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Abstract

Neighbor noise has repeatedly been proven to have a detrimental effeattbanit residential
buildings®™MURBS)r esi dent sd6 physical and ment al heal t h
the most indoor noise annoyance amongsidentsMoreover, lightweight assemblies &mown

for their general poor soundsulationandare becoming increasingly popular as an alternative to
concrete and steel structures in North America and EuFdpating toppings have been used to
control impact noise, buhe effect of the soureeeceiver interaction is often neglected when they
are modelled by engineerstineindustry.More research needs to be done to determine the actual
influence of the soureeeceiver interaction on floor assemblies with floating toppiggsdying

the sourceeceiver interaction is fundamental to tackling ilssue of structurborne noise in
MURBs because it has been shown to influence the first of five factors of impact sound
transmission: the power injectéthe power injected into a floor due to an impact source has been
shown to depend on the mechanicalbility match (or the soureeeceiver interaction) between

the impact source and the impacted floblowever, many questions remain around the
significance of the soureeceiver interactionThis project investigates the significance of the
sourcerecei\er interaction forstructureborne soundsources orfloor assemblieswith floating

toppings and how much it varies from one souflmr combination to another.
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1 Introduction

The Introductionbegins witha sectionabout themotivation of this project, whichighlightsthe
importanceof studyingthe iSourceReceiver Interaction for Structuiorne Sound Sources on
Floor Assemblies with Floatinfjopping®. The second section of the Introduction concisely lists
the specific objectives of this project, followed by tterd section, which presents the

contributions this thesis has contributed to the literature.

1.1  Motivation

Nei ghbor noise has repeatedly been proven to
life and weltbeing, having both adverse mental and physical health effects on residents-of multi
unit residential buildings (MURBS) [1,2]. For example, one ttidds that there is a strong
correlationbetween selfeported neighbour noise and a plethora of symptoms such as perceived
stress, poor mental health, fatigue, sleeping problems and more. It was also revealed that
respondents perceived neighbor noisb&ag more annoying than traffic noise, which has been
addressed in the past a lot more than the issue of neighbor noise [1]. In another example, the
majority of respondents from a recent study performd&wrontoon two student MURBSs reported

that the wise conditiondiada negative impact on their ability to study and work from home. Due

to impact noise specifically, around 30% of participants indicated having difficulty working and
studying as well as sleep disturbances [@ther researchashighlighted the seriousne®f the
problems associated with neighbor noise annoyg8)des. Unfortunately, since the beginning of

the COVID-19 pandemicthis problemhas become more prevale®, 7,9 due to lockdowns
teleworking and teleeducation, which ultimately caused mgeople to spend additional time at

home.

Moreover, in North America and Europe, the construction industry is shifting toas@ndguction
of MURBSs usingwood-framedlightweightassemblies, such as those made out of damsmated
timber (CLT) and joist floors using oriented strand board (OSB)stead ofheavyweight
assemblies, namely those made frooncreteand masonryHowever, althoughightweight
assembliesoffer speeter and more affordable constructiammong other benefitsthey are
notorious fortheir general poor noise insulaticgspecially at low frequencie$Simber building
residents are more disturbed by impact noises than those living in concrete bujgjings



Nevertheless, especially due to ithecofriendly and sustaindb qualities it is likely that
lightweight structures will continue to gain popularity in the futlia. these reasonkghtweight

assemblies are of particular conceinen discussing neighbor noise

When it comes to neighbor noigkere are different types of soas; and they can be grouped as
either outdoor noise or indoor noise. Outdoor noise includes sources such as traffic, construction,
and weather conditionsuch as strong winds or stornhsdoor source examples inclydwmit are

not limited to, heating and cooling, water pipes, and occupants that reside in the same building.
Furthermore, noise sources can be divided into airborne sources and impact Ezaropss of
airborne sources could be a loud television or pesptruting, while impact noises include
individuals walking, children running and jumping, and objdmgg droppednto the floor.

Impact sources in particular are the cause of many complaints amongst residents in M/RBs.
instanceFigurel.1 showsthe results of case studywhere the responses from 471 participants
who live in MURBs across Canada showed that the most frequently reported indeer no
annoyancavas from impact sourcew/hichwerereported to bevenmore annoying than outdoor

noise[10].
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Figure 1.1 Annoyance levels with various noise sources [10].



Regardingimpact sound, it ismportantto study thenteraction between the sourftee object
which causes an impaetnd the receivethe structure which receives the impaghis interaction

is called the sourceeceiver interaction.tlhas been shown that the sound poingrctedinto a
receiverstructure such as a flooiue to an impact sourakepends on the mechanical mobility
match between thanpact source and theeceiver floor [11] In otherwords, theinteraction
between the impact source and the receiver tletermines how much sound power is transmitted
from the impact sourcento thefloor. Whenthe mobility of the impact source and receiver floor
arecloserto each other, tie ismorepower injected into the receiver flodrhis means that the
same impact source will behave differently when impacting one receivetdlanother anavill
inject a different amount of sound povigto them The sound power injected by the impact source
into the receiver floor is the firsf five factors inthe fivefactor method12,13,14 which is used

in determining how muckoundis transmitted throughfloor structuredue to impactin the end

the sound power that is transmitted through the flaod radiated into the receiver rodm
perceived by occupanis that roomas noisg15]. It is therefore important to study the source
receiver interaction and determine hdwehangedor different soure-receiver combinationgn
terms of bare receiver floorthie sourceeceived interactiohas been shown to particularly matter
for lightweight assemblies, whereas heavyweight assemblies are not atisctedchby the

sourcereceiver interactiofl6].

The incorporation ofloating toppingson bare base flooralters the way a floor assembly is
affected by the souremceiver interactiorirhe technology oflibatingtoppingsis commonly used
to minimize impact noise between units in MURBs. However, immafing a floatingtopping
will alterthe mobility of the floor, and depending on thebility of thesourcethis couldincrease
the influence of the souraeceiver interaction11]. Furthermore, the standard modelling
procedurefor floating toppings [17] does not take into consideration the sowemeiver
interaction. For these reasons, it is important to assessftobence of thesourcereceiver

interactionwhen floatingtoppings are involved.

1.2  Objectives
This thesis investigates the effect of floating toppings on the power injected into a floor at impact,

since floating toppings are often used as a means of impact sound insulation and may affect the



influence of the soureeecever interaction. Furthermore, floor assemblies that include floating

toppings are more complicated to mod@mpared tdoare floors and therefgref certain interest.

The specific objectives of this thesis are
1 toinvestigate the interaction between imipsources and floor receivers by quantifying
how much the soureeeceiver interaction affects the sound power injected intelifeal
floors. This will be done by examining impact sources and floor receivers separately, as
well as their combinations.
i tofind the most appropriate measurememtfigurationusing the most suitable
equipment for both the sources and the receiaarshere are various challenges

involving the measurements of their mobilities.

Ultimately, further understanding thsourcereceiver interactiomill aid in controlling structure
borne noiselue to impact sourcewhich is a knowrand seriougs g gr avat or to resid
quality of life. In turn, this willcontributeto animproved understanding tfe first factoiof impact

noise transmissiorthe power injected into a floor.

1.3  Contributions
The contributions of this thesis in the fieldiofpact sound transmission and the sousmiver

interactionaremeasuring, plotting, and analyzing the following variables:

1) Mobility of standard impact sources, namely the tapping machine and the impact rubber
ball, as well as a human wal kero6és foot wit

2) Mobilities (transfer mobility between impact positions and other positions as well as
overall mobility of the floorg of a typical6-inch bare concrete floor and bareply CLT
floor

3) Same mobilities mentioned point 2, butwith the incorporation o& laminate floating
topping to the bare floors

4) Injected power, when considering the sour@eei\er interaction and when neglecting the
sourcereceiver interaction, unto the four floor assemblies mentioned in points 2 and 3
when using with the four sources mentioned in point 1 as impact sources



5) Relative error between the poweinjected for all 16 sorcereceiver combinations
mentioned abovewhen considering and without considering the soumeeiver
interaction

The first three points provide good data to the literature for the mobility of the two most common
standard impact sourcesd twoof the most common redife impactors in MURBga human
walker, with and without shogsas well as the overall floor mobility of a concrete and a CLT slab,
with and without laminateAll measurements have beparformedmultiple times using various
measirement setups, settings, and tools, in order to obtain robust datanokhigies of the
sources and receiveralongside another variabhamed the blocked force of the sources, which
was also obtained by measurement and analytical models, are usatptde the injected powers
from the fourth pointThe mobilities of the sources and receivarsalso utilized in computing
thefinal variable therelative error, which helped provide insight on the importance of the source

receiver interaction for striwre-borne sound sources on floor assemblies with floating toppings.



