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Abstract 
 
Timber concrete composites (referred to as TCC beams here onwards) consist of a 

concrete slab integrally connected to the timber joist by means of a shear connector. 

The coupling of a concrete layer on the compression side and timber on the tension 

side of cross-section results in efficient use of both materials.  As the timber joist is 

mainly subjected to tension and bending while the concrete flange is mainly 

subjected to compression. The connection plays an important role for the composite 

action in determining the structural and serviceability performance of the system. 

Use of stiff and strong connection system contributes to a suitable bending strength 

and stiffness of the TCC together with other mechanical properties..  

 

Design of timber-concrete composite systems requires verification of serviceability 

and ultimate limit states. With the increasing trend in long span and light-weight 

construction, design of these floors may be governed by serviceability limit states 

and deflection under long-term load is one of the serviceability criteria that need to 

be addressed. 

 

The long term behaviour of timber-concrete structures depends on a number of 

phenomena taking place in its components. Phenomena such as creep and shrinkage 

effects in concrete, creep, shrinkage or swelling effects in timber and creep in 

connection affect long term strength, stiffness and deflection behaviour of timber-

concrete composites. Creep due to variation in the moisture (mechano-sorptive 

creep) plays a major role in the long term behaviour of TCC floors. Few long-term 

experimental tests conducted so far have been reported in the literature. 

 

The objectives and scope of this study are to conduct long–term experimental test on 

timber-concrete composite beams, analyse the results to determine the creep 

coefficient of the composite system and compare the experimental results with the 

analytical solutions in accordance with Eurocode 5, in which the effective modulus 

method is used to account the effect of creep. 
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To achieve the aforementioned objectives, a long-term laboratory investigation was 

started in August 2010 on four 5.8m span TCC beams with four different connector 

types. The specimens have been under sustained loads of 1.7kPa and subjected to a 

cyclic humidity conditions whilst the temperature remains quasi constant (22 °C). 

During the test, the mid-span deflection, moisture content of the timber beams and 

relative humidity of the air are continuously monitored. The long-term test is still 

continuing, two TCC beams were unloaded and tested to failure after 550 days, while 

the other two TCC beams are still being monitored and this report included 

experimental results up to the first 1400 days only. The long-term investigation on 

the two timber only composite floor beams commenced on March 2013 and the 

results are reported for the first 800 days from their commencement. 
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1 Introduction 

1.1 History and Background of Timber-Concrete 

composites 

Timber is the oldest renewable natural building material and had been the primary 

structural material until the beginning of the 20th century (Freedman et al. 

2002).Timber has a very old history in the construction of the buildings and foot 

bridges in Australia, Europe and the rest of the world. Timber is a widely available 

and flexible building material and is the only renewable material used in large 

quantities in construction. Although construction materials have been dominated by 

concrete and steel since the 20th century, the shortage and higher cost of steel and 

concrete materials has opened a renewed interest in the use of timber as a 

construction material. Wood structures possess least embodied energy and this also 

played important role in the recent acceptance of timber concrete composites 

structures. It possess the least embodied energy (the energy required to acquire raw 

materials as well as to process, manufacture, transport and construct) when compared 

to similar structures of concrete or steel. Wood structures also consume the least 

amount of operational energy (energy used for heating, cooling, lighting, etc.). Both 

embodied and operating energy mainly use non-renewable fossil fuels, which release 

deleterious greenhouse gases, such as carbon dioxide and nitrous oxide, into the 

environment (Clouston 2004).  The traditional timber floors structures have low 

stiffness, are susceptible to vibration and have relatively low acoustic insulation due 

to their inherent low density. The desire to build long-span and light weight 

constructions coupled with the need for refurbishment of the exiting old traditional 

timber floors led to the introduction of this new technique of combining concrete 

with timber. This technique involves connecting a timber joist to a concrete topping 

with a shear connector between the two materials (the top concrete and bottom 

timber joist) as shown in Figure1. 
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Figure 1: Timber-concrete composite floor (adopted from SFS-Holz Beton-

Verbundsystem) 

The refurbishment of TCC involves installing the fasteners in the wood members and 

pouring a concrete slab over the existing timber floor which becomes permanent 

formwork. Temporary shoring is generally provided to support the weight of the wet 

concrete prior to curing and achieving composite action. Wooden floors in existing 

buildings are not the only structures in need of renovation and strengthening. There 

are, for instance, many deteriorated short-span wooden bridges which were 

renovated and strengthened by adding a top layer of concrete on old wood structures 

and as Dias (2005) reported, a large number of timber-concrete bridges were also 

built in Australia between the 1950’s and 80’s with lengths varying between 6 m and 

37.3 m and in New Zealand in the 70’s with spans from 6 m to 24.5 m. 

 The primary advantage of connecting the timber concrete to the wood is composite 

action. The wood and the concrete act in unison and thereby achieve overall stiffness 

and strength that is superior to that of either of the components acting alone. 

Some of the beneficial characteristics of these composite systems are; 

 They are lighter in weight and therefore the overall weight of the 

superstructure will be lower than that for concrete structures. This will 

normally result in reduced foundation sizes. 

 TCC system provides good insulation and acoustic performance. 
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 TCC floors have higher load carrying capacity than traditional timber floors, 

provided a good shear connection between timber and concrete is achieved. 

 TCC floor systems have improved fire performance as compared to timber 

only structures. 

Timber concrete composite system obtained by interconnecting timber joists with 

concrete slab using a connection system makes it possible to exploit the desirable 

properties of concrete and timber to the maximum level. The collapse and long-term 

behaviour of TCC floors is characterised by complex interaction between the 

components of the floor system, namely, concrete, timber and the connections 

system.  

The long-term behaviour of timber structures depends upon several factors such as 

stress level, moisture content and temperature. The main long-term design parameter 

for TCC floors is deflection. It is possible to control the long-term deflection in 

timber significantly by application of surface treatment against moisture (Ranta-

Maunus 2000).  However, the long-term performance of TCC floors depends on a 

number of phenomena taking place in its components. Phenomenon such as creep 

and shrinkage effects in concrete, creep, shrinkage or swelling effects in timber and 

creep in the connections, affect long-term strength, stiffness and deflection behaviour 

of TCC. Creep due to variation in the moisture (mechano-sorptive creep) plays a 

major role in the long-term behaviour of TCC floors. Factors such as size, surface 

properties, loading type, length environmental cycle, etc also indirectly affect the 

long-term behaviour of the TCC floors (Toratti 2004). 

The concrete part of the TCCs may be normal weight concrete, light weight concrete, 

prestressed or pre-cast concrete. The use of different type of concrete affects the 

interface and the bending stiffness of composite. The use of low shrinkage concrete 

or precast concrete slabs which are allowed to shrink first before connecting to the 

timber are some of the possible solutions to reducing long-term deflection for long-

term applications (Yeoh 2009). 

1.2 Research objectives and scope 

The objective of this research work was to experimentally investigate the long-term 

performance of timber-concrete composite beams under service loads and subjected 
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to cyclic humidity conditions. To fulfil this objective, the research is subdivided into 

the following milestones as summarized below;  

(i) Conduct Long–term experimental tests of timber-concrete composite beams 

under cyclic moisture conditions.  

(ii) Compare the experimental results with deflection predicted analytically based 

on the Eurocode 5 calculation procedures for long-term performance of TCC 

beams.  

(iii) Conduct serviceability and ultimate short-term tests on two TCC beams to 

investigate the residual stiffness and strength after long-term tests. 

(iv) Conduct a long-term investigation on timber-timber floor beams to establish a 

difference of behaviour between TCC and timber only composite beams 

under identical humidity conditions  

Whilst the results can be used for development and validation of models for use in 

numerical modelling, but this is outside the scope of this thesis. 

1.3 Research Significance 

The purpose of this research project was to explore the long-term behaviour of TCC 

beams under cyclic moisture conditions. The long-term performance of TCC beams 

under service loads is still not well understood and the results of this research will 

produce valuable information for design engineers to use in the serviceability 

analysis of these structures. 

Some of the specific questions addressed by this works are; 

 The behaviour of TCC beams under cyclic moisture conditions under service 

loads in bending 

 The relative deflection of the TCC beams, i.e. the long-term deflection of the 

beams as a multiple of their short-term deflections. 

 The loss in stiffness and/or strength of TCC beams due to the long-term test.  
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1.4 Limitations 

The work presented in the thesis has several limitations, including the following: 

 Only the behaviour of TCC under service loads is investigated 

 The vertical displacement of the beams at the supports is not measured, and 

the mid span displacement is not checked (compared) against the support 

settlement that may be caused by compression of the seatings at the supports. 

It should be noted that this was not observed to be significant. 

 Although the oven-dried method gives accurate moisture content 

measurement for the test samples, this measurement will give the 

approximate average MC of the joist but may not give the actual moisture 

content in the LVL joist in the TCC beams. 

 The horizontal displacement (slip) under long-term loading between the LVL 

and concrete is not monitored and hence no creep coefficient for connection 

is investigated in the tests. 

 The long-term test is limited to LVL 250x45 mm section size. 

1.5 Outline of the thesis 

The thesis has been divided into seven chapters. 

Chapter 1 is introduction and background; it covers the development of the 

composite systems and also discusses the theory of composite systems. In this 

section the objectives, scope and the significance of this research are also elaborated.  

Chapter 2 is a literature review and serves as the foundation for the thesis. It deals 

primarily with the short term and long term experimental investigation of various 

types of TCC beams and connections. It also discussed the guidelines provided for 

long-term evaluation of TCC beams in procedures using Eurocode 5. 

Chapter 3 introduces the properties of the composite beam under investigation as part 

of this thesis. The characteristics and geometry of the TCC beams are presented in 

this chapter. This section also discussed the short-term tests conducted on the TCC 

beams and the composite behaviour achieved through the composite action of the 

two materials (Concrete and Timber). 
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Chapter 4 accounts for the full scale long-term experimental investigations that were 

conducted which is the main focus of the research work. The environmental 

condition of the humidity chamber and, the behaviour exhibited by the TCC beams 

under these extreme conditions will be discussed. 

Chapter 5 the current design procedure described in Appendix B of Eurocode 5 for 

timber-concrete composite structures for serviceability and ultimate limit state 

verifications for the TCC beams is tried. A prediction for long-term deflection of the 

TCC beams is also presented, and recommendations are also made.  

Chapter 6 the short-term collapse tests done on the beams before and after the long-

term test is reported here. The residual stiffness and strength of the TCC beams due 

to the long-term effect are discussed in this chapter. The ultimate strength of the 

beams is evaluated using Eurocode 5 provisions and compared against the 

experimental results. 

Chapter 7 discusses the long-term experimental result of two timber composite 

beams and comparison also made with the theoretical long-term deflections expected 

from the beams.  

Chapter 8 presents the conclusions drawn from this work, together with a summary 

of the findings from each chapter. 

Chapter 9 this chapter recommended additional possible research areas that are very 

crucial to fully understand the long-term behaviour of TCC beams. Some of the 

proposed future works would involve creep tests on timber-concrete connections to 

determine the creep coefficients for the connection by measuring slip with time. 
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2 Literature review 

2.1 Timber-Concrete composite structures 

Timber-concrete composite structures represent a technique used for building new 

structures or upgrading the strength and stiffness of existing timber traditional 

structures. In timber-concrete composite structures, 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. Although 

this technique exploits the desirable characterises of the component materials, the 

different behaviour of the three component material (concrete, timber and connector) 

in their life time makes the long-term investigation of this structures very complex. 

The timber part of the composite can be glue laminated timber (Glulam), laminated 

veneer lumber (LVL) and parallel strand lumber (PSL) which is then connected to a 

concrete overlay with a shear connector.  

Laminated veneer lumber (LVL) is an engineered timber product, which can be used 

as beams, plates, members of trusses and shells. It consists of 3-4 mm thick laminates 

that are glued together. The veneers are made by peeling logs with thickness ranging 

from 1 to 5 mm. The grain on each veneer runs in the same direction giving 

orthotropic properties similar to those of sawn timber. Some LVL members are made 

with a few laminations laid up at right angles to enhance the shear strength which is 

referred to as cross-banded LVL. 

Like other engineered timber products LVL has numerous advantages over sawn 

timber, such as, 

 A defect occurring in one laminate hardly affects the rest of the member. 

Defects are distributed evenly over the member. Therefore the natural 

strength reducing characteristics are minimized. This gives LVL higher 

characteristics strength and more uniform stiffness compared to the raw 

material. Furthermore the properties show less variation. 

 After fabrication, LVL is quite dry with a moisture content of approximately 

10-12 %. Thus dimensions are more accurate and moisture related distortion 

of the shape is not a problem. 
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 Manufacturing of LVL is not limited by the size of trees and therefore can be 

produced in nearly unlimited sizes. 

 Although LVL is not solid timber it still has nearly the same good 

architectural appearance as natural timber. 

The connection between the two elements (timber and concrete) is the critical part of 

any composite structure. This component is usually referred to as the shear 

connector. The most commonly used shear connectors in timber-concrete composite 

structures include; nails, screws, rebar plates, tubes, hollow steel sections, glue and 

notched systems. A detailed review of exiting TCC connection systems will be 

discussed in the next section of this chapter.  

2.2 Composite action of timber-concrete composite systems 

If a concrete slab is cast freely on top of a beam and the friction is assumed to be 

negligible, the beam and the slab will act separately to resist flexural actions (Figure 

2c). Their separate action will give rise to a slip between the slab and the beam upon 

loading. By interconnecting concrete and timber, however, this slip can be reduced. 

Preventing slip results in reduced vertical displacement as well. Thus, by 

interconnecting two elements, their combined bending stiffness can be increased. 

This phenomenon of two components working together as opposed to acting 

separately is known as a composite action. The degree of composite action achieved 

increases with the stiffness of the connection and the shear connectors are key 

elements of a composite system. There are two bounds of composite action: 

 A lower limit 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 (shear) between the two layers through either 

mechanical bonds or friction (Figure 2c). The layers have individual neutral 

axes and there is discontinuous flexural strain at the timber- concrete 

interface. 

 An upper limit termed as “fully composite action”, displayed by timber and 

concrete components that are rigidly connected with no interlayer slip and 

with complete shear force transfer between the layers. The cross-sections 



9 

 

have a single neutral axis and identical flexural strains at the timber-concrete 

interface (Figure 2a). Consequently, the transformed section method can be 

validly applied to analyse stress in such systems. 

 Most of TCC connection systems in reality are deformable and allow some 

horizontal movement “slip” at the interface. Such behaviour is called as “partial 

composite system” (Yeoh 2010). The single neutral axes splits and as slip between 

the layers increases the two neutral axes move further apart. Hence slip between the 

timber beam and concrete slab reduces the efficiency of the cross-section. A rigid 

connection is difficult to achieve, yet minor slippage between the two layers are also 

beneficial for stress redistribution along the shear connectors.  

 

Concrete slab
Timber

no slip

small
deflection

(a) Full composite action

(b) Partial composite action

(c) No composite action

Strain
diagram

medium
deflection

large
deflection

small
slip

large
slip

Strain
diagram

Strain
diagram

 

Figure 2: The concept of composite action; (a) fully composite action, (b) partial 

composite action and (c )  No composite action 

 

The amount of interlayer slip and deflection in the composite beam are significantly 

affected by the strength and stiffness of the interlayer connection system. Balogh et 

al. (2008) has described composite efficiency as a measure to determine the expected 
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long term deflection of a TCC beam and the composite efficiency can be quantified 

using equation 1. 

 

E = [DN-DI  /  DN-DC] * 100 Equation 1

Where: DC is the theoretical fully composite deflection (calculated by the 

transformed section method; upper limit), DN is the theoretical fully non-composite 

deflection (calculated as a two layered without shear transfer; lower limit), and DI is 

the measured deflection for incomplete composite action of the beam. The efficiency 

can vary between 0 % and 100 % for ideal cases with no connection and fully rigid 

connection, respectively. It may be also convenient to define the efficiency of a shear 

connection for a composite beam, using the following equation (Lukaszewska 2009). 

 =  [EIreal-EI0  /  EI -EI0 ] Equation 2

Where:  is the efficiency of the interlayer connection, EI  is the bending stiffness of 

the beam with a theoretical full composite action, EIo is the bending stiffness of the 

beam with no composite action and EIreal is the actual bending stiffness of the beam. 

When 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 EIo and thus  0. 

The bending stiffness of a composite system EI can be calculated using the formulas 

recommended in Eurocode 5 Annex B and is covered in detail in section 2.6 of this 

paper. 

Relatively rigid shear connectors should be used in composite structures to limit 

deflection; however rigidity is not the only desirable characteristics of timber-

concrete shear connectors. In order to avoid sudden brittle failures in the composite 

structure the shear connector is required to be sufficiently ductile behaviour in 

addition to ease and cost of manufacturing.  

It should be emphasised that the correlation between the bending stiffness of 

composite structure, often referred to as the effective bending stiffness, and the 

stiffness of the connection is not linear. Dias (2005) presents the graphical (Figure 3) 

representation of the correlation between the stiffness of the connection and the 

effective bending stiffness of a composite beam. 
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Figure 3: Graphical representation of the correlation between stiffness of a shear 

connection and the effective bending stiffness of a composite floor (Dias 2005). 

 

As shown in Figure 3, increasing the stiffness of a connection beyond certain limits 

has no benefit since it has no significant impact on the effective bending stiffness of 

the TCCs. However, a connection is required to be above certain limits to serve its 

purpose satisfactorily and Linden (1999) in his study concluded that the bending 

stiffness could increase up to a maximum of 4 times by introducing composite 

action. This was only possible using an infinitely stiff connection and certain 

combinations of geometric and material properties (Dias 2005). 

2.3 Timber-concrete connections 

The first timber-concrete composite joints used were those adopted from timber joint 

types (Linden 1999). The relatively low slip modulus of these joints led to the 

development of new connector types that were especially manufactured to be used in 

timber-concrete composites. The connection system can be either a discrete 

mechanical fastener or a continuous system. The discrete mechanical fasteners 

include coach screws, specific proprietary screws such as SFS screws, nail plates, 

dowels, rebar, stud connectors such as the “Tecnaria connector” screwed in to the 

timber, plugs with different shapes (with or without mechanical reinforcement), and 

notched details. Continuous systems include steel lattices glued and milled into the 
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timber; punched metal plates glued and milled into the timber, glued in steel meshes 

such as the HBV system, and punched steel profile screwed into the timber. 

The connection element between the concrete and timber components which is 

referred to as “shear connector” is the critical part of the composite system. In 

addition to being stiff, a shear connector needs to have certain strength, or shear 

capacity, in order not to fail. The strength and stiffness of a composite beam is 

dependent on both the stiffness and strength of its connectors. Increasing the number 

of connectors could substitute the lack of stiffness and strength of connectors but it 

will also increase the construction costs (Linden 1999). 

The stiffness, strength and post peak behaviour of connectors is often investigated by 

conducting symmetrical or asymmetrical shear tests. These tests are commonly 

called as “push-out tests”, since they involve the pushing out of one of the 

components of the test specimen. Figure 4 shows a typical setup of a symmetrical 

push-out test (Dias 2005). 

 

 

Figure 4: Setting of a symmetrical push-out test 

 

The experimental assessment of strength and deformation properties of timber-

concrete connectors is usually done according to the EN26891 (1991). These 

standards set out the rules and principles for the determination of the strength and 

deformation properties of timber-timber joints made with mechanical fasteners. 

However, since there is no specific standard for timber-concrete connector, this 

procedure is normally used (Dias 2005). 
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Figure 5: load-time curves for tests according to EN 26891(Dias 2005) 

 

The test is conducted with a loading procedure as shown in Figure 5. After 

conducting the push-out tests, the shear capacity, stiffness and post-peak behaviour 

of the connector can be accessed from studying the load-displacement curves. The 

shear capacity is equal to the peak value of the load in the load-displacement (slip) 

curve or the load for a displacement of 15 mm as it is indicated in the standards and 

the stiffness is assessed by determining the slip-modulus “k”, of the connector. The 

post-peak behaviour of the connector can be defined as “the connector’s behaviour 

under loading after failure has occurred”. Good post peak behaviour for connectors is 

considered to be ductile. Since the failure mode of concrete as well as the 

tensile/bending failure mode of timber can be considered brittle, it would be 

desirable to have failure occur in shear connector with ductile post peak behaviour. 

This would lead to a slow increase in deflection before the final failure. 

The most commonly used methods of joining concrete to timber, as classified by 

Ceccotti (1995) are shown in Figure 6. The shear connectors are grouped, according 

to their stiffness, in four groups: Connections 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 6: Examples of timber-concrete connections with: nails (A The concept of 

composite ); 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 fastener preventing uplift (C1);square 

indentations, (C2); cup indentations and pre-stresses 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 plat glued to timber (D2) (Ceccotti 1995) 

 

Group D connectors are generally considered to be rigid connections. In this group 

design calculations for connections can be easily made since there is negligible slip 

between the concrete layer and timber member and the concrete section can be 

“transformed” to an equivalent timber section. On the other hand group A to C 



15 

 

connectors are least rigid, they are known as semi rigid connectors or flexible 

connector which is quite typical for most TCC connections. They are characterised 

by varying levels of slip and the analysis requires complex design solution. Dias 

(2005) also presented typical load-slip curves for a number of different joint in order 

to allow a direct and easier comparison between the different joint systems. As 

indicated glued and notched connections have higher stiffness’s as compare to nail or 

dowel type of fasteners Figure 7). 

 

 

Figure 7: Typical load-slip behaviour for different types of joints. (Dias, 2005) 

 

Existing shear connectors are further discussed in this section in terms of their 

strength and stiffness as determined in shear tests and observed efficiency in the 

composite systems. A detailed review of different connector types are presented in 

Lukaszewska (2009), few of the shear connectors which are relevant to this project 

are presented here; 

2.3.1 Nails 

Nails represent the simplest types of shear connectors. Nails are used by embedding 

them partly into timber, enabling the top to become embedded in the concrete upon 

casting the slab. Several tests have been carried out on nails as shear connectors. The 

strength and slip modulus of nail connections depends on the spacing and depth of 
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penetration. Unnikrishna (1977) used a commercially available 3 mm and 5 mm wire 

nails as shear connectors and subjected to push-out tests. Nails driven straight and 

inclined (with the head points towards and in the opposite direction of the shear) 

were tested. The main conclusions were that the minimum spacing of nails should 

not be less than 10 times their diameter to avoid damaging the wood, and the length 

of embedment of the nails in to the concrete should be at least 25 mm in the 

compressive zone and at least two-third of the length of the nail should penetrate into 

the timber. Placing the nails at 45° inclination, with the head pointing in the direction 

of the shear on the timber surface will result in higher strength and lower slip. Push-

out tests have shown that the penetration of a nail into wood should be approximately 

eleven times the diameter in order to reach maximum efficiency. Furthermore, full 

scale bending test with nails penetrating to this depth show that the load carrying 

capacity of a floor is doubled while at the same time decreasing deflection (Andreas 

2010). 

