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Acoustic performance of junctions in cross laminated timber constructions
JESPER HORNMARK

Department of Architecture and Civil Engineering

Chalmers University of Technology

Abstract

With the emergence of cross laminated timber (CLT) as a structural material on
the global market, the need to understand the acoustical behavior of buildings con-
structed with the material grows. CLT faces a set of challenges that concrete or
masonry do not; being low density, high in stiffness, sometimes isotropic and some-
times orthotropic depending on the composition. Flanking sound transmission often
becomes an issue in the acoustic performance of mass timber buildings. While di-
rect sound transmission can be treated with conventional methods e.g. additional
layers, the flanking paths are more complicated to treat since they need to transfer
loads over the length of the element. This master’s thesis aims to investigate the
flanking paths in cross laminated timber buildings by measuring the structure-borne
vibration reduction index (k;;) in realized buildings. The in-field measurements are
compared to standardized estimation models and lab measurements published in
past research.

This thesis finds that standardized estimations underestimate the performance of
the examined junctions in low frequencies. The lab measurements are closer to the
in-field performance but exaggerate the influence of metal connections and mass-
spring behavior of junctions with elastic interlayers. Additionally the theory and
results indicates that external loads on the junction play a major role in the result-
ing performance. Elastic interlayers are not as effective in low levels as in the high
levels of any given building, presenting a challenge as mass timber structures are
increasingly being built taller.
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1

Background

Cross laminated timber is increasingly making timber a viable alternative again as
a load-bearing structural material for new constructions around the world; a market
dominated by steel and concrete since the beginning of the 20th century (Brandner,
Flatscher, Ringhofer, Schickhofer, and Thiel, 2016|). The main factors why CLT is
gaining traction include but are not limited to (Barber, [2015)) (Darby, Elmualim,
and Kellyl 2013)):

1. Low carbon footprint

2. Fire resistance

3. Load-bearing in- and out-of-plane

4. Lightweight

5. Prefabricated modules allowing easy and accurate assembly
One study found that the worldwide production volume has increased from 500 000
m?/a in 2012 to 625 000 m?/a in 2014 and thereafter was expected to grow to 700
000 m3/a in 2017 (Brandner, Flatscher, Ringhofer, Schickhofer, and Thiel, 2016)).
Currently in Sweden the sole production facility of CLT, run by Martinson, increased
its production capacity from 7000 m?/a to 22 000 m®/a in 2017 (Aronsson|, |2017D).
In 2019, Stora Enso’s new CLT production facility is set to open with a capacity of
producing 100 000 m?® annually (Aronsson, [2017a)).

In virtually all of Europe wooden structures higher than two stories were banned
until the 1990’s (Ostman and Kéllsner, 2011)). In Sweden the ban was lifted in 1994
(Hansson and Hervén| 2011). There has been several showcases of CLT’s capability
as a high-rise building material since then. "Treet (the tree)" in Bergen, Norway
famously became the worlds tallest timber building in 2015 at 14 stories (Abraham-
sen, 2015). The student residence at the University of British Columbia overtook
the title in 2017 with 18 stories (Gintofl, 2016). This high-rise building race is cru-
cial for CLT to prove its value and become a serious contender to concrete and steel
on the global market. As CLT gains traction as a building material for high-rise
constructions, the need for empirical data concerning acoustics in these types of
constructions increases.

1.1 Composition
Cross laminated timber elements consists of layers. One sheet of lamellas is glued to

another sheet rotated perpendicular to the fibers of the first sheet. This continues
for every layer added (Figure[1.1]). CLT elements are always made up of an uneven

17



1. Background

number of layers. Most commonly ranging from 3 to 7 layers.

Constructing CLT elements
YR 7\ -
\}'/ ‘@:/‘ (3\

Figure 1.1: CLT element assembly

Because the element structure has fibers going in both directions of the plate it
becomes load-bearing in all directions. This can be compared to glulam which
is load-bearing in one direction, since all fibers are parallel to each other (Figure
. This means the material can compete with other materials, such as concrete.
Though not as strong in compression, it is more lightweight and therefore does not
need to carry as big of a load.

Glulam

===

E=E]

Figure 1.2: load-bearing capabilities of CLT vs glulam

1.2 Environmental impact

If the life cycle assessment of the same multi-story building constructed with a con-
crete frame and a CLT construction is compared, then the ecological benefits of mass
timber becomes clear. If the timber is sourced from sustainably managed forests,
the E. (embodied carbon) ranged from -1021tCO2e for re-use to +126tCO2e for in-
cineration without energy recovery as the end of life treatment. That is 1525tCO2e
and 378tCO2e less than that of the concrete building respectively (Darby, Elmualim,
and Kelly, 2013). This is partly because the timber stores CO; even as it is func-
tioning as a building material.

With increasing national and international sustainability goals combined with the

fact that CLT can measure up in strength leads to the conclusion that high-rise CLT
constructions are here to stay.

18



1. Background

1.3 Fire safety

Conventional wisdom tells us that wooden structures are a fire hazard and is the
reason high-rise timber constructions have been restricted until recently (Ostman
and Kallsner, [2011). However, the wooden structures of old were often constructed
with timber pillars, beams, and single layer wooden walls; unlike the mass-timber
systems that are currently being used for new timber structures. Just like any
other combustible material, CLT has the potential to feed a fire. The difference is
that during fire-exposure, massive timber products generate a thick layer of low-
density insulating char on the element side exposed to the fire and thereby protects
the timber behind from elevated heat effects (Dagenais, White, and Sumathipala,,
2013). When done right, this would ensure structural integrity for a longer period of
time than steel (Barber| [2015). How well the CLT structure performs does however
depend on a couple of factors, e.g. type of adhesive, panel thickness, laminate
thickness, wood species, panel-to-panel joint configuration, etc.(Dagenais, White,
and Sumathipala) 2013).

1.4 Health benefits

It has been proven that exposure to nature reduces stress and blood pressure levels as
well as promote creativity and concentration. New findings suggest that exposure to
wooden surfaces indoors will lead to similar benefits. The study "Wood and human
health" had students perform different tasks in rooms with and without exposed
wooden surfaces. The stress level, as measured by sympathetic nervous system
activation, was lower in the room with exposed wood ([Fell, [2013]).

1.5 Previous measurements

Rothoblaas, "Flanksound project"

Italian CLT-solutions producer funded a research project called "The flanksound
project". Like the title hints at, the goal was to figure out flanking transmission
in CLT structures i.e. measuring the vibration reduction indexes "K;;". It was a
controlled lab experiment of different junction compositions consisting of two to four
elements depending on the junction. The CLT-elements came from seven different
manufacturers. The experiment focused on the influence of screws, brackets and
interlayers.

Timpte, "Vibration Reduction Indices of Cross Laminated Timber Struc-
tures", 2016

This master thesis gathered vibration reduction indexes from eight different insti-
tutes and compared the different junctions. The focus was similar to that of the
Flanksound project, to see how changing different properties of the junction changes
the overall flanking performance of the structure. The measurement data provided
is mainly from lab.
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1. Background

Bard, Davidsson and Wernberg, "Sound and vibrations investigations in
a multi-family wooden frame building", 2010

This paper measured impact noise transmission in a CLT-building. The measured
paths were direct, first and second order flanking. The main focus was to determine
the noise isolation performance difference between upper and lower levels in the
building.
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2

Aim

The purpose of this paper is to shed light on how well a CLT construction performs
acoustically (especially in mid to high-rise buildings). The focus is on determining
the transmission through joints, causing flanking between rooms. This is measured
in realized buildings, and compared to previous research and theory.

Goals:
1. Perform vibration analysis of CLT elements
2. Gather vibration reduction indexes measured in lab, currently available in
published studies
. Perform similar measurements in-field according to ISO 10848-1
Calculate corresponding vibration reduction indexes as described in ISO 12354
5. Compare the three sources of junction transmission data

o
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2. Aim
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3

Vibration analysis of CLT
elements

The material properties of CLT, being both stiff and low density, leads to issues
regarding sound insulation (Santoni, Fausti, Schoenwald, and Trobs, 2016a)). In
Figure a product from Italian CLT-solutions producer Rothoblaas is shown. It
is a simple CLT wall element with an elastic layer and plasterboard. The related
sound reduction index graph shows that there is a clear area in the frequency range
between 200-800 Hz where the element is under performing. This tends to be an
issue for most CLT elements without excessive amounts of external layers.

®® O

01. CLT (s:100 mm)
02. SILENT WALL (s: 4 mm)
03. Plasterboard panel (s: 12,5 mm)

T T t
DDDDDDDDDD
DDDDDDDDDD

R,=37(-1;-4) f(Hz)

Figure 3.1: CLT wall element example
Credit: Rothoblaas soundproofing solutions (Rothoblaas, 2018)
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3. Vibration analysis of CLT elements

3.1 Modal analysis

The degree to which cross laminated timber is orthotropic depends on its layered
composition. A 3-layered composition with identical layers will have very different
cross sections depending on the angle the element is cut. One direction will be
stiff in two thirds of the cross section area, this will be called the "major direction".
The other direction will be stiff in one third of the cross section’s area, this will
be referred to as the "minor direction". Adding more layers or compensating with
thicker layers in the minor direction will make the element more akin to that of an
isotropic material. In the following section a 3-ply plate with identical layers is used.
This is a relatively common element composition which is rather orthotropic in its
nature which will showcase the potential challenges specific to CLT.

