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Abstract 
 
The composite of timber and concrete in a single structural element is not widely applied in the 
Netherlands, despite the advantages of timber-concrete composite (TCC) floors in comparison 
with traditional timber floor or solid concrete floors. The lack of calculations and criteria from the 
European regulations (Eurocodes) on the subject could explain the limited application. Although 
the TCC addition of the Eurocode is in development, some aspects of the TCC system are still 
being researched. The same applies for the subject of this research: Dynamic behaviour of timber-
concrete composites. This research will discuss the dynamic behaviour specifically caused by 
walking loads.  

The focus of the research was comparing a TCC beam to a TCC floor and the effects of the 
transverse stiffness on the dynamic behaviour and the vibration comfort. For the execution of the 
experimental tests, two additional topics of interest were added. Namely, the effect of an interlayer 
between the timber and the concrete on the connector as well as the method of introducing the 
vibration for the dynamic tests. Additionally, some general properties were discussed and tested 
to create a better understanding of the composite. 

The research can be divided into four steps: First, a literature review on the back-ground 
information and previous research was conducted. Second, experimental dynamic tests were 
performed. Two testing methods were applied to determine the suitability for the desired results: 
the drop-weight test and the heel-drop test. These tests were performed on timber beams, a 
timber floor, TCC beams, and a TCC floor. Third, a finite element model was made as a 
comparison to the results of the experimental tests and the theoretical analysis. The model also 
allowed a higher transverse stiffness of the concrete for comparison. Finally, different comfort 
control methods were implemented using the obtained dynamic properties.  

The literature indicated a reduction of the stiffness of the connector by an interlayer. The results 
confirmed this was also the case when the dowel was placed directly on the beam by drilling a 
hole through the interlayer. When comparing the two methods of introducing the vibration there 
were differences in the execution, results and postprocessing. Depending on the desired results 
both the drop-weight test and the heel-drop tests can be suitable. 

Because of the higher transverse stiffness of the TCC floor, the beams will act together instead 
of as single beams. When considering a single span, the first natural frequency is the same for a 
TCC beam as for a TCC floor. Both have a beam mode shape with a single curvature. The TCC 
floor showed an additional plate mode shape with a double curvature. When considering the TCC 
beam as a simplification of a TCC floor, the comfort is lower than when the TCC floor is 
considered. When considering a 2-way spanning floor, the frequencies have a plate mode shape. 
For both situations the frequency of a plate mode is influenced by the transverse stiffness.  
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Samenvatting 
 
De samenstelling (composiet) van hout en beton in een constructief element wordt niet veel 
toegepast in Nederland. Dit ondanks de voordelen van hout-beton composiet (TCC, timber-
concrete composite) vloeren ten opzichte van traditionele houten vloeren en massieve 
betonvloeren. Het gebrek aan berekeningen en regulaties vanuit de Europese regelgeving 
(Eurocodes) voor dit onderwerp zou de beperkte toepassing kunnen verklaren. Terwijl de 
aanvulling van hout-beton constructies voor de Eurocode in ontwikkeling is, zijn er aspecten die 
nog onderzocht worden. Een van die aspecten is het onderwerp van deze thesis: Het dynamisch 
gedrag van hout-beton vloeren veroorzaakt door loopbelastingen.  

De focus van dit onderzoek was het vergelijken van een TCC-balk en een TCC-vloer op het 
dynamisch gedrag en het trillingscomfort. Voor de uitvoering van het experimenteel onderzoek 
waren er twee extra aandachtspunten, het effect van een tussenlaag tussen het hout en beton 
op de verbinding en de methode van het inleiden van de trilling welke beiden zijn getest. Om een 
beter begrip te krijgen van de composiet zijn een aantal algemene aspecten besproken en getest. 

Het onderzoek is onderverdeeld in vier delen: Ten eerste was er een literatuuronderzoek gedaan 
naar de achtergrondinformatie en het voorgaand onderzoek. Ten tweede zijn er experimentele 
dynamische testen uitgevoerd, waarin twee testmethoden zijn vergeleken om de geschiktheid 
voor de gewenste resultaten te bepalen: de ‘drop-weight’ test en de ‘heel-drop’ test. Deze testen 
zijn uitgevoerd op houten balken, een houten vloer, TCC-balken en een TCC-vloer. Ten derde 
was een eindig-elementenmodel gemaakt als vergelijking tussen de resultaten van het 
experimenteel onderzoek en de theoretische analyse. Dit model maakte het mogelijk om, ter 
vergelijking, de dwarsstijfheid te verhogen. Tot slot zijn er verschillende 
comfortregelingsmethoden toegepast met gebruik van de verkregen dynamische eigenschappen. 

De literatuur gaf aan dat een tussenlaag de stijfheid van een verbinding verlaagd. De resultaten 
bevestigden dat dit ook het geval is wanneer een deuvel door een gat in de tussenlaag direct op 
de balk wordt geplaatst.   

De hoge dwarsstijfheid van de TCC-vloer zorgt ervoor dat de balken als een geheel werken in 
plaats van als losse balken. Wanneer een enkel overspannende vloer wordt toegepast is de 
eerste eigenfrequentie hetzelfde voor een TCC-balk en een TCC-vloer. Beiden laten balkgedrag 
zien waar de trillingsvorm een enkele kromming heeft. The TCC-vloer had een bijkomende 
frequentie met plaatgedrag waar de trillingsvorm een dubbele kromming heeft. Wanneer een 
TCC-balk als een vereenvoudiging van TCC-vloer wordt beschouwd is het comfort lager dan van 
een TCC-vloer. Wanneer een vloer in twee richtingen overspant laten de trillingsvormen 
plaatgedrag zien. In beide situaties worden de frequenties met een plaatgedrag beïnvloed door 
de dwarsstijfheid.   
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Symbols 
 

Symbol  Unit Description  
A mm² Element area 
a m/s² Acceleration 
aRMS m/s² Root mean square of the acceleration 
b mm Width  
E N/mm Modulus of Elasticity (MoE) 
EIeff N/mm Effective bending stiffness 
h mm Height 
F N Force 
fck N/mm² Characteristic compressive strength of concrete 
fm,o,k N/mm² Mean bending stiffness capacity timber 
ft,o,k N/mm² Tensile strength timber parallel to the grain 
f Hz Frequency 
fn Hz nth eigenfrequency (eigenmode) of structure 
g m/s² Gravity acceleration 9.81m/s² 
G N/mm² Shear modulus 
I mm4  Second moment of inertia 
k N/mm² Spring stiffness 
K N/mm Slip modules 
l mm Span 
m kg/m² Mass per area 
Mmod or M* kg Modal mass 
M Nmm Bending moment 
N N Normal force 
s mm Dowel-to-dowel distance 
t s Time 
T s Time of one vibration  
u mm Displacement 
V N Shear force 
v m/s Velocity 
W mm³ Section modulus 
w mm Static deflection 
σ N/mm² Stress 
ω  Circular frequency 
ζ  Damping ratio 
γ  Cooperation factor 
ε  Strain 
μ kg/m² Mass per area 
ρ kg/m³ Density 
δ mm Deflection 
ν  Poisson-factor 
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Abbreviations 
 

Abbreviation Description 
1-DOF One degree of freedom 
3D Three dimensional 
AISC American institute of steel constructions 
CLT Cross laminated timber 
Hivoss Human induced vibration of steel structures 
LVDT Linear variation displacement transformer 
FEM Finite element model 
MoE Modulus of elasticity 
MTG Mobile timber grader 
NI National instruments 
OSB Oriented strand board 
OS-RMS One Step- root mean square 
OS-RMS90 One Step- root mean square 90 percentile 
RMS Root mean square 
SLS Serviceability limit state 
SD Standard deviation 
TU/e University of Technology Eindhoven 
RSD Relative standard deviation 
TCC Timber-concrete composite 
ULS Ultimate limit state 
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1 Introduction 
Older timber floors often do not meet the requirements of the current standards. When a building 
is renovated, the floor can be removed and replaced, or it can be reinforced. Reinforcing a timber 
floor can be done by connecting structural material to the existing structure with adhesives or 
mechanical fasteners. One method of reinforcing a timber floor is to cast a layer of concrete on 
top of the floor and place a shear connector between the timber and the concrete. This creates a 
composite floor with an increased strength and stiffness. The building method of timber-concrete-
composite (TCC) floors can also be used in new buildings and bridges. 

Even though TCC has been applied for several decades, the calculation methods are not yet 
definitive. The Eurocode regulations for timber-concrete composites are still in development. In 
the new Eurocode for Timber structures, Eurocode 5, a part on TCC will be added. The part will 
contain the requirements for the materials, connections, design parameters, detailing and 
execution of TCC structures [1]. However, this part will still be limited on subjects such as short- 
and long-term behaviour due to the fact that the non-linear behaviour of concrete and the 
connectors is difficult to combine with the timber formulas that are based on linear behaviour. For 
the vibration criteria of a TCC floor, there is a reference to the criteria in Eurocode 5 [2]. Currently 
there is not much knowledge available about the dynamic behaviour of TCC floors. 

Previous research at the University of Technology Eindhoven (TU/e) also dealt with the dynamic 
behaviour of the TCC floor [3]. This graduation project is a continuation of this earlier research 
into the dynamic behaviour of timber-concrete floors caused by walking loads. In the previous 
research, a floor was simplified to a T-profile beam with a timber web and a concrete flange. For 
this research, a full floor system will be studied as well as the components. The focus will be the 
influence of the transverse stiffness of the concrete on the dynamic behaviour and the comfort 
level of a floor. This led to the following topic and research question: 

Topic: The dynamic behaviour of timber-concrete floors caused by walking loads 

Research question: What influence does the transverse stiffness of the concrete have on the 
dynamic behaviour and/or the comfort level of the floor? 

First, a literature study will be done to understand the composite behaviour of the timber-concrete 
and the basics of dynamic response due to walking loads. Here, several methods to determine 
the comfort of a floor will be compared and later applied. Second, a TCC floor will be built and 
experimental tests will be performed in the Structures laboratory at the TU/e. As comparison a 
numerical calculation was performed using a model of the floor in the finite element program 
Abaqus [4].  

In previous research, another method than recommended in the Dutch SBR-codes[5] was used 
to introduce the vibration, and therefore other alternatives were considered in the literature study. 
During the experimental tests two of those methods were applied. For building the TCC floor, the 
same connector between concrete and timber was used as in the previous research. The 
boarding created an interlayer between the beams and the concrete due to the production of the 
joist floor. The effects of this interlayer are discussed in the literature review.  
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2 Literature 
The following chapter contains the literature study of this thesis. Firstly, an introduction into the 
concept of timber-concrete structures. The basics will be explained and calculations for build-up 
elements compared. To answer the question about the interlayer there will be additional 
information on the connections used for timber-concrete floors. Secondly, the basic principles of 
dynamic behaviour and different testing methods are discussed. Thirdly, several analytical 
calculation methods and regulations for vibration comfort are introduced to make a hypothesis 
about the consequences of the transverse stiffness of a floor. 

2.1 Timber-concrete composites 
Timber concrete floors are a type of timber-concrete-composite systems (TCC). There are several 
reasons to use a TCC system. The concrete can be used to reinforce a timber floor when an 
existing floor does not meet the desired requirements. A second reason is weight reduction and 
efficient material use. When a reinforced concrete element is in bending the concrete in the tensile 
zone does not contribute to the moment resistance and steel reinforcement bars are needed. With 
TCC in bending the concrete will be in compression and the timber in tension, therefore the entire 
section will contribute to the moment resistance. The timber will reduce the self-weight of the 
element in comparison to a solid concrete element. Timber can also be considered as a 
sustainable material option since timber is a renewable building material.[6] 

Excising timber floors are mostly joist floors, for reinforcement a concrete slab will be poured on 
top. A simplification is to consider the floor as connected TCC T-beams. The top flange, which is 
mostly in compression, is made of concrete. The bottom web, which is mostly in tension, is made 
of the timber beam. Figure 2-1 shows an example of a composite T-beam with dowel connections. 
The connection between the timber and concrete is loaded in shear. Different types of connectors 
can be used, in Paragraph 2.1.3 some will be discussed. The existing boarding of the timber 
beams can be used as permanent formwork for pouring the concrete. The boarding creates an 
interlayer which can have consequences on the strength and stiffness of the connector, this is 
discussed in Paragraph 2.1.4.   

 
Figure 2-1 TCC T-beam with dowel connection [6] 
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For new building projects a different type of timber-concrete floor can be used. A solid timber slab, 
for example CLT (cross laminated timber), with a concrete layer. Figure 2-2 shows an example of 
CLT used for a TCC floor.  

 
Figure 2-2 TCC floor with solid CLT slab [7] 

The TCC floor can also be prefabricated. A semi-prefabricated element exists of prefabricated 
timber panels where the concrete is cast-in-situ. With a fully prefabricated element both the timber 
and the concrete are prefabricated and can be either assembled beforehand or on site. For the 
last method special connectors need to be used which can be applied afterwards.  

More information on TCC structures can be found in Annex A based on the COST-Action training 
school: Design of Timber-concrete-composite systems. [6] 

2.1.1 Material properties 

Timber properties 
Timber was one of the most important building materials till the rise of steel and concrete 
structures. Recently the use of timber is increasing, this is because of the high strength to weight 
ratio and the positive sustainable qualities such as low energy use at production and high CO2 
storage. Sustainable forest management with a balance between harvesting and planting is 
needed for timber to remain a sustainable material.  

Timber is a natural orthotropic material with a low density. The orientation of the tree and the grain 
results in a difference in strength in parallel and perpendicular direction. Parallel to the grain the 
timber is stronger than perpendicular to the grain, this can be seen in the stress-strain diagram of 
Figure 2-3.[8] 

The response of timber is usually regarded as linear-elastic. However, with time dependent 
stresses at high levels the material can respond viscoelastic. With these conditions creep and 
plastic deformations can occur. [9] 
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Figure 2-3 Stress-strain relations of timber (left) and concrete (right)[3] 

Concrete properties 
Concrete is, different from timber, an isotropic material with a compressive strength significantly 
higher than the tensile strength. Because of this concrete is mostly used in combination with steel 
reinforcement which has a high tensile strength.  

For concrete the relation between compression stress and the strain is nonlinear. The relation is 
show in Figure 2-3. 

2.1.2 Basic principles of build-up elements 
When the concrete is connected to the timber floor the effective bending stiffness will change. 
How the second moment of inertia is influenced by the type of connection is shown in the Figure 
2-4 where two identical timber beams are regarded. 

 
Figure 2-4 second moment of inertia of partly connected elements [10] 

When no mechanical connectors are used the two elements can move separate from each other. 
When the elements are fully connected the elements will act as one element. A third option is that 
the elements are partly connected. The elements are connected but slip will occur, this is 
represented by the factor gamma(γ). NEN-EN 1995-1-1 annex B[2] provides a calculation method 
with the γ-factor with the following Equations 2-1 to 2-8. The calculation method allows the 
calculation of the effective bending stiffness(EIeff) of a built-up element with two or three elements. 
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The elements are connected using mechanical fasteners with a slip modulus (K). The effective 
bending stiffness is calculated using: E= Modulus of Elasticity(MoE); I= moment of inertia; γ= 
cooperation factor; A= section area; a=eccentricity. 

 

2-1 

Where the γ-factor is 1 for the centre element and calculated with Equation 2-2 for the other 
elements 1 and 3, with; s= connector distance; K=slip modulus; l= span. 

1

1

		

		 	 1	 	 3 

2-2 

Since the connectors behave different in short- and long-term loading situations the slip modulus 
is different. For calculations in the serviceability limit state (SLS) the slip modulus Ki = Kser, and for 
the ultimate limit state (ULS) Ki = Ku. 

When considering timber-concrete floors only two elements are used: the concrete flange and the 
timber web. Equation 2-3 to 2-5 shows the Eurocode calculation for TCC profile. 

 
2-3 

1

1

	

	 ; 1 

2-4 

2
		;

2
 

2-5 

In Figure 2-5 the centre-to-centre distances a of the separate elements are shown. The figure 
also shows the stress distribution in the elements. The stresses consist of normal stresses (σi) 
caused by the normal load and bending stresses (σm,i) caused by the bending moment.   

 
Figure 2-5 Distances and stresses in a built-up element [2] 
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These stresses can be calculated according to the Eurocode with Equations 2-6 and 2-7 for a 
load in the z-direction and moment with a sinus or parabolic shape: with M= moment; h= height 
of the element.  

	

 

2-6 

,
0.5		

	

 

2-7 

The force in the connections can also be calculated using Equation 2-8, with; F= force in the 
connection; V= shear. 

	

 

2-8 

There are more methods to calculate the effective bending stiffness of build-up elements. In the 
thesis of Maurits Roks [3] a comparison is made between different approaches as discussed next: 

With the method of Jorissen[10] the effective bending stiffness is calculated using applied 
mechanical principles only. The built-up element with one neutral axis is based on full cooperation. 
For partial cooperation there is shear movement between the elements and a cooperation factor 
gamma is used to calculate the bending stiffness. The Eurocode method, derived by Kreuzinger 
and based on Möhler, shows the displacement (u) and shear force (V). The relation leads to the 
slip modulus (K). The method of Girhammar follows the same procedure as the Eurocode. With 
the use of the composite action parameter and the relative bending stiffness parameter the fully 
composite bending stiffness is reduced to the effective bending stiffness. The Girhammar method 
is an approximation with almost the same results as the Eurocode method when applied to a 
simply supported beam. For other boundary conditions the Girhammar method is more accurate 
(5%) than the Eurocode (up to 27%).[3] 

Figure 2-6 shows the comparison between the method of Jorissen, Girhammar and the Eurocode. 
The graph shows the relation between the effective bending stiffness and the dowel distance 
when the same variables of a simply supported timber-concrete beam are used. The lines overlap 
each other, from which can be concluded that the different approaches lead to the same result.  
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Figure 2-6 Relation dowel distance to effective bending stiffness [3] 

2.1.3 Connection properties 
As mentioned in previous Paragraph 2.1.2 the connections are of great influence for the strength 
and stiffness of the floor. The stiffness is largely influenced by the deformations at the interface, 
the slip modulus describes the behaviour of the connection. As shown earlier the gamma-factor, 
when calculating the effective bending-stiffness of a build-up element, is dependent on the slip 
modulus (K). In timber-concrete elements the bending stiffness influences the deformation and 
therefore the stress distribution in the element. Consequently, the stiffness of timber-concrete 
elements is important for both the Serviceability Limit State and the Ultimate Limit State.   

Different types of connections can be used for TCC floors. The connection has several 
mechanical aspects which are important. The strength must be high enough to transmit the shear 
load. The connector must be stiff enough to limit slip, but ductile to avoid failure of the fasteners 
and allow load distribution. The costs and complexity of applying are also of influence to the 
choice of connection type. [11] 
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Many connection types are based on timber-timber connections, which can be divided into 
carpentry connections, glued connections and connections with mechanical fasteners. Most used 
are the connections with mechanical fasteners such as steel mesh or dowel-type fasteners: 
screws, dowels, nails. The notched connections are based on carpentry connections and are 
used alone or in combination with steel fasteners as shown in Figure 2-7. Other connections, 
such as gluing, are still in development and are not yet validated for practical use. 

Figure 2-7 TCC connectors: Steel mesh (left), inclined screws (middle) and notches with dowels(right)[12] 

 
Figure 2-8 force-slip diagram of several types connections [12] 

Figure 2-8 shows the load-slip graphs of different types of connections used in timber-concrete 
floors. Glued or contact joints have a high strength and stiffness however they have a brittle failure 
mode. Dowel type fasteners are lower in strength and stiffness but have higher plastic deformation 
capacities. Dowel type fasteners transmit the load mostly by bending and shear. To overcome 
the brittle failure of notched connections steel fasteners are added. [12] 

The fastener properties and embedding properties mostly influenced the behaviour of the TCC 
element, the concrete layer is of minor influence. Failure is less influenced by the joint ultimate 
capacity than the joint slip modulus. This because the slip is lower than the deformation needed 
to achieve the calculated load carrying capacity.[11]  
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Tecnaria dowels 
Because of the previous use at the University of Eindhoven and therefore available test data, the 
Tecnaria dowel will be used in the following research.  

 

Figure 2-9 Tecnaria dowel with interlayer[13] 

The Tecnaria dowel is made with a toothed base plate with a dowel welded on it and screws to 
connect the dowel to the timber. The height of the dowel depends on the height of the concrete 
layer. There are two versions, the BASE and the MAXI. The MAXI has a rectangular shaped plate 
to create an extra moment resistance, therefore it is recommended for the use with an interlayer. 
The BASE is recommended for direct connection on the timber beams. This can be done when 
there is no interlayer or by drilling a hole in the boarding. The base plate with crampons adds to 
the shear stiffness of the screws in the timber.[3] The situation where the dowel is used directly 
on the timber by making a hole in the interlayer is shown in Figure 2-9. 

2.1.4 Interlayer consequences 
When the timber-concrete floors are made using an existing timber joist floor the floorboards are 
often used as permanent formwork. This interlayer however influences the connection between 
the timber and the concrete. Floorboards can be a freely moving element or they can be 
connected to the timber beams. With a fixed interlayer the slip between the concrete and the 
interlayer can be assumed to be equal to the slip between the concrete and the timber. Usually 
the interlayer is connected to the timber with nails or screws. With large deformations the 
interlayer will move independently from the timber. Since the models underestimate the 
experimental results in most cases a fixed interlayer can be used. [12] 

  



Graduation thesis J. Klaassen: Dynamic behaviour of timber-concrete floors 

10 

Dias compared test data of different connection types on the reduction of load carrying capacity 
and connection stiffness when using an interlayer, shown in Table 2-1. The reduction of stiffness 
with a range of 22% to 50% is larger than the reduction in load carrying capacity with 8% to 30%. 
For this research the connector, the Tecnaria dowel, will be placed directly on the timber beam 
by drilling a hole through the interlayer.  

Table 2-1 Test data of the influence of the interlayer and the reduction of the load carrying capacity and 
stiffness of timber-concrete connections[11] 

 

2.2 Dynamic behaviour 
Vibrations can be considered as high or low frequencies. High frequencies are mainly of interest 
for acoustics and low frequencies are mainly of interest for damage and vibration annoyance. Low 
frequency behaviour often involves more than one building element and can therefore be called 
structural vibrations. The two domains often overlap, generally that happens somewhere around 
50 Hz. The dynamic response of a structure can be caused by several sources; earthquakes, 
machinery, traffic, and people walking. In this research, vibrations caused by people walking will 
be considered.  

2.2.1 Basic principles of vibrations 
A vibration occurs when a mass is brought out of its equilibrium and starts moving back and forth 
around that equilibrium. This vibration can be caused by an initial displacement which is released 
(free vibration) or by a continuous force (forced vibration). A simple representation of a free 
vibration can be made with a model with single degree of freedom, as show in Figure 2-10. [14] 

 
Figure 2-10 Mass-spring system[14] 

The single degree mass-spring system consists of a mass, a spring and has a displacement. 
Equation 2-9 shows a free vibration without damping, with; m= mass; u= displacement; k= spring 
stiffness 

ü 0 
2-9 
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For a harmonic vibration the displacement can be written as Equation 2-10, with; t= time and ω= 
circular frequency.  

	or	as	 	with	 	 

2-10 

The circular frequency (ω) which can be used to describe the time (T) which it takes to complete 
a full osculation: 

2
 

2-11 

The amount of times this happens per second is called the natural frequency fn 

	
1

2
1
2 m

	 	 

2-12 

With, the natural frequency (fn) in Hz, the spring stiffness (k) in N/m, and the mass (m) in kg. 

When a system has more degrees of freedom there will be an equal amount of natural 
frequencies. Each natural frequency has a different mode shape, the first four shapes for a floor 
supported on two sides are shown in Figure 2-11. The mode shapes can be described as a beam 
mode or a plate mode. The beam mode has a single curvature which is uniform over the width of 
the floor as for mode (0,1) and (0,2). Mode (1,0) and (2,0) show a plate mode which is double 
curved.   

 
Mode (0,1) 

 
Mode (1,0) 

 
Mode (0,2) 

 
Mode (2,0) 

Figure 2-11 Expected shape modes of the first 4 natural vibrations  
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Most vibrations gradually decrease. The decrease in amplitude of the vibration in time by the 
reduction of energy is called damping. Damping is caused by the floor material, connections and 
the supports, but also by furniture and finishing.  

The modal mass is the mass activated in a specific mode. Also described as the generalized 
mass, it a percentage of the total mass of the floor. When a system is reduced to a single degree 
of freedom the modal mass is used as the mass of the element. There are different methods to 
approximate the modal mass. For a simply supported beam the modal mass can be simplified as 
half the mass. [15] There is a second interpretation of the modal mass, namely the experienced 
mass which is location dependent. For this thesis the modal mass will be considered as the 
generalized mass.  

2.2.2 Method testing vibrations 
Most vibrations in floors are caused by a person walking on the floor. The load is dependent on 
the pace frequency, type of shoes, walking rhythm and the weight of the person. When the full 
weight of a person is on one leg the floor will deform and the therefor a velocity response will 
occur. A series of consecutive steps gives the standard walking load. One step of standard 
walking load can be given by the following polynomial function:  

	 

2-13 

The coefficients K1-K8 are dependent on the pace frequency. Several steps create the standard 
walking load and by multiplying with the weight of a person the walking load is found. The load 
caused by aerobics and jumping have different parameters which are described in the SBR 
guidelines for floor vibrations. [5] 

The walking load can be simplified for experimental tests. Several standard footfall-loading 
methods are developed to measure the response of a floor due to a person walking. Preferably a 
method is used which is reproducible, therefore a walking test is not recommended. The following 
methods were compared: Heel-drop, ball, hammer. [16]  

The heel drop is a method where an adult drops his heels on a plate with load cells. This 
introduces a pulse load on the floor. The load cells record the dynamic load, a heel-drop plate is 
shown in the Figure 2-12. A ball of 5 kg can also be dropped on the same plate with load cells. A 
hammer can be used to introduce a peak load. An accelerometer or on the load cell is connected 
to the hammer to measure the dynamic load. 

 
Figure 2-12 Heel-drop plate as used during the tests 
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Figure 2-13 shows the transfer function of the amplification (mm/s/N) versus the frequency (Hz) 
of the different testing methods performed. The ball which was used for the comparison had a flat 
and a spherical side. The hammer test was performed with the different measuring methods for 
the dynamic response. Between the range of 5 Hz and 15 Hz the different methods only differ 
slightly. Over the 15 Hz some differences are visible.  

The second graph in Figure 2-13 shows the cohesion between the load and the response verses 
the frequency (Hz). When the coherence is higher than 0.9 the transfer function is considered as 
properly determined. The figure shows that the heel-drop and the hammer meet the requirement 
for frequencies between 3Hz and 30 Hz. Whether the ball was dropped on the flat of the spherical 
side the coherence was lower than 0.9. When the hammer is used directly on the floor the highest 
coherence is found. 

 

 
Figure 2-13 Transfer functions and coherence of different methods[16] 

For the compered test methods, the ball was not suitable for the evaluation of vibration in a floor. 
The heel-drop test has the best coherence for low frequencies. The hammer test can also be 
used when low frequencies are less important. [16] 

The research from Zegers [17] describes another method. His goal was to find the first natural 
frequency and the damping of an element. He pre-loads the element mid-span in the mode shape 
of the first natural frequency. When the load is released the element will start to vibrate. The 
vibration in the first mode can be measured. He uses a drop-weight which is attached via an 
electro-magnet, when the power is turned off the weight will be released. 

The choice of testing method is dependent on the desired results. The following parameters can 
be relevant. Low or high frequencies, first or more natural frequencies and associated modes. 
Depending on the further calculations of the results the value of the dynamic load must be known. 
The situation of the floor or element and the available equipment can also influence the choice. 
A floor can also behave differently under different static pre-loads.  
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2.2.3 Calculation methods 
The first natural frequency is most used for the qualification of a floor. It can be calculated by 
hand, with a finite element program, measured in practice, or during experimental research.  

M. de Klerk [14] compared different analytical models for predicting fundamental frequencies of 
timber structures, these will be discussed. The theory used for the Eurocode 5 is based on the 
classical beam theory. The classical beam theory, also known as the Euler-Bernoulli theory, only 
considers the bending stiffness and the mass of the beam. Using the equilibrium of a particle dx 
the natural frequency is derived and can be calculated with Equation 2-14. 

2
	with	 for	a	simply	supported	beam 

2-14 

The Rayleigh adds the rotary inertia effect to the model of Euler-Bernoulli beam. Rotary inertia is 
the resistance to the change of speed of the rotation (acceleration of angle) and is related to its 
cross section and mass density properties. This results in a modification to the natural frequency 
of Euler: 

2
	

1

1
	with	 for	a	simply	supported	beam 

2-15 

The shear beam model includes the shear distortion effect in the Euler-Bernoulli model. The shear 
distortion is the sum of the angle of shear in radials and the angle of rotation for the cross-section 
due to a bending moment. The parameter k is used as shear correction factor to account for the 
assumption that the shear strain is constant over the depth of the beam. This results in another 
modification to the natural frequency of Euler: 

2
	

1

1
	with	 for	a	simply	supported	beam 

2-16 

The Timoshenko beam model includes both the rotary inertia and the shear distortion in the Euler-
Bernoulli model. Equation 2-17 is used for the natural frequency. 

2
	

1

1
	with	 for	a	simply	supported	beam 

2-17 

When comparing the methods for a simply supported solid beam they gave a small over-
prediction over the measured frequencies. These percentages are given in Table 2-2.  

Table 2-2 Average accuracy of prediction models used on the measured data [14] 

 Euler-Bernoulli 
(Eurocode 5) 

Rayleigh Shear Timoshenko 

Solid joist floor 107.5% 107.7% 105.6% 105.5% 
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The SBR guideline [5] provides several methods for calculating the frequency of a floor. For an 
isotropic floor Equation 2-18 can be used: 

2
h

1 ²
 

2-18 

With: ρ=mass per area [kg/m²]; l= length of the floor x-direction [m]; E= modulus of elasticity 
[N/m²]; h= height of element [m]; ν= Poisson-factor and the lambda-factor is dependent on the 
supports of the floor. 

An orthotropic floor can be simplified as a beam for a floor with two non-supporting sides and 
calculated with the normal formulas. The method of Dunkerley can be used to approximate the 
first natural frequency of a complex composite system. This is done by assuming a superposition 
of simple modes from which the frequencies can be determined. As shown in Figure 2-14 the 
mode of the concrete slab in transverse direction (f2) is combined with the mode of the composite 
beam in the longitudinal direction (f1). The frequencies of the concrete slab and the composite 
beams are combined using the formula of Dunkerley in Equation 2-19.  

1 1 1
 

2-19 

 
Figure 2-14 Mode of concrete slab and mode of composite beam as used by Dunkerley[18] 

The natural frequency of a rectangular orthotropic floor of which the sides are simply supported 
can be calculated when the longitudinal stiffness is larger than the transverse stiffness (EIy>EIx): 

2
1 2  

2-20 

With: μ= mass per m² [kg/m²]; l= length of the floor x-direction [m]; b= width of the floor y-direction 
[m]; EIx= bending stiffness in the transverse direction [Nm²]; EIy= bending stiffness in the 
longitudinal [Nm²]. 

The generalized modal mass of a system is dependent on the mode shape. The mode shapes 
can be described as a beam mode with a single curvature or a plate mode with a double curvature. 
When a floor is supported at four sides the mode shape is always a plate mode.  
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For a simply supported beam the generalized modal mass can be approximated by 50% of the 
total mass. For a floor with non-supporting sides the modal mass could decrease to 40% due to 
the additional stiffness at the sides. For an isotropic floor with the sides supported the modal mass 
is approximated with 25% of the mass. The modal mass of an orthotropic floor is harder to 
approximate, so must be calculated. When the modal shape is known with a function for the 
vertical deflection, the normalized deflection can be used. The activated area is multiplied with 
the weight per square meter which is shown in Equation 2-21. [18] 

M μ δ x, y dF
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2.2.4 Regulations for vibration comfort 
Structural vibrations in floors is about human comfort rather than about safety. A minimal comfort 
is however important to prevent annoyance from the occupants and to create a save feeling. 
There are several different regulations and guidelines to determine if a floor will suffice, this often 
depends on the use of the building.  

Eurocode 5 
The Eurocode 5 (EN-1995-1-1) [2] contains the current regulations considering vibrations in 
timber floors. The discomfort criteria is based on the work of Ohlsson’s research into human 
sensitivity and perception of structural vibrations [19]. He stated a boundary at 8 Hz below which 
the acceleration is a problem and above which the velocity is a problem. That resulted in three 
requirements for light weight floors: 

The damping is stated as 1%, in practice it will often be higher especially with furniture. For the 
frequency calculation the floor is assumed to be not loaded besides the permanent load. The 
natural frequency can be calculated with Equation 2-22 based on the Euler-Bernoulli theory, with: 
f1=natural frequency [Hz]; l= span[m]; m= mass per area[kg/m2]; (EI)l=bending stiffness in the 
longitudinal direction [Nm2/m]. 

2
 

2-22 

For a frequency below 8Hz additional research must be done, however it is not specified which 
further research. When the natural frequency is higher than 8Hz there is a maximum velocity as 
shown in Equation 2-23 and a maximum instantaneous deflection by a unit point load as shown 
in Equation2-24. 

 
2-23 

With: v=impulse velocity response; ζ=damping factor and b= value stated in the National 
appendices of the Eurocode.  

