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Evaluation of vibration transmission of L-shaped plates using finite element
analysis

Jestis Magdaleno?, Enrique Segovia?, Jesus Carbajo3, Jaime Ramis?, M. Angeles Martin®

ABSTRACT

In this paper, velocity level difference through L-shaped plates is studied using finite element analysis
(FEA). Validation is performed using experimental measurements and comparing different finite
elements models. The velocity level difference between the source and receiving plate is used to
study how vibration flows for third-octave frequency bands, within the frequency range 40-3150 Hz.
The influence of different types of geometry, material properties, meshes, types of excitations and the
incorporation of an elastic layer, simulating a floating floor, were studied. The use of finite elements
models with 2D elements proved to be adequate and a good approximation was obtained from both
experimental and finite element analysis results.

Keywords: L-shaped plates, vibroacoustic, finite element analysis, vibration.

1. INTRODUCTION

The study of vibration transmission and energy flow between coupled plates improves the predictive
models of structure-borne sound transmission. This is of interest in many fields of application, e.g., in
automotive, aeronautic, marine, and building industries [1].

The Finite Element Method (FEM) is increasingly used to build predictive models. It is also used to
validate analytical and numerical methods, although verification and validation of FEM models are
necessary [2]. This is not sufficiently documented in many cases.

Simmons [3] used FEM to calculate the vibrational energies of plates forming L- and H-structures at
discrete frequencies between 10 and 2000 Hz, where one plate is excited by a point force and power
is transmitted through the junction to other plates. The kinetic energy on a plate was derived from the
measured or the calculated displacements at n evenly distributed points to compare experimental,
FEM and SEA (Statistical Energy Analysis) results. The FEM gave very good estimates in general.

An analytical model of the bending wave transmission between semi-infinite thin plates connected by
a hinge or by an elastic interlayer is studied in [4], with different elastic interlayers in a T-junction. In

Y School of Industrial Engineering, University of Valladolid (SPAIN). magdal@uva.es (Corresponding author).

2 Department of Physics, System Engineering and Signal Theory, University of Alicante (SPAIN).

3 Research Institute for Integrated Coastal Zone Management-IGIC, Polytechnic University of Valencia (SPAIN).
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® School of Industrial Engineering, University of Valladolid (SPAIN).
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this work, a two-dimensional finite element model is used to calculate a correction factor for stiffness.
Steel and Craik [5] used a finite element model to overcome SEA limitations at low frequencies and
study the coupling loss factor (CLF) for walls in buildings more accurately. In [6] the FEM is combined
with a Statistical Energy Analysis-like (SEAL) for derivation of energy flow between two thin plates. A
thin L-shaped plate is investigated using a commercial FE code. Mace and Shorter [7] used energy flow
models from finite element analysis, with harmonic excitation, in a system comprising three coupled
plates. Traditional SEA predictions were inaccurate in this case. In [8], a power flow density vector of
L-shaped plates is used adopting a substructure approach, comparing results with those obtained with
the FEM. Hopkins [9] [10] studied an L-junction and a T-junction, with agreement between both FEM
and data measured with SEA at high frequencies. Monte Carlo methods were used to evaluate the
uncertainty in the material properties and dimensions. Results from the numerical experiments are
used for calculating the change in the coupling parameters and their use in SEA and the vibration
reduction index in European standard EN 12354 [11].

A benchmarking exercise is presented in [12] for SEA analysis of semi-infinite, isotropic, thin and flat
plates. The transmission coefficient is determined by considering a wave to be incident on the
junction formed by the intersection of several semi-infinite plates. To facilitate exactitude assessment
and help to boost the designer’s confidence in simulation, Bochniak and Cieslik [13] introduced
uncertainty considerations in vibration energy flow analysis. They used the structural intensity
pattern, which presents a vectorial nature of vibrational energy flow in structures, and FEM was used
for obtaining harmonic response solution. In [14] the verification of the results obtained was
performed on FEM and genetic algorithms were applied to the evaluation of the fundamental
frequency of stiffened plates.