Minor direction (y)

™1

Figure 3.2: CLT element strength directions

Table[3.1|details the stiffness of a number of compositions according to the structural
material property sheet of a manufacturer of CLT (Martinsons|). According to the
sheet, two different strength classes of timber are used for the two principal directions
of one element. Strength class C14 is used for the minor or "weak" direction. This
class allows for branches 1/2 the width of the lamella and the whole thickness. It
is traditionally used as load-bearing wall studs where requirements on deformations
are low. The major or "strong" direction is made up of timber of the strength class
C24. This class allows for branches 1/4 of the thickness of the lamella and 1/2 of
the thickness. Timber made out of this strength class is primarily used as structural
elements which require low deformation, such as trusses and load-bearing floors.
This means that not only is there a potential difference in the ratio of the area of
fibers perpendicular to the total area of the cross section of any given direction, but
the strength class of the stiff lamellas are different between the two cross sections as
well. This means that a CLT element is potentially highly orthotropic or relatively
isotropic depending on the composition.
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3. Vibration analysis of CLT elements

Thickness (mm) - layers Major (MPa)Minor (MPa)
80 - 3ply 10832 474
100 - 3ply 10311 794
100 - 5ply* 8760 1749
150 - 5ply 8760 1749
170 - 7ply 6877 2908
210 - Tply 7891 9984

Table 3.1: CLT element properties
*Strength class C24 in major and minor direction

Since a lot of the theoretical models for vibration analysis assume homogeneous
isotropic material properties, the major and minor direction will be utilized in the
following equations to showcase worst and best case scenarios. The idea is that the
true behavior is a combination of the two. The phase velocity is dependent on the
stiffness of the material which in turn is different for different directions of the plate
as discussed above. The bending wave number-spectrum can therefore be calculated
in the major and minor direction and the two spectrums are then combined into one.
The calculations will depend on the angle "8", that is the angle relative to the fiber
direction of the outer stiff layer as described in Figure |3.3] The angles range from
0 to /2 since all other angles are redundant information (Santoni, Schoenwald,
Van Damme, Trobs, and Fausti, 2016b). The element analyzed will have the dimen-
sions 100(mm)-3ply (Table with the length L,=2.9m and L,=4.2m to emulate
a wall, where X is the major direction and Y the minor.

Figure 3.3: Wave propogation angle

The wave number is calculated for the different angles as (Santoni, Schoenwald,

Van Damme, Trobs, and Fausti, |2016b)

kp(w,0) = \/(kB,x cos)? + (kp, sind)? (3.1)

where
A pm/w? ( jn)
== 14+ .
kg, B, + 1 (3.2)



3. Vibration analysis of CLT elements

and the bending stiffness is related to the major and minor direction as

E;h?
B=—— 3.3
12(1 — 1) (3:3)

The literature available provides very different values for damping ranging from 0.5
to 0.2. There are studies suggesting that the damping decrease with frequency(Santoni,
Schoenwald, Van Damme, Trobs, and Fausti, |2016b). Since this analysis’s main
focus is low to mid frequencies, a static loss factor of 0.08 will be used for all fre-
quencies. The Poisson’s ratios are high for timber and the ones used in this analysis
are v,=0.44, v,=0.64 and v,, = /7,1, (Augustsson, 2016).

To get a better understanding of the behavior of CLT, a modal analysis can be
done for the CLT-plate. The mode shapes can be plotted according to (Hopkins,
2007)

Vpq = Sin<sz>sin<qu> (3.4)

Y

and the related natural frequencies can for an orthotropic plate be calculated as

__mh P\’ g\’
fp7q - 2\/@ (CL,x (Lx> +cCrLy <[Jy> ) (35)

for the isotropic case

=T () (2)) =

where p and q are a set of integers and cy,; is the longitudinal wave speed for the
major and minor direction

E;
cL,i - p(l - 1/3) (37)

The mode shapes and their corresponding frequencies are shown in Figure [5.2] The
frequency in black is the orthotropic eigenvalue.
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3. Vibration analysis of CLT elements

f=32Hz =45 Hz =66 Hz

Figure 3.4: Mode shapes of 100-3ply 2.9m x 4.2m CLT plate

The number of bending wave modes below the wave number k can be calculated as

N(kg) = “£2 (3.8)

and plotted over frequency (Figure . The mode count is the number of modes
within the specified bandwidth. In this case one-third octave bands.
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3. Vibration analysis of CLT elements

800
=35 700 i
2 700
s e N, o
25 6001 N_=100 7]
B NS:31 s
= O
2D 500 N =24 {Ns=80 /
3 ﬁ N =18 N =62
8 £ 400 Ny=16N_=50 8
3 N_=12/ S  1's
8 c N =10! s N_=40
= — S
E = N o5 IN_=6 {Ne=8 1 s IN =31
B3 30T I\ Nt N2 IN 2N -2 (N=3{N=4 N°_13iN.=16{Ns=20 N.=25 / i
o © s s S NS— N =6 |N_=8 N_=10Ng= s
g 8 200k (N Ng=3 iN=4 s s s / ~
\%E // //
Z 2100 - —— Iy 4
z // //
i __/
0 1 T 1 L L 1 L L L L | L
50 100 250 500 1000 2500

Frequency in Hz

Figure 3.5: Number of modes below frequency f (lines). Mode count (text)
red=major direction, blue=minor direction (100-3ply CLT plate)

The modal overlap factor M indicates how much overlap there is in the modal
response. It is the ratio of the width of a 3 dB modal bandwidth to the width of
the average frequency spacing between resonance peaks. This is highly dependent
on the damping of the structure. Methods that rely on simplifications of the modal
response such as SEA (statistical energy analysis) should only be used when the
modal overlap factor is greater than one, since that frequency range provides more
statistical certainty. The MOF for the studied plate can be seen in Figure |3.6]

5
M = J;?’J‘jB = fng (3.9)

where n is the modal density. The modal density for bending waves in the plate can
be derived from the number of modes under the wave number k

T ICB
nB(f) = QC]\(;E:B)

where ¢, is the group velocity of the plate, ¢, = 2¢cp.

(3.10)
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Figure 3.6: Modal overlap factor (MOF) (100-3ply CLT plate)
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3.2 Vibration field

The velocity field of a plate can be studied in three dimensions. It can be estimated
over frequency for a finite number of points on the plate for one excitation point as
(Kropp, 2015

o~ Folw)sin (552 sin (4522 sin (i) sin ()
vz, y,w) —IY T, pz; - (3.11)
in order to include damping of the structure
Fo(w) sin (B0 ) sin ( 299 sin ( 222 ) sin ( £
v(z,y,w) = jw 1 > o) ( Lz )2 ( Ly ) gL ) (Ly) (3.12)
phL.L, += w2, (1+74n) —w

where £} is a point force acting in this case on position zg = L,/2,yo = L, /2 and

pr\? (qr)?
)+ (%)
The equations are based on an isotropic model. Therefore it is necessary to find
a way to treat the orthotropic element as isotropic. In literature it is sometimes
suggested that orthotropic plates can be modelled as isotropic using the geometric

average. However, it is not always clear when this is a valid assumption. The
effective bending stiffness can then be estimated as (Hopkins|, 2007)

Bess = \/B.B, (3.14)

Figure showcases the velocity of each individual mode as measured in the posi-
tion x = L, /2,y = L,/2 which is the excitation point. It has been done for both
an almost undamped case, n = 0.001 and a damped case, n = 0.08. It becomes
clear that the more damped the structure is, the higher the modal overlap. As seen
in Equation the modes excited depend on where the point of excitation and
measurement are. Despite there being more mode shapes of the plate, not all of
them will be visible when looking at a single point of the plate or exciting it in only
one position.

Beyy

m/l

(3.13)

Wpq =

Figure is the velocity at the driving point with the modes summed up as de-
scribed in Equation [3.12] It can be compared to the driving point mobility of an
infinite orthotropic plate that is calculated according to

1

Ymob infinite plate — — ——
8\/Beffm’

As the frequency and damping increase, the more the plate behaves like an infinite
plate.

