, the use 

of the software is important since evaluation of the best-fit approximation of the one-year 

experimental creep curve is not so straightforward. Unlike simple timber members, thermal 

and moisture strains due to environmental variations induce stress distributions and 

deflections in the composite beam. Due to the cyclic nature of the environmental variations, 

this effect will cancel out at the end of the year. However, they will confound the time trends 

of creep deformation, complicating attempts to recognise the trends and making them difficult 

to fit with logarithmic or power-type functions (as illustrated in Fig. 4, which shows that the 

experimentally determined creep curves do not exhibit typical trends with decreasing rates of 

deflection). In order to carry out this numerical analysis, the environmental conditions 

monitored during the one-year experimental test [25] were extended to the end of the service 
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life by assuming that the variations were the same in each of the next 49 years. The results are 

plotted in Fig. 8 for both Specimens 1a and 2a.

a) b)

Figure 8 50-year numerical prediction of mid-span deflection with environmental variations, 
but excluding effects of climatic strains due to environmental variations, for Specimen 1a with 
SP+N connector type (a) and Specimen 2a with SST+S connector type (b). 
The deflection after 50 years was found to be 15.3 mm and 15.1 mm for specimens with 

SP+N (Specimen 1a) and SST+S (Specimen 2a) connector types, corresponding to 2.8 and 2.8 

times the instantaneous deflection for the respective specimens. Current codes of practice 

such as Eurocode 5 [28] suggest limit values of l/250 to l/200 for long-term deflections of 

beams on two supports, l being the span length. In the cases under study, the deflections at the 

end of the service life were l/290 and l/295, respectively (see Table 2), which are less than the 

acceptable upper limit. It can be concluded that the proposed prefabricated composite floor 

systems should perform satisfactorily in the long-term.  

Specimen beams with two different connector types, designated ST+S+N (Specimen 3a) and 

GDF (Specimen 4a), which were not tested under long-term load, were also analysed using 

the FE model to predict their deflections at the end of their service life. ST+S+N connectors 

consist of notches cut in the timber beam, each reinforced with a coach screw (Fig. 2c), whilst 

GDF connectors consist of dowel glued in the timber (Fig. 2d). Both connector types can be 

used in conjunction with concrete slabs prefabricated off-site [24]. Since the slip modulus k0.4

of the ST+S+N/GDF connector was ~28/16 times the slip modulus k0.4 of the SST+S 

connector and the shear strength capacity was ~3/1.4 times the capacity of the tested 
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connectors, their use in timber-concrete composite beams results in high degrees of composite 

action [29] and, thus, in an economic and effective design. The spacing between 

ST+S+N/GDF connectors is 600/250 mm. Further information on connector types ST+S+N 

and GDF, including their mechanical properties, details and production methods, can be found 

in [24]. All geometrical, mechanical and rheological properties of the glulam and concrete 

were assumed to be the same as those of Specimens 1a and 2a, see Table 1. The live load 

applied to the beams, estimated as the quasi-permanent part of the service load, were 9260 N 

and 9410 N for Specimens 3a and 4a, respectively. The mid-span deflections of Specimen 3a 

and 4a at various times from the live load application are compared in Table 2 with the results 

obtained for Specimens 1a and 2a. The final deflections of Specimens 3a/4a reached 10.8/9.7 

mm; ~29%/36% lower than for Specimens 1a and 2a, corresponding to ~3.2/3.2 times the 

elastic deflection. These final deflection values are ~50% and 56% lower than the Eurocode 5 

limit value of l/200, respectively, showing excellent long-term performance (significantly 

better than that of Specimens 1a and 2a). It should also be noted that although the creep 

properties of all component materials were assumed to be the same in Specimens 1a, 2a, 3a 

and 4a, the v50years/vel ratios between their long-term and instantaneous deflections were found 

to be different, see Table 2. Such differences can be explained by the differences in slip 

modulus and spacing of the connectors, which affect the flexural stiffness and, thus, the 

‘global’ creep behaviour of the composite beams.  

Parametric study

A parametric study was carried out to investigate advantages and disadvantages of the 

proposed prefabricated composite floor system in comparison to traditional composite beams. 

