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Abstract

This thesis concerns models basedStatistical Energy Analysis (SEA) to predlnding

wave vibrationin heavyweight buildings from structu®rne sound sources such as
machinery.These sourcetend toinject most powein the low and midfrequency ranges
where the walls and floors have low mode counts and low modal overlap foh whi
calculated @upling LossFactors(CLFs)from semiinfinite plate theorycan be in errorFor
machinery it is necessary to predict vibration on walls/floors that are remote from the source
room. In this situation, propagation across successive strugtunetions causes spatial
filtering of the wave field and the assumption of a diffuse field in each plate subsystem
breaks down. The predictive approach described in the European Standard EN12354 uses
SEA path analysis which assumes that transmission fnsindbed by firstorder paths.
However te feasibility of extendinthe concept opath analysis tavalls and floors of rooms

that are distanfrom the source roofne. not adjacents unknown. These issues are
addressed in the thedibe feasibility of £A path analysis was assessed by quantifying the
total contribution to receiver subsystem energy from paths contapiegfied numbers of
CLFs. For receiving subsystems whicheaattached directly to the source subsysttdma,
EN12354approach was founa tunderestimatthe energy leveld:or rooms remote from the
source room, path analysis was found to significantly underestimate the vibration of the
walls/floors which form the receiver room. Alternative approaches to improve predictions in
large heavywaht buildings were assessed through comparison with Moatl® Finite
Element Method (MCFEM) models which were validated on a small heavyweight building.
Matrix SEA was used with CLFs calculated for, IT- and Xjunctions using analytical
models for rectagular plates to try and incorporate modal features.igadated junctions

there wasgood agreemenwith MCFEM but in large buildings. However, was unable to
predict the peaks and troughs in Wibration respons¢o onethird octave band accuracy
although it carestimate the envelope response for plates that are dicesthected to the
source plate. In general, matrix SEA using finite plate theory CLFs does not improve the
prediction in onehird octave bands when the statistical mode courdgss than unity. Ray
tracing was therefore investigated which showed thatathgular distribution of power
incident on the plate edges differed sfgaintly from a diffuse field. Computationally
efficient ray tracing was then developed for inclusion irv#tted SEA (ASEA) models to
account for indirect coupling between plate subsystelASEA gave significant
improvemeng over matrix SEA when there were large numbeo$ structural junctions

between the source and regegplates.
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Figure 6.28. Five plate model. Difference between MCFEM and global mode SEA ELDs for

the case of power input to the upper flobroom 1.

Figure 6.29. Five plate model. Difference between MCFEM and global mode SEA ELDs for

the case of power input to the north wall of room 1.

Figure 6.30. Five plate model. Difference between MCFEM and global mode SEA ELDs for

the case of power jput to the east wall of room 1.

Figure 6.31. Five plate model. Difference between MCFEM and ESEA ELDs for the case of
power input to the upper floor of room 1. Nadjacent CLFs are included in the
ESEA model.

Figure 6.32. Five plate model. Difference beém MCFEM and ESEA ELDs for the case of
power input to the north wall of room 1. Nanjacent CLFs are included in the
ESEA model.

Figure 6.33. Five plate model. Difference between MCFEM and ESEA ELDs for the case of
power input to the east wall of roomNon adjacent CLFs are included in the
ESEA model.

Figure 6.34. Five plate model. Difference between MCFEM and ESEA ELDs for the case of
power input to the upper floor of room 1. All the radiacent CLFs are forced to

Zero.

Figure 6.35. Five plate mod®ifference between MCFEM and ESEA ELDs for the case of
power input to the north wall of room 1. All the nadjacent CLFs are forced to

Zero.

Figure 6.36. Five plate model. Difference between MCFEM and ESEA ELDs for the case of
power input to the east wadf room 1. All the indirect CLFs are forced to zero.

Figure 7.1.5_1 1 building. Power incident on junctions ihat@ular bands normalised to

the total power incident on the junction. Red curve with solid markeosthern
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edge of upper floor 1, blusurve with solid markers northern edge of upper

floor 2, brown curve with solid markersnorthern edge of upper floor 3, green
curve with solid markers northern edge of upper floor 4, purple curve with solid
markersi northern edge of upper floor 5le8k curve with open markers

diffuse field result.

Figure 7.2. 5_1_1 building. Power incident on junction iddgyular bands normalised to
the total power incident on the junction. Red curve with solid markeastern
edge of upper floor 1, blue culewith solid marker$ eastern edge of upper floor
2, brown curve with solid markerseastern edge of upper floor 3, green curve
with solid marker$ eastern edge of upper floor 4, purple curve with solid
markers eastern edge of upper floor 5. Blackwaiwith open markers diffuse

field result.

Figure 7.3. 5_1 1 building. Power incident on junction withiddgular bands normalised
to the total power incident on the junction. Red curve with solid markeastern
edge of north wall 1, blue curve Wwisolid marker$ eastern edge of north wall 2,
brown curve with solid markeiseastern edge of north wall 3, green curve with
solid marker$ eastern edge of north wall 4, purple curve with solid markers

eastern edge of north wall 5. Black curve wigien marker$ diffuse field result.

Figure 7.4. 2_2 2 building. Power incident on junction withiddigular bands normalised
to the total power incident on the junction. Red curve with solid markers
western edge of upper floor 1, blue curve with solatkersi western edge of
upper floor 2, brown curve with solid markérsvestern edge of north wall 5,
green curve with solid markerswestern of north wall 6. Black curve with open

markers diffuse field result.

Figure 7.5. Schematic diagram of a traitted beam from edge 1 of a plate (represented by
two red parallel arrows). The systems of coordinates along each edge are shown

along with the angle between the unit direction vector of the bieamd the y

axis of the edge coordinate systems.

Figure 76. Plot showing the difference between the ELD afl theASEA iteration and the
T 1 ASEA iteration in dB. The upper floor of room1 of the 5 1 1 building

is the source plate.
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Figure 7.8. Difference between MCFEM ELDs and ASEA ELDs for a 2_2_2 buidihg
power input to the upper floor of room 1.

Figure 7.9. Difference between MCFEM ELDs and SEA ELDs for a 2_2_2 building with
power input to the upper floor of room 1.

Figure 7.10. Difference between MCFEM ELDs and ASEA ELDs fora5_1 1 building with

power input to the upper floor of room 1.

Figure 7.11. Difference between MCFEM ELDs and SEA ELDs fora 5_1_1 building with

power input to the upper floor of room 1.

Figure.7.12. Difference between MCFEM ELD and ASEA ELDs for the case of the plates
diredly attached to the source plate, upper floor of room 1 in the 2_2 2 building.
The zero line is shown in black. Curve corresponds to the ELD between the
source plate and the receiving plate with the same colour.

Figure7.13. Difference between MCFEM ELDdaBEA ELDs for the case of the plates
directly attached to the source plate, upper floor of room 1 in the 2_2_ 2 building.
The zero line is shown in black. Curve corresponds to the ELD between the

source plate and the receiving plate with the same colour.
Figure.7.14. MCFEM and ASEA predictions for the ELD between the upper floor and room
1 and the flanking walls in room 4 and 8.

Figure.7.15. MCFEM and ASEA predictions for the ELD between the upper floor and room
1 and the separating walls between roomsdBraom 4 and between rooms 7 and
8.

Figure.7.16. MCFEM and ASEA predictions for the ELD between the upper floor and room

1 and the floors in room 4 and 8.

Figure.7.17. MCFEM and ASEA predictions for the ELD between the upper floor and room
1 and the flaking walls of the 5_1_1 building.
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Figure.7.18. MCFEM and ASEA predictions for the ELD between the upper floor and room
1 and the remaining upper floors of the 5_1 1 building.

Figure.7.19. MCFEM and ASEA predictions for the ELD between the upper floooand r
1 and the separating walls of the 5_1_1 building.

Figure.7.20. MCFEM and ASEA predictions for the ELD between the upper floor and room
1 and the lower floors of the 5_1 1 building.
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Chapter 1  Introduction

1.1 Statement of the problem

Exposure tosound and vibratiomsually needs to be minimised for reasons of health and
safety and/or human comfort. For this reason there are requireménisding, aeronautic,
autanotive andmarine structureshat set limitsfor the sound pressure level or vibration
level. In general it is most cost effective to consider this at the design stage; hence the
accurate prediction of sound transmission is relevant to many engineering industries. In this
work the faus is on structurbore sound irheavyweightouildings (i.e. concrete/masonry)
although many of the methods apply to other engineering structures.

In buildings, common sources of structln@ne sound aredusehold appliances such as
boilers dishwashersr washing machines, sanitary installations or other service machinery.
A significant proportion of the structut®orne sound power from these devices tends to be in
the low and midfrequency ranges and is broadband noise, although isoesethere are
tonal componentsStructureborne sound can be transmitted across the walls and floors of the

building and cause disturbance in neighbouring dwellings.

This thesis focuses on the prediction of bending wave transmission across coupled plates that
form heavyweght buildings by consideration of the effects of spatial filtering anddiffuse
vibration fields. There is a need to predict vibration levels on the walls and floors-thiahe

octave bands due to excitation from building machinery or householcapgsi (e.g. white
goods). For this reason, the frequency range of interest is 50 to 1000Hz which is the range in
which most structurdorne sound sources in buildings inject significant power. The thesis
considers situations where the source is locatedroom adjoining the receiver room as well

as the case where source and receiver rooms are separated by several structural junctions.

The complexity in the prediction partly arises from the fact that in heavyweight buildings the
sound transmission is Ey dominated by a single path, and even the inclusion ofchicktr
paths (such as used in EN123%&! not always sufficiept-3]. It also occurs due to the fact
that walls and floors in typical heavyweight building structures tend to hawentodal
overlap factors and lownode counts in onthird octave bands between 50 and 1000Hz.
However, there is significant uncertainty in thesponse of building structuredue to



workmanship and variation iwall/floor properties that a purely deterministic approach is

unlikely to be appropriate.

1.2 Aims of the research

The main objective in thithesisis to to model bending wave transmissimnheavyweight
buildings undergoing nahanical excitatiorwhere there is spatial filtering and the vibration
fields are nordiffuse. Heavyweight buildings providee case studieto test theories based

on Statistical Energy Analysis (SEA).

SEA can either be solved using a matrix formulatishich accounts for all possible
transmission paths or using path analysis to quantify the strength of individual transmission
paths. This thesis will investigate the feasibility of using path analysis in large buildings for
sound transmission between wg#lloors in noradjacent rooms. There are known to be
issues using Coupling Loss Factors (CLF) calculated from-sémite plate theory when
plates have low modal overlap and low mode counts hence the thesis will investigate
alternative approaches tolcalate the CLFs. This will include analytical modes based on a
global mode approach for isolated junctiorss veell as a combination of Finite Element
Methods (FEM) andExperimental SEA (ESEAA Monte-Carlo approach to Finite Element
Methods (MCFEM) willbe validated against measurements on a small heavyweight room

construction and subsequently used to assess the SEA, ESEA and ASEA models.

In order to develop models based upon the principles of SEA it is convenientRainsen

the Roof (ROTR) excitatim However,in practical situations the mechanical excitation is
usually applied at a specific location within on the wall or floor rather than over the entire
surface. To investigate the practical implications of this approach further the vibration levels
of the walls and floors of heavyweight building in response to a simulated white goods
appliance using MCFEM and the results are compared to case when ROTR excitation is

applied.

SEA assumes that a diffuse field is present in all subsystems. In sys$teoupled plates the
junction lines between the plates filter the wavefields in a process known as spatial filtering.

In this thesis a ray tracing method is developed which is computationally efficient for large



building structures. This ray tracing apprbas used for two purposes. Firstly, to assess the
effect of spatial filtering across junctions of rectangular plates in large buildings. Secondly
the ray tracing method is incorporated into an Advanced SEA (ASEA) calculation to
determine the indirect apling between plates.

1.3 Outline of the thesis

The outline structure of the thesis is that chapters 2 adds8ribe the relevant theory,
Chapter 4 describes the experimental work to valilé®~EM and chapters 5, 6, 7 and 8
contain the results from SEA, &3, ESEA andMCFEM.

Chapter 2 contains the theory for SEA, ASEA, ESEA KIGFEM.

Chapter 3escribes the theory used to calculate the strubiomee sound transmission across
L, X and T junction configurations using finite and senfinite platetheory.

Chapter 4 describes the experimental work carried out to validaMGR&EM approach that

is used for the numerical experiments in chapters 5 to 8.

Chapter 5 contains analysis of the EN12354 models and compares these against wave theory
SEA for two types of building structure. The SEA models are also compared against
MCFEM models of the building structures.

Chapter 6 contains analysis of the L, T and X junctions using ESEA. The CLFs resulting
from the ESEA on the isolated junctions are incorporaméa SEA models of building
structures and the results compared agM@EEM.. The results are discussed in relation to

a five-plate structure containing L and T junctions.

Chapter 7 investigates the effects of spatial filtering in building structures. The ASEA model

is compared againMCFEM for two types of heavyweight building structure.

Chapter 8 contains the conclusions and suggestions for future work.



1.4 Literature re view

Statistical Energy Analysis (SEA¥] is awell-establishednethod for predicting structure
borne sound transmissiom buildings Gibbs and Gilford[5] used an SEA approach to
predictthe bending wave transmissiahrough quarter scale -Bnd Xjunctionsfound in
building structuresThe predicted results agreed well witieasuremenCraik [6, 7] applied
SEA to building structureand prediced the spatl average vibration levels of walls and
floors in a heavyweight building to within 4dB of the measured valigesaverage The
SEA mode$ only includedbending wave transmission at structural joinksch was listed as
a possiblereason for the largerrmrs in the higher frequency octave band$he
measurements appearttave beeronfined to walls and floors which lie the section plane

of the building

Later work [8-10] showedthat transverse shear amplastlongitudinal wave play an
important role in the transssion of structurdorne sund. Wave conversiometween
bending and ifplane vibratiorat junctionds of particular importance when the receiver plate
separated fronthe source platby many structural junctiongll, 12]. Craik comparedthe
Energy Level Difference (ELD) betweemriouswalls and floas of a heavyweight structure

in the 125Hz500Hz and 2000H@anethird octave banslusingSEA modelswith and without
in-plane subsystems. Tleffect of including the inplane subsystenn the EID waslargest

for plates which where furthest from the source plate in the 2000 zhirdoctave band.

The results were also compared to measurements and acceptable results were obtained for
receiverplateswhich wereclose to the source plate. Howemeirs unlikely that any resonant

local in-plane modes were present in the heavyweight plateshe octave bands below
500Hz whichpotentiallyinvalidates thecomparison between SERAodels assuming iplane
wavesand the measured data at the lower fregesn€o further investigate issues with-in
plane waves in heavyweight buildindg$opkins[13-15] usedtwo FEM modelsof T- and L-
junctions one with the junction line free and the other with the junction line pinfiee free
boundary condition allowed 4plane and bending wave transmission at the junction line
whereas the pinned boundary conditamnly allowed the transmission of bending wavEise
vibration level differencefrom FEM was compared to results from nmsaements on a
physical model. Belovihe lowest thin plate bendingavelimit of any plate in the junction
(800Hz) both models adequately predicted the vibration level difference across the T

junction. Above 800Hz only the frganction line model adequdyepredicted the vibration



level difference across thejulinction. This indicates that4plane waves are more important
at frequencies above the lowest thin plaéndinglimit of any plate in the structure when
dealing with a single junctiorFrom the abrementioned research it can be concluded that
models considering only bending wave transmission for heavyweiglings excited by
typical domstic machineryshould be sufficienteven where several structural junctions exist
betweenthe source and theeceiving plateFor structure borne sound transmission between
coupled platesSEA generallyprovides a close estimate of the mean response thie@me

third octave bandtatistical mode count is greater tHare and the modal overlap factor is
greaterthanunity [3, 16]. In heavyweight building structures these criteria are not usually
met in the frequency range 5 1000Hz and SEA tersdo underestimate the ELD between

source andeceiver plate§l?, 1§].

Wester and Macé€l9] investigated the use of SEA on two edge coupled rectangular plates
using a wae approach and defined two parameters which quantify the strength of the
coupling between the two platesn expression for the ensemble average CLF between the
two plates was derived@hich accounted for the strength of the coupling between the plates
and the finite width of the plate. Compared to this expreg$ierstandardheorybased on
diffuse fields and semninfinite plates[20] generallyoverpredictshe CLF between the two
plates formost systems of practical interestThe method was used by Paxtkal [21, 22] to
investigate the CLF between two rectangular gdatf various thickness. The ensemble
average CLF appeared to provide a good estimate of the mean value of the effective CLF
calculated for a single ensemble memb&r.similar wave approacthas been used to
investigate the transmission coefficient betweea finite coupled reengular platgd23]. It

was found that the transmission coefficiertvieen the two finite plates was overestirdate

by semiinfinite plate theoryFor use in large heawyeight buildings it may be possible is to
extend the approach used by Wester and Naobtainexpressioafor the ensemble average
CLFsin T and X junctons. Using these CLFs in an SEA model of large scale buildings may

improve the SEA predictions in the region of low mode count and low modal overlap.

The European g&ndard EN12352 [24] outlines an approach toestimateimpact sound
insulation in heavyweight building structur&he mehod was proposed by Gerretgd@]

and can be described fast-order SEApath analysis where the power balance equatoas
written for each subsystem.if assumed thahe power flows from source to receiver and
canna return to any given subsystem. In this thesis these paths wiliféxeed to6 f or war d
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Magrang[26] has shown that by rearranging the SEA power balagoations the inversion
of the energy matrix can be written as a sum of contributions from an infinite number of
paths. However the inverse matrix contains path terms which may return to any subsystem
any number of times. Hence assumiligfarward paths have been identifietie inverse
matrix approactwill give a similar solution to EN12354 when the power returning to any
subsystem is negligible.

Guaschet al [27, 28] appliedgraph theoryto SEA models to develop efficient methods to
rank order the stngest transmission paths between any two subsystems in an SEA model.
The approach in EN1235%as validatedby Gerretserwith X-and Tjunctions of different
constructios [25] and good agreememnias observetietween measured and predicted levels
Howeverfor heavyweight buildingsit has been subsequently shopy 2, 29] that each
individual flanking path iften weaker than the direct path bhete areso many flanking
paths that collectively the higherder paths casignificantly reduce thesound insulation

between two adjacent rooms.

FEM [30] is the most commonly used numerical toolmodel the vibration transmission
betweencomplex structures or plates which have low modal overlap and low statistical mode
counts Simmon$31]] investgatedFEM modelling ofrectangularPerspex plate arranged in

an O0HO6 rfiguraton luwagconcluded that A was unable to accurately predict

the narrow bangboint response of the structure but was able to predict the band and spatial
average response to a sufficient accura&immons determined Coupling Loss
Factors(CLFsusing the satial and ban@verage output from the BE It was suggested that

by varyinguncertainties such as boundary conditiensplate dimensions an ensemble of
CLFs could be generatdor the structurdor use iInSEA; however, this is an unusual and
impractical definition of an SEA ensembl€raik and Stee[32] used FEMand ESEA to
investigate the mamum andminimum CLF between two plates for the purpose of validating
previaus work by Craikl7]. It was shown that the CLF between twertangularplates
varied proportionally to the spaltiaveragedriving point mobility of the receiving subsystem.