(3.15)
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Figure 3.7: Driving point mobility per mode (100-3ply CLT plate)
Left: n = 0.001, Right:np = 0.08
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Figure 3.8: Driving point mobility x=L, /2,y = L, /2(100 — 3plyC LT plate)
Left :n = 0.001, Right:n = 0.08

Figure [3.9) showcase the difference to Figure (3.8 in modal response when keeping

the same excitation but moving to a different measurement position, in this case
r=L,/4,y=L,/4
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Figure 3.9: Transfer point mobility x=L, /4,y = L, /2(100 — 3plyC LT plate)
Left :n = 0.001, Right:n = 0.08

3.3 Radiation efficiency

To understand the acoustic challenges facing CLT-constructions, the radiation ef-
ficiency can be calculated. Radiation efficiency "o" is the ratio between radiated
sound power of a structure and the power which theoretically would be radiated
by a piston with the same surface area and velocity as the averaged velocity of the

radiating structure of interest (Kropp, [2015)).
w

_ 1
77 h0ceS < 02 >t (3.16)

Calculating the average radiation efficiency of a plate is relatively straightforward
with the simplified equations proposed by Leppington (Leppington, Broadbent, and
Heron, [1982). The radiation of a plate is determined by the interaction of bending
waves in the structure and the surrounding medium (i.e. air). Contrary to speed
of sound in air, the phase velocity in a solid is going to vary with frequency. For a
plate it is defined as

cg = || —Sw? (3.17)

However, this is based on the assumption that the plate is thin. As the frequency
increases, the wavelengths will become small enough to fit within the height of the
plate. At that point it can no longer be assumed that the plate is thin. Thick plate
theory is more complicated than thin plate and the modal behavior of a thick plate
can not be easily modeled. The frequency at which this needs to be considered to

make sure the error is not too large can be estimated as
0.05¢
IB(thin) = 7 L (3.18)

where, ¢, is the quasi-longitudinal wave speed and h the height of the plate. This
frequency corresponds to where one sixth of the wavelength fits within the height
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of the plate. In order to consider the transition from thin to thick plate theory, a
modified combined phase velocity can be calculated which considers the transverse
wave influence on the resulting bending wave velocity when transitioning to a thick
plate (Hopkins, [2007)

1

1 1\ 3
b= = + —— 3.19
CB, thick (CSB + 7303T> ( )

where cp is the transverse shear wave speed

EA
L I 2
T =\ 3p 1 B) 320

and v = 1.054 for v = 0.44 and v = 1.358 for v = 0.64. The ~’s were interpolated
from values given in |Hopkins (2007). The phase velocity of thin and thick plates
are shown in Figure [3.10] The thin plate theory renders a rather big error already
around 1kHz in the minor direction.

15 0ending wave speed in CLT element (major direction) 15 (?nding wave speed in CLT element (minor direction)
s e s
Cg thick
1000 1 1000 |
R e K%
S €
s Cg =
= =
S OB thick G
(e} o
© ©
> >
500 1 500
Thin plate limit, f~2570Hz Thin plate limit, f~833Hz
. . . 0 . . .
500 1000 2500 5000 500 1000 2500 5000
Frequency in Hz Frequency in Hz

Figure 3.10: Phase velocity (100-3ply CLT plate)

The speed of bending waves in a plate will increase with frequency as seen in Figure
3.10L This means that there will only be one frequency for which the wavelength
is the same in the solid and the surrounding fluid because the velocity of the wave
is the same. This is called the critical frequency or coincidence, and around this
frequency is where the plate will radiate best. Below coincidence, the wavelengths
in the plate are shorter than those in the surrounding air, which means that no radi-
ation occurs. Although, this is only true for the special case of an infinite plate. For
a finite baffled plate some radiation will occur below coincidence as edge-radiation,
caused by hydrodynamic short-circuiting. Above coincidence the wavelength in the
plate will be longer than that of the corresponding frequency in air. This means
that those waves will radiate at an angle in order to fit within the corresponding
wavelength in air. The radiation efficiency above coincidence will go towards one
(or 0 in dB) (Kropp, 2015).

CLT elements experience high damping. At low frequencies, the structural loss
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factor can reach 10 percent. When high damping is present some radiation might
occur below the critical frequency that is not the result of edge radiation. In this
case, it is because the waves decrease so much in amplitude with distance from
excitation because of the high damping. Resulting in the half-cells not completely
cancelling each other out in what is otherwise assumed as total intercell cancellation
(Kou, Liu, and Tian, [2015)). This needs to be taken into consideration when calcu-
lating radiation of CLT elements. Therefore a correction factor "C" is introduced for
the calculated radiation efficiency below coincidence. The factor is based on the size
of an equivalent square to the plate and the damping of the plate. The damping can
increase radiation by 4 to 6 dB when going from 5 to 10 percent structural loss factor
(Kou, Liu, and Tian, 2015). Figure shows the regular case below coincidence
where short-circuiting occurs everywhere on the plate except the edge, causing edge
radiation. Figure [3.12] shows the same phenomena; but due to high damping there
isn’t total short-circuiting and therefore radiates some over the surface of the plate.

Figure 3.11: Edge radiation

Figure 3.12: Radiation due to damping

The three radiation sections, below, around, and above coincidence are stated in
Equation [3.21}

2 w41 21
:C 1 h C
o (Wekg,u —M2—1>lnﬂ—1+ﬂ2_11 when f < f,
0.15L
o= (0.5 -7 y) \/ kBLy when f =~ f. (3.21)
1
- —0 when f > f.
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where
L,>L,

_ e
r= \/; (3.22)

C = (22.81e — 5.13)n + (1.2 — 0.026¢)
e=2L,L,/(L, + L)

To obtain the combined radiation efficiency of the plate

S /2 Ok
Tortho(W) = /0 o(w, Q)kgé—jde (3.23)

m2ng

where ny is the modal density and the rate of change of the plate wave number with
frequency is
dkp  (kpacos)?*+ (kp,sinf)?

k = .24
B sw 2w (3.24)

In Figure the bending wave number is related to the wave number in air to show
the critical frequency for different propagation directions in the timber element. It
shows that the critical frequencies fall between 250-1000 Hz depending on angle (i.e.
going from majot to minor direction). This frequency range is generally regarded
as problematic for CLT elements as seen in Figure [3.1 The radiation efficiency has
been calculated according to Equation and is plotted in Figure [3.14]

———-6=0
f=rl2

50 100 250 500 1000 2500 5000
Frequency in Hz

Figure 3.13: Coincidence of 100-3ply CLT plate

The radiation efficiency is then calculated for a finite number of angles between 0
and 7/2 rad.
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Figure 3.14: Radiation efficiency for a finite number of directions on the or-
thotropic 100-3ply plate

They are then combined according to Equation [3.23] for each frequency. This yields a
wider peak than that of an isotropic model. This has been shown to be closer to what

is seen when doing radiation measurements of CLT plates (Santoni, Schoenwald,
'Van Damme, Trobs, and Fausti, 2016D).

in dB

o,ortho

-20
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Frequency in Hz

Figure 3.15: Combined radiation efficiency of 100-3ply cross laminated timber
plate

In Figure the 100mm-3ply element has been compared to the 100mm-5ply with
material properties as stated in Table 3.1l The difference in bending stiffness of

the two directions of the plate consisting of five layers is smaller and therefore more
similar to an isotropic plate.
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Figure 3.16: Radiation efficiency comparison 3-ply vs 5-ply

The effective method is compared to the previously presented method in Figure
.17 The radiation efficiency is calculated according to Equation but instead of
calculating it for multiple angles of the plate, only one effective bending stiffness and
one effective critical frequency are utilized as an isotropic model for an orthotropic

material (Hopkins| 2007)
fc,eff Y/ fc,:z:fc,y (325)

The effective method does not showcase the same high radiation efficiency in low
frequencies which is often the case with cross laminated timber.

Angular method
fffffff Effective method

-16

-20 i/’// —
\ \ \ \ \ \
50 100 250 500 1000 2500 5000
Frequency in Hz

Figure 3.17: Radiation efficiency comparison proposed method vs effective
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3.4 Vibration isolation

To isolate waves in a medium, a change in impedance is needed. The change in
impedance can either be a change in geometry (orientation or cross section) which
will be discussed in section or a change in material (e.g. softer or harder). It
is important to note that a change in impedance doesn’t absorb the energy but
reflects it. Some energy might be transformed into heat in the case of interlayers
with high damping but the majority of the energy will either be transmitted through
or reflected back into the system of the incoming wave. If the impedance of the
interlayer is much lower than that of the connected elements and if the thickness
of the interlayer is much smaller than the wavelength in the interlayer, then the
transmission factor for longitudinal waves is defined as

1
T, = 3 (326)
1+ 1 ESL
4 |2/ (27)EeSe

where, ;S and L are the material and geometric properties of the two connected
beams and F, and S, for the elastic interlayer. The closer the Young’s modulus of
the interlayer is to the connected elements, the more vibrations will be transmitted.
This is why these types of interlayers are soft i.e. have a low Young’s modulus.

For bending waves the transmission factor can be estimated according to

—v + 23 + 2t /2

=1 3.27
’ (v+ €2v3) — j(4 + v — €203 — €2v1/2) (3:27)
where €2v? << 1 and
E.h EL27w
S —— d — 3.28
2L " VT B, (3.28)

If v >> 4 then the reduction index of the elastic interlayer for bending waves can
be directly estimated as
1— 2.3\ 2
1+ (;) ] (3.29)

The reduction indexes are plotted in Figure [3.18 It shows that there is a frequency
for the bending wave reduction where total transmission takes place. The analysis
has been done for a common interlayer used in CLT-constructions (E.=1.8 MPa).
The total transmission occurs around 50 Hz, and below that frequency the inter-
layer isn’t really providing much isolation. The isolation starts becoming somewhat
effective above 100 Hz. Figure [3.18] shows that longitudinal waves are somewhat
easier to control.

Rp = 10log
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Figure 3.18: Reduction index of elastic interlayer

Figure|3.19|is an instruction of how to install an elastic interlayer between two CLT
elements with the aim to reduce flanking transmission. It is sometimes preferred
to have exposed CLT elements, mainly because of architectural reasons discussed
in section 1.4. It is favorable under those circumstances to pull back the elastic
interlayer a bit and place a sealant along the side of the interlayer that would be
exposed to potential fire in order to increase resistance.

