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Abstract: High-rise wooden buildings are increasing in popularity, and they typically include cross-
laminated timber in the structure. Taller buildings result in higher loads on the junctions lower
down in the building, which are suggested in the literature to negatively affect the sound insulation.
This study involved measurement of the vibration reduction index in four different CLT buildings,
varying in height and junction details. A total of 12 junctions were measured at both high and low
levels in the buildings. Among these, 10 junctions had resilient interlayers with different stiffnesses
dependent on the designed quasi-permanent load, while 2 junctions lacked resilient interlayers. The
results indicated that the vibration reduction index decreases lower down in the building mainly for
the Wall–Wall path. The findings were consistent for all measured junctions above 400 Hz for the
Wall–Wall path and for the majority of the measurements of the remaining frequency range, 400 Hz
and below. The observed difference in the vibration reduction index could significantly impact the
final result if a high-rise building has several flanking paths that affect the sound insulation between
two apartments, and this needs to be considered during the design phase. Similar effects were shown
for buildings both with and without resilient interlayers in the junctions.

Keywords: vibration reduction index; building height; cross-laminated timber; building acoustics;
sound insulation

1. Introduction

Wooden buildings are increasing in popularity and usage for various constructions,
including multi-family houses, schools, and offices. Moreover, the maximum building
height is gradually growing with more stories, which increases the load lower down in the
building. Cross-laminated timber (CLT) is typically used in some parts of the construction
of high-rise wooden buildings. CLT is built up from several layers of stacked lumber boards
that are glued together in a crosswise pattern. Generally, the crosswise pattern is 90 degrees,
a minimum of three glued layers are used, and the CLT elements consist of an odd number
of layers. Due to the crosswise pattern and laminating process, improved dimensional
stability is provided for the elements, and CLT has high strength and stiffness properties [1].
While various papers on wind, fire, and seismic performance exist for high-rise wood
buildings [2–17], few investigate the acoustic factors. Previous research on acoustics in
wood has mainly focused on sound transmission through single elements in a laboratory
and the sound transmission in finished smaller buildings or mockups.

Several laboratories measured the performance of CLT elements with and without
additional layers, including Refs. [18–25]. Vardaxis et al. [26] measured various configura-
tions of CLT slabs, focusing on layers of wet and dry solutions above the CLT. Sabourin
and McCartney [27] measured the sound insulation properties of CLT elements for floors
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and walls with different thicknesses and additional linings. Loriggiola et al. [28] measured
several configurations of CLT walls with frames and panels. Hongisto et al. [29] measured
many wooden and concrete constructions, including CLT floors with additional layers.
Moreover, some articles, including Refs. [30–36], focused on theoretical estimations and
evaluations based on measurements to predict the sound insulation properties of CLT
elements. Lin et al. [37] compared several calculation methods with the measurement
results of CLT walls combined with frames and panels. Bader Eddin et al. [38] used an
artificial neural network approach to predict the sound insulation properties of different
lightweight floors based on 252 standardized laboratory measurements with good accuracy.
Furthermore, sound radiation models and finite element methods were developed in a few
papers [39–43] for CLT plates, which are used to predict sound insulation.

In the literature, several authors collected and measured the vibration reduction
index of CLT elements, including Refs. [44–49]. Schoenwald et al. [50] presented vibration
reduction index measurements of CLT elements via different connection methods that
are used to predict the flanking sound transmission. Pérez and Fuente [51] measured the
velocity level difference in a CLT mock-up building where, amongst other combinations,
different resilient materials were used. Additionally, a more extensive mock-up test of
several sound parameters, including the vibration reduction index, was conducted in the
ADIVBois Acoustic Mockup [52].

A large set of measurements have been collected by various authors in the literature
described above. Moreover, some researchers have observed whether the load on junctions
affects the sound transmission. Ref. [50] found that the load on a junction affected the flank-
ing sound transmission in a laboratory, but only on the initial loading of the first simulated
story; further loading after that had no effect. Morandi et al. [53] expected to see a difference
when adding a load on a CLT slab during measurements of the vibration reduction index
in a laboratory. Conversely, they found no significant difference when a load was added,
which they argue could have been caused by the construction process. Mecking et al. [54]
found that an extra load marginally lowered the vibration reduction index of an L-junction.
Crispin et al. [55] showed that an increasing load results in a higher dynamic stiffness of
the joint and a lower global vibration reduction index for two concrete elements connected
with a flexible interlayer of natural rubber. The measurements from Refs. [50,53,54] were
on CLT elements from laboratories, where a field situation could be simulated. In other
papers, field measurements in finished buildings were evaluated, and it was suggested that
the load affects the sound transmission between apartments. Ref. [56] found that the load
could have a negative effect on the flanking sound transmission in a lightweight timber
construction. However, the authors suggested that this is caused by a mismatch between
the load and stiffness of the resilient interlayers. Ref. [57] found that the impact sound
insulation was worse lower down in the building, which they argue is due to less elasticity
in the lower junctions because of the higher constraints being applied. Hörnmark [58]
measured the vibration reduction index in a finished building and found that increasing
the load negatively affects the vibration reduction index. However, measurements were
performed with a transient method, and the vibration levels were not simultaneously
recorded, which contradicts the recommendations in ISO 10848-1 [59].

