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ARTICLE

Vibration performance of timber-concrete composite floor
section –verification and validation of analytical and
numerical results based on experimental data
Hamid Movaffaghi a,b and Johan Pyykköa,c

aDepartment of Resource Recovery and Building Technology, Faculty of Textiles, Engineering and Business,
University of Borås, Borås, Sweden; bDepartment of Construction Engineering and Lighting Science,
Jönköping University, Jönköping, Sweden; cDivision of Applied Mechanics, Ångström Laboratory, Uppsala
University, Uppsala, Sweden

ABSTRACT
Vibration performance of a one-way simply supported timber-
concrete composite (TCC) floor section has been studied using
analytical as well as numerical methods. Focal points have been
verification and validation of results from analytical and numerical
calculations of vibration response based on experimental data.
For the analytical calculations, floor bending stiffness and
vibrational response are determined from methods proposed in
the current and revised versions of Eurocode 5. The numerical
calculations based on the finite element (FE) method are done
using 3D solid elements with orthotropic material parameters.
When comparing the results of the FE analysis, better agreement
with the experimental data is reached for the fundamental
frequency when 3D solid elements are used rather than 3D beam
elements. Furthermore, better agreement with the experimental
data is reached for RMS acceleration by FE analysis rather than
the method based on Eurocode 5. For detailed analysis, the
authors suggest performing dynamic FE analysis and calculating
vibration response from the TCC floor’s modal responses as
eigenmodes and natural eigenfrequencies below 40 Hz. For future
studies, it is recommended that the verification of vibration
response may be accomplished by applying standard EN 16929.
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Introduction

Activities within the construction industry have had a major negative impact on the
environment for years and there is a demand from the society for a healthy and sustain-
able development within the construction industry (Cuadrado et al. 2016). Energy use in
buildings and construction worldwide contributed for 35% of primary energy use and
38% of greenhouse gas emissions according to a report from the United Nations
Environment Programme (2020). This underlines the importance of implementing
material strategies that reduce lifecycle greenhouse gas emissions. Hence architects,
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designers, and engineers in the architectural engineering and construction industry
have a key opportunity to reduce the environmental impact of the building materials
and products. To meet the environmental challenges worldwide, a replacement of
materials and products needs to be increased from both finite resources and application
of composite materials with efficient material usage.

In recent years, the use of timber structures in buildings has increased; however,
timber-based floor systems may have dynamic properties that limit their application as
medium to long-span floor structures. Springiness and floor vibrations might cause dis-
comfort to the occupants according to Jarnerö (2014) and the vibrational behaviour is
related to the span length and the damping ratio of the structure. Thus, a longer span
will provide more challenges than a short span and an inaccurate damping ratio may
be a major source of uncertainty at the design stage (Kareem and Gurley 1996).

One way to increase the comfort is to increase the mass of the floor structure. In most
cases, an increase in mass necessitates an increase in the stiffness of the structure to
satisfy serviceability requirements such as deflections, i.e. more material must be used.
The use of timber-concrete composites (TCC) does not only increase the mass but
enables the contribution of both timber and concrete to the stiffness and load-carrying
capacity of the floor structure. Thus, well-designed TCC floor systems may offer several
advantages in terms of serviceability performances, i.e. stiffness, and vibrational behav-
iour in comparison with conventional timber floors. Movaffaghi, Pyykkö, and Yitmen
(2020) developed a value-driven framework for the design of long-span TCC floor
systems of 6–9 m. The framework integrated results from optimisation, analytical analysis,
structural static and dynamic finite element (FE) analysis, and multi-criteria decision analy-
sis (MCDA). In the continuation of their study, Movaffaghi and Yitmen (2021) presented an
MCDA for the evaluation of alternative designs for TCC floor system. Considered objec-
tives were serviceability and sustainability performance with the associated criteria: (1)
comfort class as springiness and vibrations, (2) architectural quality as spaces, (3) environ-
mental aspects as CO2 emissions, and (4) cost aspects as total costs. A couple of promising
concepts were chosen for further development. This article is the continuation of the
earlier published articles and aims for verification and validation of analytical and numeri-
cal methods that are going to be used in the subsequent studies, including modelling,
simulations, optimisation, evaluation, and ranking of promising concepts.

Engineering structural systems are broadly developed and maintained based on struc-
tural design standards (Köhler and Baravalle 2019). Design of timber structures is treated
in the European design standard Eurocode 5 (EC5) (EN 1995-1-1: 2004), wherein guide-
lines are given to avoid unacceptable discomfort due to vibrations in floors. EC5 is also
used for TCC structures, although limited guidance for design of TCC floors in EC5 necessi-
tates further research on their dynamic performance. The design guidelines for floor
vibrations in EC5 are under revision and a draft for a revised design method has been pre-
sented. This revised design method has been investigated by Schirén and Swahn (2019)
and is referred to as ‘revised EC5’ (rEC5) by the authors, a notion also adopted in this
article. The current and revised versions of the EC5 were applied to different timber-
based floor structures used in Sweden by Schirén and Swahn (2019). However, no TCC
floor structures were included in their study.

