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Abstract

Regarding the prediction of structure-borne sourdrige structures consisting of thick plates,
there are some difficulties in applying the coni@mdl SEA (statistical energy analysis) based
on thin plate bending and in-plane waves. This papamines the applicability of WIA (wave
intensity analysis) to the prediction of the vilbmatenergy level in an L-shaped structure
assembled by thick plates. The bending wave ireplest thus expressed by Mindlin’s theory,
taking the shear deformation and rotary inertia odnsideration. The new model is introduced
to improve the accuracy of wave transmission coieffits for line junctions between thick
plates. As a result of comparison of the preserthotewith FEM (finite element method),
reasonable results are obtained for the vibratimrgy level in the L-shaped structure, within
approximately 2dB up to 2kHz.

INTRODUCTION

SEA (statistical energy analysis) has been widsgduo predict structure-borne sound
in buildings made of concrete and brick. As theffband walls for large structures
such as power plants and multi-story car parkso#iem thicker than those of general
buildings, acoustic designers have been faced setlere difficulty in estimating
structure-borne sound by means of conventional BE#hich the plates are assumed
to be thin. The thin plate is generally definedtlas condition that wavelength is
large compared to the plate thickness and theitsabdithe thin plate theory ikh<1.2
[1], whereh is the plate thickness ardis the wave number. Conventional SEA is
therefore applicable only to "thin" plate structrand two specific obstacles must be
overcome to estimate the dynamic response of "thulgite structures. First, the modal
density of bending waves for thick plates is muatyér than that obtained from the
thin plate theory, because the phase speed ofigemdives propagating through thick
elements is shifted from thin plate bending waweshiear waves within the frequency
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range of interest. This means that the modal densied in SEA is different for thin
and thick plates. Second, the mechanism of vibmaginergy transmission between
thick plates is more complicated than the corredpmhmechanism for thin plates.

Several papers dealing with power transmissiongeneral buildings have
already been published. Buildings having threerdmave been studied using SEA,
and good agreement was generally found betweenntbasured and predicted
vibration levels [2]. In the high frequency rang@wever, the coupling loss factors
were slightly larger than were measured due tothission of longitudinal and shear
waves. A general method [3] [4] for calculating theupling loss factors at a
rectangular slab junction was described using paeeding and in-plane waves.
Springs are also taken into consideration at tmmecting line between slabs. In the
majority of studies of wave transmission in plagalim structures, these coefficients [5]
have been formulated based on the thin plate thepimeans of either pure bending
waves only or pure bending and in-plane equatigasordingly, the coupling loss
factors may be inaccurate either in the high fregy@ange or for thick plate structures.
Only a few researchers have dealt with structureidoeound for thick plates [6][7]. In
another approach, FEM (finite element method) le@sistudied to evaluate the energy
transmission of complicated junctions by using loftaite elements with wave
absorbing boundary conditions [8]. However, thisnpoter-based method requires
substantial time and cost.

The objective of the study reported here is to tigvea prediction method for
structure-borne sound in structures assembled froock plates. Thus, WIA (wave
intensity analysis) [9] has been extended to camglte dynamic effects of thick plates,
i.e., the bending waves propagating on the thickephre expressed by Mindlin’s
theory [10], taking the shear deformation and roiaertia into consideration. The
wave transmission coefficients between sub-systesed in the wave intensity
technique are newly formulated by means of Minglibending and in-plane wave
theory.

The modal density of the thick plate element oladiny Mindlin’s theory is first
compared with exact figures yielded by the thrematisional wave theory, such that
the applicability of Mindlin’s theory is demonstedt In the second example for
validating the present method, the vibration lewélan L-shaped assembly consisting
of thick concrete plates with and without a bearthatjunction are calculated and the
results are then compared with those calculatetidgonventional SEA and FEM. As
a result of comparison of the present method wiNFreasonable results are obtained
for the vibration energy level in the L-shaped stiwe, within approximately 2dB up
to 2kHz. This demonstrates that the wave intertsithnique considering Mindlin’s
bending and assuming a beam at the junction bforgjs an improved prediction of
structure-borne sound in structures consistindpicktplates.

OUTLINE OF THEORY
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In summary, the procedure is explained for deteimginthe vibration energy
transmission in an L-shaped structure by meanshefwave intensity technique
considering Midlin's wave theory instead of the \aamtional thin plate theory as
follows:

(1) The L-shaped assembly is divided into two sarfinite plates and a beam at the
junction shown in Fig.1.