Figure 3.19: Elastic interlayer installation
Credit: Rothoblaas soundproofing solution (Rothoblaas) |2018))

There are several ways to measure the effectiveness of an isolator. Transmissibility
is the level difference (e.g. displacement, velocity) between both sides of an isolator.
Insertion loss is a similar ratio of the difference in transmission with and without the
isolator (Kropp, [2015). Three CLT T-junctions with different fastening systems are
presented in the figures below. The junctions have been measured with and without
the elastic interlayers as part of the Flanksound project by Rothoblaas ,
. The measured K is based on the velocity level difference between elements,
as well as some correction factors which will be discussed in detail in section 4l
However, when only looking at the difference between the same junction, it works
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well enough for this comparison because the rest of the factors cancels out. Only
the straight path from one wall to another will be presented here. The reason is
that the walls are more difficult to treat acoustically since adding layers infringes
on usable room area.
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Figure 3.20: Insertion loss of elastic interlayer in T-junction (1)
Credit: Rothoblaas soundproofing solutions (Rothoblaas, 2018)
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Figure 3.22: Insertion loss of elastic interlayer in T-junction (3)
Credit: Rothoblaas soundproofing solutions (Rothoblaas, [2018)

There is no data provided below 100 Hz (where total transmission in regards to the
elastic interlayer probably occurs). The elastic interlayer does not seem to be partic-
ularly effective in the frequency range of concern ~100-800 Hz. This can in part be
explained by the elastic interlayer in the junction being shortcut by rigid paths i.e.
screws. The study "Flankentiibertragung bei Massivholzkonstruktionen" provided
possible optimized fastening systems. The study suggests that one such fastener
can be an angle-connector with elastic interlayer between the metal and building
elements (example: Figure . It showed significant improvement compared to
the same fastener without elastic interlayer (Dolezal, Bednar, and Teibinger 2008)).

Fastener optimized for
reduced vibration transmission

\\
\\
\
_ oo Fastener
&SI s
Elastic interlayer

L P

L
Figure 3.23: Optimized fastener with elastic interlayer

The type of screw and the density of connection points are understood to have a
big impact on flanking transmission (Rothoblaas, 2018]). In mid to high frequencies,

the more dense the metal connections are, the more vibrations transmit from one
element to the other. It is not noticeable in low frequency since the connections are
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rather small compared to the wavelength. Figure [3.24] showcase the difference in a
L-junction with connections of 200 mm step size versus 400 mm (Rothoblaas, 2018)).

200 mm HSB © 8x240 mm
= = *400 mm HSB @ 8x240 mm

25 -

125 250 500 1000 2000
frequency in Hz

Figure 3.24: Transmission through screws (Lab measurement)

More importantly, there are several dips in insertion loss; in some frequency bands
it even goes to negative values that can not be explained by vibrations bypassing
through connections. In those frequencies it’s actually worse to have the elastic in-
terlayer. This is likely because the wall and interlayer act like a mass-spring system.
The system then has an eigenfrequency, which likely exists in the frequency range
studied e.g. at 125 Hz for Figure [3.20f This enables the wall to vibrate even more
than if it was rigidly connected to the junction.

Another challenge with elastic interlayers is that the whole idea is that it is soft, but
when constructing higher buildings the load is going to increase with every level.
There will be a limit to how soft of a material can be utilized when the load in-
creases. Therefore a stiffer material will have to be used. This will move the total
transmission in Figure [3.18 up in frequency, making it less effective. Two ways to
combat this are either to make the interlayer thicker or narrower. Neither of these
solutions are great for a structure under high load since it makes it less stable. With
increasingly higher CLT-constructions there is going to be a point at which elastic
interlayers simply aren’t effective at the lower levels of the building. Some alterna-
tives to elastic interlayers have been suggested. Bending wave transmission can be
dealt with if perpendicular forces can be reduced within the junction. One idea is
to move away from rigid connections and replace them with a connection seen in
Figure [3.25] This would give in to momentum and horizontal forces acting on the
junction but still transfer the static vertical force and thereby minimize the bending
wave transmission to the connected element (Ljunggren, |2011). The connection has
been proven to be relatively effective, but questions remain concerning the stability
of such a construction and if the connection needs to be stiffened by e.g. metal rods
to handle wind loads it might mitigate the original gains.
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Figure 3.25: Rolling connection

Something that is rarely discussed in reference to CLT is the usage of blocking
mass. The idea is to create an impedance change, causing reflection like an elastic
interlayer but this time using a high density material instead of low density. The
transmission coefficient of a blocking mass can be calculated according to

o+ 0P + 02t )2

mew =1 (1 +602p2) = j(4+ p— 0713 — 022 /2) (3:30)
where
= pST/% (3.31)
and
0 — Z; SL (3.32)

where © is the polar moment of inertia of the blocking mass. The blocking mass has
a frequency where there is total transmission just like the elastic interlayer. This
time however the frequency where total reflection occurs is visible for the blocking
mass. In the case of Figure the elastic interlayer is compared to a slab of steel
with the same thickness. The blocking mass is only more effective around the point
of total reflection. Therefore it is not a viable alternative even if one could justify
the extra cost and weight.
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Figure 3.26: Reduction index blocking mass and elastic interlayer (h=0.025 m)

3.5 Damping

Reflection caused by impedance change is a way to isolate vibrations but doesn’t
actually decrease the vibration energy. If that energy needs to go away, it has to
be transformed into some other energy e.g. heat. This is achieved by damping in
the structure. Material damping is complicated. It is not a material constant like
others. Material damping is a function of the history of the material such as the
previous deformations and aging. Therefore, studying the damping of a structure
can tell a lot about changes in the material over time (Kropp, [2015]).

Santoni, Schoenwald, Van Damme, Trobs, and Fausti (2016b) measured the loss
factor of a 80mm-3ply CLT element. The result was damping that decreased with
frequency. The measured loss factor can be viewed in third octave bands in Table
0.2

f (Hz)|50/63|80/100[125]160/200]250| 315400 | 500 |630[800/1000|1250|1600/2000[2500[3150
n | 0.08 | 0.07  ]0.06]0.05[0.04] 0.03

Table 3.2: Measured loss factor of CLT element

3.6 Load

The question of how external loads affect junction transmission becomes impor-
tant when timber starts being utilized in taller buildings. In Figure [3.27] three
L-junctions with and without resilient interlayers, and with and without external
load applied are presented (Timpte, 2016). In the frequency range of interest ~100-
800 Hz the external load has a much greater impact on the vibration transmission
than the elastic interlayer.
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Figure 3.27: Vibration transmission through junction exposed to external load
(Lab measurement)

Bard, Davidsson, and Wernberg (2010) measured the sound transmission between
apartments in a multi-storey CLT-construction. The experiment involved a tapping
machine placed on the floor of the sending room. Accelerometers were placed on the
floor in the sending room to measure the input, as well as the floor in the adjacent
room, the ceiling or the wall in the room below to measure the response, depending
on the measured vibration path. This was done for level 2 and 5 (sending room).
All measurements showed a higher vibration reduction in the higher levels except
for ultra low frequencies (<10 Hz). The difference between the floor levels were
greatest in the horizontal vibration path. The vibration reduction of the floor to
floor flanking path went from an attenuation of -23 dB on level 5 to -12 dB on level
2, in the 1kHz third-octave band; an 11 dB difference. In lower frequencies (around
40 Hz) the difference between levels of the building was about 3-4 dB, with level 5
performing better. The flanking path floor to wall below showed a 2-3 dB difference
in almost all frequency bands above 10 Hz, again with the lower level attenuating
less vibrations.

3.7 Junction transmission

This section explores what happens with waves propagating through a junction. It
deals with longitudinal and bending waves. An L-junction is examined. As the
different wave types travel from one element to the other, some waves will transmit
through and some will be reflected because of the change in geometry. Some will
transform from one wave type to other types of waves.

The bending wave reduction caused by a difference in thickness of two beams con-
nected as an L-junction can be estimated as (Kropp, [2015)

R =20log (077" 4 0"/*) — 3dB (3.33)

where o represents the change in geometry, o = Z—j If the two connected elements
are of the same material and same thickness, then R=3dB. If the elements are the
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same material but one is 150 mm and the other is 100 mm, which is a common
configuration for CLT walls connected to a CLT floor, then R=4dB. If Z—f = 2, then
R=6 dB.

For the idealized case of two beams connected in an L-junction of the same ma-
terial and same thickness (which is the case of the measurement in Section [6.1)
then the transformation of an incident bending wave can be estimated according to
Equation [3.34] and [3.35] 7xy denotes transformation of wave type X to wave type
Y in the connected beam. pxy denotes transformation of wave type X to wave type
Y as it is reflected back into the beam of the incident wave. B is for bending wave
type and L is for longitudinal wave type. Transformation from bending waves can
be estimated for the idealized case as

o 142p7
BB = 507653 1 952
o 1-2p
PBE = 51765 1 952 -
553 + 832 (3:34)
T =-—
BL™ 9 168 + 932
B
BL= 9468 + 932
and for longitudinal waves
58 + 832
T :T = -————
LB IBE T 0 1 68 + 932
pLB_pBL_L
- - 2
2+654+98 (3.35)
ﬁ2
TLL:—2+66+9B2
2
PLL= 9765 + 932

where 3 = 2h/Ap.

