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Summary

In order to set up guidelines for the design of light-weighted ceilings for timber constructions,
investigations based on both measurements and numerical models have been carried out in the
research project "“VibWood"’ an TU Miinchen and HAW Rosenheim [5]. A semi-analytical approach
for the prediction of radiated sound is presented, which is based on Integral Transform Methods. The
method can be applied in the post-processing of a Finite-Element-computation. Thus as a first step
the structure, consisting of a cross laminated timber ceiling with floating floor and suspended ceiling,
is build-up in a Finite-Element-model, where the material properties of wood and the characteristics of
the system are considered. The model is parameterized to enable computations with varying geometry
and material parameters and calibrated with measurements using model-updating-techniques. The
model for the air in the cavity of the suspended ceiling is discussed, where a FSI-model with acoustic
fluid elements is compared against simplified engineering approaches.
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Nowadays a trend towards using wooden construc-

tions in multi-story buildings for industrial as well god  _ L [=5= L (C)=50(1)dB, C =12dB
as for residential use is recognizable. This can be ex- iy LnYW(CI):38(1)dB, " _104B
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. - . . . . . . - \ | typically for wooden constructions:

The serviceability linked with vibrations is a key issue = | — high footfall noise level at
for such light-weighted structures especially for tim- G | i | lower frequencies
ber slabs. In particular in a frequency range beneath 3 N r - A\ o
100 Hz these structures are prone to pedestrian in- P 07 7: - ‘7 N q\<~ { N 7: i :7 |
duced vibrations, footfall noise as well as re-radiated -g | | | ‘\\ | |
sound caused by induced vibrations (see Figure 1). c 407 T Tm; Sl

To investigate this phenomenon an AiF sponsored E 04 N R L\A ke \l L]
research project named "VibWood" has been estab- S I D |
lished. It is carried out by the Chair of Structural = 2 N T ""
Mechanics at the Technische Universitdt Miinchen ! ! b ! ! !

(TUM) and University of Applied Sciences Rosen-
heim. The overall goal of the project is to develop
guidelines to describe the acoustical and dynamical
behavior of wooden ceilings and to design adapted
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Figure 1. Standard footfall noise level
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Figure 2. FE model of a cross laminated timber slab with suspended ceiling and floating foor

protection systems regarding vibrations. At the test-
ing lab in Rosenheim a measurement based investi-
gation of the vibro-acoustical characteristics of three
different timber floors (timber beam, cross laminated
timber and hollow-box) with suspended ceilings or
floating floors is performed. These results are used to
calibrate the corresponding numerical models devel-
oped by TUM to predict the sound radiation behav-
ior of multiple geometrical parameter combinations by
numerical simulations. Figure 2 shows a characteristic
FE model of a cross laminated timber ceiling in the
final construction state.

This contribution is dealing with aspects of numeri-
cal modeling and model updating of a plane cross lam-
inated timber ceiling, modeling of the air cavity inside
a suspended ceiling and the prediction and dimen-
sional analysis of the radiated sound power. There-
fore the initial numerical model has to be developed
adequately with respect to material parameters ac-
cording to the specific characteristics of wood as an
orthotropic material, contact parameters for adjust-
ing the coupling and support conditions as well as
the geometrical parameters. These parameters will be
calibrated using experimental data with a geometri-
cal parameter combination according to the testing
structure. With the calibrated model it will be possi-
ble to run simulations of multiple sets of geometrical
parameter combinations. The results are summarized
in nomograms with dimensionless parameters which
are developed with a dimensional analysis.

2. Prediction of the structural vibra-
tions

2.1. Numerical Model

Before starting to develop numerical models it is es-
sential to have a closer look at the testing struc-
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Figure 3. Details of the coupling and support conditions

ture. The testing structure is a five-layered cross lam-
inated timber slab with a length and a width of 5.5 m
and a thickness of 105 mm. It consists of four sep-
arated plates that are longitudinally coupled with
screwed embedded laminated veneer lumber boards.
The whole floor is line supported on two sides with
L-shaped steel profiles that are directly attached to
the concrete floor of the testing lab. To prevent a lift-
ing of the structure steel U-channels are used to fix
the slab to the support. In between elastomer stripes
have been arranged to create properly defined support
conditions.