In this study, the time trends of the deflection during the 50-year service life were computed 

using the FE model. The same histories of temperature and relative humidity monitored 
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during the one-year experimental test and repeated for all 50 years were used in the numerical 

simulations. The analyses were carried out only for beams with the SST+S connector type, 

which consists of a steel tube inserted into the concrete slab and screwed to the glulam beam 

with a coach screw (Specimen 2b), see Fig. 2b. The geometrical, mechanical and rheological 

properties of the timber, concrete and connection were assumed to be the same as those 

reported in Table 1, except for the thermal and moisture dilation coefficients, which were set 

to zero. The corresponding curves, which are displayed in Fig. 8 for Specimens 1a and 2a, 

represent the results of a long-term analysis with no climatic strains due to environmental 

variations (moisture strains in the timber beam, thermal strains in the concrete slab and timber 

beam), but with modelled variations in all other rheological phenomena (creep and mechano-

sorption of timber and the connection, creep and drying shrinkage of concrete). Such curves, 

which would apply to a purely theoretical case since inelastic strains are always present in a 

real composite beam, have the advantage of separating fluctuations due to seasonal 

environmental variations from the total deflection. Consequently, the typical creep curve 

characterized by increases with declining rates over time can be more easily recognized. Since 

there is only a negligible difference between the curves with and without climatic strains due 

to environmental variations (5.7% and 2.5 % at the end of the service life for Specimens 1a 

and 2a, respectively), it is convenient to refer to the latter curves in the parametric study, since 

no seasonal fluctuations confound the creep trends.

Five parameters were varied in the parametric study: (i) the mode of construction of the 

concrete slab (prefabricated off-site or traditionally cast-in-situ); (ii) the method used to 

construct the composite beam, with the timber beam propped or unpropped during assembly 

of the prefabricated slab or casting of the traditional concrete slab; (iii) the curing time t1 of

the prefabricated concrete slab, which corresponds to the time between the concrete casting 

and the connection of the prefabricated concrete slab to the timber beams; (iv) the time t2
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that the props are left in place, measured from the concrete casting for traditional systems and 

from the assembly time t1 for prefabricated systems; and (v) the time t3 between the concrete 

casting (for traditional, unpropped systems), the assembly time t1 (for prefabricated, 

unpropped systems) or from the time of prop removal t2 (for propped systems) and the time t3

when the live load is applied.  

Table 3 Cases analysed in the parametric studies 
Type of 
construction 

Time of 
curing t1 for 
prefabricated 
slabs (days) 

Time t2=(t2-t1)
the timber beam 
is left propped

(days) 

Time of props 
removal since 
the concrete 

casting t2 (days) 

Time t3=(t3-t2)
between end of 

construction and 
loading (days) 

Time of loading 
since the concrete 
casting t3 (days) 

Mid-span 
deflection in 
the long-term 

(mm) 
FIN35Pp 6 1 6+1=7 28 7+28=35 21.6 
FIN35Pu 7 0 - 28 35 23.1** 
FIN56Pp 27 1 27+1=28 28 28+28=56 20.6 
FIN56Pu 28 0 - 28 56 22.3** 
FIN84Pp 55 1 55+1=56 28 56+28=84 20.1 
FIN84Pu 56 0 - 28 84 21.8 
FIN140Pp 111 1 111+1=112 28 112+28=140 19.5 
FIN140Pu 112 0 - 28 140 21.3 
FIN393Pp 364 1 364+1=365 28 365+28=393 18.7 
FIN393Pu 365 0 - 28 393 20.6 
FIN3678Pp 3649 1 3649+1=3650 28 3650+28=3678 17.8 
FIN3678Pu 3650 0 - 28 3678 19.7 
FIN35Tp  - 7 7 28 7+28=35 22.1 
FIN35Tu - 0 - 28 35 23.9** 
FIN56Tp - 28 28 28 28+28=56 21.8 
FIN56Tu - 0 - 28 56 23.8** 
FIN372Tp - 7 7 365 7+365=372 21.6 
FIN372Tu - 0 - 372 372 23.4** 
FIN84Pp* 28 28 28+28=56 28 56+28=84 20.5 
FIN112Pp* 28 56 28+56=84 28 56+28=112 20.4 
FIN168Pp* 28 112 28+112=140 28 140+28=168 20.3 
FIN421Pp* 28 365 28+365=393 28 393+28=421 20.0 
FIN3706Pp* 28 3650 28+3650=3678 28 3678+28=3706 19.5 
FIN29Tp - 1 1 28 1+28=29 23.8** 
FIN84Tp - 56 56 28 56+28=84 21.7 
FIN140Tp - 112 112 28 112+28=140 21.6 
FIN393Tp - 365 365 28 365+28=393 21.3 
FIN3678Tp - 3650 3650 28 3650+28=3678 20.8 
FIN30Pp 28 1 28+1=29 1 29+1=30 20.8 
FIN36Pp 28 1 28+1=29 7 29+7=36 20.7 
FIN394Pp 28 1 28+1=29 365 29+365=394 20.2 
FIN3679Pp 28 1 28+1=29 3650 29+3650=3679 19.9 
FIN30Pu 29 0 29 1 30 22.5** 
FIN3679Pu 29 0 29 3650 3679 21.6 
FIN8Tp - 7 7 1 7+1=8 22.4** 
FIN8Tu - 0 - 1 8 24.2** 
FIN14Tp - 7 7 7 7+7=14 22.3** 
FIN372Tp - 7 7 365 7+365=372 21.6 
FIN3657Tp - 7 7 3650 7+3650=3657 21.2 
FIN3657Tu - 0 - 3650 3657 23.0** 

