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ABSTRACT

Lightweight building boards are being commonly usedarious wall and floor structures because efrth
easy use and low costs. The sound insulation imiggesboard alone is not good enough so the cortitins
are mainly composed of multilayered structures. Tiekness and weight of the structures are being
minimized while the sound insulation propertiesugtidoe optimized as well. With light weight buildin
boards such as plaster boards, wood based boatdsiaerits, one constraining problem is the coianitk
phenomenon. The dip in the sound insulation prggeeis quite deep, depending on the board progedia
it is located at the important frequency area coring human perception. With visco-elastic high garg
epoxy layer used in multilayered constructions fibssible to get rid of the dip and increase thend
insulation above the critical frequency by seveedibels. With the use of epoxy-based viscoelakigh
damping glue the sound insulation tests of plywsindctures show that without any significant addaks
the totalRy can be improved 2...4 dB and above critical freqyenen 7...8 dB improvements are seen.
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1. INTRODUCTION

Lightweight building boards are being commonly ugegarious wall and floor structures because
of their easy use and low costs. Insufficient sounstilation properties make builders and constmgcte
to use multilayered structures. The thickness aa@jit of the structures are being minimized while
the sound insulation properties should be optimagevell. With light weight building boards such as
plaster boards, wood based boards and minerits, comstraining problem is the coincidence
phenomenon. The dip in the sound insulation properis quite deep, depending on the board
properties, and it is located at the important freracy area concerning human perception.

Adding mass and increasing the thickness of thectire are commonly used to increase the sound
insulation properties, but they usually mean margts, smaller room sizes, heavier structures ate. O
way to influence on the sound insulation and ttengmission loss of different structures, with a
minimal effect on the total weight, is to incredke internal damping of the materials and structure
This study is partly based on the previous researatk on the high-damping epoxy materials and
constrained-layer damping (CLD) systems in heavgmaery structures [1].

2. SOUND INSULATION

Some basic equations concerning the sound insaldghavior of a thin single building board are
presented in this section for easier interpretatdnthe measurement results of laboratory tests
presented in the section 5. More detailed infororatin the sound insulation of wall structures can b
found e.g. from reference [2].

Sound reduction indeR [dB] is defined as the logarithm to the base 1@hefration of the sound
power incident to the boand/; to the sound power transmitted through the bd&sdassuming that
there is no flanking transmission through any ottmponent than the board being tested):

W,
R=10log,. —* dB].
vttvy [dB] 1)
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A simplified prediction model can be used with gaacturacy up to the critical frequency, if the
board is assumed to be thin and infinite. At freqmyef [Hz] sound reduction index depends on the
surface masm [kg/m?] of the board according to:

R(f) = 20log,,(mf ) - 42—10Iogw£|n[2C—ﬂ\/§D [dB]. )

0

A Sewell’s correction term, which depends on tregjfrency and the ar&m? of the board and the
velocity of sound in aicy (343 m/s), was used in the equation (2) becauskeofinite size of the test
sample. Equation (2) is commonly called the figldidence mass law. It is valid in reverberant rooms
where sound reaches the specimen evenly from edctions. According to the mass law, only the
wall's mass matters. It usually gives a good estéimahen considering very heavy materials and
structures such as dense concrete walls witholga and flanking transmission that yet always do
exist. [3]

2.1 Coincidence phenomenon

The mass law is still valid only below the halftbe critical frequency, of the specimen. At the
critical frequency,, the wavelength of the bending wave in the pangi@des with the wavelength of
the sound propagating in air. Because bending wakdgferent frequencies travel at different spged
for every frequency above a certain critical fregeye there is an angle of incidence for which the
wavelength of the bending wave can become equ#idovavelength of the impacting sound in air.
That is why at and above critical frequency, thearsbenergy is efficiently transmitted through the
element causing a dip in the sound insulation cuf¥es is called the coincidence phenomenon. The
critical frequency can be calculated accordingdaation (3):

o m
=0 f120-p2 H—
¢ 2m Eh ®3)
wherev is Poisson’s ratiok is Young’s modulus [Pa] andis the thickness of the board [m]. [2, 3]