Experimental studies are essential for verifying and validating both analytical methods
used in structural design standards such as EC5 and numerical models used in the
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simulation tools. Furthermore, experimental investigations tend to be too expensive and
time consuming. Hence, having verified and validated numerical models can save time
and effort in the design procedure.

Analytical methods are often derived from experimental investigations on a limited
number of structural typologies; a direct extension of these approaches to different floor
types should thereforebeverified (Casagrande et al. 2018). Toget amore refinedassessment,
analyticalmethods couldbe replacedwithmore realistic numericalmodellingof thematerial
behaviour as well as the effects of variation of different parameters, e.g. damping ratio and
response contribution from the appropriate number of eigenfrequencies in a modal
dynamic analysis for the computation of vibration response. One of the most widely used
numericalmethods for computing thedisplacements, velocities, and accelerations in a struc-
ture subjected to different types of static and dynamic loading is the FEmethod. Verification
and validation of numerical results are crucial for understanding how accurate and reliable
the numerical simulations are (Tekkaya and Martins 2009). Improving the accuracy of FE
models by refining element type, element order, mesh density, and solution parameters
are included in the verification. Validationprocedures compriseof, e.g. checking theFEanaly-
sis results against theoretical procedures found in technical standards, analytical solutions,
technical data available in the literature, experimental testing data, industrial observations,
or measurements (Tekkaya and Martins 2009). Ignoring verification and validation of FE
analysis may lead the design process in the wrong direction.

The extensive utilisation of FE analysis aims to optimise existing products and develop
new ones in a shorter time, without expensive and time-consuming experimental testing
(Tekkaya and Martins 2009). However, integration of FE software into the design process
requires that the software has the features and tools that are crucial for geometrical mod-
elling and discretisation of the real structure and having appropriate solution parameters
and algorithms for precise response prediction. In this article, two different FE softwares
have been utilised. The first one is an advanced general-purpose FE software with features
such as graphical manual meshing, contact modelling, element library with access to 3D
solid elements and anisotropic material modelling tools and features. The second FE soft-
ware lacks the mentioned tools and features above.

There are only a few scientific studies related to TCC floors in the literature which cover
experimental, analytical, and numerical methods as well as verification and validation of
both analytical and numerical methods concerning vibration response. A summarised list
of some of the latest studies is shown in Table 1. Some of the studies are dealing with the
heel drop test. The standard heel drop is defined as the force caused by the heels of

Table 1. Some of the latest scientific studies concerning vibration response of TCC floors in the
literature.

Author and year
Analytical and
experimental

Analytical and
numerical

Analytical, numerical, and
experimental

Verification and
validation

Perković, Rajčić, and
Barbalić (2021)

– Yes – No

Casagrande et al. (2018) – – Yes No
Skinner et al. (2014) Yes – – No
Rijal et al. (2015) Yes – – –
Xie et al. (2020) – – Yes Yes
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a 170 lb ( = 77.3 kg) person impacting the floor after a fall of approximately 2.5 inches ( =
6.4 cm) from a raised position (Boice 2003). Heel drop test is quick and uncomplicated test
to perform and requires no expensive equipment when compared to instrumented
impact hammers or electro-dynamic shakers (Rijal et al. 2010). The quality of frequency
resolution obtained from heel drop tests is better than instrumented impact hammer
test in the range 2-15 Hz (Blakeborough and Willjams 2015). However, exciting force
from heel drop is unknown and may vary between the tests (Rijal et al. 2010). To minimize
the randomness of the exciting force the heel-drop test could be carried out several times
(Xuhong et al. 2016). Perković, Rajčić, and Barbalić (2021) investigated the stiffness behav-
iour of connectors to fulfil vibration criteria both analytically and numerically. Casagrande
et al. (2018) discussed the effectiveness of the analytical, numerical, and experimental
assessment approaches on the vibration performance of the timber floor typologies.
They propose that experimental methods are the most appropriate assessment of the
TCC floor performance as the tests are performed on the real structure and a first-hand
performance evaluation from the users can be obtained. Rijal et al. (2015) conducted
tests on four identical TCC beams, with different shear connector arrangements, to
assess their dynamic performance. They found that the fundamental frequency of the
beams with notch connections was higher than the beams without any notches by
about 1 Hz. Xie et al. (2020) predicted the fundamental frequency of the TCC floor by
analytical models, which conformed to the experimental test results. They even created
an FE model to predict the peak acceleration of the TCC floor under a single person
walking. The results of FE analysis agreed well with the test results.