Some of the previously mentioned studies [50,53–58] either measured the vibration
reduction index in a laboratory or in the field, and few junctions and combinations were
investigated in each paper. Moreover, only a few papers described in numbers or curves
how significant the influence of the building height is, while others mainly commented on
whether it has an effect. There is a need to thoroughly investigate whether the difference
in building height affects the sound transmission between stories in the field and how
significant the effect is. In a recent study by Nilsson et al. [60], the authors performed
58 airborne sound insulation measurements over several stories in four buildings with
different building systems and junction details. The results showed that the airborne sound
insulation decreases lower down in the buildings. Moreover, Ref. [60] found that the
airborne sound insulation decreases at a mean value of 0.5 dB per story over the frequency
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range. For a six-story difference, a 3 dB decrease in airborne sound insulation is, therefore,
expected. The findings in Ref. [60] can be used for an overall estimation but strongly
depend on the presence of the flanking sound transmission. Additionally, the study did
not describe how the impact sound insulation is affected. For more precise estimations,
measurements of the Kij in several buildings are needed to determine the effect of the
flanking sound transmission.

In an attempt to further investigate how the load might affect the sound insulation in
finished buildings, vibration reduction index measurements in real buildings are required,
as also highlighted in Ref. [60]. The purpose of this paper is to present findings from
measurements and evaluations of the vibration reduction index of several CLT buildings
with different junction details at different stories. The goal is to find correlations between
the difference in Kij and the load or the number of stories that can be used in predictions.

2. Vibration Reduction Index and Measurement Method

The vibration reduction index, Kij, was measured on 12 junctions in four different
building projects made with cross-laminated timber. The junctions were categorized in
pairs (six pairs in total), where one junction pair was measured at a low level and a high
level in a building (see Figure 1). The junctions within each junction pair are at the same
location in a plane view with the same boundary conditions. Thus, the only main difference
within the same junction pair is the load on the junction, with a few exceptions described
further down for each building project.
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The vibration reduction index, Kij, was measured based on the standard ISO 10848-1 [59]
and was calculated according to Equation (1):

Kij = Dv,ij + 10 log10

(
lij
√aiaj

)
, (1)

where Dv,ij is the direction-averaged velocity level difference, lij is the junction length,
and ai and aj are the equivalent junction lengths of the elements. The standard [59] was
developed for laboratory measurements, and no measurement standard exists for the field.
However, similar principles can be applied to field situations with some caution. For
example, in a field situation, the operator should take note of potential flanking paths that
are not first-order flanking paths. Here, first-order flanking paths are defined as paths
including one junction, one source surface, and one receiving surface. ISO 10848-1 [59]
describes two different measurement methods, either a transient or a steady-state method.
Indeed, excitation with a steady-state method (like a shaker) is more reliable than a transient
method (like a hammer), as shown in the literature [61,62]. Moreover, measurement with a
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shaker is the preferred method, but an impact hammer can be used as long as simultaneous
measurements on the sending and receiving elements are performed according to the
standard [59]. However, it is not reasonable to bring a shaker to field measurements due to
the weight of the device, handling it on-site without access to elevators, and the limited time
available because of ongoing building work. Furthermore, Ref. [46] found no significant
difference between measurement methods with a hammer or a shaker for CLT elements.
To measure the direction-averaged velocity level difference, the velocity level difference
between elements i and j (Dv,ij) and between elements j and i (Dv,ji) is measured. Then,
Dv,ij is calculated according to Equation (2):

Dv,ij =
1
2
(

Dv,ij + Dv,ji
)
. (2)

