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Abstract

Cross Laminated Timber (CLT) engineered solid wpadels, that consist of an odd nhumber of layers
of timber beams glued together orthogonally, haweome increasingly popular in building
construction over the last two decades. The méateravides good structural properties and is cost-
competitive compared for example to masonry ana¢@a. However, due to the low volume density
and its relative high stiffness, it cannot count it mass to provide the sufficient acoustic
performance required in buildings. Therefore iinportant to investigate its vibro-acoustic behavio
in order to develop proper acoustic measures toaaugpthese structures. In this paper, which is part
of an extensive analysis on sound radiation fronT @lates, we present a numerical model to predict
the average radiation efficiency for CLT plateseThodel is based on the simple assumption of thin
orthotropic plate behaviour. Unlike for homogene@gropic thin plates, CLT’s apparent stiffness
depends on the angle of wave propagation in thenmhtas well as on frequency. This is mainly
caused by the layered structure of CLT. In ordecdosider all these effects, the proposed radiation
model uses measured bending wavenumbers as input da
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1 Introduction

Cross Laminated Timber (CLT) engineered solid wpadels, that consist of an odd nhumber of layers
of timber beams glued together orthogonally, haamef growing success in construction market
over the last two decades. This kind of buildingne#nts provides good structural stability and fulfi
safety requirements. Complete elements are preftbd and just connected at the construction site,
reducing costs and times. For all these reasons lidcime a valuable alternative to the traditional
building methods such as concrete and masonry. kHenvelue to the low volume density and its
relative high stiffness, it cannot rely solely s mass to provide sufficient sound insulation nexgl

in buildings. During the design process the somsdlation performance of these elements needs to be
assessed for the particular application and ofteeds to be improved, therefore it is important to
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investigate the vibro-acoustic behaviour in ordedévelop proper acoustic solutions. One of thetmos
important parameters in sound transmission analydise radiation efficiency, which describes how
the vibrating structure converts mechanical enéntyy sound waves propagating in the surrounding
fluid. Several authors presented different radratiwodels, as a reliable alternative to FE and BEM
formulations, in order to reduce the computatidirak. Using the wavenumber transform approach
Maidanik presented a modal formulation to evaluhte radiation efficiency for an in-vacuo single
mode of rectangular plates [1]. Price and Crokgrf2allace [3] and Leppington [4] presented refined
versions of Maidanik’s modal formulation. Howevar, dealing with broadband excitation or with
input data of statistical energy analysis (SEA)edamodels, it is more convenient to consider an
average radiation efficiency. Leppington derivedimtiegral asymptotic formulation to evaluate the
average radiation efficiency of a homogeneous apatrrectangular plate, instead of computing each
single mode radiation [4, 5]. Davy recently develdpa model to compute both the real and the
imaginary part of the specific average radiatiorvevanpedance of finite rectangular panels [6], to
take into account the fluid loading effect. An endize overview on the different approaches to tedi
the sound radiation was presented by Atalla analiiéc[7]. Mejdi and Atalla developed a prediction
model for the vibro-acoustic response of stiffeqdates [8], while Legault analysed orthogonally
ribbed plates [9]. Due to its layered substruct@ie] presents a natural orthotropy, which means tha
the elastic and dynamic properties, unlike for hgemeous isotropic elements, are direction
dependent [10]. In this paper we present a numaricdel to predict the average radiation efficiency
for orthotropic rectangular CLT plates, which istpaf an extensive analysis on sound radiation from
cross laminated timber structures. The model iethas the work presented by Anderson and Bratos-
Anderson in [11] for a thin carbonate laminatedat@l The formulation is conveniently modified in
order to allow for frequency dependent input daga,to use the flexural wavenumbers experimentally
evaluated, instead of the material elastic or retgE properties. In the next paragraph the basic
concepts of orthotropic plate theory and soundatazh efficiency are recalled. In paragraph 3 the
implemented radiation model is described. Then miedel is finally validated comparing the
numerical results with the experimental data.

