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ABSTRACT

In this paper, a finite-element model is utilized &nalysis of noise transmission in a lightweiginticture
consisting of a source panel subjected to extdonegs, a receiver panel used to measure the quipdta
panel in between acting as a transmission patth gacel consists of two plates with internal rilbkere it

is assumed that the ribs are fully fixed to theégdaA parametric study is carried out on centreepwmith
regard to various spacing between the ribs. Sdtief elements are adopted for the structure aed th
computations are carried out in frequency domairthim range below 500 Hz. The responses of the
receiving wall are studied under point-force exmia and diffuse-field excitation applied on theusme
wall. It is found that the positions of the ribs/Ba significant impact over flanking noise transsion. Thus,

a panel with few ribs transmits vibrations in th&tie frequency range, whereas a panel with peagiodi
stiffening provides a wide band gap with a sigmifitreduction of the transmitted energy.

Keywords: Lightweight periodic structure, flankingise transmission, finite-element method.

1. INTRODUCTION

The development in new building structures is reiggi a need of lightweight panel structures in
dwellings. When designing such new lightweight dasteuctures, numerical analysis of flanking
noise transmission within the structure is a crufaator to consider.

When examining the structure-borne and airbornakilag noise transmission of a lightweight
structure, various methods have been used by sear [1, 2, 3]. Nightingale [1] found that a full
wave statistical-energy analysis (SEA) model of jilmection produced useful results regarding the
transmission of vibrational energy via flanking @tions from the point of excitation on finite pedic
rib-stiffened plates using SEA. However, SEA hasited validity for lightweight structures such as
wooden floors with joists spanning in one directarrdouble-plate panel walls with vertical ribs {4,

So in the present case, the finite-element meth€EM) is considered for numerical analysis of
various lightweight panel structures. The FEM ca&nused [5] to describe flanking transmission in
dwellings. Numerical simulations can reduce the cd€xperiments and may also improve the design
of sound insulation. However, modelling of lightwht structures is complicated, since such
structures contain various materials and junctiansl, a relatively strong coupling is requitaetween
various panels [6]. Further, the FEM has limitasavhen it comes to the high-frequency range. Small
elements must be employed in order to obtain awn@ake discretization of the waves propagating in
the structure. This results in a huge number ofeeg of freedom, leading to long computation times.
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It has been found by experiment as well as commrnat modelling that variations in the geometry
of lightweight structures due to workmanship cafiui@ence the acoustic performance of the structure
[7]- In this paper, a six-stud double plate struetis analysed with a comparison between a pesfectl
periodic structure and a structure in which thelstare slightly moved within the frame. The resgons
at the receiving wall is examined under point-foleading on the source wall.

In the present research, flanking noise transmissidhe main concern; the acoustic medium in the
adjacent room and inside the wall panels is notetled. Instead, the nodal acceleration levels @n th
surface of the receiving wall are computed to pcethe transmission that can be expected into the
room. The lightweight panel structure is testedemcbncentrated point-force excitation at a nodal
point on the exterior surface of the source wallwadl as diffuse-field excitation on the wall sucéa
The present research squarely addresses analyBanking noise transmission from the source wall
to the receiving wall via the centre wall with vaus designs of the frame structures. The transditte
kinetic energy and the root-mean-square accelerdéivels at the receiving wall are compared. The
various designs of the frame between the two atesls can be described as 6 single-stud ribs glace
periodically, three double-stud ribs placed periadly, two double-stud ribs placed periodicallydan
finally, a single rib constructed from six studsefd together. Since the same number of studs septe
in all the models, the bending stiffness of thetoemvall panel in the height direction is the same.

The commercial FEM code ABAQUS has been employedddel the double-plate panel structure
using elements available in the ABAQUS/Standardalif [8]. In recent work by authors, variation in
sound transmission due to the inclusions of acousigdium and structural damping within double
plate panel structure have been examined [9] uaisgnilar model.

The aim of the paper is to get a better evaluatibflanking noise transmission within various
frame designs of a lightweight panel structure.tl®@c2 presents an overview of the computational
model of the lightweight panel structure (sourcdlwecentre wall — receiving wall). The results are
discussed in Sections 3 and 4, and a summary iddead in Section 4.