* t1 time equals 28 days for prefabricated propped systems,  ** maximum mid-span deflection higher than the upper limit value l/200 

Table 3 presents a detailed description of all composite beams analysed in the parametric 

study. The cases are labelled according to the following nomenclature: the first three (upper 

case) letters indicate the final time of analysis, here 50 years (the end of service live), 

measured from the time of load application t3 in all cases; the number specifies the time of 
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loading t3; the following upper case letter indicates the type of concrete slab, as follows, T-

traditional (cast-in-situ), P-prefabricated off-site; and the last (lower case) letter indicates 

whether the timber beam was propped (p) or unpropped (u) during concrete casting (for 

traditional systems) or connection to the timber beam (for prefabricated systems).

Influence of concrete curing time and construction method (propped or unpropped) for 

prefabricated systems 

In this analysis, two parameters were varied simultaneously: (i) the time of concrete curing t1,

set at 6, 27, 55, 111, 364 or 3649 days for propped prefabricated slabs, and an additional day 

for unpropped prefabricated slabs; and (ii) the method of construction, with the timber beam 

propped for t2=1 day or t2=0 day for unpropped systems after assembly with the concrete 

slab. The live load was applied t3=28 days after connecting the concrete slab to the timber 

beam, therefore the time from concrete casting was assumed to be t3=35, 56, 84, 140, 393 and 

3678 days. The results of the long-term numerical analyses are displayed in Table 3 and Fig. 

9. The propped prefabricated system (FIN35Pp) with a concrete slab cured for six days and 

load applied after 35 days reached a long-term deflection of 21.6 mm, while the same system 

left unpropped (FIN35Pu) reached a 6.5% greater long-term deflection, 23.1 mm. The 

systems FIN3678Pp&FIN3678Pu with concrete slabs cured for ~3650 days reached 17.8 mm 

and 19.7 mm final deflections, respectively. Hence, the modelled deflection was 9.9% greater 

for the unpropped variant, indicating that the construction method noticeably affects the 

deflection in the long-term. 
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Figure 9 Time trends of mid-span deflections for systems with propped and unpropped 
prefabricated concrete slab with indicated curing times.
Comparison of the results obtained for the FIN35Pp and FIN3678Pp systems shows that 

increasing the concrete curing time from 7 to 3650 days reduces the deflection by 17.6% 

(from 21.6 mm to 17.8 mm). Similar results are obtained for systems left unpropped 

(FIN35Pu and FIN3678Pu). These findings are consistent with expectations, since shrinkage 

of the concrete can freely occur before assembly with the timber beam when the concrete is 

allowed to cure for a longer time in the prefabrication plant, thereby reducing subsequent 

stresses and deflections in the composite beam. 

Influence of concrete slab type (prefabricated or cast-in-situ) and construction method 

(propped or unpropped) 

Another analysis was carried out to investigate possible differences between propped and 

unpropped systems with a cast-in-situ or prefabricated concrete slab. The live load application 

time t3= t3+t2 was assumed to be 35 days from the concrete casting, for a direct comparison 

between prefabricated and traditional systems. The curing time t1 of the prefabricated concrete 

slab was assumed to be seven days, and the props were left in place for t2= 7 days in the 

traditional, propped system. Based on the outcomes presented in Table 3 and displayed in Fig. 

10a (cases FIN35Pp and FIN35Tp) it can be concluded that the type of concrete slab 

(prefabricated vs. traditional) does not affect the long-term deflection if the prefabricated slab 

is allowed to cure for only seven days. In these cases, the reduction in deflection of the 
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composite beam due to reduced concrete shrinkage is negligible for prefabricated slabs. 