2 Literature Review

In one previous analytical studyd]l it was found that for low frequencies (below 500Hz), due to

the assemblies having much lower mobilities than those of theesuthe soureeeceiver
interaction has little to no influence on the power injected by the source into the floor.
Modifications made to specimgeshowed consistent variations with all different sources, implying
that the source is behaving similarly whewpacting all different receivers. Thtsuld mean that

the only parameter affecting the injected power is the force generated by the source without the
influence of the receiver (called the blocked force) anditiflaence of thesourcereceiver
interacton is negligible. Tl currentthesisexpands orthe study from referenc&6 by testing

different sourceeceiver combinations and incorporating floatiogpings

Standard impact sources atdized in order to provide a reference for the testing gfact noise
insulation of floor assemblie$he twomost usedgtandard impact sources are tigpingmachine

and the Japanesmpactrubberball, both defined in 1ISO10148 [18]. The tapping machineas

first standardized in 1938 in Germany and then included in the American Society for Testing and
Materials (ASTM) standard in the 1960$e impact rubber ball is a standard heavy impact sound
source which was introduced by Tachibana and includee idapanese Industrial Standards (JIS)

more recently in February 2000.

The tapping machine has been criticizek to the fact that does notepresent typical dato-

day noise produced by humans, such as adults walking or children jumping on thé&lilor
frequency characteristics of the sound produced by the tapping machine are different than those of
reaklife sourceq419,20]. Theimpact sound pressure le&8IPL)spectrunof the tapping machine

is dissimilar to the one that is produced by humans inglkarefooted or with seoled shoes

That isbecauseavhile thespectrum of its blocked foramay be similar to walkers wearing hard

heeled shoes on a heavy concrete fldds dissimilar to that of humans walking barefooted or
children jumping Additionally, the mechanical mobility of the tapping machine steel hammers
does not match with the mobility of human feghich also shapes the SPL spectriioreover,

the tapping machinieas been shown froduce too little lowrequency sounfR1]. It is important

to considerlower frequencies when it comes itmpact sound insulatiorespeciallybecause



lightweight assemblies are known to have plmw-frequencysound attenuationit is at low

frequencies where floor constructionféenfail impact somd insulation standard te§&2, 23].

Neverthelessthe tapping machine is a standardized source used in the measurements of impact
noise; its purpose is not to replicate typical human soubreggo provide astandardeference
However, it is not a source of constant impact since the received impact depends on the floor as
well and its interaction with the tapping machine (the setgceiver interaction). In the cases of
floating floors, it even depends on the interaction leetwthe floating floor and the base floor.
Figure 2.1 shows the impact sound improvement of a floating fledrich is the metric used to
quantify theeffectiveness of a floating floor to minimize impact sound#ng the tapping machine

on a timber joist floor versus the impact sound improvement of the same floating floor using the
same tapping machine but on concrete base f@4r [t is seen that gecially at frequencies

above 500Hz, there are large deviations between the two.
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Figure 2.1 Impact sound improvement of a floating floor on a
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With the tapping machine, on-linearities can also be expected. For exampleoft floor
covering stiffness depends on the amplitude of the force of the impact. Othdmearities

could arise from the contact between the tapping machine hammers and thasleeen from
Figure2.2, the nature of the contact area varies between the tapping machine hammer and different
floors. Also, theras probably uneveness and deformations the surface of the hammers or the

floor. These nodinearities can be expected to cause variations in measureradnts [

on concrete
on concrete
on wood
" (perpendicular
B»‘.y._ to fibre)
on carpet

Figure22Ai Foot print so o fmachinesnddferahtar d t appi ng

floor surfaces24.

Due to the unique results between the standard tapping machine and different test floors, it is
impossible to predict human impact noise from the tapping machine. Converting from the standard
tapping machine to huam activity such as footsteps is also not possible, since measurements are
dependent on the souroeceiver interaction, the interaction between the floating floor and base
floor, nonlinearities, and more2fl]. To address this problem, the tapping mackwas modified

so thathehammer mobility better matches that of human feet. This way, the tapping machine can
act as a walker, or at least more similar to a walker, on floors of a#l. tfyeas modifiedsimply

by addingcorksunderneath the hammeuwsghich is included in ISO 10148 [18]. The modification

can be implemented to existing tapping machines. This way, the older tapping machine may be



kept [25]. Figure2.3 shows the impa@PLfrequency spectra produced on a concrete floor as well
as a timber joist floor by two individuals walking with and without sheegraged)the tapping
machine, andhe modifiedtapping machine. It is seen that after the modification, the in§Rict
sped¢rum looks more like that of a walker, especially at higher frequendmsever, there is a

lack of sufficient data regarding the modified tapping machine.

180 mm concrete floor timber joist floor
90 T t e r . 90
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Figure 2.3 Impact SPL frequency spectra of twlodrs using the
tapping machine and the modified tapping machine, and a walker
with and without shoe2f].

The standard Japandasepactrubberball was created to better reproduce human activity (such as
adult walkes or children jumping) and replace th@ang (or tire) machinevhich wasanother
standard impact sourcausing damage to wodzhsed floors46]. In comparisorwith the impact

rubber ball, he Japanese impact ball force spectra has a better correlation with those of barefoot
walkers or children jumping due to its mobility better matching thtedommon impactorsAs

shown inFigure2.4, among all impactorsghe impedance (the inverse of mobility) and the resbnan
frequency of the impact badlre closest b thoseof a human bare foolt can be seen from

Figure 2.5 that its impact SPL spectrum also best correlates with that of children jumping and



running. Moreover,hie impact rubber baik known for its ease of handling aaderation, lack of
requiredmaintenance, as well as its lower cost compared to the tapping mgzhias).
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Although there are multiple benefits related to the use of the rubber ball as a standard impact
source, there are no reliable prediction medet impact sound insulain of floor assemblies

using the impact rubber ball. Prediction models for sound transmission in buildings such as

ISO 157122 [30] use statistical energy analysis (SEMAhich works for stationary or quasi

stationary impact sources like the 1$pping machine but not for the impact rubber,lvallich

produces transier{tmpact) sounds Moreover,while the impact rubber balk most effective at

producing low frequency impact noisedibes not produce enough hiffequency soundnd is

ineffective at exciting structures at high frequendi2g. Therefore, due to the abovementioned
reasons as well as the tapping machinebds | ong

tapping machine has never been abando88d [

In a study conducted Byoozenand his peer32], a new measurement proceduwrlich assessed
theairborne sound insulatiasf partitionsfrom mobility vibration measurementsas suggested.
He proposed a method that provides an estimate for the radiatedl power that only depend
on the properties of the partition while neglecting the source altogethas rirethod, he found
that his approach is consistent with the standardized 1SO122800 measurement approach
which is based on the diffuse fiebsumption. While there were significant discrepancies at
frequencies below the Schroeder frequency (16260Hz) due to the breakdown of the diffuse
field assumption, the findings suggest that for airborne sourcesffétots of thesourcereceiver

interaction are insignificant (for frequencies above the Schroeder frequencies).

As for structurebornesoundinsulation, in an approximate method for obtaining source quantities
for the calculation of structuieorne sound transmission into lightweight dinlys, Mayr & Gibbs

[33] studed the effect of the blocked force condition approximation (also known as the force
source condition), where the mechanical mobilityhaf receiveis considered to be mudbwer

than that of thesource The blocked force calition assumption is often made by engineers when
dealing with impact sound transmission. If the blocked force condition holds, the-seceoeer
interaction is neglected. As shownFigure2.6, making the blocked force condition assumption
causes a substantial overestimation of the power injected into the structure. Howevethevhile
Mayr and Gibbsstudy addressestructureborne sound power, it was only conducted on a

centrifugal fan unit rigidly attached to a timber joist flowhich is considereda mechanical

11



installation in a lightweight building and does not specifically address impact sources or other

receiers.
1 01 T T T T T
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Figure 2.6 Power injected by fan on timber joist floor, employing

the forcesource estimate2p|.

So,what about impact sourceFigure2.7 references the analytical study mentioned in the first
paragraph of this sectiongjlandshows the difference in normalized (by the force of the source)
power injected (due only to mobility matching) between the impact ball and the tapping machine
for a frequency rangiom below 63Hz to over 4000Hz. It is seen that due to mobility matching
only, they both inject equal amounts of power into the concrete floors throughout the whole range
of frequenciess a consequence of tbencrete having a much lower mobility than the sources,
and thereforgthe blocked condition approximation holds. As tioe two lightweight OSB floors

of different thicknesses, the power injected into them by the tapping machine and the impact rubber
ball is also about the same amount (with the thicker one having slightly less power injected) but

only until about 500Hz. Fanhigher frequencies, the tapping machine injects more power than the

12



impact ball. This implies that below 500Hz, mobility matching did not have an influence regarding

impact sound transmission. Howevemly analytical modelswere consideredIin addition,

assemblies that included floating floax®re alsonot consideredwhich might add a resonance

below 500Hz to the system and ultimately affect the pamjected dueto mobility matching.

Moreover, when adding a floating floor, it is expected that theivec mobility increases, and

therefore the blocked force condition approximation may no longer hold since the receiver

mobility now better matches the source mobility. In conclusion, more research is required in the

investigation of the soureeceiver nteraction for impact sources and its effects on the power

injected.

25 x
- 16mm OSB
||==19mm OSB

20} —100mm Con
~——150mm Con|

15}
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S|

0'._

%3 125
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Figure 2.7 Difference in power injected between Hammer and Ball.
Positive value means Hammer injects more power into floor due to
mobility matching than Ball. Red curve is hidden under light blue

curve B1].