Hopkins [33, 34] usedESEA to extend the use of SEA to plate systems with low modal
ovelap and statistical mode coufithe focus was orectangular plates arranged irabhd T

junctiors. The length of the plates in the direction perpendicular to the junction line was
randomly chosen from a nor mal di stribution

ESEAwas then performed on each ensemble member to generate a set of CLFs éativeen
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of the subsystems in the junctidhwas found thathe probabilitydistributionof the linear

CLFs wereright skewedvhen the modal overlap was less than one, however the distribution
could be reasonably well approximated by a lognormal distributiunh enabld the mean

value andconfidence limits to beleterminedor the CLF. With knowledge of the ®wan and

the lower and upper confidence limits of the isolated plate junctions an approach called the
SEA permutations method was developed. The SEAepdalance equations for a built up
structure (consisting of the isolated plate junctions) were inverted once using the mean value
of the CLFsand then for all permutations of the lower and upper value of CLF between all
subsystems in the built up struatuiThis enabled estimates of the mean value of the vibration
level difference with lower of upper confidence limits between any two subsystems in the
built up structure.The method was applied to seven plate structurehich represented
rectangularmanry walls forming two roomsthat was compared directly to the output
generated from an ensemble of\fEnodels of the structure. In general good agreement was
found betweerthe mean value predicted by the SEA permutaionethod and the BE
prediction. However the SEA permutations method overestimated the vibration level
difference for some cases where the receiver plate was not directly attached to the source
plate. The SEA permutations method tended to overestimate the upper and Ididencen
intervals of the vibration level difference and it was concluded that more numerical
experiments were required to investigate the limitations of the appi©@aehpossible reason

for thedifferences between the FE and SEA permutations method fiwedimight be thatn

the case of the SEA permutations method all seven plates could be assigned values of length
independently from the remaining plates. However only three |djogihsength for the

width of the room anane lengthfor each roombreadth could be assigneth the FEM
modelwithout distorting thed0 corners of the structurd.o avoid this issuén this thesis

use is made of thsignificant variation in the quasingitudinal wave velocity of the plates

that isfound in building structureg35]. This @an be used to generate &#SEA ensemble
instead of plate dimensioné&nother potential issue is thathe in-situ Total Loss Factor

(TLF) is assigned to thelatesin the junction For a largebuilding this would require a
significant number of junctions to be modelled usingVFvhich may be a more time
consuming process than directly modelihe entire structure with RE

An alternativeapproach to SEAas been developed which is refertedasEnergy Flow

Methods(EFM) [36-38]. Provided that the forces acting on a structure are uncorrelated the



mean square velocity at a point in the structure, and heedertatic energy in each plate,
can be written as a sum of the mean square vigsdit response to each load agpoli
separately. For the case of RO&Ritationthis allowsthe formation of an Energy Influence
Coefficient (EIQ matrix [39, 40]. This gives the spatial and band averaged energy in each
subsystem in response to a known input power. The EIC matnxbedetermined from
knowledge of the global eigenfrequencies and eigenfunctiotiseabuilt up structure. The
EIC matrix is closely related to the inverse of the SEA energy mpifixand hence sing

the EICmatrix directly avoids inversion errors.

The main advantage of #henergy flowmethoddeveloped by Mace and Shor{&8] is that

the plate energy and input power do not need to be computetisarete frequency points
sinceuse is made of the definition of ROTRB deriveanalytical expressns for the band
averageesponse value3his saves a great deal of computational expense.

To determine the response statistics knowledge ostidestical distribtion of the material
properties andstructural dimensions isequired in ordeto define an ensemble of similar
structures for which a set of El@satricescan be determinedVultiplying the input power
vector by each EIC matrix in tumdlows a mean value of the energy in each subsystebe
determinedwith confidence limitsFor typicalheavyweightuilding structuresvith a mesh
sizethatis accurate up to 1000Hke total number of degrees of freedom is extremely large
andcomputingthe required integrals on the global mode shapes, as outlined by E&yter
for each of the deterministic analyses woulctcbmputationally expensive.

The ESEA ensemble and the EFApproaches developed by Hopkins and Maspectively

rely on the fact that all the uncertainties can be described statistically. In building structures
this may notalwaysbe the case and there is a néedletermineconfidence limitsfor the

mean resporspredicted Y wave theory SEA. Lyof¥] developed a method to determine the
response variance in an SEA model which was based on the assumption that the spacing
between eigeméquencies in a given subsystane described bioisson statistics. Craji7]

found that for building acousticthis method tends to overestimate thaiance by a
considerable margin and proposed an empifmahulae relatinghe CLF to the spatial and
bandaverage point mobility of the receiver plakdore recentvork by Langleyet al[41-44]

shows that the eigenfrequency spacing is more likely to follow statistics based on the
Gaussan orthogonal ensembl&OE) rather than Poisson statistics with the exception of
systems with a high degree of symmetry (e.g. a simply supported plate). A method was

developed to predict theariance based on GOE statistics which showed reasonable
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agreement with numerical and physical experiments provided the assungft®B& were

valid and that GOE statiste were applicableFor the systems investigatedt wer
frequencies botthese assmptions were invalid.

In building acoustics thease ofmostinterestoften concernssound transmissiobetween

two adjacent dwellings. ¢lveverfor structureborne sound sources such as machinery, it is
also important to be able to assess transmissiomrdoedver roonthatis moredistant from

the sourceHenceit is important to be able to predict the vibration levels of the walls and
floors that form thisreceiving roomin orderto accurately predict the SPEor coupled plates
wherethe receiver plate is connected to the source platessseveral junctionsLangley

[45] described a processferreditoas O spati al fangular distributign @f theh e r e
wave field is increasing filtered by the transmission coefficient at each junction line. Hence
even wherthere is adiffuse field on the source plate the filtering action of the structural
junctions can lead to a natiffuse fieldon the othercoupledplates This invalidates the SEA
assumption of a diffuse field in all subsysteri®. account for spatial filterind.angley
developed Wave Intensity Analysis (WIAP]. WIA appliesthe power balance equatiam

each angular banidr the transmitted and reflected waves at each junctiortdigenerate a

set of coupled linear equations which can be solwedisinga set of shape functions to
represent the energy density within each plate. The approach has been validated for a range of
engineering structureggl7] with a significant improvement over SEA cases where many
structural junctions exist between source and receiver plate. However the sguctur
investigatedto datehavebee n -l6iime 6 p | a tsimpy swpported [along theelges
perpendicular to thpinction lines. This isiot because WIA is restricted to these systems but
the O0exactd numeri cal solution sought to v
stiffness method which requires two opposite edges of the plate to ply supported. The

main obstacle tapplyingWIA to building structures is that it is not clear whether the method
could be adapted timclude plateswi t h-o 0 tssckh as walls which contain windows or
doorways.

Heron[48] proposed an alternative method to WIA which he called Advanced(BEEA).

This method usearay theory approach to track the energy flow across each subsystem and
combines this with SEA to account for any residual power onceapé&acing procedure has
stopped Heron applied ASEA to aeriesof rodsof varying thickness connected in a line.
Only longitudinal wave transmission was allowed and the predicted vibratevel |
differences were compared to SEA and an exact analytical solution. It was found that ASEA

performed well for the distant subsystems whereas SEA performed pobdysystem of
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rods validatd the ASEA approachowever it was not a typical engineerirtgusture since

the rods were seral tens of meters in lengthleron also outlined a method for applying
ASEA to systems of plateshowever at the timeit was noted that this could be
computationally expensiv&®ecentlyYin and Hopking49] adopted this procedure for ASEA

for platesto predict the vibration level differendeom a homogeneous plate attached to a
periodic ribbed plate. ASEA results were comparedwith FEM, SEA and physical
experiments results for the vibration level difference between the source plate and each bay
of the ribbed plate structurdhere was good agreement between FEM, ASEA and the
experimentakesults with most results lying withil0dB of eaclother whereas SEA owver
predicted thdevel difference by as much afdB in the last bay of the ribbed plate. his
thesig50], Yin also investigated other structures including one in which another plate was
attached to the 4unction between the homogeous and ribbed plate so as to provide
flanking transmission to the bays of the ribbed plate. Good agreement was found between
ASEA and FEM for althe platestructureghat weranvestigated.

Whilst there are indications in the literature tmandiffuse vibration fields and spatial
filtering can be included in the modeduch as ASEA or WIA, there is no evidence of these

being adapted to model more than a few coupled plates. This is addressed in this thesis.
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Chapter 2  Theory 1 Statistical energy analyss and finite element methodsfor
structure-borne sound propagation

2.1 Introduction

This chapterdescribeshe approaches used in this thetispredictthe vibration levels as
spatial, ensemble anttequencyaveragedvalues for heavyweighfloors and wallsin
buildings. The firstapproach isprimarily statistical, and idased aroun&EA. This will
includeMatrix SEA, SEA Path AnalysisExperimental SEA and Advanced SEFhe second
approach isdeterministic and isised to establish baselire against which #h statistical
methodscan be comparedly usinga Monte-Carlo approach toFinite Element Mthods
(MCFEM).

2.2 Statistical Energy Analysis (SEA)

Statistical Energy Analysis isfeamework of analysis which is commonly ugednvestigate
transmission W®een structural components such as plates and beams and enclosed air
volumes. It isassumedthat the systems under investigation are drawn from statistical
populations with known distributions and the primary variable usectiartalysisis the total

energy of the individual components, hence the n8&Ba& [4]. The output from SEA gives

spatial, ensemble and frequerayeragd values for the responséd each subgstem.

Numerical simulations carried ooin systems of coupled plat@sl] indicate that SEA is

most accurate when the statistical mode count per band is greatévéhfan each plate and

the geometrienean of the modal overlap factdos the source andeceiver plates is greater

than one For heavyweight structures investigatedthis thesighese conditions are not met
below 1000Hz and alternative methods have been investigated with the aim of improving the

prediction in this frequency region.

2.2.1 Overview of Statistical Energy Analysis

SEA originates from thebservationthat thenet power flow between two linearly coupled
oscillators is proportional to the differendeetween the uncoupled energies of the

oscillatog[52]. The flow isalways from the oscillator with the higher energy to the oscillator

with lower energy providethat statisticallyindependent broad band excitatisrapplied and
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that the oscillators are weakly couplgg?]. This results in the power flow proportionality
equation
“ 0 O 0O (2.2)

In SEA nulti-modal subsystems such as rooms, beams and pktedreatedas stores of
modal energyThe power flow proportionalitin eq.2.1 can be extended to coupling between
multi-modal subsystems witb 1 — anduv & ¥¢ where— is the coupling loss
factor (CLF) from platesitoj,¢ i s t he modal d g rarwd)i is theangllars u b s y ¢
centre frequency of the bandhis step isvalid provided a number of criteria are satisfied,
these ar¢4]

1) The coupling between modes in separate subsysteinsad

2) The eigenfrequencies of a subsystem are equally probable over a given frequency

interval
3) Equipartionof modal energy in each subsystem arabherentmodal response

For multtmodal systemsa2.1 giveghe net power flow from subsystem 1 to subsysteas 2

“ 1] -0 -0 (2.2
where theCLFs are relatethrough theconsistencyelatiorship
_ B (23
£

The powerflow between plate and platej is defined as — Owhich is analogous to the
power dissipated ia subsysteni due tointernaldamping — O, where— is the internal loss
factor(ILF) of subsysten.

The standard procedute determinghe CLFbetween plateasestheangular aveagepowe

flow transmission coefficient.

wWi0

Ty t —Al OA— (2.4)

where®y, is the bending wave velocity at angular frequencyd is the length of the
junction, “Yis the area of plate subsystg¢nt is the junction transmission coefficiefthe

CLF - can be determined froeg.23. The modal density gflate subsystemis given by.

, QY WMoY
s Q —_— —

Wy @y (25)
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2.2.2 Power balance equations
Understeady state conditions a power balance equation camitben for each subsystem in

which the sum of the powdlowing into the subsystermustequal the sum of the power
flowing out of the subsystemncluding disipatve losses. Applicationf eqs.2.2 and 2.3 to

the power balance equations on each subsystem leads to a set of simultaneous equations
which relate the total energy in each subsystem to the total external power input injected into

the systemFor a system consisting bfsubsystems this gives:

o =
1T - - - E - ¥
] 1l
] 1l
| — — — - E — n o, “
S | ~ 11
H h ','|p.’. P14 o
11 Y -
1O —ir ha 26
] = I’IIIA’, 1 - ()
N - - - - E - I-’I.el’I i VI'I
I ) ) A A , JOU U U
Il é é é E é )
(W] - 1l
Ll — - — E - -1
u i U

In the standard SEA procedure both sides of equatiéh 2 multiplied by the inverse loss
factor matrix to give the subsystem energies in terms of the input poWerdotal loss

factor (TLF) for subsystemis denoted by and these form the ajonal elements of the

loss factor matrix. Theff diagonal elemestare the coupling loss factors denoted-by

2.2.3 TransmissionPath analysis

Equation2.6 can be written in the following form

. ot B )
II = ll - - - |.‘|lI 111 7‘
lp m ™ E & L - - L.n 0, RA— -
> = m b= mnm — E —N,~ Il A Ul
:n:T[ p mE T o r - -0 |'p A opllh = (2.7)
IIITE T[ p EA T[’ i mn E __l,l:a:' ok =" v A= 0
Illé e é E e 1+ - - n.lle " € 1
fmmnmnE pVue & & E én,lOU ¢ 1 U
I - - = -
L E T .1
oo - Uy

u v
and by &king the inverse matrix, the subsystem energies are given by
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v o TU — — E —l’l“

H |1 - - - |"|I’I « 7[
O. llp mnE m [ - g —_an A=

I b - h—mn — E —0. 0 ]

Ir‘:p I III]IT p mn E T[:’ul | T - - I-’II_,I L 57[ - 1N (28)
0 :-:n mp E om0 g oy uf -
e lllé é € E & 1 - — |’|:,: L é N
WU Wt nnE pVYue & & E én. o g0 - U

U r - - E '

u_ J— j—
u v

Magrang[26] has shown if that if all the offliagonal terms i®q.2.7 are less than thenthe
inverse matrix ireq.2.8 can be expanded in a power setiezgive the subsystem energies as

an infinite sum

— »
> Ul

I”l o T :— :— E —,
|1 I,I 1
O . ”p nm E n = - x n .
- Il = 1l n— nnm — E —N.0 1l o9
P ITT[ p T E 153 I - - ' A — i (29)
On Yo p E T I - E - I,II i rA = 0
ngn e & & £ & o - T “ o' & w
WU tt mn E pV 11é é € E é’l’l:,:u“ Rl — U
by - - = .,
1] E L U’“
u oo T U

The energy in the receivean beconsidered as the combinatiof an infinite number of
@path contribution§3, 7] with each path contribution consisting different products of the
off-diagonal elements @.2.8. For example, the energy contributitmsubsystem along
path 12-3 when powel | is input to subsystem 1 only is

o —_—_1" i (210
Assuming no energy returns to the source subsystem
o 1" R (211

Then the level difference between along the pa2h3lis given
(0] - - (212

0o - -
I n this way all the paths can be assessed ar

in order of the percentage contribution to the regesubsystem energy.
Path analysis is@netimes used asstandalone predictive methoi allow quick estimation
of the performance of structural elememtssitu [53]. For this method to bef practical

worth the majority of the receiver subsystem energy must haws bansmitted from the
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source via a relatively small number of eadgntifiable paths otherwise significant

percentage of the receiver subsystem energy wikfbenaccounted fof54].

2.2.4 Experimental SEA (ESEA)
In some cases the CLFs cannot be easily be predicted using the aagrdgedransmission

coefficient. For exampléhe structural connection between subsystemg lmeatoo complex

to determine dransmission coefficienf31] or the subsystems may have a lstatistical

mode countind modal overlap factor. In such catdsng an angular average over all angles

of inciderceis no longerstrictly appropriatg34] andit may be better to estimate the CLF
betweersubsystems experimentaliging ESEA.

Lyon [55] has described &orm of ESEAto determine the CLFs of a bup structure by
application of the SEA power balance equations with power injected into each subsystem in

turn. This results in an energy matrix which can be inverted to obtain the CLFs of the

structure

- — — E -

n = 11

[} - - - E - )

11— _, - EA _, )

1 é e e E é n (2.13)

u - - - E - U
r7_|—h Tt n E TN
:: “ s 3 " 0O O E O N
Wt mE T o o E o,
11 h E ) O @] |§ O
11 n n 1 R n il | é é é E é i
e €& €& E _émO O O E O U
] = o
u n E U

whereO is theenergy in subsystemwhen power is input to subsystem

Large errors in the CLFs can occur when the matrix contaihie subsystem energies is ill
conditioned (i.e. when the effiagonal terms become comparable to the termdiagonal)

[3].

An improved method to determine the CLFs has been proposed by[kélloThe internal
loss factors are removed froeq.2.13 to give the set of equations which can be inverted to

give the CLFs onlyThe resulting equations may be written in block matrix form as
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The elements of the above block matrices are given by

w0 0 0 O
11 O O O O
"o O O ©
'S o © ©
I 110 O (@) O
::FA’H FA,U
. é é
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(2.14)
(2.15)
F)_ Ul
O n (2.16)
(@) |:|
o .
(0] X
0O |:|
é 1l
O_ Il
0
2.17)

Since the block matrix is diagonal it can be solved for each element individually. For

example s gives the coupling loss factors in vector.

This reduces the size of the energy matrix filgxiN to (N-1)x(N-1) and in some cases may

improve the conditioning of the matriXhe internal loss factors can be determined separately

by considering the power balance for the whole system for each cama@roé subsystem.

. 11 ﬂ"o 'O 'O
=P o o
T A —D () (@)
Hén 1é é é
U uo (@) (@)

Mo TR T TR

. RT-
o R
O v i A A—
en |1} é
o Uy y71-
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y (2.18)
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1

U

16



Onepossible outcom&om the matrix inversion is th&LFs can occubetween plates wbin
are notconnected togethemn the standard SEA power balance equatioissabupling is not
included T h e soeradjaaend coupl i ng | os stofkesodyrearrangingthe be f
rows and columns of thielock matrixeq.2.16so thatthe nonadjacent CLFs are located in
the last block The remaining CLFdetween directly coupled subsystemr® determined
from the remaining system of equations which do not include any terms frobfottieof
nonadjacent CLFsan example appliedota three subsystem model is found in refer¢B6p
and the application to a five subsystem model can be fouGdapter 6
When the transmission between sousabsystem i andreceiver subsystefnis dominated
by a single direct paththe energy in the receiver subsystgmen by eg. 2.16 can be
approximated H3]:

o "R (219

B

Assuming that the total contribution to the source subsystem energy from the numerous
transmission paths iegq.2.9 is small in comparison to the initial mwibution from the power

inputthe total energy in the source subsystem can be approxima@d by—-

The coupling loss factor can be approximated by
_ 9 pOT sk (2.20)
(0] 100
where the following approximation has been made —n

2.3 Advanced Statistical Energy Analysis (ASEA) usingay tracing

2.3.1 Introduction

From a wavetheory perspective theSEA assumption that there isquipartion of modal
energy in each subsysteequres the wave fieldroeach subsysteto bediffuse. This may
be appropriate orthe source plate when there are a high number of modes per batieeand
modal overlap is large. Howevexs Langle\{45] has pointed outhe angular dependence of
the transmission coefficients at majunctions leads to spatial filtering of wave field in
subsystems remotigom the source. Langley proposednew modelling approach, Ve
IntensityAnalysis (WIA)to account for this spatial filterin@5][47].