2. OVERVIEW OF PROBLEM

Lightweight building structures are usually madepanels with plates on stud or joist frames. To
diminish the transmission of sound, frames are igudesigned with single or double studs or
constructed with layers of foam or another viscetamaterial. In the present case, various frame
structures are taken into consideration. The stinectonsists of a centre wall flanked by two ideatti
walls: a source wall and a receiving wall (cf. Figl). The plates are directly attached to the &am

The aim of the study is to investigate flankingseiransmission via the centre wall under different
circumstances. Analyses are carried out on pandls different designs of the frame structure as
described in Subsection 2.1. The source wall igesiibd to a either a concentrated point force or a
diffuse field (see Figure 1) and the kinetic enengnsferred to the receiving wall at the other efd
the structure is analysed and compared for theouaricases. Furthermore, the root-mean-square
(RMS) of the acceleration in the normal directienrécorded on one side of the receiving wall to
provide an idea about the forces that will be ee@dn the air inside the room. However, the acousti
medium within the room has not been included in phesent analyses. The model is discussed in
Subsection 2.2.

Receiving Wall Receiving Wall

X /ource wall 2 /ource wall

Diffuse Field| | |

PointLoad/’??‘ \

(i) (i)
Figure 1 — Geometry of panel structure with pergostiffening by ribs under (i) concentrated
point-force excitation and (ii) diffuse-field exation.



2.1

Panel Descriptions and Materials

The structure consists of three lightweight paristairce wall — centre wall — receiving wall) made
of timber and placed into a z-shape as illustrateBigure 1. Each panel is constructed as a double
plate attached to a timber frame with additionaldst acting as internal ribs. The plates have a
thickness of 20 mm, whereas the frame has a thakiné 60mm and each single stud is 50 mm wide.
Fixities between adjacent parts of the structuseamsumed, i.e. the plates are glued to the fr@okimns
with the cross-sectional dimensions 100 mm by 100 are put at the corners of the z-shaped panel
structure, thus connecting the source wall to thetie wall and the centre wall to the receivinglwal

The source and receiving walls are identical with timensions 1675 mm (width) by 2600 mm
(height) by 100 mm (thickness). The studs are mlagih a distance of 550 mm (centre-to-centre).
The centre wall dimensions are 3900 mm (width) B@mm (height) by 100 mm (thickness).

A

(i) ) i (iv)
Figure 2 — Centre panel structure with various feadesigns: (i) 6 ribs are placed periodically;

(ii) 3 ribs divide the panel into 4 bays; (iii) bs divide the panel into 3 bays;
(iv) 1 rib made from 6 studs divides the panel iatbays.
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Figure 3 — Layout of the computational model: (istance between ribs within the centre panel
structure when ribs are moved with slight distan(@g finite-element mesh.

A parametric study is carried out with various feaghesigns for the centre wall. Hence, a total of

five different frame structures are taken into ddasation to study energy transmission via the ent
wall as shown in Figure 2 and Figure 3(i). The foases can be described as follows:

1.

2.

Centre wall with ribs placed with a periodic distarof 550 mm (centre-to-centre) within the frame

structure;
The configuration of the ribs is similar to Casextept that the studs are moved by a small distance

within the frame structure as shown in Figure 8fi¥imulate the imperfections in the geometry that

may occur due to craftsmanship;
Centre wall with a pattern of 3 ribs (the 6 studs put together two and two to form three ribs

dividing the whole panel into four bays);

. Centre wall with a pattern of 2 ribs (the 6 studs put together three and three to form two ribs

dividing the whole panel into three bays);



5. Centre wall with a pattern of 1 rib (the 6 studs all fixed together, forming a single wide ribta¢
centre of the frame and dividing the panel into tvays).

Timber is by nature an isotropic and heterogenaunaterial. However, in order to simplify the
model and keep focus on the effect of the varioame designs, a homogeneous and isotropic material
is assumed for the entire structure consistinghef three wall panels. Furthermore, the material is
regarded as linear elastic with a Young’s modulus4GPa, a Poisson ratio of 0.35and a mass density
of 550 kg/nf. It should be noted that the external air hasbexn included into the computational
model, i.e. the acoustic medium surrounding thelsMads been disregarded.