In another study, conducted by Warno8K][ it was shown that the mean difference between the

impact sound pressure levels produced by the statalgpthgmachine and those producey &

walker for different floor toppings vary. As shownhigure 2.8, the spectra vary mostly above

500Hz but they begin to vary at around 125Hz for carpetedsflddris would mean that the

13



blocked force condition approximation does not apply in this eds& the sourceeceiver
interaction mattes; since the difference between the two impact sobrgesmnely the tapping
machine and the walker) impact SPL spectra is not constant and varies from one receiver floor
topping to another. Ultimately, this suggestat studying the souraeceiver interaction when

floor coverings are involved msoimportant.
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Figure 2.8 Mean difference betwedappingmachine spectrum and
walker spectrum when using differentdiotoppings 31].
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3  Theoretical Background

The followingchapterreviews the theory behind the various conceped in this project to study
the sourceaeceiver interactiofor impact sourceslhe sectionscoverimpact sound transmission,
power injected and soureeeceiver coupling, floating floors, standard impact sources, and

analytical models

3.1  Impact sound transmission

Impact sound transmission can be described, as showigume 3.1, by dividing it into two
components: direct transmission and flanking transmission. Direct transmission is when the impact
sound energy is transmitted directly through the floor, and it is ratdgebypactinsulation Class

(IC). Flanking transmissi@mare structurdorne transmissions that run across the floors, through
the junctions and finally radiate off the walls. Both transmissions are summed to yield the Apparent
Impact Insulation Class (AlICWhich represents the apparent transmission. Direct transmission
measurements, or the IIC, can only be obtained in the lab where the flanking transmission is
controlled and supressedSTM E492 [B4] is the standard method of testing ftire lab
measurement of inget sound transmissiahrough a floofrceiling assembly using the tapping
machine as the standard impact sour®wever, n thefield (standard ASTM E10073f]), the

AIIC is insteadacquiredthrough measuremendsie to the presence of flankifg].

| &

Flanking L

Direct ¥ via other 4~

Transmission surfaces

k

Apparent
Transmission

Figure 3.1 Impact sound transmission caused by a walB@r [
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Trevor Nightingale developed the -Bactor method which explains the steps through which
flanking transmission occsif12,13,14]. It separates flaking paths into five componenti.is
simplified andillustrated inFigure 3.2. The first factor is the power injected into the structure.
How much power is injected by the source into the receid®mpends on the sourceceiver
interaction,which is also called the cowling. The coupling between an impact source and a
receiver depends dhe mechanical mobility match between twe. The impedance is simply the
inverse of the mobilityexplained inSection3.2), where the theory behind the power injected and
couplingis alsofurther explainedThe second factor is called the attenuation with distance, and it
is the distance from the source to the junction. The further the seurcénhe junction, the more
attenuation will occur, and less power is transmitted to the junction, ultimately decreasing flanking
transmission. The next factor corresponds to the junction attenuation, which is simply the power
attenuated at the junctioMany difficulties have been associated with determining the junction
attenuation for lightweight assemblie®7[38]. As for the structural attenuation, it is the fourth
factor and corresponds to the attenuation with distance from the junction on theglankiace

in the receiver roontinally, the fifth and finalfactor is theradiation of the structurborne sound

into the receiving space, and it is influenced by the radiation imped@tween the source and

the receiveralso known as the radiatiorfiefency. The flanking sound power is the result of all

five factors [L3].

1. Power injected by

source depends on @"’ 5. Flanking sound
Impedance match power depends on

radiation impedance
2. Attenuation
|@- w with Distance ‘

3. Junctipn 4. Structural
Attenuation Attenuation

Figure 32 Ni ght i n-tpetdr enétsod for impact sound

transmission12].
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In alaboratory environmenthe abovementioned flanking influences are minimiFed instance
the specimen being testedll have seals by their edges and cornerprventtransmission
through the junctions. On sitianking transmission pattaenot supressed as such. Furthere,
rooms areanuch smaller and may include objettstwould increase attenuation with distance.
For tresereasoss, onsite measurements take flanking into consideration by tisergetric AlIC

while lab measurementill yield 11C.

All impact soundransmission testing standaeksentiallyfollow the same procedusdn a source

room, which ison top ofthereceiving roonseparated bthefloor assemblypeing tested, an impact

is made using a standardized impact source, such as the tapping machine or the impact rubber ball.
The impact excites the assembly structurally, dvel gound pressure level is measured in the

receiving room 27].

Thisthesisine st i gates the fir s t-factoranethadrthéfectedpoweli g ht i n
More specifically, it investigates how the power injected is influenced by the smoeeer

interaction. As read frorRigure3.2, the power injected depends on the impedance match between

the source and the receiver. That is equivalent to saying the power injected depends on the mobility
match between the two, since Ioildy and impedance are inverses of each other. The mobility

match and its effect on the power injected is represented by the-secedeer coupling function,

which is introduced next

3.2  Power Injected & SourceReceiver Coupling

The power injected into i@ceiverstructureby a sourcat impact may be expressed as

to (1)

e
| & =
|

All variables are frequency dependerte underbar underneath the variables means that they are

complex numbersn Equationl, U is the vibrational velocity of the receivertaepoint of contact
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between the source and receiver at impahtle @ is the mechanical mobility of the receiv&he

variables are expressed in the frequency domain.

The mechanical mobilitgd, shown by Equatior2 below as the velocity divided by the force,
represents the willingness of a structure to vibrate when a certain harmonic force is applied to it.
The velocityu represents the vibration of the structure while the f&@izthe appkd harmonic

force on the structure. Therefore, between two structures with different mechanical mobilities, the
one with a higher mobility requires a smaller applied harmonic force for it to vibrate the same
amount. The impedance is the inverse of the fitpbihe force divided by the velocity. It is just

the opposite way to express the response of a structure to a harmonic force, by describing the

resistance of a structure to vibrate rather than its willingr&}s [
. U
@ 0 2

Figure3.3 showsalinear network analogy represerg a sourcereceiver systemit is used toyield
thevariablesb and™O, which are thevelocity of the receiver at contact and the force apmied

that contact point; they are shown by Equations 3 and 4 respeclifiel§ree source velocity, |,

is a property of the source, and it represents its internal velocity when unconstrained. It describes

the source activity by rating its internal \B’iﬁon.g is the source mobility11, 40, 41].

F=F,
Ys »

] VsD Vsi | Ve Y

Figure 3.3 Electrical linear network analogy for a sowreeeiver

system [11].
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The powelinjectedmay also be represented by Equatioasgnly the product of two variables:

the sourcelescriptor and the coupling functi@ii].

| €=
| 2
=
|O=

Q)

Shown inEquation6, the first paramete’Yis the source descriptor, a complex variabltech has
the dimension of power. It characterizbe impactsource as it depends only on the free source

velocity, 0 and thecomplex conjugate of the o u r rmeeh@rscalmobility, &°. The source

descriptor account s tiop, througtntiee freesaurceveldcs welhas e r n a |
its dynamic properties at the contact ppihirough the mobility (of the sourcdj is unique to

every source and therefore can be used to compare different sduttescontext of this thesis,

thebest source will have the lowest source descriptor yalsi@ will yield the lowest magnitude

of power injected on the same receivehe asterisk represents the complex conjugate of the

complex value [11].

c-

ny _ (6)

Alongside thesource descriptothe second variable upon which the power injected depenids on
the coupling functionpresented in Equation The coupling functior0 is a function ofboth the
mobilities of the source and receivlirdescribes the interaction of tdgnamic propertiesf the

source and receivertheir mobilitieg at the contact pointit representshe sourceeceiver

19



interaction for impact sourceft is a representation of howatinteraction wouldfacilitate the
transfer of power through theirtarface. It can be perceived as a transfer function between the
source descriptor and the povigiected The higher the coupling function value, the more power
is allowed to benjected by the sourae the receivefll]. It is expressed as follows:

N

|o
e
|E

()

€
| €

| , shown inEquation8, is the ratio of the magnitude of the receiver and source mohilifies
phase difference between the receiver and source mobilities is gigét Bhrown inEquation9.
They may both be used to rewrite the coupling equation seen in EqUa®ithe one seen in
Equation10. Moreover, lhe coupling function can be illustedin a plotas a function of and

3% as shown irFigure3.4. Figure3.4 showsthe level of the coupling function versus the ratio of
receiver tosource mobility| , for various phase differences%o It is a useful plot which depicts
how the mobilities (and phases) of a source and receiver interact with one another, and ultimately
how that affects the power injected by a source into a receivénpact sources [11]t is seen
from Figure3.4 belowthat the magnitude of coupling is at its maximum when the mobility of the
source and the rec&rmatch and when thigohase difference is at its largettat iswhensource
mobility andthe receiver mobilitare complex conjugates each otherOn the other hand, when
the source and receiver mobilities differ widely in magnitude, theadadless coupling between

them, and ultimately, less power transmitiei the receiver by the sourderom top to bottom,

the different curves correspotalthe phase differences‘of-*,3 “,e “,-*,and 0 [1141].