Heron [48] proposed an alternativapproach that healled Advanced Statistical Energy

AnalysiASEA) which was able to account for spatial filtering as well as power lost across
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the subsystems. Although Heron outline the procedure to apply SEA to plates $exdfoou
rods because he noted that i mpl ementati on
exper s i v e 0 .ectithe2i3.4 iatrodbices an approach to avoid this problem. AgESAhe
advantage that is easier to implement and understand from a physical perspective and it
usesa ray tracing procedure which can easily be adapteulates with cuo u tssch as
windows and doorway¥in [49] has investigated the use of ASEA on periodic ribbed plates
and linear arraysof L-junctionsas well as other small scale structurksthis thesis the
techniqueis extended to systems cmsting of a largenumberof plates ina box-like

arrangement that resemble building structures.

2.3.2 Formulation of ASEA equations
Foll owi ng He heoSktApswerbplgnceguatois can be written in terms of the
modal energyQ 'OT¢

Ni‘) s T E . Q o m'c‘) 0 0 E o ; Q o
LT 0 n B m, Q.90 0 0 Ig 0 . Q. g e (22))
Nt m 0 E TU ou £ 04 0 0 0 E 06 e 1 ha
11 é é é E é il |é’l’,l |1 é é é E é il Ié l’,l 11 é 1
unmr m w E 0 UQUW o) o) E 6 UQU d zUu

where the matrixM contains the modal overlap factors of each subsyftased on the
internal damping.

1€ - T i1 E 1
“no1& - Tt E n U
11 - )
i‘) 1 T Tt —|é_ EA Tt " (222)
1 é é é E € n
u Tt T s E 1¢ -U

and the matrixA contains equivalent terms for the coupling loss factors

Ul

To1E - 1¢ - 18- B 18-
11 ¥
11 ~ ¥
1y e - 1€ - 1 & - E 1¢ - 0
11 R ¥ (223)
o 11 ¥
11 s s s x s 1
”18— 1€ — 1 € — E 1€ — o
11 X i h i R i 1
11 é é é E é '
11 _ ¥
117 & — 1€ — 1 €& — E 1€ -1
u i ¥

The diagénal elements #fincludethe sum of the CLEs
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The oftdiagonal elements oA representthe power transmitted from subsystgmto

subsystem per unit modal energy in

In ASEA the input power in each subsystem is divided into free pBvaeid fixed poweR),

both of which are per unit modal energy. Similadlge modal energy is divided tm
contributions fromfree (available) modal energye and from fixed (unavailable) modal
energy d. The latter is referredo as modal energy although it actually refers to energy
dissipatedas the waves propagate acrash e subsystem; vbhhenhee it
subsystem mode3he free (available) modal energy corresponds to the stored modal energy
in a subsystem that is considered in classical SEA.

The modal energies are related to the input power through the equations

0 Q 0 Q 0 (2.24)

80 0 Q 0 (225

where the matriB contains the free power to fixed power trans{eex unit modal energy) ,
Q is the fixed power input? is the free power input, and the element®\aontain the free

power to free power transfers(penit modal energy).

Equation2.24 is exactly the same a&s.2.6 which means that in the absence of free to fixed

power transfersef). 2.25) the ASEA equationare the same dke standard SEA equation

The totalmodalenergy in each subsystem comprises of free modal energy and fixed modal
energyandcan be alculated by combininggs.2.24 and 2.2%0 give

Q Q 0 0 Y (2.26)
where the matrix R is given by

Y 0 6 0 0 v (2.27)

When rairnon-the-roof excitation is applied to the structure the fixed power ifQQpig zero

[48] and the power balance equations may be written in the form:

0 6 0 6 b Q 0 0 (2.28)
This is an SEAike relationship between the total modal energy in each subsystem and the

power input hence
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5 Q Q 0 (2.29)

where the advanced SEA matdx is defined as

0 b o0 6 O (2.30)

The elements of andB are determined usingnaterativeray tracing algorithimo calculate

the power exchanges between subsystamproposed by Herp48]. The ASEA solution

will converge on a final value when all the most significant power exchanges between
subsystems have been accounted for. This will occur at a finite iteration number which is here
defined as ASEAN. All ASEA iterations betweerero and N are labelledSEAO to ASEA

N to indicatethe numbepf times power has been traced across the source subsystem.

The A and B matricesare inserted intaeq.2.30to give the ASEA matrixwhich is then
inverted to give theéotal modal energies of each sulisys in response to a known raon-
the-roof power inputvector[P] usingeg. 2.29

2.3.3 ASEA in systems of connected plates
ASEA can be implemented using the computational procedure outlined schematically in

Figure 2.1. ThASEA computation firstly requires the formation of an ASEA model which is
similar to the formation of an SEA model. The buift structure is sudivided into
subsystems that are characterised by general plate properties such as thickness, density,
junction length and quagongitudinal wave velocity. However, the ASEA model must also

use a global coordinate system in order to describe the relative position of the plates so as to

enable ray tracing around the structure.

The ASEA calculation can then be debed in a series of five steps (see Figug & which

the power flow is tracked around the structdree free and fixed powers added to A and B
matrices respectively at each stage are indicated in Figdre Phe ASEA calculation
requires that thessteps are repeated for each angle of incidence, on each section of the

perimeter of every subsystem in the structure.

In other work on ASEA 49,50 the power flow has been tracked using a ray tracing
procedure in which the initial subsystem perimeter was divided into infinitesimal sections.
However, applying this process to large building structures would result in large computation
times. For examlp, for an isolated {junction comprised of two plates, the number of rays

doubles each time the rays intersect the junction line, and for an isolgteattibn the
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number of rays will treble. An alternagdve n
is introduced in this thesis to reduce the calculation time by reducing the number of rays at

the start of the ASEA predure.Rather than divide the perimeter into sectiobhsadd carry

out a numerical integration of over the perimeterthe source plate as was described in
reference[50] it isnore efficient to divide the source plate intodtsistitueniedges andise a

beam tracingapproach to determine these integrals. Heheetriacing of individual rays at

each segmerdL alonga sinde edge of the source plate is replacedapair of rays at each

end of theedge whichdefinesa beand o f (see Rigure 2.1).

Individual rays------ >
Beamrays ——

Figure 2. 1. Repl acement of individual rays Ww

However there will still ban exponential growth in the number of beams with increasing

ASEA iteration number. This occurs because transmitted and reflected beams are generated
each time a beam 6illuminatesd a junction. T
ASEA iterationsapproaches the total number of subsystems in the model, hence, for

structures that contain many subsystems there is a need to reduce the growth in the number of
beams with ASEA iteration number otherwise the total number of beams will rapidly become
unmangeable. This is achieved in Step 5 of the calculation procedure in which beams that

are incident on a junction line with the same angle of incidence are combined into a single

beam.

21



Input: ASE&A model

-

=

Step l 3

Calculate free power incident on edge & of source subsystem
i. Eeflected and transmitted powers to connected subsystems
Jonilluminated edge of subsystem i are caleulated

Step 2 “_.'

Form set of beams to be traced. Associate the Power

calculated in step 1 with each beam and define starting
co-ordinates and direction of beams

Step 3 ¢
Trace beam across plate subsystem j
and calculate power dissipated

|

Free power
added to
element & (31)

Step 4 s
Generate reflected and transmitted beams in all subsystems

that are connected along the illuminated plate edges of
subsystem ;

‘ Eepeat fornext ray in set -
| =

Allbeams in set traced

Step 5 J;

Eeams with the same direction which originate from the same
edge of the same subsystem are combined; the total power
contained within all these beams is attributed to a single beam

Eepeat fornext ASEL iteration
Final 4 3E 4 iteration completed

Ava

Power
dissipated
added to
element B (7,0

ASEAN(SEA)
caleulation Eepeat fornext angle of tncidence

All angles of incidence covered

| Fepeat fornext edge & of source platei .

All edges of zource plate j covered

y Eepeat fornext source subsystem i

All subsystems covered

v
ASEM calculation completed

Eesidual power
subtracted from
element & (i 1)

Figure 22. Schematic diagram of the ASEA calculation.
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In this section the construction of an ASEA model will be described as well as details of the

calculation Steps 1 to 5 shown in figure 2.2.

The ASEA modelconsists of a set of subsystems, for each subsystem the physical properties
and plate dimensions atatalogued and a coordinatgstem is defined to position the plate
subsystem relative to the other subsystems in the model through a global coordinate system
(see Figure 3).

Zglobal

Z
Y
Xz
Y1
K’J\ Xq
?_1 \
yglol)al

xglobal
Figure 23. An example of the global and local coordinate systems

Transfornation matricesvhich describe rotations and translatitse$ween the global and

local (i.e. subsystem) coordinates systems are used to track the beams as they are transmitted
from one subsystem to another. This process is made easier if a third setinfatesrcalled

6edge coordinat es 6 -asglies aldng thé directibn of the jumdtiondinte. t h e
Transformation from the subsystem to the edge coordinates simplifies the application of

Snell 6s | aw for the tr assiscewhsensusingthese doorbnateasms b e
the xcomponent of the transmitted beam can be set equal tedberdinate of the incident

beam. The component of the transmitted beam perpendicular to the junction line can then be

calculated using eq 2.31

0 0 0 (2.312)
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Once the ASEA model has been developed the main calculation procedure can commence.

This is outlined as follows:

Step 1. The initial free power input at angleP to the segmentL normal is added to

the element

Assuminga diffuse fieldon plate subsystemdue to the initial free power input
the power incidentn a section of the plate peeterd per unit modal energ®

within a narrow angular range—is given by

Ay Q0. ,
- —we A—
Q C

2.32)
This initial power is added to elemant. The transmitted and reflected power can
then be calculated by multiplying eq. 2.32 by the appropriate intensity coefficient
(see section 3.2.2). Note that SEA or ASEAOQ does not use steps 2 to 5.

Step 2. Generate a setof initial beams associated with each of the transmitted or
reflected powers calculated in step 1 or from the previous ASEA iteration
The O0setd of b e a méndexedarrag comtainong infarmagon s i o n a
required to tracéhe beams

Step 3. Trace the beamacross the subsystems

When a beam travels across a subsystdifferent sections of the beam can

6i | | u rdiffeneattedgésand theywill generally travel different distances
before reachingthe perimeter of the plate. The calculation procedure is now
explained using an example. Considaassembly of rectangular plates shown in
Figure 2.3. The two rays comprising the beam travel from points a and c of one
edge and intersect the perimeter again at points f and d respectively. The ray
travelling from ato f intersects edge 1 and the ray travelling frota @ intersects

edge 2. Point e is the intersection point between the lines representing edge 1 and
edge 2 Point b is the intersection point between the line representing edge 3 and a
line with the samealope as the rathatpasses through the point e. When all points

have been determined the beam is divided into two sections. The fraction of the
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Step 4.

initial power* entering each section is determined by the ratie-. The

fraction of power lost in each section is given by

1-. 11—,
| AQD—&?Q AQB—&?Q
° -0 o)
T3 T3 (2.33)

whereQ is the minimum distance arfd is the maximum distance between
the initial edge and thiatersected edge in each sectidhe fraction of power lost
in each section is added to elemént The remaining power is available for

further tracking.

Figure 2.3. Assembly of three rectangular plate subsysstimsing sections of
the beam
Generate transmitted and reflected beams along illuminated edges of

subsystem

The power incident on each of the plate edges is calculated and the transmitted

and reflected powers can be found by applying the appropriat@sityte
transmission (or reflection) coefficient.
The ASEA procedure returns to Step 3 until all beams isehigave been traced.
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Step 5. Combine all outward going beams created irStep 4 that originate from the
same edge of the same subsystems with the same heading into a singgen

Theissue of an exponentially increasing number of iaymldressed by combining
beams within the same subsystem that emanate from the sameitdgee same
headinginto a single beaniThat is, the total suraf all the power exchanges inéo
subsystem/Jeaving a common bouraty with the same heading taken before
returning to $ep 2for the next ASEA iteration. When processing the final ASEA
iteration he power of the outgoing rays in subsysietimat is generated in Step 4 is

treated as O6residualdo powerd and added to

The initial coordinates of the resulting beam are an average value of the initial
coordinates of each pair of rays in thet ef beams that are weighted by the initial
power of the beam. For example, consider the beam shown in Figure 2.3 the initial
coordinates of the two rays are [0,a] and [0,c]. This results in a 8ebedms each
emanating from the same edge as these watys the same heading, the average

coordinates of each raygtd and TGy, in the beam are given by:

p R
e i T (2.34)

r o— P i

p (2.35)

When the subsystems represesdtangular plates this considerably reduces the total

oy}
¢

number of beams with high ASEA iteration numbers because it combines all the
beams in each subsystem which repeat the same pattern of reflections into a single

equivalent beam.

When the final ASEA iteation number has been completed Steps 1 to 5 are repeated for the
next angle of incidence. Once all angles of incidence have been covered the process is

repeated for all angles of incidence on the next edge of the subsystem perimeter. This process
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is repated on the next subsystem for all angles of incidence, on all edges comprising the

perimeter of the subsystem, until all subsystems in the model have been covered.
2.4 Finite Element Methods (FEM)

2.4.1 Introduction

FEM is a numerical methothat iscommonly used structural dynamics. It is particularly
useful when dealing with complex structures where analytical metredifficult to apply.

The technique relies on discretization of the structure intot @fselements connected at

nodal points whikb forms an element mesh over the structlilee response within each
element is approximated by a shape function which is used to relate the force and moments at
the nodes of the element to the displacement and rotggihas).

In discreizedform the equation of motion of the structunaybe written

O £ 6 O O (2.36)
wheret is the vector containing the degrees of freeddrie noded\l is the mass matrixX
is the stiffness matrixC is the damping matrix and is the vector of forces applied at the
mesh nodes.

There are two methods for solving equatihf6 for the case of the steady sté@monic
excitation[57, 59. The first is to solve the response of the system directly in terms of the
degrees of freedom which is called the dirmethod. The second deternsriee modes of

the free systerand calculates the response in terms of the modal coordinates.

These methods both give single deterministic solution for the exact boundary conditions
and physical properties assigned to ciee. An accurate solution requires at least 6 nodes
per free bending waveleng8) . Due to finite computational resourcdhis restricts the

analysis to relatively small structures whithe bending wavelength is small compared to the

structure.

2.4.2 Monte-Carlo FEM (MCFEM)

In the building structures investigated the walls are made from a diffieraerial than the
floors and the grouhlevel floors have a frequencliependent loss factor to account for the
high radiation losses into the earth this case the most suitable method to solve e8fhig.
the direct methd®9] which was @ne using ABAQUS v6.10 software on the high
performance cluster at the University of Liverpool.
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In the frequency region of interest the plates in the structure are well descrilsadRI8/
elemens which arethreenodetriangular elementthatuse thin plateheory58]. The element

size was set so that at led$tnodes were assigned deze bending wavelength (at 1000Hz)

in all plates.The boundary nodes between plates were constrained to fenhngptational
degrees of freom with translational displacement set to zero. This allows the transmission

of bending waves onlgt the plate junctiof83)].

Eachplatecan beassigned a critical damping raépproximated using Rayleiglamping. h

terms of the Rayleigh coefficierits andi the critical damping ratics:

SRR
d q (2.37)
The critical damping is simply related to the loss fd&orhence curve fitting is used to

determine the Rayleigh coefficierfta eachthird octave band.

To approximate the SEA conditioof equipartion of modal energy and incoherent modal
responsestatisticallyindependent point forces with unit magnitude and random phase are
appliedin a direction normal to the surfate the unconstrained nodes of the source plate.

This type of excitatinis commonly referred to as raon-the-roof (ROTR).

The total power input is obtained by summing the real part of the product of the complex
force applied in the transverse directignhand transversevelocity o at noden for each

unconstrained node in the source subsystem.

0 0 ) ] (2.39)
‘ c Y@ o c yig 2A& 2K )it

whereN is the total number of unconstrath@odes in the source subsystem fand the

transverse displacement at nade

The primary variable of interest is the total energy in gadatesubsystemOwhichis related

to the ouwtof-plane nodatlisplacementhroughthe equation

(239
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where the sum is taken over abd isuwthecmassstr ai
associated with nodae, r is the outof-plane displacement of node Oy is the kinetic

energy of the plate subsystem.

The total power dissipated in the structureilen by a sum ovethe power dissipated in
eachplatesubsystem

(2.40)
) L —0

Conservation of power is used to test the error of tHd Rtesh. The mesh error is defined as

[ AGEOOT ©—— pmm (241

To address the isswé uncertainty in the SEA ensembleé Y o un g 6 $therplatdsunl us o
the structures randomly selectedfrom a Normal distribution. Solving for the case af
particular set of ROTRxcitation applied to a particular plate in the structure gives a set of
subsystem energies and input powers. Repeating the process a number afsinges

di fferent set arfd RQT&R Uancgsfeseratesoad erlsamble of sygiem

energies. Theubsystem energies and input powers must be averaged between the upper and
lower limits of onethird octave bands to providebaseline against which other methaae
comparedFor D samples equally spaced in frequencydhethird octave band energiesea

given by:

(242

o - (o}

whereO 7 i's the ener ¢g@asamplesfredquengyyst em 0

The level difference between source subsysieamd receiver subsysteinfor a single

ensemble memberis defined as:

(243
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The ensemble average level difference is defined as an arithmetical average of the dB values

from the ensemble results

p ,
5 Ok (2.44)

oy
where0 is the total number of ensemble members.

The 95% confidence linstassociated with this energy level difference is

T

”

0 Os & (2.45)

00 »
where, is the standard deviation @f ; for the ensemble.

2.5 Conclusions

This chapter introduceSEA, ASEA and FEM that will based to model sound transmission
through heavyweight building structuresthis thesis

The framework of Statistical Energy Analysis was introduced from which it was shown how
Experimental SEA can baerived.A form of ESEA will be used in Chapté& to determine
CLFs between finite plates in O and X junction configurations. ESEWill be used in
conjunction with FEM in @apter 6 to investigate nadjacent CLFs between subsystems in
afive-plate strature.

ASEA was introduced as a potential solution to deal with spatial filtering;difimise
vibration fields and propagation loss&s waves travel across subsystemtss requires ray
tracing, hence an efficient ray tracing procedure was proposetbio simulations of large
buildings. ASEAwiIll be used inChapters/ to investigate theffects ofspatial filteringand
nontdiffuse vibration fieldsn heavyweight building.

An overviewwas givenof Finite Element Methodand the MonteCarlo approachhat will

be used extensively i€hapters5, 6 7 and 8 as a form of numerical experimerfor
comparison wittpredictions usingEA and ASEA.
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Chapter 3  Theory i Vibration transmission across plate junctions

3.1 Introduction

All platesconsideredn this thesisare assumed to bgotropic and homogeneous (icentan

no inclusions or stiffeners) and ordyt Iplatadbending wave theory is consideriedhat the
effects of rotatory inertia and shedeformationare rot included. The latefeaturesbecome
important when the free bending wavelengthvithin an order of magnitude dhe thickness
of the plat¢20, 60]. An indication of theupper limit for the use of pure bending wave theory
is givenby Cremeret al. [20]

_  0Q

In the audio frequency rangypical heavyweight walls and floors support thwesesetypes

bending, transverseshea and quastlongitudinal waves Transverse tsear andquast
longitudinal waves are collectively known as-plane waves as the wavaotion is
predominantly in thelaneof the plate. In terms of sound radiation, the most important of
these are bending wavgd] since these wavedetermine the owdf-plane response of the
plate. However, iharge builtup structureghere isconversion between 4plane and bending
waves at plate junctionshich plays a significant role in the transmission prof@ss$-orthe
heavyweight building structures investigatadhis thesismany of the omponent plates do
not support iplane modes in the frequency range of intereehcethe contribution from
theses waves to the structdrerne sound transmissionnst consideredThe problenthen

reduces tdocus on the transmission béndng waves aross plate junctions

The methods used to determine the structural coupling can be categsrisade and modal
approachesWaveapproaches typically treat theumed plates as sernifinite with the aim
of calculating the ratio of the transmittgdwer to the incident power per unit length of

junction for an obliquely incident propagating wave.