Focal points of the research in this article have been the verification and validation of
analytical and numerical methods for the calculation of vibration response of a TCC floor
section based on experimental data. Considered vibration responses included fundamen-
tal frequency, point load deflection, as well as root mean square (RMS) velocity and RMS
acceleration due to heel drop impact.

This article is structured as follows: firstly, design criteria and background to the design
calculations according to rEC5 are presented and applied to the studied TCC floor section.
Secondly, describes the geometry and material properties of the studied TCC floor
section. Thirdly, describes the modal dynamic analysis used in FE software for calculating
vibration response. Fourthly, reports experimental, analytical, and numerical results for
the studied TCC floor section subjected to static and dynamic loading. The FE models
are verified, and the FE results are validated using experimental data. Finally, the
results from the different approaches are compared, some important conclusions are
drawn and recommendations for future work are suggested.

Theoretical framework

To assess the vibrational behaviour and suitability of floors, performance levels are intro-
duced in the rEC5. To quantify the springiness of a lightweight floor, typically a timber
structure, many design codes use limitations on the deflection due to a point load,
which is also the stiffness criterion used in the rEC5. Depending on the fundamental fre-
quency of the floor structure, a response factor (R) is to be determined using either accel-
eration or velocity criteria. The acceleration criterion is applied for floors with a
fundamental frequency of 4.5–8 Hz, and the velocity criterion is applied for floors with
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a fundamental frequency above 8 Hz. For frequencies below 4.5 Hz, the method in the
rEC5 is not applicable.

The response factor together with the stiffness criterion will then determine the per-
formance level of the floor. In the following, the rEC5 calculations are applied to the
studied TCC floor section. Although, a more thorough background to the rEC5 can be
found in e.g. Schirén and Swahn (2019).

Design criteria and design calculations according to rEC5

The stiffness criterion in the rEC5 is defined as the point load deflection and may be deter-
mined as

w1kN = Fl3

48 (EI)L bef
(1)

wherein F is a vertical point load of 1 kN, l is the span length, (EI)L is the longitudinal
bending stiffness, and the effective width, bef, may be approximated as

bef = min l
1.1

�����
(EI)T
(EI)L

4

√
; b

{ }
(2)

In the expression, (EI)T is the transverse bending stiffness of the floor, b is the floor width,
and the other designations are as given earlier.

The fundamental frequency of the floor, f1, may be determined as

f1 = ke,1ke,2
p

2 l2

�����
(EI)L
m∗

√
(3)

wherein ke,1 and ke,2 are multipliers for double span and two-way spanning floors, respect-
ively,m* is the floor self-weight in kg/m2, and the other designations are given above. For
the one-way simply supported floor section in this study, both ke,1 and ke,2 are equal to 1.

When the fundamental frequency is known, the performance level of the floor is to be
determined. This is done either by an acceleration criterion or a velocity criterion.

The RMS acceleration, arms, can be determined as

arms = 0.4 a F0��
2

√
2 z M∗ (4)

wherein α is the Fourier coefficient depending on the fundamental frequency
(a = e−0.4 f1 ), F0 is the vertical load of a walking person (F0 = 700 N), ζ is the modal
damping ratio, and M* is the modal mass, which for a one-way simply supported floor
is to be determined as

M∗ = m∗ l b
2

(5)

where m*, l, and b are as defined above.
The RMS velocity is found as

vrms = b Vtot,peak (6)
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wherein the total peak velocity can be found as

Vtot,peak = Kimp V1,peak (7)

wherein V1,peak is the peak velocity and Kimp is an impulsive multiplier defined as

V1,peak = Kred
I
M∗ (8)

and

Kimp = max 0.48
b
l

( ) �����
(EI)L
(EI)T

4

√
; 1.0

{ }
(9)

The reduction factor Kred takes the distance between exciting source and sensing person
into consideration and is here set to 0.7. The mean modal impulse is found as

I = 42 f 1.43w

f 1.31
(10)

In the expressions above M*, l, b, (EI)L, (EI)T, f1 and ζ, are defined above. The walking fre-
quency is assumed to be fw= 1.5 Hz and the factors β and η are

b = (0.65− 0.01 f1)(1.22− 11.0 z)h (11)

h = 1.52− 0.55 Kimp if 1.0 ≤ Kimp ≤ 1.5 else h = 0.69 (12)

In the rEC5, the notation for the longitudinal bending stiffness (EI)L, is described as ‘the
apparent effective bending stiffness along floor span per meter width’. Furthermore,
when the equations for the fundamental frequency are introduced, it is written ‘ …
where the floor bending stiffness should be the effective apparent stiffness taking into
account shear deformation and slip where applicable’. Thus, it is not entirely clear what
degree of composite action is to be used in the vibration design.