Starting with one set of geometrical parameters the
material properties are investigated. As wood is an or-
thotropic material its elasticity tensor is generally de-
pending on nine material parameters: Young’s mod-
ulus, shear modulus and Poisson ratio for longitu-
dinal, radial and tangential direction. In the special
case of wood the tangential and radial direction can
be summarized as a perpendicular direction by taking
into account that the cutting direction of the wooden
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boards is varying. That means there are six mate-
rial properties left for the parallel (longitudinal) and
the perpendicular direction. The density of the slab
has been measured by weighting and is not subject
to further investigations. The material properties and
especially in this case the coupling and support con-
ditions have to be modeled in such a way that they
reproduce the testing structure [4].

For the coupling of the neighboring plates a substi-
tute system has to be developed to replace the lam-
inated veneer lumber connection. Therefore all dis-
placements of the coincident nodes of the top line of
the top layer elements of each plate were coupled while
their rotation remained unconstrained. To prevent
large element distortions the coincident bottom line
nodes of the top layer-elements were also constrained
except for the displacement in y-direction. This degree
of freedom was coupled with one-dimensional spring
elements, introducing the spring stiffness k1, as a
new parameter.

The remaining point of interest regarding the nu-
merical model are the support conditions. As men-
tioned before a minor complex construction using U-
shaped steel profiles and elastomer stripes was ap-
plied, multiple numerical experiments have shown
that a substitute system just consisting of a single
elastomer stripe properly fixed to the cross laminated
timber model was suitable. To take into account the
small cross-section of the elastomer stripes they have
to be modeled with element sizes much smaller than
the slabs mesh size. To couple the displacements of
both structures constraint equations at the interface
were applied using an implemented function of the
Finite-Element software ANSYS®. The elastomer’s
Young’s modulus E,,; completes the set of unknown
model parameters.

2.2. Model-Updating

In the last section an appropriate parametric numer-
ical model of a cross laminated timber slab was pre-
sented which shall be calibrated with respect to eight
unknown material and coupling parameters Ej, F,
G”J_, GJ_J_, VHJ_, vy, kiy,lm and Esyl~ Thus a model
updating based on experimental data is performed for
a set of geometrical parameters according to the test-
ing structure.

For the model updating in a first step an objective
function is defined, which takes the systems Eigen fre-
quencies into account. To update the overall behav-
ior of the model in the investigated frequency range
the root mean square of the variance of simulated
and measured Eigen frequencies was chosen. Its lowest
possible value is the objective of the model updating
process.

k 2
fla) = ]162; <W - 100) (1)
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Table I. Model-Updating results

Parameters Initial values | Final values
E, Nmm? 400 137
GL o 550 459
Gii o 80 74.2

Ea syl s 13 11.3

Ky tin N 10 10.1
Iz — 0.07 0.052
RMS value with initial values 7.32 %
RMS value after the optimization 5.01 %

To get simulated Eigen frequencies the results of a nu-
merical modal analysis were used. The experimental
data required intensive measurements in the testing
lab. There an Experimental Modal Analysis (EMA)
was performed based on the slabs transfer functions,
which were generated by a forced shaker excitation
and the answering signal of 144 acceleration trans-
ducers [3].

The sequence for the updating algorithm was cho-
sen as follows: First the parameters of the numeri-
cal model are changed and a numerical simulation is
started based on starting values chosen in advance.
For the solution a modal analysis is performed result-
ing in the model’s Eigen mode shapes and Eigen fre-
quencies. Before these Eigen frequencies can be com-
bined with the measurement data based on the EMA
the matching Eigen frequencies have to be evaluated.
For this reason the corresponding simulated and mea-
sured Eigen mode shapes are investigated using the
Modal Assurance Criterion (MAC).