The resulting bending wave coefficients are plotted over frequency in Figure [3.28]|
In low frequencies, bending waves are either almost completely reflected back or
transmitted through as bending waves. In high frequencies, most bending waves
are transmitted through as longitudinal waves in the connected beam. Only a small
portion of the energy is ever reflected back as longitudinal waves.
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3. Vibration analysis of CLT elements

10 100 1000 10 000
frequency in Hz

Figure 3.28: Bending wave transmission and reflection in rigid L-junction

Figure [3.35] showcase the same coefficients but for incident longitudinal waves. In
low frequencies, longitudinal waves are mostly reflected back as longitudinal waves.
In higher frequencies, most are transmitted through as bending waves. Very little
energy is reflected back as bending waves or transmitted through as longitudinal
waves.

10 100 1000 10 000
frequency in Hz

Figure 3.29: Longitudinal wave transmission and reflection in rigid L-junction

What is more relevant though are T and X-junctions, since these are the most com-
mon junctions when dealing with sound transmission from one room to another in
a multi-story building. A similar, albeit more cumbersome evaluation than the one
made for the L-junction, can be made for a cross-junction by following the procedure
detailed in Chapter 6.2.3 of Cremer and Heckl’s "structure-borne sound"
Heckl, and Ungar} [1988]). The case studied is an incoming bending wave from mem-
ber 1 in the cross-junction. The material is of the same material (100-5ply and
150-5ply as detailed in Table . Most of the energy is reflected back as bending
waves in member 1. Only in high frequencies does transformation to longitudinal
waves occur and it almost only occurs in the horizontal members. When the mem-
bers are of the same thickness, the transmission of bending waves is relatively even
between the three connected beams in the frequency range of interest. When the
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3. Vibration analysis of CLT elements

vertical members have a different thickness compared to the horizontal members,
the transmission to the second vertical beam drastically decreases. That energy
is instead reflected back into member 1. The bending wave transmission to the
horizontal beams decreases slightly compared to the case with the same height.

1

PBB1

PBL1

TBL14

"BL13 1

TBL12 4 2

"BB14 3

"BB13

"BB12
10 100 1000 10 000
frequency in Hz

Figure 3.30: Bending wave transmission and reflection in X-junction
Horizontal members: 150-5ply, Vertical members: 150-5ply

0.9

0.8 PBB1

0.7

06 PBL 1
"BL14

0.5 4 2
"BL13

3
"BL12
"BB14
"BB13
"BB12
10 100 1000 10 000

frequency in Hz

Figure 3.31: Bending wave transmission and reflection in X-junction
Horizontal members: 150-5ply, Vertical members: 100-5ply
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Vibration reduction index

The field measurements is carried out in accordance with the standard ISO 10848-1
(ISO) 2000) as this thesis work is limited to measuring the K;; of chosen connections.
Appendix E of ISO 12354-1 (ISO, 2017) mentions that although ISO 10848-1 is for
controlled lab measurements, it is feasible to apply the same method for in-field
measurements.

The prediction method described in ISO 12354-1 was originally developed for con-
crete and masonry elements and was therefore considered a good enough approxi-
mation for CLT when it gained popularity.

K;; is the factor that relates to the type of joint that is present and determines
the flanking contribution when calculating the total noise transmission between two
rooms as described in ISO 12354-1 (ISO, 2017). It is a quantity that is less pre-
dictable and more difficult to determine than for example the reduction index of a
wall (Crispin, Mertens, Blasco, Ingelaere, Van Damme, and Wuyts|, 2004)).

The quantity K;; is related to the vibrational power transmission over a junction.
It is defined as:

_ L.
K;; = D,;; + 10l ” dB 4.1
J ij T 10log NG [dB] (4.1)
where ij is the direction averaged velocity level difference on the surface of element
iand j, in decibels. It is obtained from the arithmetic mean of the differences between
the velocity level on the surface of element i and j, D, ;; (when element i is excited)
and D, j; (when element j is excited), in decibels

p, . — Dovis + Doy (4.2)

v,1] 9
l;; is the common length of the junction between element i and j, in meters. a; and
a; is the equivalent absorption length of element i and j respectively, in meters. It is
used to describe all of the absorption at the plate boundaries in one single equivalent
totally absorbent length. The equivalent absorption length is given by:

2.2m2S | f
a =
COTS fref

(4.3)

where T is the structural reverberation time of the element i or j, in seconds. S
is the area of element i or j, in square meters. f is the center band frequency, in
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4. Vibration reduction index

Hertz. f,y is the reference frequency; f,.y=1000 Hz. ¢y is the speed of sound in air,
in meters per second. (ISO) 2017)

4.1 Standard K;; estimation

Annex E in ISO 12354-1 provides K;;-estimates for a number of junctions. The
estimations are based on empirical values. When the standard was developed it
was geared towards concrete and masonry structures. The deciding factor of the
estimations is the possible mass difference of the connected elements. An estimation
of a rigid T-junction is defined as (ISO, 2017)

K3 =57+ 14.1M + 5.7M* dB (Straight path)

2 | (14)
K9 =5.7+5.7TM* dB (Perpendicular path)
where M = 10log(m;/m}). For a T or X-junction with flexible interlayers
K3 =57+ 14.1M + 5.7TM? + 27, dB (Straight path) (4.5)

Ky = 5.7+ 5.7TM? + A, dB (Perpendicular path)
where Ay = f/f; for f > f; where f; = 125Hz.

If the connected elements are the same material and height, then M=0. In Fig-
ure that case is plotted for junction with elastic interlayer.

40 \
- K13
——Ki2
30 .
[a]
©
20 o= 2
< - -
ao’ -
10 - —>
-
—
T ————0-
0 | | | | | | | | | |
50 63 80 100 125 160 200 250 315 400 500 630

Frequency in Hz

Figure 4.1: ISO 12354-1 annex E estimation for junction with flexible interlayers

The estimations of Annex E in ISO 12354-1 can be compared to the analytic solution
presented in section [3.7, The comparison is presented in Figures and [£.3] The
standard estimations are modeled as a rigid x-junction as described in Annex E of
I[SO 12354-1

K3 =87+ 17.1M + 5.7M? dB (Straight path)

) , (4.6)
K9 = K14 = 8.7+ 5.7TM* dB (Perpendicular paths)
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4. Vibration reduction index

30 -
K|, analytical solution
- -K13 analytical solution
25
......... K,, K5 180 12354-1 (Annex E)
20 -
¥ 15

0 L L P S SR | L L P S S| L L P S R

10 100 1000 10 000
frequency in Hz

Figure 4.2: [SO 12354-1 annex E estimation for CLT junction with members
of the same thickness (vertical members=150 mm, horizontal members=150 mm)
compared to analytic solution in section

30 -
K12 analytical solution
= = K, analytical solution
25 -
......... K12 ISO 12354-1 (Annex E)
====:K, ;IS0 12354-1 (Annex E)
20 -
Y 15 === = RS~ - -
--. R
_______________________________________________ ~ e
10 7
5
0 . L] . L] . L
10 100 1000 10 000

frequency in Hz

Figure 4.3: ISO 12354-1 annex E estimation for CLT junction with members
of different thicknesses (vertical members=100 mm, horizontal members=150 mm)
compared to analytic solution in section
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Finite element model

A quick finite element analysis to test the potential of using computer software to
estimate the vibration behavior of CLT is performed. It is done for the simplest
possible junction, a wall-wall L-junction with 3 ply CLT elements. The dimensions
of the analyzed junction can be seen in Figure . The finite element model (FEM)
is limited by the fact that it builds on the idea of stepping through the model
divided into a mesh grid. A higher frequency analysis requires a finer grid since
the wavelengths become smaller. The FE-analysis is therefore capped at 800 Hz to
reduce calculation time.

0,1
"

Excitation points
middle of element

3.2m —

0,033 m

Figure 5.1: Dimensions of finite element model

Figure [5.2) showcase the first six mode shapes of the studied L-junction.
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5. Finite element model

Figure 5.2: First six mode shapes of L-junction

The software used is COMSOL multiphysics 5.4. Each wall is made up of three
solid orthotropic plates. The material properties of the middle layer of each wall
is rotated 90° to simulate the composition of a CLT element. The material data
used is that of an "Eastern Cottonwood" as detailed in Table The parameters
used, are elastic moduli, shear moduli and Poisson’s ratio as well as density p=480
kg/m3. The indexes corresponds to how they relate to the fibers of the tree where L
is longitudinal, T is tangential, and R is radial. Damping is set to n=0.2 ,
2014).

E; 10,340 MPa
Er 858 MPa
ET 486 MPa
GLR 786 MPa
GLT 538 MPa
GRT 155 MPa
VLR 0.34

vrr 0.42

VRT 0.29

n 0.2

p 480 kg/m3

Table 5.1: Material data used in FEM (]Handbook|, |2010[)

Adhesion between lamellas and fastening method between elements is not taken into
consideration. Excitation is simulated as a point load in the middle of each element
respectively.

Figure [5.3 and [5.4] illustrate the geometry of the model and the mesh used.
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5. Finite element model

V.

Figure 5.3: FEM geometry
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Figure 5.4: FEM mesh

The maximum and minimum mesh grid element size is 0.065 m and 0.013 m resp.
which is enough to ensure at least six points per wavelength. The time required
for one calculation is 19 h 45 min. Since two calculations are needed, one for each
element excited, the total calculation time ends up being approximately 40 hours.