The velocity level difference was measured with accelerometers attached to the surface,
and seven to nine accelerometers were used in total, depending on the size of the CLT
plates. The measurement equipment consisted of accelerometers of type 4507 B 004 from
Brüel & Kjær (Virum, Denmark), two LAN-XI of type 3050-A-060 from Brüel & Kjær, and
an impact hammer of type 8210 also from Brüel & Kjær. The accelerometers were calibrated
with a vibration calibrator of type VC20 from Metra (MMF) (Radebeul, Germany), and the
software BK Connect (mainly version 26.0.0.241) from Brüel & Kjær was used to record,
process, and analyze the data. The impact hammer is a part of the transient method, and
it is shown in Figure 2a. Different hardnesses (soft, medium, tough, and hard) can be
used at the tip of the hammer. On-site tests showed that there is a small difference in the
result among the different tips for CLT elements. This was also found in Ref. [46] but with
different tips. However, it was more challenging to excite the structure with the softest
tip, and the accelerometers detected some airborne sound produced by the hardest tip.
Moreover, the difference in the reverberation time of a test element was negligible between
the medium tip and the tough tip when struck with different strengths, as suggested in
Ref. [59], to test the measurement method. Thus, either the tough or the medium tip
was used in the measurements depending on the situation at the site. The same tip was
always used within the same junction pair. Furthermore, since it was the difference in the
vibration reduction index between stories that is of interest, and since the junction details
and measurement method were the same in each junction pair, the measurement procedure
was expected to have a minor impact on the test result accuracy.
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For each junction, two to three excitation positions were used when measuring the
difference in the average velocity level between the measured elements (Dv,ij and Dv,ji).
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The standard [59] specifies a minimum of four excitation positions for Type A elements (for
example, CLT). However, this is not always suitable for field measurements because of the
size of the elements and openings, even if the minimum distances are vaguely considered.
In general, three excitation positions were used in the projects. However, two junctions in
project A could only fit two positions, which was considered adequate, since the difference
in the vibration reduction index was of interest, and since the same measurement method
was applied for each junction pair. Along the two to three excitation positions, a minimum
of three accelerometers were used at each element for each excitation position according
to the procedure in Ref. [59]. The accelerometers were also moved around at different
positions on the element, and the measurement procedure concerning minimum distances
was followed based on Ref. [59]. The excitation and measurement positions were always
on the same side as the flanking paths. For example, when measuring the Ceiling–Wall
flanking path, the excitation positions and measurement positions of the ceiling/floor were
performed on the ceiling instead of the floor. Furthermore, simultaneous measurements
of sending and receiving elements were performed, which is strongly recommended by
the standard when using the transient method. Measurement positions were recorded
with accelerometers attached to the surface with double-sided tape (see Figure 2b). The
standard [59] specifies that the fixing of accelerometers should be stiff in the direction
normal to the surface of the elements, which is not always suitable for measurements on
site, as highlighted in Ref. [63]. Thus, double-sided tape is used, and this works similarly
to beeswax for frequencies up to 3150 Hz. For 3150 Hz and above, a weak fixing of the
accelerometers could occur and cause errors that need to be considered [63]. Indeed, it
is preferred to mount the accelerometers with screws and magnets to the CLT, instead of
using beeswax or double-sided tape, to avoid weak fixing. However, this was only possible
in some projects.

The structural reverberation time was measured using the same principles and pro-
cedure for the difference in average velocity levels between elements. Here, the standard
specifies a minimum of three excitation positions, which is more in line with the procedure
followed in the different projects. The structural reverberation times, Ts,j and Ts,i, were
used to calculate the equivalent absorption lengths, aj and ai, according to Equation (3):

aj =
2.2π·Sj

Ts,j·c0

√
f

fre f

. (3)

where Sj is the surface area of the element measured, c0 is the speed of sound in air, f is
the frequency, and fre f is the reference frequency (equal to 1000 Hz [59]). The evaluation of
the decay curves to determine the structural reverberation time followed the procedure
in Refs. [59,64]. The evaluation range should be between 5–15 dB, according to Ref. [59].
However, shorter evaluation ranges are preferred in Ref. [65], as also highlighted in Ref. [59].
An evaluation range of 10 dB was, therefore, used, as recommended in Ref. [59].

The airborne sound produced due to impacts of the hammer was recorded by discon-
necting the accelerometers from the sending and receiving elements, letting them hang in
the air while the cables were attached to the elements with duct tape. The measurements in
question were used to evaluate whether the airborne sound produced by the hammer, with
different tips, influenced the result, while measuring the vibration reduction index.

The four building projects measured in this paper have CLT as the bearing structure
for interior walls and floors. Some projects also had CLT in the facades. In this paper, the
junction types (X and T) consisted of two walls and a floor. For the X-junctions, the floor
was on both sides of the walls, either continuous or divided. For the T-junctions, the floor
stopped in line with the two walls, with no other connections afterward.