2.3.2 SFS-Screw (VB 48-75x100) 

Necessities to reduce the cost of fabrication of the connection led to the development 

of the RF2000 composite action system. (Meierhofer 1992) 

 

The VB 48-75x100 produced by SFS Intec, commonly known as SFS-screw, is a 

connector specifically developed for timber-concrete composite structures. Two 

heads allow for the lower part of the screw to be fixed in the timber joist while the 

top part is anchored in the concrete. The core of this system is a special high strength 

steel connector “stadler VB-48-7,5x100” developed by SFS Stadler SA in Heerbugg, 

Switzerland. This connector (shown in Figure 8) is composed of two parts: the upper 

50 mm long part with a diameter of 6 mm acting as the anchor in the concrete and a 

100 mm long ‘wood anchor’ with a thread having an outer diameter of 7.5 mm and a 

core of 4 mm. 

 



17 

 

 

Figure 8:  SFS VB screw 48-7.5x100 (Lukaszewska 2009) (all dimensions in 

millimetres) 

 

Meierfoher (1992) conducted several types of tests to evaluate five different 

arrangements of connectors with straight and inclined nails at 45° (Figure 9). The 

highest stiffness was obtained about 60 % with type “d” arrangements and the least 

stiffness was obtained with connectors arranged vertically with type “a” 

arrangements. The knowledge acquired with shear test was finally implemented in 

two series of bending tests on a 4 m span beam. The TCCs with the crossed 

arrangements of the connectors proved to be more than three times as stiff as the 

ones with perpendicular arrangements in short-term tests. 
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Figure 9:  Arrangement of the connectors in bending tests described by (Meierhofer 

1992) 

 

Linden (1999) conducted extensive research to determine the load-carrying capacity 

of timber-concrete composite beams. Four types of timber-concrete composite beams 

were tested, SFS screws installed at 45°, with an interlayer of 28 mm particle board 

(Figure 10), nail plates bent at an angle of 90°, reinforcement bar with a concrete 

notch and grooved connections in LVL. 
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Figure 10: Beam with SFS screw as shear connector (Van Der Linden, 1999) (all 

dimension in millimetres) 

 

The average strength reached by screws in the shear test was around 30 kN and the 

strongest composite beams were with SFS screw. The failure load was 38 kN in a 4-

point bending test with mid-span deflection reaching 100 mm. In bending tests all the 

beams failed due to timber tension failure. It was concluded that the connectors 

satisfied the serviceability and ultimate limit state requirements. 

The best performance is achieved when placing the screws pair-wise, inclining the 

screws, within the pair at 45° and 135°, respectively. This allows the screw tilted in 

the direction of the shear force to absorb tensile forces, while the screws tilted in the 

opposite direction acts as a stiffener (Andrews 2010). 

2.3.3 Notch-type connection with and without dowel 

A very simple type of connector can be created by drilling holes/dimples in the 

timber beam. Upon casting of concrete, a concrete plug is formed that has the ability 

to transfer shear forces between concrete and the wood (Andreas 2010). A full 

composite action can be achieved without the use of any steel connectors, i.e. the 

small-scale dimples used as shear connectors (which are located in the concrete slab) 

can provide effective shear transfer (Yttrup 1996). 

 

Linden (1999) also studied grooved connections with dowels (Figure 11), this type of 

connectors 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 a corresponding load of about 52 kN. The slip recorded was 15 mm at 



20 

 

failure. A 4-point bending test on a 5.4 m span beams was also performed and 

maximum load was 64 kN with mid-span deflection of 80 mm.  

 

 

Figure 11: Timber-concrete connection with grooved holes and dowels ( Linden, 

1999) (dimensions in mm) 

 

Gutkowski (2004) investigated a timber deck and a concrete slab interconnected by a 

notched shear key/anchor connection detail (Figure 12). Sixty slip test specimens 

were constructed and tested with three different notch configurations. The highest 

slip modulus was reached with 152 mm wide and 38 mm deep notch while the lowest 

slip was reached with 102 mm wide and 25 mm deep notch. From the 4-point 

bending test (Gutkowski 2007) the composite efficiency measured from mid-span 

deflection was 57 – 70 % for 3.5 m span with four 32x128 mm notches. The distance 

from the edges of the beam to the first notch, and the spacing between notches, was 

330 mm. The concrete and wood layers (nail planks) were 64 mm and 89 mm thick 

and 267 and 305 mm wide respectively. The failure was characterized by flexural 

tensile in the wood and the poor construction of the notch connections resulted in 

low performance of the system. 

 



21 

 

 

Figure 12: Shear key connection detail (Gutkowski 2004) (dimensions in mm) 

 

Kuhlmann et al. (2004) proposed a connection system consisting of grooves 20 mm 

deep and 200 mm long in the timber and screws with a diameter of 12 mm at spacing 

of 250 mm installed and tightened after hardening of the concrete, to handle the 

tensile force in the connection caused by the resulting eccentric bending moment. 

The tests showed that the presence of the screws had no significant effect on either 

the load carrying capacity or the stiffness of the connectors. 

Dias (2005) performed a large number of experimental shear-tests on dowel type 

fasteners and notched joints to evaluate their short-term and long-term mechanical 

performance. The dowel types were produced from short pieces of steel, smooth or 

profiled reinforcing bars, with three different types of timber; spruce, maritime pine 

and chestnut and low strength/light weight normal strength and high strength 

concrete. The summary of the resulted tabulated showed the strength and stiffness of 

the dowel joints were affected due to the change in diameter of the dowel and the 

type of concrete. The use of profiled dowels gave very high strength as compared 

using smooth dowel types. The influence of timber is more on stiffness than on the 

strength. Dias (2005) also conducted experimental tests on composite beams with 

nails to evaluate the approachability of the design procedures proposed by Ceccotti 

(1995) and 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 %. The 
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experimental deflections of timber-concrete slabs with nails were around twice as 

large as the expected deflection for full composite action. 

Deam et al. (2008a) and Yeoh et al. (2008) proposed and conducted shear tests on 

range of shear connectors mostly of notch/plug connector types. The research was to 

identify the most efficient and cost effective shear connectors for an 8 m timber-

concrete composite floor with LVL beam. Concrete plugs reinforced with a screw or 

steel pipe provided the best stiffness, strength and post-peak behaviour. For 8m 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 screw was subjected to quasi-static and dynamic tests to obtain 

indications of the structural performances of the LVL-concrete composite system. 

The obtained efficiency at 50 kN load was 93 % and at 150 kN load was 71 % while 

the failure load was 158 kN (Deam et al. 2008b).The composite system had 295 % 

greater stiffness ad 74 % greater strength than the bare LVL beam. 

Rectangular notches reinforced with coach screw connectors have also been used in a 

new system for multi storey timber buildings with timber-concrete composite floors 

developed in New Zealand (Buchanan et al. 2008). The typical section of the TCC 

system used is shown in Figure 13. Notches are cut from the LVL joist before the 

plywood interlayer is nailed, the span of between 8 m and 10 m requires six to eight 

connectors along the length of each joist to provide adequate composite action. 

 

 

Figure 13: Semi prefabricated “M” section panel (Buchanan et al. 2008) 

(dimensions in mm) 
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Lukaszewska (2009) conducted extensive research on seven types of shear 

connectors to investigate the strength and slip modulus. To assess the mechanical 

properties and structural performance of the prefabricated concrete composite floors 

systems, five bending tests to failure were carried out with full-scale 4.8 m span. The 

TCC floors had a triplet T-sections with glulam joists (Figure 14). The concrete slab 

was prefabricated off-site with mounted connectors. Three specimens had lag screws 

surrounded by steel pipes whilst two specimens had metal nailed to the glulam joists. 

The composite action achieved was only 60 % and 30 % with lag screws and metal 

plates, respectively. The use of a notched connection together with the steel pipe and 

lag screw is a possible way suggested by the authors of improving the connection 

efficiency as explained on section 2.2. 

 

 

Figure 14: Cross-section of the composite beam tested (Lukaszewska 2009) 

 

2.4 Enhancement methods for timber-concrete composite 

structures using light-weight concrete 

Use of light-weight concrete (LWC) in timber-concrete composite floors could be a 

possible way to reduce its weight. An even bigger reduction of the overall weight of 

a building can thus be achieved. The experimental results of Steinberg et al. (2003) 

suggest that a decrease in the self-weight of a timber-concrete composite by 

approximately 15 % could be achieved by using LWC instead of regular concrete. 

However, the lower capacity of LWC would increase the risk of failure in the 
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concrete. This risk is further increased by LWC’s higher tendency to split as a result 

of the forces concentrated around the shear connectors. On the contrary, Fragiacomo 

et al. (2007a) also used LWC while testing “Tecnaria” shear connectors. The use of 

LWC slabs instead of normal weight concrete slabs affected neither the outcome of 

collapse of the push-out tests nor the long-term tests on the connectors, since the 

failure in both cases was due to failure in timber. 

2.5 Long-term tests on timber-concrete composites 

The long-term behaviour of TCC floors is characterised by complex interaction 

between the components of the floor system, namely, concrete, timber and the 

connections system. The long-term behaviour of timber structures depends upon 

several factors such as stress level, moisture content and temperature. The main long-

term design parameter for TCC floors is deflection. It is possible to control the long-

term deflection in timber significantly by application of surface treatment against 

moisture (Ranta-Maunus and Kortesmaa 2000).  However, the long-term 

performance of TCC floors depends on a number of phenomena taking place in its 

components. Phenomenon such as creep and shrinkage effects in concrete, creep, 

shrinkage or swelling effects in timber and creep in connection affect long-term 

strength, stiffness and deflection behaviour of TCC. Creep in timber due to variation 

in the moisture (mechano-sorptive creep) plays a major role in the long-term 

behaviour of TCC floors. Factors such as size, surface properties, loading type, 

length of environmental cycle, etc. also indirectly affect the long-term behaviour of 

the TCC floors (Toratti 2004). A summary of literature on creep and mechano-

sorptive effects in wood and investigations on long-term behaviour of TCC beams 

and connections is presented in this section. 

2.5.1 Summary of creep and mechano-sorptive behaviour of wood 

A number of studies have been carried out on the mechano-sorptive behaviour of 

wood. A collection of characteristics of mechano-sorptive behaviour are reviewed by 

Toratti (1992) and here some of the research results that are important to understand 

the behavioural response of timber in TCC are summarised in this section; 
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a) Mechano-sorptive deformation at constant stress is not directly dependent on 

time. When the moisture content of the loaded wood changes rapidly, 

deformation increases rapidly, but the final deformation depends on the 

moisture step and the duration of the process has little effect. The 

deformation of stressed wood normally increases with any change of 

moisture content, whatever its direction (Armstrong and Kingston 1960). 

b) In bending, the first adsorption and all desorption periods cause increases in 

deflection, while later adsorption tend to decrease the deflection. This is 

applicable in cases where the moisture content changes take place within 

previously attained moisture content limits. The behaviour of wood in 

bending is the effect of the behaviour in tensile and compressive zones and 

the observed recovery of deflection in bending is due to the decrease in the 

zero-load compensated strain in both zones simultaneously. Bending is an 

effect of the behaviour in the tensile and compressive zones. During 

desorption the absolute value of the zero-load compensated strain increases in 

both zones which leads to the expected increase in deflection. An initial 

absorption leads to an increase in zero-load compensated strain in the tensile 

zone, if the same holds for the absolute strain value in the compressive zone 

which would lead to the desired increase in deflection. Later adsorption 

periods may lead to both increases and decreases in zero-load compensated 

strain (Martensson 1994). 
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Figure 15: Results from tensile tests made on pine (0.4x5x150 mm), loaded parallel 

to grain (Eriksson, Noren 1965).The upper figure shows the strain (the initial elastic 

strain is subtracted), measured on four samples, and the middle figure shows the free 

shrinkage-swelling, measured on two samples. The lower figure shows the zero-load 

compensated strain, i.e. the difference between the upper and the middle figure, here 

the medium values of the four respectively the two samples have been used 

(Martensson 1994). 

 

c) An effect of stress on the shrinkage-swelling behaviour exists, which leads to 

decrease in shrinkage-swelling for wood loaded in tension parallel to the 

grain and to an increase shrinkage-swelling for wood loaded in compression 

parallel to the grain (Hunt 1988). 

d) The effect of moisture content change on total creep deflection is, in general, 

much greater than the effect of time (Schniewind 1968) and the increase in 
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deflection was more due to the change in moisture content than to the passage 

of time (Leicester, 1971). 

e) In bending, repeated moisture cycling, even at moderate loads, leads to 

structural damage and eventually to failure. The strains prior to failure are 

very high, much higher than maximum strains recorded in short-term tests 

(Hearmon and Paton 1964), the diagram is presented in Figure 86 in 

Appendix A. Moisture variation is also known to shorten the time to failure 

of timber, due to the mechano-sorptive effect (Hoffmeyer 1990). 

f) In bending, when the air humidity is cycled the deflection curves also follow 

a similar pattern. This oscillation of the creep curves ( the alternate increase 

of deflection and recovery of deflection) is the shrinkage strain of wood, 

since the shrinkage is of much higher in magnitude perpendicular to the cell 

wall, this would result in higher shrinkage values when wood is compressed 

and less when tensioned as compared to unstressed state (Toratti 1993).  

g) The effect of different constant moisture content on normal creep was found 

to be insignificantly low (Leivo 1992). A similar finding was also reported by 

Toratti (1992), that no difference in relative creep behaviour of wood in 

constant conditions of 45 % RH and 75 % RH was found for clear spruce, 

and the mechano-sorptive creep is not observed below about 15 % moisture 

contents, but at high moisture contents the mechano-sorptive effect is very 

strong. 

h) In mechano-sorptive creep, non-linearity starts in compression at about 10-20 

% of the ultimate stress, and in tension and bending at about 20-30 % of 

ultimate stress (Hunt 1989). 

i) If, during moisture content cycling under load, the range of change of vapour 

pressure was made narrower, the changes in deflection during each complete 

cycle were much less. Nevertheless, a decrease in deflection for each 

desorption were still found for each cycle after the first  (Armstrong and 

Christensen 1961). The decrease in deflection produced by increase in 

moisture content could be due to a relative change in the longitudinal 

components of swelling of the tension and compression components of a 

beam. 
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j) Epmeier (2007) investigated the bending creep performance of modified 

timber. Three modification methods - acetylation, modification with 

methylated melamine resin and heat treatment in vegetables oil, were tested. 

It was found that creep behaviour in cyclic climate and with constant loading 

can behave in three different ways. Type ‘A’: increasing deformation during 

drying (desorption) and decreasing deformation during wetting (adsorption), 

Type ‘B’: decreasing deformation during drying and increasing deformation 

during wetting and Type ‘C’: increasing deformation during both adsorption 

and desorption or indecisive. The figure showing the creep curves from the 

author’s report is presented in Figure 88 : Appendix A. 

k) Gibson (1965) stated the explanation with the widest acceptance, which was 

produced after investigation into the molecular structure of cellulose, the 

main constituent of wood. Cellulose consists of long chain type molecules, 

which in some places from a well ordered, closely packed crystalline array. 

Adjacent chains are held together by hydrogen bonds (bridges). The hydrogen 

bonds may include the hydrogen atoms of a water molecule, and these 

produce a weaker bond than one that does not include water. An increase in 

moisture will cause new hydrogen bonds to be formed, and existing ones to 

be broken and reformed with water molecules. A decrease in moisture will 

cause these bonds to be broken, some reforming without a water molecule. 

Each temporary break of hydrogen bond leads to a temporary weakening of 

the structures, which causes an increased strain for a fixed applied stress. 

Strain recovery occurs during adsorption because of the exothermal heat of 

adsorption from the vapour phase, although some of this energy is dissipated 

in swelling and vibration. A change in moisture will cause the hydrogen 

groups that are formed, which are normally inaccessible to water, to enter 

into an exchange reaction with water vapour. The amount of this exchange 

increases as the number of a beam that has been subjected to moisture 

cycling, which occurs upon unloading and rewetting is said to be due to the 

loosening of many bonds through water movements and the recovery of the 

elastic strain. 

l) On removal of the load, the instantaneous elastic recovery takes place. This 

instant recovery is equal to or greater than the magnitude of the immediate 
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deflection during loading (Gibson 1965; Mohager 1987). Recovering is 

accelerated by moisture changes or cycling, especially during wetting 

(Armstrong and Kingston 1961, Grossman 1987). The mechano-sorptive 

deformation was not recoverable, and increased in magnitude when the load 

duration was increased (Mohager 1993). The figure showing the deflection 

curves from Gibson (1965) is presented in Figure 87 : Appendix A. 

m) Chemical treatment such as acetylation and formaldehyde cross-linking has 

been shown to reduce the mechano-sorptive effect (Gowda 1996, Ranta-

Maunus and Kortesmaa 2000). Toratti (1992) also reported a similar finding 

that, in fully coated specimens, the variability of relative humidity did not 

affect the moisture content of the test specimens. 

n) Toratti (1992) reported test results of specimens exposed to variable 

temperatures. The temperature was cycled between room temperature, 20 ºC, 

and -5 ºC. The relative humidity of the weather chamber was uncontrolled 

and varied between 30 – 50 % RH at the same phase with the cycling of 

temperature. Although the low temperatures slow down the creep rates but no 

mechano-sorptive effects were noticed.  

Some of the mechano-sorptive properties of timber only were discussed in this 

section that will help us understand the contribution to the long-term behaviour of 

timber-concrete composite beams which will be discussed in section 2.5.2. 

2.5.2 Long-term experimental tests on TCC floors and beams 

The time-dependent behaviour of TCC requires careful consideration in order to 

accurately predict the deflection in the long-term. Although long-term tests are 

expensive and require a lot of preparation, they are needed in order to validate 

approximate design procedures and calibrating existing analytical and numerical 

models. Few long-term tests on TCC structures have been performed to-date and will 

be reviewed here. 

Bonamini, Uzielli & Ceccotti (1990) performed a long-term test at the University of 

Florence on T-sectioned TCC beams. The geometry of the composite beam is shown 

in Figure 16. An oak timber from a demolished floor was used as a joist. A steel 

mesh of 100 x 100 mm and 4 mm diameter bars was used in the concrete slab. The 
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connector was made of 12 mm diameter dowels drilled into the timber and filled with 

epoxy resins. After 28 days of concrete pour, dead loads were applied and then 

removed after 347 days. The relative humidity varied between 48 to 80 % while the 

temperature was kept quasi-constant at 30° C. The mid-span deflection, the relative 

slip between the slab and timber over the support and the moisture content at the 

surface and at 50 mm depth into the timber was monitored. 
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Figure 16: Geometrical characteristics of the composite beam tested by Bonamini, 

Uzielli & Ceccotti (1990) (measured in mm) 

 

Ahmadi and Saka (1993) tested a simply supported 3.9 m long TCC slab by loading 

it with a full sustained live load of 2 kPa. The test revealed that the deflection of the 

composite slab under live load of 2 kPa increased due to creep, shrinkage and 

changes in temperature and humidity up to four months and then remaining steady. It 

was noticed that the ultimate long-term deflection under 100 % sustained live load, 

which rarely occurs in practice, was within acceptable limits set by the building 

codes. 

Kenel and Meierhofer (1998) tested a composite beam made of solid timber with 

SFS-screw connectors (inclined at 45° with respect to the beam axis) in sheltered 

outdoor conditions for 4 years in EMPA laboratory in Dubendorf. The cross-section 

of the beam tested is shown in Figure 17. 
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Figure 17: Cross-section of the TCC tested at the EMPA laboratory, Dubendorf 

(kenel & Meierhofer 1998) 

 

The long-term test demonstrated clearly the superiority of arrangement with the 

connections inclined under 45° (an arrangement which simulates a truss like 

connection between the timber and the concrete). The results show a considerable 

influence of the initial moisture content on the long-term deformation. 

Bou Saïd et al. (2004) tested a TCC slab (8 m span) with glued-in connections over a 

period of two years in sheltered outdoor condition. The relative humidity exceeded 

85 % over a number of days. The deflection obtained from the Eurocode estimation 

was significantly exceeded during the two year period and the limitation on the long-

term deflection was also well exceeded. Figure 18 shows the geometry of the 

specimen and Figure 19 shows the long-term deflection with time. 

 

 

 

Figure 18: Timber-concrete composite section (left)  and loads disposition (right) 

(Bou Said et al. 2004) 
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Figure 19: Comparison between calculated and measured mid-span deflections (Bou 

Said et al. 2004) 

 

Grantham et al. (2004) monitored an upgraded timber-concrete composite floor over 

a period of 40 days.  The tests, however, were aimed at evaluating the benefits of 

propping the composite floor during pouring of concrete. 

Ceccotti et al. (2006) tested a TCC floor system (6 m span) under a uniformly 

distributed load of 4 kN/m, corresponds to 11 % of the estimated service design load. 

The connection was provided by 18mm diameter corrugated bars placed inside 

drilled holes in the timber filled with epoxy resin. Push-out tests were performed to 

investigate the connection properties. The timber used was European spruce with 

modulus of elasticity of 10 GPa and the concrete with a cylindrical compressive 

strength of 30.4 MPa. Figure 20 shows the longitudinal view and the cross-section of 

the slab tested. 
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Figure 20: Longitudinal view and cross-section of the composite beam tested by 

Ceccotti et al. (2006) (dimensions in cm) 

The beam was tested in outdoor unsheltered well ventilated conditions and protected 

from direct radiation from the sun. The test lasted for five years and it was classified 

as service class 3 as per Eurocode 5. The relative humidity (RH) varied between 40 

to 85 % while the moisture content (MC) was in the range of 13 to 18.5 %.The 

maximum average deflection monitored throughout the test was 3.36 mm as shown 

in Figure 21, which was almost four times the instantaneous elastic deflection and is 

well below the limiting value L/300 as per the Eurocode 5. An increase in deflection 

was observed mainly during the first two years of the long-term test while the slip 

rose during the whole test period. The environmental variations caused significant 

influence on all the quantities on both yearly and daily scale. This beam was loaded 

to failure after the long-term test and it showed good composite action. 
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Figure 21: Mid-span vertical displacements for the timber beam and average value 

(Ceccotti 2006) 

Fragiacomo et al. (2007) conducted a long-term test on beam specimens under a 

quasi-permanent load in an uncontrolled environmental condition for 133 days. The 

results of the experiment were extended for 50 year service life of the specimens 

using a purpose built finite element model. The research showed that the increased 

moisture content due to bleeding of fresh concrete is not an issue for the durability of 

the wood deck and the type of construction (propped or un-propped) does not 

significantly affect the structural performance. The rheological phenomenon 

experienced by the component materials lead to quite large deflections over the 

entire service life while the variation in stress was not significant. Figure 22 shows 

the elevation and cross-section of the beam tested and the mid-span deflection with 

time in Figure 23. 
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 Figure 22; Longitudinal view (a)  and cross-section (b) of the notched composite 

beam (measured in cm) (Fragiacomo et al. 2007) 

 

Figure 23: Trend in time of the mid-span deflection after the placement of the 

concrete (b) and after the application of the dead load weights.(Fragiacomo et al. 