8752k

MAC,, =
@) (O, )

(2)

With the matching Eigen frequencies the objective
function can be evaluated for the specific parameter
combination. Taking the result into account, depend-
ing on the used algorithm the sequence starts anew
with a changed set of parameters. In a first step a
starting configuration was found by a grid search to
find the global minimum and avoid local minima. In a
second step a steepest descent algorithm was carried
out. Table I shows the initial parameters found by a
grid search and the final parameters after the updat-
ing process. The final values result in an root mean
square variance value of 5.01 %. v | was found to
have no influence on the system’s Eigen modes and
was neglected.

2.3. Dimensional Analysis

The numerical models have been calibrated for one set
of geometrical parameters. A prediction of the char-
acteristics of cross laminated timber slabs of varying
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Figure 4. Modeling of support conditions and connections

geometry is now possible, however, it is necessary to
find an appropriate way for a clear illustration of the
results. The presented approach is based on the Buck-
ingham w-Theorem which states that physical laws de-
scribing the functional relation between the physical
parameters must be independent of the chosen unit
system. Out of the given parameters (Q a number of
free parameters (Q, has to be chosen that corresponds
to the number of independent physical units. The re-
maining now bonded parameters (), are expressed as
dimensionless parameters 7 by dividing them by a
specific power product of the free parameters.

Qk
Qtlhk . Q;llk . K Q;}m

Running a large number of simulations changing
mass, stiffness, length and widths and also the num-
ber of the plates, the results could be presented in
a dimensionless form in order to draw conclusions.
In figure 5 the results for the radiated sound power
are shown for all sets of parameters. Comparing the
results in detail (which should not be discussed in
this contribution) principles can be derived for each
type of structure. E.g. with constant span the number
of individual segments orthogonal to the span of the
plates (ratio of length and width) have just a small in-
fluence on the sound radiation. Varying the thickness
however one observes a high sensitivity regarding the
sound radiation [2][5].

T = where

3. Sound radiation of plates - compu-
tation in the Fourier-domain

3.1. Theoretical aspects

The sound radiation can be computed as a closed form
solution modeling the radiating surface within an in-
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[mr] =1 (3)
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Figure 5. Sound power results of the parametric study for
cross laminated timber ceilings

finite (reflective) surface as depicted in [1][6]. The ve-
locity field v = v(x, y, Q) at the surface of the radiator
is obtained from a numerical analysis e.g. using a fi-
nite element model or from measurements. For ideal
plates it can be modeled as a sum of plane waves and
evanescent fields. With the help of a twofold Fourier-
transformation from the spatial into the wave num-
ber domain the spectral decomposition of the velocity
field is obtained.

+00 +o0o
0(kg, ky, Q) = / /v(%y,Q)e‘ik“’e_““yydxdy

—00 —00 (4)

Here € is the angular frequency of excitation, k, and
k, are the wave numbers according to the coordinates
z and y. The combination of k£, and k, results in a
wavenumber k, related to an oblique wave:
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kp = \/kZ+ k2. (5)

For ideal plates with large dimensions compared to
the bending wave length the wavenumber k, corre-
sponds to the bending wave.

Integrating over an infinite z-y-plane for z = 0 (in-
terface between structure and acoustic fluid) the ve-
locity at the area outside the radiator is set to v = 0.

The steady state sound pressure in the room is also
defined in the domain of the Fourier transformed vari-
ables, the wavenumbers and the angular frequency of
excitation:

p(x,y, 2,t) = Plky, ky, Q)e FaTemihkuy o mik=zi00 ()
p(x,y, 2, t) fulfills the wave equation

Pp 0% O
wtaptor a0

if k, = \/k3 — k2 — k2 = \/k% — k. Here c4 marks

the speed of sound in the acoustic fluid, k4 = % is the
corresponding wave number and kp is the resulting
wave number used for the coupling with the radiating
surface.

In the following the exponential functions are ab-
breviated with E = e =T thyye=ik=2¢10 At the
interface between acoustic fluid and radiating surface
(z = 0) the normal component of the velocity v, in
the air is equated with the velocity v of the plate.
According to Newton’s law

ov
Vp=—pazg, (8)

where V = %em + 3%69 + %ez marks the nabla op-
erator and p4 is the density of the acoustic fluid this
boundary condition leads to the following expression:

-1 k. p(ks, ky, Q
iQpa 0z, Qpa 2=0

Vz=0

The quantities p(ks, ky, ) and 0(k,, ky, Q) are abbre-
viated by p and v in the following.

