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Abstract

Wooden multi-family residential houses continue to gain in popularity. Compared to concrete,
wooden constructions have low mass and are subject to relatively poor sound insulation at low fre-
quencies. In a series of Swedish research projects (AkuLite, Aku20 and AkuTimber), the correlation
between the measured sound insulation in lightweight, cross laminated timber (CLT) and concrete
buildings, was compared to the self-rated annoyance from the residents. Impact sound insulation,
L′
nT,w and L′

nT,w+CI,50−2500, showed weak correlation with the self-evaluated annoyance. Particu-
larly residents living in wooden houses were irritated by footstep noise generated by a sound source
with significant energy content below 50 Hz. When determining impact sound insulation, reverber-
ation time (RT) is measured and normalized to 0.5 s. Below 50 Hz, the uncertainty of the measured
RT has been reported to be an issue. In this thesis, empirical studies of the spatial variation of
the RT are performed in two empty bedrooms of different construction, the measurement methods
”interrupted noise” and ”integrated impulse response” are compared. The spatial variation of the
RT is studied. The uncertainty, in terms of standard deviation, is not found to be larger for fre-
quencies below 50 Hz compared to higher frequencies. The bedrooms are then furnished and the
RT is measured with the integrated impulse response method, found to be favorable below 50 Hz.
To what extent furniture contributed to the absorption, and thereby affected the RT, is studied. At
frequencies below 50 Hz, no statistically significant difference in the absorption, due to furniture,
is found. Consequently, below 50 Hz, there should be no need for the normalization of 0.5 s when
impact sound insulation is evaluated.

From the scientific literature, there is an evident need to develop and upgrade sound insulation
prediction methods of CLT panels. A finite element (FE) model is provided, capable of predicting
the airborne sound insulation of typical CLT wall configurations. Single and double CLT panels,
with air and mineral wool respectively in the cavity, are studied. A 2D-3D Hybrid FE model is
introduced that rotates the panels to capture a diffuse-like sound field with reduced computational
time compared to a full 3D model. The purposes are to predict the weighted sound reduction
indexes, Rw and Rw + C50–3150, as well as to study the response as the materials and dimensions
alter. For single walls, the differences regarding Rw and Rw +C50–3150 are within ±2 dB compared
to analytical calculations and laboratory measurements. For double walls, the Hybrid model can
provide an indication of the airborne sound insulation and serve as a tool for relative comparisons,
but due to the lack of comparative data, the absolute accuracy cannot be stated. Metamaterial,
an engineered material with properties not found in naturally occurring materials, may at a later
stage be added to the FE model with the aim to improve the sound insulation below 50 Hz of CLT
constructions. Passive vibroacoustic metamaterial, designed according to the localized resonance
principle where the eigenfrequency of the unit cell (building up the metamaterial) coincides with
the wanted wavelength to decrease or cancel, is of particular interest. One such example is the Mie
resonator which are studied in a pilot study. Two critically coupled Mie resonators, tuned to have
monopolar and dipolar resonances in the same frequency region, will produce the highest sound
absorption and thereby the highest sound insulation of the CLT construction. The Mie resonator
was designed to absorb sound within the 31.5 Hz octave band, the result from the pilot study seems
promising.
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1 Introduction

The first standardized measurement guideline for sound insulation in dwellings was designed for
buildings made of heavy materials, like concrete and brick, and launched by the International Stan-
dard Organization (ISO) in 1968. The measurements were evaluated as a single number quantity
(SNQ) for airborne, Rw, and impact, Ln,w, sound insulation respectively, defined from 100 Hz [1],
see Table 1. In apartment buildings made of lightweight materials, the evaluation parameters were
working inadequately at lower frequencies. In 1996, the spectrum adaptation terms, C50−3150 and
CI,50−2500, were introduced in the ISO standards, serving as an option to include 50 Hz in the
evaluation process [2], [3]. The Swedish research projects AkuLite (2009-2013), Aku20 (2014-2017)
and AkuTimber (2019-2022) studied the correlation between the measured sound insulation in
lightweight (defined as ”loadbearing structure of wooden or thin steel beams combined with various
types of board”), cross laminated timber (CLT) and concrete dwellings compared to the self-rated
annoyance from the residents. The airborne sound insulation parameter, D′