2007) 

Lukaszewska (2009) performed a long-term test to investigate the time-dependent 

behaviour of the pre-fabricated timber-concrete composite system at the 

serviceability limit state. Two 4.8 m long beam specimens, representative of floor 

strips, were constructed and tested under sustained loading for one year. The first and 

second beam specimens, denoted as 1a and 2a, respectively, were produced with pre-

cast concrete slabs with inserted SP+N* and SST+S* shear connectors shown in 

Figure 25. Both specimens have a 60x800x4800 mm2 prefabricated slab of strength 

class C20/25 according to Euro code 2 and one 90x270x4800 mm2 glulam joist of 

Swedish strength class L40, approximately equivalent to strength class GL28c/GL32 

according to EN1194. After 172 days of casting, the slab was assembled into a 

vertically propped glulam beams and left for 68 days. After the props were removed, 

the specimens were left for 304 days in unconditioned unheated environment in 
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unloaded condition and no monitoring was done. After 544 days after concrete 

casting, two concentrated loads were applied as shown in Figure 24 at third point of 

the beam span. 

 

Figure 24: The elevation of beam specimen 1a with SP+N* type during long-term 

test.(Lukaszewska 2009) 

                                                       
 

Figure 25: SP+N* connection type (left) and SST+S* type of connection (right) 

(Lukaszewska 2009) 

 

The temperature and relative humidity, mid-span deflection, relative slip and strains 

in the concrete slab and glulam beams were monitored throughout the entire test for 

339 days of loading and the following 21 days after load removal. The experimental 

results in terms of mid-span deflection are presented in Figure 26 and Figure 27. The 

elastic deflection 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 reached 

8.3 mm and 9.5 mm respectively. 
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Figure 26: Mid-span deflection of specimen 1a with SP+N* type during long-term 

test.(Lukaszewska 2009) 

 

Figure 27: Mid-span deflection of specimen 2a with SST+S* type during long-term 

test.(Lukaszewska 2009) 

 

Yeoh (2010) conducted a long-term test on three T- section floor beams with 8 m 

span and three connector types. The beams were subjected to sustained loads for a 

period of approximately 1.5 years. The long-term tests were conducted in an 

uncontrolled, unheated indoor environment and classified as service class-3 as per 

Euro code 5. The LVL joist had a cross-section of 400 mm x 63 mm and normal and 

low shrinkage concrete were used for the slab. The beams were loaded with a 

superimposed load of 2.2 kPa. The predicted final deflection exceeded the span/200 
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deflection limit as shown in Figure 28. Yeoh (2010) recommended the use of 

propping and/or pre-cambering the timber before concreting and use of low 

shrinkage concrete or precast concrete slabs for long span applications to reduce the 

long-term deflection. The test result showed largest creep coefficients for plate 

connection and least with rectangular notch connection. The long-term deflection for 

beams with normal concrete was larger than the beams with low shrinkage concrete. 

 

 
Figure 28: Long-term mid-span deflection result (Yeoh 2009) 

2.5.3 Long-term experimental tests on TCC connections only 

The long-term behaviour of timber-concrete connections has also been studied in 

different research programmes. In the few long-term tests on connections performed, 

however, the authors recognized that the connection creeps, and the amount of 

delayed slip seems to be affected by the environmental relative humidity. Amadio et 

al. (2001a) and also reported in Fragiacomo et al. (2007) conducted long-term push-

out tests on a special connection system (Tecnaria) using normal concrete and light-

weight aggregate concrete. These tests were performed under constant and variable 

climatic conditions. The constant climatic conditions were characterized by a relative 

humidity of 70 % and a temperature of 24° C while the variable climatic conditions 

were characterized by weekly cycles of alternate relative humidity of 50 % and 70 %. 
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On part of the test specimens, one unloading cycle was also applied. The creep 

coefficient (delayed slip/elastic slip) after 75 days ranged from 0.33 to 0.60. 

 

 

Figure 29: Half cross-section of the push-out specimens(left) and apparatus used in 

the long-term test to apply a sustained load (right) (dimensions in mm) (Fragiacomo 

et al. 2007) 

 

Some of the conclusions made from this research were: 

The use of light weight concrete slabs instead of normal weight slab does not have a 

marked effect on the shear strength after long-term loading. And the constant load 

applied on the specimen for long time did not significantly affect the shear strength, 

whereas it reduced the initial shear modulus. 

The creep coefficients in constant environmental conditions at the end of service life 

were estimated to be 0.5 under loading and 0.24 for creep recovery when the 

connection is unloaded. Such values are far less than the long-term creep coefficients 

of timber and concrete. 
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The connection system exhibited mechano-sorptive creep i.e. a significant increase 

of the delayed slips when the loaded specimens were subjected to relative humidity 

cycles with period greater that seven days and amplitude of 40 % at least. 

Based on the experimental test, however, characterized by significant scatter of the 

results, the final value of the increment in creep coefficient due to the mechano-

sorptive effect can be estimated as 1.5. 

Kuhlmann and Michelfelder (2004) tested timber-concrete joints made with notches 

and notches associated with steel fasteners (head and self-tapering screws), testing 

one specimen for each joint configuration. A load of approximately 30 % of average 

short-term load-carrying capacity of the joint obtained in short-term shear tests was 

applied over a period of approximately eight months. 

Jorge et al. (2011) tested timber-concrete joints made with inclined screws using 

different lightweight concretes with and without an interlayer. Five joints 

configurations were tested in a total of eighteen tests. The test duration varied 

between 140 days for one joint configuration and 606 days for the other four 

configurations. The tests were performed in controlled climatic conditions (air 

relative humidity (RH) 65±5 %, temperature 20±2º C) with a long-term load 

approximately equal to 30 % of the average short-term load carrying capacity 

determined in short-term shear tests. 

Mueller et al. (2008) conducted experimental shear tests on three different types of 

connectors (referred as series k, s and x). The shear tests included an experimental 

program with push-out tests under short term, long-term and dynamic loading. The 

aim of the short-term shear tests was to determine the stiffness and the ultimate load 

of each joint. The influence of variations of moisture and temperature on the stiffness 

of the connectors under long-term loading was analysed by performing long-term 

shear tests. Figure 30 shows the type of connectors tested; grooves being milled 2 cm 

deep into the timber and filled with concrete were responsible for the transmission of 

the shear forces in series k. The stud connectors of series S were composed of a 2 cm 

thick steel plate with 2 welded studs(diameter 9 mm),Whereas in series x two tension 

and compression reinforcing bars (diameter 14 mm) were inclined and glued 50 cm 

into the timber part using a two-component epoxy resin adhesive. 
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Figure 30: Three types of connectors for shear tests (Mueller et al. 2008) 

 

Yeoh et al. (2011a) tested three types of connection (rectangular notch with 16 mm 

diameter coach screw referred as “R”, triangular notch with 16 mm diameter coach 

screw designated as “T” and single side tooth metal plate with perforated holes 

referred as “P”) under long-term test. The specimens were subjected to unheated, 

indoor conditions for 1.5 years. The relative humidity, temperature, moisture content, 

relative slip of the connections and the mid-span deflection were continuously 

monitored. The environmental conditions were classified as service class 3 based on 

Eurocode 5 recommendations. The long-term tests set up and the specimen’s details 

are given in Figure 31 and Figure 32.  

 

 

Figure 31: Details of the three types of connection ( Yeoh et al. 2011a) 
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The creep coefficients of the connection were extrapolated to end of service life of 

50 years and the corresponding creep coefficients were 2.1 for the triangular notched 

and coach screw connection, 1.6 for the rectangular notch and coach screw 

connection and 5.7 for the toothed metal plate connection.  

 

 

  

Figure 32: Sustained load test on connections and the cross-section of the TCC 

beams ( Yeoh et al. 2010) 

 

Van de Kuilen and Dias. (2011), conducted experimental investigation on seven 

different timber-concrete dowel types of fasteners. The tests were conducted in two 

conditions, uncontrolled in door, non-heated environmental condition and controlled 

environmental conditions; temperature (20±2º C) and RH (65±5 %) were monitored 

and controlled using temperature and moisture controlling equipment. The duration 

of the long-term test varied from 655 days for INT (10 mm profiled dowel with 

interlayer) and around 1160 days for the rest six types of fasteners (8 mm and 10 mm 

smooth dowel).The creep values obtained directly from the long-term tests varied 

between 0.57 to 1.58 for the controlled condition. Although no significant 

differences were found between creep values obtained for tests in controlled and 

uncontrolled climatic conditions. The predicted creep values however showed a 

significantly higher creep values for 10 and 50 years for the test configuration tested 

in uncontrolled climatic conditions as compared to the controlled conditions. 

Some authors derived creep values for timber-concrete joints indirectly from the data 

for long-term test on timbre-concrete composite beams. Linden (1999) derived 
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values for the creep coefficients for 4 different types of timber-concrete joints 

(inclined screws, nail plates and a combination of notches and dowels). These results, 

however, were not obtained directly from shear tests but derived based on 

measurements in the composite beam in long-term tests associated with analytical 

models and finite element models. The creep coefficients derived varied between 1.4 

up to 2.4 after 1200 days and from 2.0 up to 3.4 after 18250 days (50 years). 
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2.6 Evaluation of the long-term behaviour of TCCs in 

accordance to Eurocode 5 

Eurocode 5 is the most commonly used code for design of timber-concrete composite 

elements. The design of timber-concrete composite structures must satisfy both 

ultimate and serviceability limit states (ULS and SLS) of design for short- and long-

term loads. The ultimate limit state is checked 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. 

Eurocode 5 – Part 1-1, Annex B provides a simplified method for calculating these 

parameters of mechanically jointed beams with flexible elastic connections (Figure 

33).  

 

 

Figure 33: cross-section (left) and stress distribution (right) of a composite beam 

with flexible connection (Eurocode 5) 

 

These formulas in Eurocode 5 Annex-B, proposed for timber-timber composite 

beams with flexible connectors, can be effectively used for the design of composite 

beams and slabs in the short term. The elastic solution for a simply supported 

composite beam with flexible connection subjected to vertical uniformly distributed 
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load can be obtained using the simplified method also known as “gamma-method’. 

This method is based on an approximate solution of differential equation for beams 

with partial composite action.  

In performing the global analysis i.e. calculating internal actions and the consequent 

stress distribution at ultimate limit state, mean values of material stiffness and slip 

modulus of connections have to be used. This is because in Eurocode 5 only mean 

values of slip modulus are given and the characteristic values are not available. 

Therefore, only the mean values of the modulus of elasticity may be used: In fact, if 

using at the same time the characteristic value of the modulus of elasticity and the 

mean value of the modulus of slip the calculated values of the resultant stresses 

would be on the unsafe side (Ceccotti 1995). 

According to the gamma method, the effective bending stiffness EIeff of a simply 

supported timber concrete composite beam is calculated as: 

EIeff = E1I1+ 1 E1A1a1
2+E2I2+E2A2a2

2 Equation 3

With shear coefficient  and distance ai given by; 
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Where Ii, Ai and Ei are 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. A coefficient 

equal to 1 indicates full composite action with no slip at the interface between the 

timber and concrete. 

The effective stiffness can be used to calculate the deflection, the stress distribution 

and the shear load in the fastener using the formulas in Eurocode 5 Annex B. In 
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using the current procedure for short-term solutions the elastic moduli can be 

obtained from Equation 7.  

 

Ec= Ecm(t) , Et = Eo,mean , K= kser Equation 7 (a,b,c)

Long-term verification of composite beams is more problematic, since concrete creep 

and shrinkage, the creep and mechano-sorptive of timber and connection and thermal 

strains of concrete and timber should be considered. Several numerical programs 

(outside the scope of this thesis) have been proposed to provide accurate solutions, 

but no consensus among researches has been reached regarding predicting the long-

term performance of timber-concrete composite structures (Lukaszewska 2009). The 

ACI-ASCE joint committee recommends using Ec/2 as concrete modulus of elasticity 

instead of Ec when calculating sustained load creep deflection in steel-concrete 

composites and AASHTO Bridge Design Specification, Section 10.38.1.4, suggests 

using Ec /3 (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 strain ((Lukaszewska 2009) and is based on the effective modulus 

method, in which the creep and mechano-sorptive behaviour of the concrete, timber 

and connection are accounted for by reducing the elastic and slip moduli according to 

the following Equation 8; 

 

)t,(+
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=E
o

ocm
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1  , def
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1  

Equation 8 (a,b,c)

 

For the concrete, Eurocode 2-1-1 provided some guidelines for evaluating the creep 

coefficients  )t,( o  ,  and to being the final and loading instants, respectively. 

Euro code 5-1-1 provided tables of values of the creep coefficient kdef for timber. For 

the connection the code recommends the same as that of the timber. Kavaliauskas et 

al. (2005), however, recommends the creep coefficient twice as large as the creep 

coefficient of the wood i.e. (2Kdef). For concrete analytical formula are suggested by 
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the CEB-FIP Model code 90.The proposed procedure neglects effects of concrete 

shrinkage and inelastic strains of concrete and timber due to thermo-hygrometric 

environmental variations (Ceccotti 2006). 

The effective stiffness can be used to calculate the mid-span deflection, using the 

following equation: 

effEI
qL

384
5 4

  

Equation 9

Where: is the mid-span deflection of a simply supported beam, q is the uniformly 

distributed load. 

Kavaliauskas et al. (2005) evaluated the long-term deflection of a TCC beam based 

on Eurocode 5 by doubling the creep coefficient of timber to account for that of the 

connection. The Eurocode method only gives the initial and final deformation and 

several experimental results indicate that the final deformation is often exceeded the 

limiting deflection (L/250) within the first year for medium and long span floors. In 

timber concrete composite structures, the concrete is denser than timber in most 

cases and therefore, concrete stresses tend to decrease in time while stresses on 

timber tend to increase, and therefore long-term situation is more demanding for 

timber (Ceccotti 2002). Kavaliauskas et al. (2005) also proposed calculating the 

creep of concrete and timber separately, with concrete creep deformation calculated 

using Eurocode 2 and the timber creep deformation calculated using an exponential 

law proposed by Le Govic. Results from the proposed method showed that the initial 

deflection prediction was twice that predicted by Eurocode 5 and reached almost its 

final value over a period of 60 days. The calculated final deflection was 1.5 times 

that predicted by Eurocode 5. 

An extension to Eurocode 5 Annex B formulas for design of timber-concrete 

composite structures is also proposed by Schanzlin and Fragiacomo (2007). This 

approach was found to further improve the prediction of the long-term deflection. 

Yeoh et al. (2009) used two analytical methods to compare the extrapolated 

experimental deflections at the end of the service life. The “effective modulus 

method”, using the separate material creep coefficients for the timber, concrete and 

connection proposed by Ceccotti (1995) significantly underestimated the 
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extrapolated experimental deflections. The “effective creep coefficient method” 

recommended by Schazlin and Fragiacomo (2007) also underestimated the deflection 

by 40 to 60 %. 

2.7 Concluding remarks 

The literature review included a general insight into the historical and recent 

development of timber-concrete composite systems, and it reviewed the existing 

long-term investigations and the proposed long-term evaluation procedures. 

In the design of TCC structures, both serviceability and ultimate limit state has to be 

checked, and the serviceability limit state of maximum deflection may be the most 

sever design criterion. Thus it is important to investigate the behaviour of such 

structures under long-term service loads. Moreover, the three component parts, (the 

concrete, connector and timber) in TCC demonstrate important but different time 

dependent phenomena. The creep and shrinkage of concrete, the mechano-sorptive 

creep in timber, and the creep and mechano-sorptive creep .Hence, experimental 

investigations to study this complex structural problem is very crucial. 

Previous researches reviewed, mainly focused on measuring the strength of various 

TCC shear connections full scale tests and long-term deflections of structural 

members due to environmental conditions. However, minimal research has been 

carried out to assess the impact of extreme variations in humidity on the deflection of 

TCC beams, which are expected to be indicative of the upper limit for the long-term 

defection that can be predicted for TCC structures. Dias and Jorge (2011) found out 

that with a similar properties; specimens tested in test configuration with constant 

climatic condition lead to creep coefficients that were around half of the values 

obtained with a test configuration tested in variable climatic conditions. Furthermore, 

a relationship between the mechano-sorptive effect and the long-term serviceability 

of TCCs has not yet been established. The literature review also confirmed that the 

existing analytical methods proposed are found to underestimate the extrapolated 

long-term experimental deflections. 
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3 Timber Concrete Composite beams 
 

A long term laboratory investigation was commenced in August 2010 at the 

University of Technology, Sydney. The test was conducted on four 5.8 m span LVL-

concrete composite beams (referred to as TCC beams here onwards) with four 

different connector types - Type 17 screws, four and six notches with coach screw 

and SFS screws. The materials used were Laminated Veneer Lumber (LVL) for the 

beams and 32 MPa concrete for the flanges. The tests and results of short-term 

investigations on the four TCC beams were reported in Pham (2010) as part of an 

undergraduate final year project. Several properties were determined from these tests 

which will be referred throughout this thesis. 

3.1 Characteristics of the composite beams 

The top slab is made of a normal weight concrete of 32 MPa commercial strength, 

and the test results for the concrete compressive strength after 28, 56 and 91 days 

were 39.5, 44.3 and 50.3 MPa respectively, the mean drying shrinkage was 800 µ at 

28 days. A standard reinforcing mesh of 7 mm diameter normal strength 

reinforcement bars at 200 mm spacing was provided in the concrete slab to prevent 

shrinkage cracks. The properties of the concrete are given in Table 1. Figure 34 

illustrates a typical cross-section of the beams under investigation. 

 

 

 

 

 

 

Figure 34: Cross-section of the TCC beam (Typical) (measured in mm) 

 

Four different types of shear connector configurations were used in the four beams. 

Normal wood screws at 500 mm spacing were used as shear connectors in the first 
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beam and is referred as (B_NS), in the second beam four bird’s-mouth notch 

connections with minimum  of 600 mm spacing between notches with diameter 16 

mm coach screw were used and is referred as (B_4N) while in the third beam 

referred as B_6N, six bird-mouth’s notch connections with diameter 16 mm coach 

screw were used with minimum of 500 mm spacing between the notches, and the 

fourth beam referred as (B_SFS) was constructed with a pair of SFS crews at ±45° 

angles at a spacing of 300 mm as shear connectors. 
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Figure 35: Longitudinal elevation of the TCC beam (measured in mm) (a) B-NS, (b) 

B-4N, (C) B-6N, & (d) B-SFS 
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Table 1: Properties of concrete used (Pham 2010) 

Age (Days) Compressive strength 

(MPa) 

Unit mass 

(kg/m3) 

7 20.76 2378.54 

28 39.54 2379.07 

56 44.33 2388.79 

91 50.33 2390.86 

 

The joists are made of 250 x 45 mm LVL, the mean young’s modulus of the LVL 

was 13.2 GPa and the characteristic bending strength was 48 MPa. The material 

property values of LVL as supplied by the manufacturer are provided in Appendix B. 

Push-out tests were carried out to determine slip modulus and characteristic strength 

(Khorsandnia et al. 2012), the mean strength and slip moduli are shown in Table 2 

and more details about the connectors are presented in Appendix B. Figure 36 shows 

the three types of connectors before the concrete pour. 

 

Table 2 Type of connectors, characteristic strength and slip moduli 

Specimen Slip modulus, 

Ksls,0.4, kN/mm 

Characteristic 

strength, Qk, kN 

B-NS 45.0  10.9 

B-4N 36.9 59.5 

B-6N 36.9 59.5 

B-SFS 54.9 32.6 
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Figure 36: (1) Birds mouth with Ø16 mm coach screw, (2) Normal screw type-17 

and (3) SFS screw connections 

 

3.2 Initial short term tests on TCC and LVL joists 

Short-term serviceability tests were conducted on the LVL joist before assembled 

into the TCC, and on the TCC beams after 90 days of the concrete pour. The results 

of those short-term tests will be used in determining and understanding the residual 

stiffness and strength of the beams. 

3.2.1 Initial serviceability test on LVL joists 

A short term static test under 4-point bending loads was done to determine the 

modulus of elasticity of the LVL joist before being assembled for concrete pouring 

according to AS/NZS 4357:2 (2006). Figure 37 shows a typical test set up for LVL 

joist. The LVL joists have been tested before and after carving. The reported 

modulus of elasticity values for the four LVL joists given in  

Table 3 are all tests performed after carving as reported by Pham (2010). 
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Figure 37: MOE test on LVL only 

 

Table 3: The Modulus of Elasticity of the Timber (LVL) (Pham 2010) 

Specimen MoE of LVL (GPa), 

B_NS 12.4 

B_4N 13.2 

B_6N 13.5 

B_SFS 12.3 

3.2.2 Initial Serviceability test on TCC beams 

The TCC beams after cured for ninety days were tested in a four point bending test to 

determine their bending stiffness. Figure 38 shows the test set up and the data 

monitored include the magnitude of strain at mid span and defections at mid span 

and at the load points. 
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Figure 38: TCC beam under short-term test 

 

The experimental result (Table 4) shows B_SFS with highest bending stiffness and 

B_NS with least and both B_4N and B_6N in between, the results followed sequence 

of their composite efficiencies. 

 

Table 4 TCC beams bending stiffness (Pham 2010) 

Specimen Stiffness, 

( kN/m) 

EI  

(E+12 Nmm2) 

B_NS 802 2.78 

B_4N 1178 4.08 

B_6N 1254 4.34 

B_SFS 1323 4.60 

Where: “E” is the modulus of elasticity and “I” is the second moment of inertia of 

the section. 

 

The effective analytical bending stiffness (EIeff) (Table 5) was also determined by 

applying the gamma method as discussed in chapter 3.The mean moduli of concrete 

and timber and the 40% slip modulus of the connection were used. The mean slip 

modulus at 40 % (Ksls, 0.4) is used in computing the bending stiffness of the beam 

with smeared connection (B-NS and B-SFS), while a fifth percentile slip modulus at 

40 % is used in case of notched connector type (B-4N and B-6N). The reason for this 

is the available redundancy through the parallel action of the connectors in the 
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interlayer. However, for a small number of connectors as in the case for beams with 

notched connectors, this redundancy effect vanishes and the 5-percentile value 

should be taken (Linden 1999).  The gamma method underestimated the bending 

stiffness’s values, except B-NS with higher theoretical bending stiffness that the 

experimental one. This could be due to large slip modulus obtained from this 

connector type during push-out tests, possibly caused due to high friction in the 

interface. And, this may not be the case in full-scale beam tests. 

