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Abstract

The present work concerns the dynamic and vibroacoustic response of timber floor panels as
well as the study of the effect of material nonlinearities and damping. Each panel is composed
of glued laminated beams and wood constituting the floor. The dimensions of the panels are
defined to ensure appropriate implementation and transport conditions. For these reasons,
the width of the panels is fixed at 2.40 m, and the length is 7.2 m. Two types of floor panels
were investigated with and without struts. A numerical approach based on 3D finite element
method is used to solve the problem. Our finite element model and the mechanical properties
of the used materials are first validated from comparisons with experimental tests carried out
in statics [1]. A dynamic non-linear analysis of the timber floor panels has been then con-
ducted under a walking time history and the vibroacoustic response of the system is finally
investigated.
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1 INTRODUCTION

The use of wood as construction material increased in Europe during the last decades.
Compared to steel or reinforced concrete buildings, the timber buildings are more sensitive to
dynamic loading, especially in terms of vibroacoustic comfort. Furthermore, due to the com-
plexity of wood material and different structural details it is more difficult to predict the accu-
rate response due to dynamic loading.

Floor vibrations and structure-borne sound in residential buildings can be induced by sev-
eral sources such as people walking indoors, machines vibration. Excessively high sound
and/or vibration levels cause annoyance and discomfort for residents. Low frequency predic-
tion tools are needed to access the dynamic behavior of a timber floor in an early design phase
to ultimately reduce the low frequency impact noise. This highlights the need to improve the
design of multi-story timber buildings such that vibration levels and the need of further inves-
tigation on this field.

In the European countries, the vibration of timber floors is regulated by the serviceability
limit states (SLS) requirements of Eurocode [2]. In addition, a lot of researchers have started
to investigate this field. Initially, the vibration issues of different types of flooring systems
(composite, concrete, steel with timber) was identified under the action of human activities by
Bachmann & Ammann [3], Williams & Waldron [4], Da Silva et al. [5] and Ebrahimpour &
Sack [6].

In the present work attention is focused on the dynamic and vibroacoustic response of tim-
ber floor panels as well as the study of the effect of material nonlinearities and the damping
ration. The first part of this study focuses on the validation of the finite elements (FE) model
with the appropriate selected experimental results, in order to be a reliable tool for the further
part of this study. After the validation, dynamic analyses were conducted under a walking
load time history of a person in the middle of each floor panel, and then the vibroacoustic of
these panels are presented.

2 A SHORT DESCRIPTION OF THE INVESTIGATED TIMBER FLOOR PANELS

Two types of floor panels were investigated (with and without struts). The floor panels
have been proposed by Fuentes et al [ 1] and analyzed only in static analysis. The dimensions
of the panels were defined to ensure appropriate implementation and transport conditions. For
these reasons, the width of the panels was fixed at 2.40 m, and the length was 7.2 m. Each
floor panel was consisted of glued laminated beams, joins and floor of 25mm. The first one,
referred to herein as PAN_FI, consisted of two (2) beams, thirteen (13) joists and the floor,
while the second one, referred to herein as PAN_Fl struts, was like the previous one but with
struts (Figure 1). The design of these floor panels meted the requirement of Part 1-1 of
Eurocode 5 [2]. The material of the main parts of the floor panels was categorized in the class
GL32h.
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Figure 1: Geometric configuration of: (a) PAN FI, (b) PAN Fl struts (values in mm).
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3  VALIDATION OF FEM FOR FLOOR PANELS IN STATIC ANALYSIS

The FE method is a widely employed approach to develop numerical prediction models in
construction industry and more and more researchers are used it [ 7-9]. By performing numeri-
cal simulations, experimental acoustical tests can be reduced, and parametric studies can also
be carried out to investigate the influence of specific geometrical changes in construction as
well as the influence of the variations/uncertainties in material properties, which always have
a mark able influence on the results [10-12].

The FE analysis calibration study included analytical modelling of the two panels.
Elastoplastic orthotropic material models were used with non-linear hardening associated with
material densification. Table 1 summarises the details of the material properties.

Table 1: Main material parameters.
Quality E1 Ez E3 fm,k Vi2 Vi3 Vo3 [Y)
(MPa) (MPa) (MPa) (MPa) (kg/m’)
GL32h 13500 450 450 32.5 0.35 035 0.09 420

The 3D FEM model geometry reproduced the actual geometry of the experiments, as well
as the simulation used the same boundary conditions and loading as in the experimental pro-
gram (see Figure 1 and 2).
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Figure 2: Configuration of floor panels PAN_FI struts.