Clasen and Langer [15] analysed the influence of various damping mechanisms on the transmission of
sound in buildings, using FEM models, studying different constructive configurations. They analysed
the influence of damping on the joints of walls, introducing a spring-damper system in several small-
scale models. Du et al. [16] studied uniform elastic boundary restraints in two elastically coupled
rectangular plates with an analytical method, validating the results with FEM models. The FEM is used
in [17] to obtain a numerical evaluation of the vibration reduction index in structural joints, comparing
results with those evaluated using the EN 12354 [11], and allowing the calculation of an adaptation
term that makes both approaches converge. Comparison with results obtained by empirical formulas
reveals that results from the standard’s calculation cannot accurately reproduce the expected
behaviour, and thus indicate that alternative complementary calculation procedures are required. The
behaviour of a structural joint in terms of vibration transmission is complex, depends strongly on the
frequency, and should be evaluated for each structural reality. The prediction of vibration
transmission across networks of coupled beams using a bending wave only model and a bending and
longitudinal wave model is studied in [18], by application of SEA and advanced SEA to structure-borne
sound transmission. SEA is used with coupling loss factors determined from wave theory and is
compared with numerical experiments from FEM. 2D and 3D FEM models of an acoustic laboratory
were used in [19], and the results were verified with experimental measurements, to study airborne
sound properties of composite structural insulated panels. The 2D results obtained a good agreement
with experimental results.
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In [20] the vibration problems of various types of coupled plates are solved using an improved Fourier
series method. The method was validated with results obtained by the finite element analysis. In
addition, numerical results (FEM) are presented in [21] to validate the correctness of an improved
Fourier series method used to analyse the vibration of moderately thick coupled rectangular plates
with general elastic boundary supports and arbitrary coupling conditions.

Poblet-Puig and Guigou-Carter [22] used spectral finite elements for parametric analysis of the
vibration reduction index of heavy junctions oriented to flanking transmissions and EN-12354
prediction method. A parametric analysis of the vibration reduction index was performed for several
junction types, observing the influence of several parameters such as damping, junction dimensions
and the mass ratio. Hopkins et al. [23] also used the vibration reduction index and developed new
regression curves by numerical experiments with FEM, SFEM and wave theory. The junctions
considered were formed from heavyweight walls and floors and the new relationships were
implemented in the prediction models improving the agreement between the measured and
predicted airborne and impact sound insulation.

One of the difficulties that arise when computational methods are used is the need for methods to
evaluate the reliability and accuracy of their results. In the field of FEM application in the transmission
of sound in buildings, this fact was evidenced by [2]. They indicate that the reliability of the FEM
depends heavily on the way the model is defined and include validation through experimental
measures in a study of low-frequency dwellings.

In one of the first works on FEM application in structural sound transmission, Simmons [3] points
towards the need to verify that the commercial program used produces valid results, since there are
no published previous cases of usage in the frequency range of interest. To do this, he compares
simple cases for which the analytical solution is known, or for which experimental results exist, with
the results of the program. Concerning the dynamic analyses, Wilson [24] indicates that to reduce
errors caused by model approximations, many different analyses are necessary, and unsurprisingly
there are 20 of them. In each analysis, different calculation models, loadings and/or boundary
conditions are used.

Verification and validation are the main methods and procedures used to assess reliability, limitations,
weaknesses, and uncertainties of computational simulations. In [25] examples are found of typical
situations in which errors are commented and techniques are proposed for verifying and validating. A
more detailed process can be found in [26], [27] and [28].

The accuracy in FEM depends on the size of the mesh, element quality, etc. In [29] a smoothed finite-
element/boundary-element coupling procedure (SFEM/BEM) is extended to analyse the structural-
acoustic problem to improve accuracy.