 

Table 5 Theoretical bending stiffness of TCC beams at serviceability 

Specimen Seff gc EIeff 

(E+12, Nmm2) 

B_NS 500 0.167 3.97 

B-4N 1025 0.074 3.28 

B-6N 850 0.088 3.50 

B_SFS 375 0.25 4.29 

Where: “E” is the modulus of elasticity and “I” is the second moment of inertia of 

the section 

3.2.3 Composite efficiency of the TCC beams 

The composite action achievable by interconnecting timber and concrete can be 

estimated by quantity E, usually defined as composite efficiency, which is given by 

equation 2. 

 

E = [ DN-DI  /  DN-DC ]*100 Equation 10

Where: DC is the theoretical fully composite deflection, DN is the theoretical fully 

non-composite deflection, and DI is the measured deflection for incomplete 

composite action of the beam. 
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As shown by the closeness of the top two lines (DC and DI ) in Figure 39 to Figure 

42, the composite efficiency  is highest (90 %) for B_SFS and lowest for B_NS beam 

(51 %); with the notched beams a composite efficiency of 80-84 % (Table 6). The 

figures also show the stiffness of the LVL joist (timber only), which is falling below 

the lower limit for the TCC beams i.e. curve DN a non-composite action case. 
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Figure 39: Load vs. mid-span deflection during serviceability test for B_NS 
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Figure 40: Load vs. mid-span deflection during serviceability test for B_4N 
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Figure 41: Load vs. mid-span deflection during serviceability test for B_6N 
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Figure 42: Load vs. mid-span deflection during serviceability test for B_SFS 
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Table 6 Composite action achieved by TCC beams 

Specimen Composite efficiency 

(%) 

B-NS 51 

B-4N 80 

B-6N 84 

B-SFS 90 
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Figure 43: Location of strain gauges during (a) short-term tests on TCC beams 

 

The magnitudes of strains at different points (Figure 43) of mid span cross section 

are presented in (Figure 44 to Figure 47) for each TCC beams. These strains 

correspond to a reference total applied load of 8 kN on the beams, the strain 

magnitudes at this reference load were considered for comparison reasons. 

The composite efficiency of the TCC beams can also be investigated from the 

magnitudes of the strain readings along the cross section of the beam. In all the 

figures it can be observed that a semi rigid behaviour with both concrete and timber 

under combined compressive and tensile stresses, with each component having its 

own neutral axis. This illustrates a significant slip between the concrete and timber. 

The area of concrete under compression is small for B-SFS beam as compared to the 

other three beams with larger area under compression is recorded for B_NS beam. 

The absolute sum of the magnitude of the strains at the interface between concrete 
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and LVL also indicates indirectly the composite efficiency achieved by the beams; 

with large magnitude recorded for B_NS revealing large slip and smallest value for 

B_6N and B-SFS indicating good composite behaviour. 
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Figure 44: Strain readings along mid-span cross section for B_NS (conc. = strain 

reading on concrete, LVL= strain reading on the timber) 
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Figure 45: Strain readings along mid-span cross section for B_4N (conc. = strain 

reading on concrete, LVL= strain reading on the timber) 
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Figure 46: Strain readings along mid-span cross section for B_6N (conc. = strain 

reading on concrete, LVL= strain reading on the timber) 
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Figure 47: Strain readings along mid-span cross section for B_SFS (conc. = strain 

reading on concrete, LVL= strain reading on the timber) 
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3.3  Concluding remarks 

The properties of the TCC beams have been discussed in this chapter with references 

to the experiments conducted by Pham (2010). As the test results show the composite 

technique (combining LVL and concrete) has achieved higher bending stiffness’s as 

compared the bending stiffness’s of the LVL joists before assembled into TCC. The 

beams exhibited a linear elastic behaviour up to the applied service loads and a good 

composite behaviour with a composite efficiency of 80-90 % was achieved by three 

beams (B-4N, B-6N and B-SFS) except beam B-NS. The bending stiffness’s were 

also computed using gamma method in Eurocode 5 and found to  under estimate the 

bending stiffness’s as compared to those obtained from the  experimental results. 
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4 Long-term testing of TCC beams 
 

This chapter reports the long-term test of the four TCC beams. The properties of 

these beams have been discussed in Chapter 3. These beams, each with a clear span 

of 5.8 m, were tested under long-term tests in the civil engineering structures 

laboratory at the University of Technology Sydney. The tests were commenced in 

August-2010, which was 200 days after the concrete pour. The beams were simply 

sitting in the laboratory area with temperature about (20±2 °C) and relative humidity 

60±5 % before put in to the long-term test. Two of the four beams (B-NS and B-4N) 

were unloaded after 550 days and were then loaded to failure. The other two beams 

(B-6N and B-SFS) are still under a long-term test at the time of writing the thesis 

(1400 days).  

4.1 Test set-up 

The beams were loaded with equally spaced lead bars which were arranged such that 

the bars apply a uniformly distributed load of 1.05 kN/m (1.7 kPa). The load level is 

such that no plasticity in any material is expected to occur immediately after the 

loads have been applied. This applied load is about 43 % of the serviceability long-

term design load (G+0.4Q). The set up for the long-term test is illustrated in Figure 

48, where the beams were simply supported. 
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Figure 48: Test set up (measured in mm) 
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The quantities that have been monitored are; 

 mid-span deflection using LVDTs (linear variable displacement transducers) 

with 1/1000th of mm sensitivity, 

 relative humidity and temperature of the room using climate loggers and, 

 the moisture content of the timber using small timber blocks placed beneath 

the TCC beams.  

 

 

Figure 49 Beams under quasi-permanent loads (lead bars) 

 

The instantaneous elastic mid-span deflections after the application of the load are 

shown in Table 7, since manual application of the loads took time, these defections 

were taken once the readings stabilized. Beam B-NS exhibited the greatest amount of 

deflection 8.4 mm while the other three beams have similar but lesser deflections 

(4.17 to 4.67 mm). Such difference in the deflection observation is due to limited 

composite action exhibited by B-NS compared to the other three beams, resulting in 

slippage between the concrete and the LVL. Beam B-SFS exhibited the least 

deflection and it demonstrates that this type of connection possesses the greatest 

amount of composite action. In addition, the SFS screws are uniformly distributed 

throughout the length of the beam and likewise the slip is more uniformly distributed 
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throughout the length of the beam and results in least deflection. These values have 

also been compared with the theoretical deflection obtained using the standard 

solution based on elementary beam theory. The shear effect on deformation is 

relatively low in beams of usual structural sizes (Thelanderson 1995), and are not 

considered in the computation. The instantaneous deflections are calculated using the 

EI values obtained from the short-term experimental test results (Table 4) and the 

values were 5.6 mm, 3.8 mm, 3.6 mm and 3.4 mm, respectively. Measurement of the 

instantaneous deflection was difficult during manual loading of the beams with lead 

bars and therefore, the instantaneous deflections were taken after the deflections 

were stabilized.  

 

Table 7 Instantaneous elastic mid-span deflection measured 

Specimen Instantaneous elastic deflection 

(mm) 

B-NS 8.24 

B-4N 4.67 

B-6N 4.39 

B-SFS 4.17 

 

The instantaneous elastic deflection measured after load application (Table 7) are 

compared with those of calculated, while the results for the three beams (B-4N, B-6N 

and B-SFS) shows very small difference, however, the measured value for beam B-

NS was much higher than the calculated value, and based on the measured 

instantaneous deflection the corresponding stiffness to induce 8.24 mm deflection is 

1.9E+12 Nmm2   much lower than the experimental bending stiffness measured in 

Table 4. 

4.2 Environmental conditions 

The relative humidity (RH) and temperature (T) of the humidity chamber were 

measured regularly every hour. The changes in RH, T and timber moisture content 
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(MC) are shown in Figure 50. Air humidifier was used to increase and maintain high 

RH during the wet periods. The environmental conditions monitored for the last three 

years showed that the room temperature remains reasonably constant, around 20  C 

(±1) while, the relative humidity varied between about (50 %) during the dry periods 

and saturation (100 %) during the wet periods. The length of a humidity cycle varies 

between six to eight weeks. The moisture content of the MC samples alternated from 

approx. 10 % at the end of dry periods to above 20 % at the end of wet periods. It can 

be said that this test is conducted in a semi-controlled environmental conditions. 
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Figure 50: Changes in relative humidity, moisture content and temperature 

 

This environmental condition, based on Eurocode 5, can be assigned to service class 

3; it is characterized by moisture content in the material corresponding to a 

temperature of 20° C and relative humidity of the surrounding air exceeding 85 %. 

However, in this environment the air humidity exceeded and kept well around 100 % 

for several weeks and repeated every four to six weeks.  

4.3 Moisture content 

Separate LVL samples with 100x100x45 mm sizes were kept in the humidity 

chamber and the changes in the level of moisture were measured regularly to monitor 

the variation of moisture content in LVL beams. The test samples for measuring the 

moisture content are shown in Figure 51. The location of the MC samples in the 

humidity chamber is shown in Figure 90 and Figure 91, Appendix D. 
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The moisture content obtained from the test samples was initially around 9 % and 

increased to above 20 % after the humidifier was operated. It was observed from the 

result that it takes at least two weeks for the moisture content samples to attain 10 % 

additional moisture content. 

The moisture content values are the mean values of moisture content obtained from 

four samples. However, the actual moisture content along the cross section is not 

uniform, and may be higher in the surfaces than in the middle of the cross section, 

which has also been reported by Ranta-Maunus and Kortesmaa (2000). The moisture 

content measurements on the small samples may not represent the actual moisture in 

the LVL joist, as small samples admit water faster than the actual LVL joists, hence 

additional LVL samples of size 600x250x45 mm were placed for comparison. The 

MC measurements for large samples were done at every start and end of the cycle 

(i.e. every four weeks mean values of the MC of four samples were taken). These 

moisture content samples were positioned in the humidity chamber considering the 

variations of the chamber humidity. A comparison of the MC measured on the small 

and large samples is shown in Figure 52. 

 

 

 

 

 

 

 

 

 

 

Figure 51 LVL MC Test samples 
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Figure 52 Moisture content of LVL samples versus time 
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4.4 Long-term deflection of TCC beams - Discussion 

The mid-span deflection was measured every minute during loading of the specimen 

for the initial 24 hours and every hour for the remaining of the long-term test. This 

section discusses the results of the long-term investigation for the last three years.  
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Figure 53: Mid-span deflection versus time 

 

The specimens were loaded when the humidity chamber was at normal room 

conditions which will be referred as dry state here onwards. Despite the 

instantaneous elastic deflection due to the applied loads, very little additional 

deflection due to creep occurred. After approximately one week, water vapour was 

admitted and the deflection increased in all the beams (Figure 53). This period 

referred to as wet period is the first absorption period in the test and the beams 

responded with increase in their deflections. In this wet period the air humidifier was 

used to increase and maintain the air humidity approximately at 100 %. This was 

then followed by dry period. The humidity chamber was opened and an air fan was 

used to increase the ventilation. During this period (desorption), the deflection in all 

the beams increased sharply with the deflection reaching more than twice their 

instantaneous defections. When the humidity chamber was kept at this state, the rate 

of defection increase slowed down tending to reach some limiting values. 
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The beams were then again exposed to the wet period by admitting water vapour to 

the chamber, which resulted in recovery of the defection in the beams and the 

recovery continues as the air humidity was maintained at high RH levels. This 

procedure was repeated every four to six week except in some instances the duration 

has been longer due to instrument malfunction and other reasons. The length of the 

humidity cycle is four to six weeks and is monitored using the moisture content 

measurements on the moisture content samples.  

After approximately six cycles, beam B-NS deflected beyond span/200 and its 

deflection was five times the deflection attained by the other three beams. The three 

beams (B-4N, B-6N and B-SFS) behaved relatively in a similar manner with largest 

deflection being measured for B-4N and least for B-SFS; this followed their 

respective stiffness’s. In addition to its lowest stiffness, B-NS has poor composite 

behaviour with significant slip and the deflection; this deflection cannot be attained 

during short term test unless the beam fails. A close visual examination of the beam 

also shows that there was a visible gap at the interface between the concrete and 

LVL. Similarly there was a visible gap between the concrete and the LVL at the face 

of the triangular notches in the beam B-4N. After 550 days, the two beams B-NS and 

B-4N were unloaded, for determining their residual stiffness and strength and were 

moved out of the humidity chamber. The discussions from here onwards will focus 

on the results of the two beams remaining in the humidity chamber (B-6N and B-

SFS). 
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Figure 54: Mid-span deflection and MC versus time for B-6N and B-SFS beams. 
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The results of the long-term investigation indicates that the long-term deflection of 

the TCC beams is accelerated due to the variation in air humidity in the humidity 

chamber and most of the change in deflection occurs within the period when 

moisture content cycle changes, and is more pronounced during a period when the 

moisture cycle changes from wet period to dry period (Figure 54). The moisture 

content of the beams under load, cycled from dry to wet and back to dry again; the 

deformation also followed a cyclic pattern i.e. the beam deflections fluctuated in 

response to the cyclic air humidity of the chamber. However, the recovery in each 

cycle is only partial and the total amount of creep is very large as shown in Figure 55 

(similar graph is presented in large scale in Appendix D Figure 93). It should be 

noted that creep increased during drying and decreased during the wetting cycle with 

the exception of the initial wetting when creep increased. 
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Figure 55 A comprehensive plot RH % and MC % and, mid-span deflection with 

time. 

 

Three distinct behaviours were observed in the long-term test of these beams; 

 increase in RH & MC followed by an increase in deflection in the first one 

week (first adsorption) 
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 decrease in RH and MC  followed by an increase in deflection in all dry 

periods (desorption) 

 increase in RH and MC followed by decrease in deflection (local recovery) in 

all wet periods (adsorptions) 

The significant MC variation may have contributed to the high creep and deflection. 

The findings from this test show that it is not just the level of the moisture content 

that affects creep deflections. The rate of change , number and length of the cycles 

have a pronounced effect on the deflections, with rapid changes in moisture content 

(air humidity) producing more sever creep under bending loads also reported in Yeoh 

et al, (2012). The rapid response to the change in MC is pronounced when the humid 

cycle changes from wet to dry, during this transition the moisture leaves the surfaces 

at faster rate than from the middle cross section of the LVL, causing a faster reaction 

from the beams. Moreover, in dry period the defection was increased faster initially 

and then followed by a very slow rate when the environment is maintained in the dry 

conditions and showing tendency to flatten at some point. However, this is not the 

case when the humidity changes from dry to wet. 

In this experimental investigation which is characterized by moisture cycling; except 

the first cycle in all other subsequent cycles, increase in air humidity causes an 

increase in timber moisture content, which causes recovery of deflection while in the 

contrary a decrease in air humidity causes loss of moisture from the timber, which 

causes a rapid increase in the deflection of the TCC beams. However, in some 

literatures on the long-term tests of TCC beams, which were conducted in naturally 

varying environmental condition in bending, an increase in the ambient relative 

humidity of the air causes an increase in timber moisture content, which is followed 

by an increase in deflection (Capretti & Cecotti, 1996, Kenel & Meierhofer 1998, 

Lukaswezkas, 2009 and Yeoh 2009). Although there are hardly any available 

literatures on the long-term experimental investigations on TCC beams subjected to 

cyclic humidity conditions in bending, this behaviour has been reported as typical 

creep behaviour of wood in bending (Armstrong and Kingston 1960, Gibson 1965, 

Hearmon and Paton 1964, and Toratti 1993).  The oscillation of the creep curves (the 

alternate increase of deflection and recovery of deflection) as reported in Toratti 

(1992) and Toratti (1993) is due to the differential shrinkage and swelling of the 

LVL joist.  
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The stiffness of the TCC beams is much more dependent on the composite action 

between the concrete and the LVL joists, and the long-term deflection of these beams 

was significantly influenced by the variation of the MC, concrete creep and the 

various interactions of shrinkage and creep, shrinkage and swelling of the LVL, and 

creep of the connection system (Cecotti et al. 2006, Fragiocomo 2007, Lukaswezka 

2009, Yeoh et al.  2012). 

Both the beams (B-6N and B-SFS) have attained most of the deflection with in one 

and half years, as was also found out by several researches that most of the deflection 

developed during the first one and half to two years, after which the deflection tends 

to either plateau or to increase much more slowly (Cecotti et al. 2006, Yeoh et al.  

2012). However, the deflection from these beams is showing a distinct increase 

throughout the period, with minimal reduction in the rate of deflection increase to the 

end of this reporting period. Similar finding was also reported in Kenel et al. (1998). 

A change in temperature is also found to significantly affect the long-term deflection 

of the TCC beams (Lukaswezka 2009, Yeoh et al. 2012). However,  in this 

investigation, the temperature of the humidity chamber remained quasi-constant 

(20±2 °C) as shown in Figure 56, with little or no variation in temperature 

throughout the test period and negligible influence on the creep deflections.  
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Figure 56: The temperature and relative humidity curve during the long-term test. 
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4.5 Unloading of two TCC beams from long-term loads 

To determine the loss in stiffness and residual strength, two TCC beams (B-NS and 

B-4N) were unloaded from their long-term loads after 550 days of the test and when 

these two beams had reached 9.0 and 6.0 times of their elastic deflections, 

respectively. The measured immediate elastic recovery after load removal (Figure 

57), were 13.4 mm and 4.6 mm for beams B-NS and B-4N, respectively. The elastic 

recovery was approximately 62 % higher for B-NS and 1.2 % lower for B-4N, than 

the initial elastic deflection when the beams were loaded. After the load was 

removed, the deflection fell sharply and then declined much more slowly during the 

following days. Gibson (1965) and Mohager (1987), have found out that the 

magnitude of the recovery of timber structures after the loads are removed is usually 

equal to or greater than the magnitude of the initial deflection when the loads are 

applied, the results obtained from this investigation are found to support the findings. 

More recovery could have been achieved if the beams were passed through a series 

of humidity cycles. The beams were then moved for short-term test and were placed 

in the test location to be conditioned in the laboratory. 
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Figure 57: TCC beams unloaded after two years of long-term test 
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Table 8 Instantaneous elastic deflection and recovery after load removal 

Specimen Elastic deflection 

(mm) 

Elastic recovery 

(mm) 

B-NS 8.2 13.4 

B-4N 4.8 4.6 

 

4.6 Concluding remarks 

The long-term test conducted on the four beams was reported in this chapter. All the 

four beams exhibited similar behaviour under a sustained load in sheltered indoor 

conditions and subjected to cyclic humidity condition. The moisture content of the 

loaded beams cycled from dry to wet and back to dry condition again. Deformation 

of the beams also followed a cyclic pattern. The deflection from these beams showed 

a distinct increase throughout the period, with minimal reduction in their rate of 

deflection increase to the end of this reporting period. The most important quantities 

such as mid-span deflection, moisture content, relative humidity and temperature of 

the environment were continuously monitored through-out the test. 

The conclusions made from the test observations are (i) the relative humidity 

monitored during the long-term test varied from 45 % to 100 % while the timber 

moisture content fluctuated in the range of 7 % to 20 % and temperate remained 

quasi constant (21 °C±1), (ii) cycling the humidity accelerated the creep response of 

the beams and induced very high deflection more than seven times their initial 

deflection, (iii) the mid-span deflection markedly augmented with in two years of the 

long-term test, with a final value well above the limits usually adopted by national 

regulations. 
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5 Creep factor and evaluating the long-term deflection 

according to Eurocode 5 
The experimental results were fitted with a logarithmic equation and extended to the 

end of service life of the TCC beams and also a simplified evaluation for the long-

term deflection using Eurocode 5 is used to predict the final deflection. This chapter 

also discusses the relative deflection of the TCC beams. 

5.1 Relative deflection of the TCC beams 

Creep can be quantified by a number of time-dependent parameters, of which one is 

the relative creep (creep coefficient). In composite beams, this total creep factor 

(preferably called as gross creep factor) is regarded as a system property that depends 

on the interactions between the materials, which is also affected by the thermal, 

moisture strain and drying shrinkage of concrete as explained in Yeoh (2010). 

According to Eurocode 5, the instantaneous elastic deflection under an action load 

should be calculated on the basis of mean values of the appropriate modulus of 

elasticity. Creep is calculated considering the combined effect of moisture content 

(service class) and load duration, and it is quantified for different materials by the 

factor, kdef, which considers neither the size nor the quality (strength class) of the 

timber. The creep part of deflection is equal to the instantaneous deflection 

multiplied by the creep factor (Morlier and Palka 1994). The creep factor in case of 

TCC beams, which is the overall creep factor of the composite can be defined as; 

Relative creep = Total deflection / Elastic deflection. The highest relative creep 

values (Figure 58) recorded for the TCC beams under investigation for the last three 

years are given in  

Table 9.  The relative creep values shown are also denoted as “j2” in AS1720.1: 

2010.  
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Table 9  Relative creep values after three years 

Specimen Instantaneous 

deflection 

(mm) 

Total 

deflection 

(mm) 

Relative 

creep 

B-6N 4.4 34 7.7 

B-SFS 4.2 33 7.9 
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Figure 58: The relative creep of the TCC beams. 

 



77 

 

5.2 Analytical fitted curve 

The experimental results have also been tried to fit using a logarithmic function 

equation in order to predict the long-term deflection at the end of service life as 

indicated by the Equation 11. The time value, t is in years and the total mid-span 

deflection,  is in mm. whilst the equation gives a general trend of the progress of 

the deflection through time, it does not accurately represent the real adjustment as the 

deflection is influenced by the sinusoidal-like moisture variation. Therefore, the final 

deflection from the equation must be corrected to include the magnitude of the 

amplitude of the oscillation. Additionally, the current data does not show a clearly 

defined tendency to stabilize.  
 

 = 6.5 Ln(t+0.07)+ 21 
Equation 11
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Figure 59: Mid-span deflection and analytical fitted curve using logarithmic function 

equation based on up to-date experimental results 

 

Based on the above equation the predicted deflection is plotted against the 

experimental results (Figure 59). The predicted results fall (oscillate) in between the 

upper and lower range of the experimental results. Hence, the results obtained from 
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the equation will be adjusted by an equivalent amount to the amplitude of the 

oscillation, which is approximately ± (4-5) mm. The predicted mid-span deflection 

for 50 years after corrected for the fluctuations, may reach approximately 51.4 mm 

(Figure 60). These predictions are too approximate and overestimate the deflection, 

because the equation is highly governed by the general trend of the curve which is 

increasing. However, a close look into the results show that the rate of deflection 

increase is diminishing with time, with more tendency to plateau as observed in the 

results from 1000th to 1400th days. Hence, in order to avoid over estimating the long-

term deflection, the beams need to be monitored for more years and the next couple 

of years will likely produce results that best define the nature of the curve for better 

prediction. 
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Figure 60: Mid-span deflection and analytical predicted deflection for 50 years 

using logarithmic function equation based on up to-date experimental results 
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5.3 Simplified evaluation of the long-term behaviour of 

TCCs in accordance to Eurocode 5 using gamma 

method 

Eurocode 5 is the most commonly used method for design of timber-concrete 

composite elements and for estimating the long-term performance of the TCC beams. 