(8)

| el €

3%0 %o %o (9)
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L g (10)

I=

10 log | Cy| (dB)

Figure 3.4 Coupling as a function akceiverto-source mobilities
ratio and their phase differendérom top to bottom, the different

curves correspond to the phase differencés ef ,3 “,e “,-",

and O[11].

The case in which the source mobility is much greater than the regebdity (  <<< 1), which
corresponds to the left side leigure3.4, is called the blocked conditiomhe opposite case, when
the receiver mobility is much greater than the source mobhili>e 1), which corresponds to the
right side of the figureis called the free source conditighl, 41]. When either one of these
approximations is made, the soureeeiver interaction is neglected altogether. This thesis
investigates the validity of the blocked condition in particular, as it is an assumption thanis of

made when it comes to impact sound transmission (it is often assumed that the source mobility is

much greater than the receiver mobility).
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When the blocked force condition approximation is madiie, contact force"_O, found in
Equationd, is replace with the blocked forcgD. The free source velocity, , is now dependent

upon the blocked forcmstead of the contact force. The blocked farae be defined as the force
required to prevent a source from vibratid@][ Moreover, since it is assed that the source
mobility is much greater than the receiver mobility, we can omit the receiver mobility from

Equation 4 Finally, we can rearrange for the free source velocity to yield:

0 "Otw (11)

Similarly, when making théolocked condition approximation, the receiver mobility may be
omitted from the denominator of the coupling functigqyation7). Afterwards, if we substitute

the source descriptoEQuation6) and the coupling function into the power injected equation
(Equation5), we obtain the followindzquation12 for the power injected when the blocked force

condition approximation is made:

| (et}

0 ta (12)

Equation12 implies that the power injected into a structure by an impact source when the blocked
force condition approximation is made is independent of the source mobitiigh also means

that the sourceeceiver interaction will have no effect onlitis only dependent on the receiver
mobility, as well as the blocked force of the sourdceorder to investigate thealidity of the
blocked force condition approximation and study the actual effect of the seaaieer mobility

on the power injectedEq is calculated by EquatiorB1Eqis therelative erroiin percenbetween

the power injectedEquation J, versus the power injected when the blocked force condition
approximation is madéquation12). Note thatEquation B is only dependent onhe soure

mobility and the receiver mobility and that expressed as a percentage.

tpnmb (13)
o
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3.3  Floating Toppings

Floating toppingsare effective atminimizing vibration transmissions through floor assemblies,
ultimately reducing impact sound transmissamd improving attenuatiorrhey are also often
referredto as floating floorsThe improvement of impact sound insulatie®, is the metric used

to quantifythe acoustical attenuation effectiveness of a floating floor. Floating floors consist of a
floating slab which sits on top of a resilient interlgyehnich rests on the base floor, as seen from
Figure3.5. The resilient interlayer is highly elastic and decouples the floating slab from the base

floor. It is also assumed that the floating slableésoupled from the lateral wabs well @3].

Floating foors can be modelled as magwingdamper systems, with the floating slab being the
mass (represented log), andthe resilientinterlayer being the spring (with stiffness constignt
and the damper (with damping constentasshownin Figure3.5 below.

Floating slab
Resilient layer

——— Base floor

=
1 H
=

i e it e e e i i e
9 -

Figure 3.5 Section of albating floor setup and mechanical model

[43].

ASTM E2179[44] dictates the standatdst method followed for the laboratory measurement of
the effectiveness of a floating floor in reducing impact sound transmiggenmprovement of
impact sound insulation of a floating floar), shownby Equation14, is defined as the difference
between the sound pressure level in a receiving room due to an imphet basdloor, 0; ;, and

the corresponding sound pressure level caused by the same impacfloatithge floor on top of
the basdloor, 0; [43].
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30 0 0 (14)

Figure3.6 shows the results obtained at the National Research Council Canada (NR@dtoqy
facility of the improvement of a laminate floating floor on anéh concrete slab. It is
representativef a typical set of results for the improvement of a floating floor; as shown, they are

much more effective at higher frequencies.

Improvement of Laminate Floating Floor on 6" Concrete Slab

50 100 200 400 800 1600 3200
Frequency [Hz]

Figure 3.6 Improvement of a laminate floating floor on angh
concreteslab[45,46].

Floating floors are of particular interest when discussing the soeceéver interaction because

they generally increase the mobility of the receiver structure. This will affect the seasseer
interaction, and depending on the soukmyld bring| closer to 1.This could be problematic

when assuming the blocked force condition, which assumes the source mobility to be much greater
than the receiver mobility. Moreover, floating floors may introduce resonance frequencies at lower
frequencieswhich would ultimately increase the mobility of the receiver at those frequencies,

making the sourceeceiver interaction more relevan]1l
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In a follow-up study where floor assemblies with floating floors were tedddif was seen that

adding a floating floor to two very different heavyweight and lightweight base floors had almost
the same effect on the measurements taken with the tapping machine and the impact rubber ball.
This implies that even with applying a floating floor, the seueceiver interaction does not have

a significant effect since the source mobility is still much greater than the receiver mabitity

the blocked source condition approximation still holds. Howekestudyfrom referencel7 was

only based on one alytically modelled floating floorThecurrentproject investigates the effects

of floating floors further by taking actual measurements of specimen with floating floors.

3.4  Analytical Models

In this sectiona simple analytical modas shownfor the mobiity of an infinite plate whichis
used to modethe mobility of the floor receiversis well asa model forthe mobility ofa lumped
mass which is used to model the mobility of the steel hammer heaitie ehppingnachine The

analytical models are uséar reference and comparison with the measured data.

3.4.1 Mobility of a homogeneous, infinite plate
While there are more advanced models, such as one for the mobility of gfataed]], the
model shown in Equatiorblrepreserning themobility of a homogenous infinite plateill suffice
for the purpose of this stud§.is the bending stiffness is thedensity of the materi@nd Qs the
height of the plate

ot 31" tQ

The equation for the bending stiffne$sof aninfinite plateis given bythe Equation &, which

depend®no , the speed of sound of longitudinal wawes homogenous, infinite plate andQ

6 t"tQ (16)
(SIS

However, for orthotropic materials such as CLT, whose properties depend medlsarement

direction, the effective bending stiffness calculated. The effective bending stiffness of an
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orthotropic materiald o -go0 & isdedined inEquation ¥, where6 and 6 are the bending

stiffnesses in the-direction and ydirection, respectively

6 6 to (17)

The equation for the speed of sound of longitudinal waveshomogenous, infinite plate is

shown by Equation8 whereOi s YoungosuvimpdRoiussamdls rati o.

6 e (18)

3.4.2 Mobility of a lumped mass
The mobility of the tapping machine steel hammer bésmodelled using thEquation B, which

represents the mobility of a lumped mashe mass of the steel hammer heddhe tapping

machinés G- 1@ E @nd’Q W p. The mobility of a lumped mass is given by

p

© Hra (19)

Although thereexists a more sophisticated analytical model for the blocked force of the 1SO
tapping machine 48], for the purpose othis thesis the simple model showbelow by
Equation20, whereQ is the drop heighand™Qis the hammer frequency (10Hm)as sufficiently
accuratethat is becausall the models differ only in the frequency rarggedall give the same

answer for thentirefrequency range which we consider for this prgjedtich is 263000Hz

O gtQta t ¢z'Q (20)
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4  Methods and Materials

The followingchapteroutlines thanethods and materialsed for this project. It begins with the

methods, followed by thmaterials and toolgsed to implement the methods.

41  Methods

In order to attain the objectived this project,which are to investigate the significance of the
sourcereceiver interaction and to find the most appropriate measuremens &ettipe mobility

of the sources and receivetise following methodology was applied. Firstly, the mobility of the
impact soures was measured. The sources include the two most common standard impact sources,
namely the tapping machine and the impact rubber ball, as well as the foot of a human walker,
with and without shoes. The second step was to measure the mobility of theedieioers. The
receiver specimen included a barenéh concrete floor, the same concrete floor but with a
laminate floating topping, a barepgy CLT floor, and the same CLT floor but with a laminate
floating topping Afterwards, the injected power wasroputed for every souraeceiver
combination when making the blocked force approximation (neglecting the seceieer
interaction) and considering the soureeeiver interaction. Finally, the sourceceiver
interaction and its influence machsoure-receiver combinationvasanalyzed with the help of

the relative error percentage between lbthpowers injected (when making the blocked force
approximation and when considering the sousziver interaction)lo find the most appropriate
measuremergonfigurationgor both the impact sources and floor receiyersltiplemeasurement

settings and setups using various tools were attempted and compared.

4.2  Materials

The materialscomprise ofthe excitation tools including the impact hammer and electroayna
shakerthe standard impact sourgezamely the tapping machine and the impact rubber thall,
floor receiver specimen, the variossnsorsised thedata acquisition devicand the force plate.

Manufacturers, model numbers, and specifications are provided as well.

4.2.1 Excitation Tools
The excitation tools used in this project, namely itin@acthammer and thelectrodynamic

shaker, are instruments that are commatrtljized for the measurements ofechanical mobility
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of aspecimenFor this project, they were used to measure the mobility of both the impact sources
as well as the receiver floor assemblies.