In this paper we aim at analysing the vibroacoustic response obtained by FEM models in the case of L-
linked plates, using the commercial FE package I-DEAS. The difference in velocity level between the
excited element and the non-excited element, Dv,i]-, will be used as an indicator of vibration
transmission. This parameter is also used by other authors [9] [1] [22]. The experimental model will be
made using stone with concrete-like properties. The influence of the thickness of the connected
plates, different characteristics of the material, meshes and the incorporation of two samples of
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elastic layers, similar to floating floors, will be studied. The results will be validated and calibrated
using experimental measures and comparing different FEM calculation models. Third-octave
frequency bands within the frequency range 40-3150 Hz will be studied.

2. METHODOLOGICAL APPROACH
2.1. Background theory

Vibration transmission at junctions where building elements connect is related to the vibration
reduction index (Kj), [30] [31] [11], and is normalized to obtain invariant magnitude.
Dy ij+Dv,ji Lij

where Dy ; is the velocity level difference between source element i and receiver element j, L;; is the
junction length between elements i and j, and a; is the equivalent absorption length given by

_22m%S; ’fr_ef
4= Co Tsji f (2)

in which S; is the area, ¢, is the speed of sound in air, Tj; is the structural reverberation time, f..; is a
reference frequency ( f,..; =1000 Hz) and f is the frequency.

This vibration transmission model is based on a simplified SEA theory of power transmission, where
only bending waves are taken into consideration, and the number of subsystems considered are
reduced to first order transmissions only [32]. In [32] [33] [34] [35] a review of prediction models,
included in building acoustics regulations, can be found along with the advances that have been made
and detected needs for improvement. It is possible to obtain the value of Kj; using velocity level
measurements (L), as well as the structural reverberation time (Ts) of the two elements [31].

Initially, the parameter to be determined based on the velocities is the average velocity level L. For
stationary, structural or aerial excitation, the spatial average is calculated using
V24024 4vE

0

where vZ + vZ + -+ + v? are the mean square velocities at n different positions on the element, in

m/s, and v, the reference velocity (v, =1 X 102 m/s). As from L, the difference in velocity level
Dy ; is determined using

Dyjj = Lyi — Ly (4)

The comparison between the experimental measurements and the FEM models will be done by
means of Dy, to avoid the influence of structural reverberation time on the calculations. This
parameter is also used by other authors [9] [1] [22]. Energy measurement by using velocity
measurement points is used in [36] [37], where the number and position of these points are chosen at
random and without any precise criterion. This type of approach gives satisfactory results for high
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frequencies, but large variations appear at low frequencies. It is not intended to compare the results
with those predicted by the SEA, but a similar methodology is used.

2.2. Experimental study

Two cases of perpendicular plate joints were studied. The first joint was formed by two thick plates
with a thickness of 60 mm and dimensions of 560 x 530 mm for the horizontal plate and 640 x 530
mm for the vertical plate (Fig. 1). The second joint consisted of a thick horizontal plate with a
thickness of 60 mm and dimensions of 545 x 530 mm and another thin vertical plate with a thickness
of 30 mm and dimensions of 640 x 530 mm. All measurements had a tolerance range of £ 1 mm.
Washers were attached every 50 mm following a matrix pattern to facilitate data collection (Fig. 1).
The response was measured in each of the washers.

Vertical
plate

Elastic
layer

Horizontal
plate

Figure 1. Geometry of the joint connecting thick plates and floating plate.

Material used for the plates was a type of stone, called Bateig. Its physical properties are similar to
those of concrete, and are described in Table 1 [38]. Some of the properties of the material were used
to calibrate FEM analysis results.

Table 1. Nominal properties of Bateig stone (Bateig32).

Young’s modulus (E) 32 GPa
Poisson’s ratio (V) 0.23
Density (p) 2315 Kg/m?
Structural damping coefficient 0.01
Sound speed (c) 3718 m/s

In the study that included an elastic layer, a marble plate was used as a floating plate, with a thickness
of 20 mm, a density of 2656 kg/m3, a Young's modulus of 80 GPa and a Poisson’s ratio of 0.3. The
properties of the elastic layers are detailed in Table 2.