nT,w + C50−3150, was
found to be working well. Impact sound insulation, L′

nT,w and L′
nT,w +CI,50−2500, on the contrary,

showed weak correlation with the rated annoyance.
It has been reported that when the measured impact sound insulation parameters in the different

dwellings show the same SNQ, evaluated from 50 Hz, residents living in the concrete houses were
still most satisfied with the sound insulation. [4] The residents in the lightweight and CLT buildings
were irritated by the footstep noise that has a significant energy content below 50 Hz [5]. When the
measured frequency range was extended down to 25 Hz, Ljunggren et al. [6] found stronger correla-
tion with the ratings of annoyance from impact sound compared with evaluation from 50 Hz or 100
Hz. With sound insulation descriptors corresponding to the perception, the risk of health-related
problems, in terms of sleeping disturbances and stress symptoms, can be reduced. Determining the
impact sound insulation, the sound pressure level (SPL) is measured and corrected with respect to
the reverberation time (RT) in the receiving room. At frequencies below 50 Hz, the measurement
uncertainty in terms of SPL is not found to be larger compared to higher frequencies [7]. However,
at frequencies below 50 Hz, the uncertainty in the measured RT has been reported to be an issue [8],
which needs to be further studied. Two methods for measuring RT in ordinary rooms are evaluated
within this thesis, the interrupted noise method and the integrated impulse response method [9].
Ljunggren et al. [8] suggested that if normal furniture does not change the absorption, and thereby
neither the RT, the RT may be omitted in the evaluation of impact sound insulation below 50 Hz.
If so, the impact sound insulation measurement at these low frequencies will gain in accuracy.

From the scientific literature, there is an apparent need to develop and upgrade sound insulation
predictions of CLT panels to optimize the construction. Finite element (FE) methods, involving
numerically solved differential equations, have become a main technique to model and analyze phys-
ical phenomena. A 2D-3D Hybrid FE model is introduced which rotates the CLT panels to capture
a diffuse sound field to predict the airborne sound insulation of the panels. A suggestion for future
work is to include metamaterial in CLT constructions to improve the sound insulation below 50
Hz. Two critically coupled Mie resonators are designed, in a conducted pilot study, to increase the
sound absorption of CLT constructions at the 31.5 Hz octave band.

5
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Table 1: Definition according to ISO standards.

Parameter Definition Reference

Sound reduction index:
R R = L1 − L2 + 10log10(

S
A )(1) ISO 10140-2 [10]

Standardized level difference:
DnT DnT = D + 10log10(

T
T0
)(2) ISO 16283-1 [11]

Spectrum adaptation term:
Cj Cj = −10log10

∑
10Li,j−Xi/10 −Xw(3) ISO 717-1 [12]

Normalized impact SPL:
Ln Ln = Li + 10log10(

A
A0

)(4) ISO 16283-2 [13]

Standardized impact SPL in dB:
LnT LnT = Li − 10log10(

T
T0
)(5) ISO 16283-2 [13]

Spectrum adaptation term:

CI CI = 10log10
∑k

i=1 10
Li/10 − 15− Ln,w(6) ISO 717-2 [14]

With:
(1) L1: Energy-average SPL in the source room in dB, L2: Energy average SPL in the receiving

room in dB, S: Area of the element in m2, A: Equivalent sound absorption area in the receiving
room in m2.

(2) D: Level difference in the energy-average SPLs between the source and receiving rooms in
dB, T : RT in the receiving room in s, T0: Reference RT in s (for dwellings T0 = 0.5 s).

(3) i: Subscript for one-third octave or octave bands, Li,j : SPL at the frequency i for the
spectrum j in dB, Xi: is Ri, Dn, i or DnT,i at frequency i in dB, Xw: SNQ calculated according to
R, Dn or DnT values in dB.