The depth and width of the coincidence dip are mheiteed by losses of sound energy in the material
and energy transfer to the supporting structure. Jiteater these losses are, the shallower and é&road
the coincidence dip is, and the less it affectsttaesmission loss. The most effective way to iasee
energy losses of the panel is to increase dampmgp, increasing the transformation of mechanical
energy into heat energy. Added damping capacithefpanel therefore decreases coincidence dip and
also panel resonances that affect the transmigeimat low frequencies. [2, 3, 4]

The coincidence dip may be shifted up or down tleguiency range by altering stiffness, boundary
conditions and changing thickness of the mateN#boden panels, such as plywood boards, are
interesting, because their coincidence dips affemjuencies most sensitive to ear. Usually greater
stiffness means steeper coincidence dip. For exanpywood has a deeper coincidence dip than
plasterboard, at least partly because it's stiffar.the other hand, if two layers of material sash
plasterboard are glued firmly together using regglae, not highly damping and visco-elastic glue,
they behave like a single thick layer with an asas@d lowering of the coincidence frequency. If the
layers are only held together loosely (with scréarsexample), so that they can slide over eachrothe
to some extent during bending motions, then then@dence frequency does not move to lower
frequencies and the friction between the layersiotmoduce some extra energy losses, giving higher
transmission loss near critical frequency. [2, 4]

3. VIBRATION AND DAMPING

Vibration controlling efforts can be focused onfdient fields: excitation, transfer paths, joints,
damping and sound radiation. One attractive wagdive the vibration problems is to increase the
damping capacity of structural materials.

With components that exhibit low inherent matedalmping, noise and vibration problems are
often generated by vibrating surfaces. Internalamnat damping, the transformation of mechanical
energy into heat, is often described using a qixanélled the loss factor, which indicates the frac
of the vibratory energy lost in one cycle of thénation. This damping mechanism, as all the other
damping mechanisms, is dependent on various fadtkesfrequency, temperature and material
composition. [2]
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3.1 Damping

Structural damping, the transformation of mechanéceergy into heat, is usually described using a
quantity called the loss factoy)( which indicates the fraction of the vibratoryeegy lost in one cycle
(radian) of the vibration. Some other terms likenggng ratio {), half power bandwidthb), decay
time (T), logarithmic decrementf], tand and sharpness of resonan@) &re also used to describe the
amount of damping in a structure. The relation stwall these quantities is [4]

n=20/\1-¢% =0/t =22/T,f =A/m=tand=Q". 4)

Typically the measured damping is a combinatios@feral damping mechanisms which are not
separable. The effect of (total) damping to theov#ly level of a point force excited structure is
presented in the Figure 1 as well as the effecdashping to the transmission loss of a wall struetur
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Figure 1 — The effect of damping on the mean véldevel of a structure (left) and on the transioisdoss

of a wall structure. [1]

Results in the Figure 1 are obtained using finiearent method (FEM) simulations. The example
structure used to demonstrate the effect of damjsiregthin steel plate with varied loss factor vaalu

The simulated results show that clear improvemértransmission loss is observed around and
above the critical frequency of the chosen panehil8r effect is hoped to achieve from the sound
insulation tests using construction boards. Therimdl damping in the steel plate used in simulation
is smaller than with the construction boards anavplbd boards used in the following tests. This doul
weaken the effect gained with added damping contptirehe steel structure.

3.2 Free-layer and constrained-layer damping

Damping materials can be used for a wide varietga@$e and vibration applications. To take full
advantage of their vibration-reducing potentialgurct designers often must make a choice between
using free-layer or constrained-layer damping (Clsi3tems. While either system will provide good
results for thin substrate panels; thick, heavgtdf structures require a CLD system to achiewghhi
damping and effective noise reduction. Considest§ construction boards and adding damping
without excess mass, constrained-layer dampingoka&gous choice to start the testing.

Most CLD applications use a three-layer “sandwishstem that is formed by laminating the base
layer to a damping layer and then adding a thirdstaining layer on the top. Typically, the
constraining layer is of the same material as taseblayer, but exceptions are common. In these
structures with multiple layers, when the systeexés during vibration, the damping material layer i
forced into a shape that shears adjacent mategi@lons. This alternating shear strain in the CLD
material dissipates the vibration as frictional thmare efficiently than the extension and compra@ssi
in the free-layer damping system. [1]
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4. MATERIAL DEVELOPMENT

Damping materials can be used for a wide varietyaife and vibration applications. Polymer
based damping treatments are one of the most conmedinods to increase damping of the structure
and thereby to decrease resonant vibration ancendise material development was focused on CLD
materials to get great results using only small ame of damping material.