2.2 FE Model

The panel structure is modelled in the commerc¢matd-element method (FEM) package ABAQUS
[8] using solid continuum finite elements. 20-ndde&ck elements with quadratic spatial interpolation
of the displacement are adopted with a mesh siZ0ahm. The mesh size has been chosen based on
the wavelengths of waves propagating in the motéha higher frequency of interest—in this case
500 Hz. At this frequency, the wavelength of bemgdimaves in the plates is about 100 mm and
therefore the accuracy at frequencies near 500sHimited. However, the computational model will
still provide some insight into the relative perfance of the different centre walls.

The mesh is generated in such a way that nodegitgirgg the plate mesh align with the nodes on
the frame structure. Figure 3(ii) illustrated thesh on the exterior of the model. All structurahtarct
points are connected using tie constraints in the and z directions. Three-dimensional solid
continuum elements have no rotational degreeseaddom, i.e. only displacements are considered.
However, due to the local piecewise second-ordégrpolation of the displacements, the model
adequately describes bending in the plates witimgles element over the thickness direction.

The panels are fixed along the entire outer edgeat the top and bottom of the walls as welhas t
ends of the source and receiver panels that arearotected to the centre panel.

2.3 Excitation

The various designs of the lightweight panel stuoetare examined under two different loading
conditions: (1) Point-force excitation; (2) diffuield excitation. In the first case, a concentthte
point force is placed on the source walkat 250 mmy = 1300 mm, where the origin of the Cartesian
coordinate system is placed at the lower corngh@®source panel farthest away from the centrelpane
Thus, the concentrated force excites the sourcelpam the middle of the first bay counted in the
direction away from the fixed vertical edge asstiated in Figure 1(i).

The diffused-field loading condition is generategl & built-in routine in the commercial FEM
software ABAQUS. Here it the diffuse field is apgimated by a number of deterministic incident
plane waves coming from angles distributed oveemisphere encapsulating the loaded surface. The
number of incident plane waves used for the appnation is given byN? whereN is called the
number of seeds. For the present analyes 30 seeds and = 40 seeds have been employed, so the
total numbers of incident plane waves &&= 900 andN? = 1600, respectively. The two different
numbers of seeds have been included to check tidityaof the assumption about a diffuse field,.i.e
to examine whether a computational model providhessame results for both seed numbers.

2.4 Method of analysis

Two analyses are performed on the present lightwesgructure: 1) Modal analysis; 2) analysis of
the steady state response to point force excitatmmhdiffuse field excitation (30 seeds and 40 sged
In the modal analysis, the real Eigen frequenciasthe corresponding Eigen modes are determined
for the various frame designs as described in Suthise2.1. The Lanczos solver implemented in
ABAQUS is applied for the structural analysis atld@des occurring below 500 Hz are requested.

In case of the steady state response to point-ferc@tation and diffuse-field excitation, direct
steady state analysis is performed in the frequetmyain. Thus, the response is calculated directly
from the full stiffness and mass matrices of thebgll finite-element model rather than a model based
on the modal analysis. The steady state resporadgsasiis performed for five different specificat®
of the model under point-force and diffuse-fielccgation:

1. Transmission from source wall to receiving wall wh@ single-stud ribs are placed periodically
within the frame of the centre wall (see Figureauler point-force and diffuse field excitation;

2. Transmission from source wall to receiving wall whé single-stud ribs are placed nearly
periodically within the frame of the centre walkésFigure 3(i)) under point force excitation;



3. Transmission from source wall to receiving wall wh# double-stud ribs are placed periodically
within the frame of the centre panel (see Figurarjer point-force and diffuse-field excitation;
4. Transmission from source wall to receiving wall wih2 triple-stud ribs are placed periodically
within the frame of the centre panel (see Figurar&jer point-force and diffuse-field excitation;
5. Transmission from source wall to receiving wall wierib, 6 studs wide, is placed at the middle of
the frame of the centre panel (see Figure 2) updart-force and diffuse-field excitation.
Point-force and diffuse-field excitation are coresigld in order to quantify the influence of the load
position and load type on the transmission of epéogthe receiving wall via the centre wall, i.bet
flanking noise transmission. In addition, the stuwal behaviour of the panel is analysed for two
different diffuse fields defined by 30 and 40 seersspectively, as explained in Subsection 2.3.
Especially, it is identified whether one of thefdde fields will excite some modes that are nofitexic
by the other diffuse field. It can be expected gratll discrepancies arise in the results of tredyemes
carried out at higher frequencies where the nurobseeds is relatively small compared to the number
of wavelengths across the source panel.