Impact hammer

Manufactured by PCB PiezotronichetimpactHammerModel 086B20 (short sledgeyas used
which is shown inFigure4.1. It is a part of the Impulse Hammer Kit No. 291B20, which also
includes a forcesensor (Model 205M08) and two accelerometers (Models 302A02 and.308B)
Moreover, also included in the kit areur different types of hammer tips that are available for

use: super soft (grey), soft (brown), medium (red), and hard (black).

Figure 4.1 The Impact Hammer with the hard tip.
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The impact hammer is operated by tapping it lightly next to the desired measurement position,
where an accelerometer will be placed. It is conndatadorce senspwhichprovidesa measured

force signalat impact. hat force signalis then used alongside the corresponding acceleration
response obtained via the accelerometers placed on théoflomnpute the mobiliés. However,

since the mobility is the velocity over fo, the acceleration signal mdsst be integrated to

obtain the velocity.

The selection othetype of hammer tip depends on the floor being tested. The heavier a structure,
the harder of a hammer tip can be used. However, when the hammer tip is too hard for the floor
being tested, ibverloads the input of the soundcard, which is based on the matioini of
excitation, sensor sensitivity and input range of the sound€hislproducesan error known as
clipping. On the other hand, using a softer hammer tip decreases the effectiveness of the excitation,
making it ineffective for higher frequenciesh@refore, the hardest hammer tip which can be used

on a floor without causing the measurement to clip should be the one that is selected for a
measurement. In this project, the hard tip (black) was used for the bare floor measurements while

the medium tigred) was used for the specimen with floating floors.

The benefits of thempact hammer are its portability and ease of udewever, athigher
frequencies depending on the specimen being tested and the type of hammer head used, its

excitation does natork as well andnconsistencies the force signalsouldoccur.

Electrodynamic shaker

For the electrodynamic shaker, the K2004EO01 model by The Modal Shownin Figure4.2,

was used. It can provide up to 31Bdpsinusoidaforce and is run through a4 VDC supply.

One main benefit of this model is that it does not require a separate power amplifier to function,
as it already includes an integrated amplif#®]. This makes the measurement setup of the

electrodynamic sheer, which is laborious as is, one step simpler.
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Figure 4.2 The K2004EO1 electrodynamic shaker by The Modal
Shop [4].

The electrodynamic shakisrmounted t@shaker support structuvehich keeps it in place during
measurements. For floor specimen measurements, it is attached to a horizontal shakeasupport,
shown inFigure4.3. For the measurements of the impact sources, it is attached to a vertical shaker
support, as shown iRigure4.4. The shaker can slide across the shakgports and is locked in

position wherthe measurement is ready to be tak®®m impedance head, which is a sensor that
measure both force and acceleration, I's mount
sticking out of it (as seen iRigure4.2), used to pinpoint the measurement position. Finally, the
shaker injects a force through the stingehich excites the specimen. The impedaneadh

provides both the acceleration and the force at the point of measurésenith the impact

hammer, the acceleration is integrated to yield the velogthch is used alongside the force to

obtain the mobility.
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Figure 4.3 Electrodynamic shaker mounted to horizontal shaker

support during floor measurement.
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Figure 4.4 Shaker mounted to vertical support during measurement

of impact rubber ball.

Theissues seen with the impact hammer at higher frequedoiest occur with the shakdis
disadvantage is its setup; it is a lot more strenuous. A comparison of results obtainecipgthe

hammer and electrodynamic shalseelaborated upon in tiResultsSection(Section7.1).

4.2.2 Standard Impact Sources
This subsectiorpresentghe standard impact sourceghose mobilities were measured for the
purpose of this projecThey are the twmost usedtandard impact sourcesthe industrynamely
the standard tapping machine and the impact rubber ball, respedtivedso includes some of
their specifications as well as pictures of them. More details on these standard impact sources are

reviewed in the iterature Review(Chapter2).
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Tapping machine

The tapping machineshown inFigure 4.5, is a standard impact source, as described in the
Literature Reviewlt continuously drops, one after the other, five 508¢¢, steel hammerwith
spherical contact pointspaced apart by 100-+t3mm, onto the test floor from a height of
40 +- 3mm at a frequency of 10 drops per second @nops per seconger hammer), producing
steady state noisé().

Figure 4.5 The standard Tapping Machine.

Impact rubber ball

The impact rubber ball ithe second most commonly ussthndard impact sourcé weighs

2.5 #- 0.1kg and has a diameter of 178mm. It is dropped from a height of 1 meter and produces
an impact sound, as opposed to the continuous noise of the tapping m2ghimevps redesigned

in 2001 by Japanese company RION and made with silicone rubbeadnstethe former
Styrene Butadiene Rubb#&r make it more resistant to the effects of varying temperatiites.

onemeterlong stick seen irFigure 4.6 is used to help takthe measurement from the correct
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height.Although the rubber ball has beshownnotto be a linear source, it has been shown that
the error related to small variations in drop height is sr@d)! [

Figure 4.6 The Japanese Impact Rubber Ball.

4.2.3 Floor ReceiverSpecimen
The following subsection lists the measurement specimens for this project, in thef theeests

It provides their dimensions and mass per unit area.

Bare Concrete Slab
A 6-inch (152.4mm)areconcrete slab was used for this project. It has a massng area of
350 kg/n?. 6 is 5572.78 m/s and is 21.07 MPa.
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Concrete Slab with Laminate Floating Floor
Next, a laminate floating topping was installed on the samet6concrete slab shown above. The

laminate floating topping is made out o2imm cork interlayer and 8mm laminate top layer.
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Bare CLT Slab
The following specimen is the CLT slab. It is gly CLT slab, with a thickness of 175mm. Its
mass per area is 91 kggnd and® are 6264.7 m/s and 1400.83 m/s anéndd are9.11MPa

and 0.46 MPa, respectively. The effective bending stiffbess is 2.04 MPa.
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CLT with Laminate Floating Floor
Finally, the CLT withlaminatefloatingfloor specimen usedétsame CLT slab shown previously

and the same floating floor as the one used for {imel6 concrete slab
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4.2.4 Sensors
Severaltypes of sensors were utilized in thpsoject: accelerometersa force sensor, and an
impedance head. Each type is elaborated upon in the following subsections. All sensors used in
this project are manufactured by PCB Piezotronics. Before the commencement of floor specimen

measurements, all accelerometers were Il to ensure accurate readings.

Accelerometers

Accelerometer®f model 352C33vere used in the measurements involving the floor specimen.
They measure the acceleration of the specimen at the point where it is mounted. This measurement
gives insight on the vibration caused at the point of measurement due to the excitation provided.
To mount an accelerometer to a floor specimen, as sdeégune4.7, a small magnetic plate is

kept in position using a doubteded adhesive tapenéthe accelerometer is then placed on the
magnetic plate.

Figure 4.7 Accelerometer mounted to a floor receiver specimen.
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Force sensors

Similar in appearanct the accelerometerg.(), Figure 4.7), force sensors measure the force
provided at the point of measurememhhe model 205M08orce sensomwas used during this

project when flor specimen measurements using the impact hammer were made. The force sensor
is connected to the impact hammer directly and measures the force due to the impact caused by

the hammer at the point of contact with the floor.

Impedance head

An impedance head a sensothatmeasures both the acceleration and the force at the point of
measurement. It can be viewed as an accelerometer and force sensor combined into one. In this
project, animpedance head (model 288D0Mas utilized in measurements involvingeth
electrodynamic shaker, as it is attached to the stinger of the slmagedance head model 288D01

is shown below byigure4.8.

Figure 4.8 Impedance heachodel 288D01 by PCBiezotronics.

4.2.5 Data Acquisition Device(DAQ)
A soundcard may be defined aslaa acquisitiordevice which is connected to a computer
acquire and play audio data.this project, the cDAE178 model by National Instruments was
used and is shown iRigure4.9. It includeseightslots, and each slot can be connedtetbur
sensors. During a measurement, all sensors in use are connected to the solinecaandcard
is in turn connected to a computer where all data is handlegrandssed through MATLAB.
Multiple measurement settings, such as measurement time wpdt woltagewhen using the

electrodynamic shakearealsosetusinga computer
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Figure 4.9 The cDAQ9178 Soundcard by National Instruments
[51.

4.2.6 Force Plate
The PF10 force plate manufactured by Rion was used in the measurement of the blocked force of
the impact rubber ball. To find the blocked force of an impact source, the force plate must be
placed on a rigid, heavyweight surface, such &sigare4.10, to ensure that the mobility of the
source is much greater than that of the fl@drich it rests on. The force plate is connected to the
cDAQ-9178 Soundard. There are three force sensors located underneath therlpldited the
blocked force of a source, it is simply dropped on the plate. It is noted that-tt@ fBfee plate
has its lowest resonance frequenc$@Q0Hz [Z]; theresultsobtained at greaterfrequency will
have to be neglected.