At present, the most widely accepted analytical approach for the evaluation of ser-
viceability performance of TCC floors is a method firstly proposed by Möhler (1956). The
method is commonly known as the γ-method and is provided in Annex B of current EC5.
According to the γ-method, the effective bending stiffness of the composite section
depends largely on the degree of composite action. The method makes use of a
factor, called the γ-factor, which ranges from 0 to 1. The γ-factor can be regarded as
the degree of composite action, being 0 for no composite action and 1 for full
composite action. It should be mentioned that the γ-method is developed for
beams, but it is not entirely clear how it should be used when designing floor
systems, where transverse load distribution between beams/joists should be
considered.

The effective bending stiffness for partial composite action (PCA) is determined as

EIeff = Et(It + gAta
2
t )+ Ec(Ic + Aca

2
c ) (13)

wherein Ei, Ii and Ai are the Young’s modulus, moment of inertia and area of structural
component i, respectively, and ai is the distance from the centroid of component i to
the neutral axis (index i is to be interchanged to t or c for timber or concrete, respectively).
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The distances from the neutral axis to the centroids of concrete and timber are found as

ac = gEtAt(ht + hc)
2(gEtAt + EcAc)

(14)

and

at = ht + hc
2

− ac (15)

The factor g takes the interlayer slip between timber and concrete into account and is
determined as

g = 1

1+ p2EtAts
kl2

(16)

The stiffness of the connection is determined as

k = kser · n (17)

wherein kser is the slip modulus for one nail as discussed below, n is the number of nail
rows and s is the distance between nails in each row.

According to EC5, the slip modulus can be determined from the mean timber density
(ρm) and the nail diameter (d ) according to

kser = 2 · r1.5m · d0.8/30 (18)

When the effective bending stiffness has been determined, the longitudinal bending
stiffness can be calculated as

(EI)L = EIeff
bc

(19)

The transversal bending stiffness of the floor is determined as

(EI)T = Ec
W · h3c
12

(20)

wherein the width (W ) is to be taken as 1 m.

Figure 1. Geometry and configuration of the studied TCC floor section.
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Geometry and material properties of the TCC floor section

The studied TCC floor section has been designed by the manufacturing company. The
floor section has glulam beams above the concrete slab and the concrete is of nominal
grade C40/50, reinforced with longitudinal bars ø8s150 and transversal bars ø7s280.
The longitudinal bars are placed closest to the bottom surface with a concrete cover of
20 mm.

The geometry and configuration of the studied floor section are given in the drawings
in Figures 1 and 2. The dimensions are further explained, and material properties are
given in Table 2.

The calculated bending stiffnesses for the cases of full and partial composite action
(FCA and PCA) for the floor section in Figure 2 with properties given in Table 2 are
shown in Table 3. In the table, the bending stiffness for FCA is calculated with the
method of transformed cross-sections, for PCA the γ-method in EC5 is used.

For the floor section, nails are used as connectors. The nails with a diameter of 4.2 mm
are mounted in two rows with a distance of 22 mm to the longitudinal edge and the
spacing between nails is 50 mm. The stiffness (slip modulus) of the nails is calculated
based on EC5. The glulam beams are of quality GL28cs, with outer lamellas of strength
class T22 (Svenskt trä 2016). According to EN 2016:2016 (2016), this quality has a mean
density of 470 kg/m3, which is used to determine the slip modulus according to the

Figure 2. Geometrical data used in the analytical calculations according to EC5.

Table 2. Specifications for geometry and material properties of the TCC
floor section.
Variable (unit) Value

bt (mm) 66
ht (mm) 360
bc (mm) 600
hc (mm) 80
s [mm) 50
n 2
l (mm) 7000
b mm 2400
Et = E0,mean (MPa) 13,500
Ec = Ecm (MPa) 35,000
kser (N/mm) 2141
m* (kg/m2) 217
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equation given in EC5. Furthermore, since the nails are used in a timber-concrete connec-
tion, the stiffness is adjusted by multiplying the EC5-equation (Equation 18) by 2, which is
also indicated in the standard.

Linear dynamic problem and mode superposition in FE method

The dynamic equilibrium (Bathe 1996) as a system of differential equations in time t can
be expressed as

Mü(t)+ Cu̇(t)+ Ku(t) = F(t) (21)

where M, C, K, u, and F are the mass matrix, the damping matrix, the stiffness matrix, the
nodal displacement vector, and the external load vector assembled from all element con-
tributions, respectively. The damping matrix is commonly proposed by Rayleigh damping
as

C = aK + bM (22)

where a, b are constants that can be calculated from one or two given fraction of
damping ratios that correspond to two frequencies of vibrations.