Similarly, there was only a 3.2% difference in deflection between the unpropped FIN35Pu 

and FIN35Tu cases. However, extending the curing time of the prefabricated slab, e.g. to 

t1=56 days (and hence t3 to 84 days), appears to provide significant advantages, as shown by 

the 8.7% reductions in deflection obtained for the FIN35Tp and FIN35Tu systems, relative to 

the FIN84Pp and FIN84Pu systems, respectively (Fig. 10b). 

a)  b) 
Figure 10 Time trends of mid-span deflections for prefabricated and traditional 
propped/unpropped systems with load application times t3 of 35 days (a) and 56 days (b) from 
concrete casting. 

Influence of propping time t2 for systems with prefabricated and cast-in-situ concrete 

slabs

Fig. 11a displays the results of the long-term analyses of the composite beams with a 

prefabricated concrete slab cured for t1=28 days, which was then connected to the timber 

beam and left propped for different times t2=0, 1, 28, 56, 112, 365 and 3650 days. The live 

load was applied t3=28 days after removal of the props and left on the beam for 50 years. 

Fig. 11a clearly shows that the influence of propping time is negligible (3% between systems 

with propping times t2 of 1 and 365 days, and 5.4% between systems with propping times of 

1 and 3650 days). However, the comparison with the corresponding cases in which the timber 

beam was left propped (FIN56Pp) and unpropped (FIN56Pu) shows that the long-term 

deflection can be reduced by 7.5% by propping the timber beam even for a short time (1 day). 



21

Fig. 11b shows results of a similar comparison for traditional composite beams with a cast-in-

situ concrete slab left propped for different times ( t2=0, 1, 7, 28, 56, 112, 365 and 3650 

days) before application of the live load to the structure t3=28 days after the prop removal 

and left in place for 50 years. Unlike prefabricated slabs, the propping time is more important 

for traditional systems. The FIN29Tp system, which was propped for only one day reached a 

long-term deflection of 23.8 mm, 7.3% more than the FIN35Tp system, which was propped 

for seven days, and very close (less than 0.5% difference) to the final deflection of the 

FIN35Tu system left unpropped. The final deflection would be 12.8% less than in a system 

left unpropped if the props were left in place for 3650 days (system FIN3678Tp). Therefore, it 

can be concluded that traditional systems should be propped for at least seven days. 

Consequently, an advantage of the system with a prefabricated concrete slab is that the props 

can be left in place for a shorter time (one day) than for traditional composite systems, in 

which the props should be left for at least seven days in order to reduce the deflection in the 

long-term.  

a)  b)

Figure 11 Influence of propping time t2 on the mid-span deflection of systems with a 
prefabricated (a) and traditional cast-in-situ (b) concrete slab. 

Influence of loading time t3 and construction method (propped or unpropped) for 

prefabricated and traditional systems 

Figure 12a presents results obtained for five different prefabricated propped systems with the 

same curing time t1=28 days, the same time t2=1 day when the timber beam was left 
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propped, but different loading times t3 of 1, 7, 28, 365 and 3650 days. Three curves 

representing results for unpropped prefabricated slabs with the same curing time t1=28 days 

and t3 of 1, 28 and 3650 days are also displayed. The small (ca. 4%) differences in mid-span 

deflections between the propped systems with the earliest and latest loading (FIN30Pp and 

FIN3679Pp, respectively) and between the corresponding unpropped systems (FIN30Pu and 

FIN3679Pu, respectively) indicate that the loading time t3 has no significant influence on the 

long-term deflection. Similar results were obtained for traditional systems with a cast-in-situ 

concrete slab. Fig. 12b displays the results of the analysis for composite beams left propped 

for t2=7 days and then subjected to a live load t3=1, 7, 28, 365, and 3650 days after the 

prop removal. Traditional unpropped systems loaded at t3=8, 35, and 3657 days from the 

concrete casting were also analysed. If the load is applied 3657 days after concrete casting the 

final deflection of both propped and unpropped beams is only 5% lower than that of 

corresponding systems loaded seven days after the concrete casting, confirming that long-

term deflection is affected very little by the loading time for both traditional and prefabricated 

systems. 

a) b)

Figure 12 Influence of loading time t3 on the mid-span deflections of systems with propped 
and unpropped prefabricated (a) and traditional cast-in-situ (b) concrete slabs.