The forced vibration analysis of the FEM outputs the average surface velocity am-
plitude of each element. This is then calculated according to Section [f] and plotted
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5. Finite element model

alongside two similar measured L-junctions in Figure [5.5] The structural reverber-
ation time Ty is related to the loss factor as (Kropp, [2015)

22
nf

The finite element model fits rather well with the measured junctions.

Ty (5.1)

25 | 1 1 1 B T
FEM CLT100 ;lij=2.3m ;rigid connection

= = +Measured CLT100 ;lij=2.3m ;screws 9x400mm, step 300mm
--------- Measured CLT80 ;lij=3m ;glue & screws 8x160mm, step 400mm

0 | | | | | | | | | | | | | | | | |

12.5 16 20 25 315 40 50 63 80 100 125 160 200 250 315 400 500 630
Frequency in Hz

Figure 5.5: K;;-comparison FE-model vs. similar lab measured L-junctions
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Field measurement

The following section describes the steps needed to measure the vibration reduc-
tion index of a junction in-field. The standard ISO 10848 details the amount of
accelerometer and excitation positions that are needed as well as placement range.

The input excitation needs to be 10 dB higher than the measured velocity level of the
background noise on the receiving element for every frequency band. ISO 10848-1 de-
tails two ways of measuring the D, ;;. The stationary direct and the transient direct
method. The first excites the elements by the use of an electrodynamic shaker with
steady-state signal or a tapping machine whereas the latter utilizes an impact/force
hammer. When comparing the two, and the average difference between the meth-
ods was about 1 dB with 8 junction-paths with rigid connection measured; which is
not significant (Crispin, Mertens, Blasco, Ingelaere, Van Damme, and Wuyts, [2004)).

If transient method is used then the hammer should be swung with an equal amount
of force every time over a surface of 1-2 m? at a frequency of 1-2 Hz over 20-30 s.
If background noise is prominent, a higher frequency of impact is required. The
response of both the element being excited and the connected element should be
recorded at the same time since it is difficult to ensure a stable input when swinging
a hammer.

Stationary excitation can be achieved with a shaker. An MLS (Maximum-Length-
Sequence) or sine sweep can be used to excite the structure. These inputs are good
for maximizing the signal-to-noise ratio. For each measurement an integration time
should be chosen so that no significant velocity level change occurs.

Since CLT is what is referred to as a type A element in the standard, only three
excitation point are required. Because CLT can be considered homogeneous, either
side of the element can be used for measurements. The positioning of the accelerom-
eters and excitation should be random but still within a constricted area based on
the relation to adjacent elements and accelerometers/ excitation (ISO, [2000)):

e 0,5 m between excitation points and the test element boundaries

e 1,0 m between different excitation points

e 1,0 m between excitation points and the junction under test

e 1,0 m between excitation points and the associated measurement positions

e 0,25 m between measurement positions and the test element boundaries

e 0,5 m between the individual measurement positions for each associated exci-

tation position
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6. Field measurement

This thesis utilizes the transient method. The measurement-chain is very simple.
It consists of four accelerometers connected to a digital acquisition system with
four channels. The elements are excited by the impact of a mass e.g hammer,
sledge hammer or dropping mass. The input is then recorded according to annex
B of ISO 10848 , by placing one of the accelerometers 30 mm from the
point of impact. The three remaining accelerometers measure the response. The
measurement chain can be seen in Figure [6.2] Descriptions of some of the symbols

used in the following figures can be seen in Figure [6.]]

Hammer

T

DAQ and computer Accelerometer

& Ch
——
Figure 6.1: Symbols
Example setup:
Element "i" excited
Element "j" measured
[? f 30 mm
ﬂ
|
‘|
|
@
'a,
g 5
| G’_"‘ _—

Figure 6.2: Measurement chain

The amount of measurements for one junction quickly adds up. Table specifies
how many measurements are needed, assuming one accelerometer measures input
and three measures response. The last line of the table is the product of the above

lines. Not included in the table is that every data-point of every excitation also is
an average of X amounts of impulses.
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6. Field measurement

Type of junction LT
Number of elements to excite 2
Excitations per element 3
Accelerometers per excitation 4
Elements to measure per excitation 2

Number of data points 48

B Lo s g

3
3
4
3
108 192

Table 6.1: Measurement data points

One measurement that slightly complicates the practicality of the setup when work-
ing in-field instead of lab environment is when an element should be excited in a
separate room from the element in which the response is measured. In practice,
this is very difficult to achieve in a realized building for the transient method. This
requires a deviation from the standard. Instead of measuring the response of the
element being excited and the response of the element connected at the same time,
the input will be recorded and used to normalize the responses of any given record-
ing. However, in measurement 1 (section , yet another deviation is done. Low
signal-to-noise ratio caused by long cables and impracticality of measuring at a con-
struction site made any recording of input and output simultaneously impossible.
The lack of input measurement is compensated by a greater number of impulses, in
the pursuit to create a good enough average input.

Measurement setup

@ o

by (]
ot

Figure 6.3: Measurement setup

The accelerometers need to be fastened to the element it’s measuring. ISO 10848-1
states that the accelerometer is to be mounted directly onto the element and that
the fixing should be stiff in the normal direction of the test element. It mentions
beeswax as a convenient option but that it might result in issues in high frequencies.
Since the thesis is mainly concerned with low to mid frequencies and there is no
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6. Field measurement

possibility to drill/screw in the elements in-field this is seen as a valid trade off.

The setup will include a force sledge hammer to excite the elements, as opposed
to a shaker or dropping mass. The material of the tip of the hammer plays a big
role in what kind of input can be achieved. This is demonstrated in Bruel and
Kjaers product sheet for their biggest impact hammer type used for exciting larger
structures such as buildings (Figure . It details the input force over frequency
for different material tips.

Hard Tip
/ Tough Tip

Medium Tip

(RN
LAl

10 100 1000
Frequency/Hz 05004311

Figure 6.4: Input force over frequency for different impact hammer tips
Source: BruelKjaer, Product data: Heavy-duty Impact Hammers Types 8207, 8208
and 8210

It is important that measurements are taken in the reverberant field of the plate in
order to measure the actual response of the structure and not the input. The distance
from excitation is detailed in the standard but to be sure, it can be calculated for
the material in question. The distance from the excitation point where the energy
of the direct field equals the energy in the reverberant field is

wnS

Trd =
drep

As seen in Figure [6.5 the 1 m between excitation and measurement position is
suitable for the material and frequency range in question.
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6. Field measurement

71

Major direction
= = +Minor direction ||

Mg (Reverberation distance from excitation in m)

50 100 250 500 1000 2500
Frequency in Hz

Figure 6.5: Distance to reverberant field from excitation on plate

The vibration field is not perfectly diffused over the surface of the plate. There will
be more variation in lower frequencies. A standard deviation of the spatial variation
of the velocity level on a plate can be estimated according to

Oap & \/43509 (1 + {(1 + 73\4> (1 + ;VMH) (6.2)

major direction
= = 'minor direction

% (Standard deviation of velocity level in dB)

0 L . [ . L . [ .
50 100 250 500 1000 2500 5000
Frequency in Hz

Figure 6.6: Spatial variation standard deviation of velocity level on plate

The bending waves will decrease in amplitude with distance, d, from excitation due
to damping. These losses can be described for different frequencies with a level
decrease for bending waves as (Kropp), 2015)

4.3mnd
AL (6.3)
AB
and for longitudinal waves as
AL:8.77r770l (6.4)
AL



6. Field measurement

100 Hz (major)
= = :500 Hz (major)
12 e 1000 Hz (major)
=—6— 100 Hz (minor)
= @ :500 Hz (minor)
10~ +++@+++1000 Hz (minor)

of bending waves

damping

AL
(Decrease of velocity level in dB due to internal losses)

0.5 0.75 1 1.25 1.5 1.75 2 2.25 25 2.75 3
Distance from excitation in m

Figure 6.7: Decrease in vibration level with distance from excitation due to damp-
ing

6.1 Measurement 1

The first measurement took place in a building still under construction. This en-
abled easier excitation of the elements since there weren’t any finished surfaces to
be worried about when fixing accelerometers and swinging the hammer. All CLT
elements were 5-ply with a total thickness of 130 mm (30-20-30-20-30). The internal
walls were double leaf with mineral wool in between and an outer layer of gypsum

on each side (Figure[6.9).

In total three junctions were measured. One T-junction and two X-junctions. The
T-junction was an external wall-floor junction. The two X-junctions were internal
wall-floor junctions. The two internal junctions were identical with the exception
of room sizes and position in the building. The external junction and one of the
internal junctions were located between level five and six, while the third junction
was between level four and five. The junctions and their dimensions can be seen in

Figure [6.8]
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6. Field measurement

13 mm - gypsum

130 mm — CLT (30-20-30-20-30)
75 mm - mineral wool

130 mm - CLT (30-20-30-20-30) 130 mm - CLT (30-20-30-20-30)
13 mm - gypsum 13 mm - gypsum

200 mm - mineral wool

i i i
130 mm - CLT (30-20-30-20-30) 130 mm — CLT (30-20-30-20-30)
13 mm - gypsum 13 mm - gypsum

Figure 6.8: Measured junction dimensions

Figure 6.9: Measurement 1: Internal wall

The external wall was one CLT element with inner layer of gypsum and outer layer
of mineral wool (Figure [6.9).
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6. Field measurement

%
To B

Figure 6.10: Measurement 1: External wall

The floor was exposed timber and the ceiling had one layer of gypsum (Figure|6.11]).