Figure 4.10 The PF10 force plate resting on a concrete floor
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5 Measurement Setup

In this chaptey setups used in the measurements of impact soancefoor specimen are shown

in detail. The National Research Council Canada (NRC) floor testing facility, which was utilized
in the measurements of floor specimen in this project, is introduced.thiexteasurement setups

for the mobility of the impacsources, namely the standard tapping machine and impact rubber
ball, as well as a human walker with and without shoes, are siAdtenwards,the measurement
setups and measurement positions for both the floor and ceiling of the floor specimen are
illustrated.Finally, the measurement setup to attain the blocked force of the impact rubber ball and

tapping machine using the force plate is described.

5.1  Facility

Thefacility for the mobilitymeasurementsf thefloor specimens the NRC floor testing facility

found in building M59 on the Montreal Road campu©ttawg Ontario, Canadarlhe facility is

made of two acoustic chambers, @imvethe other, separated by tfl@eor specimerundertest.

The specimen, witanexposed area of 4.7m x 3.8mplaced onto a concreteovableframg as

shown inFigure 5.1, which is then slid in betweethe chambers. Once the frame is in place,
neoprene seals between the frame and the chambers are itflatpdesshe effects of flanking
transmission. The lower acoustic chamber is made from concrete and is mounted on springs for
decoupling and to mimize outside influence. The upper chamber is a lightweight assembly, made

of gypsum boards and insulatifs@].

e ; f"

e
2 e Er———

Lower room

Figure 5.1 Components of the NRC floor testing facility.
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The shape of both chambgiseen inFigure 5.2, along with reflecting panels inside of them
contribute to the creation of a diffuse sound field, also reducing modal efféctdly, the
chambersoé | arge volumes help to maintain the
better measurements to be taken at lower frequefsZkgs

| 175 m?

175 m3

Figure 5.2 Shape and dimensions of th&RC floor testing facility
[52].

5.2  Mobility o f Impact Sources

In this section, the numerous setups for the measurements of the mobility of the impact sources
are outlined. It begins with the standard impact sources, starting with the impact rubber ball and
followed by the tapping machine. The measurement setupbdanobility of a human walker,

with and without shoes, are also shown.

Also, different measurement settings were iterated when the electrodynamic shaker was used; the
variables were the measurement time and the output voltage provided by the shakenipbe,
for one of the measurement setups involving the impact rubber ball (ségéguie 5.3), the

measurement time was varied between 1.5, 5,D1& seconds, while the output voltage was set
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as 1, 2.5, 5, 10, 25, and 50 mV. It was concluded that for this particular measurement setup, the
combinationthat providedtheresultsin most agreement with previous findings and with the least
inconsistenes and oscillationgsvaswhen the measurement time was 5 seconds and the output
voltage 25mV. Various combinations of measurement time and output voltage settings were
iterated for all measurements involving the electrodynamic shaker, and all combivedieans

analyzed and compared with previous studies in order to finally pick theapasipriateone.

5.2.1 Impact Rubber Ball
Measuring the mobility of the impact rubber batlludes a number of challengéssuitable setup
for the ball had to be found. Haviitgresting on a surfaceould have an effect on the results due
to the normal forces acting against it. Therefore, it atesmptedo alsohave it suspended freely.
For implementationit washungfrom the ceiling using a net, a rope, and zip ties. Howéwe¢hat
position, it was difficult to keep it steady during the measurements; the force applied on the rubber
ball by the electrodynamic shaker would cause it to mbegrevent that, multiple combinations
of measurement settings, namely the measureni@e and output voltage, were attempted.
Another iissue arises when trying to keep maxi
impedance head, since the balsgherical,and the impedance head is flat. This caused the ball
and impedance head tosédg lose contact during a measurement, when a force is injected by the
shaker on the balGiven thosdifficulties, one of the objectives of this project is to find the most

appropriate setup and settings to conduct the mobility measurementsofitbes.

In order to address the seveadlovementione@hallengesmultiple measurement setups were
attempted, whicltcan be divided into verticaheasurementand horizontaieasurementg hese
are further categorized into measurements taken when thetitgll is either suspendedrested
For the verticakuspendedet of measurementbe ball washungfreely from the ceiling, as
explained in the previous paragraghh e | mp a ct mohility tvas meabueetl Vedically

from underneath using theegeltrodynamic shakeas seetelowin Figure5.3.
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Figure 5.3 Verticalsuspended measurement setup of the rubber ball

mobility.

However, the weight of the ball may have influenced the results for this set of measurements.
Thereforeyerticatrestingmeasurementshown inFigure5.4, wherethe ball is resting on a
surfacewere attemptedlhe mobility is measured from above, with one set of measurement
taken with the ball resting directly orhaavyweight low mobility) surface(left picture in
Figureb.4), while another was taken with the impact ball restingts designated standght

picture inFigure5.4).
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Figure 5.4 Verticatresting setup for the mobility of the impact

rubber ball, on a heavyweight surface (left) and on rubber ball stand
(right).

For the setups shown Kigure5.4, the normal force acting on the ball by the surfapen which

it is resting on could have had an effect on the resuliserefore,measurements/ere taken
horizontaly, where the impact hber ball was both suspended and resting were attempted. The
left side ofFigure5.5 shows the former, while the right side shows the lattéren reting, as
mentioned earlierthe normal forces could have an effect. As for when it waspended
measurements were rwith threedifferent setupswith the ball suspended freely;jth the ball
lightly supported with fingers otmeopposite side of shakeand with the ball suspended at a slight
angle/lightty pus hi ng agai nst The lastweweee koensdre thasthheiball glaes .
not move during the measurement, while trying to have a minimum effieitte freeness of the

suspended impact rabr ball.
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Figure 5.5 Horizontal measurement setups for the mobility of the

impact rubber ball, suspended (left) and resting (right).

5.2.2 Human Foot
The mobility of the human foot was measured using two different setups on both feet of three
individuals, with and without shoes. The first setup is showkigare5.6, where the individuals
are sitting on a chair and have their legs resting while the measurement is being performed
horizontally.

The second setup has the individuals sitting on an elevated surface with their legaispehded

from the end of the surfaceh& mobility isthenmeasured vertically from underneath, as shown
in Figure5.7. The results are discussedGhapter7.
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Figure 5.6 Horizontal measurement setup of foot of human walker

with and without shoes

Figure 5.7 Vertical measurement setup of foot of human walker

with and without shoes.
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5.2.3 Tapping Machine
Themobility of the tapping machine was measured by using the shaker on one of its steel hammers
measuring from underneath as showrfigure5.8. The slaker was set on the floor while the
tapping machine was elevated from both emsiag bricks allowing the stinger to make contact
vertically with one of thesteelhammers.

Figure 5.8 Measurement setup of the tapping machine.

5.3  Blocked Force of Sources

In order to acquire the blocked force of standard impact sourcePRfh6 Rion face plate
described inSubgction 4.2.6 was used. It was placed onhaavyweight,concrete floor, as
illustrated inFigure4.10, where the impact rubber ball and the standard tapping machine hammer

were dropped on it from their standard drop heights of 1m and 40mm, respectively.
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Given the large uncertainty with the blocked forces of the walker with and without shoes due to
the dfficulties associated with their measurements using the force plate, they were replaced with
theblocked force of the impact rubber ball since the mobility of the rubber ball is much closer to
that of the walker with and without shoes thhat ofthe mollity of the tapping machine. This

will be presented later iRigure7.5. While this may be a source of error when finding the powers
injected, Equatin 13 shows that the relatieeror percentage between both powers injected (with
and without considering the soufmereiver interaction) does not depend on the blocked force of

the source.

5.4  Mobility of Floor Receivers

Forthe measurement setup for thedit mobility measurementtherearesevenpositionson the

top side of the specimawvheretheaccelerometers were placésbur of themwere also excitation
positions where thelectrodynamicshake, impact hammey standard impact rubber ball, and
standardapping machingvere used texcite the specimen and take measurem&iten exciting

the floor receivers with the impact hammer, four taps are performed with the haamtehe
results from the four tapsereaveraged for more representative data. More on the processing of
the data is explained i€hapter6. Figure 5.9 shows the coordinates of seven accelerometer
positions that were consistently implemented on every specandfur of thesepositions were

also excitation positiong-igure5.10 shows the positioning of the accelerometers (circled in red)

on an actual floereceiver specimen for the measurement of its mobility.
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specimen.
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Figure 5.10Positioningof the accelerometers (circled in red) for the

measurement of the mobility of a floor specimen.