Modal approaches seek to calculate the coupling loss fadtdhe junctionthrough the
calculation of thestanding wave patterns or mode shapfethe phtes Two modal methods
are investigated here, the first method is called the receptance pedil6#l and is based on
the | ocal modes of the plate &édsubstructur es:¢

junction and was developed by Guyaéeral [18, 36]. The calculation of the global modes
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allows Energy Influence&oefficients( E |1 QGa ke Jdetermined usinigleal ROTR loading

conditions on the source plate. TBKEC matrix can be inverted to give the CLF matrix

3.1.1 Bending waves on a thin homogeneous plate

Bending waves on a thin isotroptate are governed by the equation

e T (1)
6 - cfufd Q- Ghifd

whereQis the plate thickness, is the mass density of the plate and the displacement in
the positivez direction.¢ is the bending stiffnegser unit widthgiven by
oQ (3.2)

6 1
PGP

whereOi s t he Youngassh emoPdoui Isusso nabnsd r at i o

Thefourth orderdifferentialoperator is defined

T 1T (33)
o To ol

Assuming a harmonitme dependence A @ f)] gives
6 -ah "Q -dw T (34)

Substituting the trial functiod @ fD8 gives a solutionto this equation whichs valid
providedthatthe following equation is satisfied.
. ""Q .
q (3.9)
0
In the notation used here the wave field at a poisigiven by
Aoa oAotadhAoR@ (36)

whereQ is real andA is a constant.

Substituting this into thbending wave=q.3.1gives

o "Q _
» = - (3.7)
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Solving for'Myields four possible solutionghe first two solutions argnaginary and are

given by e3.8a

8 (3.8a)

These represent forward and backward propagating evanescent (beldg¢avaves withthe

wavenumbein thex-diredion Q. The second two solutions are given by equatip8.8b
. QL
Q 1T - Q

0 (3.8b)

Thewavenumbersan represent either
1) evanescent waves or

2) forward and backward propagating travelling waves depending on whethemthender

the square root is negative or positive respectively

In generathe outof-plane displacement will be a combinatwirall the possible wave types:
-dw AP Mo AT 6APQ® (3.9)
OAgBw Agtno

The angular rotation of the plate cross section aroung-éxés is defined as
T- (3.10)

%o —

T

with a similar expression for the angular rotation arounc-tves
T- (311)

%o —

T w

The moment around theor y-axis is related to the transverse displacemef20ly
- - - - 3.12
T I 5 5 ! ! (3.12)

0 06 — '— —
Tw Tw Tw Tw
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3.1.2 Boundary conditions

For pure bending wave transmissitie boundary condition at the interface between plates is
ideally the pinned condition This ensures the displacement/velocity is zerdhe three
translation coordinate directions along fbaction line toallow the propagation of bending
waves angreventthe transmission of #plane waves. The contiity condition requires that

the gradient of the displacement is continuous across the interface between the plates. This
requires that the dce wavelength along the junctibme is the same in all plates and that the
angular rotatiorfwhen referenced to a common system of coordipatesual in all plates.

The coeordinate systems of the platesschosen to be consistent with the sign comeen
commonly used in the literatuf&, 20, 36, 63]. In thisconvention thesystem of coordinates

are set up to ensure that a positive shear force (or moment) acting on the junction beam is
countered by another shear force (or moment) directly oppositguiicon beam with
opposite signin the case of the pinned boundary the junction beam is completely rigid and
has zero mas#s introduction here is solelyf the purpose of orientatirthe plates in the
junction. Positive displacementis definal in the positivezi direction and a positive angular
rotation%ois defined as an antlockwise rotation from the-or y-axis as shown in igures

3.1. The origin of the coordinate system in each plate is cemdredhe junction beam
although Figure.1 show a displaced set of coordinatesdase of interpretation

N

\< : Plate 2

o~

Yl S L
AN ey
= LA J

Plate 1 lunction beam Plate 3

N N
Plate 4 " CQD "
M.
_j Junctionbeam

Figure 31. Moments acting otthe junction beam,showingthe common sign convention for
plates in the junction.
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Using this system of coordinates the boundary conditions at thdomncterface can be

summarised as:
Zero displacement on the junction boundary

. (3.13)

Resultant moment acting on the junctiorbeamis zero

0 0 0 0 Tt (319
The condition that the displacement is zero along the lengtheojunction linemeans the
first (and hence the second) order derivative with respedtisaero at the junction. The

moment acting on the junction beam from plagethen given by:

r- 1 - 5 T - (319
Tw T T o
The rotational displacement must be continuous across the plate boundary

r-1r-1- 1- (3.16)
T To T To

Snel | doselaktia waves requires that the trace wavelength along the junction line is the
same in all plates. In the system of coordinates defined here this is equivalent to equating the

y component of the wavenumber in each plate.

~ ~

Qr O O Qf (3.17)
In finite plates boundary conditiommust be applied not only aig the junction line between
plates but the remaining extel edges of the plates as wélbr plates in structures where
only bendingwave transmission is considered tipgnned boundary condition is the most
appropriate choicéor these external edgg33]. This results in a similar set of conditions as
for the interfacdeq.3. 13 1 eg.316) however in the absence of any other plates connected
along theexternal edgehe resultant moment reduces to the moment generated by a single

plateand the restriction on the rotational displacenfeqB.16) is not required
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3.2 Semitinfinite plates

3.2.1 Transmission between seminfinite plates

In the case ofeamtinfinite plates the junction line extesdrom minus infinity to infinity
along the y axis and is located at x3Mhe only wave incident on the boundary is a single
propagating wave with ungmplitude the unknown values are the transmitted near field and
propagating waves in each plate. The procedses here outlines that giveg Crail 7] and
Cremeret al[2(].
For plate 1 wh the incidenwave theout-of-planedisplacemenis given by

- Agp i YAoBD;o YiAoByeo AgTmyo (318

Using the condition that the wavenumber along the junction boundary is the same in all plates

(eg.3.17), expression for the oubf-plane displacement in the remaining plates are obtained

For date 2
- YRAROD 0w YR AGDPQ o AJBDio (3.19

For date 3
- YAOD 0 YR AGDPQ o AJBDio (3.20)

For date 4
- YAg®Dr0 YiAoDy e AgBnio (3.21)

In the above equations tiear fieldwave number in the x directio j; is given byeg.38a

andthe travelling wavéQj, is given byeq.38b.

The condition that the trace wavenumi§y is the same in athe platesgives the travelling

wavenumber in platg Qj, as:
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(3.2)
There isa cutoff value for the travelling wavenumber whi&y, is greater than the square of
the bending wavenumb&;, in the receiving plate. In this ca%®; becomes imaginary and
represents the decay constantafeafield waveoriginating from the junction boundarin
this case sbstitution of "Qj, into egs.3.19to 3.21 will give the correcsolutionas the wave

field must approach zero as the distance from the boundary approaches infinity.

Applying the boundary conditionsg.3.13 to 3.17, gives a matrix expression which can be
solved to give thamplitudetransmission coefficients for each plafg.

A Q. WMy T T

~ }:D _ . Y
Q5 My m Qi Wy moony (3.
B 'QF,~ [¢)]3 TE L1 Qp ~’mﬁ|’| "Y
u 0 Qj 0 Qp 0 Qp 0 Qf U’Y
w2 DAy
|’Qﬁ ,mﬁl,l
13 e ™
IIQF‘ by
u 60z U

~

In cases wher®; Qp, 'Qj is substituted folQj into eq.3.23 The standard notation
used in the literatuf@] is to substitutéQ; QA I—Onto the above. The transmission
coefficientsare then given as a function of the angle of incidence from the junction normal
In buildings themost commornintersectios between wallsand floors occuin X, T or L
junction configuration. An equivalent matrix can be generated for the T (or Ljiganzy
removingthe 3rd row and™ column (or the2" row, 3¢ row and3™ columnand 4" column

in additionfor the L junction) from equation (&3). Further simplifications are possible when
pairs ofin-line plateshave the same properties (for example when plates 1 and 3 or plates 2
and 4haveidentical propertiesresults for the amplitudeansmissioncoefficientsin this

specific @seare given by Craik].
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3.2.2 Power transmission coefficients between sennfinite plates

Of particular interest iIBEA and ASEA are the power transmission coefficients which relate
the total transmitted power to the incident power per unit length of jundtios.coefficient
is related to the amplitude transmission coefficient through the structural intensity. The
structural intesity is a vectoquantity which points in the diction of wave propagation (see
Figure 3.2).
The magnitude of thestructural intensity is related to the energy densityrough the group
velocity

0O o 0 § O (3.24)
The units of the structurahtensity are in W  wheras the energy density has units of
J
Substituting the contribution to the total out of plate displacement from the incident wave into
theeq.3.24 gives thentensity of tle incident waven platei.

OFr wi"Q (3.%)

Similarly by substituting the out of plate displacement in the receiverjglai®Eq.3.24 and
ignoring the contribution from the nefield wave gives théntensity of the transmitted wave
in platej .

O " QY (3.26)
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dLcos ¢

Itran,i

dLcos

tran,i

Platei

Platej

tran,j

Figure 32. A sketch showing the relation between the transmitted power, reflected power and
incident power to the structural intensityglatei andplate;.

The total power incident onto a section of the junction les obtained by projecting the
intensity vectorl onto the junction line. The power balance across the junction boundary
ensures that the incident power or energy flux incident onto the boundary equals the energy
flux flowing out of the boundary (sd@gure 3.2.2.1). For the X junctiotlescribedn Section

3.2.1 the power balance relation gives:

O QR T-OF 0 FQAT-O ; O ;QAT-O ; (3.27)

Where— is related tothe angle of incidence in plate— ;,t hr ough Snel |l 6s

— pisrelated to— j through the law o$peculareflection.

Dividing through by the LHS gives:
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P 0 OKIO; OQKIOF (3.2)

Substituting fofO ; and© | into Eq.3.28givesthe following relation

by beds
G GEr ¢ ¥N (3.29)

The power transmission coefficief0]or transmittancg64] is defined as the ratio of the
transmitted energy flux to theincident energy fluxand is related to the amplitude

transmission coefficients by

QAT-©
i

wip” QAT-O

‘0
o)

0«
0«
=x

>

“y

s} R
'I'—G’)F,

¢
¢

(3.30)

3.3 Finite platesi Global mode approach

3.3.1 Determination of global Eigenvalues and eigenfunctions

The global modeof the junctionis here defined as a solution to the bending wave equation
(eg.3.1) which satisfies all the external and internal boundary tomts (egs.3.13 to
eq.316). The method used here to determine the global modes of an isolated junction is
identical to the method developed by Guyaderal [18, 36 however the notation and
derivation used is differemb orderto bring the analysis more in line withe other methods

used in this thesis

The orientation of the plates is the same as shown inefR)@The junction beam is located

atx =0 in the local coordinates of plates 2 and 3 and is located at positiop in the local

coordinates of plates 1 and 4 with thexis in the same direction in all plates.

The pinned boundary condition on the edge8 andy=0 leads to a solutiofor the outof-

plane displacement in platevhich has the forni65|

- who - 0w OEQjw (3.31)
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where the wavenumber in thedirection is restricted to integer multiples“dfo

Qpn — Rk piios (3.3.1.2)

Substitutingthe solution (eq.3.31) back into thebending wave equation for platgeq.3.4)
multiplying by OEXQ; & and integrating over the length of the plalehgives the

equation:

T ‘ . ‘ . ! . ‘
—- Qp - Qp ——- 0w =] - ®
To " AL 5 (3.33)
The solution is obtained by substituting the trial funco@ o into the E¢8.33 which
gives a solutiorfor - ® thatis identical toEq.39. The out of plane displacement in plate

is given by

oty b AZDMie OAZE:G 6 A@DPO:G

OAo®yw OEQ; w
h " (3.34)

where the wavenumbel@; and'Q;; are given byegs3.35a and 3.35b respectively

0 (3.35a)

- ” "(2 -
Qp T = Qj
0 (3.35b)

The condition that the trace wavelength along the junction line satine in all plates means
that thewavenumber in the-girection iscommon to all platedn some casethere willbe a

cut-off-point at which the travelling wavenumb@;, becomes imaginary and only ndasid
waves are present in the plate because the waven(pen equation 3.1.1.5ks greater

than thebending wavenumber in that pla@y .
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The displacement in plajagiven byegn3 4 may be written in the for86]:

Case 1Inegq.3.35b.Q; 1 —

- oy | OOETE w 'O OEQ;® 0 OEQ® (3.363)

Case2: Ineg. 3.35b. Q; > —

- ol | OOETE ® 'O OETHV% 'O OEQw (3.360)
where’0 and"Care constants an@Nn eq3.36b isgiven by ecB.37.

oy Q1 =
0 (3.37)
The requirement that theut of plane displacement is zero at the edges x=0 abd;x=
(eg.3.1) in each platealong with the condition that the moment is zero on the external edge
(@ 0 for plates 2 and 3p Tifor plates 1 and 4 ini§ure 3.1) allows three of the four

coefficients to be determined.

Case 1 Case 2

(0] OEQ;0  TOEEIQ;D f OEQ;b ; TOEHETQD §
O LI 0

O LI 0

(0] OEQ;0 ; TOEIQ;D f OETAHN ; TOEIQRD j
O 0k 0

O 0k 0

(0] OEQ;0  TOEEIQ;D § OEN TOEIQ;D
"O 0 j 0 g

O 0k 0

(0] OENQ;0 5 TOEIQ:D 5 OETAHN ; TOEIQD §
O 0 0

O 0 0

Application of the interface conditior{sq.3.3) and €g.3.4) on theinterfaceleads to a set of

simultaneous equations which can be written in matrix form as
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WRp R T T
Nl R ! T
I(toﬁ T W R T |’|| Tt (338)
Wi T T QOpnl Tt
w o o o Ul T

The elements ahe matrix(eq3.38) for the case of read;, (case 1) are

Nrp QrO0EQROy AT GEO R QR AT QD (3.399)
Gr Qi OEQrOy AT GEOf  Qf AT QD ¢ (3.390)
Np  QrOEQROE AT &R0y Qf AT 00 (3.390)
Or QpFOEQRO AT GEOy QAT Q0 § (3.39d)
@ p Qr OEQ 0 AT GO  Qr AT Q0 (3.3%)
Orp QROEQz0; AT GEOy  Qp AT QgD ¢ (3.30f)
@ 6 Q 0y OED;D j (3.399)
® 6 Qf 0, OEND;D (3.3h)
» 6 Q Qr, OEQ;0 (3.390)
(A 6  Qj Q, OENQ;0 (3.39)

The elements of the matr{eq3.38) for the case of imaginar@y;, (case 2) are

Onr QRO0EQRby AT GFOr  Qr AT QD ; (3409
Or  QrOEQROy AT GRO; QF ATESQRD ; (340h)
O QFOEQRDf AT GROy QR AT QR0 (3.409
Gr QR OEWR0; AT GEO;  QF ATESQD ¢ (3.400)
Or QR O0EQROR AT GROF  Qp AT QR0 5 (3408
O 0 0EQr0y AT GRO ;O ATEDQRD (3.407)

Or 6 O 0y OED;D (3409

Qp O TQﬁ 7Qﬁ OE IMQ:Er 0k (340N

QD O TQH TQF, OE rﬂﬁ 0 (3.40i)

wp 6 TQﬁ 7QF, OE TrQE 0k (3.40))

For nontrivial solutiors the determinant ofthe matrix in eq.39 is zero at the
eigenfrequencigs  of the structure For a given value of); the eigenfrequencies are
found numerically by varying in small increments to determine the roots of the determinant

equationover a fnite range of frequencies. The roctn be determined accurately using the

43



RegulaFalsi method18] or ushg anotherrootfindng al gori t hm such as
in Matlab.

The coefficients are obtained by setting  p the remaining coefficients are then given

through thecontinuity of the rotational displacement across the boun@gr84). In terms of

the matrix element eq.3.8 these are

NP (3419
| @5

D (341b
| @

D (3419
| @

This procedure gives thglobal mode shage ; associated with theigenfrequency

(Note that the labela and m are not necessarily integer values but are used here only as
labels). The mode shapeanust bemass normalised so that the integral of the product of the
surface density and the mode shape squared over the surfacewdfolleestructuresquals

unity.

Cr dfh” ol ¢ i AY p (342)

They are also orthogonal so that the integral over the surface of thleagucture any two

different modes is zero

CpoafnT afor  ofo AY mo® G ia (343

3.3.2 Determining the coupling loss factors from the global modes
The response at any positio®d fto  on the structure due ttarmonicexcitation at a position
who is given by a weighted sum over the product of the modal response at the source and

receiver positions.

b b

ohd [ ®ho

[ §
P Q%1 5 1

- o e o Feo -

(344
| vl 5 W[ 7 who 3

whereF is a complex force and j is the modal loss factor
In terms of the out of plandisplacement théme averaged kinetic energjyat point (6 fd

is given by
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p N ” N z N N N O
;T S@" whw 2K w1 %T 5 T 5 oo p o ;oo (345)

The total kinetic energgf the platg is obtained by integratinthe kinetic energy given by
eg3.45 over the surface are# the platg. Rainonthe roof forces are defined apatially
deltacorrelatedbroad band excitatiodistributed over the surface area of Huirceplatei
whose magnitudes@® is proportional to the local mass degk38]. The mearsquareforce

term in eq 345can be replaced p40|

& cCY1 "1 (3.46)
Since the forces are spatially delta correlated the totatgy density at any point in the

structureis given bythe sumover the contributions from each point forndependently

Thecontribution to theinetic energy in the plajefrom excitation ina spectral barid 1 is

: P, . :
10s =1 Y1 11 2A 17T RT i
" oo (347)
whereY] is spectral density arttie constanfs . andf ; are
- Ch R, ofd T f e Qe (348
(349

[ [ fohd " Ohd [ f O

where the integrals in €8}48 andeq3.49 are taken over the surface of the source plate i and
the receiver plate respectively

The bandaverage kinetic energy is given by integratitay 3.47 between the upper ( and

lower limits {  of the frequency band of interest.

P (350

o .. 10rA

where is the bandwidth 1

If the spectral density is constant across the frequency band of intieeeshly frequency
dependent term in e}47is2 A | © 8A closed form expression for this integral is given
by Mace and Short¢B88] and also Yap and WoodhoU(i$6].
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whered 1 l P Q  and a 1 p Q
The total energy in thelatej is approximately equal to twice the kinetic ene@y .
qe]

hh

The total power inpubnethird octave bantb the source plate is given by

oY [V B (352)
This enables an energy influence coefficient to be defibh8d38, 40] asthe energy in plate
g6 when power i gaThaglements ef the énerdy influpnceacoetficients
are given by:
. ‘Q_ i P b - T
7 F] C h h h
b P ‘ (3593
T -1 sl §
The energy influence coefficients are related to the coupling loss féatough
p (3.54)

-] — 0
]
Alternatively some of the methods discussed in sectioh 2éh be used to determine the

coupling loss factors from the energy influence coefficients.