Conclusions  

An FE model for long-term analyses of prefabricated timber-concrete composite beams was 

validated against the experimental results of a test performed at Luleå University of 
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Technology and presented in the companion paper. The uniaxial FE model rigorously 

accounts for the flexibility of the connection system and the complex time-dependent 

behaviour of the timber, concrete and connection system. The experimental results of the one-

year long-term test were extended to the end of the 50-year service life and to different 

connectors. In order to highlight advantages and disadvantages of the proposed prefabricated 

floor system, a parametric study was also carried out. Parameters investigated include the 

construction mode of the concrete slab (prefabricated off-site or cast-in-situ), the assembly of 

the composite beam (with propped or unpropped timber beam), the curing time of the 

concrete slab, and the time between the end of construction and the application of the live 

load. The main conclusions are: 

The experimental-numerical comparison indicates that the uniaxial FE model can be 

effectively used to investigate the time-dependent behaviour of prefabricated timber-

concrete composite beams. The mid-span deflection, which is the most important variable 

to evaluate in the long-term at the serviceability limit state, was predicted very well. 

Worse but still acceptable accuracy was achieved for the relative slips at the connector 

locations and timber strains, while the errors were largest for the concrete strains.  

The mid-span deflections at the end of the service life (50 years) were found to be lower 

than the acceptable limits of l/200 to l/250 recommended by current codes of practice such 

as Eurocode 5, where l is the span length. This result applies to all tested types of 

connectors for prefabricated concrete slabs, including U-shaped steel metal plates 

embedded in the concrete slab and nailed to the glulam beam, steel tubes inserted in the 

concrete slab and screwed to the glulam beam using coach screws, notches cut in the 

timber beam reinforced with coach screws, and dowels glued to the timber beam. The best 

performance in the long-term with the minimum deflection was achieved by systems with 

the notched and dowel connectors. 
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Prefabrication off-site of the concrete slab results in a reduction of the long-term 

deflection if the slab is cured for a while before connection to the timber beam. A curing 

time of 56 days, which is easily achievable during the prefabrication process, would lead 

to a reduction in long-term deflection of 9% with respect to a traditional composite floor 

with a cast-in-situ concrete slab. 

If the timber beam is propped during its assembly with the prefabricated concrete slab, a 

reduction in long-term deflection of about 7.5% can be obtained with respect to a timber 

beam left unpropped. Unlike traditional systems with cast-in-situ concrete, in which the 

props should be left in place for at least seven days in order to obtain a similar (7.3%) 

reduction in long-term deflection, for prefabricated concrete slabs the props need to be left 

in place only for one day, with a significant economic advantage. 

The long-term deflection was found to be hardly affected by the time between the end of 

construction and the live load application for both prefabricated and traditional composite 

systems.  

Further numerical analyses should be performed in order to generalize the outcomes discussed 

above. First of all, the influence of construction methods and type of concrete slab should be 

investigated for systems with different types of connector. The geometrical and mechanical 

properties of the composite beam should also be varied. In particular, additional long-term 

analyses should be carried out for long-span beams, which may fail to meet serviceability 

limit state of deflection criteria, in order to investigate the performance of the proposed 

innovative systems when they are pushed to their limits. The outcomes of this first 

investigation, however, are promising, and suggest that the proposed prefabricated system can 

perform satisfactorily in the long-term for medium-to-short spans.  
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Table A.2-1 Properties of specimens from shear test program - glulam 

Moisture content 
after shear test 

Density at MC=11% Density
after shear 

test A B 

Average
moisture
content A B 

Average
density at 
MC=11% 

Test
Specimen

[kg/m3] [%] [%] [kg/m3] [kg/m3]