Alternative finite element models were conducted to identify the best meshing. It is known
that a finer mesh density provides higher accuracy but also increases the computational time
without improving substantially the accuracy of the results, therefore, a tradeoff between time
and accuracy becomes crucial. In our model tetrahedral solid elements were used with high
level of optimization in order to avoid inverted curved elements, too large or too small ele-
ments. In total 16335 elements were used for the PAN_Fl and 21954 for the PAN_FI struts.

In this section, static analyses have been performed with increasing load until the failure of
the panels. The nonlinear solver uses an affine invariant form of the damped Newton method.
The numerical results were compared with the experimental ones and the validation of the
model was based on: (i) the force-displacement curves, and (ii) the deformation shape of the
bottom beam during different loads, for the both floor panels.

Figures 3 and 4 compare the experimental and the numerical results of the panels PAN Fl
and PAN_FI struts respectively. Part (a) presents the force — displacement curves at the mid-
dle of the panel, part (b) illustrates the shape of the deflection along the bottom beam of each
panel, while part (c) shows the deformation shape of each panel for a selected force (45kN for
the panel PAN_FI and 65kN for the panel PAN F1 struts). It is important to notice that in the
Figures 3c and 4c the panels are illustrated without the floors in order to verify the shape of
the beams and the joists. As it is shown, the numerical monotonic curve follows the envelope
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of the experimental response. Therefore, the numerical loading curve can be reliably used to
assess the stiffness and strength of the investigated panels and the proposed FE model in order
to establish the individual and combined effects of various parameters on the response of the
panels and, in so doing, to identify the significance of the numerical contribution to produce
results that are harder to obtain experimentally.
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Figure 3: Comparison of experimental and numerical results for the panel PAN FI.

Force (N)

Displacement (mm)

140000 0 1 2 3 4 5 6 7 8

- - —Experimental
120000

Numerical

100000

—— 116 kN exp

30000 oo ol N
60 —— 116 kN num - s [5G kN

60000 66 kN exp

66 kN num . .
100 -w.-l 1
FEEFHRRERF |

Force (N)
Displacement (mm)

40000

20000

-140
0 20 40 60 80 100 120 Length of the bottom beam (m)

Dislpacement at middle span (mm)

(a) (b) (c)

Figure 4: Comparison of experimental and numerical results for the panel PAN_FI struts.

4 DYNAMIC ANALYSIS

The aim of this section is to use the proposed FE model in order to investigate the dynamic
response of these panels in different vibration loading. A dynamic analysis of a structure dif-
fers from a corresponding static analysis mainly in two ways. While a static analysis assumes
that a structure is in complete equilibrium with its surroundings a dynamic analysis takes into
consideration the structure’s true response when subjected to a force. Furthermore, a static
analysis treats the loads as static, which means that they varies sufficiently slowly with time.
On the other hand, there are a lot of loads that in fact are dynamic, that is, they varies rather
quickly with time [ 13]. Vibrations may be described as oscillations around the statically equi-
librium of a structure [ 14]. Vibrations arise when time-varying disturbances, either forces or
displacements, interact with the inertia properties of an affected medium. The dynamic re-
sponse of a structural system is affected by the material properties, the damping, the proper-
ties of the system as whole, and the presence of non-structural elements, such as floor
coverings, ceilings etc [ 15].

Damping is the most important parameter which significantly influences the response of
occupants to floor vibrations even though it hardly affects the fundamental frequency f;. This
i1s because damping is an intrinsic property of structural systems that influences oscillation
amplitudes and the rate of decay under forced and free vibrations, respectively [16]. Previous
research has shown that the timber floors constructed with engineered I-joists had a damping
ratio { = 2 — 4% [17] while the floors with metal-webbed joists only had a very low damping
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ratio { = 0.86% which is below 1% [18]. This indicates that the design damping ratio
¢ = 1% proposed in EN 1995-1-1 [2] may not cover all timber floor types so an average
damping ratio { = 2% is proposed in order to cover most practical cases [19].

4.1 Case study

In this study the two panels of PAN_FI and PAN _FI stucts were analysed under a walking
loading time history of one person 75kg in the middle of each panel (on the spot) with a total
duration of 2.6 sec. In this study only the effects of a damping ration were presented. Figure 5
describes the investigated panels with the details of boundary conditions, load time histories,
while Table 2 summarizes the investigated cases. The beams of the panels are the part that is
being connected with the columns of the structures. The stiffness of these connections can
varies as it depends on the type of the connection as Titirla et al have been presented [20-23],
but in this study only the case of a rigid connection was presented.