3.4 Conclusions
Two different methods have been describedalculatecoupling loss factors between simply

supported platefor bending wave transmission across thejion

For semtinfinite plates, wave theory has been used to deternmtiaasmission coefficients
which relate the amplitude of the outward propagating transmitted wave in each plate to the
incident wave. However in finite platdsoth inward and outward propagating waves are
present on the junction and this can cause fluctuations inahemission coefficiertietween

plateswhen the outward and inward propagating waves combine cohd4%jtly
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For finite plates, the CLF can accourfor the fluctuations in the power flow between the
coupled plates caused by interference but some assumptions must be made about the
boundary conditionsn the remaining edges of the plates injthrection Such assumptions

may or may not be valid when the pktre coupledn-situ. The global mode method in
Section 3.3.3 gives a solution for the CLF in whichideal set ofROTR forces is applied to

the dructure The advantagef this approaclovera MCFEM approach{Section2.4) is that it

is much quicker and easier to implemenhis is an importantfactor to consider when
deciding how to calculate the CLFs fBEA models of large buildings$dence the aim in
Chapter 5 is toassess h e C Ldulated using khesdifferent approacheswith large
buildings
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Chapter 4  Validation of the Monte-Carlo FEM (MCFEM) approach using a
heavyweight building structure

4.1 Introduction

This chapter focuses on the validation of the MCFEM approagbréaiicting structurdorne

sound transmissioron a heavyweightbuilding structuresthrough comparison with
measurements-or these laboratory experimentge sideof a small transmission suitéhe

north roomshownin figure 4.1)is used which is locateoh the Acoustics Research Unit
(ARU) at the University of Liverpool.

Measurements were carried on the walls and floors to determine their physical properties for
input into the FEM modeld he quastlongitudinalphasespeed and thickness of all the walls

and floors of the transmission suite were measured directly. Using this data the density of the
walls and floorswas estimated by comparing measurements ef gpatial and frequency

averagediriving-point mobility to thedriving-point mobility of an infinte plate.

Measurements of the energy level differenoesveen source and receiving plate subsystems
were obtained for two casésr comparison with MCFEM;n the first case excitation was
applied to one of the walls of tm®rth roomand in the second case excitation was applied to

the upper floor.

4.2 Test construction

The building layout is shown schematically figure 4.1 and a photograph is shown in
Figure 4.2.The building consists of heawgight concrete floors and brickwork walgich

are plastered on the inner side. The two rooms are decouplefidvggiass fillingand the
lower floor is decoupled from the laboratory floor \@aresilient layer.This has been
confirmed by previougxperimentawork [66] i n whi ch the TLF&és of

well with the theoreticabalues forthe isolated building.
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Figure 41. Schematic diagram of the ARU transmission sdike highlighted area shows
thenorthroom on which measurements were conduclee. wallswere labelled according
to the compass located in the bottom right hand corner.

- . \‘\ .

Figure 4.2. Photograph showing test constructionerstime orientation as shown igéie
4.1

The room contains some featutbat could potentiallyaffect sound transnmsgon Theseare
the small rectangular windoand the doorwayn the western walsee Figure 4.2)a 1x1m
areaon thesouth wallwhich has been filled in with dense aggregate hlackn thickbonded

screedon the upper concrete floand a safetyailing on the upper floor

Measured values of @le width, height and thickness are shown in Table Phe. plate

dimensions were taken from the inside surfaces of the room northern room shown in Figure
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4.1 to make the model consistent with the SEA model whids inner dimensions to

calculate coupling loss factors from the plates to the room.

Width(m) | Height(m) | h(m)

Lower Floor 2.86 1.82 0.13
Upper Floor 2.86 1.82 0.12
North Wall 2.48 1.82 0.10
East Wall 2.86 2.48 0.10
South Wall 2.48 1.82 0.10
WestWall 2.86 2.48 0.10

Table 4.1. Measuredternaldimensions of the platekat form the north room dhe ARU
transmission suite

4.3 Measurement Methods

4.3.1 Measurement of quasilongitudinal phasevelocity

To measurethe quasiongitudinal phase velocity of the walls and flo@as impulse was
generated on the edge of the plate and the tim® measuredor the pulseto reach an
accelerometer placed a distapdefrom the point of impactThe force transducer ansingle
accelerometer approach was takestead of the more common two accelerometer method
[3] in order to maximise the distance betwele@excitationposition and the accelerometer

and hence reduce the error in theasuredime to within acceptable limits

To excite inplane waves a B& Type 8202 force hammer with plastic tip was struck on the
side oftheplate as shown iRigure4.3. In order to detect the{planevibrationthe main axis

of sensitivity of the accelerometer was parallel to the surface of the plate. The time signal
recading was triggered by the impact of the force hammer andirtteeof-f | i d,hwas, &
determinedrom thetime taken for theising slope of the impulse to reach the accelerometer

output The quasiongitudinal phase velocity of the plate is given by:

. 0 (4.1)
“© T

The measurement was repeated at two locations on each plate with four repeat measurements

made at each location. A schematic of the equipment fasdtie experimentss shown in
Figure 4.4.
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Figure 4.3. Schematic diagram of the measuremémp $er measuring quatongitudinal
phasevelocity.
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Figure 4.4Equipment used to measugeastlongitudnal phase velocity and driviagoint
mobility.



4.3.2 Measurement of driving point mobility

The definition of thedriving point mobility, @ , is the transverseelocity spectrumdivided

by theinputforcespectrum measureat the excitatiorpoint on the plate.

® 0] O (4.2
In practice this is not possible with a separate accelerometer and force hahemeest
approximationto thisis obtained by reducing the distarttas much as possibés shown in
Figure 45. The distance should be chosen such that at the highest frequency of the relation
0 p.

main axis of sensitivity!
|
accelerometer

3
ARV RN

1 N

force transducer

direction of force

plate

Figure 4.5. Measurement setup for the driving point mobility

The time signalof the plateresponsevas measured using a B&K type 4371 accelerometer
with the main axis of sensitivity directed out of the plane of the plate, the force impulse was
applied and measuraging a B&K Type 8202 force hammer with plastic which gives a

flat force spectrum up to500Hz. Both pieces of equipment wecalibratedin accordance

with ISO 7626-2 [67].The mobility measurememras processed using narrow band FFT
analysis using the same equipmentpasviously shown in Figure 4.4 The frequency
response functiotdl was output which gives the cresgectrumnormalised to the input
autospectrum. This minimises the error in the result when noise is present in the output

(accelerometer) signfhg].
Note that all mobility data shown in decibels is calculated using YQIgLm/Ns).

4.3.3 Evaluating the density fromthe spatialaverage driving-point mobility
To estimate the densitgriving point mobilitieswere measured at three different points on

the plate. Positions were chost#rat wereat least 50cm from the edge of the plate to
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minimise theeffect of nearfield componentdrom the junction linesThe average of four
measurements was taken at each tpwsi The infinite plate driving pointobility was
estimated by fitting a horizontalratght line through the spatiaverage of the measured data
in the frequency region 700 1000Hz (seeFigure 4.6). The higher frequency region was
chosen sinceghe higher modal overlap factor reduces tmeodal fluctuations; énce the
assumption that the plate can be treated as extending infinitelgaeaapproximation in
the higher frequency regiohe density of the plate was estimateain the equation fothe
infinite plate driving point mobility20] using

A 4.3

VD Q&)’%(ﬁ)— 4.3

Rearranginghis equatiorgives the density of the plate as

” p (4 4)
/YD Q0

Thequasilongitudinal phase velocity was measured agscribedn section 4.3.1 and the

plate thicknest was measured directly.

—
=]
b
I
|
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Real part of driving point Mobility (m/Ns)
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Figure 4.6. Straight line fitted to the real part of the spatial average dpuingmobility in
the region 7001000Hz.
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4.3.4 Measuring steady state energy level differencdsE L D6 s )

The aim of the ELD measurements was to providereasured data for comparisarith
bending wave transmission models using MCFEM and -8 A models This required
measurement of ghspatial and temporalveragemeansquarevelocity levels inonethird
octave bandon the source and receivetates in response to statistically independent

excitation.

In order to excite bending waves on the source plateaker was mounted so tfegce was
perpendiculato the suface of the plateThe shaker positions were at le@sim from the
plate edges and 1m from each othdfor a particular source positiohet bending wave
vibration on the source and receiver plates is measured at a smtdoim positions by
accelerometerarranged sthatthe main axis of sensitivity directed out of the plane of the
plate.To avod the effects of nedrelds the positions of the accelerometers are selected so
that they are at least 1m fraime excitation point and 0.25m from the edge of the glateA
minimum distance of 0.5m between accelerometers was also chosewidocorrelation
betweenthe sampling pointsDue to tle small dimensions of the plates only two source

positions and eight measurement points on each plate were possible.

Theequipment used for the measuremestshown inFigure 4.7.The output signal from the
accelerometers was passed through a ban&netthird octave band filtersn the B&K
PULSE before time averaginthe resultto give theonethird-octave band average velocity
levels.White noise wasent tothe shaker via graphic equaliséo ensurahat there watess
than 5dB difference betweeatjacentonethird-octave bands in the measured response for a
given source positioand receiver positionThis was done to avoid the skirts of eagte

third octave bandilter from affecting the measurement in adjacent bands and atsyp tm

satisfythe SEA requirement that power is injected into all modes equally.
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accelerometers B&K Type 4371

Figure 4.7. Schematic diagram of the equipment used to measure energy level differences

A total of eight accelerometer positions on the source and receiver plate were dlnesen.
measurementat eachaccelerometegposition were combined to give the spatial and temporal
averagesquare velocity imnethird-octave bandlong with the associated standard deviation

oneach platdor each source position.

The onethird octave baneénergy in each plate is relatexrithe spatial and temporal average

square velocity through the equation

0O & 0 (45)

wheremis the total mass of the plate.

The ELD can be calculated for each source positiomlong with a combined standard
deviation ,, , given by:

TR (4.6
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where, is the standard deviation of the measured energies on the source platasatice

standard deviation of the measured energies on the receiver plate.

The ELD iscalculated bylinearlyaver agi ng the ELDGO6s obtained
The 95% confidence limits can be obtained by combing the effestiwvelard deviation and
effective number of degrees of freednom the Sudentt distributior{66].

4.4 MCFEM model

4.4.1 Modelling considerations
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Figure4.8 Finite element mesh of therth room of the ARU transmission sulite.

The FEMmodelof the buildingdoes notinclude all of the features of the building. The small
window on the western wall has dimensions much sméidbar the free bending wavelength

of the wall and was much smaller than any of the junction lengths; as a reswashisot
includedin the FBM model. The screed on the upper floor is much thinner than the thickness

of the floor and it is not expected &dter the vibrational properties of the flodtence the
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upper floor is modelled as a homogeneous plte.railing on top of the buildingotentially
provides an unwanted flankingath between the two sides of the transmission suite, however
due to the sength of the plate coupling was assumethat this path is negligibland the
frame was noincluded in the FEM models

Two features thamnight affect structuréoorne sound transmission are the damgerture irthe
western wall[14] and the filledin apertureon the south wall. The filledperturewas
modelled by treating the south wall as a homogeneous plate with effective density and quasi
longitudinal phasevelocity both ofwhich weredeterminedexperimentally ¢ee sections 4.3.3

and 4.3.1 The do@rway was treated as a hoftethe western wallHowever the heavy door
frame surrounding the doorwayeant that it was not known whethibe boundary condition
around the doorway was clamped or fréeherefore the drivingpoint mobility from the

FEM model with clamped or free boundary conditions was compared to the measured value
at a point on the western walrom Figure 4.9it is seerthatin the region of the fundamental
modethere isbetteragreemenbetween FEM and the measuremehien the dorway edge

was modelled witlireeboundaries

! &‘ },"‘ f fllt s

T
Measured

Doorway boundary free
Doorway boundary clamped

351

Mobility magnitude (dB re 1m/Ns)

X

v .

851 X=0.97m , y=0.31cm -
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701 - L .
position
75 I I I I I I I I \
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Frequency (Hz)

Figure 4.9. FEM driving point mobility for the case of clamped ettggway and free edge
doorwgy for comparison witlthe measured mobility at a point on the western wall of the
building.
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Quastlongitudinal local modes amnly predicted to occun all the platesabovel1l00Hz so
it was assumed thdtending waves dominate the structbane sound émsmission in the
frequency regiom0-1000Hz Thereforea pinned boundary condition was appliedtheplate
junctions. The coupling to the air volume was assun@tb affect the structure borneumnd
transmission between plateds a result thdluid-structure interaction was not modelled in
the FEM models

4.4.2 Introducing uncertainty to the FEM model
To introduce uncertainty for the material properties for MCFEM analysignaemble of

06similard buildings was def bad@8ections2i42 witht he s
the Youngds modul us of the individual wal | s
distribution and different sets of ROTR applied to each of the resulting buildtiftgsen

members of the ensembleere generated using thisopgedure fortwo separate choices of

source plateMeasurements of the qudengitudinal phase velocity on the North, West and

East walls suggest a mean value of 2000méth standard deviation o200ms'. The

standard deviation of the qudsngitudinal phase velocity on the southern wall was
estimatedo be200ms' and the measured value of 2300nvgas used as the sample mean.

Previous measurements carried out on concrete floors by Hof88hsuggest tha200ms"

is also aeasonable estimate of the standard deviation of the concrete floor and the measured
value of 3500m$ was used as the sample mean. The measured values of the quasi
longitudinal phase velocity and density of all the walls and floors are showabla 42 with

the results &ction 4.5.1 Due to the small sample size any sample lying more than three
standard deviations from the mean was disca

guastlongitudinal phase velocity by

‘O n(I) p 1 (4.7)
T h e Y omodulu$ was calculated using equation 4.6 using the mean values of density

and Poisson ratio from table 4.1.

4.5 Results

The measurement results for tigeas-longitudinal phase velocity €stion4.2) and density
measurements €stion 4.3) are discussed ire&ion 4.5.1. Spatisdverage mobility and ELD
measurements are compared with theMFpredictions in Section 4.5.2 and.5.3

respectively.
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4.5.1 Physical properties

Measured values of quasingitudinal phase velocity and density are given in table 4.2.
Along with the estimatedvalues of internal loss factor and Poisson ratio taken from the
literature[3].

Wmis) |y (kY4 h() | ILF()

Lower Floor 3500 1900 0.2 0.005

Upper Floor | 3500 | 1900 | 0.2 | 0.005

North Wall 2000 1700 0.2 0.01

East Wall 2000 1700 0.2 0.01

South Wall 2300 1800 0.2 0.01

West Wall 2000 1700 0.2 0.01

Table 4.2Physicalproperties of the plates.

The values given in the literatufg] for the quasiongitudinal phase velocity and densaye
3800ms&" and 2200kgni respectivelyfor concrete and®700ms" and 15062000kgn?® for

solid bricks connected with mortar. Comparison Wt measured values given in Table 4.2
indicates thatthe measured density of concrete is 300kjower than the value in the
literature andthe quasiongitudinal phase velocitys 300ms" lower than expectedThe
measured density of the brick and mortar walls was within the expected range quoted in the
literaturebut the quaslongitudinal phase velocity was 700mhswer. The ARU transmission

suite was constructed in 1958gence possible reasongor the difference between the
measured and quoted values nieythedeteriorationof the bricksor concreteover time o

thata differentmaterialcompositiorwas used in this buildinthandescribedn the literature

4.5.2 Mobility measurements
The FBM model for the North roomwas validated by comparing the gieted spatial

averagedriving-point mobility with measured value®r three of the platesthat form the
room Two predictions othe driving-point mobility are shown, these are the FEM model for
the entire room that accounts for the global modes and a local mode model basetboal
modes ofan isolatedsimply-suppoted plateusing the in situ total loss factdfigures 4.1Q0
4.12 compare the measured and predicted.dd@aly the first few resonant peaks were of

interest in this analysis and hence the frequency range is limited from 10 to 200Hz.
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Figure 4.10Measured and predictedatially averagednobility magnitude of th&asern
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Figure 4.11Measured and predicted spatially averaged mobility magnitude of the northern
wall.
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Figure 4.12Measured and predicted spatially averaged mobility magnitude tfgher

floor.

For the east and north walise measured peaks the driving point mobilitycoincide with

the peak in the FEM prediction in the region of the fundamental resonaltft@ughFEM
consistently predicts a larger value for the amplitude of this.pEad predicted mobility

using the local modes of the isolated pledasistentlygives a lower frequency for the first
resonant peak than was observed experimentHiiis provides evidence that a local mode
model is inadequate and that the FEM model which accounts for global modes is more
appropriate.For the upper floorboth the FEM model and the local mode model show
discrepancies with measurethta Above the firstmodal peaks there is littlagreement

between the measumentsandthetheoreticalbpredictions

4.5.3 Energy level differences
The MCFEM approach was validated by comparingghee di ct ed ELDOGs wi th

values in thirdoctave bandg~or the case of eiation applied to the East wall the results are

shown in Figures 4.18 4.17. The results in Figures 4184 . 22 show the ELD
excitation is applied to the upper flodihe 95% confidence limitséeSection 2.4.2) for the
measured and predicted ®H6s ar e shown as error bars in e

limits indicate good agreement between measured and predicted values.
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Figure 4.13Comparison between MCFEM and measuremdiit® between east wall and
lower floorof the ARU transmissiosuite
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Figure 4.14Comparison between MCFEM and measuremdiit® between easvall and
upper floorof the ARU transmission suite
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Figure 4.15Comparison between MCFEM and measuremdiit®) between east and north
wall of the ARU transmission suite
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Figure 4.16 Comparison between MCFEM and measuremestd between east and west
wall of the ARU transmission suite
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Figure 4.17Comparison between MCFEM and measuremdiit® between east and south
wall of the ARU transmission suite
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Figure 4.18Comparison between MCFEM and measuremdiit® between upper floor and
lower floorof the ARU transmission suite
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Figure 4.19Comparison between MCFEM and measureméiit®. between upper floor and
northwall of the ARU transmission suite
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Figure 4.20Comparison between MCFEM and measuremétit® between upper floor and
eastwall of the ARU transmission suite
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Figure 4.21Comparison between MCFEM and measuremeltd betveen upper floor
and south walbf the ARU transmission suite
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Figure 4.22Comparison between MCFEM and measuremétit® between uppdtoor and
west wallof the ARU transmission suite
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The ELD results can beonsidered inwo frequencyegions below 250Hzthere are strong
responses of individual modes; hertbere are discregmcies between the measured and
predicted respongé the resonant frequency ¢tiese modeg not predicted with sufficient
accuracy Above 250Hzhereis statistically more than one mode perethird octave band in
each plate of the structure and theethird octave band response is dominated by resonant
modes. The redts show best agreemeabove 250Hzas the 95% confidence limits of

MCFEM tend tooverlap withthose of the measurements.