(4) Li: Energy-average impact SPL in the receiving room in dB, A: See (1), A0: Reference
equivalent absorption area in m2 (for dwellings A0 = 10 m2).

(5) Li: See (4), T and T0: See (2).
(6) i: See (3), k: Frequency bands in Hz, Li: See (4), Ln,w: Weighted normalized impact sound

pressure level in dB.

6
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1.1 Objectives

The main objectives of this thesis are:

• To study the accuracy of RT measurements below 50 Hz compared with the accuracy at higher
frequencies.

• To compare the accuracy of RT measurements below 50 Hz between the two methods inter-
rupted noise and integrated impulse response.

• To study the extent to which furniture affects the room absorption and RT below 50 Hz com-
pared with higher frequencies.

• To develop a FE-modelling concept to determine the sound insulation of CLT panels which
in a later stage could be used as base for studying metamaterials.

• To conduct a pilot study where a metamaterial is designed to improve the sound insulation
at the 31.5 Hz octave band.

7
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2 Reverberation time measurements focusing on frequencies
below 50 Hz

RT is used in various building acoustic applications to determine the sound absorption in a room.
A special area of use is to determine the standardized (or normalized) sound pressure level in a
room. The stationary sound field in a room is not constant but varies in time and space. The RT
is normally defined under the assumption of a diffuse sound field, occurring above the Schröder
frequency, with at least three eigenfrequencies within the bandwidth [15]. At frequencies below
the Schröder frequency, the number of room modes successively decreases and individual modes
dominate [16]. Coupling between modes may lead to shorter RT as energy is being transferred
from axial modes, with higher energy, to tangential and oblique modes, with lower energy. At
frequencies below the first room resonance, the room acts as a pressure chamber with a uniform
sound distribution. This so-called pressure mode can be considered as oblique but is only partly a
resonant mode because the eigenfrequency is zero. [17] Even though the number of modes might be
few, or sometimes non-existing within a given frequency band, sound energy is still being absorbed.
Therefore, it has a physical meaning to measure and analyze RTs also below the Schröder frequency.
However, due to the lack of a diffuse sound field, decay time may be a more appropriate term than
RT.

In the ISO 3382-2 [9], two methods for measuring RT in ordinary rooms are described; the
interrupted noise method and the integrated impulse response method. Using the interrupted noise
method, several decays in each measurement position are needed due to the randomness of the
noise, and according to Davy [18], the uncertainty is mainly related to the variance between re-
peated decays. Using the impulse response method with actual impulse sounds, like balloon pops
or pistol shots, the signal must be sufficiently short to represent an impulse with short duration and
contain sufficient energy within the frequency range of interest. In principle, backwards integration
of the squared response from a single impulse provides the same RT as averaging an infinite number
of decay curves obtained by the interrupted noise method. [19] In the case of short RTs, the decay
curve can be influenced by the filter and the detector and ISO 3382-2 [9] specifies lower limits for
reliable results in terms of the BT-product (bandwidth multiplied with RT) and the RT caused by
the signal detector. The influence of the detector in the averaging device can be circumvented by
using the impulse response method instead of the method of interrupted noise. With the integrated
impulse response method, the signal is filtered and squared before using reverse-time integration to
calculate the decay curve. [20] However, any decay curve is affected by the filter since filters have
impulse response with an associated decay time [21]. The impulse response of the filter is asymmet-
rical in the time domain, it responds relatively quickly to an input signal compared to the time it
takes for the response of the filter to decay. This feature does not lead to problems measuring SPL
but when measuring RT, the decay curve will be affected by a long impulse response of the filter.
The filter’s decay time may lead to erroneous results if it is longer than the actual impulse response
of the room [22]. In ISO 16283-2 [13], a low frequency procedure applicable to rooms smaller than
25 m3 is found, stating that the whole octave band 63 Hz and not the individual one-third octave
bands 50 Hz, 63 Hz and 80 Hz shall be used. A broader frequency band is favorable as the number
of room modes within the band increases, and the possible errors related to the BT-product decrease.