The amplitude p for the sound pressure is obtained
from equation (9) for each combination of wave num-
bers and frequency:

Qpa

ka .
i 0= pAcAk—Zv (10)

ﬁ:

Finally the sound pressure in the space domain can
be computed by the inverse transformation (superpo-
sition of the spectral components):

“+o00 +0oo
k
p($7y7279)=pfcf//k—AﬁEdkmdkzy (11)
™ z

—0o0 —0O0
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In order to compare different setups of plates the in-
fluence of the adjacent room is not considered. The
sound power of a plane radiator with the area A into
an infinite domain is computed as follows:

P(Q) = %%//p v*dA (12)
(4)

Conjugate complex values are marked with * in the
following. The velocity field in the air can be com-
puted from equation (4) for a harmonic excitation:

+oo +o0o

1 .

—00 —00

Inserting the equations for sound pressure (11) and
sound velocity (13) into equation (12), integrating
over the area A and simplifying the expressions, ac-
cording to [6], the radiated sound power is computed
depending on v, k4 and kp:

“+o00 +0o0
1paca ka .
P(Q):fiﬁ/ /7vv*dk dk
2 47-‘-2 J ) /I{ZAQ _ ]{jB2 x Yy
(14)

In equation (14) the sound power is described by the
real part R of the integral’s result. Hence only wave
numbers contribute to the sound power for which the
value / kA2 — k32 is real. After discretization of the
analytical integral the radiated sound power of a plane
radiator can be computed numerically with the help
of discrete values:

1paca ka . ..
P(Q) =575 R ZZ? b 0" Ak, Ak,

Ng Ny

(15)

3.2. Validation with measurements

In Figure 6 the transfer function of the sound power
level is plotted for two different methods. The light
blue curve represents the results out of the inten-
sity measurement which is used as a reference solu-
tion. Predicting the radiated sound pressure out of
the velocity pattern of the suspended ceiling by ITM-
Postprocessing the blue curve results. A good agree-
ment to the reference solution is observed. The gray
section indicates the frequency range where the inten-
sity measurements produce no valid results.

4. Air inside the cavity

The last point of interest is the modeling of the air
inside the cavity of the suspended ceiling. The struc-
tural model consists of gypsum plaster boards (shell
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Figure 6. Transfer function of the sound power level: Inten-
sity measurement with pp-probe vs. velocity measurement
postprocessed by ITM
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Figure 7. Transfer function of the sound power level: Mea-
surement data vs. simulated data using fluid spring and
beam elements for the modeling of the air in the cavity

elements) that are mounted onto a grid of steel U-
channels (beam elements) suspended by sound isola-
tion brackets (spring-damper elements) as shown in
figure 2. The material parameters have been evalu-
ated by experimental modal analyses.

For the modeling of the air approaches with air sub-
stituted by either vertical spring or beam elements
between main ceiling and gypsum plaster boards are
compared to a model with acoustical fluid elements
that leads to significant increase in computational
effort. Figure 7 shows the resulting radiated sound
power of all models compared to measurement data.
Only the acoustic fluids produce results with a good
correlation whereas the radiated sound power of the
simplified models is up to 20 dB lower in the frequency
range above approximately 60 Hz. As described in [5]
this is due to the fact that the transmission of the
vibrational energy is mainly depending on the air’s
eigen modes which the simplified models cannot cover.
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5. CONCLUSIONS

This contribution has shown that many different as-
pects have to be taken into account to develop ad-
equate numerical models. Especially when paramet-
ric models are required the parameters must be cho-
sen appropriately and the parameters must be cali-
brated by measurement results. Using Integral Trans-
form Techniques the prediction of the radiated sound
can be carried out efficiently out of the velocity field
of a vibrating ceiling, obtained out of a FEM com-
putation. A dimensionless approach is well suited to
develop nomograms that describe the structure’s ra-
diated sound power. Finally models of the air inside
the suspended ceiling were discussed. It was shown
that the use of acoustical fluid elements is necessary
whereas simplified engineering models lead to incor-
rect results.
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