The mobility measuremengseviously indicatedhat FEM is unale to accurately predict the
frequency of all the resonant peaks of the driving point mobility of the structure. This is
likely to be caused by a difference in the eigenfrequencies of the FEM models and the actual
eigenfrequencies of the real struct¢here thestatistical mode couris low the onethird

octave response is sensitive to small changes in eigenfregsiancases where the out of
band modes dominate tlmmethird octave band response. Hence there is poor agreement
between FEM and the measdrresults below 250 Hz. Above 250Hz, resonant modes
dominate theonethird octave band response and the exact frequency positibie modes

becomes less important.

4.6 Conclusions
This chapter usetheasurements on samall heavyweight building structure validatethe
FEM models and the MCFEMpproactto account for uncertainty

Comparisonof the driving-point mobility from FEM and the measuments show good
agreement in the region of the finstodal peakwith the peak in the predicted mobility
occurringwithin £8Hz of the measured peaklthough FEM overestimated the amplitude of

this peakthere was evidence that a global mode model (i.e. FEM) was necessary to predict
the modal response because the local mode model consistently predicted a loweryrequenc
for the first resonant peak than was observed experimenthdiyever he FEM model was
unable to accurately predict the location of higher frequency peaks in the driving point

mobility.

For the ELDs,there was good agreement between MCFEM and the mee@ntsabove
250Hz. However below 250Hhere were discrepanciasth up to 15dB difference between
the measumaentsand MCFEM in some caseShis was attributed to the FEM model
predicting eigenfrequencidsr the first few global modeshat were differat to the actual

eigenfrequencies
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The results indicate that a MCFEM approach can be used to accurately predict the structure
borne sound transmission in a simple single room heavyweight building structuretiirdne
octave bands at frequencies where ttatistical mode count is greater than one.
Consequentlyhe MCFEM approacks considered to be appropriate to predtaticture borne

sound transmission darger scale buildingsn Chapters 5,6 ahy.
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Chapter 5 SEA and SEAlike models of heavyweight buildings

5.1 Introduction

In this chapter the use of the standard EN12354 p&4P for predicting impact sound
insulation between dwellings will be compared to matrix SEA (Section 2.23) csupling

loss factors from seminfinite plate theory(which will be referred to as wetheory SR).

Section 5.2 contains an overview of the building structures investigated in this thesis. This
thesis primarily focuses on structdserne sound transmissiam vacuowithout considering

the air cavities representing the rooms as part of the trasismipath. For this reason,
Section 5.3.2 investigates their influence because the focus in the remainder of the thesis is
on the vibrational energy levels of the plates as obtaining the correct spatiage sound
pressure level in the receiving roongu@es the vibration levels of all the plates in that room

to be predicted accurately.

EN12354 isa form of transmission path analyse¢tion2.2.4) which only includes paths
that cross a single structural joint. Bections5.3.3 to 5.34the method is compared to the
matrix SEA method for two different building structures describedSéttion 5.2 Of
particular interest igshe feasibility of extending this approach to subsystems in which the
minimum number of structural junctions betwethe subsystem anthe source is greater

than one

Section5.4 investigateghe capability of matrix SEAo predictELDs betweerplates with
low modal overlap and low statistical mode caumLDsfrom matrix SEA are compared to

thosepredicted by MCFEMdr thetwo differentbuilding structures.

5.2 Building description

5.2.1 Physical properties of the plates

The models investigateth this thesis represent typical heavyweight residential buiding
with dense aggregate block walls and casdiin concrete floors, the dimensions of the plates
are based on the dimensionsrobms found in typical living spacdseeTable 5.1) The

building structures consist of a minimum of twa@omsseparated by a®15m thick wall with
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0.1m thick flanking walland0.15m thick floors. The material properties these plateare
taken from Hopkins [3] and are presented itable 5.1. The buildings consist of

homogeneous plates with no inclusions such as doorways and windows. The internal loss

factor of thelower floor is set top¥ "Qto account for the high radiation into the ef8th

Lx(m) | Ly(m) | Ly(m) | h(m) | 3f=(ms™) | } (kgm™) | Poisson| ILF

ratio
Floors* 35 - 4 0.15 | 3800 2200 0.2 0.005
SeparatingVall - 2.4 4 0.215 3200 2000 0.2 0.01
Flankingwall | 3.5 2.4 - 0.1 3200 2000 0.2 0.01

Table 5.1Physical properties of the walls and floors of the test buildinds= is pFViAfor

the lower floors of the building.

5.2.2 Modal properties of the plates

SEA is based on the interaction between resonant modes in sepdnrggstemshence SEA
may onlybe applied when resonant modes are preseat isubsystems in the structure. The
fundamental frequency of the bendifl@ , quasilongitudinal "Q andtransverse shear

modes™Q hare given byq. 5.1t0 5.3

C
o U 0 (5.1)
&) ¢ c
0 2 P P
¢ U U (5.2)
\ ®pi p° p°
T T v 5 (5.3)

Wherg is the poisson ratio of the material
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The calculated mode frequencies for each of the mode types is given in Table 5.2.

Modal density
B .-H2 B =H2 |B « H2 | (Bending)

Floors 37.2 7210 456.2 0.0425
Separating/Valls 737 7775 491.7 0.0242
Flanking Walk 370 8083 511.2 0.04%

Table 5.2Modal properties of the plates.

Bending modes are present in all plates above 74Hz,-bureggtudinal modes are present in
all platesabove 809Hz and transversieear modes are present from 511Hz. For all models
in this thesis, the plate boundaries were pinned to prevent excitatioplaii& waves at the
junctions. These fundamental frequencies indicate that only bending modes qdior u
500Hz onethird octave band. However, evidence frfh8] indicates that it should also be a

reasonable assumption uptbkHz.

The bending wave modal density of the walls and floors was calculated using eq.2.5 and the
results are shown in Table 5.2. These values were usedaondet the statistical mode
count of the walls and floors as shown in Table 5.3.

50 | 63 80 100 | 125 | 160 | 200 | 250 | 315 | 400 | 500 | 630 | 800 | 1k
Floors 049]/0.62| 0.78| 098 | 1.24| 156 | 1.96| 247 | 3.1 | 391|492 |6.19| 7.8 | 9.82

Separating

walls 0.28/ 035|044 | 056 | 0.7 | 088 | 1.11| 14 | 1.76| 222 | 2.8 | 3.52| 443 | 5.58
Flanking

wall 0.53|/0.66| 0.83] 1.05|1.32| 166 | 209 | 2.64 | 3.32| 418 | 5.26 | 6.62 | 8.33 | 10.5

Table 5.3 Statisticaimode count fobendingmodes inonethird octave bansl
Themodal overlap factor is commonly defined [@$8, 55]

where— is the internal loss factar, is the band centre frequency andis the modal density in

units of angular frequency.

However for building structures in which the total loss factor is dominated by the coupling loss factor
the modal overlap factor is defing88).

0 1§ - (5.5)

where— is the total loss factor.
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5.2.3 Layout of the building structures
The building types are denoted according to the number of rooms along each of the three

dimensionsNy, Ny andN,. For example, a building with two rooms along xhgirection, one

room along they-direction and three rooms in tlzedirection would be derted as a 2_1 3
building. The walls facing into a particular room are labelled according to the room number
using their compass orientation (Noflouth axis runs across the thick separating walls of
the dwellings and the Ea¥test axis runs across the tHiianking walls). For example: on the
eastern sideH) of room 1, the wall\() would be labelledEW1 the upper floor of room 1

would be labelledUF1, the lower floor of room 1 would be labell&&1.

The building structures investigated in this thesissai@vn in Figures 5.1 t0 5.3. The 2_1 1
building shown in Figure 5.1 is used to investigate the influence of the airborne paths on the
vibration levels of the plate subsystems. The 5 1 1 model shown in Figure 5.2 allows
transmission across several identjcaictions to be tested and to some degree can be viewed
as aperiodic structure The 2_2 2 building shown in Figure 5.3 was designed to test
transmission diagonally across the structure from plates connected to the room in the lower

right hand corner tolates connected to the room in the upper left hand corner.

In building acoustics thaim of mostprediction moded is to determine thepatiataverage
SPLin the receiving roomlt is assumed that in order to obtain aoumate estimate of the
spatialaverage SPL in the recang room the energy levels of the walls and floors must also
be predicted accuratelin themodels investigated herthe plates arall decoupled from the

air and it is assumed that the plate to plate coupling will not affegtélebpresence of the

air volumes. The validity of these assumptions will be investigated using an SEA model in
Section 5.3.2.
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Figure. 5.1Schematic of the_1 1 model

Room 2 Room 3 Room 4Room 5

Room 1

Figure. 52. Schematiof the 5 1 1 model
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Room 1 S

Figure. 53. Schematic of the 2_2 2 model

5.2.4 Comparison between ROTR excitation ancexcitation from simulated white
goodsappliances
The statistical models used in this thdsisnodel structurdorne sound transmissioaly on

the use of ROTR forces which are applied over the surface of the sourceHolatver,

most mechanical equipment used in buildings will only excite the plate at a discrete number
of points, forexample,white goods appliances. Such appliances are more likely to be
installed around the edges of the flathoughin some modern kitchens the appliance may

be located in the centdd the floor. It is therefore of interest to investigate how well ROTR
excitgion approximates the case whareappliance is installed at a specific location within a

room.
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Position3 ——---—----
E |ED cm

120 cm

179 cm

Figure5.4. Schematic diagram of the force positions on the source plate. The plate edges are
labelled North(N), East(E), South (S) and West (W) correspgrtd the edges of the source
plate as indicated in the inset building diagram in the bottom left corner.

An ensemble of simila2_ 2 2bui | di ngs was generated by ranc
modulus of the walls and floors of the building described ctiGe 2.42. ThdLD between

the upper floor of room 1 and a receivingall/floor was computed for each ensemble
member andor four different cases of excitation on theurce plateThe first case is when
ROTR forces are applied over the surface of the&ee plateand he remaining three cases

are for excitation at specific locations on the source plate. To represeirivihg points of

the four feet of a white goods applianéeur forces with random phaga different set of

four random phases wadeged for each ensemble membe&ereapplied to the four corners

of a 60cm by 60cm squar€he three locations of the simulated white goods appliance on the

source plate are shown in Figure 5.4.

The ensemble average ELDs with 95% confidence limits fofahlecases of excitation are
plotted for various receiving subsgms in the 2_2_ 2 buildings indures5.5to0 5.. The case
of ROTR excitation is represented by the solid blue line with solid markers and the remaining

three dotted curves show the restdisthe three individual cases of white goods excitation.
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Figure5.5. ELD between the upper floor of room 1 and the lower floor of room 4 for the
case of ROTR excitation and the three cases of different white goods source position.
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Figure5.6. ELD beaween the upper floor of room 1 and the upper floor of room 8 for the
case of ROTR excitation and the three cases of different white goods source position.
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Figure5.7. ELD between the upper floor of room 1 and the upper floor of room 2 for the
case of ®TR excitation and the three cases of different white goods source position.
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Figure 58. ELD between the upper floor of room 1 and the north wall of room 5 for the case

of ROTR excitation and the three cases of different white goods source position.
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Figure5.9. ELD between the upper floor of room 1 and the north wall of room 2 for the case
of ROTR excitation and the three cases of different white goods source position.
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Figure5.10 ELD between the upper floor of room 1 and the north wall of rodon the
case of ROTR excitation and the three cases of different white goods source position.
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Figure5.11 ELD between the upper floor of room 1 and the east wall of room 1 for the case
of ROTR excitation and the three cases of different white goadsesposition
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Figure5.12 ELD between the upper floor of room 1 and the west wall of room 5 for the case
of ROTR excitation and the three cases of different white goods source position
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Figure5.13 ELD between the upper floor of room 1 and the wegt of room 3 for the case

of ROTR excitation and the three cases of different white goods source position

The results irFigures 2 to 1&how the ELD in receiver plates which have varying physical
properties and which are can be directly coted¢o thesource plate and separateom it

by several structural junction3he results can bgeneralisedsuch that above 200Hz the
95% confidence limits between the ROTR ELDs and the three individual cases of white good
excitation overlap. Below 200 Hz the 95®nfidence limits overlap ithe majority of one
third octave bands with a few exceptions (see for example 80Hz bd&nguine 5.6). This
indicates that ROTR excitation &goodapproximation to the case of white goods excitation
positioned at specific locations on the source floor. Hence in the remainder of thistihesis
ROTR excitation will be used to asséise validity of the predictive models. If the ELD falls
within the95% confidence limits of the ROTR result then it is reasonable to etkazetwill

beacceptable agreement between the ELD and the case of white goods excitation.

5.3 The effect of a limited number of paths in SEA models

This section considers SEA modelsanporating CLFs determined from seimiinite plate
theory to assess the effect of predicting the subsystem response using a limited number of
transmission paths. Existing literature indicates that for plates with low modal overlap and

low mode counts, CEs determined from sermfinite plate theory tend to overestimate the

80



strength of the coupling, see for examdé&, 19, 33]. However, it is not until Chapters 6 and
7 that alternative approaches will be assessed to cadhkse CLFs; hence at this stage it is

reasonable to draw conclusions using sermite plate theory.

5.3.1 Overview of the standard EN12354
The standard method of predicting impact sound is described in EN22B54 and

considers the direct and flanking paths shown in Figure 5.14. For situations where the
structureborne sound source is located directly above the receiver room a total of four
flanking paths are considered along with the direct path. When the seUaomated in the

room next to the receiver room only two flanking paths are considered.

Figure. 514. Schematic diagram of the tweduationsoutlined in the standard EN12354 2.

EN 12354 states that Awhen there are many
model coul d b e [58hoThesaimaoptimisrsechion is to use several case studies

to investigate when path analysis can and cannot give a good estimate of the total receiver
subsystem energy as compared to matrix SEA.

In Section 2.2.4 it was shm that the subsystem energies calculated using matrix SEA could

be written in the form of eq.2.9. Rewriting eq.2.9 for the enei@y in a single subsystem
for the case of power input j, to subsystemgives

o Y Y Y  E —
[ (5.6)

I||
mh

The summations in eq.5.6 are taken over all subsystems in the model. Using this definition,
CLFs exist between all subsystems in the model although the value of the CLFs between
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physically unconnected subsystems is set to zero. In eq.5.6 an elémentnultiplied by a

factor—" gives the contribution to the receiver subsystem en@rgyom the total sum of

the energy contributions of all paths containmgpupling loss factors.

Using the approach bWlagrans[26] the total number of paths containingCLFs can be

found by replacing all nezero elements of S with a value of one. The elem&nt then

gives the total number of paths between subsysterd subsystemthat contaim CLFs.

Calculation of the number of paths and the energy contribution from all paths that contain a
certain number of CLFs allows the feasibility of path analysis to be assessed. For example, if
there are many of paths that contai@LFs and these pathslg contribute a small fraction

of the total receiver subsystems energy then it is not necessary to conductbg-ppetin

analysis that including paths containm@LFs.

Using eq.5.6 it is also possible to determine the influence of certain groupthsfgoathe
receiving subsystem energy. For example, the total energy contribution of all paths between

source subsysteimand receiving subsystepthat contain the CLF can be calculated by
setting the elemerY equal to zero and calculatinget energy in subsystejrusing eq.2.8,

'OV SubtractingdMrom the original value, gives the energy contribution to subsystem

from all paths containing the CLFs when power is injected into subsystenthis is
referred to asO ; and this can be presented as a percentage of the total receiver subsystem

energy
o QY (5.6)
0O

Of pmm

5.3.2 Influence of airborne paths onplate vibration

Equation 5.6 shows that the matrix SEA solution for the energy level of a room subsystem
will contain contributions from paths which include more than©hE that couples the plate
to the cavity The assumption that thpatevibration can beredictedin vacuorequires that

the presence of the cavity does sighificantly affect the energy of thgatesubsystems.
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The percentage contribution from airborne paths to the energy levels of the walls and floors
of the 21 1 building (Figure 5.1) was determithdor the case of power input to the upper
floor of the room 1. The process was exactly the same as outlig=tiion5.3.1 but instead

of investigating the influence of a single coupling loss factor, the influence of gadup
coupling loss factors coewting the plates to the air volumes was investigated. The
percentage contribution of the airborne paths to thetling octave band energy level of

eachplatesubsystem is shown in Figurel5.
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Figure 515. Percentage contribution to the energy levels of the walls and ftoars
airborne paths

Figure 515 shows that less than 1% of the energy inpgla¢e subsystems arrives via airborne
paths across the frequency range ®Q000Hz. Thisis an important finding as ihdicates
that theinfluence of the airborne patlen the vibration level of the walls and floors is
negligible. Hence, th@rediction of structurdorne sound transmission in of heaxgyght
buildings in vacuogives a good appximation to their vibration when coupled to the air
cavities contained in the rooms.

The same approads now used to investigatihe influence of theCLFs between the air

volumes and thplates TheseCLFsare present in all paths which enter the air volumes more
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than once, hence by setting th€dd-sto zero in an SEA model the energy in the air volume

may be written as

) - - - (5.7)

whereO is the energyevel inplatesubsystenk when structurdorne power is input tplate

subsysten and all plates areompletely decoupled from the a@mvities

The percentage difference in the eawvity energy levels calculated usieg5.7 compared to
eg5.6 is shown irFigure5.16.
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Figure5.16. Percentage contribution to the eavity energy arriving via paths which include
more than one air volume to structure coupling loss factor.

Figure 516 shows that the total percentage contribution to the air volume subsystem energy
from paths which include more than one @ity to plate CLFis less than 1%cross the
frequency rangd 00 to1000Hz This indicates thaeq.5.7 is a good approximatido the
result obtained through a full matrix SEA model and clearly shows that the energy in the

receiver rooms primarily determined byhe energy of thplatesubsystems
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5.3.3 Transmission to platesadjoining the source plate

This section investigates the asgtion in EN12354-2 that for flanking paths between

adjacent rooms it is sufficient to include no more than one plate to plate CLF.

The approach considers the subsystem energies obtained through inverting the loss factor
matrix describing the SEA powéalance equations (eq.2.&OTR ecitationis applied to
the upper floor of room 1 in a 2_2 2 building (see Figure 5.3 for plate labelling). The
receiver subsystems are all directly connected to the source plate so that the method described
in EN12354 can be applied. To make the analysis, the ymergribution to a subsystem
from all paths that contain CLFs or lessD , was compared to the total energy in each
subsystem as calculated by the loss factor matrix inver8on, . A level difference
betweerO and O was therefore daed as
. O 5.8

p 1 Go— (5.8)
which gives the difference in decibels between the full SEA solution and a path analysis
where the paths containcoupling loss factors or less. The results for the 100Hz and 1000Hz
onethird octave bands are shown in Figures 5.17 and 5.18 respectively. The total number of
paths containing coupling loss factors or less was also calculated (see Section 5.3.1¢and th
results are plotted againstn Figure5.19.
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Figure 517. Difference between the total@ngy in each subsystem and thenulative sum
of all contributions from paths up &md including paths containimgCLFs. 100Hz onethird
octave band
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Figure5.18. Difference between the total energy in each subsystem and the cumulative sum
of all contributions from paths up to and including paths contaimi@gFs 1000Hz one
third octave band.
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Figure 519. Total number of paths up to@mcluding paths containing CLFs
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Figure 5.19 shows that there is one path containing a single CLF between the source and each
of the receiver subsystems: UF2, SW1, NW1 and WWL1. There are no paths returning to the
source subsystem that contain less tiwam coupling loss factors. Hence, the total energy in

the source subsystem containing paths which have less than two coupling loss factors is given
by eq.2.11. From Figures 5.17 and 5.18 this approximation is between 1.5dB to 0.7dB lower
than the total ezrgy calculated by matrix SEA. At 100Hz, using EN12354 to estimate the
energy levels of the receiver subsystems gives results which differ from matrix SEA by 4.4 to
6.9dB. At 1000Hz the agreement slightly improves and the energy levels predicted by
EN12354are between 2.8 to 3.9dB lower than matrix SEA.
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Figure.520. Difference between the total energy in each subsystem and the cumulative sum
of all contributions from paths up to and including paths contaimi@gFs 100Hz onethird
octave band, @wverinput to lower floor of room 1.
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Figure.521. Difference between the total energy in each subsystem and the cumulative sum
of all contributions from paths up to and including paths contaimi@gFs 100Hz onethird
octave band, @wer input to upper flooof room 5.