SNP-1 499.1 10.81 10.61 10.71 451.8 448.5 450.2 

SNP-2 480.1 10.91 11.44 11.17 432.4 431.9 432.2 

SNP-3 420.7 10.25 10.71 10.48 363.2 400.1 381.7 

SNP-4 494.9 10.95 10.95 10.95 460.2 434.5 447.3 

SM-1 418.1 11.14 11.09 11.12 383.2 366.4 374.8 

SM-2 400.7 10.85 10.88 10.86 365.9 354.2 360.1 

SM-3 481.2 11.22 11.05 11.13 430.4 432.4 431.4 

SM-4 441.0 11.07 11.13 11.10 399.8 396.6 398.2 

SST+S-1 448.4 10.59 10.62 10.60 411.9 400.2 406.1 

SST+S-2 437.5 11.00 10.78 10.89 402.1 388.8 395.4 

SST+S-3 455.4 10.50 10.42 10.46 400.5 419.3 409.9 

SST+S-4 452.5 10.44 10.41 10.42 399.1 422.4 410.7 

SST+S*-1 505.9 11.54 11.44 11.49 470.3 433.8 452.0 

SST+S*-2 426.7 10.35 11.45 10.90 380.3 392.6 386.4 

SST+S*-3 461.5 11.97 10.93 11.45 411.8 426.4 419.1 

SST+S*-4 456.1 10.30 11.00 10.65 379.0 450.8 414.9 

SP+N-1 457.5 10.74 10.41 10.57 429.3 398.3 413.8 

SP+N-2 463.0 10.76 10.59 10.67 412.6 427.5 420.0 

SP+N-3 484.2 10.88 10.85 10.87 436.7 442.5 439.6 

SP+N-4 478.6 10.30 10.83 10.56 407.2 458.7 432.9 

SP+N*-1 451.0 12.46 12.46 12.46 395.1 413.4 404.3 

SP+N*-2 480.1 12.78 12.89 12.83 418.2 430.4 424.3 

GSP-1 504.9 10.65 10.63 10.64 447.2 470.8 459.0 

GSP-2 470.0 10.51 11.11 10.81 421.0 426.5 423.8 

GSP-3 474.4 10.58 10.68 10.63 403.2 456.6 429.9 

GSP-4 474.3 10.90 10.87 10.88 393.7 442.8 418.3 

ST+S+N-1 452.7 11.05 11.08 11.06 413.1 407.8 410.5 

ST+S+N-2 507.3 11.06 10.98 11.02 470.7 441.7 456.2 

ST+S+N-3 491.0 10.65 10.75 10.70 415.4 471.4 443.4 

ST+S+N-4 433.0 10.40 10.39 10.39 414.4 372.4 393.4 

GDF-1 451.8 11.08 10.62 10.85 390.4 427.2 408.8 

GDF-2 477.2 11.64 11.22 11.43 445.3 417.7 431.5 

GDF-3 512.9 11.26 10.95 11.11 449.2 479.3 464.3 

GDF-4 485.7 11.26 11.22 11.24 424.2 447.5 435.8 

Average 466  - - 11 - - 418 
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Table A.4-1 Properties of specimens from bending test program - glulam 

Dimensions
Specimen

1st

measurement
2nd

measurement
3rd

measurement
A B C 

Density  MC  

 [g] [g] [g] [mm] [kg/m3] [%] 

Specimen 1   

1-1 52.87 48.42 48.38 50.05 51.13 51.02 404.94 9.3 

1-2 57.4 52.49 52.45 49.93 50.79 50.95 444.25 9.4 

1-3 63.02 57.72 57.67 50.26 51.16 50.78 482.65 9.3 

1-4 63.36 58.09 58.07 50.24 51.22 51.34 479.59 9.1 

Specimen 2 452.86 9.3 

2-1 56.51 51.19 51.16 49.85 49.86 50.15 453.35 10.5 

2-2 60.73 54.95 54.9 49.88 50.03 49.93 487.40 10.6 

2-3 49.99 45.43 45.38 50.23 49.9 50.17 397.53 10.2 

2-4 55.77 50.74 50.71 49.91 50.11 49.99 446.07 10.0 

Specimen 3 446.09 10.3 

3-1 63.13 57.48 57.44 49.97 50.07 50.99 494.84 9.9 

3-2 57.04 51.93 51.89 50.06 50.29 51.22 442.35 9.9 

3-3 56.04 50.99 50.96 51.09 50 50.07 438.14 10.0 

3-4 64.68 58.65 58.6 50.87 49.78 49.94 511.45 10.4 

Specimen 4 471.70 10.0 

4-1 56.12 50.73 50.69 50.29 49.71 50.22 447.01 10.7 

4-2 59.04 53.47 53.43 50.33 50.02 49.53 473.49 10.5 

4-3 56.46 51.09 51.07 50.27 50.11 49.72 450.79 10.6 

4-4 61.65 55.86 55.79 50.28 50.02 50.14 488.89 10.5 

Specimen 5 465.04 10.6 

5-1 58.76 53.52 53.49 50.91 50.37 50.06 457.74 9.9 

5-2 57.59 52.25 52.23 50.85 50.44 49.64 452.32 10.3 

5-3 55.85 50.81 50.76 50.81 50.37 50.35 433.41 10.0 

5-4 60.19 54.69 54.66 50.93 50.35 49.77 471.61 10.1 

453.77 10.1 

458 10 
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Table A.5-1 Properties of specimens from bending test program - concrete

A  B  C  M P  Density  Strength  

L.p.