Figure 6.11: Measurement 1: Floor

The connections of the elements were angle brackets with elastic interlayers between
the metal and timber. This is similar to the proposed optimized fasteners discussed
in Section [3.4

Figure 6.12: Measurement 1: Connections

A strip of elastic interlayer is placed at the connection between the wall and the
floor. The elastic interlayer in question has a dynamic E-modulus=1.86 MPa.
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6. Field measurement

Figure 6.13: Measurement 1: Elastic interlayer

The setup consisted of three accelerometers, one amplifier, one DAQ, one computer,
and one sledge hammer. The full list can be found in Table A picture of the
setup can be seen in Figure [6.14]

Instrument Model

3 Accelerometers B&K 4338
Amplifier B&K 2692
DAQ Hardware NI 9234
Hammer Dytran 5803

Table 6.2: Measurement 1: Equipment list

Figure 6.14: Measurement 1: Setup

Because of the nature of the measurement specimen there were some limiting factors
which restricted the ability to follow the standardized measurement method. The
main problem was the amount of cable noise produced when measuring the impact
hammer with a very long cable. This made the input measurement useless. The
result was that the input was not measured and instead replaced with more hits to
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6. Field measurement

increase the probability of a stable average input to the system. This also ensured
the measurement could be performed within the time-frame and made for a method
which was easier to execute in a construction site. The elements were excited 40
times during a 40 second measurement i.e. with a 1 Hz excitation frequency. This
was done for six accelerometer positions per elements. The data points for one

junction are:

Number of elements to excite 3
Excitations per element 2
Accelerometers per excitation 3
Elements to measure per excitation 3
Number of data points 54

Table 6.3: Measurement data points

If each impulse recorded is taken into account the data points can be multiplied by
40 and the total amount of impulses for one junction is 2160.

Figure [6.15| presents the auto spectrum of the signals that were recorded for ac-
celerometers placed on element i for one of the junctions. Three signals for each
element excited as well as a fourth background measurement. This provides the up-
per frequency limit, where the signals are less than 10 dB higher than background
noise. This has resulted in capping the frequency analysis at 630 Hz in third-octave
bands. Figure [6.15is calculated from the signals provided in Figure [6.16] The sig-
nals have been modified so that the outliers of the upper and lower 10th percentile
are removed and filled in by an average impulse.

-100 I

T T T

hammer i
hammer j

velocity in dB
G
(e

-200

1

1

................. hammer k
background

63

125

250

500

1000

2000

4000

frequency in Hz

Figure 6.15: Measurement 1: velocity level over frequency of accelerometer exam-
ple (accelerometer 1)
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6. Field measurement

12 T T T T
hammer i
10 F = = =—hammerj |
hammer k
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Figure 6.16: Measurement 1: velocity amplitude over time of accelerometer ex-
ample (accelerometer i)

Figures and represent the energy put into the system by the hammer as
measured by an accelerometer 30 mm from the hammer hit. This has been performed
on a wall as well as a floor element.

_80 T T T T - T T T

velocity in dB

—_ = e e e
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| 1 | 1

63 125 250 500 1000 2000 4000
frequency in Hz

Figure 6.17: Measurement 1: velocity level over frequency of hammer example

40 T T - T T

30 h
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timeins

mV/ms ™2

Figure 6.18: Measurement 1: velocity amplitude over time of hammer input ex-
ample
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6. Field measurement

6.2 Measurement 2

The second measurement also took place in a three-story building still under con-
struction. The building was modular in the sense that the rooms where prefabricated
as blocks and assembled on site.

One wall-floor X-junction was measured between level 2 and 3. The setup and
method was the same as measurement 1.

80 mm — CLT
80 mm - mineral wool
80 mm — CLT

160 mm - €LT

25 mm — elastic interlayer
80 mm —CLT

13 mm - gypsum

%

13 mm-—gypsum
80 mm — CLT
80'mm - mineral wool
80 mm —CLT
13 mm - gypsum

Figure 6.19: Measurement 2: Measured junction dimensions

Figure 6.20: Measurement 2: Wall-floor junction
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6. Field measurement

Figure 6.21: Measurement 2: Internal wall

Figure 6.22: Measurement 2: Ceiling
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Measured results

The three junctions that were measured are presented below. Figure [7.1] is two

external walls separated by a floor on the sixth level.

- ET< - 40 T T T T T T T
> . Kij
| - = Kik
30 L e Kjk B
3
. £20F e e il el ]
| = . >~ -
o i il | —J < - T —
a g '.,.... “‘_“, ---------- L. -‘__“.‘--....,____....
¢ e J 10k oo e :
C-E I | e
D | -‘7 O 1 1 1 1 | 1 1 1 1 1
= 50 63 80 100 125 160 200 250 315 400 500 630
( Frequency in Hz
finHz 50 63 80 100 125 160 200 250 315 400 500 630
0 k Kij 163 146 166 153 168 189 156 173 171 173 175 16.2
- | _ Kik 183 159 166 175 212 206 201 213 212 215 174 188
Kk |17.4 154 170 146 94 144 125 105 138 119 7.3 84
Figure 7.1: Measurement 1: K;; of external wall level 5 and 6

Figure is the junction of internal walls and floor separating the fifth and sixth

level.
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7. Measured results

40 T T T T T

Kij

0 1 1 1 | 1 | 1 1 1 1
50 63 80 100 125 160 200 250 315 400 500
C Frequency in Hz
finHz 50 63 80 100 125 160 200 250 315 400 500 630
k Kj | 155 140 161 154 99 117 110 115 147 155 149 136

- - Kik |°20.8 228 237 212 216 273 230 291 315 307 317 313
Kk |.10.6 116 128 109 6.8 107 87 101 83 5.4 9.5 9.4

Figure 7.2: Measurement 1: K;; of internal wall level 5 and 6

The final junction of measurement 1 (Figure is the internal walls-floor junction
separating the fourth and fifth level.

630

I

0 1 1 1 1 1 1 1 | 1 1

50 63 80 100 125 160 200 250 315 400 500
C Frequency in Hz
>

fin Hz‘ 50 63 80 100 125 160 200 250 315 400 500 630
k Kij | 125 84 135 169 157 19.7 19.7 177 179 170 177 140
- - Kik | 22.7 19.8 183 193 21.1 250 257 280 284 261 1262 257
Kjk | 142 108 108 152 9.7 139 128 86 9.0 8.2 73 3.6

Figure 7.3: Measurement 1: K; of internal wall level 4 and 5

Figure details the results from the measured wall-floor junction between level 2
and 3 from measurement 2.
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7. Measured results

X

/\(/ l/ \(\l/

=~

\/\

40

- -
- - Kij
- —

-~ RN ,.___—” - = Kik
e Sl
20 Lo ., =
10 .

0 1 1 1 1 1 1 1 1 1 1 1
50 63 80 100 125 160 - 200 . 250 315 400 - 500 630 800 - - 1000
Frequency in Hz
finHz 50 63 80 100 125 160 200 250 315 400 500 630 800 1000
Kij 193 185 122 96 141 155 166 157 143 170 145 16.5 182 20.0
Kik | 33.8 36.8 361 289 29.7 30.0 33.6 335 351 381 41.0 444 445 441
Kik | 201 23.8 245 184 153 156 18.7 185 19.3° 227 26.1 303 29.2 26.2

Figure 7.4: Measurement 2: K;; of internal wall-floor junction of level 2 and 3
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Discussion

8.1 Measurement uncertainty

As mentioned in section [6.1] the power input of the impact hammer was not recorded
during the measurements due to limitations of the measurement equipment. This
deviation from the standard required more samples. In measurement 1 each signal is
a result of an averaging of 240 impulses. The number of impulses for each signal in
measurement 2 is 320. In Figure [8.I] and [8.2] the standard error has been calculated
and plotted as a 97.5% confidence interval for each element excited, as recorded by
accelerometers mounted on one element per measurement. The biggest uncertainty
can be found in frequency band 315 Hz in measurement 2 when excitation occurs
in the same element as the accelerometers are mounted. At that data point there
is a 97.5% that the true value is within 2.9 dB above or below the measured value.
It makes sense that the biggest uncertainty occurs when exciting the same element
that the accelerometers are mounted on, since there is a higher possibility that the
measurement is not taking place in the reverberant field.