	 /  

2-24 

With: w=static deflection; F= point load and a= parameter found in the National annexes of the 
Eurocode. For both parameters a and b, the Netherlands has relative high values in comparison 
with other European countries, which makes the requirements also higher. 
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New Eurocode 5 method 
Since the current Eurocode 5 is limited, a new approach is being developed for the future 
Eurocode 5. The new approach is based on the average vibration perception threshold, the 
minimal vibration perceivable for a person. The perception is dependent on the frequency and the 
acceleration. [6][20]  

There are several floor performance levels with different Response factors: the root mean square 
of the acceleration (aRMS) of the floor divided by the perceivable acceleration RMS shown in 
Equation 2-25. The perceivable acceleration used in the calculations is not frequency depended, 
despite the perception being frequency depended.  

0.005
 

2-25 

Besides the Response factor there are several other criteria for the floor performance levels, 
where level I has the highest comfort and level VI has the lowest comfort. For floor with a 
frequency equal or less than 8Hz, a resonant vibration design is used. For a floor with a frequency 
higher than 8Hz a transient vibration design is used. For both there is a minimal frequency 
criterion, a stiffness criterion and the Response factor. For the resonant vibration design there is 
an acceleration criterion and for the transient vibration design a velocity criterion. This distinction 
is similar to the current Eurocode 5. The values from the draft version are shown in Table 2-3. 
The formulas to calculate criteria are not definitive yet. 

Table 2-3 Draft of floor vibration criteria according to floor performance level [20] 

 Floor performance levels 

Criteria Level I Level II Level III Level IV Level V Level VI 

Frequency criteria 
for all floors 
f1 [Hz] ≥ 

4,5 

Stiffness criteria 
for all floors  
w1kN [mm] ≤  

 
0,25 

 
0,5 

 
0,8 

 
1,2 

 
1,6 

Response factor R 4 8 12 16 20 24 

Acceleration criteria  
for resonant vibration 
design situations 
arms [m/s2] ≤ 

R × 0,005 

Velocity criteria 
for transient vibration 
design situations  
vrms [m/s] ≤ 

R × 0,0001 
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The acceptance of vibration annoyance is person and country depended. The draft provides the 
recommended minimal comfort levels and in the national annexes there can be changes if the 
norm should be lower or higher in that country. The following performance levels are 
recommended for offices and residential floors, Table 2-4. 

Table 2-4 Recommended performance levels 

 Quality choice Base choice Economy choice 

Use category    

A (residential) Level III Level IV Level V 

B (office) Level II Level III Level IV 
 

AISC method 
The American Institute of Steel Constructions (AISC) in cooperation with the Canadian Institute 
of Steel Constructions also based their design guide on the human perception threshold [21]. 
Figure 2-15 shows the graph used for the human comfort when considering walking excitation of 
a floor.   

 

Figure 2-15 Recommended peak acceleration for human comfort for vibration due to human activities [21] 
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The AISC uses the peak acceleration (ap) divided by the acceleration of gravity (g) as the limit, 
this value can be taken from measurements or calculated as with Equation 2-26. With; 
Po=constant force representing the excitation; fn= first fundamental frequency; β= damping ratio 
and W= effective weight. The effective weight can be calculated using Equation 2-27, with: w= 
supported weight per area; L= span; B= effective width. 

exp	 0.35
 

2-26 

 
2-27 

For a simply supported beam or joist floor the frequency is: 

2
	

/
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With; g= acceleration of gravity 9.86m/s²; E= modulus of elasticity; It= transformed moment of 
inertia. 

For a combined system the method of Dunkerley is recommended, as shown is Equation 2-19. 
The frequency can also be determined by using the deflection at midspan ∆ due to the self-weight: 

0.18
∆

 

2-29 

When the frequency is larger than 9-10 Hz there is an additional requirement. There should be a 
minimal static stiffness of 1kN/mm under concentrated load at midspan. 

Hivoss method/ SBR guidelines 
The SBR guidelines for vibrations in floors [5] gives a more comprehensive method for the comfort 
level of floors. The SBR method, same as the HIVOSS method(human induced vibration of steel 
structures)[18], uses the 90% One-Step Root Mean Square (OS-RMS90) as a quantity. The 
method uses the standard walking load function with given weight and walking pace as described 
in Chapter 2.2.2. The response of a floor due to this walking load is represented in the OS-RMS 
value. The 90% upper limit of the OS-RMS value is used as the quantity to determine the 
comfort.[22] 

Figure 2-16 shows classes with the upper and lower limit of the OS-RMS90. The highest-class A 
has no noticeable vibrations and the lowest class F extreme vibrations. Depending on the function 
of the floor a class is recommended, critical or not recommended. [18] 
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Figure 2-16 Recommendations for performance requirements [18] 

There are three methods to determine the OS-RMS90 value of a system: First is a simplified 
method using a table. Second is with hand calculation and third is from measurements or models.  

The SBR states that when the first natural frequency is dominant the system may be considered 
as a single degree-mass spring system. Then only the first frequency must be considered, and 
the simplified method can be used. [5] For the simplified method a table can be used. For this 
method the first natural frequency, the modal mass and the damping are needed. With this 
information the class and the OS-RMS90 can be found in Figure 2-17 for the damping of 3%.  

When the first natural frequency is not dominant the combined OS-RMS90 needs to be calculated 
from the different frequencies. The natural frequencies are determined with the associated 
damping and modal mass. With the tables the OS-RMS90 are determined and used for in Equation 
2-30 . 

, ,
	 ² 

2-30 

For the hand calculation a system is simplified to a one degree of freedom system (1-DOF), 
consisting of a mass, a dashpot and a spring. From the 1-DOF system a transfer function is made 
which represents the response of a system due to a harmonic load with a given frequency and 
amplitude equal to one. When the transfer function is combined with the standard walking load 
the OS-RMS can be determined. It is defined as the root mean square of a weighted velocity at a 
point on the floor over the interval between two steps. When the OS-RMS value is determined for 
all possible combination of expected walking paces and weight the 90% value can be determined. 
The 90% upper limit of all the OS-RMS values in used to determine the comfort.[22] The steps to 
determine the OS-RMS90 from a 1-DOF system are shown in Annex C.5.3. 

The transfer function or frequency response function can also be obtained from measurement for 
example the heel-drop tests. This requires a measured acceleration or velocity and the impulse 
which produced the vibration. The following steps to determine the OS-RMS90 are the same as 
for the 1-DOF system. 
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Figure 2-17 table to determine OS-RMS90 for 3% damping [18] 
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2.2.5 Transverse stiffness consequences 
Timber floors are mostly considered as joists in the direction of the span. The floors are orthotropic 
with a high bending stiffness in the longitudinal direction and a low bending stiffness in the 
transverse direction. The concrete of a timber-concrete composite (TCC) has a higher transverse 
stiffness than a regular timber floor with boarding. Because of the higher transverse stiffness of 
the TCC floor compared to the timber floor, the beams will act together instead of as single beams. 
This could have influence on the dynamic behaviour of a TCC floor.  

	
1
2 ∗ 	  

2-12 

The Euler-Bernoulli formula, Equation 2-12, used in the Eurocode for calculating the first natural 
frequency, shows that the frequency is independent of the transverse stiffness. The transverse 
stiffness of the floor equally increases the spring stiffness and the modal mass of the floor.   

Klerk [14] researched transverse stiffening of timber floors. He concluded that transverse 
stiffening has no effect on the first and second natural frequencies. The third natural frequency is 
influenced by the transverse stiffening, where the mode is a full sine curvature in the transverse 
direction. 
 
The supports of the floor do influence the natural frequencies. When the floor has a high stiffness 
in the transverse direction the floor can have a two-way span. When an orthotropic floor is simply 
supported on all four edges the first natural frequency can be calculated with Equation 2-20. As 
can be seen, when the transverse stiffness EIx increases the natural frequency increases.[18] 

2
1 2  

2-20 

Besides the first natural frequency other variables are relevant for calculating the comfort as 
mentioned in previous Paragraph 2.2.4. These can be affected by the increase of transverse 
stiffness. The equations below show the calculation from the draft version of the future Eurocode 
5 [20] for the deflection from a point load. The calculation of the deflection, as shown in Equation 
2-31, uses the effective width (bef) of the floor. This effective width is either the width of the floor 
or less depending on the transverse stiffness, Equation 2-32. When the transverse stiffness (EI)T 
increases the effective width increases and the deflection decreases.  

³
48

 

2-31 

With the effective width as the minimum of: 

1,1
	

 

2-32 
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The modal mass is also used for the calculation of the acceleration and velocity in the draft of the 
new Eurocode. The Hivoss method is mostly based on the relation between the frequency and 
the modal mass of a system. The modal mass increases when the entire width of a floor in 
considered instead of a single beam. The behaviour of a floor as a plate mode of a beam mode 
influences the modal mass. As mentioned in Paragraph 2.2.3 the modal mass of a beam mode is 
approximately 40-50% and the modal mass of a plate mode is 25% of the total mass. The draft 
version[20] assumes a plate mode and calculates the modal mass as a quarter of the total mass 
of a floor with the maximum width of b ≤ 1.5*l:  

∗
4

 

2-33 

Since the acceleration and the velocity are both dependent on the modal mass, if the modal mass 
increases they decrease and the comfort improves.  

Not all the calculation methods use the transverse stiffness in the calculation for the comfort: 

- The Eurocode 5 only includes the transverse stiffness in the calculation of the velocity. 
The load distribution should be taken into account for the deflection from a point load.   

- The new Eurocode 5 method uses the transverse stiffness for the frequency calculation 
when the floor has a two-way span. The acceleration and the velocity are dependent on 
the modal mass, for which an assumption is made. The deflection calculation does use 
an effective width based on the transverse stiffness as shown in Equation 2-31. 

- The Hivoss method simplifies an orthotropic system, however does allow for more 
extensive calculations using the transverse stiffness.  

- The AISC method only uses the inertia of the slab in transverse direction to determine the 
effective width. The deflection for a point load will decrease when the transverse stiffness 
increases which is not included in the calculation. 

Another effect of an orthotropic floor is that the number of beams brought into motion is  influenced 
by the transverse stiffness. With a low transverse stiffness, only the beams near the source of the 
vibration will show a dynamic response.  
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3 Experimental Research 
In this chapter the different tests performed for this research are described. Several tests were 
performed to get a better understanding of dynamic behaviour and composite working of timber-
concrete composites. Dynamic tests were performed on both a TCC floor and on TCC beams to 
show the influence of the transverse stiffness. In addition, two methods of introducing the vibration 
were used to compare the results and usability for simulating a walking load. To create a better 
understanding of the advantages concerning dynamic behaviour of TCC a timber floor, without 
the concrete topping, was tested for comparison. For further understanding of the analytical 
calculations and the composite a bending test up to failure was performed to determine the 
collaboration between the timber and concrete element.  

The tests were performed at the Structures laboratory at the University of Technology Eindhoven.  

3.1 Overview tests 
The experimental research can be divided into three different parts; determining the material 
properties of the used materials, the stiffness of the elements, and the dynamic behaviour of the 
structures.  

For the material tests the following was used: timber beams, concrete cubes, and concrete 
prisms. The elements that are used are the same timber beams and TCC beams and as 
structures a timber floor and a TCC floor were used.  

Due to the limitations of this project one TCC floor was made and used.  

After the properties of the timber beams were determined the dynamic response was tested. As 
comparison first, a timber floor was made by placing oriented strand board (OSB) plates on five 
timber beams and dynamic tests were performed. The timber floor was topped with a concrete 
layer to create the TCC floor. After the dynamic tests on the TCC floor, the floor was sawn into 
five T-profile beams. These TCC beams were tested both for stiffness and dynamic response. 
The final test was the failure test on the TCC beams with a four-point bending test. Figure 3-1 
shows the section of the TCC floor and in the middle the dimensions of the TCC beams are 
shown. An overview of the tests can be found in Table 3-1, and the results will be discussed in 
Chapter B, F, and G. 

 
Figure 3-1 Section of the TCC floor with in the middle the dimensions of the TCC beam 



Graduation thesis J. Klaassen: Dynamic behaviour of timber-concrete floors 

25 

Table 3-1 Overview experimental tests 

MATERIAL TESTS 

Timber  Concrete  
Test Outcome Test Outcome 
Self-weight Mass [m] 

Density [ρ] 
Self-weight Density [ρ] 

RH-test Relative humidity 
[RH] 

Cylinder 
compression tests 

Modulus of Elasticity 
[E] 

Mobile timber grader Modulus of Elasticity 
[E] 

Cubic compression 
tests 

Strength [f] 
 

ELEMENT TESTS 

Timber beams  TCC beams  
Test Outcome  Test Outcome 
Self-weight Total mass [m] Self-weight Total mass [m] 
4pt-bending tests Stiffness [EI] 4pt-bending tests Stiffness [EI] 
Vibration tests 
(drop weight) 

Acceleration [a] 
Eigenfrequency [f] 
 

Vibration tests 
(drop weight) 

Acceleration [a] 
Eigenfrequency [f] 
 

  Vibration tests 
(heel-drop) 

Acceleration [a] 
Eigenfrequency [f] 
Impulse [N/s] 
 

  Ultimate load test Load carrying 
capacity [F] 
Slip 

STRUCTURE TESTS 

Timber floor  TCC floor  
Test Outcome  Test Outcome 
Vibration tests 
2 sides supported 
(drop weight) 

Acceleration [a] 
Eigenfrequency [f] 
 

Vibration tests 
2 sides supported 
(drop weight) 

Acceleration [a] 
Eigenfrequency [f] 
 

Vibration tests 
(heel-drop) 

Acceleration [a] 
Eigenfrequency [f] 
Impulse [N/s] 
 

Vibration tests 
2 sides supported 
(heel-drop) 

Acceleration [a] 
Eigenfrequency [f] 
Impulse [N/s] 
 

  Vibration tests  
4 sides supported 
(drop weight) 

Acceleration [a] 
Eigenfrequency [f] 
 

  Vibration tests  
4 sides supported 
(heel-drop) 

Acceleration [a] 
Eigenfrequency [f] 
Impulse [N/s] 
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3.2 Material tests 
3.2.1 Timber 
The supplied timber beams were classified for strength class C24. The values of this strength 
class apply to a large population, the values for individual element out of this population can differ 
from these general values. Therefor the dimensions and properties of the beams were determent 
individually. There were ten beams delivered, however only five were needed. The beams were 
chosen based on the Modulus of Elasticity (MoE), density and visual inspection according to norm 
NEN5499.[23] 

The norm NEN 5499 was used to visually grade the timber for: imperfections, geometric 
deviations, discolorations, and mould infestation. As the timber beams are assigned to strength 
class C24, it can be expected that the beams will pass the criteria. The criteria for deformations 
and cracks for each beam was checked and used in the selection of the beams. 

The MoE of the timber can be determined with the Brookhuis Micro-Electronic Mobile Timber 
Grader. The elasticity is calculated using the shockwave response of the timber. Each beam was 
tested twice at both sides.  

The properties and the chosen beams can be found in Annex B.1. 

Measuring relative humidity 
The beams were stored in a conditioned room with a standard environment with temperature of 
20 + 2°C and relative humidity of 65 + 5 %. The beams were stored until they have a constant 
mass. This is attained when the weight does not differ more than 0.1% for two successive 
weightings with an interval of 6 hours. [24] 

To determine the relative humidity of the beams the Brookhuis FMC RH measuring device is 
used. The device uses the electrical resistance of the beam to calculate the relative humidity. 

Because the TCC floor and beams cannot be stored in the conditioned room the moisture content 
of the timber beams is measured before the tests. 

Dimensions 
As mentioned before there were several testing elements. The timber beams were 
4500x69x267mm (length, width, height) as shown in Figure 3-2. The span of the beams, and later 
the floors, was 4 meters. The additional length of 25cm per side was there to lift the floor after the 
concrete was poured. 

 
Figure 3-2 Timber beam dimensions [mm] 
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The 5 timber beams were placed with a centre-to-centre distance of 600mm. The OSB plates with 
18mm thickness were placed on top, perpendicular to the beams, which is shown in Figure 3-3. 
The OSB plates have a total width of 3 meters and a length of 4.2 meters. The floor has a 300mm 
overhang at the side, so the last beam has the same T-shape as the rest. The length of the plates 
is at both sides 10cm longer than the span of the beam, to include the support width. The OSB 
plates were screwed with 4*45 screws at a spacing of 200mm. 

 
Figure 3-3 Timber floor with OSB plates [mm] 

3.2.2 Concrete 
For the concrete layer concrete class C20/25 was used. Because of the limited concrete height 
of 6 cm the maximum aggregate diameter was 16mm. To confirm the strength and the stiffness 
at the time of the dynamic tests, the properties were determined according to the NEN-EN 12390 
[25], [26]. The tests were performed twice: once when the TCC floor was tested and again when 
the TCC beams were tested. Each time there were three cubic tests to determine the strength 
and two prism tests to determine the stiffness.  

Reinforcement is used to prevent cracking. A reinforcement net of 150x150mm with a diameter 
of 6mm was placed in the middle of the height to minimalize the structural effect. 

Concrete tests 
As mentioned two separate tests were performed to determine the concrete properties. The first 
is a cubic compressive test to determine the concrete strength. The first test was done at a 
minimum of 28 days after pouring the concrete and in the same week when the dynamic tests 
started. Cubic samples of 150*150*150mm were poured the same time as the TCC floor, they 
were covered in plastic and stored next to the floor. The samples were tested in a pressure jack 
and loaded with a speed of 10kN/s as prescribed by NEN-EN 12390-3 [25]. The jack is shown on 
the left in Figure 3-4. 
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Figure 3-4 Left; Jack used for concrete cubic tests. Right, Test set-up for prism tests.  

The concrete strength could be determined with formula 3-1 where; f= strength; F = force; A= 
area.  

 

3-1 

To determine the stiffness of the concrete, prisms of 100*100*500mm were tested in a 
compressive test. The test setup is shown on the right in Figure 3-4. The displacement is 
measured with LVDT’s at two opposite sides.  

The prism test was performed is several cycles as shown in Figure 3-5, as recommended in NEN-
EN 12390-13 [26]. The tests were performed with a speed of 55mm/hour. The Modulus of 
Elasticity(MoE) can be calculated from the last cycle with formula 3-1 where; E= MoE; σ= stress; 
ε= strain.  

,
∆
∆ , ,

 

3-2 
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Figure 3-5 Test cycles for determining the modulus of elasticity  [26] 

Formwork 
The OSB plates, which were used to make the timber floor, were used as lost formwork. To 
prevent the water from being absorbed in the OSB plates a foil was used. The sides of the 
formwork were connected to each other over the width and in the corners to keep the formwork 
together, see Figure 3-6. The reinforcement net was placed around the dowels and spacers were 
used to place the reinforcement in the middle of the height of the concrete. 

 
Figure 3-6 Formwork for the TCC floor 

The beams would have at the most a 2mm deflection from the weight of the wet concrete, an 
additional support was not needed. The calculation is shown in Annex C.3.2. However, for 
transportation the beams were connected to each other.  

Tecnaria dowels 
Tecnaria BASE dowels with a dowel height of 60mm were used. When using the BASE dowel, it 
should be placed directly on the beam. This was accomplished by drilling holes in the OSB plates 
and place the dowels on the beam, Figure 3-7. The base plate was placed on the timber beam 
and two screws drilled into the beam. Since the beams were softwood predrilling was not required. 
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The crampons could be hammered on the timber when needed and the screws tightened. 
Because the OSB boarding was 18mm and the concrete layer 60mm, the top of the dowels had 
a concrete cover of 18mm, this is within the recommended 10-20mm concrete cover. 

 
Figure 3-7 Tecnaria dowel placed directly on the beam by making a hole in the interlayer [mm] 

Since the dowels were placed directly on the timber beams the slip-modulus for no interlayer was 
recommended. The notches which were created by the holes in the interlayer could add to the 
slip-modulus, due to the foil the holes were not filled, Figure 3-8. 

 
Figure 3-8 Tecnaria dowel after the foil was applied 

The dowels were placed with a spacing of 40cm which resulted in a total of 11 dowels per beam, 
Figure 3-9. To improve the resistance of the dowels they were not placed in parallel to the span 
but diagonal when possible. [13] 
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Figure 3-9 Floorplan with the dowels at a distance of 400mm 

Dimensions 
The TCC floor has the same dimensions (3x4.2 meters), as the timber floor since the OSB plates 
were used as formwork. Figure 3-10 shows a section of the TCC floor, the span of 4 meters is 
shown. In the section the 11 dowels per beams are visible. 

 
Figure 3-10 Section TCC floor [mm] 
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After testing the TCC floor was sawn into 5 separate beams with a concrete width of 600mm, as 
shown in Figure 3-11. 

   
Figure 3-11 Top view sawing lines timber concrete floor (left), sawn line through the TCC floor (right) 

3.3 Bending tests 
A four-point bending tests can be used to determine the bending stiffness (EI) of a beam. The 
beam is only loaded in the linear-elastic zone. EN408 [24] states that the beams should be loaded 
from 20% to 30% of the maximum load and the loading should not exceed the 40% of the 
maximum load during the test. 

The global modulus of elasticity is determined from the load-displacement relation using the 
deformation in the centre of the span. The local modulus of elasticity uses the local relative 
displacement to rule out the influence of the shear deformations. The local relative displacement 
is the displacement measured between the loads using a bracket. The required measurements 
of the test setup are shown in Figure 3-12. Equation 3-3 is used to calculate the stiffness EI, with: 
a= distance from the support to the force; l= span, F= total force and w= relative deflection. With 
F1 and w1 at 20% of the maximum load and F2 and w2 at 30% of the maximum load. 

16
 

3-3 

 
Figure 3-12 Test arrangement for measuring the local modulus of elasticity in bending.[24] 
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The force shall be applied at a constant rate of maximal (0.003*height) mm/s. Since the timber 
beam was predicted to fail at 20kN the total load should not exceed 8kN. These calculations are 
an approximation using the mean tensile strength. The calculations for the timber-concrete beam 
are an approximation based on the slip-modulus of the Tecnaria dowel provided by the 
manufacturer[13]. The TCC beam is predicted to fail at 45kN and therefore the total load should 
not succeed 18kN. These calculations can be found in Annex C.2.  

Figure 3-13 shows the test-setup for the bending test of the TCC beams. An equator was used to 
divide the loads over the line loads on the beam. The total displacement was measured at the 
bottom of the beam. The relative displacement was measured with a bracket at the front and the 
back using a linear variable displacement transformers (LVDT).  

 
Figure 3-13 Test-setup for the bending test of the TCC beam 

Before the bending tests the mass of both the timber beams and the TCC beams was determined. 
The timber beams could be weighed using a scale. The TCC beams were weighed using a load 
cell and the crane. 

3.4 Dynamic tests 
In the literature study several methods for introducing the vibration were discussed. Two methods 
have been used for the experimental dynamic tests. Namely the drop-weight, which was 
previously used in the laboratory, and the heel-drop test, recommended by the Dutch guideline 
for the SBR [5]. The heel-drop was chosen since it simulates a walking load the best and is 
therefore suitable for lower frequencies. The needed heel-drop plate with sensors could be 
borrowed from the acoustics laboratory of the TU/e. The drop-weight was used before at the 
Structures laboratory and easily available.  
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As mentioned before, the vibration tests were first performed on the timber beams, due to the 
width of the beams only the drop-weight test could be used. On the timber floor and the TCC floor 
both tests were performed. For the TCC floor the tests were also performed with the sides of the 
floor supported. Due to the width of the concrete of the TCC beams both tests could be performed.  

The supports must be relatively stiff to prevent the support from acting as springs which results 
in additional damping. The beams will have roller supports and steel plates with a small width at 
both sides, Figure 3-14. The beams need to have contact with the support over the full width, this 
prevents interference due to rotation along the longitudinal axis. This can be done using a wedge, 
using soft materials or adding weight.[14] 

 
Figure 3-14 Supports used for dynamic tests: a roller with a steel plate beneath the timber beam 

For both the drop-weight test and the heel-drop test, explained later, the same accelerometers 
were used to measure the acceleration, Figure 3-15. The accelerometers were fixed to the beams 
and floor with bee wax. The placement of the accelerometers was different for the elements, these 
placements will be explained later this chapter. 

 
Figure 3-15 Accelerometer on the TCC floor 
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The accelerations were measured with a sensitivity of 9.24 pC/g (picocoulombs per g), and an 
amplifier was used to boost the signal 100 times. The signal was imported using a National 
instruments (NI) card and converted with the program NI Signal Express [27]. The program was 
also used to convert the measured vibrations to a frequency spectrum using a Fast Fourier 
Transformation (FFT), visualized in Figure 3-16. A window can be used to minimalize the effect 
of an incomplete sinus. Since the effect of the available windows could not be certain and could 
influence the results, no window was used in the calculation.   

 
Figure 3-16 Visualization of the Fast Fourier Transformation [28] 

To exclude influence from the steel frame supporting the floor on the frequency spectrum, the 
natural frequency of the steel beam was calculated in Annex C.3.1. Since this frequency was 130 
Hz it would not interfere in the range of 0-50 Hz which was expected for this research.  

3.4.1 Drop-weight method 
To determine the first natural frequency of the beams a drop-weight will be used. The beam was 
loaded in the mode shape corresponding with the first natural frequency. The structure was 
preloaded, and the weight released which made the beam start to vibrate. 

The beam was preloaded by attaching a drop-weight to the beam with a steel plate and electro-
magnet, Figure 3-17. When the power was shut down the weight dropped in a bucket with 
damping material to minimize the influence of the landing. Different drop-weights were used to 
determine the load at which the accelerometers gave an accurate measurement. For a 
comparison with the heel-drop tests a person stands on the floor during some of the tests to obtain 
a similar damping.  
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Figure 3-17 Left, picture of the drop-weight. Right, set-up for the drop-weight 

3.4.2 Heel-drop method 
The heel-drop method introduces a vibration by a person standing on the floor and dropping their 
heels. The impulse from the heel-drop simulates one step of a walking load. The heel-drop plate 
from the TU/e and Level Acoustics & Vibrations is used during the tests is shown in Figure 3-18.  

 
Figure 3-18 Heel-drop plate as used during testing 

The sensors in the heel-drop plate allowed to measure the impulse which initiated the vibrations. 
Since the sensors from the heel-drop plate had an ampere output instead of the Volts required by 
the NI system, the RION UV16 charge amplifier was used. The impulse could be compared with 
the acceleration using the FFT and produce the frequency response.  

The heel-drop tests were performed by different persons to compare the signals. During some of 
the tests a second impulse was measured due to the person not landing stiff enough. Since the 
impulse is used in the FFT frequency response calculation the frequency spectrum has 
fluctuations instead of smooth lines.  
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To get an idea of the effect of the placement of the heels, the heel-drop plate was turned 180 
degrees for some of the tests, as shown in Figure 3-19.   

  
Figure 3-19 Heel-drop plate with heel to the middle (left) and toes to the middle (right) 

  

3.4.3 Timber beam 
As explained before for the dynamic tests on the timber beams only the drop-weight could be 
used. Each of the beams was tested separately. With a weight of 20kg the signals were clear and 
the power spectrum readable. There were two accelerometers, ACC7322 and ACC7349, placed 
on the beam; one in the middle of the span and one at a meter from the support, as shown in 
Figure 3-20. 

 
Figure 3-20 Placement accelerometers 7322 and 7349 on the beam 

3.4.4 Timber floor 
For the dynamic tests on the timber floor both the drop-weight and the heel-drop were used. The 
drop-weight was increased to 30kg to create enough displacement for a clear measurement of 
the acceleration. The heel-drop as performed at the middle of the floor and the plate turned as 
mentioned before. The three accelerometers. ACC7322, ACC7327, ACC7349, were placed in 
four different situations to find different mode shapes and to compare the effect of placement. The 
accelerometers were placed as close to the following positions as possible without being placed 
on the OSB plate edges.  

For all the situations the first accelerometer was placed at midspan on the middle beam, the 
positions are shown in Figure 3-21 and Figure 3-22. In the first situation, the second and third 
accelerometers were placed 600mm from the edge of the floor. This is between the second and 
third beam from the middle. For the second situation the accelerometers were placed on the 
second beam from the middle at 900mm from the edge.   
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Figure 3-21 Placement accelerometers timber floor. Left situation 1, Right situation 2 

For the third situation it was assumed that the floor is symmetrical over the width and all three 
accelerometers were placed on one side of the floor. They were placed at midspan on the beams 
at the left side of the floor. For the fourth situation all three meters were placed on the middle 
beam. Again, one at midspan and the other two both at one meter from the supports.  

 
Figure 3-22 Placement accelerometers timber floor. Left situation 3, Right situation 4 

3.4.5 TCC floor 
For the dynamic tests on the TCC floor again both the drop-weight and the heel-drop were 
performed. Due to the mass of the floor the drop-weight was increased to 80kg to get a clear 
signal. The heel-drop was performed at midspan and at one meter from the supports.  

The accelerometers were placed in two situations. For the first situation they were placed one at 
midspan one in the middle beam and two at 600mm from the sides. In the second situation they 
were placed on the middle beam, one in the middle and the other two at one meter from the 
supports. Both situations are shown in Figure 3-23. 
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Figure 3-23 Placement accelerometers TCC floor. Left situation 1, Right situation 2 

The tests were for the TCC floor with a two-way span where the sides of the floor supported. 
However, due to the curvature of the concrete slab the sides were not completely supported.  

3.4.6 TCC beam 
For the dynamic tests of the TCC beams it was possible to perform both the drop-weight and the 
heel-drop test. The drop-weight was the same as from the TCC floor, 80kg. The heel-drop tests 
were performed in the middle of the beam and a meter toward the support to show the second 
frequency. Additional horizontal roller supports at the sides of the beam were needed to stabilize 
the beam during testing, Figure 3-24.  

  
Figure 3-24 Additional horizontal roller supports to secure the TCC beam during testing 
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For the TCC beam an accelerometer was added in comparison to the timber beams. The third 
accelerometer was placed in the middle of the span at the edge of the concrete. This 
measurement could show the effects of torsion on the frequency spectrum, Figure 3-25. 

 
Figure 3-25 Placement accelerometers on TCC beam 

3.5 Failure tests 
After dynamic tests and the bending tests of the TCC beams the same set-up was used to perform 
a failure test. To determine the stiffness the beam was loaded to 40% of the calculated failure 
load as mentioned before. After 30sec the load was reduced to approximately 10% and after 
waiting 30sec the load was increased till brittle failure of the timber. Due to the control of the 
hydraulic jack load was reduced to 10kN instead of the recommended 5kN. The TCC beams were 
predicted to fail at 50kN. The beams should fail in 3 till 7 minutes so therefore, the speed of 10kN 
per minutes was used.  Since the timber beam had a large dispersion of the properties a jack with 
a capacity of 200kN and a maximum displacement of 150mm was used. Figure 3-26 shows the 
set-up of the measuring points for the failure test. The total displacement, the relative 
displacement and the load were used for the determination of the stiffness. In addition, the slip 
between the timber beams and the concrete was measured at both sides of the beam. 

 

Figure 3-26 Test-setup for failure test with the measurement locations 

To prevent the timber from failing due to pressure perpendicular to the grain at the supports, a 
steel plate of 15cm was placed between the roller and the timber beam, as calculated in Annex 
C.3.3. 
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4 Finite element analysis 
To have an additional comparison for the analytical calculations and the experimental results, a 
numerical calculation was done using a model was made with the finite element method (FEM) 
program Abaqus [4]. The same elements used in the experimental tests were made: timber beam, 
timber floor, TCC floor, and TCC beam. The desired results from the FEM analysis are: 

- Natural frequencies and mode shapes 
- Frequency spectrum 
- Modal mass 
- Deflection from point load 
- Influence of increased transverse stiffness 

4.1 Models 
Since the floor is a three dimensional (3D) structure the model had to be 3D, therefore solid 
elements were used for all the models. The average material properties and dimensions 
determined during the experimental tests were used, shown in Annex D. To simplify the system 
the OSB plates were not included in the TCC models. The supports were simulated as a perfect 
hinge and a perfect roller.  

The mesh was first chosen at 50mm, based on the distance of the edge of the beam to the support 
which was 150mm. When the mesh size was halved the results had a 6.3% to 14.4% difference 
for the first natural frequency of the TCC beam. The modal shape of the concrete was also 
different when the mesh had a smaller size. When the mesh size was halved again the change 
was less than 5% and the modal shapes similar. Therefore, the following mesh was chosen: An 
overall mesh of 25mm and the width of the timber beam divided over 4 elements of 17mm.  

4.1.1 Connection 
For the experimental tests the timber beams and the concrete slab were connected with the 
Tecnaria dowels. The complete modelling of the Tecnaria connection was not necessary 
compared with the scale of the entire model. There were several options for simplifying the 
connection: 

1. Surfaces connected no slip: Where the top surface of the timber and the bottom surface of the 
concrete have no slip.  

2. Surfaces connected frictionless: The top surface of the timber and the bottom surface of the 
concrete will not separate, however there is infinite slip. 

3. 11 Nodes connected: At the same positions as the Tecnaria dowel in the experimental tests 
the nodes of the timber beam and the concrete slab are fully connected. 

4. 11 Connectors and the surfaces connected frictionless: At the same eleven positions there is 
a connector placed with a stiffness in transverse directions. Since an infinite stiffness for the 
connector in the normal direction was not possible the surfaces have a hard connection in the 
normal direction with infinite slip, same as option 2. 

The options were compared with the deflection from a 1kN point load and the first natural 
frequency, the results can be found in Annex D.3 and are summarized in Table 4-1. The 
calculated value is from analytical calculations using the desired stiffness and the input values 
used in the model, the calculation can also be found in Annex D.3. 
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Table 4-1 Results from comparing connection simplifications 

Connection Deflection 1kN [mm] Frequency [Hz] 
Analytical calculation 0.625 14.12 
Option 1 0.205 23.97 
Option 2 0.786 12.9 
Option 3 0.422 17.1 
Option 4 0.656 13.95 

 
Since the first three options did not give similar results to the desired calculated value a connector 
with elastic properties was tried. The connector would have a stiffness for the tangential directions 
and finite stiffness in the normal direction. This was done by combining the connector with a 
surface interaction with ‘hard’ normal behaviour and frictionless tangential behaviour. Since the 
slip modulus of the Tecnaria dowel includes the elasticity of the timber and the concrete the value 
for the connector was approximated with a small model with one connector. The relationship 
between the force and displacement in that small model indicated a stiffness of 4250 N/mm for 
the connectors. This comparison can be found in Annex D.3.7. The TCC beam model with the 
connectors approximated the calculated values with a 5% deviation for the deflection and a 1.2% 
deviation for the frequency.  