Mode superposition (Bathe, 1996) is a well-known procedure for linear dynamic pro-
blems, which gives the time history response of a structure by the linear combination
of the structure’s modal responses as eigenmodes fi and natural eigenfrequencies vi.
The first step is to establish a discretised FE model and assemble the stiffness and mass
matrices K and M. Then eigenvalues li and eigenmodes fi are the solution of the gener-
alised eigenvalue problem as

Kf = lMf or Kf = v2Mf (23)

where

Kf = [f1, f2, . . . , fn] and l = [l1, l2, . . . , ln] = [v2
1, v

2
2, . . . , v

2
n] (24)

The dynamic deflection of the structure may be expressed as a linear combination of
the entire modes which gives the exact solutions. However, for many problems, the
higher-frequency modes can be excluded from the analysis without significant error.
Thus, an approximation to dynamic response, superposition of j ≤ n modes, can be
written as

ũ(t) =
∑j

i=1

fiYi(t) (25)

where Yi are the modal coordinates (or modal amplitudes) of mode i, and j is total

Table 3. Bending stiffness for the studied TCC
floor section.
γ 0.570
at (mm) 198.4
ac (mm) 21.6
EIPCA= EIeff (Nmm2) 1.23 × 1013

EIFCA (Nmm2) 1.74 × 1013
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number of vibration modes included in the analysis. Inserting Equation (25) in Equation
(21) and premultiplying by fT

m gives

fT
mM

∑j

i=1

fiŸ(t)+ fT
mC

∑j

i=1

fiẎ(t)+ fT
mK

∑j

i=1

fiY(t) = fT
mF(t) (26)

Orthogonality gives contribution for only j =m, which results in j uncoupled modal
equations

MmŸm(t)+ CmẎm(t)+ KmYm(t) = fT
mF(t) m = 1, . . . , j (27)

where

Mm = fT
mMfm, Cm = fT

mCfm and Km = fT
mKfm (28)

or

Ÿm(t)+ 2zmvmẎm(t)+ v2
mYm(t) =

fT
m

Mm
F(t) m = 1, . . . , j (29)

where vm is the natural eigenfrequencies and zm is the fraction of critical damping or
damping ratio according to the following equation (30)

vm =
����
Km
Mm

√
, zm = Cm

Ccr,m
= Cm

2
�������
KmMm

√ = Cm
2Mmvm

, 1 (30)

Experimental testing

Point load deflection

The TCC floor section was prefabricated at the HEDA precast concrete factory in Hedared
in February 2019, where the point load deflection was tested in June 2019. The loading
was done with a hydraulic jack connected to a load cell. The deformations were measured
with indicator clocks in different positions as shown in Figure 3. The load was applied in
point 4, and when the load was applied the deflection was registered for all positions in
steps of 0.5 kN. To decrease the influence of unintended adhesion from casting between
timber and concrete and of settlement at the supports, the first and second loadings were

Figure 3. Positions of indicator clocks in the TCC floor section. All measurements are given in (mm).
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done to 3 kN, and the resulting deflection after unloading was registered. The third
loading was done to 1.5 kN and unloaded and all deflections were registered. Loadings
4–7 were done to 1 kN and only the midpoint deflection (indicator clock 4) was registered.

The measured deflection in the transverse direction (indicator clocks 4 and 8–10)
caused by a point load of 1 kN for loading 1–3 for the TCC floor section is shown in
Figure 4. The longitudinal deflection caused by a point load of 1 kN is shown in Figure
5. In the figure, solid lines represent measured deflections caused by loading 1–3 and
dots represent measured midpoint deflections caused by loading 4–7. The measured mid-
point deflections are shown in Table 4.

As can be observed in both Figures 4 and 5, the magnitude of the deflection is larger
for the loading 1, in comparison to subsequent loadings. This might be a consequence of
friction between the timber and concrete, i.e. that the structure does not return to the
initial position after removal of the loading caused by the hydraulic jack. This is,
however, not further investigated. In the figures, it is also evident that the deflection in
a point can differ between loadings. This might also be caused by friction between
materials, or from errors in the readings from the indicator clocks or load cell. There
might also be an influence of uneven settlement at the supports or minor displacements
of the indicator clocks. However, this will not have an impact on the general observations,
and the comparisons with theoretical models made in this paper.

Fundamental frequency and RMS accelerations

The heel drop impact test was performed in April 2019. Both testing and evaluation were
done by a consultant company. The persons performing the heel drops were a man of
mass approximately 100 kg (P1), and a woman of mass 65 kg (P2). The heel drop
impact was achieved by the test person standing on their toes on the glulam beam (pos-
ition 4 in Figure 3), lifting the heels about 6–7 cm and falling with the heels back onto the
beam. The heel-drop tests were performed several times. The accelerations were recorded
using accelerometers in different positions and the postprocessing of test data was done

Figure 4. Deflection in the transverse direction (indicator clocks 4, 8–10) caused by a point load of
1 kN for loading 1–3.
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by the consultant. From the test data, fundamental frequency and RMS accelerations were
determined and the results are shown in Table 5.