—]—hammer i
-—-}---hammer j
T+ hammer k
background

50 63 80 100 125 160 200 250 315 400 500 630 800 1000
Frequency in Hz

Figure 8.1: Measurement 1: Confidence interval (97.5%) of signals recorded by
accelerometer mounted on element i
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Figure 8.2: Measurement 2: Confidence interval (97.5%) of signals recorded by
accelerometer mounted on element j

8.2 Load

How the behavior of the junction change with increasing load becomes visible when
comparing the same junction at different levels in the building. Figure [8.3 shows all
three measured junction paths of the internal wall-floor X-junction on the highest
levels of the building (5 and 6) and the levels below (4 and 5). The straight wall
to wall path of the lower junction performs worse in all but one frequency bands
(200 Hz). The perpendicular upper wall-floor path of the lower junction performs
worse under 100 Hz and the same or better in the frequency band of and above
100 Hz. The perpendicular lower wall-floor path of the lower junction is rather
similar to the upper junction but performs slightly better in the frequency bands
50,100,125,160,200,315,400 Hz and slightly worse in 63,80,250,500,630 Hz. This is
the first straight path under load comparison presented in the thesis, since both
examples in section [8.2] where of perpendicular paths.
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Figure 8.3: Measurement 1: Kj; of internal wall junctions

8.3 Internal and external wall junctions

Kij Iv 56
- = «Kik Ivl 56
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== @ Kijk Ivl 45

In Figure the internal wall-floor junction between level 5 and 6 is compared to
an external junction of the same floor. The external wall is a T-junction while the
internal wall is a X-junction shared with another wall element separated by 75 mm
mineral wool (Figure . The straight wall to wall path of the external junction
performs worse than that of the internal. Both perpendicular paths of the external
junction perform slightly better or about the same as the internal junction. Overall
there is less difference between the three junction paths in the external junction

than in the internal.

4
0 . . T Kij int X
= = Kikint X
........... Kjk int X
30 | - -, -—- m =B KkextT
o - s —B—KijjextT
% =~ . S o - KkextT
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£20F ,»‘“-l-—u--"'" o- 2. 4
NI
................................ ——
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50 63 80 100 125 160 200 250 315 400 500 630

Frequency in Hz

Figure 8.4: Measurement 1: K;; of internal and external wall junctions

8.4 Junction composition

The composition of a junction will of course impact the vibration transmission be-
havior. In Figure the junctions of measurement 1 and 2 are compared. The
junction of measurement 1 is the internal wall-floor junction on the highest floor
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level. The straight wall-wall path and the perpendicular lower wall-floor path are
greatly improved by the modular approach utilized in measurement 2.

—@— Meas. 2: Kijj
= @ +Meas. 2: Kik
o er Meas. 2: Kjk
= = :Meas. 1: Kik
Meas. 1: Kij
......... Meas 1: Kjk

50 63 80 100 125 160 200 250 315 400 500 630 800 1000
Frequency in Hz

Figure 8.5: Kj;; junctions in measurement 1 and 2

8.5 Lab vs in-situ measurements

In a comparison between of the measured internal junction on the highest levels and
a similar x-junction measured in lab for the Flanksound project (Rothoblaas| [2018)),
Figure is the result. It is not a perfect comparison with the main difference being
that the lab specimen has thinner vertical elements and a thicker floor element. The
lab specimen consists of 100mm-3ply wall elements and the floor is a 160mm-5ply
element. The floor is screwed to the bottom wall with 300mm steps, and the top wall
is connected to the floor via angle brackets with 800mm steps. There is a resilient
interlayer at both connections between wall and floor (Figure .

The straight wall to wall path of the lab specimen performs worse than the in-
situ measured junction. This can possibly be explained by the previously stated
fact that the lab elements are thinner and therefore vibrate more easily, but on the
other hand the difference in thickness between the walls and the floor should cause
an impedance change reflecting back much of the energy instead of transmitting.
The two perpendicular paths of the lab specimen perform better than the in-situ
measured junction in all but one frequency band respectively.
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Wall
[ 100mm-)

©0 0 o %00 o °0 0 o
0.0 ol 000 ol 00 0 ol
0600 06’0’0 000 0

L AL LU (AL LU L Floor —
} 160mm{|

Sply — =

LLLLL

300 mm | Wall
100mm-)

3ply

Figure 8.6: Lab specimen, Rothoblaas T-junction
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Figure 8.7: K;; of internal wall (measurement 1) compared to similar lab measured
specimen

Comparing the in-situ measured external wall junction with a similar T-junction
from the Flanksound project produce the following result (Figure . The lab
specimen consists of a two 100mm-3ply wall elements and the floor is a 160mm-5ply
element. The floor is screwed to the bottom wall with 300mm steps, and the top wall
is connected to the floor via angle brackets with 800mm steps. There is a resilient
interlayer at both connections between wall and floor (Figure .

The junction path that sticks out is one of the perpendicular paths in the lab speci-
men. This big difference between the vibration transmission from floor to the upper
or lower wall is not clearly seen in the in-situ measurement. The two other junction
paths are relatively similar between the lab and in-situ measured junctions.
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Figure 8.8: Lab specimen, Rothoblaas T-junction
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Figure 8.9: K;; of external wall (measurement 1) compared to similar lab measured
specimen

Elastic interlayers are common in CLT-constructions. It is rather expensive and at
the same time the benefits are not fully understood. The behavior is well studied
in lab environment. In those experiments the main influence of it’s effectiveness
is whether the interlayer is shortcut by screws or not and the resonances of the
mass-spring system created by the CLT element and the elastic interlayer. In a
realized building however there are other factors that play a role in the final junction
performance
o The interlayer is under an increasing load depending on the floor level and the
height of the building.
o The assembly is not necessarily as precisely assembled as in a lab environment
e There are many more resonant subsystems present which share the energy
o Boundary conditions are not necessarily the same as the ones studied in a lab
environment.
These factors can either increase or decrease the effectiveness of the elastic interlayer.
The issue of increased loads are still somewhat unanswered. The perpendicular
paths seem to benefit to some extent by being exposed to an external load on the
junction. This may be because it hinders the resonance frequencies of the mentioned
mass-spring system, which does not appear to be prominent in any of the in-situ
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measurements. As that load increases it seems to stop being beneficial and the
effectiveness of the elastic interlayer decrease. The straight paths of a junction does
even worse under load than the perpendicular paths as seen both in the measured in-
field measurement and the measurements discussed in section [8.2] The mass-spring
effects may also be mitigated in-field by the fact that the boundary conditions are
different since the element is baffled at all edges by surrounding structure.

8.6 Standard estimations

A comparison of the measurements in section m and the Kj;; estimation, provided
by ISO 12354-1 Annex E, is presented in Figures and B.11] K3 is the straight
path which corresponds to the measured K, and K, is the perpendicular path
which corresponds to the measured K;; and Kj,. The estimation is calculated for
a "wall junction with flexible interlayers" as detailed in section [l The estimations
does not fit well with the in-field measurements, especially in low frequencies where
the vibration reduction index is underestimated.

50 63 80 100 125 160 200 250 315 400 500 630
Frequency in Hz

Figure 8.10: Vibration reduction index of external wall T-junction (measurement
1) compared to estimation in ISO 12354-1 (Marker: Diamond)
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50 63 80 100 125 160 200 250 315 400 500 630
Frequency in Hz

Figure 8.11: Vibration reduction index of internal wall X-junction (measurement
1) compared to estimation in ISO 12354-1 (Marker: Diamond)

8.7 Element composition

The choice of CLT element is going to play a big role in the resulting sound trans-
mission in a building. The more orthotropic the material is the wider the radiation
peak as seen in section It is the reason why flanking transmission in the mid-
frequency range is so important. If CLT elements are chosen that are more isotropic,
then the radiation should also become more easy to control.
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Conclusion

This thesis has examined the structure-borne vibrations transmitted through cross
laminated timber junctions. The main method to reduce flanking transmission
through these connection points in a building is to create an impedance change
within the junction. Utilizing different thicknesses of CLT element connected to any
particular junction will reduce vibration transmission (section . Depending on
the CLT element chosen, the material properties can vary significantly (section [3.1)).
This can, much like the change in geometry, also cause a change in impedance, which
is favorable in the case of junction transmission. On the other hand, the more or-
thotropic elements create a wider radiation efficiency peak (section which might
bypass the possible gains made in the junction transmission.

Floors and ceilings can be treated with floating layers to mitigate noise transmis-
sion. However, the impact of first order flanking on the total sound transmission
between two rooms completely depend on the structure-borne vibration transmis-
sion through the wall to wall junction, and whether additional layers are present
on connected elements, such as one or two layers of gypsum. The encouraging fact
is that the wall to wall junction path consistently performs better than the per-
pendicular paths. The less encouraging fact is that the wall to wall junction path
performed worse when going down one level (i.e. increasing the load) in the in-field
measurement performed in this thesis (section [8.2). With increasing load the effec-
tiveness of isolation through the means of elastic interlayers will be limited. The
taller the building becomes, the harder it is going to be to treat this specific path
without excessive or innovative solutions such as treating the walls acoustically or
utilizing blocking mass or rolling connections in the junction (section [3.4).

Annex E of the standard ISO 12354-1 is not yet well suited for estimation of vibra-
tion reduction indexes with regards to CLT-constructions (section [8.6)), as it tends
to underestimate the real life performance. Finite element modeling shows potential
to estimate the structure-borne vibration transmission in low to mid frequencies

(section [5)).
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Further studies

Future work could contain the following tasks.

1. Measure the vibration reduction index in realized buildings with a focus on
the difference between high and low floor levels.

2. Continue finite element modeling of junctions, with focus on if the influence of
connections and elastic interlayers can be sufficiently estimated by comparing
the FE-analysis result to lab measurement.

3. Make detailed measurements in lab with the aim to determine damping, modal
response and radiation efficiency of different CLT elements.

4. Test alternative isolators in junctions that can withstand high static vertical
loads.
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