(2) A dynamic stiffness approach [5] is derived éarch thick plate and the beam in
order to calculate the transmission coefficiemighe dynamic stiffness matrix, the
tractions per unit length at the edge of each pkate related to the edge
displacements.

(3) A global equation is assembled to apply therempate equilibrium and
compatibility conditions, after which the transnmss coefficients can be
calculated.

(4) These coefficients are used to predict theatibn energy in the wave intensity
analysis as well as the statistical energy analysis
The methodology for evaluating the energy transimiss basically the same as

that used by McCollum and Cuschieri [6], but irsteiudy a beam is newly considered

at the junction instead of a line coupling with tvetates directly. This model
successfully improves the accuracy of the vibrawmergy in the next numerical
examples.

semi-infinite plate

Xg
&Yy
plate - beam (a) local coordinate of (b) global coordiate
semiinfinite plate the semi-infinite plate of beam

Figure 1- Model of an L-shaped structure ~ Figure 2- Coordinate system
Governing equations

Mindlin’s theory [10] is deduced from the three-eéinsional wave equations in order
to consider the effects of rotary inertia and sludedormation in the same manner as for
Timoshenko’s beam. In Mindlin’s bending, three waggiations are represented by
the averaged deflectiamand two rotationsg, and ¢, of plate cross sections about the

in-plane coordinates as shown in Fig.2. Mindlinawe equations can be expressed in
the form:
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whereG' is the corrected shear modulus definedd®y «°G, G is the shear modulus,
k is the shear correction factor[10},is the bending rigidityo is the material density,
v is Poisson's ratio antis the plate thickness.

The in-plane displacement, andv, of each plate are defined in tkeandy
coordinates, respectively in Fig.1. The in-planeampns [5] are described by the
in-plane shear and the longitudinal deformatiore dlisplacement and corresponding
forces and moments which act at the junction eddjeegplane are shown in Fig.2. The
beam modelled at the junction between thick platesharacterized not only by the
bending, longitudinal and torsion deformations, bl#o the shear deformation and
rotary inertia.

Dynamic stiffness matrix approach

The dynamic stiffness matrik , can be derived for a single semi-infinite "thighate

| on which the transmitted wave propagates fronttimmected edge as shown in Fig.2.
E, =K,b, %)

whereE, =[T N s M, M, ]',b,=lu, v. w, ¢ o]

¢! xdy

The total traction® which are applied to the beam KRysemi-infinite plates may be
expressed in the form

sz R,E, (6)

whereR, is the transfer matrix from the local coordinateeach plate to the global

one. For the connecting beam, the dynamic stiffmeagix C may be derived in the
same manner as for the plate.

Q=Ca (7)
WhereQz[QX Q Q m m, mz]T, a=[u v w6 g, ¢Z]T
The global equation can be derived from equatiéig4) in the following form:

N
{c+z R[KZR,T}aszfm (8)

(=1

The right-hand side of equation (8) is an exterftate by the incident wave
propagating on the platetowards the junction; equation (8) is then soligeyield the
displacement, of the beam. The displacemdmnt of each plate edge is derived by the
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relationb, =R, a, . Finally, the transmission coefficients are caatedl as the ratio of
the power transmitted by the generated wave toata¢ power by the incident wave.

Wave intensity analysis

Wave intensity analysis [9] is based on the conweat SEA assumptions considering
homogeneous reverberant wave fields. However, itrast to SEA, the wave field in
each sub-system is decomposed into wave intensityponents with directional
dependency. This allows the energy densities tejpesented in the form of a Fourier
series. For the purpose of applying the wave intigmschnique to the prediction of
dynamic response of "thick” plate structures, tredah density and the transmission
coefficients should be introduced by assumptioredas Mindlin's wave theory.

NUMERICAL SIMULATIONS

The calculations were carried out for two L-shapt&rdctures made of concrete with
Young's modulu€=2.3%x 10"°Pa, densityr =2,300kg/ni, Poisson ratie-=0.22, loss
factor =0.01 and widtlB=4m in Fig.1. The dimensions of the plates are show
Table 1. The model of case-1 is shown in Fig.3af& case-2 shown in Fig.3 (b) by
adding the beam at the junction of case-1. Theseestion of the beam is square, size
1.0mX<1.0m.