Each harmonic of the loading function can cause resonance with a natural frequency of the
floor, and it is the walking pace frequency that gives the worst-case response that should be
used for design. The pace frequency (f,) for walking has a mean value of 2.0 Hz. The standard
walking load of a person can then be described as a series of consecutive steps, where each
step is given by a polynomial function which is proposed by Harpel et al. [24].

Rigid
connection

Rigid
connection

Figure5: Walking time history and boundary condition of the panels.

Table 2: Description of the case studies.
Boundary con-

Panel ditions Damping Name
PAN Fl Rigid 0% PAN Fl
PAN Fl Rigid 1% PAN Fl1 d
PAN FI struts Rigid 0% PAN_FI struts
PAN FI struts Rigid 1% PAN FI struts d

4.2 Comparison of the results

In the present numerical study a damping ratio equal to 1% was selected, according to EN
1995-1-1 [2]. The comparison of the results, given in Figure 5, shows that the maximum ver-
tical displacement was reduced 1.4 % for the PAN _FI and 0.5% for the PAN FI struts ac-
cording to damping, while the maximum acceleration in the middle of the span was reduced
equal to 10 % and 2.5% respectively. It can be observed that each transient vibration signal
contains a high initial peak and decays. The peak values of a transient vibration are governed
by system stiffness and mass, but not by damping. Damping is a measure of how quickly the
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response of vibrating system decay after the loading period; as a result the effects of the
damping during the walking loading of 2.6sec were not as much remarkable.
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Figure 5: Time histories of (a) the vertical displ. at the middle of the panel PAN_FI, (b) the vertical displ. at
the middle of the panel PAN_FI _struts, (c) the acceleration at the middle of the panel PAN F1, (d) the accelera-
tion at the middle of the panel PAN_FI1 _struts.

5 VIBROACOUSTIC

Structures when subjected to time varying loads will vibrate and generate acoustic waves.
The characteristics of the acoustic waves generated by the structure may depend on the vibra-
tion behavior of the structure, which in turn depends on different factors such as the properties
of structural materials, types of loads, location of load application, structural configuration,
boundary conditions, etc. The determination of the true vibro-acoustic characteristics of a
structure is essential for the correct prediction of the actual vibration and sound radiation be-
haviors of the structure. Therefore, because of its importance, the vibro-acoustic characteriza-
tion of structures has drawn close attention and a lot of researchers are working in this field
[25-27].

The aim of this session is to study the influence of the two configurations (PAN_FI and
PAN FI_struts) on the impact sound transmission of a floor. For this reason the previous pan-
els with the rigid connections were investigated; but this time the analyses were focused on
the frequency domain. The Acoustics interface uses the Pressure Acoustics, Frequency Do-
main module to solve the governing wave equation that is complemented with sound sources
as boundary condition. The speed of the sound in the air equal to 343 m/s and the density of
1.2 kg/m3 were taken into account in this study.
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The radiated sound power level for the reference case is shown in Figure 7. The large am-

plitude peaks observed in the frequency response make it possible to identify the critical res-
onance frequencies to be avoided.
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Figure6: (a) the model with the additional mass and the boundary conditions, (b) the mesh for the floor ele-

ments and the air.
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PAN_FI struts.
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6 CONCLUSIONS

In the present work attention is focused on the dynamic and vibroacoustic response of tim-

ber floor panels as well as the study of the effect of the damping ration. In this study the two
panels of PAN Fl and PAN _FI stucts were analysed in static and dynamic analyses. Based
on the findings of this study new conclusions are drawn :

1.

il.

1il.

The validation of the numerical simulation is based on the envelope experimental be-
havior of the two difference floor panel. The response of the panel PAN_FI was used to
build the numerical model while the response of the panel PAN FI struts was used to
validate the previous model.

The success of the deployed numerical simulation is fully demonstrated by comparing
the shape of the load—displacement curves with the experimental ones. Therefore, it is a
reliable tool for the simulation of the hysteretic behavior of these timber floor panels
and can be used in further studies.

The peak values of a transient vibration are governed by system stiffness and mass, but
not by damping. Damping is a measure of how quickly the response of vibrating system

decay after the loading period; as a result the effects of the damping during the walking
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1v.

loading of 2.6 sec were not as much remarkable. The comparison of the results shows
that the maximum vertical displacement was reduced 1.4 % for the PAN Fl and 0.5%
for the PAN_FI struts according to damping, while the maximum acceleration in the
middle of the span was reduced equal to 10 % and 2.5% respectively.

The analysis of the vibroacoustic response of the system made it possible to identify the
most radiant resonance frequencies.
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