Project A was a 10-story building with a 6 mm viscoelastic interlayer between the floor
and the walls above it. The CLT elements were connected with brackets that are mounted
directly onto the CLT without resilient interlayers (see Figure 3a). The measurements
for project A were performed on six junctions, yielding three junction pairs: two interior
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X-junction pairs and one facade T-junction pair. The difference in the number of stories
between the measurements for project A was four stories for all three junction pairs. All
the junctions in project A consisted of 180 mm thick CLT floor elements. All three junctions
measured lower down in the building consisted of 160 mm thick CLT wall elements. For
the junctions higher up in the building in project A, all three consisted of 120–140 mm
thick CLT wall elements (120 mm for the upper wall elements at all three junctions, and
140 mm for the lower wall elements at all three junctions). The junctions called Int.Wall
2 had continuous floors, while the junctions called Int.Wall 1 had no continuous floors.
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Figure 3. Measurement pictures of the different junction details. (a) Junction detail for project A with
a 6 mm viscoelastic interlayer between CLT wall and floor and no interlayers between bracket and
CLT elements. (b) Junction detail for project B with a 25 mm viscoelastic interlayer between CLT
wall and floor and a thin resilient interlayer between bracket and CLT elements. (c) Junction detail
for project C with a 12 mm viscoelastic interlayer between CLT wall and floor and a 6 mm resilient
interlayer between bracket and CLT-elements. (d) Junction detail for project A with no interlayers in
the vertical junctions.

The measurements for project B took place in a six-story building with a 25 mm
viscoelastic interlayer between the floor and the walls above it. The CLT elements were
connected with brackets and screws, and a thin resilient interlayer was located on the lower
part of the brackets against the floor (see Figure 3b). Two X-junctions with continuous floors
(one junction pair) were measured with a three-story difference. Both junctions consisted
of 180 mm thick CLT floor elements and 120 mm thick CLT wall elements.

Project C was a five-story building (including the attic) with a 12 mm viscoelastic
interlayer between the floor and the walls above it. The CLT elements were connected with
brackets that are mounted directly onto the CLT–wall, with a 6 mm resilient interlayer
between the bracket and the CLT floor (see Figure 3c). Measurements were performed
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on two T-junctions, yielding one junction pair over a two-story difference. Both junctions
consisted of 240 mm thick CLT floor elements and 120 mm thick CLT wall elements.

Measurements for project D took place in a seven-story building without a resilient
interlayer in the vertical junctions (between floors and walls). The CLT floors and walls
were connected with brackets and screws, also without a resilient interlayer (see Figure 3d).
One junction pair, consisting of two interior X-junctions with a three-story difference, was
measured, and the floors were not continuous for the junctions. Both junctions consisted of
250 mm thick CLT floor elements and 130 mm thick CLT wall elements.

A description of the thicknesses and the static E-modulus for the resilient interlayers
that were used in the measured vertical CLT junctions is presented in Table A1.

3. Results
3.1. Evaluation of Structural Reverberation Time

ISO 10848-1 [59] suggests that measurements with an impact hammer should be
evaluated with different strengths of the hammer blow, combined with different materials
on the tip. Different materials are discussed in Section 2. To evaluate the strength of
the hammer blow, measurements of the reverberation time for two floors in project C
are compared and displayed in Figure 4. The hammer was struck from both the ceiling
and the floor. The impacts on the ceiling were lower in strength than on the floor. The
result in Figure 4 indicates that there was a small difference in reverberation time between
the measurements overall. A comparison was made between lines of the same type, for
example, solid dark blue compared to solid light blue. Furthermore, the measurements of
different floors in project C showed a small variation in reverberation time in comparison
to each other.

Buildings 2023, 13, x FOR PEER REVIEW 7 of 19 
 

floors (one junction pair) were measured with a three-story difference. Both junctions con-
sisted of 180 mm thick CLT floor elements and 120 mm thick CLT wall elements.  

Project C was a five-story building (including the attic) with a 12 mm viscoelastic 
interlayer between the floor and the walls above it. The CLT elements were connected with 
brackets that are mounted directly onto the CLT–wall, with a 6 mm resilient interlayer 
between the bracket and the CLT floor (see Figure 3c). Measurements were performed on 
two T-junctions, yielding one junction pair over a two-story difference. Both junctions 
consisted of 240 mm thick CLT floor elements and 120 mm thick CLT wall elements.  

Measurements for project D took place in a seven-story building without a resilient 
interlayer in the vertical junctions (between floors and walls). The CLT floors and walls 
were connected with brackets and screws, also without a resilient interlayer (see Figure 
3d). One junction pair, consisting of two interior X-junctions with a three-story difference, 
was measured, and the floors were not continuous for the junctions. Both junctions con-
sisted of 250 mm thick CLT floor elements and 130 mm thick CLT wall elements. 