Figures 5.10 and 5.11 show the results in the 100Hztoree octave band when power is
input to the lower floor of room 1 and the upper floor of room 5 respectively. Due to the
symmetry of the building around the plane of the middle flooh loases are identical except

that the total loss factor of the lower floor is significantly higher than the upper floor (see
Section 5.2.1)When the lower floor is excited all energy levels calculated using EN12354 in
the adjoining plates are within 4dB matrix SEA.However br the case of power input to

the upper floor of room 5 the energies in the adjoining plates calculated using EN12354 are
within 7dB of matrix SEA This indicates that EN12354 has lower errors when the internal
losses of the sourceaulssystem are high; although it could also be questioned whether a
highly-damped plates are always sufficiently reverberant to be considered as SEA

subsystems

Figure 5.19 shows that the number of paths grows exponentially. Hence Figures 5.17 and
5.18 shav that the difference between matrix SEA and path analysis results tends towards

zero with an increasing number of paths.
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5.3.4 Transmission to norrcontiguous subsystems

In this section the feasibility of the path analysis approach to receiving subsyistgrase

not directly connected to the source subsystem is investigated. EN12354 does not give direct
instructions about which paths should be included in the analysis but it does state that more
paths will be necessary in these situations. Two casesoasidered here: (1) when the
receiving room is connected diagonally across guan¢tion from the source room and when

the receiving room is located several junctions away from the source room. Fdil)ase
power is input to the upper floor of room 1thé 2_2 2 building and the receiving plates are
located in rooms 4 and(8ee Figure 52ato 5.24c). For case (2) power is input to the upper
floor of room 1 of the 5_1_1 buildingee Figure 524 to 5.5€) and the energy levels in all

the remaining pl&s in the building are investigated (note that the eastern and western walls
are identical for the 5_1_1 building hence only the results for the eastern walls are shown).
The results for subsystems connected to the two receiver rooms in the 100Hz and 1000H
onethird octave bands for the 2 _2 2 building are shown in Figur2g2 &nd 523
respectively. The total number of paths contaimrig_Fsor less is shown in Figus®.24
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Figure 5.22a) Difference between the total energy in each subsystem and the cumulative sum

of all contributions from paths up to and including paths contami@gFs 100Hz onethird
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Figure 5.23a).Difference between the total energy in each subsystem and the cumulative
sum of all contributions from paths up to and including paths contain@ig-s 1000Hz
onethird octave band. Floors of room 4 and 8 of the 2_2_2 building.
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onethird octave band. Separating walls of room 4 and 8 of the 2_2_2 building.
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Figure 524c). Total number of paths up snd including paths containimgCLFs. Flanking
walls of room 4 and 8 2_2_2 building.

The receiver subsystems are divided into two sets: the minimum number of CLFs in any path

from the source subsystem to the receiver subsystems in the first set is two and in the second
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set the minimum number of CLFs in any path from the source subsystdra teceiver
subsystems is three. The minimum number of CLFs in any path between subsystem A and

subsystem B will be referred to as the direct path.

In a majority of cases the contribution to the total energy from the direct path is larger for
subsystemselonging to the first set, than for subsystems in the second set. The energies of
the subsystems belonging to the first set, calculated using the direct paths only, are between 8
and 12dB lower than the matrix SEA calculations in the 100Hzlurne octave band. In the
1000Hz onehird octave band the level difference is between 5 and 8dB. For the second set
these values are between 11 and 16.5dB for the 100Hthmdeoctave band and between 7.3

and 12dB in the 1000Hz osthkird octave band.

The gradienof the curves in Figures 5.22 and 5.23 suggests that the effect of adding paths
containing large numbers of CLFs decreases as the maximum number of CLFs in the path
increasesAfter including energy contributions from paths which contain two or more CLFs
than the direct path, the convergence to matrix SEA slows considerably. Figure@srid22

5.23 show that including these paths would give a result that is between 3 and 8dB at 100Hz
and 2 and 4dB at 1000Hz. Figare24a t05.24c showthat there are 30@t3000 such paths

between the source and receiving subsystems.

The 100Hz onghird octave band results for the case of power input to the upper floor of
room 1 of the 5_1 1 building are shown in Figures 5.25a to 5.25d and the 1000thr@ne
octave bandesults are shown in Figures 5.26a to 5.26d. The total number of paths containing
n CLFs or less is shown in Figure 5.27a to 5.27d.
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Figure 5.25b. 100Hz orihird octave band level difference between the total energy in each
subsystem and the cumulative sum of all contributions from paths up to and including paths
containingn CLFs Upper floors of 5_1 1 building.
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Figure 5.26a.1000Hz orthird octave band level difference between the total energy in each
subsystem and the cumulative sum of all contributions from paths up to and including paths
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Figure 5.26b.1008z onethird octave band level difference between the total energy in each
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From Figure 5.25a to 5.25d the direct paths between the upper floor of room 1 to the plates
connected to room 5 are between 18.3 and 22dB lower than the matrix SEA prediction in the
100Hz onethird octave band. Figures 5.26a to 5.26d shows that at 100@Hezgults are 13
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to 15dB lower. From Figures 5.27a to 5.27d the number of direct paths to subsystems in room
5 is between 1 and 10 and the number of paths rapidly increases with increasing path length
for the subsystems connected to room 5. There isge ldifference between the energy
calculated using the direct path from the source to the upper floor of room 5 and the energy
calculated using matrix SEA. Including paths that contain up to ten CLFs reduces the
difference between the path analysis and mm&EA to 6.5dB in the 100Hz orthird octave

band. However, Figures 5.27a to 5.27d shows that there are approximatehaths
containing up to ten CLFs. Similar results are found for the other plates in room 5 and hence
it is not feasible to carry out@ath analysis approach when several structural junctions exist

between source and receiving subsystems in this model due to the large errors incurred.

5.4 The effect of low mode counts and low modal overlap

5.4.1 General comparison between SEA and MCFEM ELDs

The plates that form the heavyweight buildings described in Section 5.2 have low modal
overlap factors and low statistical mode counts (see Table 5.3) fahiotectave bands in

the range 50 to 1000Hz. In these conditions SEA using CLFs fromistnitie plate theory
tends to overestimate the strength of the coupling, see for exfbhTple8, 33, 69]. In this
section ELDs predicted by matrix SEA will be compared against the MCFEM results for the
case 6 ROTR excitation applied to the upper floor of the first room of the building types
described in Section 5.2.8lote that for brevity, matrix SEA will simply be referred to as
SEA.

The results in Figure 88 show the difference between the ELD predidigdCFEM with

95% confidence limits and the ELD predicted by SEA for each of the subsystems in the
2_2 2 building. Above 200Hz the statistical mode count is greater than one for all plates in
the building and the results indicate that in this region tlegenerally betweerbdB and

+10dB difference between MCFEM and SEA. The geometric average modal overlap factor
between the source plate and the receiver plates is shown in Table 5.5. From Tables 5.3 and
5.5 it is seen thaM>1 andN>5 at 1000Hz; howeveno convergence between SEA and
MCFEM are observed in this band.

Below 200Hz the maximum difference between ELDs from MCFEM and SEA is 16dB;
however most SEA results fall within 10dB of MCFEM. Below 80Hz there are no bending
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modes present in some of thiates (see Table 5.2) and therefore it is not appropriate to
compare SEA and MCFEM in this frequency range. Figu28 &lso indicates that there is a
tendency for SEA to underestimate the ELD between the source and receiving subsystems

below 1kHz which isn agreement with some findings in the literat{Bf
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Figure 528. ELDs between the upper floor of room 1 in the 2_2 2 building and the
remaining plates in the buildingrror bars indicate the 95% confidence limit for each ELD.

50 | 63 | 80 | 100 | 125 | 160 | 200 | 250 | 315 | 400 | 500 | 630 | 800 | 1k
Floors1 0.41| 0.46 | 053 | 059 | 0.66 | 0.75| 0.84 | 0.94 | 1.06 | 1.21 | 1.35 | 1.53 | 1.74 | 1.96
Floors2 0.29| 0.32| 0.37 | 041] 0.46 | 053 | 0.59 | 0.67 | 0.76 | 0.87 | 0.98 | 1.11 | 1.28 | 1.44

Separating walls § g | 031 | 0.35| 0.4 | 0.45| 0.51 | 0.58 | 0.65| 0.74| 0.84| 0.95 | 1.08 | 1.24 | 1.41

Flanking walls 1 | 523 0.26 | 0.3 | 0.33] 0.38 | 0.43| 0.49 | 0.56 | 0.64 | 0.74 | 0.84 | 0.97 | 1.13| 1.3

Flanking walls 2 | 15| 0.21 | 0.24 | 0.27| 0.31| 0.36 | 0.41 | 0.47 | 0.54 | 0.63 | 0.72 | 0.84| 0.98 | 1.13
Floors 3 029|033 0.38| 042|047 | 054 061]069| 078|089 1 [1.14] 131|148

Separating walls 3 57| 03 | 035| 0.39| 043 | 05 | 0.56 | 0.63] 0.72| 0.82| 0.93 | 1.06 | 1.22 1.38

Table 5.7Geometrical mean of the modal overlap factors of the source and receiver plates in

the 2_2 2 building.. The modal overlap factors are calculated using the TLFs (Eq.5.5). Floors

17 LF1, LF2, LF3,LF4. Floors 2 UF1,UF2,UF3,UF4. Floors BUF5,UF6,UF7,UF8

Separating walls 1 NW1,NW3,NW5,NW7. Flanking walls-WW1,WW2 WW5,WW6.

Flanking walls 2 EW1,EW2, EW5, EW6, WW3,WW4 WW7 WWS8. Separating walls 2

SW1,NW2, SW3,NW4,SW5,NW6,SW7,NW8.

The results for the5_1 1 building are shown iRigure 529. The geometric mean of the

modal overlagfactorsfor each case is shown Table 5.8. Below 200Hz the SEA ELDs are
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between-10dB and 15dB of the MCFEM ELDs. Above 200Hz thiference betweeSEA
and MCFEM is typicallybetween15dB and 5dB. However in some casegsh aghe 3BHz

onethird octave bandMCFEM ELDs are approximately 15dBwer than those predicted by
SEA. Thisdiffers fromthe general trend that SEA underestimates the ELD in #&ggiéncy

range hence itmay be related to the periodic arrangement génktions in the 5 1 1

building which is not present in the other buildirthat arenvestigated.
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Figure.529. ELDs between the upper floor of room 1 inthe 5_1 1 building and the
remaining plates in the buildingrror bars indicate the 95% confidence limit for each ELD.

50 | 63 | 80 | 100| 125 160 | 200 | 250 | 315 | 400 | 500 | 630 | 800 | 1k

Floors 1 039|044| 05| 056|063|072| 08| 09| 102|116| 1.3] 147|167 1.88
Floors 2 04| 045|051 057|063 073]| 081]091|1.03| 1.17| 1.31| 1.48 | 1.60 | 1.89
Floors 3 0.28]031|036| 04|045|052|058| 065| 0.74| 0.84| 0.95| 1.08 | 1.25 | 1.41
Floors 4 0.27]031|0.35| 0.39 | 0.44| 051 | 057 | 0.64 | 0.73| 0.83 | 0.94 | 1.06 | 1.22 | 1.39
Flanking walls 1| 023 | 026 | 03| 0.33| 0.38| 0.44| 0.49| 0.56 | 0.64 | 0.74 | 0.84| 0.97 | 1.13| 1.3
Flanking walls 2| 023 | 0.26 | 0.29 | 0.33| 0.37 | 0.43| 0.49 | 0.56 | 0.64 | 0.74 | 0.84 | 0.97 | 1.13 | 1.29
Separating walls | 0.25 | 0.28 | 0.33 | 0.37 | 0.41 | 047 | 053| 06| 069|079| 09| 1.03| 1.19] 1.35
Separating walls ] 025 | 0.28 | 032 | 0.36 | 0.41| 0.47 | 053 | 059 | 0.68| 077| 0.87| 1| 115| 1.3

Table 5.8 Geometrical mean of the modal overlap factors of the source and receiver plates in
the 5_1 1 building. The modal overlap factors are calculated using the TLFs (Eq.5.5). Floors

17 LF1, LF5. Floors 4 LF2,LF3,LF4. Floors 3 UF1, UF5, Floors 4 UF2, UF3,UF4.
Separating walls 1 NW1,NW2,NW3,NW4. Flanking walls-WW1,WW5,EW2,EW5.

Flanking walls 2 EW2, EW3, EW4, WW2 WW3,WW4. Separating walls 3W1,NW5.
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5.4.2 Individual case comparison between SEA anMCFEM
The analysis so far hdscussedn thefull set of ELDresults obtained for each building. In

this sectionSEA is compared to MCFEM for individual pairs of source and receiver plates.
Particular attention is given to the frequency region where the statistical mode count is

greater than unity in all subsystems in the building (above 200Hz).

In Fgure 530 the ELDs calculated using both methods are plotted for a set of subsystems
thataredirectly attached to the source in the 2_2_ 2 buildifige sourceplateis colouredin

red with the other coloured lines represeny the ELD between the source and the
corresponding coloured subsysteifithe 2_2 2 building (note this applies to alllssequent
figures). Above 200Hz, SEA results for the upper floors are within 3dB of MCFEM with
most values lying within the 95% confidence limits. The remaining SEA results are within
5dB of MCFEM and close to the lower limit of the MCFEM 95% confidencatdinit is
noteworthy that SEA underestimates the level difference on these plates by approximately the
same amount that path analysis using EN12354 would underestimate the receiving subsystem
energy compared to SEA (refer back to Figurdd and 518). Using EN12354 only gives

better agreement with MCFEM for an invalid reason; namely that insufficient paths are

included in EN12354
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The SEA and MCFEM ELDs between the upper floor of room 1 andvaifie and floors of

the diagoally opposite rooms are shown Figures 531 to 5.33. In some cases the SEA
results below 200Hz are closer to the MCFEM results than at higher frequencies. For
example, in Figure B1 the SEA ELD for the lower floor of room 4 is within the 95%
confidence limits between 80Hz and 315Hz wheras above 315Haassnot occur. This is
contradictory to the expectation tI&EA is suited to higher frequencies when a large number

of modes are present and the modal overlap factor is high. This could again be regarded as an
example ofSEA giving the right answer forhe wrong reasons. Chapter 6 will investigate
whether nordiffuse vibration fields and spatial filtering could be the cause of this.

Above 200Hz the difference between the MCFEM and SEA ELDs is betemmd +8dB.
Comparing kgures 531 to 5.33 with Figure5.30 shows that in general tI®EA results are

closer to MCFEM for subsystems that are directly connected to the source subsystem. For
500Hz to 1000Hz none of ti&EA results (with the exception of the 500Hz and 630Hz ELD

to the upper floor of room 4) erwithin the 95% confidence limits of the MCFEM results.
This highlights a potential problem when usi8&A with CLFs from semiinfinite plate
theoryto determine the vibration level of plates in rooms that are diagonally connected to the

room containingttie source plate.
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Figure 532. ELD between the upper floof coom land the separating walls of the
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diagonally opposite roomg&rror bars indicate the 95% confidence limit for each ELD.
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Figure.533. ELD between the upper floof coom land the flanking walls of the diagonally

opposite roomgError bars indicatéhe 95% confidence limit for each ELD.

In Figures 53471 5.37 the ELD predicted by SEA is compared against MCFEM for the case

of excitation applied to the upper floor of room 1 of the 5_1 1 building.
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In general, Fyures 534 to 5.37 show close agreement between ELDs predicted by SEA and
MCFEM for subsystems which are connected to the soaccess one otwo structural
junctions. Most of the SEA resultsd within or close to the MCFEM 95% confidence limits

at and abov@00Hz. However, as shown Figure5.37, the ELD between the upper floor of
room 1 and the eastern wall of room 2 is an exception to this general trend with SEA
underestimating the ELD by amximately 5to 7dB in the frequency range 2@® 1000Hz.

There appears to be good agreement between SEA and MCFEM for the eastern wall of room
4 and room 5. However the results for the eastern wall subsystems in ro@vend, 3
indicate that SEA overestiates the transmission across the structjwattions This
providesanother example of a case where SEA gives the right answers for the wrong reason.
Between200 and500Hz there is a feature in the MCFEM ELD which is common to all the
plates belonging tooom 3 (except the south wall), room 4 and room 5. This feasie
distinctive peak in the ELD in the 200 or 250Hz band followed by a trough spannindahree
four bands. This feature is mgatominent in kgure 526 where the MCFEM ELDs between

the upgr floor of rooml and the north walls of room 8,and 5 have overlapping confidence
limits. This indicates much stronger transmission between the subsystems of these rooms

than would normally be expectadd could be due to the periodic structure.

5.5 Conclusion
This chapteranalysed results frorBEA modes$ using CLFs from seminfinite plate theory

for comparison with MCFEM fo2_2 2and 5 1 1 buildings.

Fora 2_1 1 buildingcomparison of SEA models with and without air cavities representing
the room substems indicatedhat the structurdorne sound transmission in heavyweight
buildings can be modelled vacuowithout the need to includediation coupling between

the plates and the air cavitiddence for the remainder of this thesis the focus ighen
prediction of the vibration levels on plates without further consideration of the effect of the

sound fields in the rooms.

An investigation was carried out intdet effect of using a limited number ahort
transmissiorpaths to predict energy leved$ walls and floorsn heavyweight building For
power input to the upper floor of room 1 in a 2_2_2 buildingaihgroach used in EN12354
(first-order path analysis) underestimates the energy level in the sourceFplateceiing

subsystems which asgtached diretly to the source subsystem, EN12354 underestimates the
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energy levels by up tédB. When using path analysis, the effect of adding paths higher than
first-order paths is to increase the receiving subsystem en@/ggn including energy
contibutions from paths which contain two or more CLFs than the direct path it was shown
that the convergence to matrix SEA slows considerably. This is because most of the energy is
transmitted to the receiver via a large number of paths example, in the 3 1 building

with the source as the upper floor of roomtiie energy in the upper floor of room 5
predicted using only the direct path was 13dB lowanthatrix SEA. In somecasest was

shown to be necessary to include up to a million paths in eodesnverge on thenatrix

SEA result Henceit is concluded that a path analysipproachsuch as EN12354 isot a
feasible predictive method heavyweight building$or plates that ar@ot directly attached

to the source plate.