4.2 Performed tests 
To compare the model with the experimental tests the following results were produced: 

- Natural frequencies: A calculation was used to determine all the natural frequencies and their 
mode shapes between 1 Hz and 100 Hz. 

- Frequency spectrum: Using the previous calculation a frequency spectrum is produced using 
a static area load in the middle of the span similar to the heel-drop area.  

- Deflection from point load: Using a static calculation the deflection at midspan is determined 
from a 1kN point load at midspan. 

The steps which were performed, and the input can be found in Annex D. The script of the TCC 
beam can be found in Annex E which will show the entire model. 

Additionally, the effect of a small increase in transverse stiffness was analysed with the natural 
frequencies, deflection from point load and the modal mass percentage as described next. The 
transverse stiffness was increased by changing the concrete to an orthotropic material and 
doubling the modulus of elasticity in the transverse direction. 

The frequency calculation produces the generalized mass per frequency. Since the description 
of the output was unclear the modal mass as described in Paragraph 2.2 was also calculated. To 
calculate the modal mass from a finite element calculation, the mode shape can be approximated 
with a load.[18] Since the frequency calculation also produces the mode shapes these could be 
used directly. The modal mass is determined when the normalized deflection at a node, with 
lδ(x,y)lmax=1.0, is multiplied by the mass at that node, as shown in Equation 4-1, with; Mmod= modal 
mass; δ= vertical deflection at node i; dMi= mass attributed to node i. 

	

 

4-1 
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To simplify the calculation and allow calculation using Excel, the percentage of the total mass is 
approximated. This is done by multiplying the percentages of the mass for the longitudinal 
direction and the transverse direction. The percentage in one direction is approximated by 
calculating the modal mass of a single node line and dividing it by the total mass of that node line. 
The node lines in transverse and longitudinal direction are shown in Figure 4-1.  

 
Figure 4-1 Nodes for the calculation of the modal mass; transverse direction (Left), longitudinal direction 

(Right) 

In literature the modal mass of a beam is simplified to 50% of the total mass in longitudinal 
direction. The generalized mass of the TCC beam for the first natural frequency was 48.5% of the 
total mass. The calculation using one node line of the TCC beam results in a percentage of 47.7 
% of the total mass, the steps and the results shown in Annex D.4.2. Since there is a difference 
between the generalized mass from the output and the calculated modal mass both will be 
determined for the TCC systems.  
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5 Results 
This chapter is a summary of results from the analytical calculations, experimental tests, and 
numerical calculations as described in the previous chapters. All the results can be found in 
Annexes B, C, D, F and G. 

5.1 Material properties 
5.1.1 Timber properties 
Before choosing the 5 timber beams for the experiments, the properties were determined. The 5 
beams with similar properties were used in the experimental tests, their properties are shown in 
Table 5-1. The 5 beams were collected out of a population of 10 beams, the notes for the selection 
can be found in Annex B.1. 

Table 5-1 Properties of the timber beams 

Beam Depth 
[mm]  

Height 
[mm] 

Length 
[mm] 

Volume  
[m³] 

Mass 
[kg]  

Density  
[kg/m³] 

Moisture 
content [%] 

MoE 
[N/mm²] 

2 68 267 5710 0.104 46.3 446.61 11.2 11816 

3 69 266 5710 0.105 47.1 449.42 11.8 11998 

4 69 268 5710 0.106 45.4 429.97 11.8 12511 

7 68 267 5710 0.104 46.8 451.43 12.9 11299 

9 69 267 5710 0.105 44.2 420.17 11.6 11998 

Average 68.6 267 5710 0.105 46.0 439.5 11.8 11924.4 

SD 0.5 0.6 0 0.001 1.1 12.3 0.6 389.3 

 

5.1.2 Concrete properties 
As mentioned the concrete properties were determined at two separate dates. The first tests were 
5 weeks after pouring, when the TCC floor was tested and again at 14 weeks when the TCC 
beams were tested. Two types of tests were performed, one to determine the strength and one 
to determine the Modulus of Elasticity (MoE). The results are shown in Table 5-2, they show a 
13.6% increase of strength and a 5% increase of the MoE in the nine weeks between the tests. 
Furthermore, the second time testing, at 14 weeks after pouring, the results show lower standard 
deviation (SD) and relative standard deviation (RSD). 

Table 5-2 Concrete material properties 
 

Cubic 
specimen 

Density 
[kg/m³] 

Strength 
[N/mm²] 

 
Prism 
specimen 

Density 
[kg/m³] 

MoE 
[N/mm²] 

5 Weeks 1 2329 40.1 
 

1 2320 30965 
 

2 2304 39.7 
 

2 2336 29158 
 

3 2299 38.6 
 

   
 

Average 2311 39.5 
 

 2328 30062 
 

SD 13.2 0.60 
  

7.9 903.6 
 

RSD 0.6% 1.5% 
  

0.3% 3.0% 

14 Weeks 4 2290 44.2 
 

4 2294 31337 
 

5 2283 45.0 
 

5 2307 31953 
 

6 2295 45.2 
  

  
 

Average 2289 44.8 
  

2300 31645 
 

SD 4.9 0.43 
  

6.6 308.1 

 RSD 0.2% 1.0%   0.3% 1.0% 
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The concrete which was provided was at least concrete class C20/25. The strength of the 
concrete is higher than the expected 20 N/mm² of concrete class C20/25 and more similar to the 
35 N/mm² of concrete class C35/40. The density was similar to the expected 2300 kg/m³ of 
concrete and, the MoE was similar to the predicted 30000 N/mm² of concrete class C20/25. 

5.2 Bending tests 
5.2.1 Timber beams 
The MoE was determined with a mobile timber grader (MTG) before the selection of the beams. 
After the beams were chosen and sawn to a length of 4.5 meters, a four-point bending tests was 
performed to determine the stiffness and MoE of the beams. For the calculations the relative 
displacement between the point loads was used, as described in Chapter 3.3. Figure 5-1 shows 
the force-displacement diagram from the 4-point bending tests, the angle of the lines is the MoE. 
The kink in the graph at 1kN is due to the preloading of the beams. 

 
Figure 5-1 Force displacement diagram from the bending test of the timber beams 

The stiffness [Nmm²] and the MoE [N/mm²] of the beams is shown in Table 5-3 and the 
calculations are given in Annex F.1. The MoE that is determined from the bending tests is on 
average higher than from the MTG. The different methods, the static load and the high frequency 
of the MTG, could have influenced the results. The MTG calculates the MoE over the length of 
the beam while the MoE is calculated between the load loads from the bending tests. Both are 
higher than the MoE associated with timber from class C24, which is 11000 N/mm². 
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Table 5-3 Stiffness and MoE of the timber beams 

Beam Stiffness from 
bending test 
[Nmm²] 

MoE from 
bending tests 
[N/mm²] 

MoE from 
MTG 
[N/mm²] 

2 1.48E+12 13704 11816 

3 1.45E+12 13375 11998 

4 1.40E+12 12661 12511 

7 1.31E+12 12165 11299 

9 1.33E+12 12174 11998 

Average 1.39+12 12815.7 11924.4 

SD 6.40E+10 626.2 389.3 

RSD 4.6% 4.9% 3.3% 

 

5.2.2 TCC beams 
For the timber-concrete-composite (TCC) beams, sawn from the TCC floor, the stiffness was also 
determined with a four-point bending test. Figure 5-2 shows the force-displacement graph, the 
kink in at 4kN is due to preloading of the beams. 

 
Figure 5-2 Force-displacement diagram from the bending test of the TCC Beams 

The local stiffness of the TCC beams was calculated from the measurements shown in Table 5-4 
and calculated in Annex F.2 – F.6. The average value of the stiffness is 17% lower than the values 
calculated with the gamma method from 1995-1-1, annex B [2], which is given in Annex C.1.1. 
The calculation of the effective stiffness from the Eurocode is based on a distributed load while 
the test was performed as a four-point bending tests as recommended in EN 408 [24]. 

  



Graduation thesis J. Klaassen: Dynamic behaviour of timber-concrete floors 

47 

Table 5-4 Stiffness of TCC beams 

TCC beam Local stiffness 
[Nmm²] 

2 2.18e+12 

3 2.11e+12 

4 2.06e+12 

7 2.17e+12 

9 1.97e+12 

Average 2.10e+12 

SD 7.73e+10 

RSD 3.7% 

Calculated 2.54e+12 

  
When recalculating the stiffness using the measured dimensions and properties of the separate 
materials, as shown in Paragraph 5.1, the stiffness increases slightly. The only value which was 
not determined through measurements was the slip modulus K=17900 N/mm retrieved from the 
manufacturers properties of the Tecnaria dowel[13]. An explanation for the lower stiffness is an 
incorrect assumed slip modulus which was too high. Due to the hole which was drilled in the OSB 
plates, the dowel could be placed directly on the beam and the slip modulus without an interlayer 
was advised. However, when recalculating the stiffness with a slip modulus K= 4000 N/mm, the 
results are 2.10E+12 Nmm², which is the same value as from the bending test. The slip modulus 
is the same as the prescribed value for the Tecnaria Dowel with 2cm interlayer for serviceability 
limit state (SLS) calculations. This calculation can be found in Annex C.1.4. 

5.2.3 Failure tests 
In combination with the four-point bending test for the stiffness, a failure test was performed on 
the TCC beams. The beams were loaded till failure and as predicted the beams failed due to 
tensile failure of the timber beam. While the failure mode was the same as expected, the TCC 
beams failed at a higher load than calculated with the gamma method from the Eurocode 5 [2]. 
Figure 5-3 shows the force-displacement diagram of the failure tests. TCC beams 2 and 7 were 
the strongest with failure at a total load of F=90kN, the other beams failed earlier. The graph for 
TCC beam 9 shows a sudden increase in displacement, at this point there was a crack in be beam 
without total failure.  
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Figure 5-3 Force-displacement diagram of the failure test on the TCC beams 

When using the mean tensile strength of 21N/mm² for the timber and the individual stiffness for 
the TCC beams the failure is predicted at 40.76kN when calculated using the gamma method.  
All beams had a higher failure load, which ranged from 59 till 99.6kN as shown in Table 5-5, all 
the results can be found in Annex F.2 - F.6.  

Table 5-5 Failure loads of the TCC beams 

TCC beam Calculated 
failure 
[kN] 

Failure 
[kN] 

2 42.31 92.6 

3 41.06 69.9 

4 40.01 59 

7 42.16 99.6 

9 38.26 73.2 

Average  40.76 78.86 

SD 1.5 15.0 

RSD 3.7% 19% 
 
From the placement of the failure it appeared that imperfections in the timber beams were the 
reason for the deviation in failure loads. TCC beam 4 had the lowest failure load, which was 
caused by a knot below one of the line loads which caused curved fibres, as shown in Figure 5-4.  
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Figure 5-4 failure of TCC beam 4 (left) and TCC beam 3 (right) 

 

5.3 Dynamic tests 
5.3.1 Dynamic behaviour Timber beams 

Analytical calculations 
Due to being able to transport the floor once the concrete was poured the timber beams had a 
longer length than the span. The length of the beams was 4.5 meters, while the span was 4 
meters. When calculating the natural frequency with the Euler formula, the additional weight of 
the beam next to the supports is not considered. By increasing the mass, the natural frequency 
decreases as shown in Equation 5-1 and 5-2. For the first calculation the MoE determined using 
the MTG and the measured weight were used to determine the stiffness (EI) and the mass per 
area (m). For the second calculation the same stiffness was used, and the mass multiplied with 
4.5/4=1.25 to account for the additional weight. The entire calculations can be found in Annex 
C.4.1. The natural frequency decreases by 6% when the additional weight in included.   

2
	
2 ∗ 4

1.3 6
8.10

39.29	 		 

5-1 

2
	
2 ∗ 4

1.3 6
9.11

37.05	 		 

5-2 

The Rayleigh formula includes the moment of inertia as a modification of the formula of Euler. As 
mentioned in Chapter 2.2.3 there is a minimal effect on the natural frequency in comparison with 
the Euler formula. Equation 5-3 shows the effect of less than 0.1% for this example. 

2
1

1
	 4
2

1.3 6
440 ∗ 0.018

1

4
2.92 5
0.018 1

39.27	 		 

5-3 
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Experimental results 
Only the dynamic test with the drop-weight could be used on the timber beams. The acceleration 
was measured at midspan with accelerometer 7322 and at ¾ of the span with accelerometer 
7349. Figure 5-5 shows the start of the vibration from measurement 0 of beam number 2.  

 
Figure 5-5 Acceleration graph of the drop-weight test on timber beam 2, measurement 0 

Using the acceleration of the tests and a Fast Fourier Transformation the power spectra were 
produced. To reduce the weighted value of the lower frequencies, the square root of the results 
is taken. The dynamic tests on the timber beams produced results that were difficult to read. Due 
to asymmetry in the beams there were lower frequencies in the beam which were not the 
frequency from the first mode. As can be seen in Figure 5-6 there are several frequencies in the 
timber beam at 15.2 Hz, 22.9 Hz and, 40.7 Hz. From the calculations is clear that the peak at 40.7 
Hz is the natural frequency of the first vertical mode. The other two frequencies are likely from 
asymmetry in the beam, horizontal modes or incomplete supports as shown in Figure 5-8. 

 
Figure 5-6 Square root of power spectrum of beam 7 
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Table 5-6 shows an overview of the average frequencies of the timber beams. As mentioned the 
peak around 40 Hz is presumed as the first natural frequency. The total average first natural 
frequency of the timber beams is 39.3 Hz.  

Table 5-6 Average peaks from the power spectra of the timber beams 

Beam 1st peak 2nd peak 3rd peak 4th peak 

2 14.47 23.00 38.73 41.03 

3 15.06 22.92 41.16 41.50 

4 14.70 23.10 37.90 38.60 

7 15.20 22.90 40.70   

9 15.02 23.16 37.00 39.15 
 

Numerical calculations 
From the Abaqus model the first natural frequency and the mode shape were determined as 
shown in Figure 5-7. With a frequency at 38.3 Hz the value is comparable to the analytically 
calculated values and the 3rd and 4th peak from the measurements shown in Table 5-6. The results 
from Abaqus can be found in Annex D.1. These was also a horizontal mode at 12.4 Hz, which 
could have caused the 1st peak of the measurements.  

 
Figure 5-7 Mode of the first natural frequency timber beam = 38.3 Hz 

For some beams, not the entire width of the beam was supported during the experimental tests, 
an example of this is shown in Figure 5-8. This was simulated with a model in Abaqus were one 
side was supported by one point, the result was a torsion frequency at 13.6Hz comparable to the 
horizontal mode of 12.4 Hz produced by the previous model. These modes could indicate the 1st 
and 2nd peak from the measurements shown in Table 5-6.  
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Figure 5-8 Beam supported on one point due to twisting of the beam 

5.3.2 Dynamic behaviour Timber floor 

Analytical calculations 
When calculating the timber floor, it is an extreme simplification to use the frequency of a beam 
alone. The beams and OSB plate create a built-up element with a higher stiffness than the beam 
on its own, an increase of 20%, as shown in Annex C.1.3. This increase in stiffness and the 
increase of mass influence the frequency. Since the mass increases more than the stiffness the 
frequency is lower than for the timber beams, 39.27 Hz, as shown in Equation 5-4. The entire 
calculations can be found in Annex C.4.1. 

2
	
2 ∗ 4

1.57 6
14.58

32.22	 		 

5-4 

The formula of Dunkerley uses the frequency in both directions for composite floors to include 
superposition of the separate elements[18]. As shown in Equation 5-4 the first natural frequency 
of a timber-OSB built-up beam is 32.22 Hz. The frequency of the OSB plate spanning between 
the timber beams was calculated at 205.9 Hz. Since the frequency of the OSB plate is much 
higher than that of the timber beams the calculation is similar to the frequency of the built-up 
element in span direction. As shown in Equation 5-5 the first natural frequency decreases with 
1.3% from 32.22 Hz to 31.8 Hz.  

1
²

1
	
1 1

32.22²
1

205.9²
31.83	  

5-5 

Experimental research 
For the timber floor both the heel-drop and the drop-weight test were performed. The floor was 
tested in four situations to show the effects of the placement of the accelerometers. Same as for 
the timber beams the Fast Fourier Transformation was used to produce the power spectrum in 
Figure 5-9. Here, situation 1 is shown, where all three the accelerometers were placed at 
midspan, one in the middle and the other two 600mm from the sides. The middle accelerometer 
shows peaks at 23.25Hz, 25.75Hz and 38.5Hz. The peak at 23.25 Hz was only registered on the 
right side of the floor and the peak at 25.75 only on the left side. This could suggest that the 
frequencies are the results of asymmetry and imperfections in the floor and to not represent the 
total behaviour of the floor. 
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Figure 5-9 Power spectrum Drop-weight timber floor 

While performing the heel-drop test the impulse is measured, Figure 5-10 shows the sum of the 
three load cells in the heel-drop-plate in Newtons. The acceleration [m/s²] of the floor for all three 
accelerometers was initiated by this heel-drop as visible in Figure 5-10. Since the impulse was 
measured it was possible to produce the frequency response using the Fast Fourier 
Transformation, the result is shown in Figure 5-11. 

 
Figure 5-10 Acceleration Heel-drop test timber floor 
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Figure 5-11 Frequency response of the heel-drop on the timber floor 

Figure 5-11 which shows the frequency response of the of the heel-drop does not have a smooth 
line, but a fluctuation due to a flaw during the heel-drop. As shown in the power spectrum of the 
impulse in Figure 5-12 there is a double peak. This was caused by the heels of the person 
bouncing on the heel-drop plate instead of a single drop. Since this power spectrum was used in 
the calculation the double peak creates fluctuations in the frequency response.  

 
Figure 5-12 Power spectrum impulse heel-drop test timber floor 

The average value of the first natural frequency of all four situations is shown in Table 5-7. The 
placement of the accelerometers in each situation can be found in Chapter 3.4.4 and Annex G.2. 
The different situations had similar natural frequencies, there was a consistent difference between 
the drop-weight test and the heel-drop test. The graphs and results from all the tests can be found 
in Annex G.2.  
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Table 5-7 Average frequencies of the timber floor for all four situations 

Situation Drop-weight 
[Hz] 

Heel-drop 
[Hz] 

1 38.25 37.68 

2 38.50 37.88 

3 38.50 37.95 

4 38.50 37.95 

Average first natural frequency 38.15 Hz 
 

Numerical calculations 
The Abaqus model of the timber floor produced many different frequencies. The low stiffness of 
the OSB plate resulted in many separate modes which did not represent the behaviour of the 
entire floor. The mode at a frequency of 33.5 Hz gave the desired shape of the timber beams, as 
shown in Figure 5-13 and Figure 5-14. The front view shows that the floor has a beam mode as 
expected for the first natural frequency. The asymmetric deflection is a result of the hinge support 
at one side and a roller support on the other.  

 
Figure 5-13 Mode of the first natural frequency timber floor = 33.5 Hz 

 
Figure 5-14 Front view of the mode of the first natural frequency timber floor = 33.5 Hz 
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5.3.3 Dynamic behaviour TCC beams 

Analytical calculations 
When initially calculating the first natural frequency for the TCC beam, the stiffness was calculated 
using the slip modulus K=17900 N/mm provided by Tecnaria for the SLS with no interlayer. This 
calculation using the gamma method can be found in Annex C.1.2. The frequency using that 
stiffness and the expected weight is 18.07 Hz as shown in Equation 5-6. The entire calculations 
can be found in Annex C.4.1. 

2
	
2 ∗ 4

3.08 6
90.9

18.07	 		 

5-6 

As explained in Chapter 5.2, the stiffness determined with the bending tests was lower than the 
calculated stiffness. The frequency was calculated again with the weight and stiffness determined 
during the experimental tests. The stiffness decreased more than the weight increased compared 
with the assumed values, therefore the frequency turned out lower. Equation 5-7 shows the lower 
frequency, which is 23% lower than with the assumed stiffness and mass. 

2
	
2 ∗ 4

2.10 6
103.9

13.96	 		 

5-7 

Experimental results  
For the experimental test both the drop-weight and the heel-drop tests were performed. Figure 
5-15 shows the power spectrum from the drop-weight test on TCC beam 2. The spectrum has a 
double peak instead of the expected single peak for the first natural frequency. Most of the TCC 
beams were instable due to the timber beam being twisted, because of this it could be supported 
at only the edge instead of the entire width of the beam. During the test the beam could shift from 
one side to the other and create two frequencies close to each other. The timber beam supported 
at one point was shown in Figure 5-8. 

 
Figure 5-8 Beam supported on one point due to twisting of the beam 
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Figure 5-15 Power spectrum of drop-weight test on TCC beam 2 

In most cases the heel-drop test showed the same double peak in the frequency response. The 
heel-drop test was also performed at ¾ of the span, as for the frequency response in Figure 5-16. 
The high peak at 32 Hz would indicate a second mode shape where the accelerometers in the 
middle had no deflection and the accelerometer towards the support had a deflection. The second 
mode would be similar to the mode shapes produced by Abaqus in Figure 5-18.  

 
Figure 5-16 Frequency response of the heel-drop at ¾ of the span on TCC beam 2 
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Table 5-8 shows the average frequencies of the TCC beams, all the results can be found in Annex 
G.4. The frequencies for the drop-weight and heel-drop have a similar value, with 16.81 Hz for 
the first and 16.29 Hz for the second. For the drop-weight test the frequency increased to 17.13 
Hz when there was a person standing on the beam, while additional load was expected to 
decrease the frequency. The person standing on the beam could have preloaded the beam which 
resulted in a stiffer system. Performing the heel-drop at ¾ of the span increases the height of the 
peak which mode had a large deflection at that point. The peak is a second frequency with a 
mode shape of a sine with the maximum deflection at ½ and ¾ of the span. The TCC beams 
showed the higher mode with an averaged peak at 32.44 Hz.  

Table 5-8 Average 1st and 2nd frequencies for the TCC beams 

Beam Drop weight 
[Hz] 

with person 
[Hz] 

Heel-drop 
[Hz] 

Heel-drop 2nd mode 
[Hz] 

2 16.81 16.83 16.01 32.40 

3 17.30 17.60 16.23 32.53 

4 17.05 17.38 16.69 32.23 

7 17.00 17.18 16.46 32.60 

9 15.90 16.68 16.06 32.46 

Average 16.81 17.13 16.29 32.44 
 

Numerical calculations 
The TCC beam was modelled in Abaqus with elastic connectors as mentioned in Chapter 4.1.1. 
This resulted in several mode shapes with the following in the vertical direction, Figure 5-17 and 
Figure 5-18. The first mode has a frequency of 13.95 Hz, similar to the analytically calculated 
value of 13.96 Hz. There were two modes which appear to be the second mode shape. The first 
had a more horizontal movement due to the roller support, the second had a clear vertical 
movement., both are shown in Figure 5-18. 

 
Figure 5-17 Mode of the first natural frequency TCC floor = 13.95 Hz 
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Figure 5-18 Modes of the second natural frequency TCC floor at 38.32 Hz (left) and 54.35 Hz(right) 

There was an additional calculation to produce a frequency spectrum to show the frequencies 
resulted from a static load. An area load was applied in the middle of the beam, similar to the 
heel-drop. Figure 5-19 shows the frequency spectrum with the acceleration in vertical direction 
for a node at midspan and a node at ¾ of the span. The three frequencies mentioned before are 
visible in the spectrum; The first mode at 13.95 Hz, a second mode at 38.32 Hz and another 
second mode at 54.35 Hz. The reversed peak at 9 Hz is due to a horizontal mode of the beam.  

 
Figure 5-19 Frequency spectrum from the area load at midspan on the TCC beam 

The frequency calculation produced the mode shape of the first natural frequency, from this shape 
the modal mass was calculated, as described in Chapter 4.2. The modal mass from a single 
nodes line was calculated as the percentage of the total mass of those nodes, as shown in Table 
5-9. The percentage of 47.73% was multiplied with the total mass of the beam which resulted in 
a modal mass of 208 kg. This is similar to the generalized mass produced by the calculation of 
the frequency, which was 200 kg. 

Table 5-9 Calculation of the modal mass for the first mode of the TCC beam 
 

Modal mass 
nodes [kg] 

Total mass 
nodes [kg]  

Percentage Total mass 
[kg] 

Modal mass 
[kg] 

TCC Beam 8.67 18.17 47.73% 435.96 208.09 
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5.3.4 Dynamic behaviour TCC floor 

Analytical calculations 
When orthotropic floors are not supported at the sides calculating the first natural frequency can 
be simplified as a beam [18]. For the TCC floor this would be the same frequency as calculated 
before in Equation 5-7, namely 13.96 Hz. To include the effect of superposition of the separate 
elements the formula of Dunkerley was used, however since the frequency of the concrete was 
much higher, same as the OSB for the timber floor, there was a less than 1% decrease of the 
frequency of the system as shown in Annex C.4.2.  

When an orthotropic floor is supported at all sides the frequency is calculated as shown in 
Equation 5-8 as described in Chapter 2.2.5. Since the width of the floor is considered, the stiffness 
and the weight of the TCC beam had to be per meter width. This was done by dividing the 
properties by 0.6 as the TCC beam had a width of 0.6 meters. The first natural frequency of the 
TCC floor simply supported at all sides is with 15.74 Hz higher compared to the 13.96Hz for the 
floor supported at two sides. The entire calculation can be found in Annex C.4.3. 
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Experimental results  
For the experimental research the TCC floor was tested in both situations. First with the floor 
supported at two sides and later supported at four sides.  

The value the first frequency was similar for both the drop-weight test and the heel-drop test when 
the floor was supported at two sides. The heel-drop test however showed a high peak at 29 Hz 
for only the middle accelerometer, as shown in Figure 5-20. This is a second mode where the 
deflection in the middle is the highest. Most likely it is the plate mode (1,0) with a curvature in the 
transverse direction as shown at the left of Figure 5-23. The peak of the plate mode is larger than 
the peak of the first natural frequency, which is a beam mode.  
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Figure 5-20 Frequency response of a heel-drop on the TCC floor with all accelerometers placed at 

midspan 

The heel-drop was also performed at ¾ of the span. In situation 2, where all three the 
accelerometers were placed on the middle beam, higher frequencies are visible. Figure 5-21 
shows the frequency response and the higher frequencies only registered by the left and right 
accelerometers.  

 
Figure 5-21 Frequency response of a heel-drop at ¾ of the span on the TCC floor with all accelerometers 

placed on the middle beam 
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Table 5-10 shows an overview of the dynamic tests on the TCC floor. The different placement of 
the accelerometers, (situation one: all at midspan, situation two; all on the middle beam) resulted 
in the same first natural frequencies. The frequency is also similar from the heel-drop test and the 
drop-weigh test. The first natural frequency increases when the sides are supported. All the 
results can be found in Annex G.3. 

Table 5-10 overview of the average measured first natural frequencies of the TCC floor 

Situation Drop-weight 
[Hz] 

Heel-drop 
[Hz] 

1 13.44 13.51 

2 13.58 13.45 

Average first natural frequency 13.50 Hz 

1- 
Supported 

15.42 14.56 

2- 
Supported 

15.38 14.45 

Average first natural frequency 14.95 Hz 
 

Numerical calculations 
The model in Abaqus, as described in Annex D.5, resulted in a similar first natural frequency as 
calculated. The first mode (0.1), as shown in Figure 5-22, has a frequency of 14.0 Hz. As expected 
the mode shape was a beam mode. The first mode in transverse direction (1,0) and second mode 
in longitudinal direction (0,2) are shown in Figure 5-23. Mode (0,2) is also a beam mode, while 
mode (1,0) is a plate mode.  

 
Figure 5-22 Mode of the first natural frequency TCC floor (0,1) = 14.0 Hz 
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Figure 5-23 Mode (1,0) = 38.78 Hz(left) and mode (0,2) = 54.75 (right) 

For the TCC floor the same frequency spectrum was produced as for the TCC beam using an 
area load in the middle of the floor. The spectrum, shown in Figure 5-24, shows the vertical 
acceleration from three nodes. These are the same positions as the experimental test, assuming 
the floor is symmetrical. The first is in the middle of the floor at midspan, the second 600mm from 
the side at midspan, the third on the middle beam a meter from the support. The peak at 14 Hz is 
clearly the first natural frequency. The two peaks at 38 Hz and 41 Hz are the first mode in the 
second direction. Same as for the TCC beam, one of the modes has a slightly different mode 
shape because of horizontal movement due to the roller supports. The peak at 55 Hz is the second 
mode as was shown in Figure 5-23. The smaller peaks shown for the node to the side of the floor 
are due to horizontal movement and rotation of the concrete slab. This horizontal movement and 
rotation were pared with vertical displacement at the sides of the floor, this resulted in a vertical 
acceleration and the peaks shown in the graph.  

 
Figure 5-24 Frequency spectrum TCC floor 

To investigate the difference of a slight increase in transverse stiffness the concrete was changed 
into an orthotropic material. The modulus of elasticity (MoE) remained the same in the vertical 
and longitudinal direction, namely 31600 N/mm².  
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In the transverse direction the MoE was doubled to 63200 N/mm² to increase the transverse 
stiffness. The frequencies with a beam mode, mode (0,1) and (0,2) remained the same as shown 
in Table 5-11. The frequency with a plate mode, mode (1,0) did increase due to the higher 
transverse stiffness. This indicated that the beam modes are not affected, and the plate mode is 
affected by a slight increase in transverse stiffness. 

Table 5-11 Frequencies for TCC floor with normal and increased transverse stiffness 

 Normal TCC floor Increased transverse 
stiffness 

Mode (0,1)  14.0 Hz 14.06 Hz 
Mode (1,0) 38.79 Hz 52.25 Hz 
Mode (0,2) 54.75 Hz 55.17 Hz 

 
To show the effects of an at four sides supported floor, the sides of the TCC floor were supported 
with rollers and the calculation performed again. The mode shape and value of the first natural 
frequency changed to a plate mode. The frequency increased from 14.0 Hz to 23.2 Hz, as shown 
in Figure 5-25. In Figure 5-26 the second modes in both directions are shown. 

 
Figure 5-25  Mode of the first natural frequency TCC floor(1,1), sides supported = 23.2 Hz 

 
Figure 5-26 Mode (2,0) = 54.35 Hz(left) and mode (0,2) = 60.05 (right) 
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For the floor which was supported at four sides, the transverse stiffness was also increased by 
doubling the MoE. Again, the mode shapes remained similar. As shown in Table 5-12 the values 
of the frequencies do increase with a higher transverse stiffness.  

Table 5-12 Frequencies for TCC floor, sides supported, with normal and increased transverse stiffness 

 Normal TCC floor Increased transverse 
stiffness 

Mode (1,1)  23.2 Hz 28.88 Hz 
Mode (2,0) 54.35 Hz 77.18 Hz 
Mode (0,2) 60.05 Hz 65.91 Hz 

 
For the TCC floor the percentage of the modal mass was calculated in two directions by using the 
deflection from the mode shape. This was done by calculating the modal mass for a single node 
line in the longitudinal and transverse direction. The percentage in both directions was calculated 
by dividing the modal mass by the total mass of the nodes. 

By multiplying both, the percentage of the total mass which is brought into vibration was found. 
Table 5-13 shows the calculation for the modal mass as discussed before, the entire calculations 
can be found in Annex D.5. As can be seen the modal mass is similar for when isotropic and 
orthotropic concrete is used in the models. The modal mass decreases when the sides of the 
floor are supported. The percentages are similar to the approximation of 25% for a plate mode 
and the 40%-50% for a beam mode.   

Table 5-13 Modal mass for the first mode of the TCC floor models 

TCC floor with: Percentage Total mass 
[kg] 

Modal mass 
[kg] 

Isotropic concrete 40.26% 2180 877.58 

Isotropic concrete and 
sides supported 

23.57% 2180 513.67 

Orthotropic concrete 39.84% 2180 868.5 

Orthotopic concrete and 
sides supported 

23.59% 2180 514.29 

 
The calculation of the frequency also produced the generalized mass per mode. Table 5-14 shows 
the results for the first natural frequency of the TCC floors. The generalized mass and the 
percentage are similar to the modal mass calculated from the deflection. Both methods could be 
used when determining the modal mass of a system. 

Table 5-14 Generalized mass from the frequency calculation of Abaqus 

TCC floor with: Frequency 
[Hz] 

Generalized 
mass [kg] 

Total 
mass [kg] 

Percentage 

Isotropic concrete 14.0 862.8 2063 41.8% 

Isotropic concrete and 
sides supported 

23.21 485.1 2063 23.5% 

Orthotropic concrete 14.1 854.5 2063 41.4% 

Orthotopic concrete and 
sides supported 

28.88 485.8 2063 23.5% 
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5.3.5 Overview dynamic tests 
Table 5-15 shows an overview of the first natural frequencies of the tested elements. The 
analytical calculated frequencies from measured properties are compared with the results of the 
dynamic tests and the numerical calculated frequencies. The values of the timber beams and 
TCC floor are most similar for all three methods. The timber floor and the TCC beams have a 
higher measured frequency from the experimental tests. The TCC floor with the sides supported 
has a higher frequency from the numerical calculation.  