Table 1 Plate dimensions

Plate L(m) B(m) t(m)

1 8 4 0.4

2 5 4 0.2
plate2_— |\ plate2 _—

N N

plate plate :
(a) case-1 (8,600 solid elements) @see? (10,100 solid elements)
Figure 3- Finite element model of an L-shaped structure
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Finite element analysis

The performance of the present technique is assdgseomparison with the finite
element method in which the thick plates are didigdgo extremely fine meshes with
solid elements to express an appropriate wave ifiretde high frequency of interest.
The model is shown in Fig.3. The first plate isigeat by point loads, which are chosen
at random to achieve delta-correlated random la@adiihe time and space averaged
vibration energy of each plate is thus obtainedftbe out-of-plane deformation.

Modal density

The modal density of out-of-plane waves for theklplate (=7.9m,B=4.0m,t=0.4m)
using Mindlin’s theory is compared with that obtnby the three-dimensional wave
theory to investigate the applicability of Mindlewwave. As shown in Fig.4, the
number of modes from Mindlin’s theory corresponalshte exact results in almost all
frequency bands. The results of the thin plate rthedowever, are seen to
underestimate the number of modes, and the disocgpaom the exact results
increases with frequency. The total number of matesisting of out-of and in-plane
waves are also compared with that obtained byefieiément analysis shown in Fig.5.
It can be concluded from a modal density perspedhat Mindlin’s theory is capable
of evaluating the number of modes for thick platpgo 4kHz.

—e—exact ——Mindlin's bending + in-plane waves
——Mindlin's bending wave —8—thin plate bending + in-plane waves
,[==—thin plate bending wave ;L °_FEM (Solid element)
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Figure 4 Number of modes thick plate Figure 5 Comparison of the total number of mc
(L=7.9m, B=4.0m, t=0.4m) of thick plate (L=7.9m, B=4.0m, t=0.4m)

Comparison of energy level for L-shaped plates

The energy levels are compared using the "thicteplaave intensity technique with
finite element analysis and statistical energy ysialfor thick L-shaped assemblies.
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The assumptions of simulation are shown in Tabl€h2 ratios of vibration energies
are calculated between the second plate and thige@xone, up to 2kHz. In

approximate analyses such as WIA and SEA, the ipgwer is injected into the out-of
plane waves, namely bending waves on the firseplat

Table 2 Assumption of simulation

Modal Transmission ,
: . Wave field
Density coefficient
Conventional SEA Thin plate theory Diffuse
Thick plate SEA
Thick plate WIA Mindlin’s theory Directional
dependency

The calculations have been conducted for a "thickhaped structure by means of
wave intensity analysis, both with and without areas the junction model. The
discrepancies in the energy ratios between FEMbatid thin and thick SEA increase
with frequency shown in Fig.6 (a). The trend forMFEEnergy ratios is constant in
almost all frequency bands, whereas for SEA thenatition increases approximately
2dB/Oct as the frequency increases. In the ca4biok” WIA, the energy ratios are in
agreement with finite element analysis within apgrately 2dB up to 2kHz.

As shown in Fig.6 (b), the attenuation of case @dases approximately 3dB in
comparison with case 1 at 1kHz, because of theéesde of the beam at the junction.
The energy ratios are also in agreement with WIA famte element analysis within
approximately 2dB up to 2kHz.

It is thus established that the WIA technique wiite modelling at the junction as
presented here is applicable to energy transmidsiahe "thick" L-shaped structures.

—©-Thick plate WIA —©—Thick plate WIA
——Thick plate SEA —2—Thick plate SEA
—8-Thin plate SEA —8-Thin plate SEA

10log(E2/E1
10log(E2/E1

-20

i -
Frequency (Hz)
(a) case-1 (b) case2

Figure 6- Energy ratio EB/E; for an L-shaped structure
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CONCLUSIONS

Wave intensity analysis has been applied in pregjatibration response of L-shaped
structures consisting of thick plates in the brdzahd of audible frequencies.
Calculations based on transmission coefficientaiobtl from Mindlin’s theory have
verified that accurate response predictions caméee to compare the preset analysis
with the finite element method. The attenuatiorvibfation energy for the L-shaped
plates with an inserted beam was found to be 8dBkklz by the present method.
Predictions made using conventional statisticalrggneanalysis were found to
overestimate the attenuation by 14dB. This devmi® caused by the limits of
applicability of the thin plate theory for out-ofgme waves. Further development of
this technique considering multi-element systentlessubject of an ongoing study.
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