A description of the thicknesses and the static E-modulus for the resilient interlayers 
that were used in the measured vertical CLT junctions is presented in Table A1. 

3. Results 
3.1. Evaluation of Structural Reverberation Time 

ISO 10848-1 [59] suggests that measurements with an impact hammer should be eval-
uated with different strengths of the hammer blow, combined with different materials on 
the tip. Different materials are discussed in Section 2. To evaluate the strength of the ham-
mer blow, measurements of the reverberation time for two floors in project C are com-
pared and displayed in Figure 4. The hammer was struck from both the ceiling and the 
floor. The impacts on the ceiling were lower in strength than on the floor. The result in 
Figure 4 indicates that there was a small difference in reverberation time between the 
measurements overall. A comparison was made between lines of the same type, for exam-
ple, solid dark blue compared to solid light blue. Furthermore, the measurements of dif-
ferent floors in project C showed a small variation in reverberation time in comparison to 
each other.  

 
Figure 4. Difference in structural reverberation time of floors in project C when an impact hammer 
was struck from under (ceiling) and above (floor). Dashed curves represent the floor at the higher 
story, and solid lines represent the floor at the lower story. 

  

Figure 4. Difference in structural reverberation time of floors in project C when an impact hammer
was struck from under (ceiling) and above (floor). Dashed curves represent the floor at the higher
story, and solid lines represent the floor at the lower story.

3.2. Vibration Reduction Index Measurements

Based on vibration reduction index measurements from four CLT projects with a total
of 12 junctions consisting of 36 flanking paths, the results indicated that there is a difference
in the vibration reduction index between apartments located on high stories compared to
those located on low stories. In Figure 5, the difference in the vibration reduction index
for the Wall–Wall path is displayed for all projects. The T-junctions (facades) are shown
with dashed lines, and the X-junctions (interior walls) are displayed with solid lines. A
positive difference in Figure 5 indicates that the vibration reduction index is decreasing



Buildings 2023, 13, 2943 8 of 19

lower down in the building. Overall, there was a positive difference for all curves above
400 Hz. Furthermore, below 400 Hz, the curves in Figure 5 vary around 0 dB, with most of
the curves also being positive. Initially, the curves have no good correlation, and one of
the dashed curves is much higher than the rest. The results above 3150 Hz had a higher
uncertainty due to the accelerometer mounting technique.
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The difference in the vibration reduction index for the Wall–Ceiling path is displayed
for all projects in Figure 6. Similar to the result in Figure 5, the curves were mainly
positive with some variations around 0 dB, indicating that the vibration reduction index
was decreasing lower down in the building where the load on the junctions was higher.
However, the curves were more consistent with each other, and a more apparent correlation
was seen without adjustments. The results above 3150 Hz had a higher uncertainty due to
the accelerometer mounting technique.
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Lastly, the difference in vibration reduction index for the Wall–Floor path is displayed
for all projects in Figure 7. The same result was not found here compared to the curves
shown in Figures 5 and 6. A few curves in Figure 7 vary more around 0 dB. Overall, the
mean value was still positive (indicating that the vibration reduction index was decreasing
lower down in the building) but not as apparent. Moreover, the curves were not consistent
with each other, and no correlation was found without adjustments. Again, results above
3150 Hz had a higher uncertainty due to the accelerometer mounting technique.
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4. Discussion

The junction pairs measured for the four projects have a different number of stories
between them and different loads that affect the junctions. Thus, correlations with these
factors are interesting to analyze in further detail.

4.1. Measurements Correlated with the Load

First, a correlation factor including the load was used to compare the results. Different
load combinations could be used to find a suitable correlation factor, including combi-
nations of the actual load when measurements took place and the quasi-permanent load
combination that was used to choose the resilient interlayers in the finished buildings.
However, it was only possible to obtain the load combinations for finished buildings. For
these load combinations, the quasi-permanent load was relevant to use since it directly
affected the choice of stiffness of the resilient interlayers in the junctions on the different
stories for three of the four projects (one project had no resilient interlayers in the junctions).
The load correlation factor according to Equation (4) is used:

∆Kij/0.08· log10

(
(1.2π)(∆Load+14)

)
, (4)

where ∆Load is the quasi-permanent load in kN/m, and the result is displayed in Figures 8–10
for the various paths. The y-axes in Figures 8–10 are based on a reference number divided by
the denominator in Equation (4), called the mean load correlation factor. This factor used the
mean value of the ∆Load from all the measurements in this article. The correlation factor in
Equation (4) was first developed based on an iterative process. Later, it was adjusted so that
the y-axis for both correlation methods matched (correlation with the number of stories and
correlation with the load).
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projects. Dashed curves represent T-junctions (facades), and solid lines represent X-junctions (interior
walls). Black curves represent mean value prediction curves.
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Figure 9. Difference in vibration reduction index for the Wall–Ceiling path, correlated with the load
according to Equation (4), between apartments situated at high and low stories for four different projects.
Dashed curves represent T-junctions (facades), and solid lines represent X-junctions (interior walls).