Table 5-15 Overview of the results for the first natural frequencies 

 Analytical 
calculations 

Measured from 
experiments 

Numerical 
calculation 

Timber beam 37.5 Hz 39.3 Hz 38.3 Hz 
Timber floor 32.22 Hz 38.15 Hz 33.51 Hz 
TCC floor 13.96 Hz 13.50 Hz 14.0 Hz 
TCC floor sides 
supported 

15.74 Hz 14.95 Hz 23.12 Hz 

TCC beam 13.96 Hz 16.55 Hz 13.95 Hz 
 

5.3.6 Comparisons testing methods 
For the TCC floor both the drop-weight and the heel-drop test were performed. The weight used 
in the drop-weight, 80 kg, was similar to the weight of the persons performing the heel-drop test, 
around 75kg. Figure 5-27 and Figure 5-28 show the acceleration due to the drop-weight and the 
heel-drop test on the TCC floor. Where the maximum acceleration of the drop-weight test is 0.3 
m/s² the maximum acceleration of the heel-drop is 2 m/s². The impulse from the heel-drop results 
in a much higher acceleration than the releasing of the drop-weight.  

 
Figure 5-27 Acceleration of the TCC floor due to a drop-weight test 
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Figure 5-28 Acceleration and impulse of the TCC floor due to a heel-drop test 

When comparing the average frequencies, the difference is minimal in most cases, as shown in 
Table 5-16. Only the situation when the sides of the TCC floor are supported the difference is 
higher than 5%.  

Table 5-16 Overview of the difference between the drop-weight test and the heel-drop test 
 

Drop-
weight test 
[Hz] 

Heel- 
drop test 
[Hz] 

Difference  

Timber floor 38.44 37.87 1.5% 

TCC beam 16.81 16.29 3.1% 

TCC floor 13.51 13.48 0.2% 

TCC floor  
sides 
supported 

15.40 14.51 5.8% 

 
The difference in results was not solely due to a person standing on the floor. For some of the 
drop-weight test there was a person standing on the floor in the middle. As shown in Table 5-8 
the frequency increased instead of the expected decrease. It could be that the person preloaded 
the structure and it reacted stiffer and created a higher frequency. 

A large difference between the drop-weight and the heel-drop test is the visibility of the higher 
frequencies when the heel-drop test is performed. As shown multiple times earlier in this 
paragraph. 
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6 Comfort calculations 
To compare the systems, the comfort is determined for the timber floor, the TCC floor and the 
TCC beams. The following comfort methods were applied; the Eurocode 5 [2], the draft version 
of the new Eurocode 5 dated December 2018[20], the SBR or Hivoss method [3][5], and the 
American Institute of Steel structures method (AISC) [21].  

Each of the methods is calculated using the material properties acquired from the experimental 
tests. When possible the values from the dynamic tests and numerical calculations using Abaqus 
were additionally used. All the calculations can be found in Annex C.5. 

6.1 Eurocode 5 method 
The current Eurocode 5 [2] has three criteria to determine if a floor is sufficient. The first is a 
minimum first natural frequency(f1), the second is a maximum velocity(v), and the third is a 
maximum deflection(w). Table 6-1 shows the results of these vibration criteria. As can be seen 
the TCC beam, the TCC floor and the timber floor are sufficient for all three criteria. However, 
when looking at the unit check where the values are divided by the maximum, the TCC floor 
scores the best.  

Table 6-1 Results of the vibration criteria of Eurocode 5 
  

TCC beam TCC floor Timber floor 
 

Check 1, frequency 
     

 
f1= 13.94 13.94 32.26 Hz 

f1 > 8Hz 
 

Sufficient Sufficient Sufficient 
 

      

Check 2, velocity v= 0.004 0.003 0.021 m/(Ns) 
 

bf1ζ − 1 = 0.016 0.016 0.039 m/(Ns) 

v ≤ bf
1
ζ − 1 

 
Sufficient Sufficient Sufficient 

 

 
v/max= 0.26 0.18 0.55 

 

      

Check 3, deflection w= 0.64 0.65 0.85 mm 

w < 1mm 
 

Sufficient Sufficient Sufficient 
 

 w/max= 0.64 0.64 0.85  
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48
 

6-1 

The formula used to calculate the deflection(w) does not use the transverse stiffness, as shown 
in Equation 6-1. According to the code the load distribution should be taken into account. Since 
the load distributing behaviour of TCC floors is still being researched, the stiffness check was 
performed again using the values from the numerical calculations, as shown in Table 6-2. The 
floors were already sufficient, however when including the transverse stiffness, the deflection 
decreases significantly. For the TCC floor from 0.65mm to 0.156mm and for the timber floor from 
0.85mm to 0.458mm.  

Table 6-2 Results of the vibration criteria of Eurocode 5 using the deflection from the numerical 
calculation 

  TCC beam TCC floor Timber floor  

Deflection from 
numerical calculation 

w= 0.656 0.156 0.458 mm 

      

w < 1mm 
 

Sufficient Sufficient Sufficient 
 

 w/max= 0.66 0.16 0.46  

 

6.2 Draft Eurocode 5 method 
The draft version of the new Eurocode 5 [20] includes a new method of determining the comfort 
of a floor, also described in the literature review part of this thesis. While applying the equations 
some gave unexpected values which could have two reasons. First, the equations are still being 
altered and they are not yet correct or complete. Second, some of the formulas are not suitable 
for high first natural frequencies and give false values. Since the acceleration(arms) is compared 
to the walking frequency of 2 Hz, the first natural frequency of 32 Hz has no influence on the 
formula. Therefor the acceleration of the timber floor and the two-way spanning TCC floor are 
extremely low. The Response factor (R) uses the acceleration and the value is unrealistically low 
considering the range of 4-28. The velocity criteria (v<0.0001*R) is insufficient for all systems at 
the lowest level and therefore is expected to be incorrect. When adapting the velocity criteria 
(v<0.001*R) and assuming a type error the results are reasonable. Table 6-3 shows the results 
of the calculation from the draft version, the criteria can be found in Paragraph 2.2.4 and  Annex 
C.5.2.  
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Table 6-3 Results comfort calculations using the draft of the new Eurocode 5 
  

TCC beam TCC floor TCC floor 
2-way span 

Timber floor 
 

Overview 
 

Transient Transient Transient Transient Calculation 
 

f1= 13.94 13.94 19.25 32.26 Hz 
 

R= 28.83 5.77 0.69 0.03 
 

 
aRMS= 0.144 0.0288 0.0035 0.0002 m/s² 

 
vRMS= 0.021 0.0043 0.0025 0.0097 m/s 

 
W1kN= 0.64 0.18 0.18 0.81 mm 

Vibrations 
criteria 

      

Frequency 
criteria 

 
Sufficient Sufficient Sufficient Sufficient 

 

Stiffness 
criteria 

 
For level 

Sufficient 
4 

Sufficient 
1 

Sufficient 
1 

Sufficient 
5 

 

 wmax < 0.8 0.25 0.25 1.2 mm 

 W1kN/max 0.80 0.72 0.72 0.67  

Response 
factor 

 
For level 

Insufficient 
6 

Sufficient 
2 

Sufficient 
1 

Sufficient 
1 

 

 
R < 24 8 4 4 

 

 R/max 1.20 0.72 0.17 0.1  

Velocity criteria  
For level 

Insufficient 
6 

Insufficient 
6 

Insufficient 
6 

Insufficient 
6 

 

 
vrms < 
0.0001*R 

0.0024 0.0024 0.0024 0.0024 m/s 

 vrms/max 8.90 1.78 1.05 4.04  

Adapted 
velocity criteria 

 
For level 

Sufficient 
6 

Sufficient 
2 

Sufficient 
1 

Sufficient 
3 

 

 vrms < 
0.001*R 

0.024 0.008 0.004 0.012 m/s 

 vrms/max 0.89 0.53 0.63 0.81  

 
The beam and all the floors are sufficient for the frequency criteria, since they are all above the 
4.5 Hz. Since the frequency is also above the 8 Hz, the transient calculation method could be 
used where the velocity and stiffness criteria apply. When considering the stiffness criteria, the 
timber floor has comfort level 5, which is recommended as an economy choice for residential use. 
The comfort level 4 of the TCC beam has a better comfort and is recommended as a base choice 
for residential use. The single span and 2-way span TCC floor are both level 1, which is the 
highest comfort level. For the adapted velocity criteria, the systems score different. In that case 
the 2-way span TCC floor is still level 1, whereas the single span TCC floor is level 2. The timber 
floor has a better comfort level when using the velocity criteria, namely level 3. The TCC beam 
scores the worst and is sufficient for lowest comfort level 6. 
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6-2 

As shown in Equation 6-2, the effective width(bef) is used in the calculation of the deflection (w). 
The effect of a 2-way spanning floor is not included in the formula. The deflection acquired from 
the numerical calculations were also compared with the criteria. As shown in Table 6-4, the 
comfort level of the timber floor improves to a comfort level 3. This could mean that the effective 
width of the timber floor, used in the calculation, was underestimated. Since the TCC floor was 
already the highest comfort level is could not improve. However, supporting the sides of the TCC 
floor decreased the deflections which would improve the comfort. 

Table 6-4 Applying the deflection from the numerical calculation for the stiffness criteria of the draft 
version of Eurocode 5 

  
TCC beam TCC floor TCC floor 

2-way span 
Timber floor 

 

Deflection from 
numerical 
calculation 

w= 0.656 0.156 0.109 0.458 mm 

       

Stiffness criteria  
For level 

Sufficient 
4 

Sufficient 
1 

Sufficient 
1 

Sufficient 
3 

 

 
wmax < 0.8 0.25 0.25 0.5 mm 

 W1kN/max 0.82 0.62 0.44 0.92  

 

6.3 Hivoss method 
There are three methods of determining the comfort class using the Hivoss method. The first is 
using a table with the first natural frequency and the modal mass. The second and third use the 
so called ES-RMS90 tool [29] to calculate the value of the One Step – Root Mean Square 90 
percentile (OS-RMS90). This can be done by simplifying a beam to a one degree of freedom (1-
DOF) system and inputting the stiffness, damping and mass. The other option is using the output 
from the frequency response calculated from a heel-drop test.  

When determining the comfort class using the table, as shown in Figure 6-1, the maximum 
frequency is 20 Hz. Since the timber floor was over-dimensioned the frequency was relatively 
high for a timber floor, namely 32 Hz. Because of this, the table could not be used to determine 
the comfort class for the timber floor. Table 6-5 shows the results for the TCC beam and TCC 
floors determined using Figure 6-1. The TCC floor with a single span has a comfort class D, which 
is recommended for residential use. The TCC beam and the TCC floor with a 2-way span are 
both comfort class E, which is critical for residential use.  

Table 6-5 Results from using the Hivoss table to determine the comfort class 
  

TCC beam TCC floor TCC floor 
2-way span 

Timber floor 
 

Frequency f= 14.0 14.0 15.0 32.3 Hz 

Modal mass Mmod= 346 1039 520 145 kg 

Comfort class 
 

E D E Out of range 
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Figure 6-1 Table Hivoss for determining comfort class with a damping ratio of 2%[18] 

One way of using the ES-RMS90 tool is by simplifying a beam to a 1DOF system. This was done 
for the TCC beam and the timber beam with the OSB on top. Both with a width of 0.6 meters 
same as the beam spacing of the floor. The results and unit checks show in Table 6-6 that the 
TCC beam is just at comfort level D and the timber beam at comfort level E.  

Table 6-6 The results from the ES-RMS90 tool when simplifying the beams as a 1-DOF system 
  

TCC beam Timber -OSB beam 
 

OS-RMS90 3.02 4.78 

Comfort class 
 

D E 

 Range 0.8-3.2 3.2-12.8 

 OS-RMS90/max 0.94 0.37 
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In Table 6-7 the second option of the ES-RMS90 tool is applied. For each of the systems the 
frequency response was calculated for five measurements. Each was input into the tool and the 
OS-RMS90 determined. As can be seen the TCC floor with a single span and a two-way span 
have a higher comfort, namely comfort class D. The TCC beam and the timber floor have the 
lower comfort class E, which is critical for residential and office use. The unit check shows the 
TCC floor scored the highest and the TCC beam the lowest.  

Table 6-7 The results from the ES-RMS90 tool using the results from the heel-drop tests 

 TCC beam TCC floor TCC floor  
2-way span 

Timber floor 

Average OS-RMS90 8.580 1.129 1.312 4.846 
Comfort class E D D E 

Range 3.2-12.8 0.8-3.2 0.8-3.2 3.2-12.8 
OS-RMS90/max 0.67 0.35 0.41 0.38 

 

6.4 AISC method 
The comfort method of the AISC uses the peak acceleration divided by the gravity (a/g) [21]. 
Additionally, a stiffness criteria is needed for frequencies above 10 Hz. Table 6-8 shows the 
results from the calculations. Again, the timber floor has an unrealistic low acceleration similar to 
the draft of Eurocode 5 calculation. This could again be the comparison of the walking frequency 
of 2 Hz with the natural frequency of 32 Hz, where the relatively high natural frequency has no 
influence on the calculation. For both the criteria all systems are sufficient. However, as can be 
seen by the unit check the timber floor unrealistically low for the comfort criteria.  

Table 6-8 Results from vibration criteria of the AISC method 
  

TCC beam TCC floor Timber floor 

Comfort criteria a/g= 0.40 0.08 0.001 % 

a/g < 0.5% 
 

Sufficient Sufficient Sufficient  

 (a/g)/max 0.81 0.16 0.0.2  
      

Stiffness criteria ∆= 0.636 0.636 0.849 mm 

∆ < 1mm/kN 
 

Sufficient Sufficient Sufficient  

 ∆/max 0.64 0.64 0.85  

 
The transverse stiffness was not taken into account in the calculation for the deflection(∆) as 
shown by Equation 6-3. This could result in an overestimation of the deflection. For this method 
both the deflection from numerical calculation and the root mean square of the acceleration (aRMS) 
from the measurements could be applied.  

∆
48

 

6-3 
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As shown in Table 6-9 the deflection of the TCC floor from the numerical calculation was much 
lower than the analytical calculation using Equation 6-3. The acceleration of the timber floor from 
the experimental tests was higher than the TCC systems which confirms that the analytical 
calculation could not be used. For both criteria the systems are still sufficient. 

Table 6-9 Results from using the numerical calculations and measured values for the AISC method 
  

TCC beam TCC floor Timber floor 

Deflection from 
numerical 
calculation 

∆= 0.656 0.156 0.458 mm 

∆ < 1mm/kN 
 

Sufficient Sufficient Sufficient 

 ∆/1 0.66 0.16 0.46 
      

Acceleration 
from heel-drop 
test 

aRMS 2.25 0.751 3.37 m/s² 

      

g = 9.86 m/s² a/g 0.23 0.08 0.34 % 

a/g < 0.5% 
 

Sufficient Sufficient Sufficient 

 (a/g)/0.5 0.46 0.15 0.68 

 

6.5 Overview comfort calculations 
For the comparison Table 6-10 shows an overview of the previously discussed calculation 
methods. As can be seen some of the systems could not be correctly calculated with the provided 
formulas. While the methods use other criticisms, they are all sufficient. The unit check for the 
value divided by the maximum allowed value is different for the systems. The comfort levels or 
classes are also different for the systems. Overall the TCC floor has the highest comfort of the 
four systems.  

Table 6-10 Overview results comfort methods analytical calculations 

 TCC beam TCC floor TCC floor  
2-way span 

Timber floor 

Eurocode 5     
Frequency criteria Sufficient Sufficient  Sufficient 
Velocity criteria Sufficient Sufficient  Sufficient 

v/max 0.26 0.18  0.55 
Stiffness criteria Sufficient Sufficient  Sufficient 

w/max 0.64 0.64  0.85 
Draft Eurocode 5     
Frequency criteria Sufficient Sufficient Sufficient Sufficient 
Stiffness criteria Level IV Level I Level I Level V 

w/max 0.82 0.72 0.72 0.67 
Adapted velocity criteria Level VI Level II Level I Level III 

v/max 0.89 0.53 0.63 0.81 
Hivoss     
1-dof system with tool Class D   Class E 

OS-RMS90/max 0.94   0.37 
Hivoss table  Class E Class D Class E  
AISC method     
Comfort criteria Sufficient Sufficient   

(a/g)/max 0.81 0.16   
Stiffness criteria Sufficient Sufficient  Sufficient 

∆/max 0.64 0.64  0.85 



Graduation thesis J. Klaassen: Dynamic behaviour of timber-concrete floors 

75 

When using the deflection from the numerical calculations, the stiffness criteria could be 
implemented for all four systems, Table 6-11 shows the results. The Eurocode 5 and the AISC 
use the same criteria, namely a maximum deflection of 1 mm/kN, for which all systems are 
sufficient. For the draft version of Eurocode 5, the boundary of the stiffness criteria is dependent 
on the comfort level. The TCC floor with a single span and a 2-way span have the highest comfort 
level I, next the timber floor and the TCC beam has the lowest comfort level.  

Table 6-11 Overview of results from the comfort methods using the deflection from numerical calculations 

 TCC beam TCC floor TCC floor  
2-way span 

Timber floor 

Eurocode 5     
Stiffness criteria Sufficient Sufficient Sufficient Sufficient 

w/max 0.66 0.16 0.11 0.46 
Draft Eurocode 5     
Stiffness criteria Level IV Level I Level I Level III 

w/max 0.82 0.62 0.44 0.92 
AISC method     
Stiffness criteria Sufficient Sufficient Sufficient Sufficient 

∆/max 0.66 0.16 0.11 0.46 
 
Using the ES-RMS90 tool, the comfort class for the Hivoss method could be determined from the 
measurements. As can be seen in Table 6-12, again the TCC floor with a single span and a 2-
way span have the best comfort class. For residential and office use the comfort class D is 
recommended. The timber floor and TCC beam have a critical comfort class E in those situations. 
The acceleration from the heel-drop tests could be used is the AISC method, where the TCC 
floors have the lowest unit check.  

Table 6-12 Overview results comfort methods using measurements 

 TCC beam TCC floor TCC floor  
2-way span 

Timber floor 

Hivoss     
Comfort class E D D E 

OS-RMS90/max 0.67 0.35 0.41 0.38 
AISC method     
Vibration criteria Sufficient Sufficient Sufficient Sufficient 

(a/g)/max 0.46 0.15 0.14 0.68 
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7 Conclusions 
From the research several conclusions are drawn: 

 An interlayer between the concrete and timber decreases the stiffness of the 
connector. 

Previous research into the interlayer already confirmed that it decreases the stiffness and the load 
caring capacity of the connector [11]. For the Tecnaria dowel it was advised to drill a hole through 
the 18mm interlayer and place the dowel directly on the timber beam to avoid a reduction of 
stiffness. After determining the stiffness (EI) of the timber-concrete composite (TCC) beams with 
a bending test, the stiffness turned out lower than calculated. When recalculating the stiffness of 
the beams using the slip modulus for an interlayer of 20mm the stiffness was similar to the 
measured stiffness of the beams. This concludes that the interlayer reduces the stiffness of the 
connector and therefore, the stiffness of the beam. Drilling a hole through the interlayer and 
placing the dowel directly on the beam still reduces the stiffness. Additional research will be 
needed.  

 The analytical failure calculation is an underestimate of the final failure load. 

When calculating the failure load it turned out to be an underestimation of the load at which the 
TCC beams failed. This could have two reasons; First, the gamma method from Eurocode 5 
annex B [2] is an approximation of the stiffness and the failure loads and based on a distributed 
load. Second, the mean tensile strength of the timber was used, and the used timber beams could 
have been stronger especially since the modulus of elasticity was also higher. Therefore, it is 
difficult to determine the actual failure load of a TCC element with sawn timber beams by 
analytical calculations.  

 Depending on the desired results both the drop-weight test and the heel-drop tests 
are suitable for introducing a vibration in a test object. 

Both the drop-weight tests and the heel-drop test are suitable the determine the first natural 
frequency of a beam or floor. The drop-weight test is consistent when repeating the test, however 
it is limited to the first mode shape. Since there is no impulse which can be measured the 
postprocessing is limited. The heel-drop test is less consistent when repeated since a person 
produces the impulse. However, it is a better simulation of a walking load than the drop-weight 
test. When using a heel-drop plate the impulse can be measured which allows for additional 
postprocessing options. Introducing a vibration using the heel-drop test also produces the higher 
frequencies. Moving the plate to other positions allows the research of other mode shapes. The 
heel-drop plate makes it possible to be used in the laboratory and also on existing floors. The 
preload of a person performing heel-drop test is a more accurate representation than the preload 
of a drop-weight test. Therefore, depending on the desired results both the drop-weight test and 
the heel-drop tests can be suitable. 

 Adding the concrete layer on top of the timber floor and making a timber-concrete 
composite affects the frequency and comfort of the floor. 

When comparing the timber floor with the TCC floor the frequency reduced from 32 Hz for the 
timber floor to 14 Hz for the TCC floor. This reduction occurred because the stiffness increased 
less than the mass of the floor increases.  
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The expected load and accepted annoyance are different for the comfort methods. As is shown 
in Table 7-1 both the systems are sufficient for the current criteria of NEN EN 1995-1-1 (Eurocode 
5) [2]. The unit check for the stiffness criteria is lower for the TCC floor than the timber floor. The 
comfort classes of the Hivoss method show the same, where the TCC floor had the recommended 
class D and the timber floor has the critical class E considering residential use.  

Table 7-1 Results from different comfort methods for both the timber floor and the TCC floor  

 TCC floor Timber floor 
Eurocode 5   
Frequency criteria Sufficient Sufficient 
Stiffness criteria Sufficient Sufficient 

w/max 0.16 0.46 
Hivoss   
Comfort class D  

Recommended 
E 
Critical 

 
 The increase in transverse stiffness does not influence the beam modes of a single 

span floor but does influence the plate modes. 

Because of the higher transverse stiffness of the TCC floor compared to the timber floor, the 
beams will act together instead of as single beams. When calculating the first natural frequency, 
a single span floor can be simplified to a beam which has the same frequency.  

2
 

7-1 

The results from the numerical calculations using Abaqus showed the same behaviour of the first 
natural frequency for the TCC beam and TCC floor, as shown in Table 7-2. The frequencies of 
the first and second beam mode,  mode (0,1), (0,2) remain the same for the TCC beam and TCC 
floor. The TCC floor has an additional plate mode (1,0) which was measured during the 
experiments and produced by the Abaqus model shown in Figure 7-1. The model allowed for a 
slight increase of the transverse stiffness of the concrete layer. This only affected the plate mode 
(1,0) and not the beam modes. 

Table 7-2 Results from the numerical calculation of the first three modes  

 TCC beam Normal TCC floor Increased transverse 
stiffness 

First natural frequency: 
Mode (0,1)  

13.95 14.0 Hz 14.06 Hz 

Mode (1,0) - 38.79 Hz 52.25 Hz 
Mode (0,2) 54.35 54.75 Hz 55.17 Hz 

 

Figure 7-1Mode shape of a single span TCC floor: Mode(0,1) (left), Mode(1,0) (middle), Mode(0,2) (right) 
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 The increase in transverse stiffness does influence the dynamic behaviour of a two-
way spanning floor. 

For the considered width of the floor all the beams are brought into motion by the modes of the 
first three frequencies. When a floor is supported at four sides the transverse stiffness has an 
influence on the frequencies. The formula for calculating the first natural frequency of a two-way 
spanning floor already includes the transverse stiffness (EIx). The results from the experimental 
test confirmed that the first natural frequency increases when the sides of a floor are supported.  

2
1 2 		 

7-2 

The numerical calculations compare the dynamic behaviour of a floor with low and high transverse 
stiffness with the same mass. The floor with an increased transverse stiffness showed a higher 
frequency for the first three modes, as shown in Table 7-3. As shown in Figure 7-2 the first three 
frequencies act as a plate mode.  

Table 7-3 Results from the numerical calculations for a 2-way spanning TCC floor 

 Normal TCC floor Increased transverse 
stiffness 

First natural frequency: 
Mode (1,1)  

23.2 Hz 28.88 Hz 

Mode (2,0) 54.35 Hz 77.18 Hz 
Mode (0,2) 60.05 Hz 65.91 Hz 

Figure 7-2 Mode shape of TCC floor with 2-way span: Mode(1,1) (left), Mode(2,0) (middle), Mode(0,2) 
(right) 

 The modal mass changes when comparing a TCC beam and a TCC floor 

The modal mass or generalized mass is dependent on the mode shape and considered as the 
percentage of the total mass which is brought into vibration. One beam is not an exact 
simplification of the mode shape of a floor system, as shown in Figure 7-3. When comparing a 
beam and a single span floor, the mode shape appears to be similar, however the mass brought 
into vibration is different. The floor area is larger, and the mode shape slightly different due to 
additional stiffness of the edges. For a simply supported beam the modal mass is approximated 
with 50% of the total mass. The modal mass of a single span floor can be approximated by 40% 
of the total mass. When the floor has a 2-way span the modal mass is 25% of the total mass.  

 
Figure 7-3 First mode shape of TCC beam (left) single span TCC floor (middle) 2-way span TCC floor 

(right) 
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Increasing the transverse stiffness of a floor did not influence the modal mass. Since the mode 
shape remained the same, the modal mass did not change as proven by the numerical 
calculations. This concludes that the beam is not a correct simplification of a floor, however the 
modal mass is independent of the transverse stiffness. 

 Not all methods include the transverse stiffness in their calculations for the comfort 
of a floor 

When calculating the comfort of a floor not all of the methods use the width of the floor or the 
transverse stiffness in the calculations. As discussed before the first natural frequency is not 
influenced by the width of a single span floor. When a floor has a two-way span the first natural 
frequency is increased. The modal mass is affected by the width and the supports of the floor. 
The width and the transverse stiffness are both of influence on the deflection from a point load as 
shown from the numerical calculations in Chapter 6. Not all of these factors are taken into account 
in the calculation of the comfort. 

‐ The Eurocode 5 method calculates the frequency for only a single span floor. For the 
calculation of the velocity the width and the transverse stiffness are used. For calculating 
the deflection, the load distribution should be taken into account, however the behaviour 
of TCC floors is not yet described enough for analytical calculations.  

‐ The draft of Eurocode 5 provides the formulas for the calculation of the frequency for 
both a single span floor and a floor with a 2-way span. For the modal mass the 
assumption is made that the floor will behave as a plate mode. This modal mass is used 
for the calculation of the acceleration and the velocity. The calculation of the deflection 
from a point load uses the effective width based on the transverse stiffness. 

‐ The Hivoss method simplifies an orthotropic system, however does allow for more 
extensive calculations using the transverse stiffness. 

‐ The AISC method only provided the formulas for a single span floor. In the determination 
of the effective width only the inertia of the slab is used, while the modulus of elasticity 
could also influence the transverse stiffness. For the calculation of the deflection from a 
point load the width and transverse stiffness are not used.  

 
 The comfort is higher when considering the TCC floor instead of a TCC beam 

When comparing the TCC beam as a simplification of a TCC floor the comfort is lower than when 
the TCC floor is considered. The results are compared in Table 7-4. Both are sufficient for the 
current Eurocode 5 method, however the TCC floor has a lower unity check. Using the 
measurements from the heel-drop tests the comfort class using the Hivoss method were 
determined. The comfort class of the TCC beam is the critical class E and the TCC beam is 
recommended class D considering residential use. When considering an orthotropic floor, the 
load distribution should be taken into account and the system not simplified as a beam. 

Table 7-4 Results from different comfort methods for both the timber floor and the TCC floor  

 TCC Beam TCC floor 
Eurocode 5   
Frequency criteria Sufficient Sufficient 
Stiffness criteria Sufficient Sufficient 

w/max 0.66 0.16 
Hivoss   
Comfort class E 

Critical 
D 
Recommended 
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8 Discussion 
There were some points of discussion when compiling the conclusions of this research.  

Due to the dimensions of the timber beams the floor may not be a good representation of the 
reality. The combination of the height of the timber beam and the span are non-proportional which 
makes the floor over-dimensioned. This resulted in a higher first natural frequency of the timber 
floor which was not usable for all of the comfort calculations.  

The modulus of elasticity (MoE) was determined using the mobile timber grader (MTG) and the 
bending tests, as shown in Paragraph 3.2 and 3.3. When comparing the results were slightly 
different as shown in Table 8-1. This could be due to the measurement differences. The MTG 
uses a frequency and calculates the MoE for the entire length of the beam. The bending test 
calculated the local MoE between the load points with a static test. After first calculating the results 
of the bending tests, the scatter of the MoE was quite large. Due to this the MoE from the MTG 
was chosen for further calculations. When recalculating the results from the bending test the 
stiffness and MoE changed and the standard deviation (SD) and relative standard deviation (RSD) 
reduced. In hindsight the MoE and stiffness from the bending tests could have been the better 
choice. The different MoE would result in a 6.5% increase in stiffness of the timber beam and a 
3.4% increase of the first natural frequency. These and other affected values are shown in Table 
8-2. 

Table 8-1 Modulus of elasticity of the timber beams 

Beam MoE from 
bending tests 
[N/mm²] 

MoE from 
MTG 
[N/mm²] 

2 13704 11816 

3 13375 11998 

4 12661 12511 

7 12165 11299 

9 12174 11998 

Average 12815.7 11924.4 

SD 626.2 389.3 

RSD 4.9% 3.3% 

 
Table 8-2 Difference resulting from the choice of either modulus of elasticity 

 
MoE from MTG  MoE from bending test  Difference  

MoE of timber 11900 N/mm² 12800 N/mm² 7.0% 

Stiffness timber beam 1.30 E6 Nmm² 1.39 E6 Nmm² 6.5% 

Frequency timber beam 39.29 Hz 40.7 Hz 3.4% 

Stiffness timber floor 1.57 E12 Nmm² 1.67 E12 Nmm² 6.0% 

Frequency timber floor 32.22 Hz 33.23 Hz 3.0% 

Stiffness TCC beam 2.10 E12 Nmm² 2.20 E12 Nmm² 4.5% 

Frequency TCC beam 13.96 Hz 14.29 Hz 2.3% 
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The timber beams were curved which resulted in beams which weren’t supported over the entire 
width. Figure 8-1 shows the most extreme example, due to the stiffness of the concrete the beam 
was not supported at one side. When discovered, steel plates were used to fill the gaps. These 
instable supports and other imperfections resulted in additional mode shapes in the floor during 
the dynamic tests. This made the analysing of the frequency spectra more difficult.  

Figure 8-1 Left: A beam not supported at one side. Right: The supports at the side of the floor 

When the TCC floor was supported at the sides not the entire length of the floor could be 
supported due to the curvature. The sides were supported by wedges at least every half a meter 
as shown in Figure 8-1. This would not have been as stiff as a steel support over the length of the 
floor. Since the vertical displacement was restricted the modal mass would be similar to the 
expected mass for a floor with the sides supported.   

For the processing and postprocessing of the measurement results the program SignalExpress 
[27] was used. The options for the postprocessing were limited to the options given in the 
program. It was enough for this research, however for more extensive research another program 
could give more options. 

For determining the mesh size of the Abaqus model only the first natural frequency was used as 
a comparison. Later was learnt that a common procedure is to determine the mesh size by taking 
1/6 of the wavelength of the desired highest frequency. This could indicate that the higher 
acquired frequencies from the Abaqus model are less accurate.   

When comparing the first natural frequencies there were three values which were unexpected 
when compared to the analytical calculations using the measured mass and stiffness, shown in 
Table 8-3.  

Table 8-3 Overview of the first natural frequencies 

 Analytical 
calculations 

Measured from 
experiments 

Numerical 
calculation 

Timber beam 37.5 Hz 39.3 Hz 38.3 Hz 
Timber floor 32.22 Hz 38.15 Hz (1) 33.51 Hz 
TCC floor 13.96 Hz 13.50 Hz 14.0 Hz 
TCC floor sides 
supported 

15.74 Hz 14.95 Hz 23.12 Hz (2) 

TCC beam 13.96 Hz 16.55 Hz (3) 13.95 Hz 
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(1) The measured frequency of the timber floor was higher than expected when compared to the 
analytical and numerical calculated value. Since the mass and stiffness of the floor was not 
determined during the experimental tests the calculated values are less accurate. Another 
option is that the outer beams at the sides of the floor were not brought into motion and acted 
as a support. Figure 8-2 shows a drop-weight test with accelerometer 7327 on the outer beam 
at the left side of the floor. As shown in the graph in Figure 8-2, the accelerometer 7327 was 
not brought into vibration at the frequency of 38.2 Hz by the test. Since the outer beam had 
no acceleration the floor could be considered as supported by that beam for the mode shape 
of the first natural frequency.  

 
Figure 8-2 Power spectrum of a drop-weight test on the timber floor where all three accelerometers were 

placed at midspan on the beams at the left side of the floor 

(2) For the TCC floor with the sides supported the numerical results had a higher first natural 
frequency than the calculated and measured values. The calculated value could have been 
an underestimate if the transverse stiffness was higher than the used concrete stiffness. The 
timber beams could have added to the transverse stiffness. Since the sides of the TCC floor 
were difficult to support the lack in stiffness could have resulted in a lower measured 
frequency. 

(3) The measured first natural frequency of the TCC beams was higher than expected and 
different from the TCC floor. There are two options, the dynamic behaviour of the TCC beam 
is different than that of the TCC floor, because of the literature and numerical results this is 
not expected. The other option is that the horizontal supported used during the test made the 
system stiffer and increased the frequency.  

  



Graduation thesis J. Klaassen: Dynamic behaviour of timber-concrete floors 

84 

  



Graduation thesis J. Klaassen: Dynamic behaviour of timber-concrete floors 

85 

9 Recommendations 
As mentioned in the results and the conclusion, the stiffness of the TCC beam was overestimated 
when calculated using the provided slip modulus. Placing the dowel directly on the timber beam 
by drilling a hole through the interlayer reduces the slip modulus of the dowel. To better predict 
the behaviour of a TCC structure, separate tests should be performed on the connector to 
determine the slip modulus. This can be done by performing shear tests as was done by Harmen 
Gietema.[9] 

As mentioned in the discussion the stiffness of the supports is important for dynamic testing. 
When testing a floor and a beam, the supports should be the same to prevent a different outcome. 
For all the supports, they should be better designed to be able to adapt to the deviations of the 
elements. 