The properties of polymers are highly dependentesmperature and also on excitation frequency,
and as a result, one damping material cannot callef the needs. The need for an adjustable daghpin
material in both temperature and frequency scale piapointed initially by the heavy machine
industry. Adjustable epoxy based materials wereettgped and the utilization is based on very
accurate control of location of glass transitiomperature region.

4.1 ELASTE high damping epoxies

Epoxy systems are versatile because of the larggpuof potential epoxy resin, curing agent and
modificator combinations. Examples of typical applions of epoxy materials include adhesives,
functional joints, shock absorbing pads, abrasesistant coatings and flexible laminates.

These novel ELASTE high damping visco-elastic eporaterials by NMC Cellfoam Oy, formerly
Noisetek Oy, provide high mechanical damping prtipsrin the middle of glass transition region and
are relatively easy to adjust with regard to theakton of the glass transition region by alterihg t
ratios of the components of the epoxy materialptactice, the properties of a given cured epoxy
system are designed so that the maximum peak opihanis set to appear in the property window of
predetermined thermal and mechanical vibration d¢onts. Additionally a review for the dimensions
(shape of the damper and thicknesses of the diftdegers) of a particular damper must be made to
achieve optimal damping in the desired frequenaygea

Glass transition temperature region is a phenomdaatured especially in polymeric materials.
When rising the temperature to reach this transitiegion, the modulus of elasticity undergoes a
significant change from glassy state of high modulustate belowWg region) to rubbery state (a state
aboveTy region). In about the middle of the glass trawsitregion, there occurs an intensive rise of
mechanical damping. Maximum damping loss factomugalover 1.2 are common with the novel
developed materials. More detailed information alibe developed materials can be found e.g. from
reference [1].

5. CASE STUDY AND RESULTS

The potential of ELASTE high damping epoxies in swaction industry and with lightweight
building boards was initially tested by determioatiof airborne sound insulation of glued boards in
laboratory conditions. Theory tells us that addeaimging should increase the airborne sound
insulation at especially around and above theaaitfrequency as mentioned in sections 2 and 3.

Wood based plywood boards where chosen as thedbéise testing due to the quite vast knowledge
of them and the availability of the samples froma thanufacturer. Wood based boards such as the birch
plywood are quite stiff construction boards andythee known to have a quite deep dip in the airborn
sound insulation due to the coincidence phenomenon.

The target was to evaluate the effect of the addsdoelastic epoxy layer between the plywood
layers. The glued specimens were tested with stanplgwood products manufactured at the same
thickness (and weight class) as the glued speciffie® density of the epoxy glue is around 1 kg #,dm
so the glue doesn’t have a big impact on the tw&ght of the samples. The wet thickness of thexgpo
glue was less than 1 mm and the epoxy was spreaasafto the whole area of the sample.

Two viscoelastic ELASTE epoxies with different aptim damping frequency area at room
temperature were used. Two slightly different mialsrwere chosen to see if the minor change would
have an effect on the sound insulation resultshWito materials we could always have an optimized
test sample (in damping material vice) as the @altfrequency of the plywood board varies due #® th
total thickness.

The sample thickness varied from 21 mm to 45 mmstaddard plywood board thicknesses were
used. The effect of using two glue layers insteone layer was also tested with the thickest sampl
The 45 mm sample was constructed either using 15tmok layers or 21 mm and 24 mm thick
plywood boards.

The tested samples were glued at room temperanhderdimited and a bit uneven pressure due to
the restricted equipment available during the sampanufacturing. The edges of the boards were
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clamped and a thick steel plate was used on tdpeoboard to give uniform pressure. The surfaces of
the plywood boards are not flat and there were atspe variance in the boards and thicknesses, so in
the end the epoxy layer was not constant on thdevu®a. The excess epoxy glue between the boards
was let to drip. All the manufactured and testedgi@s with their mass per unit area values aredist

on table 1.