The simplified approach recommended by Ceccotti (1995) according to Eurocode 5 

provisions has been employed here. The method has been discussed in detail in 

section 2.6 of this report. In this section, the long-term deflection of the two TCC 

beams (B-6N, B-SFS) will be evaluated. The simplified approach (commonly called 

gamma method) does not account for shrinkage or thermal strain ((Lukaszewska, 

2009) and is based on the effective modulus method, in which the creep and 

mechano-sorptive behaviour of the concrete, timber and connection are accounted for 

by reducing the elastic and slip moduli according to Equation 12: 

 

)(t,t+
)(tE=E

o

ocm
finc, 1 , def

meano,
fint, k+

E
=E

1 , def
fin k+

K=K
21  

Equation 12 (a,b,c)

 

Using this method the long-term deflection of the TCC structures for time t = 0 and t 

= , can be evaluated. The material creep coefficient and the reduced elastic bending 

stiffness’s for all the beams are presented in Appendix E. The creep coefficient of 

LVL (Kdef), depends on the service class which in turn depends on the climate in the 

humidity chamber, is given in table 3.2 of Eurocode 5 (2008), for this investigation 

kdef = 2.0 is used for LVL considering the environment where the beams are exposed 

equivalent to service class 3.  For the connection systems, the creep coefficient 

recommended is twice as large as the creep coefficient of the LVL (Kavaliauskas et 

al. 2005); this assumption is used in the evaluation because there is no experimental 

investigation on the creep coefficients of the connections used. The creep and 

shrinkage coefficient of concrete are calculated from the procedures suggested in 

AS3600: 2009, which considers the environment conditions and the age of the 
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concrete at time of loading. The result of this computation gives a creep factor for the 

concrete in the dry period twice as much as in the wet period. The values of the creep 

coefficient in the dry period are found to influence more significantly as compared to 

the wet conditions. However, the environmental condition in the humidity chamber is 

moderate conditions and an interior environment could be a fair representation to 

compute the creep and shrinkage coefficients of the concrete. The creep and 

shrinkage coefficients and the reduced moduli are given in Appendix  for all the 

beams. Based on these coefficients the effective bending stiffness of the TCC beams 

at time of loading (t=0) and at the end of life (t = ) is given in Table 10 and a 

detailed computations are presented in Appendix D.  

 

Table 10  Theoretical bending stiffness’s using Euro code 5 

Specimen  Seff 

(mm) 
gc EI eff 

(Nmm2) 

B-6N t = 0 825 0.109 3.38E+12 

 t = 50 825 0.063 0.99E+12 

B-SFS t = 0 375 0.29 4.11E+12 

 t = 50 375 0.181 1.28E+12 

 

The final deflections using the EI values for initial and end of life period are given 

for the two beams (B-6N and B-SFS) using gamma method in Table 11. These two 

beams are still under long-term test. 

 

Table 11  Comparison between the predicted theoretical Mid-span deflections 

according Eurocode 5 with the deflections from the experimental result 

Specimen Instantaneous 

deflection 

(mm) 

End of life 

deflection 

(mm) 

Experimental 

deflection 

(mm) 

B-6N 4.6 33.5 34.0 

B-SFS 3.8 25.9 33.0 



81 

 

 

The deflection after 50 years was found to be 33.5 mm and 25.9 mm for beams B-6N 

and B-SFS, respectively, approximately seven times, the instantaneous deflection of 

the beams. Eurocode 5 suggests limit values of L/250 to L/200 for long-term 

deflection of beams on two supports, L being the span length. The deflections at the 

end of the service life were L/170 and L/220, for beam B-6N and B-SFS, 

respectively; indicating beam B-6N exceeded the acceptable upper limit. The long-

term deflection predicted to be less than the deflection attained by the B-SFS beam in 

three years i.e. the gamma method underestimated the long-term deflection of the B-

SFS by about 21 %. 

5.4  Concluding remarks 

The long-term deflection observed to-date as a multiple of the initial short- term; 

deflections were presented in this chapter. The relative deflection of the beams 

reached about 7.7 time their initial deflections. The experimental result was also 

fitted with a logarithmic equation and extended to the end of service life. The result 

from the logarithmic curve overestimated the final long-term deflection of the TCC 

beams, while the Eurocode 5 simplified evaluation methods for TCC beams 

underestimated the final deflections, however, this is a results of a single beam and 

with extreme environmental conditions. For a better prediction, the TCC beams will 

be monitored for more years until their rate of deflection stabilises.  
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6 Residual stiffness and strength tests after long-term test 
 

This chapter reports the result of a short term experimental investigation on two TCC 

beams following the long term test. The two beams were unloaded after 550 days of 

creep loading (section 4.5) these beams were B-NS and B-4N and were tested for 

serviceability and ultimate failure. The beams were conditioned in the laboratory for 

three months before being tested. 

The tests were performed under displacement control, and the load was applied at a 

constant rate until failure, according to the loading protocol recommended by 

AS/NZS 4063.1 (2010) and EN 26891 with a preloading cycle up to a 40 % of the 

estimated load, unloading to 10 % of the estimated failure load, and ramp loading to 

failure. The test set up is shown in Figure 61.  

  

.. .
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.
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Figure 61: Test set up for serviceability and ultimate failure test of the TCC beams 

(typical) (in mm) 

 

During this test the following measurements were taken;  

 mid-span deflection, deflection at third point beneath the two load points 

using LVDT’s,  

 relative slip between concrete flange and timber web over the supports using 

LVDT’s and 
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• the strains on timber at mid-span at the bottom, at 20 mm from bottom fibre, 

at the middle and 230 mm from bottom fibre; and mid-span concrete strains 

at the upper and lower fibres using strain gauges (Figure 62).  
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Figure 62: Location of strain gauges along the mid span of the cross section 

 

6.1 Serviceability tests and loss in stiffness of TCC beams 

The four-point bending test conducted on two TCC beams before and after an 

extended exposure to an environmental conditions equivalent to Service Class 3, as 

per Eurocode 5, provided valuable information to understand the behavioural 

response of TCC in serviceability. As a consequence of the long-term testing and 

their exposure to extreme environmental conditions, both beams experienced 

reduction in their bending stiffness’s (Figure 63 and Figure 64). Stiffness of the non-

notched beam (B-NS) reduced by 53 % and 20 % reduction in stiffness of the four 

notched beam (B-4N) was observed (Table 12). B-4N has initially higher stiffness 

and high composite efficiency as compared to B-NS and also showed lower amount 

of loss as compared to B-NS. The loss of bending stiffness has a contribution from 

all component parts (concrete, timber and the connection), and to investigate the 

possible loss due to the long-term test, tests were conducted on the LVL which were 

cut from the tested TCC beams to determine their properties after long-term test and 

will be discussed later in this chapter.  
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Figure 63: Total load (2P) versus mid-span deflection at serviceability for B_NS 
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Figure 64: Total load (2P) versus mid-span deflection at serviceability for B_4N 
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Table 12 Percentage loss in bending stiffness in TCC beams 

 EI (E+12 Nmm2) Loss (%) 

 Before LT After LT  

B-NS 2.78 1.31 52.9 

B-4N 4.08 3.26 20.0 

Note: LT = long-term test 

 

The magnitude of the strain reading along the cross section of the TCC beams for 

both the serviceability tests conducted before and after the long term test (Figure 65 

and Figure 66) are compared up to certain target loads and a detailed results are 

presented in tables and diagrams in Appendix F , The figures show increased strain 

magnitude for tests after long term exposure. This increase is large for timber in its 

tensile zone and at the interface, while little change is on the tensile and compressive 

zones of the concrete. As shown in Figure 65, for B-NS, there is significant increase 

in magnitude in both the timber tensile zone and also in the interface, and there is a 

shift in the neutral axis towards its geometric centre as if the LVL was independently 

acting. This shows a loss in the composite action on B-NS. Although similar increase 

in magnitude on the timber tensile zones is observed for B-4N but little increase in 

the interface indicating this beam performed better. 
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Figure 65: Strain profiles along the mid-span cross section from serviceability tests 

for B-NS (tests done before and after the long-term test, LT= long-term test) 
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Figure 66: Strain profiles along the mid-span cross section from serviceability tests 

for B-4N (tests done before and after the long-term test, LT= long-term test) 
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6.2 Ultimate strength tests 

After the serviceability test the beams were finally loaded to failure. During the test, 

the following observations were made; the presence of any cracks on the 

connections, the time and level of the load the first crack was detected, and the nature 

and failure patterns. The failure loads corresponding to the resultant of the point load 

(2P) and the maximum mid-span deflections at failure are reported in Table 13, and 

the relationship between the total load and the mid-span deflection for beams B-NS 

and B-4N are also shown in Figure 67 and Figure 68, respectively.  

 

Table 13 Summary of ultimate tests results for the TCC beams 

Specimen Failure load (2P) 

(kN) 

Mid-span 

deflection (mm) 

B-NS 22.8 98.4 

B-4N 34.6 48.0 

 

Both the beams showed linear behaviour approximately up to 20 mm of their mid 

span deflections and after wards behaved in non-linear manner up to failure (Figure 

67 and Figure 68). Both the composite beams failed due to tensile rupture of the 

timber initiated in the weaker region of the lamination and progressed further to the 

mid depth (Figure 69 and Figure 70). The strength and stiffness of the timber beam 

are the most important parameters that influence the behaviour of the composite 

beam (Linden 1999) after the shear connector. Both the timber-concrete composite 

beams in this experiment fail, because the timber tensile strength is reached at the 

outermost tensile fibre. The timber modulus of elasticity determines to a large extent 

what tensile stresses will appear in the timber tensile zone and consequently, 

determines the load carrying capacity of a timber-concrete composite beam. 
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Figure 67: Total load (2P) versus mid-span deflection at ultimate stress for B_NS 
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Figure 68: Total load (2P) versus mid-span deflection at ultimate stress for B_4N 

 

Although in both the beams the timber joists exhibited brittle failure in the tensile 

zone, B_4N showed a good plastic behaviour before total collapse occurred. This 

behaviour was caused by the connector (notch with coach screw) that had an elasto-

plastic load–slip relationship. Usually in TCC structures, the furthest connectors 

reach its maximum shear strength and then, redistribution takes place to the adjacent 

connectors until they also become plastic. Once the shear connectors lose their 

stiffness’s, the timber bears the entire load up to failure. 
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Figure 69: Tension failure of the joist B_NS 

 

Figure 70: Tension failure of the joist B_4N 

 

Figure 71 and Figure 72 show load slip curve for B_NS and B_4N, respectively. The 

shear connector in B_NS behaved in a brittle manner while a ductile behaviour is 

observed for B-4N shear connector. The maximum slip measured at failure was 6.4 

mm on the left and 12.2 mm on the right support for B-NS and 1.6 mm on left 

support and 1.4 mm on right support for B-4N. During testing beam B-4N, the 

LVDT on the left side of the support was in contact with the supporting frames and 

the slip readings showed erroneous data immediately after failure (Figure 72).  
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Figure 71: Total load (2P) versus slip B_NS 
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Figure 72: Total load (2P) versus slip B_4N 
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Figure 73 Connector close to the right support after the failure test (left) and before 

the failure test (right) for B-4N 

 

 

Figure 74 Connector close to the right support after failure for B-NS 

 

Investigations after the beams failed, in order to understand the failure patterns, 

revealed that the two connectors on right side of beam B-4N designated as N3 and 

N4 (Figure 73) failed due to crushing of the concrete in the notch and the slip reading 

on those connectors was also significantly large. The screws on the right support for 

beam B-NS were found broken when observed after the concrete was removed 

(Figure 74). The maximum slip values obtained for the composite beams 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 beams do not have sufficient plastic deformation capacity 

to deform to a slip of 15 mm (Figure 71 and Figure 72). These finding are consistent 

with that of Dias (2005) that the maximum slip of various tested beams with span 

length up to 10 m ranged from 0 to 8 mm. Dias also concluded that the slip is 
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unlikely to be higher than 8 mm in timber-concrete composite structures built and 

loaded according to the design rules. 
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Figure 75: Magnitude of the strain along the mid span cross section during ultimate 

test on B_NS (the numbers from 1 to 9 refer to the strain gauge numbers given in 

Figure 62, (-ve) strain in compression and (+ve) strain in tension 
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Figure 76: Magnitude of the strain along the mid span cross section during ultimate 

test on B_4N [the numbers from 1 to 9 refer to the strain gauge numbers given in 

Figure 62, (-ve) strain in compression and (+ve) strain in tension] 

  

During the ultimate short term test, magnitudes of the strain were measured along 

cross-section of the beam at the mid-span. The location of the strain gauges is shown 

in Figure 62. The strain evolution across the mid span of the composite section 

throughout the loading regime is shown in (Figure 75 and Figure 76). The strain 

profiles are also displayed in Figure 77 for B-NS and in Figure 78 for B-4N. The 

strain profile for B-4N shows that for the initial elastic response of the composite 

system the neutral axis (NA) of the timber is positioned near the interface of the 

concrete and timber, and the majority of the timber beam is working in tension. 

However, as the load is increased, and the connection begins to yield, the axial force 

in the timber beam remains approximately constant, whilst the bending moment 

continues to increase. The neutral axis in the timber beam drops towards mid-depth 

and the stiffness of the composite section degrades. The strain profile for B-NS 

however shows, NA of the timber positioned from the beginning near its mid depth 

and maintained in this position through the test. This difference in the strain profiles 

in the two beams shows a lack of composite action in beam B-NS. Additionally the 

area of the concrete under tensile stresses is much larger in B-NS as compared to B-

4N. However, no failure of concrete in tension was observed in both beams. 
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Figure 77: Strain profile along the mid span cross section of B-NS during ultimate 

test  
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Figure 78: Strain profile along the mid span cross section of B-4N during ultimate 

test  

 

The failure loads of the TCC beams were also estimated using gamma method 

according Eurocode 5 in order to try to compare with the experimental results. The 
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mean values of the mechanical properties (modulus of elasticity and strength) of the 

materials were used in the analysis. For LVL the modification factors for load 

duration, moisture content and size effects are used as recommended in AS/NZS 

1720 (Appendix G) and secant slip modulus of KULS0.6 is used for the connections. In 

order to better estimate the loss in strength, the analysis was assumed in periods 

before the beams were subjected to long-term loads (i.e. after 200 days of the 

concrete pour).  

For ultimate design verification of TCC beams, the bending strength of concrete and 

timber, flexural shear and bearing strength of timber and strength of the connection 

interfaces must be checked. 

The normal stress on the concrete due to axial force is given by Equation 13 and due 

to bending moment is given in Equation 14. 
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Equation 16 

 

Hence, the stresses on the top and bottom fibre of the concrete should be obtained 

using Equation 15 and Equation 16 , respectively. Where M* is the design moment, 

f’c,c,d is the design compressive strength of concrete, f’c,t,d is the design tensile strength 

of concrete and gc  is the partial safety factor for concrete = 1.5. 

The tensile stresses in the concrete are not important and can be neglected, moreover 

nominal steel mesh is provided on the tension side of the concrete. 



96 

 

The timber or LVL strength demand should meet the following conditions; the axial 

force on timber (Equation 17), the timber bending moment (Equation 18), and also 

the the combined bending and tension ratio ( Equation 19). 
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Equation 19

Where; mdr NN /  , dN  is the design tensile strength of timber and m is the 

partial safety factor for timber (1.2 for LVL).And mdr MM /  , dM  is the 

design bending strength of timber, At is the cross sectional area of the timber. 

 

The timber should also fulfil the design shear strength demand as shown in Equation 

20. Where sV  is the shear strength of the timber, fs,d = fs,d/ m, is the design shear 

stress, hence; sV  >= V*, where V* is the design shear force due to the applied 

load.  

 

)3/2(, tdss AfV  
Equation 20 

*VVs  Equation 21 

The largest stresses occur where the normal stresses are zero. The conditions in 

Equation 17 will be the most important condition for the strength of a TCC beam.  

The maximum forces in the connections should also fulfil the requirement in 

Equation 23.  
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Equation 22 

conkdQF /  Equation 23 

Where Qkd is the design strength and con is the partial safety factor for the 

connections and is equal to1.3. 

The design strength of a connector (Qkd/ con) equals the mean strength of that 

connector type in case of B-NS, instead of the 5-percentile value as in case of the 

notched type (B-4N). The reason for this is the available redundancy through the 

parallel action of the connector in the interlayer. However, for a small number of 

connectors as in the case for beam B-4N, this redundancy effect vanishes and the 5-

percentile value should be taken. This amount depends on the variability in strength 

of the connector type, the type of load and of the reliability level desired. If S and V* 

(Equation 22) vary along the beam axis, the connector with the largest value for V* 

times S should be checked. The first connector near the support will often be the 

decisive one since V* often reaches a maximum value at the support. 

Since there is no experimental result of the failure loads of the TCC beams before 

they were subjected to the long-term tests, the strength demand for concrete, timber 

and the connector were computed using the gamma method in order to compare and 

investigate a possible loss of strength of the TCC beams. The two TCC beams were 

tested to failure after the long-term test. The calculated theoretical capacities based 

on mean timber strengths are given in Table 14 above and also detailed computations 

are presented in Appendix G (Table 42 and Table 43). 

Table 14 Comparison of the theoretical design capacity of the TCC beams using 

GAMMA method with the failure loads (kN) from experimental results 

Beam Theoretical design capacities Experimental 

Failure loads 

 Concrete Timber Connector  

    

B-NS 90.4(5.5) 43.1 13.0 22.8 

B-4N 112(8.1) 46.1 36.3 34.6 
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Note. The values in parenthesis are the tensile loads in the concrete and the results 

given for the connections are at the support.  

 

As shown in this Table 14, the shear force on the connectors (composite check) 

governs the capacity of both beams, however the strength demand on timber is also 

detrimental, once the shear connectors’ yield and lose their composite behaviour, 

because the load is then carried out by the timber only. The tensile failure on the 

concrete only means that micro cracks will develop. They have little or no effect on 

the load capacity of the TCC beam, moreover the steel mesh are provided in the 

concrete to resist these cracks and hence the strength demands by the connector 

governed the capacity of the beams.  In case of B-4N the experimental failure load is 

closer to the estimated theoretical capacity with very little difference. The theoretical 

capacity of the beam before being exposed to the long-term test is found to be about 

95 % (Table 14) of the experimental failure load after the long-term test, indicating 

very little or insignificant strength loss. However, as explained previously there is no 

experimental test on ultimate capacity done on the beams before the long-term test to 

verify this loss in strength.  The results obtained for beam B-NS however show that 

the theoretical capacity is only about 57 % (Table 14) of the experimental failure 

load. This could be due to under estimation of the ultimate slip modulus of the 

connector for B-NS.  
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6.3 Residual stiffness and strength of LVL joists 

The effect of the long-term test on the stiffness and strength of the composite beam 

has been discussed in section 6.1 and section 6.2 above, and it was found a loss in 

stiffness and strength of the composite beams. In order to investigate whether the 

long-term exposure also affected the stiffness and strength of the component 

materials a further test have been conducted. This section will present results and 

discussion on tests conducted on the timber joists. 

The LVL joists from the tested TCC beams were cut into smaller sizes in areas where 

there was little or no damage due to the test. The tests were performed according to 

the test procedure outline in AS/NZS 4063.1(2010) and the test set up is shown in 

Figure 79 for the bending test and in Figure 80 for the tensile test on the LVL joists. 

Table 15 and Table 16 show the test results for bending and tensile strength tests for 

both the beams, respectively. The peak loads are the maximum loads and also the 

loads at failure, a detailed tabulated result are presented in Figure 44 - Figure 47: 

Appendix G.   

 

Table 15 Modulus of Elasticity of LVL after long-term test 

Specimen Width, 

( mm) 

Depth 

(mm) 

Peak load 

(kN) 

Avg. 

Stiffness 

(kN/mm) 

Mean E  

(GPa) 

LVL-B_NS 48 70 8.01 (0) 488(4) 13.1(7) 

LVL-B_4N 48 70 9.56 (9) 474 (2) 12.2 (2) 

Numbers in brackets show the percentage of the coefficient of variation (COV) 
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Figure 79: Set-up for bending tests of LVL joist 

 

Table 16 Tensile strength of LVL after long-term test 

Specimen Width, 

( mm) 

Depth 

(mm) 

Peak load 

(kN) 

E 

(GPa) 

Tensile strength 

(MPa) 

LVL-B_NS 48 70 117 (12.8) 13.3 (0.2) 35 (12.8) 

LVL-B_4N 48 70 128 (6.8) 11.6 (0.2) 38.1 (6.8) 

Numbers in brackets show the percentage of the coefficient of variation (COV)  

 

However the loss in stiffness of the LVL beams based on material tests (Table 17) on 

the LVL cut from the joists is only 7.5 % compared to the overall stiffness loss 

observed in the TCC beams. It has to be noted that the  number of test samples cut 

from the joists was small and making definitive conclusions as to  whether the 

reduction is from the variability of the properties of the LVL joist or as a result of the 

long-term exposure to humidity cycle is difficult. The results from the specimens cut 

from B-NS joist, however, indicate no significant noticeable reduction in stiffness of 

the LVL.  
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Figure 80: Set-up for tension test of LVL joist 

 

Table 17 Percentage loss in MOE of LVL joists 

Specimen MOE (MPa) Loss (%) 

Specimen Before LT After LT  

LVL_B-NS 12402 13125 - 

LVL_B-4N 13153 12158 7.5 

Note: LT = long-term test 

 

Hence, the losses in the stiffness in the TCC beams observed is a results of the loss in 

the composite behaviour of the beams mixed with the loss in slip modulus of the 

connectors. However, no long-term tests were conducted on the connectors’ and the 

possible loss in slip modulus on the connector cannot be justified at this stage. Long-

term experimental investigation on connectors is required to confirm this. 
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6.4  Concluding remarks 

The short term experimental tests conducted on two beams were reported here. These 

two beams (B-NS and B-4N) were kept in the humidity chamber for over 550 days. 

The four-point bending test conducted on these two TCC beams before and after an 

extended exposure to an environment equivalent to Service Class 3, as per Eurocode 

5, provided valuable information to understand the behavioural response of TCC to 

serviceability. Significant deflections were observed in the specimens during the 

long-term tests, some of which was not recovered after removal of the load.  