The accurate representation of the results from the fast Fourier transformation is dependent on 
the rounding of the results. The rounding of the frequency is based on the length of the 
measurement used in the calculation. By elongating the measurement time, the results will be 
more accurate. This can be done by using a longer measurement or manually adding length to 
the measurement afterwards. This could be seen in the results of the dynamic tests on the timber 
floor. Since the measurement time was 4 seconds the accuracy of the frequency spectrum was 
0.25 Hertz. For the dynamic tests on the TCC floor the measurement time was increased to 10 
second which improved the accuracy to 0.1 Hertz. A minimum measurement time of 10 seconds 
is recommended to produce an accurate representation of the frequency spectrum. 

While modelling the TCC beams, a simplification of the connection was used. For further research 
the connection could be modelled more in detail and compared to the results of the previous 
mentioned shear tests. With regard to the dynamic behaviour there are more options in Abaqus. 
These options combined with a Fast Fourier Transformation in a separate calculation program 
could give additional insight into the dynamic behaviour of a TCC floor.  

Since there is only a draft version available of the new vibration criteria of Eurocode 5 some of 
the calculations were not final and could not give results. When the final version of the vibration 
criteria is finished it could be used for the analytical calculations of floors.   

Due to the limitations of the project only one TCC floor could be made. Because of this the 
research gives an indication of how the system could work. For definitive conclusions there should 
be more floors tested. In addition, the floor width used in this research was relatively small. The 
behaviour of the plate mode could be influenced by the width of the floor. Research into the load 
distribution of TCC systems with regard to dynamic behaviour could clarify this. As indicated with 
the numerical models the transverse stiffness of the concrete does influence the frequencies with 
a plate mode. 
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  Summary Training School Timber-Concrete 
 

A.1 Introduction 
In April 2018 there was a training school of COST-Action FP1402. The training school was about 
the current knowledge about TCC structures and the TCC addition to Eurocode 5. In the following 
chapters of the topics discussed at the training school are summarized. This document is based 
on the presentations during the training school and the report published afterwards: 

Dias, A., Schänzlin, J., & Dietsch, P. (eds). (2018). Design of timber-concrete composite 
systems: A state-of-the-art report by COST Action FP1402/WG4. Shaker Verlag 
Aachen. 

A.2 General information 
A.2.1 General principle 
The concept of timber-concrete composites (TCC) is a structural element with a timber element 
and a concrete cross section which are connected by a special connecting device. The composite 
action used the compression strength of the concrete and the tension strength of the timber. The 
concept of a TCC has been studied and developed over the past 100 years.  

The first objective was to replace the steel reinforcement in solid concrete floors. When a 
reinforced concrete element is in bending the concrete in the tensile zone does not contribute to 
the moment resistance and steel reinforcement bars are needed. Therefore, two third of the slab 
thickness of the concrete does not contribute to the moment resistance as shown in Figure A-1. 
With TCC in bending the concrete will be in compression and the timber in tension, therefore the 
entire section will contribute to the moment resistance. The timber will reduce the self-weight of 
the element in comparison to a solid concrete element. The timber has, compared to steel 
reinforcement, a lower tension strength; therefore, a larger cross-section is needed. 

 
Figure A-1 Left a reinforced concrete slab with a moment, right a TCC slab with a moment. 

Another motivation is to use concrete to reinforce existing buildings. The concrete can provide a 
floor deck while existing structure does not have to be removed. The acoustic, fire and vibration 
properties of a timber floor will be improved by the concrete deck. 

The TCC needs to provide sufficient stiffness to meet the serviceability criteria and load capacity. 
The stiffness is depending on the stiffness of the concrete cross section, the timber cross section 
and the connection device. The concrete is mainly in compression, the timber in tension and 
bending, the connection resists the shear force at the interface. The concrete in tension is 
neglected as shown is Figure A-2 
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Figure A-2 Stresses in a TCC cross-section 

A.2.2 Variety of systems 
There are different types of concrete, timber and connector to use for a TCC floor which results 
in a wide range of systems. 

The concrete section can be prefabricated or cast in place. The timber section can be sawn or 
laminated beams another possibility is a massive timber element. The connection can be based 
on friction, an adhesive, interlocking or a device. Figure A-3 shows the force-slip for different types 
of connections. 

 
Figure A-3 Comparison of different categories of connection systems (Dias 2005) 

The concrete for TCC structures can be prefabricated or cast-in-situ. There are two possibilities 
for prefabrication, semi-prefabrication and fully prefabricated construction. The semi-
prefabricated element exists of prefabricated timber panels where the concrete is cast-in-situ. The 
fully prefabricated element can be either assembled beforehand or on site, special connectors 
are needed for the assembly. 

There are several advantages of prefabrication. Off-site the quality control is better, both for the 
materials and the process. The construction is quicker and therefor cheaper and reduces the 
hazards on the building site. With prefabricated concrete slabs it is harder to achieve a rigid 
diaphragm of an entire floor when it consists of separate elements. 
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A.2.3 Advantages 
TCC can be used to refurbish an existing building or in new buildings. There are several reasons 
to choose for a TCC floor. 

TCC as a solution for renovation of existing buildings: 

‐ Create a new separating floor 
‐ No dismantling the existing structure 
‐ Concrete provides fire and acoustic performance 
‐ The composite with the existing timber structure will minimize the concrete loading 
‐ Refurbishment is less complex and enables manual tooling/handling 
‐ Mostly suitable for short spans (<4,5m) occasionally for longer spans (>6,0m)  

TCC as a solution for new buildings: 

‐ Uses material from a re-growing resource 
‐ Enables timber structures to bridge longer spans and/or carry heavier loads 
‐ Provides acoustic and fire performance with limited overall height 
‐ Although using wet concrete it is an overall ‘dry’ building system 
‐ Reduces overall loading on the foundation and limits propping 
‐ Current CLT-composites can be optimized 
‐ Suitable for longer spans (>5,0m – 6,0m) 

There are several advantages in the use of TCC floors over a timber floor or a concrete floor. 

Advantages of TCC vs Timber 

‐ Increased stiffness through composite action and therefor increased load/span capacity 
‐ Increased floor mass at decking level which improves sound insulation (air borne sound), 

fire resistance and reduces sensitivity concerning vibrations 
‐ Simplified possibility to realize the horizontal bracing of the structure  

Advantages of TCC vs Pure concrete: 

‐ Reduced dead load 
‐ Increased part of re-growing materials and therefore less CO2 emissions 
‐ Increase use of prefabricated elements 
‐ Reduce volume of concrete, which leads to faster building process and less volume to be 

transported on site 
‐ Reduced effort for the props/formwork since the load capacity and stiffness of the timber 

cross section is higher than the prefabricated concrete elements 

A.3 Connections 
The connections play a large role in the behaviour of TCC structures. There is a relation between 
the connection stiffness (K) and the effective bending stiffness (EIef). This relation is show in 
Figure A-4 for a span of 3, 6 and 9 meters. The higher the connection stiffness the higher the 
effective bending stiffness of the element becomes. The connection stiffness for the most 
common types are show.  
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Figure A-4 Connections Stiffness vs Effective bending stiffness. From left to right: screw, nail, dowel, 

glued-in dowel, inclined screw, notch, and vertical steel meshes. 

The effective bending stiffness, and so the connection stiffness, have significant influence on the 
load carrying capacity and the deformations. Namely 2-3 times increase in load carrying capacity 
and a 75% decrease in deformations.  

The following mechanical properties are of relevance for a connection: Strength affects the load 
carrying capacity. Stiffness affects the slip modulus. Ductility affects the ultimate slip. 

The new part TCC in Eurocode 5: EN 1995-1-3, will provide information to determine the load 
carrying capacity and slip modulus. They can be determined for dowel type fasteners, notched 
connections and steel rebar glued perpendicular to the shear plane. Other connection types must 
be tested to determine the properties. However, the current research in connections for TCC 
structures is mostly focused on dowel type fasteners and notches. 
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A.4 Short term loading 
The short-term loading is influenced by the slip movement and the slip strain of the connections. 
Figure A-5 shows the unloaded and the loaded situation of a TCC beam with dowel type 
connectors. The slip movement is largest at the supports and zero at the midspan. The slip stain 
is the largest at the midspan and zero at the support since it is the gradient of the slip movement  

 
Figure A-5 Unloaded and loaded effect on the slip movement and slip strain 

The slip influences the curvature of the section. The bending moment (M) divided by the section 
curvature (κ) results in the effective flexural stiffness of the TCC section. This is also known as 
the effective bending stiffness EIeff: 

 

The position of the neural line of the elements shift as a result of the connection. As shown in 
Figure A-6, when there is zero connection the neutral axes are at half the height of the separate 
elements. When the connection stiffness increases the neutral axes move toward each other. 
When there is a rigid connection the neutral axes will fall together. 

 
Figure A-6 Position neutral axis (NA) depended on the connection 
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The connection has influence on multiple properties of a structure, Figure A-8 shows this influence 
based on the properties of Figure A-7. 

 
Figure A-7 Properties used in the analyses of Figure A-8 

For a rigid connection (zero slip strain) the section has a combined neutral axis, when the slip 
strain is increased the neutral axis part and will move to the neutral axis of the separate element. 
The curvature of a structure increases when there is a higher slip strain. As mentioned before this 
will result in a lower effective bending stiffness. The lower effective bending stiffness will cause 
higher stresses in both the timber and the concrete slab.  

 

Figure A-8 The influence of the slip strain on the: neutral axis height, curvature, effective bending stiffness 
and the stresses 
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There are three possibilities for stress distribution in the TCC section, Figure A-9. The slab can 
be partially in compression and partially in tension. The slab can be just in compression and fully 
in compression. This is dependent on the stiffness of the connections and the stiffness of the 
timber and concrete.  

 
Figure A-9 Stress distribution in TCC section 

There are different methods to determine the effective bending stiffness. Recommended in the 
Eurocode is the gamma method based on the work of Möhler. The connection slip stiffness (K) is 
used to calculate the effective TCC section flexural stiffness or effective bending stiffness. There 
are several assumptions which limit the method: 

‐ Simple supports, single span, sinusoidal moment variation 
‐ Uncracked concrete and linear behaviour of all materials 
‐ Constant slip stiffness along the span, Kserv at SLS, Kult at ULS.  

The method is good for uniformly distributed load (UDL) as the moments are not far from 
sinusoidal. The method is reasonable for midspan point loads. The effective width should be 
considered because of the shear lag effect. The bc should be the lowest of span/4 or the flange 
width.  

The effective bending stiffness is calculated as follows for a TCC section consisting of a concrete 
element and timber element: 

Composite flexural stiffness: 

 
Gamma factor: 

1

1
			 

Effective connector spacing 

0.75 0.25  
Eccentricities: 

2
		;

2
 

Peak stress in concrete: 

	 0.5 	
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Peak stress in timber: 

	 0.5 	

 

Peak deflection under UDL (q/unit length) 

∆	
5

384
 

Force on shear connection 

	

 

Figure A-10 shows the load slip diagram for the gamma method and the actual relationship. Only 
the linear section is correctly simulated with this method. 

 
Figure A-10 Load slip diagram for the gamma method and the actual relationship.  

Another method is based on Kreuzinger. The method separates the stiffness into a bending 
component and a shear component. The method is useful for laminated timber (CLT) because of 
the multiple layers and the rolling shear on layers perpendicular to span. The flexural stiffness 
(EIeff) and the shear stiffness (GAeff) are calculated as follows: 

 

2 ∑ 2

 

With: Ji=Second moment of area of layer I about local centroid; Ei= Elastic modulus of layer I; Ai= 
Area of layer I; Zi= Offset of centroid of layer I from centroid of entire section; hi= Thickness of 
layer I; Gi= Shear modulus of layer I; bi= Width of layer I; a= distance between centroids of top 
and base layers of entire section;  

Finite element methods can also be used to determine the stiffness of a TCC structure. 

A.5 Long term behaviour 
A TCC structure is also influenced by long term behaviour. Since timber and concrete react 
different over time there are points of attention. The following need to be considered. Creep is the 
increased deformation over time under a constant load for both timber and concrete. Timber has 
shrinkage or swelling influenced by moisture. A chemical reaction of the water with cement causes 
shrinkage in concrete. Both materials are affected by temperature differences.  
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There are two situations where there are additional stresses for TCC structures due to long term 
behaviour. Shortening of the concrete related to timber and elongation of the concrete related to 
timber. 

Shortening of the concrete related to timber can be caused by three situations. The shrinkage of 
the concrete, swelling of the timber, cooling of the slab. This increases the deflection and the 
bending moment. The normal force and the load on the connection decreases. 

 
Figure A-11 Shortening of the concrete related to timber 

The elongation of the concrete related to the timber can be caused by the shrinkage of the timber 
or a temperature elevation. This results in an increase in normal force and load on the connection. 
The bending moment and deflection decrease. 

 
Figure A-12 Elongation of the concrete related to timber  

A problem for TCC is that timber and concrete do not have the same creep rate. Up to 3-7 years 
the concrete has a higher creep rate. For 3-7 years the velocity of the creep strain is comparable. 
After 3-7 years the timber has a higher creep rate than concrete. 

There are currently two methods to calculate long term effects for TCC structures in the draft 
version of the Eurocode. The E-modulus for both materials and the slip-modulus of the connection 
can be reduced with the following formulas.  

, 1 ∞,
 

, 1
 

, 1 ⋅
 

, 1 ⋅
 

 

There is also an extension of the gamma-method where a fictitious load represents the inelastic 
strains and the effective bending stiffness is changed. However negative stiffness is possible due 
to the negative deformation caused by extension of the concrete. This still needs to be accounted 
for and avoided. 
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A.6 Design of TCC floors in fire situation 
Fire design of floors often have a REI requirement. The method is based on Resistance, Integrity 
and Isolation and expressed in minutes. This means that for the stated time there should be no 
collapse, no breakthrough of flames or smoke and no temperatures over 140 degrees on non-
exposed sides should develop. 

The question for TCC structures is how the materials react, the change in stiffness and strength 
of the connection and the properties of timber and concrete. The thermal expansion of concrete 
and the type of formwork panel could have effect. In cases where there is no added protection 
the TCC structure must meet the Resistance requirement and the concrete slab the Integrity and 
Isolation requirements.  

Timber codes has two methods for fire design, the ‘reduced material properties’ method and the 
‘reduced section’ method. The concrete codes also use a reduced strength for the concrete and 
the reinforcement. As a design tool the Eurocode 2 gives tables for the design of concrete slabs. 
The annex of EN 19921-2 gives a more extended method which divides the cross-section in 
zones. Initial tests have shown that the expansion of concrete has no influence on the overall 
behaviour of the TCC connection. When lost formwork is used the concrete is protected from the 
fire which reduces the temperature increase of the concrete. For the connection a reduced 
stiffness and strength are proposed. 

TCC structures with massive timber slabs can be calculated according to the reduced cross-
section method of timber. Here only the timber cross section is affected as the concrete is 
protected. 

The TCC structures with beams can be calculated as follows: 

‐ E and I requirements with concrete slab tabulated in EN 1992-1-2 
‐ R requirement with TCC cross-section 
‐ Timber cross-section according to the reduced cross-section method of EN1995-1-2 
‐ Concrete cross-section according to the reduced cross-section method of EN1992-1-2, 

with the protection of framework considered 
‐ The connections using reduced strength and stiffness. Screwed connections based on 

testing and notched connection based on reduced cross-section. 

The properties reduction method for timber combined with the reduced cross section method for 
concrete will increase the stresses in the concrete. The reduced stiffness of concrete does reflect 
the deflections and the timer better. 

A.7 TCC floors and vibration criteria 
Each structure has natural modes of vibration. Natural modes can be described as the preferred 
patterns of vibration. Each natural mode has a unique mode shape (spatial distribution of 
displacement), natural frequency, modal mass and modal damping.  Vibration displacement, 
velocity and acceleration vary sinusoidal at natural frequency of the mode. The amplitude is only 
initially influenced by the magnitude of the force, the decay depends on the damping.  

Since the EN 1995-1-1, Eurocode 5 is limited a new approach is being developed for the future 
Eurocode 5. The new approached is based on the average vibration perception threshold, shown 
in Figure A-13. 
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Figure A-13 Base curve for human perception of continuous vibration 

The minimal perceived acceleration is dependent on the frequency; therefore, the threshold is 
also dependent on the frequency. At a lower frequency than 4Hz there is a high risk of resonance. 
Between 4 and 8 Hz there is still a risk of a resonant response. The Response factor is the 
acceleration RMS (Root Mean Square) of the floor divided by the perceivable acceleration RMS. 
The curve shown in Figure A-13 is the vibration perception threshold as a minimum, by translating 
vertically the comfort level is increased. 

There are several floor performance levels with minimal requirements for frequency, response 
factor, acceleration, velocity and stiffness shown in Table A-1. Which level will be used for 
different function will be assigned in the national annex, since vibration is a perception which is 
different is each country. The recommendation is level II and III as quality choice for offices and 
residential. The base choice and economical choice advise that lower levels are suitable. The 
formulas for the criteria are still being adjusted and the vibration response of TCC floor is still 
being tested. 

Table A-1 Floor vibration criteria according to floor performance level 

 Floor performance levels 
Criteria Level 

I 
Level 
II 

Level 
III 

Level 
IV 

Level 
V 

Level 
VI 

Frequency f1 [Hz] ≥ Values still to be determined 
Response factor R 
Acceleration criteria when f1<8 Hz 
arms [m/s²] ≤ 
Velocity criteria when f1<8 Hz 
vrms [m/s²] ≤ 
Stiffness criteria when f1<8 Hz 
ω1kN [mm] ≤ 

A.8 Design topics 
Here are several design topics which must be accounted for with TCC structures.  

A.8.1 Environmental influences 
The environmental variations could have influence on the structure. The environmental variations 
must be considered in non-quasi-constant conditions, for example balconies, unheated roof 
spaces and outdoor spaces. 
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There are two situations considering temperature. The daily variations of temperature (day-to-
night) cause the uniform variation in the concrete slab, whereas the timber only has minor 
variation. For seasonal variations (summer-to-winter) the variations in the timber and concrete 
will be the same. The daily (day-to-night) variations in relative humidity have no significant effect 
in moister content of the timber cross-section. The seasonal (summer-to-winter) variations cause 
notable, non-uniform variations in moister content of the timber cross-section. For simplification 
the yearly variation is averaged over the timber cross-section.  

A.8.2 Cracking 
There could occur tension in the concrete slab which could lead to cracking. Minimal 
reinforcement is needed to control the cracking without extensive crack width calculation. A 
minimal concrete coverage and thickness is needed it the floor is used for diaphragm action 
depending on the situation. Openings larger than 500x500mm can influence the diaphragm 
action.  

A.8.3 Building phase 
During the building phase before the concrete is hardened propping could be necessary such as 
in the following situations: 

‐ The timber beam cross-section is influenced more in the temporary phase than in the 
composite action.   

‐ Deflection in temporary phase is considered excessive including ponding. Boundaries are 
a deflection of Length/500 when the visual aspect of the lower floor face is of importance 
and Length/200 in other situations. 

The reactions at the props in temporary phase induce stresses which are released when the props 
are removed. These shall be considered in the definitive phase for example by reinjecting the 
reactions as point loads, shown in Figure A-14 

Figure A-14 Reactions in a beam before and after removing of the props 

 
During the building phase poured concrete will level at the top surface but due to the load the 
formwork panel will deflect. This increase in concrete thickness is called ponding which is shown 
in Figure A-15. Ponding could lead to a disadvantage in load distribution. The thickness of the 
concrete slab will be increased for the loading while the nominal thickness is used for cross-
section calculations. To simplify a theoretical homogeneous thickness can be used. A timber 
beam can be precambered to balance the impact of the deflection during the execution phase or 
limit the long-term deflection. 

 
Figure A-15 Example of ponding of poured concrete 
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 Material properties 
 

B.1 Timber beams 
Table B-1 Timber beam properties 

Beam  Depth 
[mm]  

Height 
[mm] 

Length 
[mm] 

Volume 
[m³]  

mass  
[kg] 

Density 
[kg/m³] 

RH 
[%] 

MoE 
[N/mm²] 

1 69 68 267 266 5710 0.105 44.6 423.97 11.1 11370 

2 68 68 267 267 5710 0.104 46.3 446.61 11.2 11816 

3 69 68 266 267 5710 0.105 47.1 449.42 11.8 11998 

4 69 69 268 268 5710 0.106 45.4 429.97 11.8 12511 

5 69 69 268 267 5710 0.106 45.8 433.76 11.3 11567 

7 68 69 267 267 5710 0.104 46.8 451.43 12.9 11299 

8 69 68 266 268 5710 0.105 52.6 501.90 11.9 14059 

9 69 69 267 266 5710 0.105 44.2 420.17 11.6 11998 

10 69 68 264 267 5710 0.104 50 480.71 12.3 13035 

  
          

Average 68.8 68.4 266.7 267.0 5710 0.105 47.0 448.7 11.7 12184 

SD 
       

25.5 0.5 842 

 

Table B-2 Notes for timber beam selection 

Beam Notes 
1 warped 
2 Short longitudinal cracks 
5 Warped/twisted, Short longitudinal cracks 
6 damaged 
8 Centre cracks left side<1m, End crack right 

side <1m, short longitudinal cracks 
9 Centre cracks left side<1m 
10 High stiffness 

 

Table B-3 Timber beams used for experimental tests 

Beam Depth 
[mm]   

Height 
[mm] 

Density 
[kg/m³ ] 

RH 
[%] 

MoE 
[N/mm²] 

I 
[mm⁴] 

EI 
[N/mm²] 

2 68 267 446.61 11.2 11816 1.08E+08 1.27E+12 

3 69 266 449.42 11.8 11998 1.08E+08 1.30E+12 

4 69 268 429.97 11.8 12511 1.11E+08 1.38E+12 

7 68 267 451.43 12.9 11299 1.08E+08 1.22E+12 

9 69 267 420.17 11.6 11998 1.09E+08 1.31E+12 

Average 68.6 267.0 439.5 11.8 11924.4 1.09E+08 1.30E+12 

SD 
  

12.3 0.6 389.3 1.10E+06 5.40E+10 
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B.2 TCC beams 
Table B-4 Weight of the TCC beams 

  m [kN] m [kg] 

2 4.226 423 

3 4.324 432 

4 4.587 459 

7 4.29 429 

9 4.394 439 

Average 4.36 436.4 

SD 0.12 12.4 

 

Table B-5 TCC beam properties 

TCC 
Beam 

Depth 
[mm]   

Concrete 
height 
[mm] 

Height 
[mm] 

Length 
concrete 
[mm] 

mass  
[kg] 

mass/m 
[kg/m] 

RH 
[%] 

EI 
[N/mm²] 

2 603 59.2 326 4200 422.6 100.6 9.4 2.18E+12 

3 591 61.3 327 4200 432.4 103.0 9.0 2.11E+12 

4 602 67.0 335 4200 458.7 109.2 9.0 2.06E+12 

7 591 66.5 334 4200 429 102.1 10.0 2.17E+12 

9 606 61.0 328 4200 439.4 104.6 9.2 1.97E+12 

Average 598.5 63.0 330.0 4200 436.4 103.9 9.3 2.10E+12 

SD 6.4 3.2 3.6 0.0 12.4 2.9 0.4 7.73E+10 

 

Table B-6 Results concrete properties tests 
 

Cube Density 
[kg/m³] 

Strength 
[N/mm²] 

 
Prism Density 

[kg/m³] 
Stiffness 
[N/mm³] 

5 Weeks 1 2329 40.1 
    

 
2 2304 39.7 

 
1 2320 30965 

 
3 2299 38.6 

 
2 2336 29158 

 
Average 2311 39.5 

  
2328 30062 

 
SD 13.2 0.60 

  
7.9 903.6 

        

14 Weeks 4 2290 44.2 
    

 
5 2283 45.0 

 
4 2294 31337 

 
6 2295 45.2 

 
5 2307 31953 

 
Average 2289 44.8 

  
2300 31645 

 
SD 4.9 0.43 

  
6.6 308.1 

 

Table B-7 Average concrete strength and stiffness 
 

Density 
[kg/m³] 

Strength 
[N/mm²] 

Stiffness 
[N/mm³] 

5 weeks 2306 39.5 30062 

14 weeks   44.8 31645 
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 Calculations 
C.1 Eurocode gamma method 

 TCC - ULS 
Timber   C24   
E-mod timber C24  Et 11900 N/mm² 
width timber  bt 69 mm 
height timber  ht 267 mm 
Area timber  At 18423 mm² 

      
Concrete    C20/25   
E-mod concrete  C20/25 Ec 30000 N/mm² 
Width concrete  bc 600 mm 
height concrete  hc 60 mm 
Area Concrete  Ac 36000 mm² 

      
Connection  (Tecnaria Base, no boarding) 
Slip modulus ULS Ku 9990 N/mm 
dowel distance  s 400 mm 

      
Effective bending stiffness 
ULS    
 

 

   

I concrete Ic 1.08E+07 mm⁴ 
I timber   It 1.09E+08 mm⁴ 

 
 

  
   
   
cooperation factor  γc 0.0375  
   γt 1  
 

2
		 ;

2
  

 
eccentricity concrete ac 138.01 mm 
eccentricity timber  at 25.49 mm 
 

       
      
      
Effective bending stiffness EIeff 2.54E+12 Nmm² 

 

  

1
12
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 TCC - SLS 
Timber   C24   
E-mod timber C24  Et 11900 N/mm² 
width timber  bt 69 mm 
height timber  ht 267 mm 
Area timber  At 18423 mm² 

      
Concrete    C20/25   
E-mod concrete  C20/25 Ec 30000 N/mm² 
Width concrete  bc 600 mm 
height concrete  hc 60 mm 
Area Concrete  Ac 36000 mm² 

      
Connection  (Tecnaria Base, no boarding) 
Slip modulus SLS Kser 17900 N/mm 
dowel distance  s 400 mm 

      
Effective bending stiffness    

 
 

   

    

    
I concrete  Ic 1.08E+07 mm⁴ 
I timber   It 1.09E+08 mm⁴ 

 

   
cooperation factor  γc 0.0672  
   γt 1  
 

2
		 ;

2
  

 
eccentricity concrete ac 122.85 mm 
eccentricity timber  at 40.65 mm 

      
 

       

      

      
Effective bending stiffness EIeff 3.08E+12 Nmm² 

 

  

1
12
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 Timber OSB - SLS 
Timber   C24   
E-mod timber C24  Et 11900 N/mm² 
width timber  bt 69 mm 
height timber  ht 267 mm 
Area timber  At 18423 mm² 

      
OSB      
E-mod   Ec 49300 N/mm² 
Width    bc 600 mm 
height    hc 18 mm 
Area    Ac 10800 mm² 

      
Connection     
Slip modulus SLS Kser 1605.13 N/mm 
dowel distance  s 200 mm 

      
Effective bending stiffness    

 
 

   

    

    
I OSB   Ic 2.92E+05 mm⁴ 
I timber   It 1.09E+08 mm⁴ 

 

   
cooperation factor  γc 0.0244  
   γt 1  
 

2
		 ;

2
  

 
eccentricity concrete ac 134.52 mm 
eccentricity timber  at 7.98 mm 

      
 

       

      

      
Effective bending stiffness EIeff 1.57E+12 Nmm² 
    
Bending stiffness timber 
beam EI 1.30E+12 Nmm├² 

 

  

1
12
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 Recalculation TCC 
Timber   C24   
E-mod timber C24  Et 11924.4 N/mm² 
width timber  bt 68.6 mm 
height timber  ht 267.0 mm 
Area timber  At 18316.2 mm² 

      
Concrete    C20/25   
E-mod concrete  C20/25 Ec 31645.2 N/mm² 
Width concrete  bc 598.5 mm 
height concrete  hc 63.0 mm 
Area Concrete  Ac 37707.6 mm² 

      
Connection  (Tecnaria Base, 2 cm boarding) 
Slip modulus serviceability Kser 4000 N/mm 
dowel distance  s 400 mm 

      

      
Effective bending stiffness    

 

 

   

    

    
I concrete  Ic 1.25E+07 mm⁴ 
I timber It 1.09E+08 mm⁴ 

 

   

   
cooperation factor  γc 0.0136  
   γt 1  
 

2
		;

2
  

 
eccentricity concrete ac 153.60 mm 
eccentricity timber  at 11.40 mm 

      
 

       

      

      
Effective bending stiffness EIeff 2.103E+12 Nmm² 
    
Average measured value EI 2.096E+12 Nmm² 

 

  

1
12
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C.2 Failure load 
 Timber 

Bending stiffness  EI 1.30E+12 Nmm² 
Span   a 1250 mm 

      
 

   

  

  

      

      

      
ft,0,k   21 N/mm  
      
F=   13773 N  
   13.77 kN  
2xF   27.55 kN  

 

 Gamma calculation TCC 
Failure 4pt bending test   
EIeff 2.54E+12 Nmm²   
a 1250 mm   
 

      

   

 

 

 

 

 

 

 
 

    

 

   

     
TCC timber:    

     
σ  1.49E-04 *F N/mm² 
σm  7.82E-04 *F N/mm² 
σtotal  9.31E-04 *F N/mm² 

     
ft,0,k   14 N/mm 

     
F=   15036 N 

   15.0 kN 
2xF=   30.1 kN 

     
TCC Concrete    

     
σ  8.56E-05 *F N/mm² 
σm  4.96E-04 *F N/mm² 
σtotal  5.82E-04 *F N/mm² 

     
fc,m   28 N/mm 

∗  

→	 ,
∗ 0,5 ∗ 	 ∗  

→
∗

∗ F

∗  ∗
	 

 

F
∗
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F=   48142.15 N 

   48.14 kN 
2xF=   96.28 kN 

     
TCC Connection     

   
  

  
F1   17200 N 
V=   19546.2 N 

   19.55 kN 
2xF=   39.09 kN 

 
Timber failure at F= 30.1kN when using characteristic values. When using the mean tensile 
strength of 21N/mm² the timber would fail at 45kN. 

 Measured values 
Failure Beam    
EIeff 2.10E+12 Nmm²    

      
 

       

TCC timber: 

σ  1.81E-04 *F N/mm²  
σm  9.49E-04 *F N/mm²  
σtotal  1.13E-03 *F N/mm²  
      
ft,0,k   21 N/mm  
      
F=   18573.58 N  
   18.57 kN  
2xF=   37.15 kN  

 

C.3 Set-up experimental research 
 Frequency steel frame 

The steel frame which was used has the dimensions of a steel profile between a HEA300 and a 
HEB300. For both the natural frequency was calculated using the Eurocode formula.  

Vibrations HEA 
300     
Length beam  L 2.8 m 
Bending stiffness  EI 3.84E+07 Nm² 
Mass   m 90.00 kg/m² 
 

 

  

   

   

,
∗ 0,5 ∗ 	 ∗  

∗
∗ F

2
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First eigenfrequency f 130.8 Hz 

      
Vibrations HEB 
300     
Length beam  L 2.8 m 
Bending stiffness  EI 5.28E+07 Nm² 
Mass   m 119.00 kg/m² 

      
First eigenfrequency f 133.5 Hz 

 

 Deflection from wet concrete 
Timber   C24   
E-mod timber C24  Et 11900 Nmm² 
width timber  bt 69 mm 
height timber  ht 267 mm 
Area timber  At 18423 mm² 

      
Structure      
span    4000 mm 

      
Effective bending stiffness    

 
 

 

    

I timber   It 1.09E+08 mm⁴ 
W   W 8.20E+05 mmᶟ 

      
Bending stiffness  EI 1.30E+12 Nmm² 

      

      
Q load      
wet concrete  ρ 2300 kg/mᶟ 

   ρ 23 kN/m³ 

   A 0.036 m² 

   Load 0.828 kN/m 

      
timber   ρ 439.5 kg/mᶟ 

   A 0.0184 m² 

   Load 0.081 kN/m 

      

   q total 0.91 kN/m 

   q total 0.91 N/mm 

      
Span 4m 

 

   
w = 2.33 mm 

    
Span 2m = 0.15 mm 

 

1
12

 

1
6

5
384
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 Compression perpendicular to the grain 
Load    
Total 
force   80 kN 
per 
support  40 kN 

    
f c,90,k 2.5 N/mm²  
Mean 3.75 N/mm²  
    
Min Area = 10667 mm² 

    
Width  69 mm 
Needed length 155 mm 

 

C.4 Frequency  
 Timber 

Timber beam     

      
Length beam  L 4 m 
Modulus of elasticity E 11900 N/mm² 
Moment of Inertia  I 1.09E+08 mm⁴ 
Bending stiffness  EI= 1.30E+06 Nm²/m 
Density ρ 439.5 kg/mᶟ 
Area A 0.018 m² 
Mass  m= 8.10 kg/m 

    

    

    
First eigenfrequency f= 39.29 Hz 

 

Timber beam 4.5m     
4.5/4 = 1.125 increase in weight    
Length beam  L 4 m 
Bending stiffness  EI 1.30E+06 Nm²/m 
Mass *1.125  m= 9.11 kg/m 

    

    

    
First eigenfrequency f= 37.05 Hz 

 
  

2
 

2
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Timber beam Rayleigh      
Length beam  L 4 m   
Bending stiffness  EI 1.30E+06 Nm²/m   
Density   ρ 439.5 kg/mᶟ   
Area   A 0.018 m²   
Moment of Inertia  I 2.92E-05 m⁴   
 

         

         

       

        

   a= 0.7854    
First eigenfrequency f= 39.27 Hz   

 
Timber Floor + 
OSB     
Length beam  L 4 m 
Bending stiffness  EI 1.57E+06 Nm²/m 
Density beam  ρ 439.5 kg/mᶟ 
Area Beam  A 0.018 m² 
Density OSB  ρ 600 kg/mᶟ 
Area OSB   A 0.011 m² 
Mass   m= 14.58 kg/m 

    
First eigenfrequency f= 32.22 Hz 

 

Timber floor Dunkerley    
Span beam  L 4 m 
Bending stiffness  EI 1.57E+06 Nm²/m 
Mass  m 14.6 kg/m 

    

    

    
Eigenfrequency Beam + OSB  f1= 32.22 Hz 

      

      
Span OSB   L 0.6 m 
Bending stiffness  EI 2.41E+04 Nm²/m 
Mass 

 

m 10.8 kg/m 

    
Eigenfrequency OSB  f2= 205.93 Hz 

1 1
²

	
1
²
 

     

   1/f² 0.0010  
Combined Eigenfrequency f 31.83 Hz 

      
The frequency of the OSB is too high to have an influence 

2
 

2
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 TCC 
TCC beam SLS     
Length beam  L 4 m 
Bending stiffness  EI 3.08E+06 Nm²/m 
Mass  m 90.90 kg/m 

    

    

    
First eigenfrequency f= 18.07 Hz 

 

TCC beam measured    
Length beam  L 4 m 
Bending stiffness  EI 2.10E+06 Nm²/m 
Mass 

 

m 103.9 kg/m 
 

   

    

    
First eigenfrequency f= 13.96 Hz 

 
TCC floor 
Dunkerley     
Span beam  L 4 m 

Bending stiffness EI 
2.10E+0

6 Nm²/m 
Mass  m 103.9 kg/m 

    

    

    
Eigenfrequency  f1= 13.96 Hz 

      

      
Span concrete  L 0.6 m 

Bending stiffness  EI 
6.59E+0

5 Nm²/m 
Mass  m 144.9 kg/m 

    

    

    
Eigenfrequency  f2= 294.34 Hz 
1 1

²
	
1
²
 

     

   1/f² 0.0051  
Combined Eigenfrequency f 13.94 Hz 

      
The frequency of the concrete is too high to have an influence 

 
  

2
 

2
 

2
 

2
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 Sides supported TCC 
TCC floor sides supported    
Width floor  b 3 m 
Span floor  l 4 m 
Stiffness TCC/0.6  EIy 3.50E+06 Nm² 
Stiffness concrete  EIx 6.59E+05 Nm² 
Mass/0.6   m 173.17 kg/m² 
 

       

      

      

      

      
First eigenfrequency f= 15.74  

 

C.5 Comfort calculations 
For the calculations the material properties from the experimental tests were used in combination 
with calculations from Paragraph A.1. 