Table 1 — Test samples and constructions

Nominal thickness, Mass per unit area,

Sample Structure and Name

mm kg/nm’
1. K45 45* 32.2
2. K21 + E1 + K24 45 30.5
3. K21 + E2 + K24 45 30.3
4, K15+ E1 + K15 + E1 + K15 45 32.8
5. K15 + E2 + K15 + E2 + K15 45 33.0
6. K21 21 14.5
7. K9 + E1 + K12 21 15.3

Names of each tested sample are composed of thhexdaations of used structure components. The
K means that the material is birch plywood andribhenber after it is the thickness of the single ldoar
in millimeters. The used viscoelastic ELASTE dangpmaterials are coded E1 and E2. The main
difference between the materials is the differgsttroal damping frequency area at room temperature.
The E1 is optimized to a bit lower frequency arg@Qd(— 700 Hz) than the E2 (around 1000 Hz). The
shear modulus G of the E1 compound is also sliglhdlyer than the modulus of E2 at room
temperature. Both damping compounds are unfilletenals with basically same chemical structure
and long term properties.

Samples 1. and 6. were unmodified, standard plywmmatds for comparison and to determine the
starting point. The standard 45 mm sample was nmredsto be 1...2 mm thicker than the nominal
thickness of 45 mm. That also explains the highassrper unit value of 32.2 kg/nThe specimen was
weighed with a 150 kg precision weighing machini1(P50).

5.1 Test method

The test methods for determination of airborne sbimsulation in laboratory conditions were 1SO
10140-2:2010 for sound reduction index within 106600 Hz and ISO 717-1:2013 for weighted
sound reduction index.

The area of every test element was (2100 x 1230 thénf. The specimen was attached to the
built in frame of the test opening using 20 x 20 mwood laths. Specimen was mounted between two
laths. The distance of the wood lath was 230 mmsmesd from the source room. The distance from
the surface of the specimen varied between 182 . n209depending on the thickness of the specimen.
The perimeters of the specimen were sealed using aastic.

The volume of the source room used in the measuremeas 81 rhand the volume of the
receiving room 113 th The operating conditions were static. Air tempera in test rooms was 22
and relative humidity 8 % while static pressure wasasured to be 1002 hPa.

More detailed information about the acoustical nieasents used in the test can be found from the
related ISO standards.

5.2 Results

As the tests were not made for any final productat life structure, we were more interested i th
behavior of airborne sound reduction indRin the frequency scale than the final weighRgvalues
of the specimens.

The following results and conclusions are basedhenmeasurements made in the laboratory test
and using only one test specimen, so great unceigaiare present because of the material samples,
mounting etc.
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5.2.1 Significance of damping glue

The significance of added damping to the airbormensl insulation properties can be seen when
standard plywood plates are compared to the glumed.on figure 3 airborne sound insulation results
of a standard 21 mm thick birch plywood, samplésécompared to the sample 7 that is constructed
using 9 mm and 12 mm thick boards and high damppaxy glue E1.

The effect of added damping can be seen cleattyariigure 3. The sound insulation dip around the
critical frequency of the 21 mm birch plywood speen, f. = 1250 Hz, is greatly reduced when
damping is added. The measured weighted sound tieduodexeRy are 28 dB for standard 21 mm
thick specimen and 31 dB for the glued specimenbmm?. All the test results are listed in table 2.

The mass per unit area for samples 6. and 7. dif§ed.8 kg/m. That is mostly due to the added
epoxy glue between the two boards and partly dubdahanges in the standard plywood boards. The
increased mass explains partly the better soundctexh index of the glued specimen, but the greatly
increased sound insulation around the critical ety is caused by the added damping. The

difference between the two samples at 1250 Hz,reen¢quency of the third octave band, is up to 8
dB.
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Figure 3 — Comparison of sound reduction indexesiof 21 mm thick plywood speci

The difference between the samples 6. and 7. aeldwequencies are supposedly due to the
difference in the mass per unit area and the uag#i¢s in the measurement method.

Table 2 — Airborne sound insulation measurementites

Mass per unit

Sample Structure and Name Ry[dB] C[dB] Cy [dB]

area [kg/Mj]
1. K45 32 -1 -3 32.2
2. K21+ E1 + K24 35 -1 -3 30.5
3. K21 + E2 + K24 34 -1 -3 30.3
4. K15 + E1 + K15 + E1 + K15 36 -1 -3 32.8
5. K15 + E2 + K15 + E2 + K15 35 0 -3 33.0
6. K21 28 -1 -2 14.5
7. K9 + E1 + K12 31 -1 -2 15.3
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The results listed in table 2 show a change of dewibels in the final weighted sound reduction
indexesRy. More interesting and significance results cansben when comparing the results of
different measurements in the frequency band digyure 3.