Experimental measurements were made by placing the sample on a material that allowed movements
from the supporting surface (Fig. 1). The excitation was produced by an electrodynamic type of
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actuator, similar to that used in Distributed Mode Loudspeakers (DML). The input signal was a
Maximum Length Sequence (MLS) [39]. An NI PCI-6120 data acquisition card was used. The excitation
occurred in the same three points as the FEM model (Fig. 3a).

Table 2. Properties of the elastic layers.

. Thickness Density Dynamlc’stlffness Structural damping
Elastic layer mm (p) (') coefficient
Kg/m?3 MN/m3
Elastic layer 1 12.5 697.63 5.34 0.17
Elastic layer 2 30 94.83 13.93 0.077

The measurement was carried out simultaneously at three different points, with three
accelerometers. The measure points corresponded to the washers attached to the surface (Fig. 1).
There were 81 points in the excited horizontal plate and 108 points in the unexcited vertical plate.
Signals were registered using the LabWIEW platform with a sampling rate of 96 kS/s and processed
using MATLAB.

2.3. FEM model

FEM models with 2D elements were used and the average surface of the plates was taken as
reference. These plates were meshed with 8-node shell elements, called "Thin Shell - Parabolic
Quadrilateral", with six degrees of freedom per node (three translational and three rotational). This
element was based on Mindlin's thick plate equations, which included movement due to shear stress.
The formulation is described in [40] [41]. The maximum element size used was 50 mm, so at least 33
elements per wavelength were used for the maximum frequency of interest in this study (2250 Hz).
Specifications of meshes used in the models without elastic layers are detailed in Table 3.

Table 3. FEM mesh without elastic layer used in the numerical simulations.

Model
Coarse mesh Fine mesh
Element size (mm) 50 25
Number of Elements 264 1008
Number of Nodes 863 3163

To model the elastic layer of the floating floors, spring-type elements were used (Fig. 2). These
elements were massless, translational node to node, and with structural damping coefficient. Spring
stiffness was calculated based on the dynamic stiffness of the elastic layer, multiplied by the surface
of the elastic layer and divided by the number of springs [42]. For the coarse mesh, 408 springs had a
rigidity of 9590 N/m for elastic layer 1 and a stiffness of 3675 N/m for elastic layer 2.

In accordance with the experimental measurements and calculations made of own frequencies, an
unconstrained system was used as the most appropriate model, with no movement restriction.
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Figure 2. Models with elastic layer. Mesh for the plates and for the elastic layer.

a) Excitation points b) Measurements points

Figure 3. Excitation and measurements points in FEM models.

Two types of excitations were used in the FEM models to analyse which of them best simulates the
experimental method. The first type simulates transient excitation through a perpendicular impact to
the surface, recording the response for 5 s in the models without an elastic layer and 10 s in models
with the elastic layer, because of longer system response duration. The impact characteristics were
determined so that the response had a similar amplitude to that obtained in the experiments. The
second type of excitation simulated a stationary excitation by a series of impacts at a given point, with
a frequency of 10 Hz, simulating a tapping machine (TM) [43]. The responses of both types of
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excitations were calculated when applied to three points at similar positions to those used
experimentally (Fig. 3a).

Since our objective was to determine velocities at different points, a modal analysis was made to
determine own frequencies and own modes. Using the modal overlapping method, the response to
the excitation was evaluated. Subsequently, the velocities obtained were processed to calculate speed
levels and speed level differences.

3. VALIDATION AND CALIBRATION

FEM models must be validated and calibrated to obtain more reliable and accurate results. To do so,
we evaluated the differences between several models, in addition to the differences with the
experimental measures. The models of plates without elastic layers, i.e., without a floating plate, were
validated and calibrated first. To do this, the results of own frequencies, average quadratic velocity,
speed level and speed level difference were used. To start with, results obtained with the excitation at
one point were used and the results with the excitations in other points were compared later to
evaluate the predictive capacity of the model. We also evaluated the use of 10 velocity measurement
points, instead of the dot matrix that was used in the experimental measurements. Some of the
material’s properties were used to calibrate the results of FEM analyses [44] [45]. For this,
modifications in Young's modulus and in the density of the material were studied.