Table C-1Properties from experimental tests 
  

TCC beam TCC floor Timber floor  

Stiffness 
longitudinal 

(EI)l 2.10E+06 2.10E+06 1.57E+06 Nm²/0.6m 

  
3.49E+06 3.49E+06 2.62E+06 Nm²/m 

Stiffness 
transverse 

(EI)b 3.95E+05 3.95E+05 2.40E+03 Nm²/m 

Mass per area m 103.9 103.9 14.54 kg/m   
173.2 173.2 24.24 kg/m² 

Span l 4 4 4 m 

Width b 0.6 3 3 m 

From the measurements the root mean square acceleration (aRMS) was used when possible, as 
was determined in Annex G. When possible the deflection and modal mass from the Abaqus 
models was used, as was determined in Annex D. 

Table C-2 Values from the experimental tests and from numerical calculations 
 

arsm from 
heel-drop 
[m/s²] 

deflection 
Abaqus 1kN 
[mm] 

Modal mass 
Abaqus 
[kg] 

Timber floor 3.37 0.458 
 

TCC beam 2.25 0.656 199.73 

TCC floor 0.751 0.156 808.30 

TCC floor sides 
supported 

0.672 0.109 496.12 
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 Eurocode 

Properties     

TCC 
beam TCC floor Timber floor 

Stiffness longitudinal (EI)l 2.10E+06 2.10E+06 1.57E+06 Nm²/0.6m 

     3.49E+06 3.49E+06 2.62E+06 Nm²/m 
Stiffness transverse (EI)b 3.95E+05 3.95E+05 2.40E+03 Nm²/m 
Mass per area  m 103.9 103.9 14.54 kg/m 

     173.2 173.2 24.24 kg/m² 
span    l 4 4 4 m 
width    b 0.6 3 3 m 

            
Check 1, frequency          

 

 

            
            
    f1= 13.94 13.94 32.26 Hz 

            
f1 > 8 Hz  Sufficient Sufficient Sufficient  

         
Check 2, velocity          
 

             
            

n40= 0.424 2.121 3.692 
 

 

      

    v= 0.0043 0.0029 0.0213 m/(Ns) 

b 120 
(National Annex 
NL)         

ζ 0.01           
 

 

 v ≤ 0.016 0.016 0.039 m/(Ns) 

   Sufficient Sufficient Sufficient  
     26% 18% 55%  
Check 3, deflection          

 

 

            
    w= 0.64 0.64 0.85 mm 

 
 

        
         

a 1 mm/kN 
(National Annex 
NL)        

w < 1 mm  Sufficient Sufficient Sufficient  
     64% 64% 85%  

  

TCC 
beam TCC floor 

TCC floor 
2-way 
span 

Timber 
floor  

Deflection from 
Abaqus w= 0.656 0.156 0.109 0.458 mm 

w < 1mm  Sufficient Sufficient Sufficient Sufficient  
  66% 16% 11% 46%  

4 0.4 0.6
200

 

40
1

.

 

48
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 Draft Eurocode 5 

Material properties  
TCC 
beam TCC floor TCC floor Timber floor 

      
single 
span 

2-way 
span   

Stiffness longitudinal (EI)L 2.10E+06 2.10E+06 2.10E+06 1.57E+06 Nm²/0.6m 

    3.49E+06 3.49E+06 3.49E+06 2.62E+06 Nm²/m 
Stiffness transverse (EI)T 3.95E+05 3.95E+05 3.95E+05 2.40E+03 Nm²/m 
Mass per area m 103.9 103.9 103.9 14.54 kg/m 

    173.2 173.2 173.2 24.24 kg/m² 
span   l 4 4 4 4 m 
width   b 0.6 3 3 3 m 

            
Frequency: single span         
 

             
            
k e,1 1           
k e,2= 1.00  f1= 13.9 13.9   32.3 Hz 

            
Frequency two 
span          
   b/l    0.75    
From tables k e,1   1.185   
 

 

 

      

   k e,2=    1.165    
            
   f1=    19.2   Hz 

f1 > 8  Transient Transient Transient Transient Calculation 

            
Acceleration           
 

             
   a= 0.0038 0.0038 0.0005 0.000002  
 

    ζ = 0.025 0.025 0.025 0.02  
   M*= 103.91 519.55 519.55 72.72  
F0 700 N          
 

             
 

 

 aRMS= 0.1442 0.0288 0.0035 0.0002 m/s² 

            
Response Factor          
 
 
 

 

 R= 28.830 5.766 0.691 0.034  
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Velocity           
fwalking 2 Hz          
 

             
   I= 3.682 3.682 2.421 1.237 Ns 

            
   V1,peak= 0.0354 0.0071 0.0047 0.0170  
            
            
  

 

         
    0.12 0.62 0.62 2.07  
 

    Kimp = 1 1 1 2.07  
            
            
   Vtot,peak= 0.0354 0.0071 0.0047 0.0352 m/s 
 

  

 

          
            
    0.97 0.97 0.97 0.38  
   η= 0.97 0.97 0.97 0.69  
 

  

 

          
      

β= 0.60 0.60 0.54 0.28 
 

             
   Vrms= 0.0214 0.0043 0.0025 0.0097 m/s 
Stiffness            
             
  

 

         
    2.11 2.11 2.11 0.63  
   bef= 0.6 2.11 2.11 0.63 m 

            
F 1000 N           
 

             
 

 

 W 1kN= 0.64 0.18 0.18 0.81 mm 

            
Overview   Transient Transient Transient Transient Calculation 

   f1= 13.9 13.9 19.2 32.3 Hz 

   R= 28.83 5.77 0.69 0.03  
   aRMS= 0.144 0.029 0.003 0.0002 m/s² 

   VRMS= 0.021 0.004 0.003 0.010 m/s 

   W1kN= 0.64 0.18 0.18 0.81 mm 
 

0.65 0.01 ∗ 
1.22 0.11  

1.52 0.55 	 
	1.0 1.5, 	 

	 0.69 
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Vibrations criteria  

TCC 
beam 

TCC floor TCC floor 
2-way 
span 

Timber 
floor 

 

Frequency criteria  Sufficient Sufficient Sufficient Sufficient  
Stiffness criteria   Sufficient Sufficient Sufficient Sufficient  
 For level   4 1 1 5  
    80% 72% 72% 67%  
Response factor   Insufficient Sufficient Sufficient Sufficient  
 For level   6 2 1 1  
    120% 72% 17% 1%  
Velocity criteria   Insufficient Insufficient Insufficient Insufficient  
 For level   6 6 6 6  
    890% 178% 105% 404%  

 
Using vrms < 
(Rx0.001)   Sufficient Sufficient Sufficient Sufficient  

    6 2 1 3  
    89% 53% 63% 81%  

         

   Floor performance levels 

 Criteria level I level II level III level IV level V level VI 

 Frequency criteria 

4.5  for all floors 

f1 [Hz] ≥ 

 
Stiffness criteria           

 for all floors  0.25 0.5 0.8 1.2 1.6 

 
w1kN [mm] ≤            

 
Response factor R 4 8 12 16 20 24 

 
Acceleration criteria 

R × 0.005 
 

for resonant vibration design 
situations 

 
arms [m/s2] ≤ 

 
Velocity criteria 

R × 0.0001 
 

for transient vibration design 
situations 

 
vrms [m/s] ≤ 

 

  

TCC 
beam 

TCC 
floor 

TCC 
floor Timber floor  

Deflection from 
Abaqus w= 0.656 0.156 0.109 0.458 mm 

       
Stiffness criteria  Sufficient Sufficient Sufficient Sufficient  

 

For 
level 4 1 1 3  

  82% 62% 44% 92%  
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 Hivoss 
Material 
properties   

TCC 
beam TCC floor TCC floor Timber floor 

     
single 
span 

two-way 
span   

Stiffness longitudinal (EI)x 2.10E+06 2.10E+06 2.10E+06 1.57E+06 Nm²/0.6m 

    3.49E+06 3.49E+06 3.49E+06 2.62E+06 Nm²/m 
Stiffness 
transverse  (EI)y 3.95E+05 3.95E+05 3.95E+05 2.40E+03 Nm²/m 
Mass per area  μ 103.9 103.9 103.9 14.54 kg/m 

    173.2 173.2 173.2 24.24 kg/m² 
span   l 4 4 4 4 m 
width   b 0.6 3 3 3 m 

             
Frequency beam  f= 13.98 13.98   32.35 Hz 
 

  

 

           
             
Frequency, two-way span f=     15.04   Hz 
 

              
             
             
Modal mass beam  m= 346.4      kg 
 

 

        
Modal mass, single span m=     519.5   kg 
 

              
Modal mass, two-way span m=   1039.1   145.4 kg 

            
Damping   ζ 2.5 2.5 2.5 2 % 
         

Comfort Class    E D E x  
 

 

2 3
0.49

 

0.5 ∗  

0.25 ∗  

0.5 ∗  
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Figure C-1 Figure to determine the OS-RMS90 value for 2% damping 

 
Figure C-2 Comfort classes of the Hivoss method 
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Figure C-3Flow chart for calculation of dynamic floor responses to walking excitations by a person with 
mass M and the frequency f. [M. Feldmann et al., Design of floor structures for human induced vibrations, 

vol. 3. 2009] 



Graduation thesis J. Klaassen: Dynamic behaviour of timber-concrete floors 

119 

The OS-RMS90 was calculated using the ES-RMS90 tool which followed the steps as shown in 
Figure C-3.  

Input for 1-DOF system  TCC beam Timber floor 
 

    k= 1.57E+06  1.18E+06 N/m 

        
 

    m= 207.8  29.1 kg 

        
 

    c= 3.61E+04  1.17E+04 Ns/m 

        

   

OS-
RMS 3.02  4.78  

Comfort class   D  E  
   94%  37%  

 

The OS-RMS90 class was also calculated from the measurements as described in the literature 
review. The admittance was put in via the real and imaginary values from the frequency response. 
This gave the following values: 

 Timber floor TCC  floor TCC  floor,  
2-way span 

TCC beam 

 test OS-RMS90 test OS-RMS90 test OS-
RMS90 

test OS-
RMS90 

 1.1 8.7103 1.6 0.91 1.0 0.97687 2.0 5.614 

 1.2 9.1338 1.7 1.375 1.1 1.021 3.0 4.4835 

 2.0 8.5769 1.12 1.1598 2.0 1.8097 4.3 4.0747 

 3.1 8.7592 2.0 1.0158 2.1 1.7554 7.0 4.1324 

 4.0 7.7207 2.5 1.1867 2.2 0.9959 9.0 5.9234 

Average 
 

8.580 
 

1.129 
 

1.312 
 

4.846 

Class  E  D  D  E 

OS-RMS90/max 67%  35%  41%  38% 

 

  

k 48 /  

0.5

2√



Graduation thesis J. Klaassen: Dynamic behaviour of timber-concrete floors 

120 

 AISC 

     

TCC 
beam TCC floor Timber floor 

Properties:          

 Stiffness longitudinal (EI)L 2.10E+06 2.10E+06 1.57E+06 Nm²/0.6m 

     3.49E+06 3.49E+06 2.62E+06 Nm²/m 

 Stiffness transverse  (EI)T 3.95E+05 3.95E+05 2.40E+03 Nm²/m 

 Mass per area  w 103.9 103.9 14.54 kg/m 

     173.2 173.2 24.24 kg/m² 

 span   L 4 4 4 m 

 width   b 0.6 3 3 m 

           
Effective weight          
 

 

        
         
         
C= 2 (joist floor)        
 Moment of inertia slab Dc= 1.2E+07 1.2E+07 4.9E+05 mm³ 

 moment of inertia beam Dj= 6.5E+07 6.5E+07 6.5E+07 mm³ 

 

 

 B 5.3 5.3 2.3 m 

   0.4 2 2 m 

         
 

 

W= 277.1 1385.5 193.9 kg 
2.74 13.72 1.92 kN 

           
Deflection          
 

 

        
  ∆= 1.653 1.653 0.309 mm 

         
Frequency 1          
 

            
           
g 9860 mm/s²  fn= 13.90 13.90 32.17 Hz 

           
Comfort criteria          
Residences/Offices          
P0 290 kN         
β 0.02          
a/g 0.50%          
           
 

     a/g= 0.4 0.08 0.001 % 

           
a/g < 0.5 %  Sufficient Sufficient Sufficient  
     81% 16% 0.2%  

 

∆
5
384

 

 

2
3
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Stiffness criteria          
 

            
           
           
P1 1 kN  ∆= 0.636 0.636 0.849 mm 

           
∆ < 1 mm/kN  Sufficient Sufficient Sufficient  
     64% 64% 85%  

 

  

TCC 
beam TCC floor 

TCC floor 
2-way 
span 

Timber 
floor  

Deflection from 
Abaqus ∆= 0.656 0.156 0.109 0.458 mm 

       
∆ < 1mm/kN  Sufficient Sufficient Sufficient Sufficient  
  66% 16% 11% 46%  
       
Acceleration from  
heel-drop test aRMS 2.25 0.751 0.672 3.37 m/s² 

       
g = 9.86 m/s² a/g 0.23 0.08 0.07 0.34 % 

a/g < 0.5% Sufficient Sufficient Sufficient Sufficient 

  46% 15% 14% 68%  
 

 

  

∆
48
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 Finite element model calculations 
 

D.1 Timber beam 
 Input  

Timber Beam 

b 68 mm 

h 267 mm 

l 4500 mm 

ρ 440 kg/m³ 

ρ 4.40E-
10 

tonne/mm³ 

MoE 11900 N/mm² 
 
The model consists of the timber beam with a span of 4 meters. The beam is supported with one 
hinge and one roller support.  

 Normal supports 
 
Step Input  Output  
Static Line load 1 kN Middle deflection -1.06mm 
Frequency -  1st mode 38.3Hz 

 

 
Figure D-1 Mode of the natural frequency of the timber beam = 38.3 Hz 
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Figure D-2 Horizontal mode of the timber beam = 12.4 Hz 

 Incomplete supports 
When the beam is supported at 3 point there is a torsion mode at 13.6Hz.  

 
Figure D-3 Mode of the torsion frequency of the timber beam = 13.6 Hz 
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D.2 Timber floor 
 Input  

Timber Beam OSB plate 

b 68 mm 3000 mm 

h 267 mm 18 mm 

l 4500 mm 4200 mm 

ρ 440 kg/m³ 600 kg/m³ 

ρ 4.40E-10 tonne/mm³ 6.0E-10 tonne/mm³ 

MoE 11900 N/mm² 49300 N/mm² 
 
The model is built-up with 5 timber beam, distance 600mm, and the OSB plate on top. Every 
200mm the beams will be connected to the OSB plates. The beams have a span of 4 meters and 
are supported with a hinge on one side and a roller on the other side. 

 Results 
Step Input  Output  
Static Point load 1 kN Middle deflection 0.458 mm 
Frequency -  1st mode 33.51 Hz 

 

 
Figure D-4 Mode of the natural frequency of the timber floor = 33.51 Hz 

 
Figure D-5 Front view: Mode of the natural frequency of the timber floor = 33.51 Hz 
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D.3 Connection between timber and concrete 
 Overview 

In the experimental tests the concrete and the timber were connected with a dowel. There were 
several methods tried to simplify the connection for the model. First the desired results were 
calculated using the stiffness calculated from the measured properties. Table D-1 shows the 
overview of the tried options. The first was a completely connected surfaces between the concrete 
and the timer. The second is connected in normal direction but has infinite slip in the other 
directions. For the third the nodes at the location of the dowels are connected. For the fourth there 
were elastic connectors placed on the locations of the dowel.  

Table D-1Overview of the different connection options tried in the model  

Connection Deflection 1kN 
[mm] 

Frequency 
[Hz] 

Calculated values 0.625 14.12 
Completely 0.205 23.97 
Frictionless 0.786 12.9 
11 Points connected 0.422 17.1 
11 connectors 0.656 13.95 

 

 Input  
Timber Beam Concrete slab 

b 68 mm 600 mm 

h 267 mm 65 mm 

l 4500 mm 4200 mm 

ρ 440 kg/m³ 2300 kg/m³ 

ρ 4.40E-
10 

tonne/mm³ 2.3E-09 tonne/mm³ 

MoE 11900 N/mm² 31600 N/mm² 
 

 Calculation 
Timber   C24   
E-mod timber C24  Et 11900 N/mm² 
width timber  bt 68 mm 
height timber  ht 267 mm 
Area timber  At 18156 mm² 

      
Concrete       
E-mod concrete  Ec 31600 N/mm² 
Width concrete  bc 600 mm 
height concrete  hc 65 mm 
Area Concrete  Ac 39000 mm² 

      
Connection     
Slip modulus  K 4000 N/mm 
dowel distance  s 400 mm 

      
Structure      
span   l 4000 mm 
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Effective bending stiffness    

 

 

   

    
I concrete Ic 1.37E+07 mm⁴ 
I timber   It 1.08E+08 mm⁴ 
  

 

  

   

   
cooperation factor  γc 0.0132  
   γt 1  
 

       

      

      
eccentricity concrete ac 154.41 mm 
eccentricity timber  at 11.59 mm 
 

       

      

      
Effective bending stiffness EIeff 2.13E+12 Nmm² 

 

Frequency 
Span   L 4 m 
Length timber beam L 4.5 m 
Length concrete  L 4.2 m 
Area timber  A 0.018 mm² 
Area concrete  A 0.039 mm² 
Bending stiffness  EI 2.13E+06 Nm² 
Density timber  ρ 440 kg/mᶟ 
Density concrete  ρ 2300 kg/mᶟ 

 
 

  

   

   
First eigenfrequency f 14.1 Hz 

 

Deflection     
Span   L 4 m 
Bending stiffness  EI 2.13E+12 Nm² 
Force   F 1000 N 

 
 

   

    
deflection  w 0.625 mm 

 

  

2
 

1
12

 

48
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 Completely connected 
The size of the mesh had influence on the frequency and the mode shape. A finer mesh produced 
better results.  

Mesh Step Input  Output  
Mesh 50mm Frequency -  1st mode 22.47 Hz 
Mesh 25mm Static Line 

load 
1 kN Middle 

deflection 
-0.205mm 

 Frequency -  1st mode 23.97 Hz 
 

 
Figure D-6 Mode of the natural frequency of the TCC beam, surfaces connected = 22.471 Hz 

 
Figure D-7 Mode of the natural frequency of the TCC beam, surfaces connected (finer mesh)= 23.97 Hz 
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 Points connected 
The size of the mesh had influence on the frequency and the mode shape. A finer mesh produced 
better results.  

Mesh Step Input  Output  
Mesh 50mm Frequency -  1st mode 14.66 Hz 
Mesh 25mm Static Line 

load 
1 kN Middle 

deflection 
-0.422mm 

 Frequency -  1st mode 17.12 Hz 
 

 
Figure D-8 Mode of the natural frequency of the TCC beam, 11 points connected = 14.66Hz 

 
Figure D-9 Mode of the natural frequency of the TCC beam, 11 points connected (finer mesh)= 17.120 Hz 
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 Frictionless 
Step Input  Output  
Static Line load 1 kN Middle deflection -0.786mm 
Frequency -  1st mode 12.89 Hz 

 

 
Figure D-10 Mode of the natural frequency of the TCC beam, surfaces frictionless connected = 12.889 Hz 

 Connectors 

Values from small model 
To determine the input value for the connector the connector was placed on a small model. The 
model consists of two cubes of 100x100x200mm. One of the boxes had to properties of the concrete 
and one the properties of the timber. The left box was pinned on the bottom and the right a roller 
support. A point load was placed on the right box in the z direction. The surfaces had a ‘hard’  
contact for normal behaviour and a frictionless tangential behaviour. The connector was placed in 
the middle as shown in Figure D-11. The point load in the z direction will create a displacement of 
the right cube. The relation of the force and the deformation of the middle node will show the 
behaviour of the connector in combination with the materials.  

Figure D-11 Small model with connector in the middle and point load in the z direction (left) associated 
deflection (right) 
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Table D-2 shown the results from different input values for the flexural stiffness, for D22 and D33, 
of the connector. With an input value of D22=D33=4250 the force divided by the deformation at 
the connector is similar to the slip modulus of 4000 N/mm.  

Table D-2 Relation between the force and the deformation of the connector 

Input flexural 
stiffness 

Force 
[N] 

Deformation 
[mm] 

Stiffness 
[N/mm] 

4000 100 0.0267 3750 
4250 100 0.0252 3968 
4500 100 0.0240 4170 

Large model 

Step Input  Output  
Static Line load 1 kN Middle deflection -0.656mm 
Frequency -  1st mode 13.95 Hz 

 

 
Figure D-12 Mode of the natural frequency of the TCC beam, 11 Connectors = 13.95 Hz 
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D.4 TCC beams 
 Input  

Timber Beam Concrete slab 

b 68 mm 600 mm 

h 267 mm 65 mm 

l 4500 mm 4200 mm 

ρ 440 kg/m³ 2300 kg/m³ 

ρ 4.40E-
10 

tonne/mm³ 2.3E-
09 

tonne/mm³ 

MoE 11900 N/mm² 31600 N/mm² 

The model is built-up with a timber beam and the concrete slab on top. Every 400mm the beam 
will be connected to the concrete, with a stiffness of 4250N/mm. The beam has a span of 4 meters 
and is supported with a hinge on one side and a roller on the other side. 

 Results 
Step Input  Output  
Static Line load 1 kN Middle deflection -0.656 mm 
Frequency -  1st mode 13.95 Hz 
   2nd mode 38.32 Hz 
   2nd mode 54.346 Hz 
Steady state modal 
dynamics 

Area load 
 

1kN Frequency spectrum  

 
TCC beam modal 
mass 

Freq generalized mass 
[tonne] 

total mass 
[tonne] 

percentage 

Mode 1 13.95 0.200 0.413 48.5% 
 

 
Figure D-13 Mode of the natural frequency of the TCC beam = 13.95 Hz 
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Figure D-14 Mode of a second natural frequency of the TCC beam = 38.32 Hz 

 
Figure D-15 Mode of  a second natural frequency of the TCC beam = 54.35 Hz 
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Figure D-16 Nodes used in Steady state modal dynamics, Top view TCC beam 

 
Figure D-17 Frequency spectrum TCC beam 

To determine the percentage of mass which is brought into vibration, the modal mass, the 
following calculation was performed. The normalized deflection was determined from the mode 
shape of the frequency calculation. When the normalized deflection of a node is multiplied with 
the mass of that node the summation is the modal mass, as shown in Equation D-1. 

	

 

D-1 

To simplify the calculation the modal mass of a single node line was calculated to find the 
percentage of the total load. The values of this calculation are shown in Table D-3 

Table D-3 Calculation for the modal mass of the TCC beam 
 

Modal mass 
nodes [kg] 

Total mass 
nodes [kg]  

Percentage Total mass 
[kg] 

Modal mass 
[kg] 

TCC Beam 8.67 18.17 47.73% 435.96 208.09 
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D.5 TCC floor 
 Input  

Timber Beam Concrete slab 

b 68 mm 3000 mm 

h 267 mm 65 mm 

l 4500 mm 4200 mm 

ρ 440 kg/m³ 2300 kg/m³ 

ρ 4.40E-
10 

tonne/mm³ 2.3E-09 tonne/mm³ 

MoE 11900 N/mm² 31600 N/mm² 

The model is built-up with 5 timber beam, distance 600mm, and the concrete slab on top. Every 
400mm the beams will be connected to the concrete, with a stiffness of 4250N/mm. The beams 
have a span of 4 meters and are supported with a hinge on one side and a roller on the other 
side. 

 Results 
Step Input  Output  
Static Line load 1 kN Middle deflection 0.156 mm 
Frequency -  Mode (0,1) 14.00 Hz 
   Mode (1,0) 54.75 Hz 
   Mode (0,2) 38.78 Hz 
Steady state modal 
dynamics 

Area load 
 

1 kN Frequency spectrum  

 

TCC floor modal 
mass 

Freq generalized mass 
[tonne] 

total mass 
[tonne] 

percentage 

Mode 1 14.0 0.863 2.063 41.8% 
 

 
Figure D-18 Mode of the first natural frequency (0,1)  of the TCC floor = 14.00 Hz 
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Figure D-19 Mode of the first natural frequency  in the second direction (1,0) of the TCC floor = 38.78 Hz 

 
Figure D-20 Mode of the second natural frequency(2,0) of the TCC floor = 55.5 Hz 
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Figure D-21 Nodes used in Steady state modal dynamics, Top view TCC floor 

 
Figure D-22 Frequency spectrum TCC floor 
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The modal mass is determined with the same formula as used for the TCC beam. To simplify the 
calculation percentage of the total mass is calculated through the middle point in longitudinal and 
transverse direction. For a line in both directions the modal mass and the percentage of the total 
mass is calculated, the nodes are shown in red in Figure 4-1. 

 
Figure D-23 nodes for the calculation of the modal mass; transverse direction (Left), longitudinal direction 

(Right) 

Table D-2 shows the modal mass calculated for a single line on nodes in both the longitudinal 
and transverse direction. From that the percentage of the mass is calculated. Those percentages 
are multiplied, and the percentage of the total mass is calculated. The results show that for the 
orthotropic concrete with a higher transverse stiffness the modal mass is also hinger.  

Table D-4 Calculation for the modal mass of the TCC floor 
 

Modal mass 
nodes [kg] 

Total mass 
nodes [kg]  

Percentage 

Longitudinal 8.67 18.17 47.75% 

Transverse 10.94 12.98 84.32%  
PERCENTAGE  TOTAL 

MASS  [KG]  
MODAL 
MASS  
[KG] 

Total floor 40.26% 2180 877.58 
 

 Results - Sides supported 
The TCC floor was also supported at both sides with rollers same as the experimental tests. 

Step Input  Output  
Static Line load 1 kN Middle deflection -0.109mm 
Frequency -  Mode (1,1) 23.21 Hz 
   Mode (2,0) 54.35 Hz 

   Mode (0,2) 60.05 Hz 
 
TCC floor modal 
mass 

Freq generalized mass 
[tonne] 

total mass 
[tonne] 

percentage 

Mode 1 23.21 0.485 2.063 23.5% 

 



Graduation thesis J. Klaassen: Dynamic behaviour of timber-concrete floors 

138 

 
Figure D-24 Mode of the first natural frequency (1,1) of the TCC floor supported = 23.21 Hz 

 

 
Figure D-25 Second mode in the second direction (2,0) of the TCC floor Supported = 54.35 Hz 
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Figure D-26 Mode of the second natural frequency (0,2) of the TCC floor supported = 60.05 Hz 

Table D-5 Calculation for the modal mass of the TCC floor with sides supported 
 

Modal mass 
nodes [kg] 

Total mass 
nodes [kg]  

Percentage 

Longitudinal 8.55 18.17 47.05% 

Transverse 6.50 12.98 50.09%  
Percentage  Total mass  

[kg]  
Modal mass  
[kg] 

Total floor 23.57% 2180 513.67 
 

 Results - Increased transverse stiffness 
To analyse the influence of the transverse stiffness the concrete was changed to an orthotropic 
material with a different MoE in the transverse direction. The MoE was doubled to 63200 N/mm² 
to show the changes.  

Step Input  Output  
Static Line load 1 kN Middle deflection -0.139 mm 
Frequency -  Mode (0,1)  14.06 Hz 
   Mode (1,0)  52.25 Hz 
   Mode (0,2)  55.17 Hz 

 
TCC floor modal 
mass 

Freq generalized mass 
[tonne] 

total mass 
[tonne] 

percentage 

Mode 1 14.1 0.854 2.063 41.4% 
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Figure D-27 Mode of the first natural frequency (0,1) of the TCC floor with increased transverse stiffness 

= 14.06 Hz 

 
Figure D-28 Mode of the first natural frequency  in the second direction(1,0) of the TCC floor with 

increased transverse stiffness = 52.25 Hz 
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Figure D-29 Mode of the second natural frequency (0,2) of the TCC floor with increased transverse 

stiffness = 55.17 Hz 

Table D-6 Calculation for the modal mass of the TCC floor with orthotropic concrete 
 

Modal mass 
nodes [kg] 

Total mass 
nodes [kg]  

Percentage 

Longitudinal 8.67 18.17 47.74% 

Transverse 10.83 12.98 83.47%  
Percentage  Total mass  

[kg]  
Modal mass  
[kg] 

Total floor 39.84% 2180 868.5 
 

 Results - Sides supported and increased transverse stiffness 
The TCC floor was also supported at both sides with rollers same as the experimental tests. IN 
additions the MoE was doubled to 63200 N/mm². 