2 Background theory

2.1 Orthotropic plates

Orthotropic plates, which are often used in budd@onstruction and for many other applications ghav
different elastic properties in two mutually pergeular directions. This orthogonal anisotropy ten
due to the presence of ribs or stiffeners, orpa€t T plates, it can be an intrinsic charactesisfithe
material itself or its components, in case of lagemedia.
The equation of motion of a thin orthotropic pldigng in the x-y plane, with the principal direztis
aligned with the orthogonal axes, undergoing ftexuiral vibrations, can be derived using Kirchheff’
theory for small deflections:
4 4 4 2
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The bending stiffness along the principal directi) andD, and the effective torsional stiffneBs
are determined from the material elastic constants:
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assumingv = /v,v,, where 1, and i, are the elastic constants corresponding to thectsie

configuration [12]. The approximation of the torsab stiffness is based on the assumption thatithe i
plane shear modulus is a function of the shear thathing the principal directions and the Poisson’s

ratio:
G = 1/EXEy

Y 2(+y)

®3)

For these kind of structures a direction depenttending stiffness has to be considered. It can be
evaluated, for each propagation anflat a given angular frequenay as:

D(w,6) = D, (w)cos 8+ 2B(w)cos dsin® 8+ D, (w)sin* & (4)

Alternatively, it can be derived from the directiafependent bending wavenumber using the
expression:

D(, 9)=% (5)

The plate wavenumbeg; can be expressed as a function of the bending muwkers along the
principal directions, &« and k ,, applying a well-established orthotropic elliptiodel [11]:

ke (@,6) = /(K cOSf + (ks Sin6F 6)

2.2 Radiation efficiency

The radiation efficiency of a vibrating structusedefined as the ratio between the total sound powe
W actually radiated by a structure and the soundepdiat would be theoretically radiated by a piston
source having same surface afand vibrating with the same mean square veloditthe surface
A Itis given in Equation (6) and further dependstancharacteristic air impedanag, [13].

W

- Po Q)S<V2>t,s

(7)

The sound power radiated from a vibrating structsrasually analysed in terms of resonant modes,
the Rayleigh’s integral allows to evaluate the fiead sound radiation due to the modal vibration
distribution. Although this integral does not admait analytical solution, as already mentioned,
different numerical formulations have been propdsgdeveral authors. However, as the number of
modes within the frequency bandwidth increasesait be more convenient to directly derive the
average radiation efficiency instead of consideniadiation of each single mode. An asymptotic
approach for the average radiation efficiency wapgsed by Leppington [4, 5], assuming:

« a sufficiently high modal density and modal overtaqger the entire frequency range, to treat

the discrete mode distribution as a continuoustfang
< only the resonant modes are responsible for thedsmadiation;
» all the resonant modes are uncorrelated;
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» equipartition of the modal energy: all the modeshimi the frequency bands have equal
energy.
Three different formulations were developed foethfrequency regions, defined with respect to the
coincidence condition, that occurs when the bendiagenumbekg equals the acoustic wavenumber

ko:

M >1+ 0 : below the coincidence condition;
M =1% 0 : near the coincidence condition;
U <1-0: above the coincidence condition.

where the dimensionless wavenumbpers given by the ratio between the plate and theustic
wavenumber:

=% 8
H K, (8)

Above coincidence the plate bending wavenunigdits always to the project trace wavenumber of a
sound wave propagating away from the surface uadmrtain angle. Therefore sound is radiated in
this region uniformly from the whole plate surfddee in case of a piston source. Thus, radiation
efficiency approaches unity well above the crititaljuency. Below coincidence the wavelength of
sound in air is much bigger than the flexural wawugth on the plate. Therefore air particles move
parallel to the plate surface to compensate thélaigwy areas with high and low pressure. In this
regime sound is only radiated at discontinuitidks the plate edges, where the pressure changetcann
be fully be compensated by the moving air. Radmgdficiency is therefore usually much smaller
than unity in this frequency region. At coincidendee to the match of the waves, sound is radiated
very well, even more efficiently than by a pistausce and hence radiation efficiency even exceeds
unity.

For the complete set of equations for the radiagibiciency defined for each frequency region péeas
refer to Leppington’s original papers. In the faliag analysis the equations of a rectangular plate
with simply — supported edges baffled in a plagarsurface of infinite extent are used.