While thepositioning of the accelerometeasd excitation positionaasrandom it was intended

that theycover most areas of the flodtis important to nat that when measuring the mobilities,

a measurement taken by the impact hammer or electrodynamic shaker at a certain excitation
position will provide the point mobility for that position and the transfer mobility for the six
remaining positions. Having nigle measurement and excitation positions allow us to average
the results yielded by all these positions, ultimately providing mepeesentativadata. For
example, in order to get the mobility of a floor, the average of the transfer mobilities ofairthe

measurement positiomgasused. More details on data processing are giv&haptero.
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As for the ceilings, there areight accelerometepositions,with their coordinatedaid out in
Figure5.11. Those accelerometers yield the transfer mobility between the excitation position on
thefloor to their respective positions on the ceilftige bottom surface of the flogithrough the
floor. As withthe floor assemblies, positions were picked at random and were maintained for the
remainder of the specimen testétjure5.12 shows the ceiling in the lower chamber durihg

floor specimen measurement.
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Figure 5.11 Coordinates of theight accelerometers on the ceiling

of the floor specimen.
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Figure 5.12 Lower chamber during floor testing.
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6 Data Processing

The followingchapteidescribes the post processing of the data acquired thtioegieasurements

using the impact hammer and electrodynamic shaker. It begins with a section about the post
processing involved with obtaining the mobility of the sources. Then, it proceeds with a section
on the post processing of the data used to yledpbint and transfer mobilities on the floor
receivers. Moreover, the OReceiversod section
order to yield the overall mobility of a floor specimen and its corresponding overall ceiling

mobility. All datawas acquired and processed through MATLAB.

6.1 Sources

During the mobility measurements of the sourc
provides both the force at contact as well as the acceleration of the source at that point. Then, the
accelerabn signal is integrated to yield the velocity. The acceleration, force, and velocity are all
shown inFigure6.1f or a case of mobility measurement of
the figure, the electrodynamic shaker providesasoidakweep signal as the force. When using

the shaker, there is no averaging involved such as with the impact hammer, sesfoliowing

subsection. Finally, using the force and velocity, the mobility of the source is obtained using

Equation 2. The mobility of the foot of the individual from this example is showigumre6.2.

Acceleration vs. Force vs. Velocity - Shaker Measurement of Foot
80 T T T T T rTT T T T T T m1TTT T

60/\”'/\—
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/
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40 . 2, N
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——Force [N]
Velocity [m/s]

60 1 I T T 1
20 40 60 100 200 400 1k 2k
Frequency [Hz]

Figure 6.1 Acceleration, force, and velocity yielded by shaker

measurement of foot of a human walker.
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Mobility of Foot
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Figure 6.2 Mobility of the foot of a human walker.

6.2 Receivers

The impact hammer was the main excitation tool that was used on all receiver flsovpeitated
simply by tapping it at the desireskcitation location where there will be an accelerometer
mounted As seen fronFigureb.9, there ardour excitation positions on the floor specimen where
measurements are performed using the impact harByéappingright next to the accelerometer,
the force sensorwithin the impact hammerecords the force produced by the tap, and the
accelerometemounted to the floorecords the vibration of the structure at that locafltrerefore,
after obtaining the velocity by integrating the acceleration, every measurement position yields a
point mobility (corresponding to the position where the measuremeakes)tand six transfer
mobilities, one between the excitation positions and each of the remaining six accelerdxseters.
mentioned inSection5.4, four tapsare peformedper measurememt a single location. Each set

of four taps isaveraged for bettemore consisterdata.

By using the impact hammer, the force impudgmalwas obtainedhrough the force sensbuilt

in the hammerTheacceleration signalsere also obtaineda the accelerometers timedifferent
positions of the floor and ceilings seen fronkigure5.9 andFigure5.11. Figure6.3 shows the
force signalsdr the four taps of thenpact hammemeasurement &osition2 (as illustrated in
Figure5.9) of thebare6-inch concretefloor specimenwhile Figure6.4 shows the corresponding

acceleratioryielded by the accelerometat that position.

53



Force signals from impact hammer measurement - Position 2 on 6in concrete
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Figure 6.3 Force signals from measurement using the impact
hammer (four taps).

Acceleration signals from impact hammer measurement - Position 2 on 6in concrete
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Figure 6.4 Acceleration signals from measurement using the impact
hammer (four taps).
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Afterwards, everyforce and accelernain impulse corresponding to each one of the four imps
separatedThe force and acceleration signals are titgairedfor each individual tap of thenpact
hammemeasurementigure6.5 shows the force impulse measured from the first tap, separated
from the rest of the impulses, whiggure6.6 shows the acceleratigmelded by the accelerometer

at Position 2 These figures are plotted in the time domain and represent a typical force and
acceleration signal using an impact hammer on a floor specimen with accelerombeers. T
acceleration signals are then integrated to yield their corresponding velocities. Using the force and
velocities, we obtain the mobility through Equatibmlong with the force produced by the impact
hammer, thevelocity yielded by the acceleratiorad from the accelerometer at the position of
measurement will give the point mobility. The rest of the accelerometers, along with the same
force, will yield the transfer mobilities. For example, for a measurement made at Position 2, the
point mobility of Pwition 2 for that floor specimen is obtained, as well as the transfer mobilities
between Position 2 and the rest of the accelerometer posit@nexcluding the accelerometer at
Position 2).

First force signal from impact hammer measurement - Position 2 on 6in concrete
I 1

2000 I I I I 1 I 1

1500

1000 - -

500 - -
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-500 [~ -1

-1000 1 1 ] 1 ] 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time [seconds]

Figure 6.5 First force signal from measurement using the impact

hammer.
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First acceleration signal from impact hammer measurement - Position 2 on 6in concrete
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Figure 6.6 First acceleration signal from measurement using impact

hammer.

In the frequency domairfigure6.7 shows the force, acceleration, and velocity signals of the same
tap fromFigure 6.5 andFigure 6.6. The point mobility,alsoin the frequency domain, obtained
from each individualtap performedat Position 2on the 6inch concrete slab is shown in
Figure6.8. The samgpostprocessg is applied to alfour taps of a given measurement, and for
the purpose of having more accurate datad accounting for little irregularities and

inconsistencieghe average mobility is obtained.

Figure 6.8 also shows the averaged point mobility obtained from the four taps applied at
Position 2on the 6inch concreteloor specimenlt is shown that both results are similgr until

1000Hz. Afterwards, results from each tap begin to vary substantifigt is due to the impact
hammer s inability to efficiently Asexpited t he
in Sub®ction4.2.1, depending on wabh tip is used for the impact hammer and how heavyweight

the structual specimen is, the hammer is effective at exciting the structures only up until a certain
frequency lt is the black tip, the hardest one, which was used for the mobility measurerments o

the 6inch concrete floor specimen. A softer tip would have provided results only valid for a

narrower frequency range.
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Acceleration vs. Force vs. Velocity - Hammer Measurement of 6in Concrete Floor
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Figure 6.7 The force, acceleration, and velocity signals of the first
tap ofimpact hammer measurement on Position 2ioic concrete
in the frequency domain.
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Figure 6.8 Point mobility of Position 2 on-8ich concrete floor
specimen yielded by the impact hammer due to four tagsten
four taps averaged.
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Figure 6.9 shows the transfer mobilities obtained through the impact hammer measurement on
Position 1 of the énch concretefloor. Each line on the graph represents the transfer mobility

between Position 1, where the measuremeastaken, and the rest of the accelerometer positions.

Transfer Mobilities - Hammer Measurement of 6in Concrete Floor at Position 1
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Figure 6.9 Transfer mobilities fromimpact hammer measurement

on Position 1 of the-ehch concrete floor.

For every measuremerttere are two different averages involved: the average transfer mobility
and the overall mobility. The average transfer mobility is the average of the six transfer mobilities
involved in a single measurement at a specific position, such as the onesKgans6.9. Since

there are four measurement positions, every floor specimen yields four average transfer mobilities.
Figure6.10shows the average transfer mobility for each one of the four measurements performed
on the 6inch concrete floor. As for the overall mobility, it is the average of the faverage
transfer mobilities for a floor. It is essentially the average across measurement positions. To
compute this average, the root mean square is t&igure6.11 shows the overall floor mobility

of the 6inch concrete floor, obtained from the average offthe average transfer mobilities seen

in Figure6.10. The overall floor mobility is used as an estimate for the mobility of the floor as a
whole.Finally, mobility results of the floor receivers are shown in the tbathve band, as shown

in Figure6.11.
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%0 Average Transfer Mobility for Every Measurement Position on the 6in Concrete Floor
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Figure 6.10 Average transfer mobilities for every measurement
position on 6éinch concrete floor.
Overall Floor Mobility of the 6in Concrete Floor in 1/3 Octave Band
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Figure 6.11 Overall mobility of &inch concrete floor shown in 1/3
octave bands.
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As for the ceilings, the same post processing as the one involving the floors is followed. There are
eight accelerometers attached to each ceiling. For each one tuhmeasurement positisn

there areseventransfer mobilities; the accelerometer on the ceiling that is closest to a given
measurement position is neglected. Similarly, for each measurement positisayéhn&ansfer
mobilities are averaged to get tfoar average transfer mobilities. Finally, the average transfer

mobilities of the ceiling are averaged to yield the overall mobility of the ceiling.
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7 Resultsand Discussion

This chapter presents various resutibtained from multiple measurements conducted in this
projectwith the first section, followed by a secoand finalsection which is a discussion of these

results

7.1 Results

The first subsectiopresentsesults yielded for the mobilities of the impadcusces while the
second one displays the mobilities from measurements on the floor receivers (imaotsfiy,
overall floor mobility, and overall ceilingnobility). The third and finakulsection outlines the
power injected when the blocked conditiorpagximation is made angith the consideration of
the sourceeceiver interaction, as well as the relative error percentage between thiefitvadly
includes a figurgwhich plots the variability in the coupling function relative téor each one of

the four floor assembly specimen.