3. MODAL ANALYSIS

The Eigen modes and the corresponding Eigen frezjasrof the panel structure with various
frame designs for the centre wall are extractedufg 4 shows the accumulated number of modes
appearing below a given frequency in the intervaihf 0 to 500 Hz. It is observed that the number of
modes decreases when the studs are divided inte rias. Hence, the panel with 6 periodic stiffeners
has a higher stiffness then all other models, wdetbe panel structure with a single wide rib ia th
centre wall has a comparatively lower stiffnessllag to a first structural mode already at 41 Hz.
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Figure 4 — Eigen frequencies within whole panelisture under various designs of frame structure.

The number of modes is nearly identical when thes @re placed at strictly periodic distances
(Case 1) and when the ribs are slightly moved (@3s&hus, the small change in distances between
the individual ribs that can be expected due tétsnaanship in real life does not influence the dyina
properties of the building wall panel structurersfgcantly.

The first structural modes in the panels with péiéaibs, a single rib, two ribs and three ribswcc
at 93 Hz, 41 Hz, 62 Hz and 75 Hz, respectivelycdntrast to the other cases, the first mode shispes
Case 5 (one rib in the centre wall) do not invabemnding of the studs, but only bending of the #ate
The first mode involving deflection in the wide ridxcurs at 79 Hz. The first mode shapes with
simultaneous deflection of the plates and ribstl@r different cases are shown in Figure 5.

A rapid increase in the number of modes is seewibéy¥00 Hz within all panel models. This leads
to a higher modal density, especially in Casesd arwith six single studs placed periodically or
nearly periodically in the centre wall. Howevelllghe panel structure with 6 ribs has overall faw
modes and the total number of modes in the analrgediency range increases with a decrease of the
number of ribs. The effect of the higher modal dniseyond 400 Hz on the various panel structures
under point-force and diffuse-field excitation issgtribed in next section.



(i) 6 periodic ribs — 93 Hz (i) 1 rib (6 studs fixed together) — 79 Hz

(iii) 2 ribs pattern — 62 Hz (iv) 3 ribs pattern — 75 Hz

Figure 5 — First Eigen mode involving bending o tiibs within the various panel structures: (i)H93
for 6 ribs placed periodically; (ii) 79 Hz for angjlle wide rib made from six studs; (iii) 62 Hz for
2 ribs, each made by three studs; (iv) 75 Hz feoib8, each made by two studs.

4. PREDICTION OF FLANKING NOISE TRANSMISSION

4.1 Panel-Structure under Point Force Excitation

The steady state response of the structures witlbws frame designs to point force excitation on
the source wall has been analysed. The focus o&tladysis has been put on the receiving wall and
various designs of the centre wall are consideTdrk transmission path can be described as source
wall — centre wall — receiving wall. The kineticexgy transferred to the receiving wall through cent
walls with various frame structures is computedatuniformly distributed frequencies within the
frequency range from 60 to 500 Hz. Figure 6 shdvesresults. Likewise, the root-mean-square (RMS)
values of the surface accelerations in the nornigction on one side of the receiving wall are
calculated and plotted in Figure 7. The accelematevels at the surface of the receiving wall are
computed to identify whether the acceleration bétmavfully reflects the kinetic energy contained
within the receiving wall. It is seen that the kilteenergy and acceleration levels have a similar
pattern throughout the entire range of frequenaesse the receiving panel is accelerating at alaim
magnitude through the cross section. Due to thity acceleration levels and not the kinetic energy
levels are computed at the frequencies from 6003z in next subsection.