5.2.2 Significance of the number of damping layers

In Figure 4 results of a standard 45 mm, measurieiness ranged from 46 to 47 mm, plywood is
compared to the glued samples 2. and 4. accordifiget table 1. The sound insulation dip around the
critical frequency of the 45 mm birch plywood spwen, f. = 630 Hz, is greatly reduced when
damping is added.

The gain using two damping layers instead of ongl$s seen from the results, but the difference
between those is not as big as it is between #uedsird specimen and the glued ones. The weighted
sound reduction indexeRy are 32 dB for standard 45 mm thick specimen, 35faBthe glued
specimen number 2. and 36 dB for the glued specimuenber 4.
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Figure 4 — Comparison of sound reduction indexeglof 45 mm thick plywood specimens in frequency

domain.

The results in table 2 and in figure 4 show thatréasing the number of glue layers, the airborne
sound insulation results get better. The graphignre 4 shows that the improvement is around the
critical frequency as expected. A slight dip islstbserved with 45 mm thick plywood when only one
glue layer is used. With two glue layers the soweduction index is steady around the critical
frequency area.

It's good to notice that while the two glue layénsrease the amount of damping material in the
construction, the damping layer are also in diffengositions in thickness wise. In sample 2 witle on
glue layer, the damping material is situated veeamthe middle height of the whole structure. In
sample 4 with two glue layers, the both layersearenly far from the middle of the construction. The
position of the damping glue could have some immpacthe results, but it was not yet considered in
this set of tests.

Even though the mass per unit area is much lamgethfe unglued construction K45, the sound
insulation ability is greatly behind to the gluedes around and after the critical frequency ardwe T
weighted sound reduction indexes are listed onet@blThe improvement of sound reduction index
around the critical frequency is up to 7...8 dB.

5.2.3 Significance of damping material

In the tests series two slightly different high qanmy epoxy compounds were used. The damping
ability of the E1 epoxy compound was optimized ligtgly lower frequency area than the compound
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E2 as mentioned in table 2.

In figure 5 measurement results of samples 4. amdesshown and compared to the unglued 45 mm
thick plywood specimen, sample 1. Both glued spetisnare constructed using 15 mm thick plywood
boards with two damping glue layers. As the E1 gpiexoptimized to the frequency area where the
critical frequency of 45 mm thick plywood is sitedt the results of sample 4. are expected to bermet

Looking at the measurement results in figure 5, cae see that the difference using E1 or E2
damping glue is very narrow. The difference in tRg is only one decibel and of course the
uncertainties in the measurements could alreadya@xghat. The same 1 dB difference is also
noticed when samples 2. and 3. are compared. Thdd @lso mean that the E1 damping compound
works slightly better, as expected, due to the nogimized damping ability.
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Figure 5 — Comparison of sound reduction indexeslof 45 mm thick plywood specimens in frequency
domain. The damping glue used in samples 4. arsdstightly different.

The difference between the results gained with damqpnaterials E1 and E2 is very small
compared to the all possible uncertainties in theseasurements starting from the sample
manufacturing.

6. CONCLUSIONS

The focus on this project and the measurementdb@séirch plywood construction boards was to
observe and determine the influence of added hagthpdng ELASTE epoxy glue between boards on
airborne sound insulation properties. Tested sasnplere based on layered structures using two
different, optimized damping materials. The plywolbdards were glued together using the epoxy
damping material.

Results from measurements were partly expectetheaairborne sound insulation improved a lot
around and also above the critical frequency ofgtested board. Increasing the number of damping
layers from one to two improved the results butyanbit compared to the effect of the first damping
layer. The results were very similar using eithee @f the damping materials. The more optimized
material gave a little bit better results.

The improvement on airborne sound reduction indexiad the critical frequency area was found
to be up to 8 dB. Best results were received whithrter 21 mm plywood structure and using two
damping glue layers when measuring thicker 45 mympbd board structures.

The structures used in this project are not fimaldpict structures. These test results will help to
determine new possible structures and productsdastruction industry, other wood based industry
and also other applications were coincidence phemam is limiting the sound insulation properties
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such as different frame and door structures. Theesphenomenon is observed with almost every
construction board when lightweight structures targeted.
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