Loss of stiffness was also observed. As a consequence of the long-term testing, both 

beams experienced some reduction in their bending stiffness to a magnitude of up to 

52.9 %. This loss is related to losses in stiffness and strength in the concrete, timber 

and/or connector. The loss in strength and stiffness observed in the TCC beams is 

also governed by loss of stiffness and strength in the connectors and to some extent 

in the concrete. The loss in stiffness for connection is arguably demonstrated by the 

loss of composite action observed for both the beams. On the other hand, the strain 

value taken on the concrete member before and after long-term tests indicated that 

the concrete has not been significantly affected. Because there was no experimental 

test on the strength of the TCC beams before the long-term test, comparison was not 

made for the possible loss in strength of the TCC beams due to the long-term 

exposure. However, the comparison made between the theoretical design capacities 

and the failure load from the ultimate test for B-4N indicates a possible loss of 

strength. 
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7 Long-term performance of timber-timber composite 

floor modules 

7.1 Introduction and Composite beam properties 

This chapter reports the long-term experimental investigation conducted on two 

composite timber floor beams with 6 m clear span. These timber composite beams 

were made of laminated veneer lumber (LVL), with the web and the flanges of the 

composite timber section connected using screw-gluing technique Figure 81 shows a 

typical cross section of the composite beams. Short-term tests under service loads 

were conducted on the beams by Zabihi (2014) to determine their bending stiffness. 

The long-term investigation on the beams which commenced on March 2012 is still 

on-going during this reporting. The aim of the test was to investigate the long-term 

behaviour of these composite timber beams under cyclic moisture conditions. 

Moreover, the experimental result also produced a valuable finding that complements 

behaviours observed on TCC beams and a difference of behaviour between TCC and 

timber only composite beams can be established under identical humidity conditions. 

 

600

35
18

0 45 45
hySPAN cross
banded LVL

hySPAN PROJECT

12035 120

 

Figure 81: Atypical cross section of the composite beams 

 

Before the commencement of the long-term test, the timber beams were subjected to 

four-point bending test (Figure 82) under service load up to 40% of the estimated 

failure load, to determine their bending stiffness. The apparent bending stiffness (EI) 



104 

 

was 4.21x1012 and 4.24x1012 Nmm2 for beams L6-01 and L6-03, respectively 

(Zabihi 2014), and the load versus deflection the composite beams have a linear 

elastic behaviour as shown in Figure 82. The location of the neutral axis (NA) with 

the assumption of a theoretical fully composite behaviour compared with location of 

the NA from the experimental result shows a 5% deviation and the values of the 

coefficient R2 shows a strong correlation between the strain distribution over the 

depth of the system (about 0.99) as shown in Appendix H. Hence, the composite 

beams will be treated as a fully composite in further discussions and the properties of 

the transformed section are presented in Appendix H. 
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Figure 82: Load versus deflection (Zabihi 2012, Zabihi 2014) 

 

7.2 Long-term test results and discussions 

The long-term test set up is shown in Figure 83 where the beams were placed on a 

simply supported arrangement and a long-term load was applied using lead bars 

evenly spaced on the top of the beams. The lead bars were applied manually on the 

top of the beams and it took more than 30 minutes before all the loads were applied, 

for this reason the instantaneous deflections were read as soon as the deflections 

stabilized. The serviceability loads applied are equivalent to a uniformly distributed 

load of 2.1 kPa. This applied load is about 34 % of the short-term ultimate design 
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load (1.2G+1.5Q) expected for the beams. The instantaneous mid span deflections 

after the application of the loads were 6.5 mm for L6-01 and 6.2 mm for L6-03. The 

slight difference between their instantaneous deflections could be due slight 

variations on the spacing of the lead bars along the length of the beams and/or 

variations on the individual masses of the lead bars. The stresses developed due to 

bending along the cross section of the composite beams immediately after the load 

application are; 2.6 MPa, 2.2 MPa, 3.5 MPa and 4.6 MPa, on the top flange, top web, 

bottom web and bottom of the flange, respectively. These stresses range from 5 to 11 

% of the design capacities of the members and are obtained using the transformed 

section method assuming a fully composite section. Creep of wood exhibits linear 

behaviour with respect stress up to stress levels of about 40-50 % of the short-term 

strength in constant environment conditions. This has been reported in compression, 

tension and in bending (Toratti, 1992). In mechano-sorptive creep, the non-linearity 

of wood starts at about 10-20 % of the ultimate stress in compression and at about 

20-30 % of the ultimate stress in tension and bending (Hunt, 1989), with generally 

larger the creep deformations under compression load under tension load (Bengtsson, 

2001).The shrinkage and swelling due to moisture changes also indirectly affects the 

deformation which consequently affects the modulus of elasticity. Hunt (1988) found 

that the shrinkage and swelling decreases for wood loaded in tension parallel to grain 

while it increases for wood loaded in compression parallel to grains. Large part from 

the cross section of the composite beams under this investigation lies under 

compression and bending zones and hence, is expected to behave in similar manner 

to behaviours observed by wood under compression and/or bending stresses. And for 

LVL the creep perpendicular to the grain was found to be significantly larger than 

the creep parallel to grains as reported in Matthew (2008). It means that the flanges 

and webs will have higher creep than the webs and the stresses on the webs will also 

increase with time. However, no experimental measurements were conducted to 

verify this in this investigation.  
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Figure 83: Long-term test set up and service loads 

 

 

Figure 84: Timber composite beams in humidity chamber 

 

These beams were exposed to similar environmental conditions as the TCC beams. 

The environmental condition was cyclically alternated between normal and very 

humid conditions whilst the temperature remained quasi constant (20±2 °C) – typical 

cycle duration was six to eight weeks. 
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Figure 85: Relationship between the Mid-span deflection, moisture content and 

relative humidity of the chamber 

 

A comprehensive plot of mid span deflection of the beams and relative humidity 

(RH) of the chamber is shown in Figure 85 (similar graph is also presented in large 

scale in Appendix H Figure 106). The experimental results to-date (800 days) show a 

general tendency towards flattening of the creep curves with slow rate of increase in 

creep for both beams with time with higher creep observed on beam L6-01. Slightly 

higher creep recorded for beam L6-01, could be due to variability in wood properties, 

or due to their differences in the stress levels. 

When the specimens were loaded, the air humidity of the humidity chamber was not 

constant and was fluctuating between 55 to 75 %, and, moderate creep occurred in 

this period. 

After approximately 50 days from loading, water was admitted in to the humidity 

chamber using a humidifier and the beams responded quickly by partially recovering 

the already attained deflections. This period may be considered as a subsequent 

adsorption period with the first adsorption being absorbed in the first 50 days without 

a significant notice, the unstable air humidity conditions in the chamber may have 

caused these phenomena in first few weeks of the test. In most literatures, however, 

the first adsorption period is characterized by increase in deflection (Epmeier 2007, 

Hausca and Bucar 1996, Bengtsson 2001). This period was followed by a dry period 
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and a sharp increase in creep was observed the usual response of beams in cyclic 

conditions in bending and the beams attained most of the creep during this period, 

similar finding was also reported by Lu and Erickson (1994), which explained that 

most of the mechano-sorptive creep was naturally produced during the first cycles. 

The moisture content of the beams under load is cycled from dry to wet and back to 

dry again, the deformation also followed a cyclic pattern. However the recovery in 

each cycle is only partial and over six cycles the total amount of creep is very large 

as shown in Figure 85. The greater the moisture difference is in each cycle, the 

higher is the amount of creep. The air humidity cycled between about 50 % to 100 

%, it should be noted that creep increased during drying (desorption) and decreased 

during the wetting cycle (adsorption) and this represents a typical creep behaviour of 

wood in bending and wood based materials (Armstrong and Kingston 1960, Toratti 

1992).The changes in deflection during each complete cycle would have been much 

less if the range of change of air humidity was made narrower during moisture 

content cycling under load. Nevertheless, a decrease in deflection for each absorption 

and an increase for each desorption were still found for each cycle after the first 

cycle, which is similar to test results reported by Armstrong and Kingston (1960). 

The apparent creep recovery during subsequent humidification (wet periods), due to 

the size changes caused by difference in shrinkage coefficient between the tension 

and compression faces of the timber as explained by Gerhards (1985) and Hunt and 

Shelton (1987).That also explains the sinusoidal like deflection curves, with the 

amplitude of the curve increased with increase in the total deflection. If the shrinkage 

and swelling effect is subtracted from the creep strain, in approaching the stable 

state, appeared to be a monotonically increasing function of moisture changes 

regardless of the direction of the change. This mechano-sorptive effect continues to 

diminish with time as also was reported in Toratti (1992).  

The cycling of the moisture seems to have induced a significant effect on the long-

term deflection of the beams. The total deflection measured for L6-01, exceeded the 

limit (L/150 to L/300) given in Eurocode 5 for timber structures on two supports. 

The relative deflection referred j2 is the ratio of the total deflection to the 

instantaneous deflection. The total deflections attained by the beams are expressed in 



109 

 

terms of the relative creep (total deflection divided by the instantaneous deflection) 

in Table 18. 

 

Table 18 Relative creep values of the composite beams 

Beam Relative 

creep 

  

L6-01 3.25 

L6-03 2.98 

 

The creep factors for timber beams are available in design codes, Eurocode 5, 

referred to as Kdef and a value of 2.0 is recommended for LVL-timber for quasi-

permanent load combinations, while in AS/NZS 1170.1:2008 a recommends a 

duration of load factor for creep deformation, j2, as a relative creep (relative 

deflection). The j2 value for bending members with initial moisture content at time of 

load application less than or equal to 15 %, and for a load duration greater than or 

equal to one year is 2.0. This is lesser than the relative creep values obtained for the 

beams under investigation. The theoretical long-term deflection of the composite 

beams was also tried adopting a Kdef value 2.0 for the LVL and assuming fully 

composite section. The total long-term deflection obtained for the end of service life 

of the beams was 18.5 mm and is about three times the instantaneous deflection 

calculated with the same approach. The details of the computations are given in 

Table 50: Appendix H.  The findings from this experimental result show a creep 

factor 1.98 to 2.25 with an expected increase with increase in the deflection of the 

beams over time. These composite beams where initially loaded at MC less than  15 

%, and during the course of the test period the beams were subjected to MC greater 

than 15 % for several times. 
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7.3  Concluding remarks 

This chapter presented a long-term experimental investigation on timber composite 

beams. The creep rate and total creep were significantly affected by moisture 

changes, and that the observed response by the composite beams cannot be predicted 

from tests under constant conditions. The two beams were monitored under cyclic 

humidity conditions with the relative humidity varying from about 55 % in the dry 

period to about 100 % in the wet periods. The moisture content of the timber beams 

as well as the deflections followed cyclic patterns. These conditions induced a 

significant creep deflection reaching well above the limiting value of L/200 usually 

adopted in design codes. The humidity cycle was monitored using the moisture 

content samples and it was observed that the length and extent of the humidity 

change influenced the creep behaviour of the beams. The beams were observed to 

respond quicker when the humidity cycle was changed from wet to dry than vice 

versa. Additionally, during each subsequent cycle the total deflection and also the 

amplitude of the curves increased. And the total deflection actually reached more 

than three times their instantaneous deflections. There is  no provisions for creep 

factor of a composite LVL beams in design codes, depending on the load and 

environment history, Eurocode 5, recommends a creep factor (Kdef) values of 2.0 for 

LVL in environmental conditions characterized by service class 3. The results of this 

experimental result could suggest, a creep factor (Kdef) of about 3 for the composite 

timber beams subjected to environmental conditions categorized as equivalent to or 

more severe than service class 3. 
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8 Conclusions 
The main objective of this research was to experimentally investigate the long-term 

performance of timber-concrete composite beams. Four TCC beams with three 

different types of shear connectors (normal screws, concrete notches and SFS 

screws) were investigated and the amount of creep expected in the service life of 

TCC floor beams using these types of connectors were obtained based on the 

experimental data.  Long-term behaviour of two timber only composite floor beams 

was also investigated under the same environmental conditions which complemented 

the finding on the TCC beams. 

 

Following conclusions can be made based on this study. 

Long-term test observations on TCC beams 

The relative humidity monitored during the long-term test varied from 45 % to 100 

% while the timber moisture content fluctuated in the range of 7 % to 20 %. During 

the long-term test the temperature remained quasi constant (21 °C±1). The 

environmental conditions can be described as equivalent as or more severe than 

service class 3 as defined in Eurocode 5, with the air humidity exceeded 85 % 

several occasions and kept approximately at 100 % for several weeks and repeated 

every four to six weeks. The environmental condition is also characterized by quasi-

constant temperature and its effect on the long-term behaviour of the beams is little 

or insignificant. 

 

The mid-span deflections for all the beams increased throughout the test and most of 

the deflection was attained in the first 700 days of the test.  The mid-span deflection 

for B-NS (specimen with normal screw connector) increased continuously reaching 

above the limit value (L/200) with in the first 500 days.  

As the moisture content of the loaded beams cycled from dry to wet and back to dry 

again, the deflection also followed a cyclic pattern. Increase in relative humidity and 

moisture content was followed by an increase in deflection in the first adsorption, 

and decrease of deflection (local recovery) in all subsequent absorptions. While, all 

desorption periods were accompanied by an increase in deflection throughout the test 

period. This behaviour is found to be a typical of wood under bending; however there 
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are hardly any available literatures on TCC beams under cyclic conditions to back up 

the findings. Most of the existing literatures on TCC structures are conducted on 

naturally varying environments and the beams behaved in contrary to this findings 

i.e. increase in deflection with increase in moisture content. A complementary study 

was also conducted on timber composite beams (chapter 7) under the same 

environmental conditions in bending. The timber only composite beams responded in 

similar manner to the TCC beams.  

 

Creep factor for TCC beams 

The total deflection of the two TCC beams with six bird-mouth notches (B-6N) and 

SFS screws (B-SFS) is in the range of 7- 8 times the instantaneous deflection; given 

that this environmental condition is very severe, the result is not surprising. The 

predicted end of life deflection i.e. 50 years using equations obtained from the fitted 

curves, overestimated the deflection. The gamma method was also employed to 

predict the end of life deflection. The estimate closely predicted the deflection for 

beam B-6N, while, it under-estimated the deflection for B-SFS. It is recommended 

that the beams will be monitored for more years for better predictions. However, 

from this experimental test an upper bound creep factor of seven is recommended for 

the TCC beams under investigation. This creep factor of the TCC beams can be 

reduced if high composite behaviour can be achieved by increasing the bending 

stiffness of the composite beams. Cecotti et al. 2006 and Yeoh et al. 2010 

investigated TCC beams under normal conditions and the total creep deflections 

reported were about four times the instantaneous deflection. In this research the 

lower bound value of the creep (Figure 58) about 4.5 can be assumed conservatively 

as creep value for normal environmental conditions.  

 

Residual strength and stiffness of TCC beams 

The four-point bending test conducted on two TCC beams with four bird-mouth 

notches (B-4N) and normal wood screws (B-NS) before and after the long-term test 

(550 days), provided valuable information to understand the behavioural response of 

TCC to serviceability and ultimate failures. Significant deflections were observed in 

the specimens during the long-term tests, some of which was not recovered after 

removal of the load. Loss of stiffness and strength was also observed, as a 
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consequence of the long-term testing and both beams experienced reduction in their 

bending stiffness to a magnitude of up to 53 % for B-NS and 20 % for B-4N. During 

the ultimate test, B-NS showed poor composite behaviour while B-4N showed good 

composite behaviour throughout the test. The failure on both the beams was due to 

combined bending and tension failure in timber. The tests conducted on LVL cut 

from the timber joist revealed no noticeable loss of the stiffness of the LVL due to 

the long-term exposure.  

Creep factor for Timber only composite beams  

The timber only composite beams have been subjected to cyclic moisture conditions 

and induced large deflection both the beams. The moisture content cycled from dry 

to wet and back to dry again and the deflection also followed a cyclic pattern. During 

the test an increase in relative humidity and moisture content is followed by an 

increased in deflection and partial decrease in deflection (recovery) when RH 

increases. This behaviour is found to be a typical behaviour of wood in bending 

under cycling humidity conditions. The experimental result to-date (800 days) shows 

a general tendency towards flattening of the creep curves with slow rate of increase 

in creep for both beams with time. The beams exhibited good composite behaviour 

throughout the test period with no slip or gap at the interfaces. Both the beams 

deflected more than three times their instantaneous deflections. Based on the findings 

from this experimental result and considering the expected increase in defection over 

time, could suggest an overall creep factor of about 3 for the composite timber beams 

in environmental conditions categorized as equivalent to service class 3 according to 

Eurocode 5.  

 

Similarity of behaviours between Timber-Concrete composite beams and 

Timber only composite beams  

Both the TCC beams and timber only floor modules have shown similar behaviour in 

response to the moisture changes with generally increase in deflection during dry 

periods and recovery of deflection during wet period except the first humid cycles. 

Additionally both exhibited similar rate of creep and rate of recovery of creep during 

drying and wetting periods. The timber only beams had high composite efficiency as 
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compared to the timber-concrete beams and therefore had smaller creep factor 

compared to TCC beams. 
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9 Future works 
Following recommendations for future studies are made based on the observations 

made during this experimental investigation. 

 

1. In order to predict the long-term deflection of TCC beams, the long-term slip 

modulus is very important and hence an experimental investigation on the long-term 

slip behaviour and a corresponding creep factor is required. Hence, a long-term 

investigation on the following type of connectors are recommended for future works; 

normal screw connection, notch and SFS connections. 

 

2. During the course of the long-term investigation under cyclic humidity conditions, 

it was observed that the extent and length of cycle play important role in the creep 

response of the TCC beams and hence an investigation on an optimum length of 

humidity cycle to induce the maximum deflection needs to be investigated. 

 

3. The future works also include verifying the experimental results with the exiting 

FE models and make recommendations.  
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Appendix A 
Graphs from literature reviews 

This annex presents typical curves from the literature reviews which have more 

relevant information for this experimental investigation 

 

 

Figure 86 Relationship between deflection and length of exposure cycle (Hearmon 

and Paton 1964) 
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Figure 87 Deflection of loaded beech beams, Curve A, specimen maintained at R.H. 

93%;Curve B, specimen, specimen loaded dry and then ’cycled’; curve, specimen 

loaded at R.H.93% and then ‘cycled’. Solid line. R.H. zero; broken line, 

R.H.93%.(Gibson, 1965) 
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Figure 88 Typical creep curves A, B and C, due to cycling of relative humidity 

between 90% and 30%, adopted from Epmeier (2007) 
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Appendix B  
This annex presents the properties of the LVL from the supplier and also the relevant 

properties of the connections used.  

Table 19 LVL properties (Carter Holt Harvey) 

                        

Property 

 Characteristic 

value 

Strength Bending, f’b 48 N/mm2 

 Tension, f’t 33 N/mm2 

 Compression parallel to grain  f’c 45 N/mm2 

 Compression perpendicular to grain  f’p 12 N/mm2 

 Shear in beams, f’s 5.3 N/mm2 

 Shear at joint details, f’sj 5.3 N/mm2 

Stiffness Modulus of elasticity, E 13200 N/mm2 

 Shear modulus, G 660 N/mm2 

Density At 12% moisture content, k 620 Kg/m3 

  

 

Figure 89 the lengths of the coach screw, SFS and normal screw used in the 

connectors 
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Table 20 Shear strength of the connectors used (Khorsandnia et al 2012) 

Type of connector Normal screw SFS screw Notch
Shear strength, Fmax (kN) Range 9.4-12.3 47.0-66.2 30.8-34.5

Average 10.9 59.5 32.6
 Fmax (5%) 9.5 46.5 30.6

std 0.9 8.0 1.1
Cov 7.9 13.4 3.5

 

Table 21 Slip moduli of the connectors used (Khorsandnia et al. 2012) 

Type of connector Range Average std cov
Normal screw Slip moduli (kN/mm), Ki 5.8-29.1 14.7 9.8 66.9

Ks,0.4 32.5-62.4 45.0 12.9 28.8
Ks,0.6 5.8-8.0 7.1 0.8 12
Ks,0.8 1.7-2.7 2.2 0.4 17.8

Notch Slip moduli (kN/mm), Ki 20.2-30 26.2 4.1 15.5
Ks,0.4 31.7-42.5 36.9 4.9 13.2
Ks,0.6 29.1-42.0 35.1 5.4 15.4
Ks,0.8 25.4-38.3 31.6 6.0 19

SFS screw Slip moduli (kN/mm), Ki 21-43.5 25 7 28.1
Ks,0.4 38.4-77.7 54.9 11.9 21.7
Ks,0.6 28.8-42.8 34.4 4.8 13.8
Ks,0.8 19.1-31.2 24.4 3.4 14  

 

Table 22 Slip moduli of the connectors used (Gerber et al. 2011) 
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Appendix C 
This appendix presents the materials properties and the calculated serviceability 

bending stiffness’s for the TCC. 

 

Table 23: Geometric properties of concrete and timber for all the TCC beams 

Concrete Topping: B_NS
Length (mm)  - Lc = Lt 6000.00
Width (mm) - Bc 600.00
Tributary width of concrete- Bc =Bt+0.2*L <= Bc 1248.00
Depth (mm) - Hc 75.00
plywood thick af = 0.00
H = hc/2 +af + ht/2 162.50
Area (mm^2) - Ac 45000.00
MoI (mm^4) - Ic 2.11E+07
LVL Timber Joists:
Width (mm) - Bt 48
Depth (mm) - Ht 250.000
Area (mm^2) - At 12000
MoI (mm^4) - It 6.25E+07
Zt = btht

2/6 5.00E+05
Where, af = Plywood thickness  
 

Table 24: Properties of concrete used 

Concrete
Density (kg/m3) - c 2390.86
Compression strength (f'c,c) at 28 days 39.54
Tensile stength (f't,c) = 0.4 * sqrt(f'c) at 28 days 2.52
Compression strength (fcu,91), (N/ mm2) 50.33

MoE (N/mm2),   Ec, j = ( c) 
1.5 x (0.043*sqrt(fcm))  for fcmi <40MPa

MoE (N/mm2),   Ec, j = ( c) 
1.5 x (0.043*sqrt(fcm)+0.12)  for fcmi >40MPa 33933

the above values have a range of +-20%  
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Table 25 Theoretical effective serviceability bending stiffness for B-NS 

Geometric Input 

  

Joist Span      L = 5.8 m (Total length 6.0 m) 

Spacing      S = 600 mm 

Beam Depth      ht = 250 mm 

Beam width      bt = 48 mm 

Concrete Thickness     hc = 75 mm 

Concrete Width     bc = 600 mm 

Concrete tributary width    Bc = bt+0.2L <= bc  ok. 