For the Wall–Wall path, mean value curves are displayed for X-junctions and T-
junctions, since a correlation is found between the junction pairs and the difference between
the X-junctions and T-junctions. The correlation is accurate for the T-junctions above 200 Hz,
where the curves follow each other. However, for 200 Hz and below, the curves do not cor-
relate with the load factor proposed in Equation (4). For the X-junctions, a good correlation
is found for frequencies above 500 Hz. The correlation is also quite good for frequencies
500 Hz and below, but with slightly higher deviations. Overall, the correlation factor in
Equation (4) results in a better correlation between the curves in Figure 8 compared to the
results in Figure 5.
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Figure 10. Difference in vibration reduction index for the Wall–Floor path, correlated with the load
according to Equation (4), between apartments situated at high and low stories for four different projects.
Dashed curves represent T-junctions (facades), and solid lines represent X-junctions (interior walls).

For the Wall–Ceiling transmission path, the correlation factor according to Equation (4)
does not show a good correlation between the curves in Figure 9. Thus, the black mean
value curves are not displayed in Figure 9.

For the Wall–Floor transmission path, the correlation factor according to Equation (4)
again does not show a good correlation between the curves in Figure 10. As a result, the
black mean value curves are not displayed in Figure 10 either.

The common denominator between the Wall–Floor and Wall–Ceiling paths is the floor
itself, and the floor is not a vertical element in contrast to the walls. Hence, this factor could
be attributed to the lack of promising results in correlation with the load for the vibration
reduction index paths that include the floor. It could also explain why the correlation
performs well when only vertical elements, such as walls, are considered.

It would be interesting to correlate the result with a load combination when the
measurements occurred. However, the same principal loads per story are more or less
affecting the junctions when the measurements take place among the different projects,
since measurements are made just after the CLT elements are mounted for each project.
Thus, a correlation factor with the number of stories could show similar results, if we
assume a linear correlation between the stories.

4.2. Measurements Correlated with the Number of Stories

As an alternative to correlating the result with the load, the difference in the number
of stories within each junction pair is used according to the story correlation factor in
Equation (5):

∆Kij/∆Number o f stories, (5)

and the results are displayed in Figures 11–13. The y-axes in Figures 11–13 are based on
a reference number that is divided by the denominator in Equation (5), called the mean
story correlation factor. This factor uses the mean value of the ∆Number o f stories from
all the measurements in this article. The same reference number is used for correlations
with the load and the number of stories. A somewhat better correlation is seen with
the number of stories in Figure 11 compared to the load in Figure 8 for the Wall–Wall
path for both the T-junctions and X-junctions. This is statistically evaluated for the whole
frequency range up to 3150 Hz, with both the root-mean-square error (RMSE) and the
mean absolute error (MAE). Both are assessed, since the RMSE is more sensitive than the
MAE to outliers [66]. However, varying results are obtained by evaluating the RMSE and
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the MAE for different frequency regions (low (50–200 Hz), mid (250–1000 Hz), and high
(1250–5000 Hz)) according to Hopkins [67]. The high-frequency region in this article was
chosen as 1250–3150 Hz instead of 1250–5000 Hz because of a higher uncertainty in the
measurement method for frequencies above 3150 Hz. The correlation with the load was
found to be the best for the X-junctions at higher frequencies, while the correlation with
the number of stories was found to be the best at lower frequencies for both the X- and
T-junctions. The correlation with the load at higher frequencies was found to perform
similarly as the correlation with the number of stories for the T-junctions. Both correlation
methods performed similarly for the mid-frequency region, although the number of stories
performed slightly better. The overall mean prediction values per story were calculated as
1.0 dB for the X-junctions and 1.6 dB for the T-junctions. The detailed prediction values are
displayed in Figure A1, and the statistical results are shown in Figure A2.
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Figure 11. Difference in vibration reduction index for the Wall–Wall path, correlated with the number
of stories according to Equation (5), between apartments situated at high and low stories for four
different projects. Dashed curves represent T-junctions (facades), and solid lines represent X-junctions
(interior walls). Black curves represent mean value prediction curves.