In the case of thick plate junction, mean square velocity results of the excited plate of the fine and
coarse mesh models using a Young's modulus of 25 MPa show similar results to the experimental ones
(Fig. 4). Therefore, this value of the Young's modulus and the coarse mesh seemed to be adequate for
this case. The results of the mean square velocity in the FEM models, taking 10 velocity measurement
points (Fig. 3b), were similar to those obtained using the same measurement points as those used in
the experimental process (Fig. 4). Furthermore, speed level results differed by less than 2 dB from the
630 Hz band, when 10 measurement points were used, differences being somewhat greater at lower
frequencies. Taking advantage of these similar results, the following analyses will use 10 velocity
measurement points in FEM models, unless otherwise indicated.

Regarding the influence of the number of elements in FEM models, the maximum difference in own
frequencies was 1.65% in mode 42 (3479 Hz), with differences smaller than 0.8% below 1753 Hz
(mode 16). As for the differences between the experimental model and the FEM models, the
maximum difference was 4.2%. The results on velocity levels in FEM models of thick plate junctions
without elastic layer differed by less than 3 dB in most cases, having a similar frequency distribution in
both plates, so a smaller difference was expected when the speed difference between plates was
evaluated. Therefore, this confirmed the coarse mesh appeared to be of sufficient size and a more
detailed convergence analysis was not considered necessary, although calculations were also
performed for the thin mesh to check the effect of number of elements in the speed level difference.

An additional check was done based on the results of the speed level difference between the excited
plate and the non-excited plate, to obtain an estimate of energy transmission. The response was
related to similar frequency in the experimental results and in the FEM models (Fig. 5). Values of the
FEM models were quite close to each other, at approximately 1 dB. Differences between the FEM
models and the experimental results were around 4 dB.
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Figure 5. Velocity level difference at the junction of thick plates with an elastic layer. Different meshes and
excitation types (D, ;; - velocity level difference, f - frequency).

The precision obtained seems acceptable compared to other studies. For example, [46] found
standard deviations in Dv, between 2 dB and 10 dB in masonry walls, with an average of around 4 dB.
These differences were greater at low frequencies.

To evaluate the predictive capacity of the model, responses of the thick plate model with excitations
at other points were analysed, and a similar response was observed. A quantitative assessment will be
given later when the results are presented.
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Based on these studies, we can consider that the coarse mesh FEM model, material with E = 25 MPa
and 10 points measures, achieved an accuracy that was adequate to describe junction behaviour of
two thick plates without an elastic layer. Following a similar procedure, the most suitable model for
thick plate-thin plate junctions, was the one using coarse mesh, material with E = 32 MPa and 10
points measures, as modal behaviour was better adjusted at low frequencies. The influence on the
final results of the speed level difference will be evaluated later.

In elastic layer models, modal behaviour was more complex. A similar evolution of the mean square
velocity values was observed in the experimental values and in the FEM models up until 1000 Hz,
although comparisons were difficult due to the complexity of the response. The differences between
own frequencies of the calculation models and those obtained experimentally were also observed by
[42], with notable variations due to the difference in behaviour of the reduced mass in relation to the
springs simulating the floating floor.

4. RESULTS AND DISCUSSION

Results on velocity level difference, Dy j;, in joints without an elastic layer, between thick plates joints
and between thick plate-thin plate joints, are shown in Fig. 6. Three cases are represented:
Experimental test, FEM model with tapping machine type excitation and FEM model with impact type
excitation. For each case, the average results at three excitation points and with maximum and
minimum values are shown, for third-octave frequency bands. A similar frequency relationship is
observed in the experimental results and FEM models. Maximum and minimum values usually showed
big differences compared to the mean value in both the experimental measurements and in the
numerical calculations, especially in some frequency bands.
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Figure 6. Velocity level difference in joints without an elastic layer between thick plates and between thick plate-
thin plate, impact type and tapping machine type excitation. Average of three excitation points and maximum
and minimum values. (D, ;; - velocity level difference, f - frequency).