Analytical results based on rEC5

Analytical calculations according to the methodology proposed in the rEC5 are carried out
for the studied TCC floor section with properties given in Figures 1 and 2 and Tables 2 and
3. Results from the calculations are shown in Table 6.

Numerical results based on FE analysis

FE analysis aims to predict the static and dynamic response of the studied TCC floor
section. Three-dimensional FE analysis was performed, and FE models and results are
described below. In each step of a FE analysis, i.e. idealisation, discretisation and solution,
errors may occur which cause the solution obtained to deviate from the correct solution.
FE analysis is carried out on an assembly of discrete elements, and not on a continuous
structure. When idealising the real structure to finite elements, a simplification of the
reality is made referred to as idealisation error. The element shape function can be
either linear or of higher order and the element can have full or reduced integration
points, giving different results referred to as discretisation errors. Thus, the smaller

Figure 5. Measured deflections caused by loading 1–7.

Table 4. Measured midpoint deflections caused by 1 kN point
load.
Loading Measured midpoint deflections (mm)

1 0.175
2 0.155
3 0.155
4 0.170
5 0.150
6 0.160
7 0.160
Mean 0.161
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element size will result in smaller discretisation error, but an increase in computational
time and effort. When two subsequent mesh refinements do not change the result sub-
stantially the discretisation error is very low, and one can assume that the results have
converged. Discretisation error has been assessed in this study using a convergence
check of three subsequent meshes to obtain sufficiently accurate results. Results have
been compared for three different FE meshes formed by successive scaling of element
sizes with factor two. Discretisation error has been estimated below 1% showing good
convergence quality of the final FE mesh. The element size of the 8-node linear brick
solid elements named C3D8 involved at the final mesh for modelling the glulam
beams was 20.0 mm. The concrete slab was modelled with 4-node general-purpose
shell elements with reduced integration points named C4R and hourglass control for
mesh stability. FE results included fundamental frequency, point load deflection as well
as RMS velocity and RMS acceleration responses for the heel drop impact.

FE model of the simply supported TCC floor section with pinned support at left-end
and roller support at right-end together with load position is shown in Figure 6. The
load is an impulse load representing the heel drop impact in dynamic analysis and
1 kN point load in static analysis and is positioned in point 4 according to Figure 3. The
boundary conditions are applied so the two opposite end-edges of the span length are
simply supported while the other two are unsupported. The theoretical span length of
the TCC floor section is 7.0 m. The concrete slab has the thickness of 80 mm and width
of 2.4 m. The beams consist of 4 glulam beams with the cross section of 66 × 360 mm2.
Contact modelling between parts has been done using ‘Tie’ connection. The tied connec-
tion constrains each node on the slave surface, i.e. glulam beams, to have the same dis-
placement as the node on the master surface, i.e. concrete slab. This means that full
composite action is assumed between concrete slab and glulam beams in the FE analysis
of the floor section.

The characteristics of glulam beams with strength class GL28cs have been specified in
FE models with both orthotropic and isotropic material behaviour. Orthotropic behaviour
has been modelled by nine engineering parameters; three moduli of elasticity as E1, E2
and E3; three shear moduli as G12, G13 and G23; and three different values for Poisson’s
ratio as ν12; ν13; and ν23 found in Danielsson (2013). The mean density ρm for the

Table 5. Fundamental frequency and RMS acceleration for the TCC floor section evaluated from the
heel drop test.
Test person Approximate mass (kg) Fundamental frequency (Hz) RMS acceleration (mm/s2)

P1 100 9.3 340
P2 65 9.3 170

Table 6. Results from analytical calculations according to the rEC5.
f0,PCA (Hz) 9.9
f0,FCA (Hz) 11.7
w1kN,PCA (mm) 0.145
w1kN,FCA (mm) 0.103
vrms,PCA (mm/s) 0.744
vrms, FCA (mm/s) 0.574
arms,PCA (mm/s2) 42.2
arms,FCA (mm/s2) 20.0
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glulam beams (GL28cs) is found in Svenskt trä (2016). The engineering parameters used in
FE model are listed in Table 7 based on Danielsson (2013). Isotropic material behaviour
has been modelled by modulus of elasticity E1 and ρm and is listed in Table 8.