To assess the effect of lawode counts and low modal overlap factors when usinghorae
octave bandanatrix SEA wascompared to MCFEMELDS were predicted between plates
where the pwer was injected intothe upper floor of room 1 othe2 2 2and 5 1 1
buildings. Between 80Hz d200Hz the low statistical mode count leads to large fluctuations
in the plate responses and therefore SEA gave poor agreement with MCFEM with differences
typically between5dB and 15dB. In Chapter 6 the use of CLFs derived from finite plate
theory will be used to investigate whether the ma8&A predictions can be improved in this
low-frequency range. For tH2 2 2 buildingthere was reasonabégreement between SEA
and MCFEM above 200Hz where statisticdtgre wasnore tharonemode per band in all
plates althoughSEA underestimated tHelL.D by up to 10dBor overestimated by up to 5dB
However br the 5 1 1 buildingabove 200Hz there was a wider spread of results above
200Hz whereéSEA underestimated by up to 7dB @verestimated thELD by up to15dB.

For the 2_2 2 building it was found that SEA underpredittiecELD by between 3 and 5dB
above 200Hz which is approximately the same amount that EN12354 underestimates the total
energy calculated by matrix SEA in these receiving subsystems. Hence EN12354 gives the
right answer for the wrong reason. ELDs from MCFEMI SEA were then compared for the
case of walls and floors connected to rooms that were located diagonally opposite to room 1.
In this case SEA results underestimated the ELDs by between 5 and 10dB between 500 and
1000Hz. It is hypothesised that this ocx due to the spatial filtering of the wave field in
subsystems connected to the source across a minimum of two junctions; hence in Chapter 7

Advanced SEA will be used to investigate this further.
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The results from the 5 1 1 building are distinctly défgrfrom the 2_2 2 building. In some
bands the ELD predicted by SEA is around 15dB higher than predicted by MCFEM for
certain source and receiving subsystems. The results show very strong transmission from the
upper floors to the north walls of rooms 25 the 250Hz and 316Hz bands. Subsequently,
troughs occur in the MCFEM ELDs between the upper floors and the lower/upper floors of
room 3 to 5. In Chapter 6 finite plate theory CLFs will be used to investigate whether this
feature can be predicted whehES from isolated plate junctions are incorporated into an

SEA model rather than usif@@Fs from seminfinite plate theory.
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Chapter 6  Incorporating coupling parameters from isolated plate junctions with low
mode counts into SEA models dbuilding structures

6.1 Introduction

In this chapter, CLFs for isolated junctions of finite plates are incorporated into SEA models
to try and improve the predictiona Chapter 5 that used CLFs from senfinite plate
theory In Section 6.2, EICs from thglobal mode approach are used to compute the ELDs
directly (Section 3.3.1) these are then compared to MCFEM ELDs for isolated junctions.
Different methods for inverting the ESEA energy matrix (Section 2.2.5) to obtain the finite
plate CLFs are investigate The CLFs are incorporated into SEA models of the isolated
junctions and the ELDs resulting from the inverse SEA matrix are compared to the MCFEM
ELDs. In Section 6.3 the CLFs for junctions of finite plates are incorporated into SEA models
of large buildng structures and the resulting ELDs from matrix SEA are compared against
MCFEM. In Section 6.4 ESEA is used on a section of the 5_1 1 building structure to explore
the reasons behind the mixed performance of the approach in Section 6.3; particulan attent
is given to the role of CLFs between plate subsystems which are not directly connected (i.e.

non-resonant transmission via tunnelling mechanisms).

6.2 Global modeapproachfor isolated junctions

6.2.1 Validation of Global mode model

The global mode methodescribed in Section 3.3 can be used to determine the Energy
Influence Coefficients (EICE) using eq. 3.53 In terms of the EICs the ELD between a
source subsystesland receiver subsystems given by

, B 6.1)
Or ptt C‘d_

To validate the global mode approach the ELDs calculated using eq. 6.1 were compared to
ELDs calculated using MCFEM for various junctions present in the building structures
described in Section 5.2.3. The internal loss factors for plates in the isolatédng are set

to p¥ "Qwhich is typical of the total loss factor of plates found in heavyweight building

structureq70]. A total of 10 different ensemble members were generated for each junction
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by randomly selecting the Youngdés modul us ¢
normal distributions. A different set of ROTR forces was generated for each MCFEM
ensemble meber. The global mode approach calculates the EICs by assuming an ideal set of
ROTR forces is applied to each of the plates in the ensemble.

In Figure 6.1 the mean ELDs in ctigrd octave bands with 95% confidence limits are

shown for an Hunction of anupper floor and a separating wall or thick exterior wall (see

Table 5.1 for physical properties of the plates) with ROTR excitation applied to the upper
floor plate. The results are in close agreement with overlapping confidence limits across the
whole frequency range. The agreement between mean values is not exact because the set of
ROTR forces applied in MCFEM are not o6i deal ¢
approach. However by using an ensemble of different ROTR values in the MCFEM
approach, tat. mean value is in good agreement wi t
approachFigure 6.2 and 6.8how a Function connecting the upper floor to the separating

wall. The two predictions are also in close agreement for both the ELD around the corner to

the cantilever plate and straight across tharittion to the upper floor. Many of the modal

features below 500 Hz appear in both ELDs and the 95% confidence limits overlap in most
frequency bands.
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20 | ——MCFEM ROTR excitation
—*— Global mode approach

Energy Level Difference (dB)
©w © b B &5 =

| | | | | [ | | | | | |

0
50 63 80 100 125 160 200 250 315 400 500 630 800 1000
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Figure 6.1. Ljunction ELD from upper floor to separaginvall. Comparison between global
mode method ensemble and MCFEM.
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Figures 6.4 and 6.5 shows the results for gartion comprising two upper floors and two

separating walls. Good agreement between the two predicted energy level differences is also
observed.
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Figure6.4 X-junction ELD fromupper floor to separating wall€omparison between global
modeapproactand MCFEM.
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Figure 6.5.X-junction ELD from upper floor toupper floor Comparison between global
modeapproactand MCFEM.
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6.2.2 Inverting the EIC coefficients

There are two methods that can be used to convert the calculated ensemble of EICs into
CLFs. The first method imolves inverting the EIC matrix using eq. 3.54 to obtain a set of
CLFs for each ensemble member. The set of ensemble CLFs igee@a obain the
ensembleaverage CLF. The second method averages the ensemble EICs to obtain the
ensembleaverage EIC which is then inverted to obtain the CLF. The first method has the
advantage that the statistics of the ensemble CLFs can be obtainad. this SEA
permutation methodli33] the 95% confidence limits of the CLFs can be used in an SEA
matrix to give an estimate of tistatistical distribution of the ELCHowever in some bails

the calculated CLFbelonging to a particular ensemble memimay be negive and cannot

be used in an SEA modé\ negdive CLF at a specific frequency has no physical meaning
and indicates that there are problems when fitting an SEA model teyttem for the
individual enemble member within the barithe solutionadoptedhere was to eliminate
negtive CLFs from the ensemble of CLFs beftireear averaging tpredict the meaone

third octave ban@LFs.

There are several methods available twerhthe EIC matrixLalor [56] has developed two
approaches to determine the CLFs framput powers and subsystem energies. The first
approach, which is descibed in Section 2.8i6des the ESEA energy balance equations into
two parts which can be solved smdely to give the coupling and internal loss factors
independently. This method will be referred to as the Lalor method and its main advantage is
that it reduces the size ah N subsystem ESEA matrix from &xN matrix to an N-1) x (N-

1) matrix and should reduce the error in the calculation of the CLFs. The second approach is
referred to as simplified ESEA (eq. 2.20) and gives the CLFs between subsiysatajsn

terms ofthe energy in subsysteinwhen power is input to subsysteim the energy in
subsysten when power is input to subsysterand the TLF of subystein Simplified ESEA
always gives a positive value for the CLF and avoids the inversion of a matrix in the
cdculation of the CLFs.

Note that ESEA using e@.13was compared to Lalors method for the T- and X-junctions

but there was no significant difference between the calculated CLFs.
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In Figure 6.6 the ELD computed using matrix SEA incorporating ESEA CLFs is compared to
the ELD calculated directly from the EICs (eq. 6.1) for the case of excitation into the floor of
the Ljunction. The EICs were calculated using the global mode appeavatthe CLFs were
derived from EICs using Lalors method. The internal loss factor in the SEA models was set

to the value op¥ "Qwhich is the same value as used in the global mode models used to
obain the EICs. The black straight line is the SEA ELD dated using angular averaged

wave theory transmission coefficients. The 95% confidence limits derived using the SEA

permutations method are represented by the purple dashed lines.

For the case of the L junction the SEA permutation method gives agpasentation of the
mean value and the 95% confidenamits of the ELD. The resultshow that using CLFs
from semiinfinite plate theory in matrix SEA underestimates the ELD by around 3dB in the
frequency region 100 to 1000Hz.
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Figure 6.6 Comparisorof ELDs calculated using the EICs directly and matrix SEA
incorporating ESEA CLFs for the case of th@uhction. Power input to the upper floor (red)
receiving subsystem is the separating wall (blue)
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Figure 6.7Comparison of ELDs calculated using ks directly and matrix SEA
incorporating simplified ESEA CLFs for the case of thgihction. Power input to the upper
floor (red) receiving subsystem is the separating wall (blue)

The procedure was repeated for the case of tjenation described irSection 6.2.1. The
results are shown in Figures 6.8 to 6.11. In Figure 6.8 an interesting feature occurs in the
80Hz and 100Hz bands for the ELD predicted using the ESEA CLFs. The mean ESEA result
is quite close to the ELD calculated using the EICs; howtnee ESEA permutation method
overpredicts the 95% confidence limits. Comparing this result to Figure 6.9 shows that a
significant improvement in the range of response is obtained by using simplified ESEA. All
members of the simplified ESEA ensemble contpositive CLFs whereas the ESEA
members that contain negative CLFs are removed. It is therefore proposed that this feature is

a result of the removal of some ensentheEmbers from the ESEA ensemble.
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Using CLFs from seminfinite plate theoryin the SEA model undepredicts the ensemble
average ELD by approximately 2 to 3dB goinguard the corner to the separating wall
subsystem. Going straight across thguiAction to the other floor subsystem overestimates
the ensemble average ELD by 3 to 4dB at frequencies above 160Hz. In general there is good
agreement between the enserlerage ELD calculated using ESEA CLFS in an SEA
model and the ensembéwerage ELD calculated using the EICs. Using ESEA CLFs can
capture some of the modal features which do not occur with wave theory SEA. For example,
Figure 6.10 shows that at 250Hz therehigh transmission across thejdhction which
results in a difference of 5dB between the SEA prediction using wave theory CLFs and
ESEA CLFs. However using the SEA permutations method with ESEA CLFs tends to over
predict the 95% confidence limits signdiatly at frequencies below 200Hz (see Figures 6.8
and 6.10).

Compared to the case of thgunction shown in Figure 6.7 simplified ESEA CLFs are less
accurate for the case of thejuction. For example, in Figure 6.9 the ensemble average ELD
predictedby matrix SEA using simplified ESEA CLFs underedicts the ELD by around

2dB across the frequency range.

The simplified ESEA equation (eq. 2.20) can be rewritten in terms of the energy in subsystem
] when power is input to subsystem

o _—_o (6.2

Comparing eq. 6.2 to eq. 2.12 shows that using simplified ESEA assumes the energy in the
receiver subsysternis transmitted via a direct path from the source subsystem. Comparing
Figures 6.6 and 6.7 this assumption seems to be valitiddrjunction where there is only

one transmission path between source and receiving subsystems. However, furtttoX

there are several paths between source and receiving subsystems which are accounted for in
ESEA but are not considered when usagg 6.2.

To test this hypothesis the energy in the receiver subsystem was written in terms of the sum

of the direct path (i.e. firsbrder) and secondrder paths
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- - - (6.3)

O
O

Equation 6.3 can be rearranged to give an expression for the coupling loss factor

0 o (6.9
- o —
A
This may be solved for by making the substitutions —fand— —in em.6.4
which gives
0 0 0O (6.5)
- o .00

Equation 6.5 was used to calculate the CLFs between the subsystems-juricéof. These

were then used in matrix SEA to calculate the ELD for comparison with the ELD calculated
directly from the EICs and the ELD awdal cul a
simplified ESEA. The ensembbeverage ELD results are shown in Figures 6.12 and 6.13.
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Figure.6.2. Comparison of the ELD obtained using CLFs computed from the three different
methods. Excitation is applied to tlpperfloor and the energy level difference is taken
between the source plate and sleparating walls
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Figure.6.B. Comparison of the ELD obtained using CLFs computed from the three different
methods. Excitation is applied to tlhpperfloor and the energyelel difference is taken
between the source pladad theupper floor

Using the CLFs computed with eq. 6.5 gives a result which is closer to themetlood and

in some cases gives results which are closer to the true ELD calculated directly from the

EI Cs. For example in Figure 6.13 the method
ESEA method in the 100 and 125Hz bands. For this particular casss ifound that the

number of egative CLFs computed using @d was less than the number of negative CLFs
computed using Lalorés method in these two I

using Lalorés met hod i nc | GLEsdhdt waulddbamraquileceto f r a c
accurately predict the ensemiaieerage CLF.

6.3 Incorporating CLFs calculated from finite plates in SEA models of large buildings

In this section the CLFs for isolated junctions are calculated using the global mode approach
(Section 6.2) and incorporated into SEA models of large heavyweight buildings. In this
process each plate in the isolated junction is assigned a TLF whichuktaddrom an SEA

model which usesCLFs from seminfinite plate theory(Chapter 2). The junction line
boundary is assigned conditions of continuity, balance of moments and zero displacement

The remaining boundaries are assumed to be simply suppohtedCOFs are calculated as
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described in Section 6.2 and incorporated into the SEA power balance equations for the
building. The ELDs resulting from the matrix inversion of the power balance equations are

referred to here as being determined using the glabde SEA approach.

6.3.1 General comparison betweemlobal modeSEA and MCFEM ELDs

In Figure 6.14 a general comparison is made between MCFEM and the global mode SEA
approach for the case of excitation applied to the upper floor of room 1 in the 2_2_2gbuildin

Each blue line in the figure shows the difference in dB between ELDs calculated using the
two methods with 95% confidence limits. Hence for good agreement between the two

methods a set of blue lines which fit tightly around the zero dB line would leetexip

At frequencies where the otieird octave band statistical mode count is less than one (below
200Hz) the difference between MCFEM and the global mode SEA approach is bet@een
dB and +20 dB. At frequencies above 200Hz the difference is betd@Brand +10dB.

In Figure 6.15 the difference between the MCFEM and SEA ELDs are plotted wimgn u
CLFs from seminfinite plate theoryfor the SEA model. Comparing Figure 6.14 to Figure
6.15 indicates that the SEA model predictions are not improved bspmm@ating global mode

CLFs for this particular case.
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Figure 6.4. Difference between MCFEM ELDs and Matrix SEA ELDs for a 2_2_ 2 building
with power input to the upper floor of room@Global modeCLFs used.
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Figure 6.5. Difference between MCFEM ELDs and Matrix SEA ELDs for a 2_2_2 building
with power input to the upper floor of room 1.SEA uses CLFs from senmfinite plate
theory CLFs.
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In Figure 6.16 a general comparison is made between MCFEM and the global BE¥dde S
approach for the case of excitation applied to the upper floor of room 1 inthe 5 1 1 building.
The results using semmfinite plate transmission coefficients are shown in Figure 6.17.
Comparing both figures at frequencies below 200Hz indicates thatajly no improvement

is made by incorporating global mode CLFs in the SEA model with differences between
15dB and +20dB. At frequencies above 200Hz there is marginal improvement in the global
mode SEA approach over SEA using CLFs from siafimite plate theory. The differences
between MCFEM and SEA using CLFs from senifinite plate theory are betweeh5dB to

+8dB of the MCFEM result in this frequency range and between MCFEM and global mode
SEA approach arel0dB to +8dB. The most significant imprawent occurs in the 250Hz
band and the 400 Hz bands.

25 T T T T T T T T T T T T

UF1 (Power input)

MCFEM - global mode SEA approach (dB)

20 ] | | | | i | | | | | |
50 63 80 100 125 160 200 250 315 400 500 630 800 1000

One-third octave band centre frequency (Hz)

Figure6.16. Difference between MCFEM ELDs and Matrix SEA ELDs fd& 4_1 building
with power input to the upper floor of room@GlobalmodeCLFs used.
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Figure6.17. Difference between MCFEM ELDs and Matr8EA ELDs for &_1_1 building
with power input to the upper floor of room Wave theoryCLFs used.

6.3.2 Comparison between the global mode SEA approach and MCFEM specific
cases

In this section the MCFEM results are compared to the global mode SEA results for specific
sets of source and receiver subsystems.

In Figure 6.18 a comparison is made between MCFEM and the global mode SEA approach
for the case of excitation applied to thpper floor of room 1 of the 2_2 2 building. The
figure shows the difference in dB between the two predictions. Each curve corresponds to the
level difference between the source plate and the plate with the corresponding colour as the
curve indicated orhe diagram. All the global mode SEA ELDs are betwdeiB and 5dB of

the MCFEM results at frequencies above 200Hz. In Figure 6.19 the same plots are shown
only this time the CLFs have been calculated using-#&imite plate theory and are between

-5 and+5 dB of the MCFEM results. Comparison of the two figures indicates that using
global mode CLFs can improve the SEA predictions above 200Hz for plates directly
connected to the source plate. At frequencies below 200Hz the figures indicate no significant
difference between SEA using CLFs from senfinite plate theory and global mode SEA

predictions.

127



20 |

—a—UF1-NW1
—a—UF1-SW1
—&—UF1-WW1 |
—a—UF1-UF2
—»—UF1-UF3

UF1 (Power input)

MCFEM - global mode SEA approach (dB)

-10 | | | | | | | | | | |
50 63 80 100 125 160 200 250 315 400 500 630 800 1000

One-third octave band centre frequency (Hz)

Figure 6.B. Difference between theICFEM andglobal mode SEA approadhr the 22 2
building with power input to the upper floor of room 1
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Figure 619. Difference betweeMCFEM and wave theor$sEA for the 2_2_ 2 building with
power input to the upper floor of room 1.
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In Chapter 5 it was noted that in some cases the receiver plates would form the room that is
diagonally opposite the source room. To tei tase excitation is applied to the upper floor

of room 1 and the level difference between this plate and the plates connected to rooms 4 and
8 (see Figure 5.3) are taken.

The ELDs from SEA using CLFs from seinifinite plate theory differed from MCFEMyb-

1dB to +8dB at frequencies above 200Hz (see Section 5.4.2). In Figures 6.20 to 6.22 the
difference between the MCFEM ELD and the global mode SEA ELD for the plates
connected to room 4 and 8 is shown. There is a difference of between 0 and + 10dB in the
MCFEM and the global mode SEA approach for the flanking walls (see Figure 6.20) above
200Hz. In Figure 6.22 the difference between MCFEM and the global mode SEA approach
for the floor subsystems in room 4 and 8 is generally betwgs#s and 5dB above 209z.

In Figure 6.22 the difference between MCFEM and global mode SEA is between +3dB and
10dB above 200Hz. The closest agreement occurs with transmission from the upper floor of
room 1 to the floor subsystems of rooms 4 and 8 (see Figure 6.21); howevés this
misleading because all paths from the upper floor of room 1 to the upper floor of room 8 (or
the lower floor of room 4) must pass through a flanking or separating wall.

Figure 6.D Difference betweethe MCFEM and global mode SEA predictions for the ELD
between the upper floor and room 1 and the flanking walls in sdoamd 8
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