3 Radiation model

In building acoustics perfectly diffuse sound feeldre usually assumed for both experimental
purposes and prediction models, which matches wigi the assumptions in Leppington’s model
outlined above. The frequency dependent quantidiescommonly expressed in one-third octave
bands, thus it is advantageous and convenientttyrdime the averaged radiation efficiency for the
use in sound transmission analysis. The implememedel is based on the work presented by
Anderson and Bratos-Anderson [11] for specialljottopic plates, for which the principal directions
are aligned with the plate edges. The averagetradiafficiency for a thin orthotropic baffled pégt
with simply supported boundary conditions, is givsn

g,

ortho

__S (% 9Ky
()= 7 J, “olw ok 2 do 9)

The direction-dependent radiation efficienoyw 8) can be computed using Leppington’'s average
formulations, implementing a code for a discretenbar of angleso<6<772 Due to the orthotropic
behaviour, the coincidence condition depends onpttopagation direction of the bending wave,
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therefore for each anglé, the limits, to identify the three regions, sholid defined. However,
Leppington did not provide information on how thdseits should be determined. The coincidence,
or critical, condition is met when = 1. In the implemented code the radiation efficiercgomputed
over the entire frequency range for all the th@entilations first. The intersection between tiedow
and near-coincidencecurves defines the lower limit of theear-coincidenceregion: u =1+0.
Analogously the intersection between tiear andabove-coincidenceurves defines the higher limit
U =1-6. The direction dependent radiation efficiencyimglly obtained combining the three curves in
the respective ranges. In Figure 1 the radiatidexin L, = 10logg, for each investigated propagation
angle, is given as function of frequency.

The rate of change of the plate wavenumber with ftequency can be easily determined from
equation (6):

ok, (ks , coso) +(kg, sin6)

kB
Jw 2w

(10)

For a thin orthotropic plate the modal density that describes the number of modes per Hertz, is

given by:
_LL % /7
yr! }/D a) 9 (11)

It should be noted that, since the code was impiéeckefor a discrete number of anglesék 772, the
integrals, ove@in the equations (9) and (11) are replaced by suedsicing drastically the algorithm
computational cost.

5
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Figure 1 — Frequency dependent radiation indexliféerent propagation angles 08« 772.

4 Validation and results

The average radiation model was validated compathegnumerical results with the experimental
data. The radiation efficiency was experimentalraleated for a three-ply cross laminated timber
plate with properties shown in Table 1. To perfdira vibro-acoustic measurements the plate was
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mounted into the rigid frame of Empa’s wall sounduilation test facility. The vibration velocity was
measured by a Polytec PSV-500 scanning laser vigiemin a grid with 513 evenly distributed points

that were approximately spaced 160 millimetres tagampicture of the plate in the test condition is
given in Figure 2.

Table 1 — Cross laminated timber plate geometrigatteristics.

h [m] Ly [m] Ly [m] p [kg/m’]
0.08 — (0.03 + 0.02 + 0.03) 4.2 2.9 484.4

The plate was excited using an electrodynamic shakizen by a broadband white noise signal. The
input impedance was obtained from the input forw the acceleration measured with a PCB 288D01
impedance head that was screwed into the wood amaected to the shaker with a stinger. Thus, it
was also possible to evaluate the plate loss fasiog the power injection method [14]. The radiati
efficiency of the CLT plate was determined from tt@mplex vibration velocity using the discrete
calculation method (DCM) proposed by Hashimoto [THje experimental radiation efficiency was
averaged over two different shaker positions toehavsufficient number of modes excited in the
considered frequency range.

Figure 2 — Cross laminated timber plate instalfed rigid frame in Empa’s wall sound insulatiorttes
facility

Table 2 — Plate flexural wavenumber along the fpadadirections and loss factor used as input data
to evaluate the average radiation efficiency.

Frequency [Hz] k[m™] ky [M] n [-]
50 3.29 1.68 0.08
63 3.70 1.89 0.08
80 4.19 2.15 0.08
100 4.68 2.40 0.08
125 5.23 2.69 0.08
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160 5.99 3.08 0.07
200 6.70 3.46 0.07
250 7.51 3.88 0.07
315 8.50 4.41 0.06
400 9.72 5.06 0.05
500 10.97 5.74 0.04
630 12.51 6.59 0.03
800 14.44 7.67 0.03
1000 16.48 8.85 0.03
1250 18.91 10.28 0.03
1600 22.35 12.35 0.03
2000 25.99 14.62 0.03
2500 30.47 17.49 0.03
3150 36.31 21.28 0.03
4000 44.01 26.34 0.02
5000 52.99 32.33 0.02

The plate flexural wave velocity was experimentalgtermined, along the principal directions, for
different frequencies. The measurement was perfdrsimilarly to the procedure presented by
Nightingale [16] and it will be described in detail a future paper. The bending wave velocity was
measured using the time-of-arrival difference betwevo accelerometers. This was done for a series
of narrowband pulses covering the entire frequenoge. The results were then fitted with Mindlin’s
dispersion relation [17], Figure 3. The wavenumbeese directly determined from the experimental
wave velocity. To account for the plate damping tesasured loss factor is introduced into the plate

wavenumber:
4 _k?
ke = %1— in) (12)

wherekg is determined from the wavenumber measured aloagtincipal direction using the elliptic
model equation (6) arjds the imaginary unit.