Step Input  Output  
Static Line load 1 kN Middle deflection -0.0703mm 
Frequency -  Mode (1,1) 28.88 Hz 
   Mode (2,0) 64.91 Hz 
   Mode (0,2) 77.18 Hz 

 
TCC floor modal 
mass 

Freq generalized mass 
[tonne] 

total mass 
[tonne] 

percentage 

Mode 1 28.88 0.486 2.063 23.5% 
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Figure D-30 Mode of the first natural frequency(1,1) of the TCC floor supported with increases transverse 

stiffness = 28.88 Hz 

 
Figure D-31 Mode of the first natural frequency in the second direction(2,0)  of the TCC floor supported 

with increases transverse stiffness = 65.91 Hz 
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Figure D-32 Mode of the second natural frequency (0,2) TCC floor supported with increases transverse 

stiffness = 77.18 Hz 

Table D-7 Calculation for the modal mass of the TCC floor with orthotropic concrete and sides supported 
 

Modal mass 
nodes [kg] 

Total mass 
nodes [kg]  

Percentage 

Longitudinal 8.56 18.17 47.12% 

Transverse 6.50 12.98 50.07%  
Percentage  Total mass [kg]  Modal mass  [kg] 

Total floor 23.59% 2180 514.29 

 

  



Graduation thesis J. Klaassen: Dynamic behaviour of timber-concrete floors 

144 

  Script TCC Beam with Connectors 
 
1 # -*- coding: mbcs -*- 
2 from part import * 
3 from material import * 
4 from section import * 
5 from assembly import * 
6 from step import * 
7 from interaction import * 
8 from load import * 
9 from mesh import * 
10 from optimization import * 
11 from job import * 
12 from sketch import * 
13 from visualization import * 
14 from connectorBehavior import * 
15 from abaqusConstants import * 
16 
17 session.journalOptions.setValues(replayGeometry=COORDINATE, 
recoverGeometry=COORDINATE) 
18 
19 myModel = mdb.models['Model-1'] 
20 
21 #beam Definition 
22 myModel.ConstrainedSketch(name='__profile__', sheetSize=4000.0) 
23 myModel.sketches['__profile__'].rectangle(point1=(0.0, 0.0), 
24 point2=(4500.0, 267.0)) 
25 myBeam = myModel.Part(dimensionality=THREE_D, name='Beam', type= 
26 DEFORMABLE_BODY) 
27 myBeam.BaseSolidExtrude(depth=68.0, sketch= 
28 myModel.sketches['__profile__']) 
29 del myModel.sketches['__profile__'] 
30 myModel.Material(name='Timber') 
31 myModel.materials['Timber'].Elastic(table=((11900.0, 0.3), )) 
32 myModel.materials['Timber'].Density(table=((4.4e-10, ), )) 
33 myModel.HomogeneousSolidSection(material='Timber', name='Beam', thickness=None) 
34 myBeam.Set(cells= 
35 myBeam.cells.getSequenceFromMask(('[#1 ]', ), ), name='Beam') 
36 myBeam.SectionAssignment(offset=0.0, offsetField= 
37 '', offsetType=MIDDLE_SURFACE, region=myBeam.sets['Beam'], 
38 sectionName='Beam', thicknessAssignment=FROM_SECTION) 
39 myBeam.DatumPointByCoordinate(coords=(250.0, 0.0, 68.0)) 
40 myBeam.DatumPointByCoordinate(coords=(4250.0, 0.0, 68.0)) 
41 
42 #Partition beam 
43 mdb.models['Model-1'].parts['Beam'].PartitionFaceByShortestPath(faces= 
44 mdb.models['Model-1'].parts['Beam'].faces.findAt(((1500.0, 267.0, 
45 45.333333), )), point1= 
46 mdb.models['Model-1'].parts['Beam'].InterestingPoint( 
47 mdb.models['Model-1'].parts['Beam'].edges.findAt((0.0, 267.0, 17.0), ), 
48 MIDDLE), point2=mdb.models['Model-1'].parts['Beam'].InterestingPoint( 
49 mdb.models['Model-1'].parts['Beam'].edges.findAt((4500.0, 267.0, 17.0), ), 
50 MIDDLE)) 
51 
52 SpacingDowel = 400.0 
53 Span = 4000.0 
54 numDowels = (Span/SpacingDowel)+1 
55 
56 for i in range(int(numDowels)): 
57mdb.models['Model-1'].parts['Beam'].DatumPointByCoordinate  
58 (coords=((250.0+(i*SpacingDowel),267.0, 34.0))) 
59 
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60 mdb.models['Model-1'].parts['Beam'].PartitionEdgeByPoint(edge= 
61 mdb.models['Model-1'].parts['Beam'].edges.findAt((250.0, 267.0, 34.0), ), 
62 point=mdb.models['Model-1'].parts['Beam'].datums[6]) 
63 mdb.models['Model-1'].parts['Beam'].PartitionEdgeByPoint(edge= 
64 mdb.models['Model-1'].parts['Beam'].edges.findAt((650.0, 267.0, 34.0), ), 
65 point=mdb.models['Model-1'].parts['Beam'].datums[7]) 
66 mdb.models['Model-1'].parts['Beam'].PartitionEdgeByPoint(edge= 
67 mdb.models['Model-1'].parts['Beam'].edges.findAt((1050.0, 267.0, 34.0), ), 
68 point=mdb.models['Model-1'].parts['Beam'].datums[8]) 
69 mdb.models['Model-1'].parts['Beam'].PartitionEdgeByPoint(edge= 
70 mdb.models['Model-1'].parts['Beam'].edges.findAt((1450.0, 267.0, 34.0), ), 
71 point=mdb.models['Model-1'].parts['Beam'].datums[9]) 
72 mdb.models['Model-1'].parts['Beam'].PartitionEdgeByPoint(edge= 
73 mdb.models['Model-1'].parts['Beam'].edges.findAt((1850.0, 267.0, 34.0), ), 
74 point=mdb.models['Model-1'].parts['Beam'].datums[10]) 
75 mdb.models['Model-1'].parts['Beam'].PartitionEdgeByPoint(edge= 
76 mdb.models['Model-1'].parts['Beam'].edges.findAt((2250.0, 267.0, 34.0), ), 
77 point=mdb.models['Model-1'].parts['Beam'].datums[11]) 
78 mdb.models['Model-1'].parts['Beam'].PartitionEdgeByPoint(edge= 
79 mdb.models['Model-1'].parts['Beam'].edges.findAt((2650.0, 267.0, 34.0), ), 
80 point=mdb.models['Model-1'].parts['Beam'].datums[12]) 
81 mdb.models['Model-1'].parts['Beam'].PartitionEdgeByPoint(edge= 
82 mdb.models['Model-1'].parts['Beam'].edges.findAt((3050.0, 267.0, 34.0), ), 
83 point=mdb.models['Model-1'].parts['Beam'].datums[13]) 
84 mdb.models['Model-1'].parts['Beam'].PartitionEdgeByPoint(edge= 
85 mdb.models['Model-1'].parts['Beam'].edges.findAt((3450.0, 267.0, 34.0), ), 
86 point=mdb.models['Model-1'].parts['Beam'].datums[14]) 
87 mdb.models['Model-1'].parts['Beam'].PartitionEdgeByPoint(edge= 
88 mdb.models['Model-1'].parts['Beam'].edges.findAt((3850.0, 267.0, 34.0), ), 
89 point=mdb.models['Model-1'].parts['Beam'].datums[15]) 
90 mdb.models['Model-1'].parts['Beam'].PartitionEdgeByPoint(edge= 
91 mdb.models['Model-1'].parts['Beam'].edges.findAt((4250.0, 267.0, 34.0), ), 
92 point=mdb.models['Model-1'].parts['Beam'].datums[16]) 
93 
94 #Mesh Beam 
95 mdb.models['Model-1'].parts['Beam'].seedPart(deviationFactor=0.1, 
96 minSizeFactor=0.1, size=25.0) 
97 mdb.models['Model-1'].parts['Beam'].seedEdgeByNumber(constraint=FINER,  
98 edges= mdb.models['Model-1'].parts['Beam'].edges.findAt(((0.0, 267.0,8.5),  
99 ), ((0.0, 267.0, 42.5), ), ), number=2) 
100 mdb.models['Model-1'].parts['Beam'].generateMesh() 
101 
102 #Concrete Definition 
103 ConcreteE = 31600 
104 
105 myModel.ConstrainedSketch(name='__profile__', sheetSize=4000.0) 
106 myModel.sketches['__profile__'].rectangle(point1=(0.0, 0.0), 
107 point2=(4200.0, 65.0)) 
108 myConcrete = myModel.Part(dimensionality=THREE_D, name='Concrete', type= 
109 DEFORMABLE_BODY) 
110 myConcrete.BaseSolidExtrude(depth=600.0, sketch= 
111 myModel.sketches['__profile__']) 
112 del myModel.sketches['__profile__'] 
113 myModel.Material(name='Concrete') 
114 myModel.materials['Concrete'].Density(table=((2.3e-09, ), )) 
115 myModel.materials['Concrete'].Elastic(table=((ConcreteE, 0.3), )) 
116 myModel.HomogeneousSolidSection(material='Concrete', name='Concrete', 
117 thickness=None) 
118 myConcrete.Set(cells= 
119 myConcrete.cells.getSequenceFromMask(('[#1 ]', ), ), name='Concrete') 
120 myConcrete.SectionAssignment(offset=0.0, 
121 offsetField='', offsetType=MIDDLE_SURFACE, region= 
122 myConcrete.sets['Concrete'], sectionName='Concrete', 
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123 thicknessAssignment=FROM_SECTION) 
124 
125 #Partition concrete 
126 mdb.models['Model-1']. parts['Concrete'].PartitionFaceByShortestPath(faces= 
127 mdb.models['Model-1'].parts['Concrete'].faces.findAt(((2800.0, 0.0,400.0)  
128 , )), point1=mdb.models['Model-1'].parts['Concrete'].InterestingPoint( 
129 mdb.models['Model-1'].parts['Concrete'].edges.findAt((0.0, 0.0, 150.0),), 
130 MIDDLE), point2=mdb.models['Model-1'].parts['Concrete'].InterestingPoint( 
131 mdb.models['Model-1'].parts['Concrete'].edges.findAt((4200.0, 0.0,150.0), 
132 ), MIDDLE)) 
133 for i in range(int(numDowels)): 
134 mdb.models['Model-1'].parts['Concrete'].DatumPointByCoordinate  
135 (coords=((100.0+(i*SpacingDowel),0.0, 300.0))) 
136 
137 mdb.models['Model-1'].parts['Concrete'].PartitionEdgeByPoint(edge= 
138 mdb.models['Model-1'].parts['Concrete'].edges.findAt((100.0, 0.0, 300.0), 
139 ), point=mdb.models['Model-1'].parts['Concrete'].datums[4]) 
140 mdb.models['Model-1'].parts['Concrete'].PartitionEdgeByPoint(edge= 
141 mdb.models['Model-1'].parts['Concrete'].edges.findAt((500.0, 0.0, 300.0), 
142 ), point=mdb.models['Model-1'].parts['Concrete'].datums[5]) 
143 mdb.models['Model-1'].parts['Concrete'].PartitionEdgeByPoint(edge= 
144 mdb.models['Model-1'].parts['Concrete'].edges.findAt((900.0, 0.0, 300.0), 
145 ), point=mdb.models['Model-1'].parts['Concrete'].datums[6]) 
146 mdb.models['Model-1'].parts['Concrete'].PartitionEdgeByPoint(edge= 
147 mdb.models['Model-1'].parts['Concrete'].edges.findAt((1300.0, 0.0,300.0), 
148 ), point=mdb.models['Model-1'].parts['Concrete'].datums[7]) 
149 mdb.models['Model-1'].parts['Concrete'].PartitionEdgeByPoint(edge= 
150 mdb.models['Model-1'].parts['Concrete'].edges.findAt((1700.0, 0.0,300.0), 
151 ), point=mdb.models['Model-1'].parts['Concrete'].datums[8]) 
152 mdb.models['Model-1'].parts['Concrete'].PartitionEdgeByPoint(edge= 
153 mdb.models['Model-1'].parts['Concrete'].edges.findAt((2100.0, 0.0,300.0), 
154 ), point=mdb.models['Model-1'].parts['Concrete'].datums[9]) 
155 mdb.models['Model-1'].parts['Concrete'].PartitionEdgeByPoint(edge= 
156 mdb.models['Model-1'].parts['Concrete'].edges.findAt((2500.0, 0.0,300.0), 
157 ), point=mdb.models['Model-1'].parts['Concrete'].datums[10]) 
158 mdb.models['Model-1'].parts['Concrete'].PartitionEdgeByPoint(edge= 
159 mdb.models['Model-1'].parts['Concrete'].edges.findAt((2900.0, 0.0,300.0), 
160 ), point=mdb.models['Model-1'].parts['Concrete'].datums[11]) 
161 mdb.models['Model-1'].parts['Concrete'].PartitionEdgeByPoint(edge= 
162 mdb.models['Model-1'].parts['Concrete'].edges.findAt((3300.0, 0.0,300.0), 
163 ), point=mdb.models['Model-1'].parts['Concrete'].datums[12]) 
164 mdb.models['Model-1'].parts['Concrete'].PartitionEdgeByPoint(edge= 
165 mdb.models['Model-1'].parts['Concrete'].edges.findAt((3700.0, 0.0,300.0), 
166 ), point=mdb.models['Model-1'].parts['Concrete'].datums[13]) 
167 mdb.models['Model-1'].parts['Concrete'].PartitionEdgeByPoint(edge= 
168 mdb.models['Model-1'].parts['Concrete'].edges.findAt((4100.0, 0.0,300.0), 
169 ), point=mdb.models['Model-1'].parts['Concrete'].datums[14]) 
170 
171 #Mesh concrete 
172 myConcrete.seedPart(deviationFactor=0.1, 
173 minSizeFactor=0.1, size=25.0) 
174 myConcrete.generateMesh() 
175 
176 #Assembly 
177 myBeamInstance = mdb.models['Model-1'].rootAssembly.Instance  
178 (dependent=ON,name='Beam-1', part=mdb.models['Model-1'].parts['Beam']) 
179 myConcreteInstance = mdb.models['Model-
1'].rootAssembly.Instance(dependent=ON,name='Concrete-1', 
180 part=mdb.models['Model-1'].parts['Concrete']) 
181 myAssembly = myModel.rootAssembly 
182 
183 #Translate 
184 myModel.rootAssembly.translate(instanceList=('Concrete-1', ), vector=(150.0, 267.0,-266.0)) 
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185 
186 #BC 
187 myAssembly.Set(name='BC-L', nodes=myBeamInstance.nodes.getByBoundingBox 
(xMin=245,yMin=-5, zMin=-5, xMax=255, yMax=5, zMax=72)) 
188 myAssembly.Set(name='BC-R', nodes=myBeamInstance.nodes.getByBoundingBox 
(xMin=4245,yMin=-5, zMin=-5, xMax=4255, yMax=5, zMax=72)) 
189 
190 mdb.models['Model-1'].DisplacementBC(amplitude=UNSET, createStepName='Initial', 
191 distributionType=UNIFORM, fieldName='', localCsys=None, name='BC-L', 
192 region=mdb.models['Model-1'].rootAssembly.sets['BC-L'], u1=UNSET, u2=SET, 
193 u3=SET, ur1=SET, ur2=UNSET, ur3=SET) 
194 mdb.models['Model-1'].DisplacementBC(amplitude=UNSET, createStepName='Initial', 
195 distributionType=UNIFORM, fieldName='', localCsys=None, name='BC-R', 
196 region=mdb.models['Model-1'].rootAssembly.sets['BC-R'], u1=SET, u2=SET, 
197 u3=SET, ur1=SET, ur2=UNSET, ur3=SET) 
198 
199 #Surface interaction: frictionless 
200 mdb.models['Model-1'].parts['Beam'].Surface(name='Surf-1', side1Faces= 
201 mdb.models['Model-1'].parts['Beam'].faces.findAt(((1500.0, 267.0, 
202 22.666667), ), ((3000.0, 267.0, 45.333333), ), )) 
203 mdb.models['Model-1'].parts['Concrete'].Surface(name='Surf-1',side1Faces= 
204 mdb.models['Model-1'].parts['Concrete'].faces.findAt(((1400.0, 0.0,  
205 400.0),), ((2800.0, 0.0, 200.0), ), )) 
206 
207 mdb.models['Model-1'].rootAssembly.regenerate() 
208 mdb.models['Model-1'].ContactProperty('IntProp-1') 
209 mdb.models['Model-1'].interactionProperties['IntProp-1']  
210 .TangentialBehavior(formulation=FRICTIONLESS) 
211 mdb.models['Model-1'].interactionProperties['IntProp-1'].NormalBehavior( 
212 allowSeparation=OFF, constraintEnforcementMethod=DEFAULT, 
213 pressureOverclosure=HARD) 
214 mdb.models['Model-1'].SurfaceToSurfaceContactStd(adjustMethod=NONE, 
215 clearanceRegion=None, createStepName='Initial', datumAxis=None, 
216 initialClearance=OMIT, interactionProperty='IntProp-1', master= 
217 mdb.models['Model-1'].rootAssembly.instances['Beam-1'].surfaces['Surf-1']  
218 ,name='Int-1', slave= 
219 mdb.models['Model-1'].rootAssembly.instances['Concrete- 
220 1'].surfaces['Surf-1'], sliding=FINITE, thickness=ON) 
221 
222 #Wires and Connectors 
223 D22 = 4250.0 
224 D33 = 4250.0 
225 mdb.models['Model-1'].ConnectorSection(name='ConnSect-1',  
226 translationalType=CARTESIAN) 
227 mdb.models['Model-1'].sections['ConnSect-1'].setValues(behaviorOptions=( 
228 ConnectorElasticity(table=((D22, D33), ), independentComponents=(), 
229 components=(1, 3)), )) 
230 
231 # SpacingDowel = 400.0 
232 # Span = 4000.0 
233 # numDowels = (Span/SpacingDowel)+1 
234 
235 for i in range(int(numDowels)): 
236 mdb.models['Model-1'].rootAssembly.WirePolyLine(mergeType=IMPRINT, meshable=OFF,points=(( 
237 myBeamInstance.vertices.findAt((250.0+(i*SpacingDowel), 267.0, 34.0), ), 
238 myConcreteInstance.vertices.findAt((250.0+(i*SpacingDowel), 267.0, 34.0), ),))) 
239 
240 mdb.models['Model-1'].rootAssembly.Set(edges= 
241 mdb.models['Model-1'].rootAssembly.edges.getByBoundingCylinder(center1=(-1.0,267.0,34.0), 
242 center2=(4501.0,267.0,34.0), radius=10), name='Wire-1-Set-1') 
243 mdb.models['Model-1'].rootAssembly.SectionAssignment(region= 
244 mdb.models['Model-1'].rootAssembly.sets['Wire-1-Set-1'], sectionName= 
245 'ConnSect-1') 
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246 
247 #input steps 
248 #Set Middle 
249 myAssembly.Set(name='ConcreteMiddle', nodes= 
myConcreteInstance.nodes.getByBoundingSphere(center = (2250, 332, 34), radius = 10)) 
250 myAssembly.Set(name='ConcreteMiddle2', nodes= 
myConcreteInstance.nodes.getByBoundingSphere(center = (3250, 332, 34), radius = 10)) 
251 myAssembly.Set(name='ConcreteLine2', 
nodes=myConcreteInstance.nodes.getByBoundingCylinder(center1=(150, 332, 34), 
center2=(4350 ,332, 34), radius=10)) 
252 
253 #Set Load Area 
254 myAssembly.Set(name='LoadArea', nodes= 
myConcreteInstance.nodes.getByBoundingBox(xMin=1990, yMin=330, zMin=-220, 
xMax=2510,yMax=335, zMax=290)) 
255 myAssembly.Set(name='Load', 
nodes=myConcreteInstance.nodes.getByBoundingBox(xMin=2240, yMin=330, zMin=-270,xMax=2260, 
yMax=335, zMax=340)) 
256 
257 #job 
258 mdb.Job(name= 'TCCBeamConnectorFin', model='Model-1') 
259 
260 #Static 
261 mdb.models['Model-1'].StaticStep(name='Static-1', previous='Initial') 
262 mdb.models['Model-1'].ConcentratedForce(cf2=-40.0, 
createStepName='Static-1', 
263 distributionType=UNIFORM, field='', localCsys=None, name='Load-Static', 
264 region=mdb.models['Model-1'].rootAssembly.sets['Load']) 
265 
266 #Step Freq 
267 mdb.models['Model-1'].FrequencyStep(maxEigen=100.0, minEigen=5.0,  
268 name='Freq',numEigen=20, previous='Static-1') 
269 
270 #Step SteadyStateModalStep 
271 mdb.models['Model-1'].SteadyStateModalStep(frequencyRange=((1.0, 60.0,20, 
272 3.0), ), name='SteadyStateModal', previous='Freq') 
273 mdb.models['Model-1'].ConcentratedForce(cf2=(-1000+0j), createStepName= 
274 'SteadyStateModal', distributionType=UNIFORM, field='', localCsys=None, 
275 name='Load-Steady', region=mdb.models['Model-1'] .rootAssembly.sets['LoadArea']) 
276 
277 #submit 
278 mdb.jobs['TCCBeamConnectorFin'].submit(consistencyChecking=OFF 
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 Results bending tests 
 
This Annex will show the results of the bending tests on the timber beams and the TCC beams. 
For the timber beams and the TCC beams the stiffness was determined with the relative 
displacement. After the stiffness was determined the TCC beams were loaded till failure. Figure 
3-26 shows the test set-up for the failure tests of the TCC beams. For determining the stiffness 
of the timber beams and TCC beams the load, relative displacement, and total displacement were 
used.  

 
Figure F-1 Test-setup for failure test with the measurement locations 

F.1 Timber beams 
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 Stiffness calculations 

, 16
 

16
 

Beam 02     Beam 07    

 F [kN] w [mm]    F [kN] w [mm]  

0,2*Fest 2.063 0.209   0,2*Fest 2.063 0.2276  

0,3*Fest 6.073 0.567   0,3*Fest 6.073 0.6311  

         
I  1.08E+08   I  1.08E+08  
local E = 13704  local E = 12165 

Stiffness EI = 1.48E+12  Stiffness EI = 1.31E+12 

         
Beam 03     Beam 09    

 F [kN] w [mm]    F [kN] w [mm]  

0,2*Fest 2.15 0.194   0,2*Fest 2.0203 0.1831  

0,3*Fest 6.02 0.547   0,3*Fest 6.0730 0.5847  

         
I  1.08E+08   I  1.09E+08  
local E = 13375  local E = 12174 

Stiffness EI = 1.45E+12 Stiffness EI = 1.33E+12 

Beam 04         

 F [kN] w [mm]       
0,2*Fest 2.01 0.1963       
0,3*Fest 6.07 0.579       

         
I  1.11E+08       
local E = 12661      
Stiffness EI = 1.40E+12      
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F.2 TCC beams 
 Results 
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F.2.2 Failure loads 
 

Table F-1Overview failure loads TCC beams 

Beam Failure load [kN] 
TCC 02 92.6 
TCC 03 69.9 
TCC 04 59.0 
TCC 07 99.6 
TCC 09 73.2 
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F.2.3Stiffness calculation 

16
 

TCC Beam 2    

 F [kN] w [mm] w tot [mm]  
0,2*Fest 11.96 0.64 6.05  
0,3*Fest 17.89 0.97 9.06  

     
local EI = 2.18E+12 Nmm² 

TCC Beam 3    

 F [kN] w [mm] w tot [mm]  
0,2*Fest 11.89 0.66 5.71  
0,3*Fest 18.15 1.03 8.84  

     
local EI = 2.11E+12 Nmm² 

TCC Beam 4    

 F [kN] w [mm] w tot [mm]  
0,2*Fest 11.95 0.62 5.52  
0,3*Fest 17.99 0.98 8.70  

     
local EI = 2.06E+12 Nmm² 

TCC Beam 7    
F [kN] w [mm] w tot [mm] 

0,2*Fest 12.09 0.56 5.70 

0,3*Fest 18.00 0.90 8.82  

     
local EI = 2.17E+12 Nmm² 

TCC Beam 9    

 F [kN] w [mm] w tot [mm] 

0,2*Fest 11.86 0.73 6.36  
0,3*Fest 18.10 1.12 9.83  

     
local EI = 1.97E+12 Nmm² 

 

F.2.4 Failure calculation 
Timber failure: 

γc 0.014  
γt 1  
at 11.40 mm 
Et 11924.4 N/mm² 
a 1250 mm 
ht 267 mm 

 
  

∗ 0,5 ∗ 	 ∗

	
∗

∗ F 
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TCC beam 2 EIeff 2.18E+12 Nmm² 

TCC timber failure:    
σ  7.81E-05 *F N/mm² 

σm  9.15E-04 *F N/mm² 

σtotal  9.93E-04 *F N/mm² 

ft,0,k   21 N/mm 

     
F=   21153.60 N 

2xF=   42.31 kN 

TCC beam 3 EIeff 2.11E+12 Nmm² 

TCC timber failure:    
σ  8.05E-05 *F N/mm² 

σm  9.42E-04 *F N/mm² 

σtotal  1.02E-03 *F N/mm² 

ft,0,k   21 N/mm 

     
F=   20530.63 N 

2xF=   41.06 kN 

TCC beam 4 EIeff 2.06E+12 Nmm² 

TCC timber failure:    
σ  8.26E-05 *F N/mm² 

σm  9.67E-04 *F N/mm² 

σtotal  1.05E-03 *F N/mm² 

ft,0,k 21 N/mm 

F=   20003.82 N 

2xF=   40.01 kN 

TCC beam 7 EIeff 2.17E+12 Nmm² 

TCC timber failure:    
σ  7.84E-05 *F N/mm² 

σm  9.18E-04 *F N/mm² 

σtotal  9.96E-04 *F N/mm² 

ft,0,k   21 N/mm 

     
F=   21080.73 N 

2xF=   42.16 kN 

TCC beam 9 EIeff 1.97E+12 Nmm² 

TCC timber failure:    
σ  8.64E-05 *F N/mm² 

σm  1.01E-03 *F N/mm² 

σtotal  1.10E-03 *F N/mm² 

ft,0,k   21 N/mm 

     
F=   19127.66 N 

2xF=   38.26 kN 
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TCC beam 2 
TCC beam 2 failed at a knot in the middle of the beam. The crack went through the beam to one 
end of the beam. Beneath line loads the concrete showed little cracks after finishing the test.  
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TCC beam 3 
TCC beam 3 failed at a knot which went through the width of the beam in the middle of the beam. 
The concrete showed the same little cracks near the line loads.  
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TCC beam 4 
TCC beam 4 failed at a knot right beneath one of the line loads. Due to the knot the fibres were 
skewed and sawn through. The concrete showed the same little cracks near the line loads.  
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TCC beam 7 
TCC beam 7 failed at a knot beneath one of the line loads. The crack went through the width of 
the beam to one of the ends of the beam. The concrete at one of the line loads showed the same 
cracks.   
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TCC beam 9 
TCC beam 9 failed at several knots between the line loads. The concrete showed separation from 
the OSB plated and the same small cracks near the line loads.  
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 Dynamic tests 
 
This annex will show the results of the dynamic tests described in chapter Experimental research. 
Due to the amount of the tests performed not all will be displayed in graphs. When the results in 
a set are similar only one test is displayed and the rest the values summarized in a table.  

G.1 Timber beam 
All the five timber beams were tested individually, and the results are summarised in this 
paragraph. Figure 3-20 shows the placement of the accelerometers on top of the timber beam. 
Due to the width of the beam only the drop-weight test could be performed.  

 
Figure G-1 Placement accelerometers on the beam 

 Overview 
Table G-1 shows the average peaks of each of the timber beams. When comparing the values 
with calculations the peak around 39Hz is expected to be the first natural frequency. The other 
peaks are most likely from imperfections in the beams or from width of the beam not being 
completely supported. When taking the square root of the power spectrum the higher frequencies 
are better visible. The average Root Mean Square (RMS) acceleration of each beam is shown in 
the last column of Table G-1. 

Table G-1 Average frequencies and accelerations of the timber beams 

Beam 1st peak 
[Hz] 

2nd peak 
[Hz] 

3rd peak 
[Hz] 

4th peak 
[Hz] 

aRMS [m/s²] 

2 14.47 23.00 38.73 41.03 0.18 

3 15.06 22.92 41.16 41.50 0.20 

4 14.70 23.10 37.90 38.60 0.18 

7 15.20 22.90 40.70   0.22 

9 15.02 23.16 37.00 39.15 0.20 

Average natural frequency 39.53 0.19 

 

 Beam 2 
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Table G-2 Results drop-weight tests timber beam 2 

Test aRMS 
[m/s²] 

Peak 1 
[Hz] 

Peak 2 
[Hz] 

Peak 3 
[Hz] 

Peak 4  
[Hz] 

Peak 5  
[Hz] 

2_0 0.174 14.3 23.0 39.7 41.3 40.5 

2_1 0.164 
 

23.0 39.7 40.9 
 

2_2 0.192 14.4 23.0 37.8 40.9 
 

2_3 0.173 14.7 23.0 37.7 
  

Average 0.176 14.5 23.0 38.7 41.0 40.5 
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 Beam 3 

 

Table G-3 Results drop-weight tests timber beam 3 

Test aRMS 
[m/s²] 

Peak 1 
[Hz] 

Peak 2 
[Hz] 

Peak 3 
[Hz] 

Peak 4  
[Hz] 

3_0 0.213 15.4 23.0 42.0 
 

3_1 0.183 14.9 22.9 41.6 
 

3_2 0.189 15.0 22.9 39.1 41.5 

3_3 0.21 15.0 22.9 41.5 
 

3_4 0.203 15.0 22.9 41.6 
 

Average 0.200 15.1 22.9 41.2 41.5 
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 Beam 4 

 

Table G-4 Results drop-weight tests timber beam 4 

Test aRMS 
[m/s²] 

Peak 1 
[Hz] 

Peak 2 
[Hz] 

Peak 3 
[Hz] 

Peak 4  
[Hz] 

4_0 0.182 14.7 23.1 37.9 38.6 

4_1 0.175 14.7 23.1 37.9 38.6 

4_2 0.178 14.7 23.1 37.9 38.6 

4_3 0.182 14.7 23.1 37.9 38.6 

Average 0.179 14.7 23.1 37.9 38.6 
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 Beam 7 

 

Table G-5 Results drop-weight tests timber beam 7 

Test aRMS 
[m/s²] 

Peak 1 
[Hz] 

Peak 2 
[Hz] 

Peak 3 
[Hz] 

7_0 0.204 15.2 22.9 40.7 

7_1 0.211 15.2 22.9 40.7 

7_2 0.219 15.2 22.9 40.7 

7_3 0.229 15.2 22.9 40.7 

Average 0.216 15.2 22.9 40.7 
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 Beam 9 

 

Table G-6 Results drop-weight tests timber beam 9 

Test aRMS 
[m/s²] 

Peak 1 
[Hz] 

Peak 2 
[Hz] 

Peak 3 
[Hz] 

Peak 4  
[Hz] 

9_0 0.187 15.1 23.2 39.6 
 

9_1 0.192 15.1 23.2 39.6 
 

9_2 0.192 15.1 23.2 39.8 
 

9_3 0.209 14.9 23.1 33.0 39.1 

9_4 0.202 14.9 23.1 33.0 39.2 

Average 0.196 15.0 23.2 37.0 39.2 
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G.2 Timber floor 
 Overview 

The timber floor was tested with two methods, the drop-weight method and the heel-drop method. 
For each method the accelerometers were placed in four different positions. Table G-7 shows the 
average frequencies and the average RMS acceleration of both testing methods.  

Table G-7 Average frequencies  and accelerations of the timber floor 

Situation Drop-weight 
[Hz] 

Drop-weight 
Average aRMS 
[m/s²] 

Heel-drop 
[Hz] 

heel-drop 
Average aRMS 
[m/s²] 

1 38.25 0.19 37.68 3.28 

2 38.50 0.30 37.88 3.46 

3 38.50 0.27 37.95 3.42 

4 38.50 0.28 37.95 3.14 

Average 38.44 0.26 37.87 3.33 
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 Situation 1 

 
Figure G-2 Placement accelerometers timber floor situation 1 

 

 

There are additional frequencies due to asymmetry/ imperfections at 23 Hz and 26 Hz. Since 
these frequencies were either on the right or on the left side of the floor and do not represent the 
uniform behaviour of the floor. Average frequency of all measurements at 38.25 Hz. A person on 
the floor during the test increased the frequency and decreased the acceleration. The average 
acceleration is 0.19m/s².  
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Table G-8 Results drop-weight tests timber floor, situation 1 

Measurement 
drop weight 

aRMS 
[m/s²] 

ACC 7349 
[Hz] 

ACC 7327 
[Hz] 

ACC 7322 
[Hz] 

Signal 0 0.163 23 23.25 - 
  

25.75 - 25.75 
  

38.25 38.25 38.25 

Signal 2 0.19 23 23.25 - 
  

25.75 - 25.75 
  

38.25 38.25 38.25 

Signal 3 0.153 - 23.5 - 
  

- - - 
  

38.25 38.25 38.25 
     

Signal 4 0.256 23 23.5 23.25 
  

25.75 - 26 
  

29.5 - 29.5 
  

38.25 38.25 38.25 

Signal 5 0.111 - 23.5 26.75 

With person 
 

31.50 - - 
  

39.5 39.5 39.5 
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There were again peaks between 24 Hz and 30Hz which were not register by all three 
accelerometers, which indicated an imperfection and not a uniform mode shape. The lines of the 
frequency response show a fluctuation. There was a second impulse and since the power 
spectrum of the impulse is used in the calculation it created peaks in the line of the frequency 
response. The power spectrum of the heel-drop shows this fluctuation from the second impulse. 
When considering the peak around 38 Hz, the average is 37.36 Hz. The average acceleration is 
3.28 m/s².  