Section Properties 

Area of timber      At = 12000 mm2 

It = btht
3/12      It = 62.5E+06 

Area of concrete     Ac = 45000 mm2 

Ic = bchc
3/12      Ic = 21.1E+06 

Materials Properties 

Density of concrete     c = 2390.9 kg/m3 

Compressive strength at 28 days   f’c,c. = 39.5 MPa 

Compressive strength at 91 days   f’c, = 50.33 MPa 

MOE of concrete      Ec = 33933 MPa (AS3600-3.1.2) 

Tensile strength of concrete    f’t,c = 2.52 MPa 

Density of timber     t = 620.0 kg/m3 

Compressive strength      f’c,t. = 45 MPa 

Bending strength     f’b,t  = 48 MPa 

Tensile strength     f’t,t = 33 MPa 

Shear strength      f’s,t. = 5.3 MPa 

Bearing strength      f’p,t. = 12 MPa 

MOE of timber      Et = 12402 MPa (this is the 

MOE of the LVL obtained from tests done after carved) 

Connection Properties 

Stiffness of connection from push out tests 
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Serviceability      KSLS,0.4 = 45000 N/mm 

Ultimate at 60 % (average)    KULS,0.6 = 7100 N/mm 

Spacing of the connections 
 

1933,33

0.5P Shear

0.5P

1933,33 1933,33

500500500500

100

e Scon

1450
L/4

2900 1450
L/2 L/4

0.5P 0.5P
a = L/3

1450
x = L/4

75
25

0

250 500 500

100 5800

500 500 500 500 250500500

500 500 500 533,33

 
n = number of connectors along half span (from support to mid length) = 6 

e = 250 

scon = (L/4-e )/ (n-1), Scon = 500 mm already given 

Send = Scon/2 +e =500/2+250 = 500 mm 

Smin = min (Scon, Send) = 500 mm 

Smax = L/4 + Scon/2, but for equally spaced connectors case 2( Scon/2 ) = 500 /2 + 500 

/2  = 500 mm 

Seff = 0.75 Smin + 0.25 Smax = 500 mm 

 

Gamma coefficient 

γc =   ,γc = 0.17 and γt = 1.0 

H = hc/2+af+ht/2       H = 162.5 mm 

ac =        ac = 59.8 mm 

at =        at = 102.7 mm 

Effective bending stiffness 

EI eff =   Ec Ic + Et It +γc Ec Ac ac
2 + γt Et At at

2   EI eff = 3.97E+12 

Nmm2 
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Table 26 Theoretical effective serviceability bending stiffness for B-4N 

Geometric Input 

  

Joist Span      L = 5.8 m (Total length 6.0 m) 

Spacing      S = 600 mm 

Beam Depth      ht = 250 mm 

Beam width      bt = 48 mm 

Concrete Thickness     hc = 75 mm 

Concrete Width     bc = 600 mm 

Concrete tributary width    Bc = bt+0.2L <= bc  ok. 

Section Properties 

Area of timber      At = 12000 mm2 

It = btht
3/12      It = 62.5E+06 

Area of concrete     Ac = 45000 mm2 

Ic = bchc
3/12      Ic = 21.1E+06 

Materials Properties 

Density of concrete     c = 2390.9 kg/m3 

Compressive strength at 28 days   f’c,c. = 39.5 MPa 

Compressive strength at 91 days   f’c, = 50.33 MPa 

MOE of concrete      Ec = 33933 MPa (AS3600-3.1.2) 

Tensile strength of concrete    f’t,c = 2.52 MPa 

Density of timber     t = 620.0 kg/m3 

Compressive strength      f’c,t. = 45 MPa 

Bending strength     f’b,t  = 48 MPa 

Tensile strength     f’t,t = 33 MPa 

Shear strength      f’s,t. = 5.3 MPa 

Bearing strength      f’p,t. = 12 MPa 

MOE of timber      Et = 13153 MPa (this is the 

MOE of the LVL obtained from tests done after carved) 

Connection Properties 

Stiffness of connection from push out tests 
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Serviceability (average)    KSLS,0.4 = 36900 N/mm 

Serviceability (fifth percentile)   KSLS,0.4 = 31700 N/mm 

Ultimate (average)     KULS,0.6 = 35100 N/mm 

Ultimate (fifth percentile)    KULS,0.6 = 29100 N/mm 

 

Spacing of the connections  

0.5P Shear

0.5P

75
25

0

400 600 4000

100 5800

400600

100

1933,33 1933,33

0.5P 0.5P
a = L/3

1450
x = L/4

e Scon

1450
L/4

2900 1450
L/2 L/4

600 1333,33

1933,33

n = number of connectors along half span (from support to mid length) = 2 

e = 400 

scon = (L/4-e )/ (n-1), Scon = 600 mm already given 

Send = Scon/2 +e =600/2+400 = 700 mm 

Smin = min (Scon, Send) = 600 mm 

Smax =  4000/2 + 600 /2 = 2300 mm 

Seff = 0.75 Smin + 0.25 Smax = 1025 mm 

 

Gamma coefficient 

γc =   ,γc = 0.074 and γt = 1.0 

H = hc/2+af+ht/2       H = 162.5 mm 

ac =        ac = 94.7 mm 

at =        at = 67.79 mm 

Effective bending stiffness 
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EI eff =   Ec Ic + Et It + c Ec Ac ac
2 + t Et At at

2   EI eff = 3.28E+12 

Nmm2 

 

 

 

Table 27 Theoretical effective serviceability bending stiffness for B-6N 

Geometric Input 

  

Joist Span      L = 5.8 m (Total length 6.0 m) 

Spacing      S = 600 mm 

Beam Depth      ht = 250 mm 

Beam width      bt = 48 mm 

Concrete Thickness     hc = 75 mm 

Concrete Width     bc = 600 mm 

Concrete tributary width    Bc = bt+0.2L <= bc  ok. 

Section Properties 

Area of timber      At = 12000 mm2 

It = btht
3/12      It = 62.5E+06 

Area of concrete     Ac = 45000 mm2 

Ic = bchc
3/12      Ic = 21.1E+06 

Materials Properties 

Density of concrete     c = 2390.9 kg/m3 

Compressive strength at 28 days   f’c,c. = 39.5 MPa 

Compressive strength at 91 days   f’c, = 50.33 MPa 

MOE of concrete      Ec = 33933 MPa (AS3600-3.1.2) 

Tensile strength of concrete    f’t,c = 2.52 MPa 

Density of timber     t = 620.0 kg/m3 

Compressive strength      f’c,t. = 45 MPa 

Bending strength     f’b,t  = 48 MPa 

Tensile strength     f’t,t = 33 MPa 

Shear strength      f’s,t. = 5.3 MPa 

Bearing strength      f’p,t. = 12 MPa 
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MOE of timber      Et = 13482 MPa (this is the 

MOE of the LVL obtained from tests done after carved) 

Connection Properties 

Stiffness of connection from push out tests 

Serviceability ( average)   KSLS,0.4 = 36900 N/mm 

Serviceability (fifth percentile)   KSLS,0.4 = 31700 N/mm 

Ultimate (average)     KULS,0.6 = 35100 N/mm 

Ultimate (fifth percentile)    KULS,0.6 = 29100 N/mm 

 

Spacing of the connections 
 

0.5P
a = L/3

1450
x = L/4

75

1933,33

0.5P Shear

0.5P

1933,33 1933,33

0.5P

25
0

350 500 500 3300

100 5800 100

350500500
e Scon

1450
L/4

2900 1450
L/2 L/4

600 500 933,33

 
n = number of connectors along half span (from support to mid length) = 3 

e = 400 

scon = (L/4-e )/ (n-1), Scon = 500 mm already given 

Send = Scon/2 +e =500/2+350 = 600 mm 

Smin = min (Scon, Send) = 500 mm 

Smax = 3300/2+ 500 /2 = 1900 mm 

Seff = 0.75 Smin + 0.25 Smax = 850 mm 

 

Gamma coefficient 

γc =   ,γc = 0.088 and γt = 1.0 

H = hc/2+af+ht/2       H = 162.5 mm 
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ac =        ac = 88.6 mm 

at =        at = 73.9 mm 

Effective bending stiffness 

EI eff =   Ec Ic + Et It +γc Ec Ac ac
2 + γt Et At at

2   EI eff = 3.50E+12 

Nmm2 

 

 

Table 28 Theoretical effective serviceability bending stiffness for B-SFS 

 

Geometric Input 

  

Joist Span      L = 5.8 m (Total length 6.0 m) 

Spacing      S = 600 mm 

Beam Depth      ht = 250 mm 

Beam width      bt = 48 mm 

Concrete Thickness     hc = 75 mm 

Concrete Width     bc = 600 mm 

Concrete tributary width    Bc = bt+0.2L <= bc  ok. 

Section Properties 

Area of timber      At = 12000 mm2 

It = btht
3/12      It = 62.5E+06 

Area of concrete     Ac = 45000 mm2 

Ic = bchc
3/12      Ic = 21.1E+06 

Materials Properties 

Density of concrete     ρc = 2390.9 kg/m3 

Compressive strength at 28 days   f’c,c. = 39.5 MPa 

Compressive strength at 91 days   f’c, = 50.33 MPa 

MOE of concrete      Ec = 33933 MPa (AS3600-3.1.2) 

Tensile strength of concrete    f’t,c = 2.52 MPa 
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Density of timber     ρt = 620.0 kg/m3 

Compressive strength      f’c,t. = 45 MPa 

Bending strength     f’b,t  = 48 MPa 

Tensile strength     f’t,t = 33 MPa 

Shear strength      f’s,t. = 5.3 MPa 

Bearing strength      f’p,t. = 12 MPa 

MOE of timber      Et = 12312 MPa (this is the 

MOE of the LVL obtained from tests done after carved) 

Connection Properties 

Stiffness of connection from push out tests 

Serviceability (average)    KSLS,0.4 = 54900 N/mm 

Serviceability (fifth percentile)   KSLS,0.4 = 38400 N/mm 

Ultimate (average)     KULS,0.6 = 34400 N/mm 

Ultimate (fifth percentile)    KULS,0.6 = 28800 N/mm 

Spacing of the connections 

300 300 300 300 300 300 600 600

7
5

2
5
0

300

100 5800 100

300300300300300300300600
e Scon

1450
L/4

2900 1450
L/2 L/4

300 300 300 383,33

1933,33

0.5P Shear

0.5P

1933,33 1933,33

0.5P 0.5P
a = L/3

1450
x = L/4

450 300

 
n = number of connectors along half span (from support to mid length) = 8 

e = 300 

scon = (L/4-e )/ (n-1), Scon = 300 mm already given 

Send = Scon/2 +e =300/2+300 = 450 mm 

Smin = min (Scon, Send) = 300 mm 

Smax =  600 /2 + 600 /2  = 600 mm 

Seff = 0.75 Smin + 0.25 Smax = 375 mm 

Gamma coefficient 
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γc =   ,γc = 0.25 and γt = 1.0 

H = hc/2+af+ht/2       H = 162.5 mm 

ac =        ac = 45.8 mm 

at =        at = 116.7 mm 

Effective bending stiffness 

EI eff =   Ec Ic + Et It +γc Ec Ac ac
2 + γt Et At at

2   EI eff = 4.29E+12 

Nmm2 
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Appendix D  
Location of the TCC beams and the moisture content samples in the humidity 

chamber. 

 

Figure 90 Location of MC samples in the fog-room 

 

Figure 91 General layout of TCC beams in fog-room 
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Design load for TCC beams 

Table 29 Serviceability design load for TCC beam 

 

Actions Material Depth Width Density
mm mm kN/m3 kN/m2 kN/m

Dead load Concrete 75 600 24 1.1
finishing 600 1 0.6
LVL 250 45 6.2 0.1

G 1.7
Live loads (Imposed loads) AS/NZS 1170.1.2002
Q 600 3 1.8

Design service load, WSLS G+ Q where: 0.4 2.5

Quasi-permannet load on the TCC beams, q 1.05

Hence, q= 43% WSLS  
 

Table 30 Weights (lead bars) on the TCC beams 

Beam lead bars Total weight Equivalent uniform 

distributed load 

 pcs kg kN/m2 kN/m 

B-NS 26 613 1.67 1.05 

B-4N 26 625 1.70 1.05 

B-6N 26 638 1.74 1.05 

B-SFS 26 639 1.74 1.05 
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Figure 92 Relationship between air humidity and moisture content (top) and 

deflection (bottom) with time 
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Figure 93 Relationship between deflection, moisture content and air humidity



147 

 

 

 

0 200 400 600 800 1000 1200 1400
0

5

10

15

20

25

30

Days

M
C

 (%
)

 

 

MC 100x100x45 mm
MC 600x250x45 mm

 

Figure 94 Comparison of the MC measurement between small and large samples. 
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Appendix E 
This appendix presents the properties of the transformed section, composite 

efficiency and the creep and shrinkage factors used in analysing the long-term 

deflection of the TCC beams. 

 

Table 31: Transformed section properties for B_NS (typical) 

 

L1 (mm) L2 (mm)
Span 5.8 m 5800 mm 1933 1933

Et 12.402 Gpa Ec 50 Gpa
b 48 b 600
d 250 d 75

No. of section 1 No. of section 1
Equivalent width 2418.96

Calculation for fully composite action
Modular ratio, n 4.03

Ref No. of section Area, A Y, from the base AxY
Timber 1 12000 125 1500000

Concrete 1 181422.35 287.5 52158925.98
Sum 193422.35 53658925.98

Y 277.42 mm

Ref No. of section Ixx (mm^4) A (mm^2) h (mm) Icentroid
Timber 1 62500000.00 12000.00 152.42 341276552.06
Concrete 1 85041727.14 181422.35 10.08 103481123.4
Sum Icentroid 444757675.46

Fully composite stiffness EI= 5.51588E+12 Nmm^2

Ref I E EI
mm4 Mpa

Timber 62500000 12402 7.75125E+11
Concrete 85041727.14 12402 1.05469E+12

Sum EI= 1.82981E+12 Nmm^2

Calculation for fully non composite action

Calculation of moment of inertia about the plane of bending

Calculation of centroid from the base

Simply Supported beam subjected to 4 point bending load (P)

Section Properties
Timber Concrete
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Table 32: Bending stiffness theoretical and experimental 

 

Beam
non composite fully composite experimental

B NS 1.8E+12 5.5E+12 2.8E+12
B 4N 1.9E+12 5.8E+12 4.1E+12
B 6N 1.9E+12 5.9E+12 4.3E+12
B SFS 1.8E+12 5.5E+12 4.6E+12

EI ( Nmm2)
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Figure 95 Relative creep of TCC beams with time 
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Figure 96 Logarithmic curve fitting 
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Figure 97 Logarithmic curve fitting 
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Creep and Shrinkage coefficients of concrete 

Table 33: Concrete design creep coefficient (t=3years after loading) 

Concrete Creep coeff

AS3600-2009 (Clause 3.1.8)
Bc 600 hc 75

f'c (MPa) 39.54 at to days

to 200 t 3650 days

Table 3.1.8.2 Basic creep coefficient

f'c (MPa) 20 25 32 40 >50

Creep factor, cc b 5.2 4.2 3.4 2.8 2

Design creep factor, K2 K3 K4K5 øccb   = øcc th =2Ag/exposed perimeter

th = hypotetical thickness .= 2Ag/Ue Ag =2*Bc*hc /(2*(Bc+hc)-48) 69.12

time "t" after loading 3 years

k2 1.6 Figure 3.1.8.3A, interior environments and time after t days of loading

k3 = 2.7 / 0.817926527 Figure 3.1.8.3B, age of concrete at time of loading 200 days

k4 0.65 for interior environment according to 3.1.8.3

k5 1 for f'c < 50MPa  according to 3.1.8.3

øccb   = 2.8  for f'c 40 according to Table 3.1.8.2 AS 3600 -2009

Design creep factor, 
K2 K3 K4K5 øccb   = øcc 2.3818

 

Table 34: Concrete design creep coefficient (t=0, instant of loading) 

Concrete Creep coeff

AS3600-2009 (Clause 3.1.8)
Bc 600 hc 75

f'c (MPa) 39.54 at to days

to 200 t 3650 days

Table 3.1.8.2 Basic creep coefficient

f'c (MPa) 20 25 32 40 >50

Creep factor, cc b 5.2 4.2 3.4 2.8 2

Design creep factor, K2 K3 K4K5 øccb   = øcc th =2Ag/exposed perimeter

th = hypotetical thickness .= 2Ag/Ue Ag =2*Bc*hc /(2*(Bc+hc)-48) 69.12

time "t" after loading 1 days

k2 0.15 Figure 3.1.8.3A, interior environments and time after t days of loading

k3 = 2.7 /(1+log(t)) 0.818 Figure 3.1.8.3B, age of concrete at time of loading 200 days

k4 0.65 for interior environment according to 3.1.8.3

k5 1 for f'c < 50MPa  according to 3.1.8.3

øccb   = 2.8  for f'c 40 according to Table 3.1.8.2 AS 3600 -2009

Design creep factor, 

K2 K3 K4K5 øccb   = øcc 0.2233
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Table 35: Concrete design shrinkage coefficient 

Concrete shrinkage
AS 3600 - 2009  (Clause 3.1.7)

Bc 600 hc 75
f'c (MPa) 39.54 at to days

to 200 t 1095 days time after loading
3.1.7. Shrinkage

3.1.7.1 calculation of design shrinkage strain
a) from measurement on similar local concrete
b) by tests after eight weeks of drying modified for long-term value,in accordance with AS1012.13;
c) by calculation in accordance with clause 3.1.7.2

3.1.7.2 Design shrinkage strain
it is the sum of chemical (autogenous) shrinkage strain and drying shrinkage strain

cs = cse +  csd  cse = *cse  (1-e-0.1t) autogenous shrinkage strain
*cse  = (0.06f'c-1 )(50/1000000 6.86E-05 final autogenous shrinkage strain

 cse = *cse  (1-e-0.1t) 6.86E-05 e = 2.7183
At any time t (in days) after the commencement of drying, the drying shrinkage strain shall be taken as-

 csd = k1k4 csd,b

K1 1.58 Figure 3.1.7.2 , AS 3600 -2900
at time " t  " since commencement of drying 3 years and with  th 

th = hypotetical thickness .= 2Ag/Ue Ag =2*Bc*hc /(2*(Bc+hc)-48) 69.12
K4 0.65 for interior environment, AS 3600 - 2009

csd,b =  (1.0 - 0.008 f'c) * *csd,b 1.05E-03 *csd,b = 8.00E-04 for Sydney

 csd = k1k4 csd,b 0.001081

cs = cse +  csd 0.00115
The Design shrinkage coefficient for concrete 0.0012

 
 

 

Table 36: Long-term bending stiffness of B-6N 

Geometric Input 

  

Joist Span      L = 5.8 m (Total length 6.0 m) 

Spacing      S = 600 mm 

Beam Depth      ht = 250 mm 

Beam width      bt = 48 mm 

Concrete Thickness     hc = 75 mm 

Concrete Width     bc = 600 mm 

Concrete tributary width    Bc = bt+0.2L <= bc  ok. 

Section Properties 

Area of timber      At = 12000 mm2 

It = btht
3/12      It = 62.5E+06 

Area of concrete     Ac = 45000 mm2 
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Ic = bchc
3/12      Ic = 21.1E+06 

Materials Properties 

Density of concrete     ρc = 2390.9 kg/m3 

Compressive strength at 28 days   f’c,c. = 39.5 MPa 

Compressive strength at 91 days   f’c, = 50.33 MPa 

MOE of concrete      Ec = 33933 MPa (AS3600-3.1.2) 

Tensile strength of concrete    f’t,c = 2.52 MPa 

Density of timber     ρt = 620.0 kg/m3 

Compressive strength      f’c,t. = 45 MPa 

Bending strength     f’b,t  = 48 MPa 

Tensile strength     f’t,t = 33 MPa 

Shear strength      f’s,t. = 5.3 MPa 

Bearing strength      f’p,t. = 12 MPa 

MOE of timber      Et = 13482 MPa (this is the 

MOE of the LVL obtained from tests done after carved) 

Connection Properties 

Stiffness of connection from push out tests 

Serviceability (average)    KSLS,0.4 = 36900 N/mm 

Serviceability (fifth percentile)   KSLS,0.4 = 31700 N/mm 

Ultimate (average)     KULS,0.6 = 35100 N/mm 

Ultimate (fifth percentile)    KULS,0.6 = 29100 N/mm 

 

Smin = min (Scon, Send) = 500 mm 

Smax = 3300/2+ 500 /2 = 1900 mm 

Seff = 0.75 Smin + 0.25 Smax = 850 mm 

 

Effective modulus 

 Concrete: , = 27705.9 MPa 

 

Gamma coefficient 

γc =   ,γc = 0.109 and γt = 1.0 
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H = hc/2+af+ht/2       H = 162.5 mm 

ac =        ac = 88.33 mm 

at =        at = 74.2 mm 

Effective bending stiffness 

EI eff =   Ec Ic + Et It +γc Ec Ac ac
2 + γt Et At at

2   EI eff = 3.38E+12 

Nmm2 

 

At time t= ∞  

Effective modulus 

 Concrete: ( ))φ ( t ,+
)( tE=E

o

oc m
f i nc , 1 = 10027 MPa 

Timber: ( )d e f

m e a no ,
f i nt , k+

E
=E

1 = 4494 MPa 

( )d e f
f i n k+

K=K
21 =7380 kN/mm 

Gamma coefficient 

γc =   ,γc = 0.063 and γt = 1.0 

H = hc/2+af+ht/2       H = 162.5 mm 

ac =        ac = 106.24 mm 

at =        at = 56.26 mm 

Effective bending stiffness 

EI eff =   Ec Ic + Et It +γc Ec Ac ac
2 + γt Et At at

2   EI eff = 9.85E+11 

Nmm2 
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Table 37: Long-term bending stiffness of B-SFS 

Geometric Input 

 Joist Span      L = 5.8 m (Total length 6.0 m) 

Spacing      S = 600 mm 

Beam Depth      ht = 250 mm 

Beam width      bt = 48 mm 

Concrete Thickness     hc = 75 mm 

Concrete Width     bc = 600 mm 

Concrete tributary width    Bc = bt+0.2L <= bc  ok. 