In order to evaluate the predictive capacity of the FEM model without an elastic layer, calibrated with
the F1 excitation, the weighted normalized impact sound pressure level, Ly ,,, according to EN ISO
717-2 [47] are shown in Fig. 7. In the case of the junction of thick plates without an elastic layer,
almost all results showed differences smaller than 2 dB. The average experimental result was 14.7 dB
and the average result for the FEM model and impact type excitation was 15.7 dB. In the case of
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joining the thick and thin plates with no elastic layer, almost all the results, in the experimental
measurements and in the FEM model, did not differ by more than 2 dB, being the average value 11.7
dB for the experimental measurements and 12.7 dB for the thick FEM model and impact type
excitation.
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Figure 7. Weighted normalized impact sound pressure level: average and values in the three excitation
points. (L, ,, - weighted normalized impact sound pressure level).

For models with an elastic layer and floating floor, the results of the speed level difference, in the
cases of thick plates and elastic layers, averaged and with maximum and minimum values, are shown
in Fig. 8a and Fig. 8b. A similar relationship with frequency is observed in the experimental results and
FEM models, using tapping machine type excitation to cover the desired frequency range.

Results of velocity level difference, in the case of thick and thin plate junction, averaged and with
maximum and minimum values, are shown in Fig. 8c and Fig. 8d. A similar relationship with frequency
is observed in experimental results and in FEM models, with somewhat lower values in the FEM model
than in the experimental ones in the case of elastic layer 2.

In order to evaluate the predictive capacity of the FEM model with an elastic layer, values of the
averaged frequency velocity level difference according to [47] in the case of thick plate junctions
where a floating plate is used on the elastic layer, are shown in Fig. 9. The average result in
experimental and FEM measurements showed a difference of around 1 dB, all values being comprised
between 55 dB and 57 dB.
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Figure 8. Velocity level difference: two thick plates and a thick plate-thin plate. Elastic layer 1 and 2. Average of
three excitations and maximum and minimum values. (D, ;; - velocity level difference, f - frequency).
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points. (L, ,, - weighted normalized impact sound pressure level).
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The values of the weighted normalized impact sound pressure level according to [47], for the different
types of joints, are shown in Fig. 10. The experimental mean values and the FEM mean values, for
joints without an elastic layer, differ by less than 2 dB. For elastic-layer joints, the difference between
the mean values is between 1 dB and 14.3 dB, though in three out of four cases it was not greater
than 7 dB.
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Figure 10. Weighted normalized impact sound pressure level: average and maximum and minimum values.
(Ln,w - weighted normalized impact sound pressure level).

5. CONCLUSIONS

The validation and calibration process allowed to make the adopted FEM model more reliable, by
evaluating the differences with experimental measures and other FEM models. In this way, the most
appropriate model and variability order of FEM models were determined based on the variable mesh
size.

The use of randomly selected 10 points for measuring velocity produced satisfactory results in FEM
models. The use of tapping machine type excitation enables to cover the desired frequency range.

The Dy j; results for the models without an elastic layer showed a similar relationship with frequency
in the experimental results and FEM models. The values averaged according to [47] showed similar
results. In larger models, where the SEA can be applied with greater precision, it is expected that the
FEM results achieve a better approximation to the experimental results.

In the elastic layer models 1 and 2, Dy results had a similar relationship with frequency in the
experimental results and in the FEM models. For the values averaged according to [47], experimental
results and results of FEM models showed differences smaller than 7 dB in three of the four cases.

Worthy of note is that, even though the modal behaviour was complex in elastic layer models, and it
was not possible to calibrate own frequencies very accurately, experimental and calculated results of
the velocity level difference were fairly close. Therefore, it is recommended to validate FEM models
using Dy ;.
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As a result, FEM 2D models were developed and validated, obtaining results that were similar to those

obtained through experimental measurements. This is a step forward in the use of virtual models in

vibroacoustic study.
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