For the Wall–Ceiling transmission path, the correlation factor according to Equation (5)
does not show a good correlation among the curves in Figure 12. However, the correlation
factor according to Equation (5) in Figure 12 performs better than the correlation factor
according to Equation (4) in Figure 9.

For the Wall–Floor transmission path, the same result as the Wall–Ceiling path, as shown
above, is found in Figure 13. The correlation factor according to Equation (5) performs
better in Figure 13 than the correlation factor according to Equation (4) in Figure 10, and
the correlation is not good between the curves in Figure 13.

The correlation factors in Equations (4) and (5) mainly depend on the difference in
load or the number of stories. They could be improved by including frequency-dependent
correlations, since there could be different behaviors around, for example, the various
critical frequencies of the systems. By including other parameters in Equations (4) and (5),
better correlations could be achieved, specifically in the mid- and lower-frequency regions
below 400 Hz, where a lower correlation is seen compared to the higher frequencies above
400 Hz. However, more vibration reduction index measurements of various junction details
in CLT are needed in the field to include more parameters in the correlations.
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Figure 12. Difference in vibration reduction index for the Wall–Ceiling path, correlated with the
number of stories according to Equation (5), between apartments situated at high and low stories
for four different projects. Dashed curves represent T-junctions (facades), and solid lines represent
X-junctions (interior walls).
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Figure 13. Difference in vibration reduction index for the Wall–Floor path, correlated with the number
of stories according to Equation (5), between apartments situated at high and low stories for four
different projects. Dashed curves represent T-junctions (facades), and solid lines represent X-junctions
(interior walls).

4.3. In-Depth Analysis

The quasi-permanent load combination is chosen as the input for the load correlation
factor (Equation (4)), since that load combination is used when the resilient interlayers
are dimensioned. A slightly worse correlation is observed with the load compared to the
number of stories for frequencies in the mid and low regions. One possible explanation
for this outcome may be the choice of resilient interlayers compared to the actual load.
Even if the resilient interlayers are designed for the right load, they are chosen based on a
load interval that could cover a broad load range from some manufacturers. Furthermore,
Kij is measured on the CLT elements while they are visible, long before the building is
completed. The load is, therefore, different when measurements occur compared to the
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designed load values in the finished building, including larger dead loads and live loads.
With this argument, the load when measurements occur should be used instead of the
designed load in a finished building. However, the load when measurements take place
is not representative for the chosen stiffness of the resilient interlayers in the finished
building. The relation between the load and stiffness is expected to be more relevant, since
the resilient interlayers’ stiffness could directly affect the vibration reduction index, as
shown for some materials in Refs. [45,53]. Moreover, load combinations of just the bare CLT
are only possible to be retrieved for some projects. Also, as argued at the end of Section 4.1,
load combinations with only the bare CLT could have roughly the same correlation as the
number of stories, if a linear correlation is assumed between the different stories.

The different stiffnesses of the resilient interlayers are chosen based on the quasi-
permanent load, as previously described. Thus, stiffer resilient interlayers are chosen lower
down in the building compared to the upper levels. As the literature [45,53] shows, stiffer
resilient interlayers contribute to a higher vibration transmission over a junction. Therefore, it
could be argued that the result obtained in this study is related to the difference in stiffness
of the resilient interlayers over the number of stories. However, as shown in project D, junc-
tions without resilient interlayers show similar results as junctions with resilient interlayers.
Furthermore, a previous paper [60] that measured the airborne sound transmission in similar
buildings found the same similarity as shown in this paper. While the difference in stiffness of
the resilient interlayers over the number of stories might have an effect, this does not solely
explain the result found in this study. Therefore, an increasing load is found to negatively
affect the vibration reduction index with or without resilient interlayers in the junctions,
and a higher flanking sound transmission is expected at lower levels in the buildings. The
explanation, as the previous literature suggested [55], is that an increasing load yields stiffer
junctions that result in a lower vibration reduction index. Hence, the load on the junctions
needs to be considered with increasing stories in high-rise buildings.

The measurement results for the paths including the floor/ceiling show a slightly
positive difference overall between Kij at high and low stories, with a smaller Kij lower
down in the building. Moreover, analysis indicates that the Wall–Wall path yields a better
result with the correlation factors than paths including the floor, compared to with no
correlations. The difference in correlation performance could be caused by the fact that
a floor is not affected to the same degree by the load as a vertical element, like a wall.
However, the junction itself should be affected and have a result on the vibration reduction
index. Furthermore, measurements of the directional average velocity level difference
show that the velocity level difference varies more depending on the direction when the
floor/ceiling is included, compared to the Wall–Wall path. For the Wall–Wall path, the
velocity level difference is almost identical in either direction. Whether this is due to the
measurement procedure or other physical parameters is uncertain at the moment and
requires further investigation.