Figures 6 and 7 show that the results are neadnptidal for the periodic structure with six ribs
made from six single studs and the similar struetur which the ribs are slightly moved. This is
explained by the fact that the panels have verylairkigen modes and frequencies (see Figure 4. Th
energy transmission levels and acceleration leasdsnearly the same in the low-frequency range of
60 to 80 Hz in all of the panel structures, whielmd®e explained by the fact that there are somdyea
identical structural modes in the models cf. Fig8(®. It is seen that there is a sudden decayhén t
energy levels (see Figure 7) and acceleration $efsde Figure 8) in all of the panel models witthie
200 Hz to 340 Hz frequency interval. The phenomeisomore pronounced when more periodic ribs
are introduced, and in the case of the centre witli 6 ribs, the band gap covers the full rangerfro
about 180 Hz to about 325 Hz. A reduction of nedflydB is observed in the acceleration response.



T T T T T T T T
s o i |
— 107  ——— 6 ribs (6 single studs A X
g 6 ribs (slightly moved) b Nl N\ /]
o /\ j P
~ —+ Vi S — T
) * \%
T - . £ ’ ”
w~ i 4
= 100 I~ / \\ +/L \ \ / SE - 7
2 oA L A4 \ﬂ AR 4 ¥
= ] N\ y Y
g ™MTAN S . = I
B . ‘J\/ T — + — 1 rib (all studs fixed together)
§ . / 2 ribs (studs fixed 3 and 3)
e 3 ribs (studs fixed 2, 2 and 2) ]|
M | | | | | | | |
50 100 150 200 250 300 350 400 450 500
Frequency [Hz]
Figure 6 — Kinetic energy levels at various freqeies in the receiving
wall under point-force excitation on the sourcelwal
T T T T T T T I’
70 . . _I
. —v— 6 ribs (6 single studs) A sl AN
N . . WV \;f'>/ ,\/ T |
E 60 - 6 ribs (slightly moved) N 3 sy N S
S
©  50F By —f’./ v s
S vy g / 4
® 40 /”(\ \ y; \,./\ n -
[aa] pA. A / / l\" ~ + AN 3 t 7
= 301 A\, A . e i
s N
= 20 , N { — + — 1 rib (all studs fixed together) -
< ok // 2 ribs (studs fixed 3 and 3) |
- *’/v 3 ribs (studs fixed 2, 2 and 2)
0 | | | | | | | |
50 100 150 200 250 300 350 400 450 500

Frequency [Hz]
Figure 7 — RMS acceleration levels at various fegtpies on the side surface of the
receiving wall surface under point-force excitatminsource wall surface.

() (ii)

Figure 8 — Structural response with nearly the samagnitude in various panel structures: (i) Eigen
mode which can be seen at 150 Hz, 97 Hz, 107 HZ183dHz in the periodic 6-ribs, 1-rib,
2-ribs and 3-ribs panel structures, respectivaly;Higen mode which can be
observed at around 450 Hz frequency in all of thegd structures.

Overall, the performance of the various panel medelder point-force and diffuse-field excitation
can be identified in descending order as six shuglel ribs (Cases 1 and 2), three double-stud ribs
(Case 3), two triple-stud ribs (Case 4), and oraewib with all six studs fixed together (CaseGly
in a narrow frequency interval around 120 Hz, theblwall performs slightly better, and the centre
wall with three double-stud ribs provides less ms®e at 400 Hz. However, the stop band occurring
for Cases 1 and 2 within the 180 to 340 Hz freqyemange is very significant.



As expected from the high modal densities obsemdtigure 4 beyond a frequency of 400 Hz, the
transmitted energy and the acceleration levelbéréceiving wall behave nearly the same in athef
models at higher frequencies. Here, the variougpsinuctures have structural modes which are quite
similar in shape with an example given in Figur@)8These modes are excited in all the structural
models, since the force is applied in the same maand at the same position on the source wall.