The experimental wavenumbers along the two prin@pactions are listed in one-third octave bands
in Table 1 along with the measured loss factorthi graph of Figure 4 the experimental average
radiation index is plotted versus frequency togethith the curves for each single shaker positibn.

Is typical for orthotropic structures to be chaesisied by two distinct coincidence frequencies: the
lowest one is associated with the stiffest plateggpal direction, while the higher one is relatedhe
orthogonal direction with a lower bending stiffneshe latter represents the critical conditipre= 1.

The radiation efficiency peak around the criticahdition falls in the frequency band centred around
800 Hz for the studied plate and due to the dampfrtbe system is not very pronounced. Above this
frequency the radiation efficiency tends asympédiycto unity. The lowest coincidence frequency,
associated to the stiffest y-direction, falls ie 200 Hz frequency band. The region between the two
coincidence frequencies exhibit a significantlyajes sound radiation than an isotropic plate with
only one coincidence frequency at 800 Hz.

The comparison between experimental and prediadétion indexes is shown in Figure 5. The
model provides a good approximation of the radmtiend. The predicted critical condition, as foe t
experimental curve, falls in the 800 Hz band, aas & sharper peak, even if the plate loss facter wa
taken into account. The coincidence frequency edlab the stiffest direction is correctly located i
the 200 Hz frequency band, even if it is not aeatated as in the experimental results, but marked
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by a change of the curve slope. The model is né& &b approximate accurately the radiation
efficiency below the critical frequency, wherestgenerally underestimated.
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Figure 3 — Flexural wave velocity measured alorgptincipal directions.
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Figure 4 — Experimental radiation efficiency averager two source positions.

Reasons for this underestimation could be sevdfatte that are not taken into account in the

simplifying assumption made in the applied equatifsom Leppington. Below the upper coincidence

frequency, sound is mainly radiated by discontiesgitlike the plate boundaries. These are assumed t
be simply supported in the model. In reality, tHeT@®late is supported at its bottom edge by a frame
whereas at all other edges there is a small gapthenCLT is only connected to the rigid frame with

elastic putty that is used to seal the gap ancetber might be able to move. This deviation from

idealized boundary conditions, as well as the fflesd around the excitation point, which represents
another discontinuity that is not considered in $lraple model, might enhance sound radiation and
therefore could likely be the reason for the higbeund radiation in the experiment. Unfortunately,

with the data and prediction model presented is faper it is not possible to clearly explain the
difference between predicted and measured results.
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Figure 5 — Comparison between the experimentaatiadi index and the model result.

5 Conclusion

The radiation efficiency of a cross laminated timbailding element has been numerically estimated
using an asymptotic model developed for orthotrguites. The model, assuming a high modal
density over the entire frequency band, computestate radiation efficiency averaged over all the
possible modes. The experimental flexural wavenusbmeasured along the principal directions,
represent the model input data. The plate bendiagemumber for any propagation angle is
approximated using an elliptical approach. The atoin efficiency of the CLT plate was
experimentally evaluated from the complex veloaitgasured on a 513 points grid, using the discrete
calculation method. To validate the radiation mogetdicted results were compared with the
experimental radiation efficiency. The model pr@gada good approximation of the radiation trend,
evaluating accurately the critical frequency. Towdst coincidence frequency is also identified even
if it is not as emphasized as in the experimentdh.dBelow the critical condition the radiation
efficiency is generally underestimated. Reasonddcbe the enhanced radiation due to boundary
conditions at the plate edges that deviate in exyat from the ideal simply support assumed in the
prediction and sound radiation at additional disicwities in the experiment, like the nearfieldtbé
excitation point, that are omitted in the predictio

Although this model does not provide accurate mfmion below the critical frequency, it is an usefu
tool during the design process, to perform a piielmy analysis of the sound radiation of building
orthotropic elements in a very short time. The dle wavenumbers, needed as input data, can be
easily determined experimentally in laboratory adlwas in situ, in real buildings, reducing some
uncertainty caused by assumptions made for théieel@®perties of the building elements. For more
accurate analysis, more sophisticated models ageedebut they are more time consuming and
require a greater effort in the implementation.
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