For verification of the FE model, the fundamental frequency of the floor section has
been determined for different discretisation of the glulam beams and is compared with
the experimental results. Glulam beams have been modelled as either 3D solid elements
with orthotropic material parameters shown in Table 7 or 3D beam elements with isotro-
pic material parameters shown in Table 8. When comparing the results for the fundamen-
tal frequency, better agreement with the experimental data is reached when 3D solid
elements are used, rather than 3D beam elements. As can be seen in Table 9, there are
2.2% results differences for fundamental frequency between experimental studies and
numerical FE analysis using 3D solid elements. Hence 3D solid elements with orthotropic
material parameters have been used for the modelling of glulam beams in the sub-
sequent FE analysis of the TCC floor section. The first eigenmode of the TCC floor
section with the corresponding fundamental frequency is shown in Figure 7.

The deflection at the centre of TCC floor section caused by 1 kN point load has been
calculated and is equal to 0.178 mm as shown in Figure 8.

RMS velocity, and RMS acceleration response is the peak, during the simulation time
interval, of the square root of the sum of the squares of the three translational floor vel-
ocities and accelerations components according to the following equations.

vRMS =
����������∑3
i=1

u̇2i (t)

√√√√ (31)

aRMS =
����������∑3
i=1

ü2i (t)

√√√√ (32)

Figure 6. FE model of one-way simply supported TCC floor section.

Table 7. Orthotropic material parameters for glulam beams with strength class GL28cs: E and G in
MPa, Poisson’s ratios y unitless and the mean density ρm expressed in kg/m3.
E1 E2 E3 G12 G13 G23 ν12 ν13 ν23 ρm

13,500 890 480 500 700 30 0.51 0.38 0.31 430
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Prediction of RMS velocity and RMS acceleration response requires knowledge of the
damping ratio of the floor.

The modal dynamic analysis was performed in two steps for the linear system. In the
first step, a number of eigenvalues with corresponding eigenmodes below 40 Hz were
extracted by performing frequency analysis for an undamped and unloaded system.
Floor vibration response for an impulse load is negligible for the frequencies above
40 Hz according to recommendations given in Ohlsson (1984). Natural frequencies
below 40 Hz were 9.1, 16.3, 29.2 and 36.8 Hz according to the FE analysis results. In the
subsequent step, modal dynamic analysis was performed based on the eigenvalues

Table 9. Fundamental frequency obtained from experimental and numerical FE analysis including
results differences in percent.
f1 (Hz) Experimental f1 (Hz) Numerical 3D beam/3D solid Δf1 (%) Exp.-Num.

9.3 10.854/9.098 14.3 /2.2

Table 8. Isotropic material parameters for glulam beams with strength class GL28cs: E in MPa, and the
mean density ρm expressed in kg/m3.
E ρm

13,500 430

Figure 7. Fundamental frequency of the TCC floor section with the corresponding bending mode.

Figure 8. Deflection of 0.178 mm at the centre of TCC floor section caused by 1 kN point load.
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and eigenmodes extracted in the preceding step. The time-dependent dynamic load was
an impulse load with the magnitude of 638 N and duration of 0.2 s, representing the heel
drop impact of a person with the mass of 65 kg, see Figure 6 for the position of loading in
the FE model. The load position corresponds to position 4 in Figure 3. Total analysis time
and time length of increments for the time integration procedure in the modal dynamic
analysis were sat to 1 and 0.001 s, respectively. FE analyses were performed with damping
ratios within the range of 2–3% according to the recommendation in rEC5. RMS velocity
and RMS acceleration according to Equations (31 and 32) with 2%, 2.5% and 3% damping
ratio were extracted from FE analysis and are shown in Table 10. Velocity and acceleration
time history of the TCC floor section with 2.5% damping ratio is shown in Figure 9.

Results comparisons

The summarised results in terms of fundamental frequency f1, point load deflection u,
RMS velocity vrms, and RMS acceleration arms obtained from experimental data, analytical
method based on rEC5 and numerical FE analysis including differences in percent are
shown in Tables 11–15.

In the rEC5, it is stated that ‘As an alternative to the simplified calculation methods, the
verification of floor vibrations may be accomplished by a thorough dynamic analysis for

Table 10. RMS velocity and RMS acceleration response with 2%, 2.5% and 3% damping ratio.
Damping ratio vrms, FCA (mm/s) arms, FCA (mm/s2)

2% 5.891 314
2.5% 5.856 312
3% 5.820 310

Figure 9. Velocity and acceleration time history with 2.5% damping.

Table 11. Fundamental frequency f1 obtained from experimental data, analytical method and FE
analysis including the differences in percent.
Experimental f1 (Hz) Analytical PCA/FCA f1 (Hz) Δf1 (%) Exp.-Ana. Numerical FCA f1 (Hz) Δf1 (%) Exp.-Num.