4.2 Panel Structure under Diffuse-Field Excitation

In case of diffuse-field excitation, various pas#iuctures are tested under 30 seeds (900 incident
plane waves) and 40 seeds (1600 incident plane syateés5 uniformly distributed frequencies within
the 60 to 500 Hz frequency range. The RMS accetaras computed for the surface on one side of the
receiving wall. At lower frequencies, the acceleatehaviour over the receiving wall surface isrse
with a similar pattern for all the panel models daeimilar structural modes, see Figures 5 anyl 8(i

Compared with the other cases, the transmissi@mefgy is lower in the centre wall panel with six
ribs placed periodically under diffuse-field ex¢itan on the source wall. This leads to a lower
acceleration of the receiving wall surface, simttathe observation made under point force exatati
Based on the acceleration levels at the receivialj surface, the performance of the panel strusture
can be ranked in descending order as periodic eem#lls stiffened by six single-stud ribs, three
double-stud ribs, two triple-stud ribs and, finaldysingle rib consisting of six studs fixed togath

Similarly to the case of point-force excitationsadden decay in the acceleration levels is seen
between 200 Hz and 340 Hz in—especially in Caseelthe centre wall with six ribs. Again a wide
stop band is clearly identified in this frequennyerval. Due to higher modal densities beyond 4@0 H
(see Figure 4) within all panel models, it lead#igher acceleration levels in all the panel stuoes.

It is finally observed that the panel structurestee for 30 seeds and 40 seeds, respectively, are
representing nearly the same behaviour along theee0D to 500 frequency range, indicating that the
fields are indeed diffuse. However, at higher fremcies some discrepancies are observed, which was
also to be expected as discussed above. Furth@r,0aHz the models with 30 and 40 seeds behave
quite differently. This indicates the existenceaomode in the panel structure that is excited gy th
diffuse field with 40 seeds but not by the fieldthvBO seeds.
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Figure 9 — Acceleration levels at various frequesain the side surface of the
receiving wall under diffuse-field excitation onetlsource wall surface.

5. Summary

Flanking noise transmission from a source wall te@eiving wall through various centre walls has
been analysed for a concentrated point force agmliethe source wall and for diffuse-field exciterti
on the surface of the source wall in the frequenacyge below 500 Hz. The first structural modes occu



at 93 Hz, 92 Hz, 41 Hz, 62 Hz and 75 Hz, respebttjfer models in which the centre wall is stiffahe
by six periodic single-stud ribs, six nearly peiimdibs, a single wide rib (six studs fixed togethe
two triple-stud ribs, and three double-stud ritlespectively. This demonstrated that a panel stractu
with periodic stiffeners has a higher stiffnesssethough the same amount of material is usedthiee.
number of studs is the same in all the models.

Under point-force excitation on various panel stuues, there are several similarities in the energy
propagation in the low-frequency range from 60 @oHZ due to the occurrence of similar structural
modes in the various models. Such similaritieshaf tesponse are also seen for frequencies beyond
400 Hz due to a high modal density. An interestingiparison is done with regard to the computation
of kinetic energy in the receiving wall and the Ri&eleration of the receiving wall surface, which
shows that the two measures of the responses iahe gamilar for all of the panel structures.

In case of diffuse-field excitation, the variouspastructures are tested with two different models
of the diffuse field obtained by combination of 980d 1600 incident plane waves, respectively. A
similar response is observed in the entire randeegfuencies as was found in the case of pointeforc
excitation. Stop bands are produced in the 20@®13z frequency range in all of the panel structure
under point-force and diffuse-field excitation, whileads to a sudden decay in energy transmission i
this frequency interval. However, the band gab idew and the reduction in transmission is much
greater when the number of periodic stiffenersiréase. Thus, the model with a single, wide rib in
the middle of the centre wall provides a poor rdthrcof the energy transmission compared the centre
wall with six single-stud ribs. The structural resge of the panel structure under diffuse-field
excitation based on 900 and 1600 plane incidentesare observed to be nearly identical below 500
Hz with small discrepancies occurring towards tighbr end of the frequency range. It is found that
the overall vibro-acoustic behaviour of a lightwieligpanel structure can be significantly changed by
altering the positions of the ribs. However, a figant change of the rib positions is required

Future work involves a closer investigation of tindluence of periodicity in the stiffening of
lightweight structures by means of examining thewocence of stop bands and energy dissipation at
various junctions. The acoustic medium will be aduced in the adjacent rooms in order to predict
flanking noise behaviour of the structure direcfifie aim is to mitigate flanking noise transmission
via joints as well as direct transmission betwedjae@ent rooms by design of the periodic stiffening.
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