[mm] [mm] [mm] [g] [N] [kg/m3] [MPa] 

Specimen 1 - test performed on 12-06-2006 concrete cubes from 05-04-2006 

1 150.3 150.7 150.3 8015 1312 2354.36 57.92 

2 150 151.1 150.3 8193 1271 2405.07 56.08 

3 150.1 150.3 150.3 7899 1253 2329.56 55.54 

2363.00 56.51 

Specimen 2 - test performed on 20-06-2006 concrete cubes from 03-04-2006 

1 150 151.3 150.5 7927 1140 2320.82 50.23 

2 150.4 151.9 150 7939 1173 2316.70 51.34 

3 150.3 150.8 150.3 7916 1153 2323.73 50.87 

2320.42 50.82 

Specimen 3 - test performed on 22-06-2006 concrete cubes from 07-04-2006 

1 150.1 151.9 150.8 7993 1208 2324.72 52.98 

2 150 151.6 150.8 7905 1236 2305.21 54.35 

3 150 151.3 150.1 7921 1219 2325.25 53.71 

2318.39 53.68 

Specimen 4 - test performed on 04-10-2006 concrete cubes from 05-04-2006 

1 150.2 151 150.3 7984 1339 2342.15 59.04 

2 150.3 153.2 150.3 8078 1249 2334.14 54.24 

3 150.3 151.4 150.5 8074 1383 2357.59 60.78 

2344.63 58.02 

Specimen 5 - test performed on 06-10-2006 concrete cubes from 31-03-2006 

1 150.2 151.4 150.2 7832 1326 2293.02 58.31 

2 150.7 152 150.1 7965 1374 2316.59 59.98 

3 150 150.9 150 7910 1372 2329.73 60.61 

2313.11 59.64 

2332 55.7 
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Figure A.6-1 Time responses of specimen 1DYN during impact test 1a, recorded by a “V ”
accelerometer located 2220 mm from the specimen support - five tests

Figure A.6-2 Detailed time response of specimen 1DYN during impact test 1a, recorded by a “V ”
accelerometer located 2220 mm from the specimen support

Figure A.6-3 Time responses of specimen 1DYN during impact test 1a, recorded by a “V ”
accelerometer located 1110 mm from the specimen support - five tests
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Figure A.6-4 Detailed time response of specimen 1DYN during impact test 1a, recorded by a “V ”
accelerometer located 1110 mm from the specimen support

Figure A.6-5 Time responses of specimen 1DYN during impact test 2a, recorded by a “V ”
accelerometer located 740 mm from the specimen support - five tests

Figure A.6-6 Detailed time response of specimen 1DYN during impact test 2a, recorded by a “V ”
accelerometer located 740 mm from the specimen support
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Figure A.6-7 Time responses of specimen 1DYN during impact test 3a, recorded by a “V ”
accelerometer located 555 mm from the specimen support - five tests

Figure A.6-8 Detailed time response of specimen 1DYN during impact test 3a, recorded by a “V ”
accelerometer located 555 mm from the specimen support

Figure A.6-9 Time responses of specimen 1DYN during impact test 4a, recorded by a “V ”
accelerometer located 444 mm from the specimen support - five tests
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Figure A.6-10 Detailed time response of specimen 1DYN during impact test 4a, recorded by a “V ”
accelerometer located 444 mm from the specimen support

Figure A.6-11 Time responses of specimen 1DYN during impact test 5a, recorded by a “V ”
accelerometer located 370 mm from the specimen support - five tests

Figure A.6-12 Detailed time response of specimen 1DYN during impact test 5a, recorded by a “V ”
accelerometer located 370 mm from the specimen support
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Figure A.6-13 Time responses of specimen 2DYN during impact test 1b, recorded by a “V ”
accelerometer located 2220 mm from the specimen support - five tests

Figure A.6-14 Detailed time response of specimen 2DYN during impact test 1b, recorded by a “V ”
accelerometer located 2220 mm from the specimen support

Figure A.6-15 Time responses of specimen 2DYN during impact test 1b, recorded by a “V ”
accelerometer located 1110 mm from the specimen support - five tests
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Figure A.6-16 Detailed time response of specimen 2DYN during impact test 1b, recorded by a “V ”
accelerometer located 1110 mm from the specimen support 

Figure A.6-17 Time responses of specimen 2DYN during impact test 2b, recorded by a “V ”
accelerometer located 740 mm from the specimen support - five tests