The measurements in Ref. [50] showed that the load primarily affects the vibration
reduction index up to an initial load of the first story and that an additional increased
load does not change the acoustical propagation properties. The measurements of the
junctions in this paper described as high are junctions that are situated on the upper stories.
Measurements also take place when the CLT elements are visible. The load is, therefore,
smaller when measurements occur compared to a finished building. Thus, the result
shown in this paper could be related to the same findings seen in Ref. [50]. However, the
measurements in Ref. [60] were not at the highest stories, and the airborne sound insulation
was measured in the finished buildings with the right load where a difference per story
was found. Furthermore, a correlation between the number of stories and the load yields a
good result in this paper over the frequency span for the Wall–Wall path and specifically
for the T-junctions above 200 Hz. In contrast, the same correlation accuracy is not found for
the two other paths, which could be more related to the findings in Ref. [50]. Consequently,
the mean value curves, presented in Figure A1, can be used when estimating the decrease
in sound insulation and the need for additional treatments lower down in the building.
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However, they should be used with some caution, since they are field measurements and
were only verified by one operator in four buildings. Additional measurements of the
junctions in finished buildings, for each story, are needed to find more accurate estimations.
This includes measurements where the difference in the number of stories is higher than
four, to see if the effect is similar for even taller high-rise buildings than the ones measured
in this paper.

5. Conclusions

The purpose of this study was to evaluate the vibration reduction index of several CLT
buildings with different junction details at different stories, based on in situ measurements.

The measurements in this study indicate that the number of stories, or the load, has a
negative effect on the vibration reduction index of the junctions in CLT buildings. A higher
flanking sound transmission and a decrease in sound insulation are expected lower down in
the building. The statement is supported by measurements from several buildings with various
junction types, as shown in Figure 3. Also, the same tendency is seen for junctions without
resilient interlayers. Therefore, the number of stories, or the load, is the primary factor for the
building height effect, rather than the difference in the stiffness of the resilient interlayers.

The measurements were evaluated between two- and four-story differences, where
individual junction pairs for the Wall–Wall path can differ by more than 10 dB in the
vibration reduction index for specific third-octave band frequencies. In addition, the mean
difference per story for the Wall–Wall path was calculated as 1.0 dB for the X-junctions
and 1.6 dB for the T-junctions, with a decreasing vibration reduction index lower down
in the building. If several flanking paths affect the sound insulation, and if the building
has several stories, these factors can significantly affect the final result. Consequently,
the number of stories, or the load, needs to be considered during the design phase for
acoustical treatments.
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Table A1. Data for the resilient interlayers used in measured vertical junctions for the different
projects between CLT elements. Project A uses a mixed cellular polyether urethane; projects B and C
use a mixed cellular polyurethane.

Project and Wall
Type Stories Thickness Static E-Modulus Dynamic E-Modulus

Project A, int. wall 1 5–6 6 mm 1.64 N/mm2 (1) 3.63 N/mm2 (1)

Project A, int. wall 1 9–10 6 mm 0.453 N/mm2 (1) 1.06 N/mm2 (1)

Project A, int. wall 2 5–6 6 mm 8.16 N/mm2 (1) 21.5 N/mm2 (1)

Project A, int. wall 2 9–10 6 mm 0.931 N/mm2 (1) 2.27 N/mm2 (1)

Project A, facade 5–6 6 mm 4.57 N/mm2 (1) 10.4 N/mm2 (1)

Project A, facade 9–10 6 mm 0.861 N/mm2 (1) 1.86 N/mm2 (1)

Project B, int. wall 2–3 25 mm 7.23 N/mm2 (2) 11.08 N/mm2 (1)

Project B, int. wall 5–6 25 mm 0.83 N/mm2 (2) 1.52 N/mm2 (1)

Project C, facade 1–2 12 mm 3.36 N/mm2 (2) 5.42 N/mm2 (1)

Project C, facade 3–4 12 mm 0.83 N/mm2 (2) 1.52 N/mm2 (1)

Project D, int. wall 2–3 - (3) - (3) - (3)

Project D, int. wall 5–6 - (3) - (3) - (3)

(1) Test method according to DIN 53513. (2) Calculated by the manufacturer as the first derivative of the static load
deflection curve. (3) No resilient interlayers were used in the vertical junctions.
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