9.3 9.9/11.7 6/21 9.098 2.2
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exampleby theFEmethod. The samefloorperformance leveldependant criteria apply.’Since
the floor section here studied has a fundamental frequency higher than 8 Hz, it should be
considered transient, and the stiffness and velocity criteria should be applied to determine
the performance level. The different criteria can be found in the rEC5, see e.g. Schirén and
Swahn (2019). The response factors and floor performance levels calculated using the
different design methods and a damping ratio of 2.5% are shown in Table 16.

Conclusions and recommendations

In this research, vibration performance of a one-way simply supported TCC floor section
has been studied through experimental data, analytical as well as numerical methods. The
assessment of vibrational response includes point load deflection, fundamental fre-
quency, RMS velocity, and RMS acceleration due to heel drop impact. The results of the
calculations were verified and validated against experimental data from full-scale tests.

Table 12. Point load deflections u at the centre of the TCC floor section obtained from experimental
data, analytical method, and numerical FE analysis including the differences in percent.
Experimental u (mm) Analytical PCA/FCA u (mm) Δu (%) Exp.-Ana. Numerical FCA u (mm) Δu (%) Exp.-Num.

0.161 0.145/0.103 9.9/36 0.178 9.6

Table 13. Comparison between measured deflection in the transverse direction caused by a point
load of 1 kN for loading 1–3 and calculated deflection based on FE analysis.
Distance from edge (mm) Experimental u (mm) for loading 1 Numerical FCA u (mm) Δu (%) Exp.-Num.

300 0.105 0.136 22.8
900 0.145 0.163 11.0
1500 0.175 0.191 8.4
2100 0.175 0.200 12.5

Table 14. RMS velocity obtained from analytical method, and numerical FE analysis (with 2.5%
damping ratio) including the differences in percent.
Experimental vrms

(mm/s)
Analytical PCA/FCA vrms

(mm/s)
Δvrms (%) Exp.-

Ana.
Numerical FCA vrms

(mm/s)
Δvrms (%) Exp.-

Num.

No data 0.744/0.574 – 3.740 –

Table 15. RMS acceleration obtained from experimental test, analytical method, and the numerical FE
analysis (with 2.5% damping ratio) including the differences in percent.
Experimental arms

(mm/s2)
Analytical PCA/FCA arms

(mm/s2)
Δarms (%) Exp.-

Ana.
Numerical FCA arms

(mm/s2)
Δarms (%) Exp.-

Num.

170 42.2/20.0 Not relevant 312 46

Table 16. Response factors and floor performance levels for the studied TCC floor section.
rEC5 (PCA) rEC5 (FCA) FE (FCA)

Floor performance level, stiffness criterion I/II I/II I/II
Response factor, R 7.4 5.7 58.6
Floor performance level, velocity criterion II II VII
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Based on the experimental, analytical, and numerical studies performed in this article, the
major findings are as follows:

(1) When comparing the results of the FE analysis for the fundamental frequency, better
agreement with the experimental data is reached when 3D solid elements are used,
rather than 3D beam elements. It can be mentioned that general-purpose FE software
often has the possibility for modelling the structures with 3D solid elements, which is
not the case for many of the commercial software used for structural analysis.

(2) Better agreement with the experimental data for RMS acceleration is reached by FE
analysis, rather than the theoretical method based on rEC5. One reason may be
that rEC5 is a simplified calculation method where vibration response is mainly deter-
mined from the fundamental frequency. For detailed analysis, the authors suggest
performing dynamic FE analysis and calculating vibration response from the TCC
floor’s modal responses as eigenmodes and natural eigenfrequencies below 40 Hz.

(3) By performing FE analysis and applying the same floor performance level criteria for
verification of the floor vibrations as in rE5 the TCC floor section with the fundamental
frequency above 8 Hz will belong to the floor performance level I and II based on
stiffness criteria. Based on FE analysis results for RMS velocity the TCC floor section
performance belongs to unacceptable level.

(4) By comparison of the calculated fundamental frequencies and point load deflections
using the rEC5-method with different degrees of composite action, better agreement
with experimental data is reached when the bending stiffness is determined assum-
ing PCA rather than FCA.

(5) With a validated numerical model, the subsequent studies can be performed to find
optimal configurations of TCC floor regarding multiple criteria of interest for decision
makers, such as sustainability requirements.

There are some limitations of the presented research. Firstly 1 kN point load has not
been applied at the centre of the TCC floor as the most flexible point in the experimental
study. The reason was that the concrete slab was underneath the glulam beams, leading
to that only glulam beams could be loaded. Secondly, the magnitude of impact force was
not thoroughly controlled when heel drop tests were performed, implying difficulties
when experimental and numerical data were compared.

Unfortunately, at the time of the experimental study, we did not have access to the
recently released standard EN 16929 (2018). For future studies, it is recommended that
the experimental studies are performed according to the standard EN 16929 (2018),
measuring both RMS velocity and RMS acceleration as well as point load deflection.
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