Figure A.6-18 Detailed time response of specimen 2DYN during impact test 2b, recorded by a “V ”
accelerometer located 740 mm from the specimen support
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Figure A.6-19 Time responses of specimen 2DYN during impact test 3b, recorded by a “V ”
accelerometer located 555 mm from the specimen support - five tests

Figure A.6-20 Detailed time response of specimen 2DYN during impact test 3b, recorded by a “V ”
accelerometer located 555 mm from the specimen support

Figure A.6-21 Time responses of specimen 2DYN during impact test 4b, recorded by a “V ”
accelerometer located 444 mm from the specimen support - five tests



Development of Prefabricated Timber-Concrete Composite Floors 

A-18

Figure A.6-22 Detailed time response of specimen 2DYN during impact test 4b, recorded by a “V ”
accelerometer located 444 mm from the specimen support

Figure A.6-23 Time responses of specimen 2DYN during impact test 5b, recorded by a “V ”
accelerometer located 370 mm from the specimen support - five tests

Figure A.6-24 Detailed time response of specimen 2DYN during impact test 5b, recorded by a “V ”
accelerometer located 370 mm from the specimen support 
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Figure A.7-1 Test 1a - frequency response of specimen 1DYN from two measured points in five impact 
tests (accelerometer V— located 2220 mm and accelerometer V located 1110 mm distance from specimen 
support)

Figure A.7-2 Test 2a - frequency response of specimen 1DYN from two measured points in five impact 
tests (accelerometer V— located 2220 mm and accelerometer V located 740 mm distance from specimen 
support)

Figure A.7-3 Test 3a - frequency response of specimen 1DYN from two measured points in five impact 
tests (accelerometer V— located 2220 mm and accelerometer V located 555 mm distance from specimen 
support)
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Figure A.7-4 Test 4a - frequency response of specimen 1DYN from two measured points in five impact 
tests (accelerometer V— located 2220 mm and accelerometer V located 444 mm distance from specimen 
support)

Figure A.7-5 Test 5a - frequency response of specimen 1DYN from two measured points in five impact 
tests (accelerometer V— located 2220 mm and accelerometer V located 370 mm distance from specimen 
support)

Figure A.7-6 Test 1b - frequency response of specimen 2DYN from two measured points in five impact 
tests (accelerometer V— located 2220 mm and accelerometer V located 1110 mm distance from specimen 
support)
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Figure A.7-7 Test 2b - frequency response of specimen 2DYN from two measured points in five impact 
tests (accelerometer V— located 2220 mm and accelerometer V located 740 mm distance from specimen 
support)

Figure A.7-8 Test 3b - frequency response of specimen 2DYN from two measured points in five impact 
tests (accelerometer V— located 2220 mm and accelerometer V located 555 mm distance from specimen 
support)

Figure A.7-9 Test 4b - frequency response of specimen 2DYN from two measured points in five impact 
tests (accelerometer V— located 2220 mm and accelerometer V located 444 mm distance from specimen 
support)
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Figure A.7-10 Test 5b - frequency response of specimen 2DYN from two measured points in five impact 
tests (accelerometer V— located 2220 mm and accelerometer V located 370 mm distance from specimen 
support)
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Figure A.8-1 Load-slip curves for the first connectors near the support of specimen 1 with numerical 
comparison

Figure A.8-2 Load-slip curves for the second connectors of specimen 1 with numerical comparison 



Development of Prefabricated Timber-Concrete Composite Floors 

A-24

Figure A.8-3 Load-slip curves for the third connectors near the loading point of specimen 1 with 
numerical comparison 

Figure A.8-4 Load-slip curves for the first connectors near the support of specimen 4 with numerical 
comparison
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Figure A.8-5 Load-slip curves for the second connectors of specimen 4 with numerical comparison 

Figure A.8-6 Load-slip curves for the third connectors of specimen 4 with numerical comparison
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Figure A.8-7 Load-slip curves for the fourth connectors of specimen 4 with numerical comparison 

Figure A.8-8 Load-slip curves for the fifth connectors of specimen 4 with numerical comparison 
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Figure A.8-9 Load-slip curves for the sixth connectors near the loading point of specimen 4 with 
numerical comparison

Figure A.8-10 Load-slip curves for the first connectors near the support of specimen 3 with numerical 
comparison
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Figure A.8-11 Load-slip curves for the second connectors of specimen 3 with numerical comparison 

Figure A.8-12 Load-slip curves for the third connectors of specimen 3 with numerical comparison



Appendix 8 

A-23

Figure A.8-13 Load-slip curves for the fourth connectors near the loading point of specimen 3 with 
numerical comparison