7.1.1 Sources
Figure7.1 shows the mobilities of the rubber ball obtained from the vertical set of measurements
seen inFigure5.3 andFigure 5.4, while Figure7.2showst he | mpact ball 6s mob
horizontal set of measurement, as seeRigure5.5. In Figure 7.1, the yielded mobility of the
impact rubber ball for the suspended vertical measurement (blue line) showed the least distortions
and fluctuagions. As forFigure 7.2, it shows that most setups provide similar results, with the

exception of the suspended freely horizontal measurement daiedige).

Figure7.3 compares the mobility result of highest quality between both sets of measurement. High
guality data would show repeatabilibf results with iterations of measuremerResultswere
further validated by comparing the first three dips in mobility with the first three free mode shapes
found in a previous studwt frequencies of 74Hz, 118Hz, and 168Hz [5Bhe vertical
measuremer(from Figure7.3) was chosen as the mobility for the impact rubber ball for the rest

of the calculations.
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Figure 7.1 Mobility of the impact rubber ball for the set of vertical

measurements.

Mobility of Impact Rubb@l’ Ball - Honzomal Measurements
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Figure 7.2 Mobility of the impact rubber ball for the set of

horizontal measurements.
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Mobility of Impact Rubber Ball - Vertical vs. Horizontal
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Figure 7.3 Highest quality result for the mobility of the impact

rubber ball from the vertical and horizontal sets of measurements.

Figure 7.4 shows the mobility of the foot of a human walker with and without shoes taken
horizontally and vertically, as seenfkingure5.6 andFigure5.7. For the case with no shoes, the
horizontal measurement was chosen for the remainder of the calcylatmahghe vertical
measurement was picked for the walker with no shoes. That is sbephuse while results for

both measurements setups correlate well with each other for both the walker with and without
shoes, the chosen ones show smoother lines which indicate they were higher quality
measurements§or the case with no shoes, there isutao2.5dB difference until 70Hz where they
converge almost entirely. As for the case with shoes, they converge at about #@delzs an
approximately 7dB difference between 206{2Hz where they converge briefly and then deviate
again with a differencef about 5dB between 80HHOHz.In both the case with shoes and without

shoes, the deviation between the two carngdikely due to a shift observed in their resonances.
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Mobility of Foot of Human Walker - Horizontal and Vertical - With and Without Shoes
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Figure 7.4 Mobility of foot of human walker with and without

shoes, taken horizontally and vertically.

The mobility of the tapping machine, both measured amalyticaly predicted(according to
Equation19), are plotted inFigure7.5 along with the rest of thpreviously mentioned our c e s 0
chosen mobilities. The measured tapping machine mobility is almost identical to the analytical
tapping machine mobility up until apptionately 400Hz, after which there is deviation and
fluctuatiors in the graph of the measured tapping machine mabilitys is assumed to be a
measurement errpand thereforgthe analytical mobility of the tapping machiwasconsidered

for the rest of e study. As for the second standard impact source, the impact rubber ball, it
increases from abou50dB at 20Hz te15dB at 200Hzafter which it decreases back-&0dB by
3000Hz. The peak of the mobility of the impact rubber, bahlich is-15dB at 2061z, sits in
between the peaks of the mobility of the walker with no shoegpmbximately-15dB at70Hz,

and the mobility of the walker with shoes agproximately-25dB at400Hz.
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Source Mobilities
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Figure 7.5 Mobilities of the sources.

7.1.2 Receivers
Figure7.6 andFigure7.7 compare the overall mobilities of the floor and ceiling using the impact
hammer and using the electrodynamic shaker as excitation sobigeee 7.6 represents the
measurements made on the bare concrete floor Wigjilee7.7 corresponds to those made on the
concrete floor with the laminate floating topping. It is seen from both figures that there are only
slight variations between the results yielded from theahfpnammer and the electrodynamic
shaker. For the bare concrete floor, it is seen fiigare 7.6 that the difference in overall floor
and ceiling molities between the hammaeand the shaker do not surpass 10dB for the whole
range of frequency, except at 2000Hz where there is a large dip for the impact hammer
measurementsBetween 30HZ200Hz is where the 10dB difference is found between
measurements rda with the hammer and the shaker, for both the floor and ceiling, where the
shaker provides results with the higher mobility. From 206BI@Hz, there is good correlation

between both excitation tools with about 1dB difference between the two. Betweer- 500H
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1500Hz there is a #BdB difference, after which the dip caused by the hammer occurs and brings
the mobilities of both the floor and the ceiling to almd&0dB.

Hammer vs. Shaker - Bare Concrete - Floor and Ceiling Overall Mobilities
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Figure 7.6 Floor and ceilingoverall mobilities of the bare concrete
floor using both the impact hammer and the electrodynamic shaker.

As for the concrete floor with laminatéigure?.7 shows a similar agreeability between the impact
hammer and the electrodynamic shaker, with a difference of no more than 2dB between the
hammer and shaker for the mobility of the floor (except 568612Hz where there is a difference

of approximatef 10dB with the shaker providing the higher mobility). As for the ceiling, there is

a difference of about 10dB at 40Hz until they converge at 80Hz and correlate to a maximum
difference of 5dB at 400Hz until 1000K8000Hz where there is a difference of abbddB with

the hammer providing the mobility greater in magnitude. Since there is gege@dsgreeability

between floor mobility results between measurements made using the hammer and measurements

using the shaker, for the remainder of the floor speni only the impact hammer was used to

66



conduct the measurements, since the electrodynamic shaker is much more laborious and time

intensive to use.

Hammer vs. Shaker - Concrete with Laminate - Floor and Ceiling Overall Mobilities
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Figure 7.7 Floor and ceiling overall mobilities of th@wcrete floor
with laminate floating topping using both the impact hammer and

the electrodynamic shaker.

Transfer mobilities betweelMeasuremeniPosition 1 and all other sensor positions on the bare
concrete floor are plotted figure7.8. For measuremesidone orMeasuremenPositiors 2, 3,
and4, the transfer mobilities follow a very similar trend; therefore, their figures are not included
in this report. It is shown frorRigure7.8 that beween 30HzL000Hz, the transfer mobilities are

mostly between110 dB and120 dB for the bare concrete floor.
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Transfer Mobilities - Hammer Measurement of Bare Concrete Floor at Position 1
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Figure 7.8 Transfer mobilities between measurement position 1 and

all other sensor positions t¢ime bare concrete floor.

Figure 7.9 presents the average transfer mobilities yielded from all fmasuremenpositions

for instance, the blue line is representative of the average of all linesfgume 7.8. Figure7.9

shows that correlate very closely (with the epdion of a dip at 40Hz by Measurement Position 1
instead of a peak as seen with the rest of the measurement positions), which confirms that the
transfer mobilities yielded by all measurement positions follow a similar trend as the one seen in
Figure7.8.
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0 Average Transfer Mobility for Every Measurement Position on the Bare Concrete Floor
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Figure 7.9 Average transfer mobilities for all four measurement

positions on the barmoncrete floor

Figure7.10, similar toFigure7.8, shows the transfer mobilities between measurefPasition 1

and all other sens®ositions but for the concrete floor with laminate floating toppiigte spread

can be seen between the transfer mobilities than in the case of the bare concré&&eamtledhe

transfer mobilities from the measurement taken at Position 2 yield similar results, the
corresponding figure was omitted from this sectid¢vh i | e t he bare concret
mobilities showed deviationof generally not more thatDdBfrom each othelFigure7.10shows

a greater difference between transfer mobilites when the laminate topping is added, with
differences of up t@0dB between Position 3 and Position 6 at lower frequencies {20612z)

as well as 15dB between Position 4 and Position 5 at mid frequencies {800Hz).
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Transfer Mobilities - Hammer Measurement of the Concrete Floor with Laminate at Position 1
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Figure 7.10 Transfer mobilities between measurameosition 1
and all other sensor positions on the concrete floor with laminate

floating topping.

As for the transfer mobilities &osition 3, it is shown frorRigure 7.11 that there is even more of

a spread between thehtere, Position 5 reads the highest transfer mobH&9dB to over60dB)

and Position 2 reads the second highd€iQdB to about65dB). The measurement at Position 4,
similar to Position 3, yields transfer mobilities that are also further spread out from each other in
comparison taransfer mobilities results from MeasuremPBuositions 1 and 2, except that it is the
transfer mobility betwe® Position6 and4 havingthe highest in magnitude85dB to-58dB) and

the transfer mobility between Positi@rand4 having thelowest in magnitud¢-95dB to-80dB).

Figure 7.12 represents the average transfer mobilities for all four measurement positions on the
concrete floor with laminate floating toppinth comparison tdrigure 7.9, which shows the
average transfer mobilities for the bare concrete floor, there is a much larger spread between the

average transfer mobilities yielded by each measurement position

70



Figure 7.11 Transfer mobilities between measurement position 3
and all other sensor positions on the concrete floor with laminate

floating topping.

Figure 7.12 Average transfer mobilities for all four measurement

positions on the concrete floor with laminate floating topping.
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