Section Properties 

Area of timber      At = 12000 mm2 

It = btht
3/12      It = 62.5E+06 

Area of concrete     Ac = 45000 mm2 

Ic = bchc
3/12      Ic = 21.1E+06 

Materials Properties 

Density of concrete     c = 2390.9 kg/m3 

Compressive strength at 28 days   f’c,c. = 39.5 MPa 

Compressive strength at 91 days   f’c, = 50.33 MPa 

MOE of concrete      Ec = 33933 MPa (AS3600-3.1.2) 

Tensile strength of concrete    f’t,c = 2.52 MPa 

Density of timber     t = 620.0 kg/m3 

Compressive strength      f’c,t. = 45 MPa 

Bending strength     f’b,t  = 48 MPa 

Tensile strength     f’t,t = 33 MPa 

Shear strength      f’s,t. = 5.3 MPa 

Bearing strength      f’p,t. = 12 MPa 

MOE of timber      Et = 12312 MPa (this is the 

MOE of the LVL obtained from tests done after carved) 

Connection Properties 
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Stiffness of connection from push out tests 

Serviceability (average)    KSLS,0.4 = 54900 N/mm 

Serviceability (fifth percentile)   KSLS,0.4 = 38400 N/mm 

Ultimate (average)     KULS,0.6 = 34400 N/mm 

Ultimate (fifth percentile)    KULS,0.6 = 28800 N/mm 

 

Spacing of the connections 

Smin = min (Scon, Send) = 300 mm 

Smax =  600 /2 + 600 /2  = 600 mm 

Seff = 0.75 Smin + 0.25 Smax = 375 mm 

Effective modulus 

 Concrete: , = 27705.9 MPa 

 

Gamma coefficient 

γc =   ,γc = 0.29 and γt = 1.0 

H = hc/2+af+ht/2       H = 162.5 mm 

ac =        ac = 47.6 mm 

at =        at = 114.9 mm 

Effective bending stiffness 

EI eff =   Ec Ic + Et It +γc Ec Ac ac
2 + γt Et At at

2   EI eff = 4.11E+12 

Nmm2 

 

At time t= ∞  

Effective modulus 

 Concrete: ( )

( )
E

=E
1 = 4104 MPa 

)(t,t+
)(tE=E

o

ocm
finc, 1 = 10027 MPa 

Timber: 
def

meano,
fint, k+

E
=E

1 = 4104 MPa 
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( )

γc =   ,γc = 0.18 and γt = 1.0 

H = hc/2+af+ht/2       H = 162.5 mm 

ac =        ac = 61.1 mm 

at =        at = 101.4 mm 

Effective bending stiffness 

EI eff =   Ec Ic + Et It +γc Ec Ac ac
2 + γt Et At at

2   EI eff = 1.28E+12 

Nmm2 

 

 

def
fin k+

K=K
21 =10980 kN/mm 

Gamma coefficient 
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Table 38: Predicted immediate mid span deflection of the TCC beam during loading 

(Euro code 5) 

Beam B-NS B-4N B-6N B-SFS
Loads  and Load combinations

q = quasi-permanent (lead bars), kN/m 1.05
Self weight (G), kN/m 0.00

Q, kN/m 0.00
G + Q, kN/m (  = 0.4) 1.05

Effective bending stiffness
EI eff  (Nmm2) 3.84.E+12 3.29.E+12 3.38.E+12 4.11.E+12
Mid-span deflection (mm)

 = 5 (G + Q ) L4/384EIeff 4.0 4.7 4.6 3.8  

 

Table 39: Predicted mid span deflection of the TCC beam at the end of life (Euro 

code 5) 

Beam B-6N B-SFS
Loads  and Load combinations

q = quasi-permanent (lead bars), kN/m 1.05
Self weight (G), kN/m 1.20

Q, kN/m 0.00
G + Q, kN/m (  = 4) 2.25

Effective bending stiffness
EI eff  (Nmm2) 9.90.E+11 1.28.E+12
Mid-span deflection (mm)

 = 5 (G + Q ) L4/384EIeff 33.5 25.9  
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Appendix F  
This annex presents the short term results in order to compare those tests conducted 

before the long-term test and after the long-term test.  

Table 40 Magnitude of strain along mid span cross section during serviceability test 

(Pham, 2010) 

 

Load 2P (kN) 2kN 4kN 6kN 8kN

325 0.00 0.00 0.00 0.00

325 28.67 59.33 91.00 118.67

250 12.33 33.33 52.75 73.50

249.9 6.25 55.00 80.00 120.00

240 6.25 43.00 71.75 97.00

125 49.67 83.33 121.67 157.67

0 115.67 239.00 360.33 492.67

0 0.00 0.00 0.00 0.00

Timber N.A. 0 0 0 0

Strain ( ) at a total load of 2P

St
ra
in
ga
ug
e
lo
ca
tio

ns
fr
om

bo
tt
om

of
LV
L

 

Table 41 Magnitude of strain along mid span cross section during ultimate 

 

Load 2P (kN) 2kn 4kN 6kN 8kN 10kN 20kN 22.8kN
325 0 0 0 0 0 0 0

325 23.358 46.716 72.669 92.782 123.926 195.297 208.922

250 27.9 54.503 92.136 140.151 232.287 485.986 581.367

249.99 250.00 411.47 641.71 896.43 1161.77 2942.36 3680.27

240 217.312 382.729 597.446 835.516 1084.61 2760.18 3460.11

125 1.946 11.03 15.571 18.166 15.571 53.85 112.891

20 198.47 370.351 568.823 779.62 980.037 2223.41 2639.116

0 200 430 690 890 1150 2550 3100

Strain ( ) at a total load of 2P

St
ra
in
ga
ug
e
lo
ca
tio

ns
fr
om

bo
tt
om

of
LV
L
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Figure 98 Magnitude of the Strain measured on tests conducted before and after 

long-term test for B-NS (LT= long-term test) 
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Figure 99 Magnitude of the Strain measured on tests conducted before and after 

long-term test for B-4N (LT= long-term test) 
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Appendix G  
This annex presents a calculation example of timber composite beams, based on the 

theoretical method for composite section suggested in chapter 5. The main purpose 

of this appendix is to obtain the maximum failure loads and compare them with the 

failure loads obtained from the experiment. 

 

Table 42: ULS analysis of beam B-NS 

Geometric Input 

  

Joist Span      L = 5.8 m (Total length 6.0 m) 

Spacing      S = 600 mm 

Beam Depth      ht = 250 mm 

Beam width      bt = 48 mm 

Concrete Thickness     hc = 75 mm 

Concrete Width     bc = 600 mm 

Concrete tributary width    Bc = bt+0.2L <= bc  ok. 

Section Properties 

Area of timber      At = 12000 mm2 

It = btht
3/12      It = 62.5E+06 

Area of concrete     Ac = 45000 mm2 

Ic = bchc
3/12      Ic = 21.1E+06 

Materials Properties 

Density of concrete     c = 2390.9 kg/m3 

Compressive strength at 28 days   f’c,c. = 39.5 MPa 

Compressive strength at 91 days   f’c, = 50.33 MPa 

MOE of concrete      Ec = 33933 MPa (AS3600-3.1.2) 

Tensile strength of concrete    f’t,c = 2.52 MPa 

Density of timber     t = 620.0 kg/m3 

Compressive strength      f’c,t. = 45 MPa 

Bending strength     f’b,t  = 48 MPa 

Tensile strength     f’t,t = 33 MPa 
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Shear strength      f’s,t. = 5.3 MPa 

Bearing strength      f’p,t. = 12 MPa 

MOE of timber      Et = 12402 MPa (this is the 

MOE of the LVL obtained from tests done after carved) 

Connection Properties 

Stiffness of connection from push out tests 

Serviceability      KSLS,0.4 = 45000 N/mm 

Ultimate at 60 % (average)    KULS,0.6 = 7100 N/mm 

Spacing of the connections 
 

1933,33

0.5P Shear

0.5P

1933,33 1933,33

500500500500

100

e Scon

1450
L/4

2900 1450
L/2 L/4

0.5P 0.5P
a = L/3

1450
x = L/4

75
25

0

250 500 500

100 5800

500 500 500 500 250500500

500 500 500 533,33

 
n = number of connectors along half span (from support to mid length) = 6 

e = 250 

scon = (L/4-e )/ (n-1), Scon = 500 mm already given 

Send = Scon/2 +e =500/2+250 = 500 mm 

Smin = min (Scon, Send) = 500 mm 

Smax = L/4 + Scon/2, but for equally spaced connectors case 2( Scon/2 ) = 500 /2 + 500 

/2  = 500 mm 

Seff = 0.75 Smin + 0.25 Smax = 500 mm 

 

Gamma coefficient 

γc =   ,γc = 0.03 and γt = 1.0 

H = hc/2+af+ht/2       H = 162.5 mm 
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ac =        ac = 123.6 mm 

at =        at = 38.9 mm 

Effective bending stiffness 

EI eff =   Ec Ic + Et It + c Ec Ac ac
2 + t Et At at

2   EI eff = 2.43E+12 

Nmm2 

 

Analysis of the beam (strength limitations of the sections) 

Concrete: 

Bending strength limited by concrete capacity 

ccc

eff
cu hE

fM
EI2

'  , Where  ( =0.6)    uM = 

1922.25E+06 Nmm 

and the applied bending stress is .EI2
*

,
eff

cc
cb

MhE=
, 

*)084.52(, ME=cb  

Concrete axial capacity, 
NEAfN ccu 039.1358' , and the applied axial stress 

is 

 .EI
*

eff

ccc
cc,

MaE=  , *)0818.5( ME=cc, , 
ME=AN ccc,c 030.23

 and the  

Check compressive strength 

cbcc,ccf ,,'
and )E()E(f' cc, 0852.4085.18 , cccc ff ,, ''

 

Hence, M* < (50.33) / 57.58E-08 < 87408.8 kNmm 

The equivalent load at four point loading test should not exceed; M* = (Ptot/2) a 

(where: a = L/3) and Ptot < 90.4 kN 

Check tensile strength 

cbcc,tcf ,,'
and )E(

)E(f' tc,

0852.4
085.18

, tctc ff ,, ''
 

Hence, M* < (2.52) / 47.22E-08 < 5336.7 kNmm 

The equivalent load at four point loading test should not exceed; M* = (Ptot/2) a 

(where: a = L/3) 
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Ptot < 5.5 kN , Note that steel mesh are provided to resist the tensile stresses on the 

concrete. 

Timber: 

Bending strength limited by timber capacity 

 = 0.85 (capacity factor) 

K1 = 1.0 (standard test) 

K4 = 1.0 (moisture content < 15 %) 

K6 = 1.0 (normal temperature) 

K9 = 1.0  

K11 = 1.0 (size factor for bending) 

K12 = 1.0 (stability factor) 

ttt

eff
bu hE

fKKKKKKM
EI2

'12119641

    
uM = 60.3 

E+6Nmm 

K11 = 0.958 (size factor for tension) 

and the applied bending stress is .EI2
*

,
eff

tt
tb

MhE=
, 

*)088.63(, ME=tb  

Timber axial capacity
 

, 
and  ttu AfKKKKKKN '12119641 ,  

NEN u 06322.0
, and the applied axial stress is; 

.EI
*

eff

ttt
tt,

MaE= , *)088.19( ME=tt, , ttt,t AN * ME= 032.38
 and the  

Check combined stresses 

 
uu

t

M
M+

N
N

.

, 
Substituting the above values in the equation; 7.4E-09M*+16.6E-

09M* < 1.0,  
Hence, M* < 1/ 23.98E-09 < 41701.4 kNmm 

The equivalent load at four point loading test should not exceed; M* = (Ptot/2) a 

(where: a = L/3) and Ptot < 43.14 kN 
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Shear connector strength 

 = 0.8 (capacity factor for nails) 

K1 = 0.86 (short term test 5 hours for connection) 

kj QKKKN 641  

Qk = 10.9 kN (average strength) , kNN j 5.7  

At the support (x=0) , 

V* = Ptot/2 (four point loading) 

effcccc EIVSaAEQ )/(** min , = 1.17V*, and QN j  , hence, 

V+ 1.17037.5E
 

,Ptot = 13 kN 

 

Table 43: ULS analysis of the beam B-4N 

Geometric Input 

  

Joist Span      L = 5.8 m (Total length 6.0 m) 

Spacing      S = 600 mm 

Beam Depth      ht = 250 mm 

Beam width      bt = 48 mm 

Concrete Thickness     hc = 75 mm 

Concrete Width     bc = 600 mm 

Concrete tributary width    Bc = bt+0.2L <= bc  ok. 

Section Properties 

Area of timber      At = 12000 mm2 

It = btht
3/12      It = 62.5E+06 

Area of concrete     Ac = 45000 mm2 

Ic = bchc
3/12      Ic = 21.1E+06 

Materials Properties 

Density of concrete     c = 2390.9 kg/m3 

Compressive strength at 28 days   f’c,c. = 39.5 MPa 
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Compressive strength at 91 days   f’c, = 50.33 MPa 

MOE of concrete      Ec = 33933 MPa (AS3600-3.1.2) 

Tensile strength of concrete    f’t,c = 2.52 MPa 

Density of timber     ρt = 620.0 kg/m3 

Compressive strength      f’c,t. = 45 MPa 

Bending strength     f’b,t  = 48 MPa 

Tensile strength     f’t,t = 33 MPa 

Shear strength      f’s,t. = 5.3 MPa 

Bearing strength      f’p,t. = 12 MPa 

MOE of timber      Et = 12402 MPa (this is the 

MOE of the LVL obtained from tests done after carved) 

Connection Properties 

Stiffness of connection from push out tests 

Serviceability (average)     KSLS,0.4 = 36900 N/mm 

Serviceability (fifth percentile)    KSLS,0.4 = 31700 N/mm 

Ultimate (average)      KULS,0.6 = 35100 N/mm 

Ultimate (fifth percentile)     KULS,0.6 = 29100 N/mm 

 

Spacing of the connections  

0.5P Shear

0.5P

75
25

0

400 600 4000

100 5800

400600

100

1933,33 1933,33

0.5P 0.5P
a = L/3

1450
x = L/4

e Scon

1450
L/4

2900 1450
L/2 L/4

600 1333,33

1933,33

 
n = number of connectors along half span (from support to mid length) = 2 

e = 400 

scon = (L/4-e )/ (n-1), Scon = 600 mm already given 

Send = Scon/2 +e =600/2+400 = 700 mm 
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Smin = min (Scon, Send) = 600 mm 

Smax =  4000/2 + 600 /2 = 2300 mm 

Seff = 0.75 Smin + 0.25 Smax = 1025 mm 

 

Gamma coefficient 

c =   , c = 0.07 and t = 1.0 

H = hc/2+af+ht/2       H = 162.5 mm 

ac =        ac = 96.33 mm 

at =        at = 66.17 mm 

Effective bending stiffness 

EI eff =   Ec Ic + Et It + c Ec Ac ac
2 + t Et At at

2   EI eff = 3.24E+12 

Nmm2 

Analysis of the beam (strength limitations of the sections) 

Concrete: 

Bending strength limited by concrete capacity 

ccc

eff
cu hE

fM
EI2

'  , Where ( =0.6), and the applied bending stress is  

.EI2
*

,
eff

cc
cb

MhE=
, 

*)0827.39(, ME=cb  

Concrete axial capacity, ccu AfN ' , and the applied axial stress is 

 .EI
*

eff

ccc
cc,

MaE=  , *)0816.7( ME=cc, , 
ME=AN ccc,c 033.33

 and the  

Check compressive strength 

cbcc,ccf ,,'
and )E()E(f' cc, 0839.27087.41 ,  

Hence, M* < (50.33) / 46.4E-08 < 108329.72 kNmm 

The equivalent load at four point loading test should not exceed; M* = (Ptot/2) a 

(where: a = L/3), Ptot < 112.1 kN 

Check tensile strength 
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cbcc,tcf ,,'
and )E(

)E(f' tc,

0839.27
087.16

,  

Hence, M* < (2.52) / 32.11E-08 < 7848 kNmm 

The equivalent load at four point loading test should not exceed; M* = (Ptot/2) a 

(where: a = L/3), Ptot < 8.1 kN , Note that steel mesh are provided to resist the tensile 

stresses on the concrete. 

Timber: 

Bending strength limited by timber capacity 

 = 0.85 (capacity factor) 

K1 = 1.0 (standard test) 

K4 = 1.0 (moisture content < 15 %) 

K6 = 1.0 (normal temperature) 

K9 = 1.0  

K11 = 1.0 (size factor for bending) 

K12 = 1.0 (stability factor) 

,
EI2

'12119641
ttt

eff
bu hE

fKKKKKKM
 

uM = 80.4 E+6Nmm 

K11 = 0.958 (size factor for tension) 

and the applied bending stress is .EI2
*

,
eff

tt
tb

MhE=
, 

*)087.50(, ME=tb  

Timber axial capacity 

ttu AfKKKKKKN '12119641 , , 
NEN u 0632.0  

and the applied axial stress is; .EI
*

eff

ttt
tt,

MaE= , 

*)089.26( ME=tt, , ttt,t AN * ME= 033.22
 and the  

Check combined stresses, 1E-08M*+1.244E-08M* < 1.0 

 
uu

t

M
M+

N
N

.

, 
Substituting the above values in the equation;  

Hence, M* < 1/ 2.244E-08 < 44563.3 kNmm 
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The equivalent load at four point loading test should not exceed; M* = (Ptot/2) a 

(where: a = L/3), Ptot < 46.1 kN 

Shear connector strength 

 = 0.8 (capacity factor for notches) 

K1 = 0.86 (short term test 5 hours for connection) 

kj QKKKN 641  

Qk = 59.5(average strength) kNN j 94.40  

At the support (x=0) , 

V* = Ptot/2 (four point loading) 

effcccc EIVSaAEQ )/(** min , = 2.256V*, and 
QN j

 , hence, 

V+E 1.880340.94
 

Ptot = 36.3 kN 
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Figure 100 Connector close to the right support before (right) and after (left) failure 

for B-4N 

 

 

Figure 101 Connector at L/4 from the left support before (left) and after (right) 

failure for B-4N 
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Figure 102 Failure patterns on the LVL for B-4N 

 

 

Figure 103 all the four connectors’ investigation after failure for B-4N (N1 left end 

support, N2 left at L/4, N3 right at L/4 and N4 right support). 

 

 

Figure 104 Connector close to the right support for B-NS. 
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Table 44: Results of bending test on LVL joist cut from the TCC beam (B-4N) after 

the ultimate test with 1260 mm clear span.  

Width Depth Peak Load Stiffness E
Specimen mm mm kN P/ Gpa

LVL_B_4N_1 48.00 70.00 10.03 484 12348
LVL_B_4N_2 48.00 70.00 8.62 462 12291
LVL_B_4N_3 48.00 70.00 10.03 477 11836

Mean 9.56 474 12158
Stdev 0.8 11.2 280.3
CoV 9% 2% 2%  

 

Table 45: Results of bending test on LVL joist cut from the TCC beam (B-NS) after 

the ultimate test with 1260 mm clear span.  

Width Depth Peak Load Stiffness E
Specimen mm mm kN P/ Gpa

LVL_B_NS_1 48.00 70.00 8.02 512 13672
LVL_B_NS_2 48.00 70.00 8.01 480 13576
LVL_B_NS_3 48.00 70.00 8.00 472 12128

Mean 8.01 488 13125
Stdev 0.0 21.2 864.6
CoV 0% 4% 7%  

 

 

Table 46: Results of tension test on LVL joist cut from the TCC beam (B-4N) after 

the ultimate test with 1000 mm clear length between the grips.  

Width Depth Peak Load E Tensile strength
Specimen mm mm kN Mpa Mpa

LVL_B_4N_T_1 48.0 70.0 137.2 11578.1 40.8
LVL_B_4N_T_2 48.0 70.0 127.0 11548.7 37.8
LVL_B_4N_T_3 48.0 70.0 119.9 11546.4 35.7

Mean 128.0 11557.7 38.1
Stdev 8.7 17.7 2.6
CoV 6.8% 0.2% 6.8%  
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Table 47: Results of tension test on LVL joist cut from the TCC beam (B-NS) after 

the ultimate test with 1000 mm clear length between the grips.  

Width Depth Peak Load E Tensile strength
Specimen mm mm kN Mpa Mpa

LVL_B_NS_T_1 48.0 70.0 114.2 13307.8 34.0
LVL_B_NS_T_2 48.0 70.0 133.2 13288.1 39.6
LVL_B_NS_T_3 48.0 70.0 103.5 13341.5 30.8

Mean 117.0 13312.5 34.8
Stdev 15.0 27.0 4.5
CoV 12.8% 0.2% 12.8%  
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Appendix H  
This annex presents the calculations of the design loads for the timber composite 

beams in accordance to AS/NZS 1170.  

Table 48: Design load for L6-01 and L6-03 beams according AS/NZS 1170 

Loading
AS/NZS 1170  (Ultimate Limit State)
ULS (a) combination: 1.35G 1.17 kN/m selfweight and permanent loading (permanent) 
ULS (c) combination: 1.2G + 1.5Q 3.74 kN/m selfweight, permanent & imposed loading (instantaneous&short term)
ULS (b) combination: 1.2G + 0.6Q 2.12 kN/m selfweight, permanent & imposed loading (long term)

AS/NZS 1170 (Serviceability Limit State) 
SLS combination: G 0.87 kN/m selfweight & permanent loading(permanent)
SLS (a) combination:G+Q 2.67 kN/m imposed loading (instantaneous)
SLS (b) combination:G+ 0.7Q 2.13 kN/m imposed loading (short-term)
SLS (c) combination: G+0.4Q 1.59 kN/m imposed loading (long-term)
SLS combination: 1.0 kN 1.00 kN imposed 'impact' loading (vibration)  
 

 

 

Figure 105: Strain distribution along the beam cross section during short-term test 

(Zabihi 2012) 
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Table 49: The transformed section properties of the timber composite beams 

 Charactristics of the Transformed Section 
Total Depth 250 mm
Ex 13200 N/mm2

97.6 mm
Ix 317121891.1 mm4

EIx 4.18601E+12 Nmm2

Ztop 40488958905 mm3

Zbottom 28551306650 mm3

y
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Table 50: The analytical long-term deflection for L6-01 and L6-03 beams using 

GAMMA method and Euro code 5 

Seviceability Limit State deflection
Span 6000.0 mm
Long term limit (L/150 to L/300) 40.0 mm

Calculated delfections
Instantaneous

Ex (Nmm2) 13200

Ix (mm4) 317121891.1 EI 4.19E+12
Serviceability load, q 2.10 Kpa
Self wt G 270.00 N/m
SLS (a) combination:G+q 1530.00 N/m 1.53 N/mm
Deflection due to instant load,  t= 0 day 6.17 mm

Long-term deflection due to creep,  t= end of life

Ex (Nmm2) 13200
Duration Service class  Kdef K2 = 1+Kdef

long-term action 3 2 3
Exef = Ex /(1+Kdef ) ,   (Nmm2) 4400.00 the creep coeff for timber = 2 according to AS1170

Ix (mm4) 317121891.1 EI 1.3953E+12

Serviceability load 2.10 kpa 1000N/m2

SLS (c) combination: (G+q) 1530.00 N/m 1.53 N/mm
Deflection due to creep,  t= end of life 18.50 mm

Comparison Beam L6-01 Beam L6-03
EC-5 EC-5

Instantaneous deflection 6.17 6.17
Total deflection at time t 18.50 18.50

Effective modulus of timber

Effective modulus of timber

ef

imp

EI
LwG

384
5 4**
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Figure 106: Relationship between the Mid-span deflection, moisture content and 

relative humidity of the chamber for timber only floor beams. 
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