Table G-9 Results heel-drop tests timber floor, situation 1 

Measurement 
heel drop 

aRMS 
[m/s²] 

ACC 7349 
[Hz] 

ACC 7327 
[Hz] 

ACC 
7322 
[Hz] 

Signal 0 3.215 24 24.5 - 

  
 

26.00 - 26 

  
 

29 - - 

  
 

37.5 37.5 37.5 

Signal 1 3.24 36.25 36.25 36.25 

  
 

38.5 38.5 38.5 

Signal 2 3.223 24.25 24.5 - 

  
 

25.75 - 26.25 

  
 

29 - - 

  
 

38 38 38 

Signal 3 3.29 25.5 - 25.75 

  
 

28.75 - 28.5 

  
 

37.5 37.5 37.5 

  
 

49 49 - 

Signal 4 3.155 24.5 24.75 - 

  
 

25.75 - 26 

  
 

28.25 - - 

  
 

37.75 37.75 37.75 

Signal 5 3.582 24.25 24.5 - 

  
 

25.75 - 26 

  
 

28.75 - - 

  
 

38.25 37.25 37.25 
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 Situation 2 

 
Figure G-3 Placement accelerometers timber floor situation 2 

 
When the accelerometers were placed at midspan on the beams at a distance of 900mm from 
the side the results are similar. The average frequency is 38.5 Hz, and the average acceleration 
is 0.30 m/s² 

Table G-10 Results drop-weight tests timber floor, situation 2 

Measurement 
drop weight 

aRMS 
[m/s²] 

ACC 7349 
[Hz] 

ACC 7327 
[Hz] 

ACC 7322 
[Hz] 

Signal 0 0.281 38.5 - - 

Signal 1 0.363 23.25 23.25 23.5 
  

26.00 26.25 - 
  

29.75 - 29.75 
  

38.5 38.5 38.5 

Signal 2 0.303 23.25 - 23.5 
  

26.00 26 - 
  

38.5 38.25 38.25 
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Measurement 
drop weight 

aRMS 
[m/s²] 

ACC 7349 
[Hz] 

ACC 7327 
[Hz] 

ACC 7322 
[Hz] 

Signal 3 0.27 23.25 - 23.5 
  

26.00 26 - 
  

38.5 38.25 38.25 

 

 
The heel-drop shows similar peaks. The acceleration of the floor is on average 10 time higher 
than the drop-weight test. The average frequency is 37.88 Hz, and the average acceleration is 
3.46 m/s² 

Table G-11 Results heel-drop tests timber floor, situation 2 

Measurement 
heel-drop 

aRMS 
[m/s²] 

ACC 7349 
[Hz] 

ACC 7327 
[Hz] 

ACC 
7322 
[Hz] 

signal 0 3.403 25.75 26 - 

  
 

28.5 - 28.5 

  
 

38.25 - - 

Signal 1 3.996 24.25 26 - 

  
 

28.5 - 28.5 

  
 

37.5 37.25 37.25 

signal 2 3.679 24.25 26 24.25 

  
 

28 - 29 

  
 

37.75 36.75 36.75 

Signal 3 3.703 Similar 
  

Signal 4 3.464 Similar 
  

Signal 5 2.96 25.50 - 26.5 

Plate turned   28.75 28.75 - 

  
 

38.5 37 38 

  



Graduation thesis J. Klaassen: Dynamic behaviour of timber-concrete floors 

174 

 Situation 3 

 
Figure G-4 Placement accelerometers timber floor situation 3 

 

The accelerometer placed on the edge of the floor is does not registrate the peak at 38 Hz. The 
imperfection at the left side is now picked up by all three accelerometers. The average frequency 
is 38.5 Hz, and the average acceleration is 0.27 m/s² 

Table G-12 Results drop-weight tests timber floor, situation 3 

Measurement 
drop weight 

aRMS 
[m/s²] 

ACC 7349 
[Hz] 

ACC 7327 
[Hz] 

ACC 7322 
[Hz] 

Signal 0 0.286 26 26 26 
  

38.5 38.25 - 

Signal 1 0.263 26 26 26 
  

38.5 38.25 - 

signal 2 0.285 26 26.25 26.25 
  

38.5 38.25 - 

Signal 3 0.263 26 26 26 
  

38.5 38.25 - 
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This measurement shows another fluctuation due to a flaw in the heel-drop. The average 
frequency is 37.95 Hz, and the average acceleration is 3.42 m/s²  

Table G-13 Results heel-drop tests timber floor, situation 3 

Measurement 
heel-drop 

aRMS 
[m/s²] 

ACC 7349 
[Hz] 

ACC 7327 
[Hz] 

ACC 7322 
[Hz] 

Signal 0 3.241 24.25 - - 

  
 

25.75 25.75 26 

  
 

29 - 29 

  
 

38 38 - 

Signal 1 3.053 - 25.75 27.25 

  
 

29 - - 

  
 

38 - - 

signal 2 3.251 24.25 - - 

  
 

25.75 26 26 

  
 

28.75 - 27.75 

  
 

38 - 37.25 

Signal 3 3.668 24 24.25 - 

  
 

- 26.25 26.5 

  
 

29.25 - - 

  
 

37.75 37.5 - 

Signal 4 3.907 24.25 - - 

  
 

- 25.75 26.5 

  
 

28.25 - - 

  
 

38 37.25 - 
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 Situation 4 

 
Figure G-5 Placement accelerometers timber floor situation 4 

 

When placing the accelerometers all on the middle beam they show the same peaks. The average 
frequency is 38.5 Hz, and the average acceleration is 0.28 m/s². 

Table G-14 Results drop-weight tests timber floor, situation 4 

Measurement 
drop weight 

aRMS 
[m/s²] 

ACC 7349 
[Hz] 

ACC 7327 
[Hz] 

ACC 7322 
[Hz] 

Signal 0 0.273 23.25 23.25 23.25 
  

26.00 26 26 
  

38.5 38.5 38.5 

Signal 1 0.293 26.00 26 26 
  

38.5 38.5 38.5 

Signal 2 0.284 23.25 23.25 23.25 
  

26.00 26 26 
  

29.5 29.5 29.5 

  38.5 38.5 38.5 
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The heel-drop shows wider peaks than the drop-weight test, most likely due to the damping of the 
person standing on top of the floor. Turning the plate 180 degree and standing with the heels 
toward the middle gives similar results. The average frequency is 37.95 Hz, and the average 
acceleration is 3.14 m/s² 

Table G-15 Results heel-drop tests timber floor, situation 4 

Measurement 
heel-drop 

aRMS 
[m/s²] 

ACC 7349 
[Hz] 

ACC 7327 
[Hz] 

ACC 7322 
[Hz] 

Signal 0 3.182 24.25 24.25 24.25 

  
 

25.75 25.75 25.75 

  
 

29.25 29.25 29 

  
 

38.25 38.5 38.25 

Signal 1 3.529 24.5 " " 

  
 

28.50 " " 

  
 

37.25 " " 

  
 

38.75 " " 

signal 2 3.607 24.5 " " 

  
 

28.00 " " 

  
 

29 " " 

  
 

37.5 " " 

Signal 3 3.139 24.25 " " 

  
 

28.50 " " 

  
 

37.25 " " 

  
 

38.5 " " 
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Measurement 
heel-drop 

aRMS 
[m/s²] 

ACC 7349 
[Hz] 

ACC 7327 
[Hz] 

ACC 7322 
[Hz] 

Signal 4 3.429 24.25 " " 

  
 

25.75 " " 

  
 

28.25 " " 

  
 

38 " " 

Signal 5 2.882 24.5 " " 

Plate turned  26.00 " " 

  
 

28.5 " " 

  
 

38.5 " " 

Signal 6 2.748 37.75 " " 

Plate turned  
  

  

Signal 7 3.327 24.5 " " 

Plate turned  28.75 " " 
  

38.25 " " 

Signal 8 2.686 24.75 " " 

Plate turned  29.25 " " 

  
 

37.75 " " 

Signal 9 2.904 25.25 " " 

Plate turned  29 " " 

  
 

37.75 " " 
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G.3 TCC Floor  
The TCC floor was again tested with the heel-drop test and the drop weight test. For both test the 
accelerometers were placed in two situations: For the first all three were placed at midspan and 
for the second situation all three on the middle beam. The tests were repeated with the sides of 
the floor supported.  

 Overview 
Table G-16 shows the average frequencies of the TCC floor for both the drop-weight tests and 
the heel-drop test. The frequency is notably higher for the tests where the sides were supported. 
The average acceleration as shown in Table G-17 are only slightly lower when the sides are 
supported.  

Table G-16 Average frequencies TCC floor 

Situation Drop-weight 
[Hz] 

Heel-drop 
[Hz] 

1 13.44 13.51 

2 13.58 13.45 

Average natural frequency  13.50 Hz 

1- Supported 15.42 14.56 

2- supported 15.38 14.45 

Average natural frequency  14.95 Hz 

 
Table G-17 Average acceleration TCC floor 

Situation Drop-weight 
Average aRMS 
[m/s²] 

heel-drop 
Average aRMS 
[m/s²] 

1 0.105 0.806 

2 0.106 0.695 

1- Supported 0.094 0.693 

2- supported 0.090 0.650 
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 Situation 1 

 
Figure G-6 Placement accelerometers TCC floor situation 1 
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The results of the drop-weight test on the TCC floor shows high peaks around 13.5 Hz and lower 
peaks around 27 Hz and 32 Hz. The accelerometer on the left has three small peaks in between 
13 Hz and 15 Hz instead of a larger one. This could be due to an incompletely supported beam 
at the left side. The average frequency is 13.44 Hz, and the average acceleration is 0.695 m/s². 
The acceleration is significantly lower than measured with the Timber floor.  

Table G-18 Results drop-weight tests TCC floor, situation 1 

Measurement 
Drop-weight 

aRMS 
[m/s²] 

ACC 7349 
[Hz] 

ACC 7327 
[Hz] 

ACC 
7322 
[Hz] 

Signal 0 0.103 13.5 13.5 13.1 

  
 

26.90 - 13.6 

  
 

32.5 - 14.7 

  
 

- - 26.9 

Signal 1 0.101 13.6 13.6 13.1 

  
 

26.90 - 13.6 

  
 

32.5 - 14.7 

  
 

- - 26.9 

Signal 2 0.106 13.5 13.5 13.1 

  
 

26.90 - 13.5 

  
 

32.5 - 14.7 

  
 

0 - 26.9 

Signal 3 0.107 13.6 13.6 13.1 

  
 

26.90 - 13.6 

  
 

32.5 - 14.7 

  
 

- - 26.9 

Signal 4 0.107 Similar 
 

  

Signal 5 0.106 Similar 
 

  

Signal 6 0.104 Similar 
 

  

Signal 7 0.106 Similar 
 

  

Signal 8 0.105 Similar 
 

  

Signal 9 0.105 Similar     

 

To show the effect of a person standing on the TCC floor during a drop-weight test the 
measurements were repeated a second time. The results were similar except a peak around 11.5 
Hz from the accelerometer at the right side. Since the other two accelerometers did not show the 
same peak it is most likely that is an imperfection.  
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Table G-19 Results second drop-weight tests TCC floor, situation 1 

Measurement 
Drop-weight 

aRMS [m/s²] ACC 
7349 
[Hz] 

ACC 7327 
[Hz] 

ACC 7322 
[Hz] 

Signal 1 0.117 - 11.7 - 

  
 

13.20 13.2 13.2 

  
 

29.1 - - 

Signal 2 0.0953 - 11.7 - 

  
 

13.20 13.3 13.3 

  
 

29.1 - - 

Signal 3 0.0953 - 11.7 - 

With person  13.30 13.3 13.3 

  
 

29.1 - - 

Signal 4 0.0918 - - 11.8 

With person  13.00 13 13.4 

  
 

29.2 - - 

Signal 5 0.0968 11.3 11.3 11.4 

With person  13.50 13.5 13.5 

  
 

29.1 - - 

Signal 6 0.0968 11.3 11.3 11.4 

With person  13.50 13.5 13.5 

  
 

29.1 - - 

Signal 7 0.113 - 11.7 - 

  
 

13.20 13.3 13.2 

  
 

29.1 - - 
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For the heel-drop test on the TCC floor the frequency response shows the peak at 29 Hz higher 
than the peak at 13 Hz for the middle accelerometer. The graph also shows additional peaks for 
the left and right around 52 till 56 Hz. When performing the heel-drop at ¾ of the span the middle 
accelerometer shows an additional peak at 50 Hz. Turning the plate 180 degree does not 
influence the results. The average frequency is 13.51 Hz and the average acceleration is 0.806 
m/s².  
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Table G-20 Results heel-drop tests TCC floor, situation 1 

Measurement 
Heel-drop 

aRMS 
[m/s²] 

ACC 7349 
[Hz] 

ACC 7327 
[Hz] 

ACC 
7322 
[Hz] 

Signal 0 0.457 13.6 13.6 13.6 

3/4 span 
 

29.50 - - 

  
 

30.9 - - 

Signal 1 0.469 13.6 13.6 13.6 

3/4 span 
 

29.40 - - 

  
 

30.9 - - 

Signal 2 0.579 13.6 13.6 13.6 

3/4 span 
 

29.40 - - 

  
 

30.8 - - 

Signal 3 0.69 13.5 13.5 13.5 

3/4 span 
 

29.40 - - 

  
 

30.8 - - 

Signal 4 0.488 13.5 13.5 13.5 

3/4 span 
 

29.40 - - 

  
 

30.9 - - 
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 aRMS 
[m/s²] 

ACC 7349 
[Hz] 

ACC 7327 
[Hz] 

ACC 
7322 
[Hz] 

Signal 5 0.767 13.5 13.5 13.5 

  
 

29.40 - - 

  
 

30.9 - - 

  
 

50 50.7 52.4 

Signal 6 0.943 13.5 13.5 13.5 

  
 

29.30 - - 

  
 

30.8 - - 

  
 

55.2 55.2 52.7 

Signal 7 0.976 13.5 13.5 13.5 

  
 

29.30 - - 

  
 

30.8 - - 

  
 

55.2 55.2 52.7 

Signal 8 1.04 13.4 13.4 13.4 

  
 

29.30 - - 

  
 

30.8 - - 

  
 

- 55.1 52.6 

Signal 9 0.877 13.5 13.5 13.5 

  
 

29.30 - - 

  
 

30.8 - - 

Signal 10 0.945 13.4 13.4 13.4 

  
 

29.30 - - 

Signal 11 0.659 13.5 13.5 13.5 

Plate turned 
 

29.30 - - 

  
 

30.8 - - 

Signal 12 0.828 13.5 13.5 13.5 

Plate turned 
 

29.30 - - 

  
 

30.8 - - 

Signal 13 0.789 13.5 13.5 13.5 

Plate turned 
 

29.30 - - 

  
 

30.8 - - 

Signal 14 0.839 13.5 13.5 13.5 

Plate turned 
 

29.30 - - 

  
 

30.8 - - 

  
 

- 55 52.5 

Signal 15 0.506 13.6 13.6 13.6 

Plate turned 
 

29.40 - - 

  
 

30.7 - - 

Signal 16 0.502 13.5 13.5 13.5 

Plate turned 
 

29.50 - - 

  
 

31.2 - - 

  
 

39.6 39.6 39.6 
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 Situation 2 

 
Figure G-7 Placement accelerometers TCC floor situation 2 

 

For the second situation the accelerometers were all placed on the middle beam. For the drop-
weight test the peaks are the same for all three accelerometers. With an average frequency of 
13.58 Hz and the average acceleration is 0.106 m/s². The higher frequencies at 27 Hz and 32 Hz 
are visible again.   
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Table G-21 Results drop-weight tests TCC floor, situation 2 

Measurement 
Drop-weight 

aRMS [m/s²] ACC 7349 
[Hz] 

ACC 7327 
[Hz] 

ACC 
7322 
[Hz] 

Signal 0 0.102 13.5 '' '' 

  
 

14.70 '' '' 

  
 

26.9 '' '' 

  
 

32.5 '' '' 

Signal 1 0.106 13.6 '' '' 

  
 

14.80 '' '' 

  
 

26.9 '' '' 

  
 

32.5 '' '' 

Signal 2 0.107 13.6 '' '' 

  
 

14.80 '' '' 

  
 

26.9 '' '' 

  
 

32.5 '' '' 

Signal 3 0.109 13.6 '' '' 

  
 

14.80 '' '' 

  
 

26.9 '' '' 

  
 

32.5 '' '' 

Signal 4 0.107 13.6 '' '' 

  
 

14.80 '' '' 

  
 

26.9 '' '' 

  
 

32.5 '' '' 
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For the heel-drop performed in the middle of the floor the peak at 29 Hz is visible again, this 
could be another mode. When the heel-drop was performed at ¾ span higher frequencies 

became visible at 44 Hz and 51 Hz. The average frequency for the first mode is 13.45 Hz, the 
average frequency of the second mode is 43.6 Hz and, the average acceleration is 0.695 m/s². 

Table G-22 Results heel-drop tests TCC floor, situation 2 

Measurement 
Heel-drop 

aRMS [m/s²] ACC 7349 
[Hz] 

ACC 7327 
[Hz] 

ACC 7322 
[Hz] 

Signal 0 0.616 13.5 '' '' 

  
 

29.40 '' '' 

  
 

30.9 '' '' 
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Signal 1 0.694 13.4 '' '' 

  
 

29.40 '' '' 

  
 

30.8 '' '' 

Signal 2 0.703 13.4 '' '' 

  
 

29.40 '' '' 

  
 

30.9 '' '' 

Signal 3 0.715 13.4 '' '' 

  
 

29.40 '' '' 

  
 

30.8 '' '' 

Signal 4 0.62 13.5 '' '' 

  
 

29.50 '' '' 

  
 

30.8 '' '' 

Signal 5 0.723 13.5 '' '' 

Plate turned 
 

29.40 '' '' 

  
 

30.8 '' '' 

Signal 6 0.676 13.4 '' '' 

Plate turned 
 

29.40 '' '' 

  
 

30.9 '' '' 

Signal 7 0.662 13.4 '' '' 

Plate turned 
 

29.40 '' '' 

  
 

30.8 '' '' 

Signal 8 0.662 13.4 '' '' 

Plate turned 
 

29.40 '' '' 

  
 

30.8 '' '' 

Signal 9 0.878 13.3 '' '' 

Plate turned 
 

29.30 '' '' 

  
 

30.8 '' '' 

Signal 10 0.659 13.5 '' '' 

3/4 span 
 

29.40 '' '' 

  
 

30.8 '' '' 

  - 43.8 43.6 

Signal 11 0.818 13.5 '' '' 

3/4 span 
 

29.40 '' '' 

  
 

30.8 '' '' 

Signal 13 0.558 13.5 '' '' 

3/4 span 
 

29.40 '' '' 

  
 

30.8 '' '' 

  - 43.8 43.2 

Signal 15 0.574 13.5 '' '' 

3/4 span 
 

29.40 '' '' 

  
 

30.8 '' '' 

  - 43.8 43.2 

Signal 16 0.567 13.5 '' '' 

3/4 span 
 

29.40 '' '' 

  
 

30.8 '' '' 

  - 43.8 43.4 
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 Sides supported situation 1 

 

When supporting the sides of the TCC floor the average frequency of the first mode increases to 
15.42 Hz and the acceleration deceases slightly to 0.094 m/s². The three peaks of the left 
accelerometer are still there.  

Table G-23 Results drop-weight tests TCC floor, sides supported, situation 1 

Measurement 
Drop-weight 

aRMS [m/s²] ACC 7349 
[Hz] 

ACC 7327 
[Hz] 

ACC 
7322 
[Hz] 

Signal 0 0.0973 15.4 15.4 15.3 

  
 

17.00 - 16.9 

  
 

34 - 18 

Signal 1 0.0902 15.4 15.5 15.3 

  
 

17.00 - 17 

  
 

34 - 18 

Signal 2 0.0913 15.4 15.4 15.3 

  
 

17.00 - 16.9 

  
 

34 - 18 

Signal 3 0.0942 15.4 15.4 15.3 

  
 

17.00 - 16.9 

  
 

33.9 - 18 

Signal 4 0.0923 15.4 15.4 15.3 

  
 

17.00 - 16.9 

  
 

33.9 - 18 

Signal 5 0.0966 15.4 15.5 15.4 

  
 

17.00 - 17 

  
 

33.9 - 18 
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From the heel-drop test the frequencies also increase to 14.56 Hz and the acceleration decreases 
to 0.693 m/s².   

Table G-24 Results heel-drop tests TCC floor, sides supported, situation 1 

Measurement 
Heel-drop 

aRMS [m/s²] ACC 7349 
[Hz] 

ACC 7327 
[Hz] 

ACC 
7322 
[Hz] 

Signal 0 0.632 14.4 14.5 15 

  
 

31.40 - - 

  
 

70.9 - - 

Signal 1 0.652 14.4 14.5 15 

  
 

31.40 - - 

  
 

71 - - 

Signal 2 0.658 14.4 14.5 15 

  
 

31.20 - - 

Signal 3 0.715 14.4 14.5 15 

  
 

31.20 - - 

Signal 4 0.714 14.4 14.5 15 

  
 

31.20 - - 

Signal 5 0.528 14.4 14.5 15 

  
 

31.30 - - 
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 Sides supported situation 2 

 

When placing all three accelerometers on the middle beam they all have the same peaks. The 
average frequency increases to 15.38 Hz and the acceleration decreases to 0.09m/s².  

Table G-25 Results drop-weight tests TCC floor, sides supported, situation 2 

Measurement 
Drop-weight 

aRMS [m/s²] ACC 7349 
[Hz] 

ACC 7327 
[Hz] 

ACC 
7322 
[Hz] 

Signal 0 0.0883 15.3 '' '' 

  
 

16.90 '' '' 

  
 

33.7 '' '' 

Signal 1 0.0929 15.4 '' '' 

  
 

16.90 '' '' 

  
 

33.7 '' '' 

Signal 2 0.0897 15.4 '' '' 

  
 

16.90 '' '' 

  
 

33.7 '' '' 

Signal 3 0.0933 15.4 '' '' 

  
 

16.90 '' '' 

  
 

33.8 '' '' 

Signal 4 0.0845 15.4 '' '' 

  
 

16.90 '' '' 

  
 

33.8 '' '' 
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The heel-drop tests show similar peaks and again possible second frequencies between 40 and 
51 Hz. The average frequency is 14.45 Hz and the average acceleration is 0.650m/s².  

Table G-26 Results heel-drop tests TCC floor, sides supported, situation 2 

Measurement 
Heel-drop 

aRMS [m/s²] ACC 7349 
[Hz] 

ACC 7327 
[Hz] 

ACC 
7322 
[Hz] 

Signal 0 0.639 14.6 '' '' 

  
 

26.0 26 - 

  
 

31.4 '' '' 

Signal 1 0.816 14.5 '' '' 

  
 

25.7 25.7 - 

  
 

31.5 '' '' 

Signal 2 0.556 14.4 '' '' 

  
 

25.7 25.7 - 

  
 

31.6 '' '' 

Signal 3 0.798 14.4 '' '' 

  
 

25.7 25.7 - 

  
 

31.5 '' '' 

Signal 4 0.655 14.4 '' '' 

  
 

25.7 25.7 - 

  
 

31.5 '' '' 

Signal 5 0.695 14.4 '' '' 

  
 

25.8 25.8 - 

  
 

31.4 '' '' 
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G.4 TCC Beam 
On the TCC beams the heel-drop tests and the drop-weight test were performed. For the heel-
drop tests the test was performed at midspan and at ¾ of the span to determined higher 
frequencies. For the drop-weight test the tests was also performed with a person on top of the 
floor to show the influence. 

 Testing set-up 
Figure 3-25 shows the placement of the accelerometers on the TCC beam. The accelerometers 
were placed at midspan and at ¾ of the span. An additional accelerometer was placed at midspan 
on the edge to show frequencies from torsional displacement. 

 

Figure G-8 Placement accelerometers on TCC beam 

 Overview 
Table G-27 shows an overview of the average frequencies of the TCC beams for: the drop-weight 
test, the drop-weight test with a person on top, the heel-drop test and, the second mode of the 
heel-drop test.  

Table G-28 shows the average RMS acceleration.  

Table G-27 Overview average frequencies TCC beams 

Beam Drop weight 
[Hz] 

with person 
[Hz] 

Heel-drop 
[Hz] 

Heel-drop 2nd mode 
[Hz] 

2 16.81 16.83 16.01 32.40 

3 17.30 17.60 16.23 32.53 

4 17.05 17.38 16.69 32.23 

7 17.00 17.18 16.46 32.60 

9 15.90 16.68 16.06 32.46 

Average 16.81 17.13 16.29 32.44 
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Table G-28 Overview average acceleration TCC beams 

Beam Drop-weight 
Average aRMS 
[m/s²] 

 
With person 

heel-drop 
Average aRMS 
[m/s²] 

2 0.698 0.426 2.865 

3 0.757 0.511 2.430 

4 0.574 0.511 1.532 

7 0.569 0.398 2.428 

9 0.658 0.438 1.995 

Average 0.651 0.456 2.250 
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 TCC Beam 2 

 

The power spectrum of the drop-weight with a person shows wider peaks, this indicates that the 
damping is higher. The double peak could be the result of an asymmetric beam. When the beam 
is twisted and only supported on one point instead of the entire width, it can shift from one side to 
the other. This creates two different spans and the two frequencies next to each other.  
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Table G-29 Results drop-weight tests TCC beam 2 

Measurement 
Drop-weight 

aRMS [m/s²] ACC 7349 
[Hz] 

ACC 7327 
[Hz] 

ACC 
7322 

[Hz] 
Signal 0 0.738 16 16 16 

  
 

17.6 17.6 17.6 

Signal 1 0.679 16 16 16 

  
 

17.7 17.7 17.7 

Signal 2 0.674 16 16 16 

  
 

17.6 17.6 17.6 

Signal 3 0.702 16 16 16 

  
 

17.6 17.6 17.6 

Signal 4 0.425 15.9 15.9 15.9 

With person 
 

17.8 17.8 17.8 

Signal 5 0.426 15.9 15.9 15.9 

With person   17.7 17.7 17.7 
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The heel-drop was performed at midspan and ¾ of the span: 

 

The test with the heel-drop shows again the double peak for the natural frequency around 16 Hz. 
Higher frequencies are measured only by the accelerometer to the right. When the heel-drop was 
performed at ¾ of the span the peaks of the higher frequencies are higher. Some small peaks by 
the accelerometer on the edge indicate torsion.  
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Table G-30 Results heel-drop tests TCC beam 2 

Measurement 
heel-drop 

aRMS [m/s²] ACC 7349 
[Hz] 

ACC 7327 
[Hz] 

ACC 
7322 

[Hz] 
Signal 0 2.95 15.5 15.5 15.5 

  
 

16.6 16.6 16.6 

  
   

32.5 

Signal 1 2.33 15.5 15.5 15.5 

  
 

16.7 16.7 16.7 

  
   

32.5 

  
   

48.8 

Signal 2 3.15 15.4 15.4 15.4 

  
 

16.5 16.5 16.5 

  
   

32.3 

  
   

48.6 

Signal 3 3.03 15.3 15.3 15.3 

   16.6 16.6 16.6 

     32.4 

     48.7 

Signal 4 2.69 15.4 15.4 15.4 

3/4 span  16.6 16.6 16.6 

    34.2 

Signal 5 2.48 15.5 15.5 15.5 

3/4 span  16.6 16.6 16.6 

        32.3 
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 TCC Beam 3 

 

 

The power spectrum of TCC beam 3 shows a single peak for the natural frequency with smaller 
peaks next to it. With the person on the floor for measurement 3-4 there are more torsional 
frequencies visible.  
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Table G-31 Results drop-weight tests TCC beam 3 

Measurement 
Drop-weight 

aRMS [m/s²] ACC 7349 
[Hz] 

ACC 7327 
[Hz] 

ACC 
7322 

[Hz] 
Signal 0 0.721 17.3 17.3 17.3 

Signal 1 0.766 17.3 17.3 17.3 

Signal 2 0.773 17.3 17.3 17.3 

Signal 3 0.769 17.3 17.3 17.3 

Signal 4 0.491 17.6 17.6 17.6 

With person     

Signal 5 0.53 17.6 17.6 17.6 

With person         
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The heel-drop was performed at midspan and ¾ of the span: 

 

The heel-drop on TCC beam 3 shows a double peak for the natural frequency. When the heel-
drop was performed on ¾ of the span the peaks of the higher frequencies are higher again.  
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Table G-32 Results heel-drop tests TCC beam 3 

Measurement 
heel-drop 

aRMS [m/s²] ACC 7349 
[Hz] 

ACC 7327 
[Hz] 

ACC 
7322 

[Hz] 
Signal 0 2.1 15.9 15.9 15.9 

   16.7 16.7 16.7 

Signal 1 2.3 15.9 15.9 15.9 

   16.7 16.7 16.7 

Signal 2 2.69 15.7 15.7 15.7 

   16.6 16.6 16.6 

Signal 3 2.63 15.7 15.7 15.7 

   16.6 16.6 16.6 

     32.5 

Signal 4 2.42 15.8 15.8 15.8 

3/4 span  16.7 16.7 16.7 

     32.6 

     48.1 

Signal 5 2.43 15.8 15.8 15.8 

3/4 span  16.7 16.7 16.7 

     32.5 

    48 
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 TCC Beam 4 

 

 

TCC beam 4 shows a double peak for the drop-weight test. With the person in the floor, there is 
a high torsional peak at 14.7 Hz which was also measured by the other accelerometers.  
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Table G-33 Results drop-weight tests TCC beam 4 

Measurement 
Drop-weight 

aRMS [m/s²] ACC 7349 
[Hz] 

ACC 7327 
[Hz] 

ACC 
7322 

[Hz] 
Signal 0 0.559 16.2 16.2 16.2 

  
 

17.9 17.9 17.9 

Signal 1 0.563 16.2 16.2 16.2 

  
 

17.9 17.9 17.9 

Signal 2 0.589 16.2 16.2 16.2 

  
 

17.9 17.9 17.9 

Signal 3 0.595 16.2 16.2 16.2 

  
 

17.9 17.9 17.9 

Signal 4 0.573 16.2 16.2 16.2 

  
 

17.9 17.9 17.9 

Signal 5 0.567 16.2 16.2 16.2 

  
 

17.9 17.9 17.9 

Signal 6 0.429 - 14.6 - 

With person  16.9 16.9 16.9 

  18.5 18.5 18.5 

Signal 7 0.372  14.7  

With person  16.9 16.9 16.9 

  18.4 18.4 18.4 
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The heel-drop was performed at midspan and at ¾ of the span: 

 

 

The heel-drop tests on TCC beam 9 also produced double peaks. Most of the tests also had a 
high narrow peak at 50 Hz. When the heel-drop was performed at ¾ of the span the second mode 
at 32 Hz became more visible.  

Table G-34 Results heel-drop tests TCC beam 4 

Measurement 
heel-drop 

aRMS [m/s²] ACC 7349 
[Hz] 

ACC 7327 
[Hz] 

ACC 
7322 

[Hz] 
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Signal 0 0.897 16.7 16.7 16.7 

   17.9 17.9 17.9 

     34 

     49.7 

Signal 1 1.56 16 16 16 

Another person  16.4 16.4 16.4 

   17.6 17.6 17.6 

     50 

Signal 2 2.12 15.9 15.9 15.9 

   17.3 17.3 17.3 

     50 

Signal 3 1.59 16.1 16.1 16.1 

   17.3 17.3 17.3 

     50 

Signal 4 1.65 16 16 16 

   17.3 17.3 17.3 

     50 

Signal 5 1.92 16 16 16 

   17.2 17.2 17.2 

     50 

Signal 6 0.985 16.2 16.2 16.2 

   17.3 17.3 17.3 

     50 

Signal 7 1.24 16.2 16.2 16.2 

3/4 span  17.4 17.4 17.4 

     32.3 

    50 

Signal 8 1.37 16.1 16.1 16.1 

3/4 span  17.3 17.3 17.3 

     32.3 

    50 

Signal 9 1.44 16.1 16.1 16.1 

3/4 span  17.3 17.3 17.3 

     32.2 

    50 
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 TCC Beam 7 

 

 

The power spectrum of TCC beam 7 has a high peak and a small peak next to it, this could again 
indicate an instable beam. With the person on the floor there was an additional torsional 
frequency.  
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Table G-35 Results drop-weight tests TCC beam 7 

Measurement 
Drop-weight 

aRMS [m/s²] ACC 7349 
[Hz] 

ACC 7327 
[Hz] 

ACC 
7322 

[Hz] 
Signal 0 0.572 16 16 16 

  
 

18 18 18 

Signal 1 0.565 16 16 16 

  
 

18 18 18 

Signal 2 0.567 16 16 16 

  
 

18 18 18 

Signal 3 0.57 16 16 16 

  
 

18 18 18 

Signal 4 0.39 - 14.4 - 

With person 
 

16 16 16 

  18.4 18.4 18.4 

Signal 5 0.406 - 14.3 - 

With person   15.9 15.9 15.9 

  18.4 18.4 18.4 

 

  



Graduation thesis J. Klaassen: Dynamic behaviour of timber-concrete floors 

210 

The heel-drop was performed at midspan and ¾ of the span: 

 

 

The heel-drop test shows the same double peak as the drop-weight tests. However, the peaks 
have a more similar height. When the heel-drop was performed at ¾ of the span the higher 
frequencies became more visible.   
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Table G-36 Results heel-drop tests TCC beam 7 

Measurement 
heel-drop 

aRMS [m/s²] ACC 7349 
[Hz] 

ACC 7327 
[Hz] 

ACC 
7322 

[Hz] 
Signal 0 2.19 15.8 15.8 15.8 

   17.3 17.3 17.3 

     50 

Signal 1 2.22 15.8 15.8 15.8 

   17.2 17.2 17.2 

     32.6 

Signal 2 2.41 15.7 15.7 15.7 

   17.2 17.2 17.2 

     32.6 

Signal 3 2.89 15.7 15.7 15.7 

   17 17 17 

     32.6 

Signal 4 1.64 15.9 15.9 15.9 

3/4 span  17.5 17.5 17.5 

     32.6 

     48.3 

Signal 5 1.56 15.8 15.8 15.8 

3/4 span  17.5 17.5 17.5 

     32.6 

    48.4 
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 TCC Beam 9 

 

 

The drop-weight test resulted in a high peak for the natural frequency with smaller peaks next to 
it. With the person on the floor there was a double peak and an additional torsional frequency.   
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Table G-37 Results drop-weight tests TCC beam 9 

Measurement 
Drop-weight 

aRMS [m/s²] ACC 7349 
[Hz] 

ACC 7327 
[Hz] 

ACC 
7322 

[Hz] 
Signal 0 0.681 15.9 15.9 15.9 

Signal 1 0.658 15.9 15.9 15.9 

Signal 2 0.645 15.9 15.9 15.9 

Signal 3 0.647 15.9 15.9 15.9 

Signal 4 0.428 - 4.3 - 

With person  - 11.1 - 

  15.9 15.9 15.9 

  17.6 17.6 17.6 

Signal 5 0.447 - 12.9 - 

With person   15.9 15.9 15.9 

  17.3 17.3 17.3 
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The heel-drop was performed at midspan and ¾ of the span: 

 

 

The heel-drop has a similar double peak as the drop-weight test with the person on top. Again, 
when the heel-drop was performed at ¾ of the span the higher frequencies were visible.   
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Table G-38 Results heel-drop tests TCC beam 9 

Measurement 
heel-drop 

aRMS [m/s²] ACC 7349 
[Hz] 

ACC 7327 
[Hz] 

ACC 
7322 

[Hz] 
Signal 0 1.89 15.3 15.3 15.3 

   16.8 16.8 16.8 

     32.6 

     48.3 

Signal 1 2.28 15.2 15.2 15.2 

   16.9 16.9 16.9 

     32.6 

Signal 2 1.9 15.3 15.3 15.3 

   16.8 16.8 16.8 

Signal 3 1.91 15.3 15.3 15.3 

   16.9 16.9 16.9 

Signal 4 1.84 15.4 15.4 15.4 

3/4 span  16.8 16.8 16.8 

     32.3 

Signal 5 2 15.4 15.4 15.4 

3/4 span  16.9 16.9 16.9 

     32.3 

Signal 6 2.2 15.4 15.4 15.4 

3/4 Span  16.9 16.9 16.9 

Another person    32.5 

 