8
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2.1 Empirical studies in empty rooms

Very little research has been carried out when it comes to measure RT at frequencies below 50 Hz in
ordinary rooms. Within Aku20, a study (part I) [8] focusing on the spatial variation and uncertainty
was performed. RT was measured using the interrupted noise method in two empty rooms in
dwellings of different constructions. More than one hundred microphone positions, centered in a
cubic grid of about 0.6 m in each room, were used. The study concluded that the uncertainty of
the measured RT was larger for frequencies below 50 Hz, measured in octave bands, compared to
higher frequencies measured in one-third octave bands. As a compensation, using five microphone
positions, instead of three as stipulated by the ISO 3382-2 [9], was suggested. Even though the
study focused on the spatial variation in the room, the resulting uncertainty was inevitably a result
of the spatial and the ensemble variation (the number of repetitions in each position). Paper
A includes an empirical study of the spatial variation of the RT measured with the integrated
impulse response method, which minimizes the ensemble variation. In this study, the RT was
measured in two empty bedrooms in houses made of mainly concrete and wood, respectively. The
same dense grid of microphone positions as in the Aku20 - study was used, which resulted in
about one hundred positions in each room. Measurement results based on the interrupted noise
method from the previous study [8] were used as a comparison. Using the integrated impulse
response method, the uncertainty in terms of the standard deviation was not found to be larger
for frequencies below 50 Hz (in octave bands) compared to higher frequencies (in one-third octave
bands), which contradicts the previous study [8]. Based on the results from these two empirical
studies, the integrated impulse response method is found to be favorable when RT below 50 Hz is
to be measured. Additionally, when RT is measured with the integrated impulse response method,
as a part of determining the impact sound insulation, the probability is 92 % to affect L′

nT less
than ±0.5 dB if with three microphone positions are used. With five microphone positions, the
corresponding probability becomes 98 %.

According to ISO 3382-2 [9], measuring the RT requires at least three microphone positions
that should preferably be about 2.0 m apart (at least half a wavelength) to implement acoustical
independence. However, in both studied rooms in Paper A, it is not possible to place two mi-
crophones 2.0 m apart if the minimum distance of 1.0 m to the boundaries of rooms, also stated
as a requirement in the ISO 3382-2, should be fulfilled. However, ISO 3382-2 does not include
frequencies below 100 Hz, and the standard is therefore not fully applicable to the low frequency
range of interest in this study. Nevertheless, even at 100 Hz it is not possible to fulfill the stated
requirements in any of the rooms, and according to the theoretical standpoints found in ISO 3382-
2 [9], the measurement positions in both rooms are likely to be correlated with each other, and the
RT should therefore be the same regardless of the position. On the other hand, the measured RT
indicate that spatial variation between different positions exists, and the RT is therefore meaningful
to analyze. As for the ensemble variation measured with the integrated impulse response method,
the average difference between two RTs measured in the same position was found to be less than
5 % compared to the standard deviation between all positions. This indicate that the integrated
impulse response measurement procedure seems to have a satisfactory repeatability.

9
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2.2 Empirical studies in furnished rooms

De Melo et al. [23], [24], [25], have performed RT and SPL measurements in a small reverberant
room between 20 – 200 Hz to study how sound absorption varies due to inserted objects. At
frequencies below 50 Hz, the vibrations of the room surfaces contributed to the room absorption
[23]. Above 50 Hz, adding various objects in the room resulted in additional eigenmodes, mode shifts
and selective damping of modes, depending on the acoustic absorption properties of the inserted
objects [24]. One object was a large armchair, the size and materials represented an upper limit in
absorption and scattering. When the armchair was inserted in the room, the difference in SPL was
on average close to zero dB for frequencies up to 50 Hz and around 2 dB at higher frequencies. [25]

Paper B includes an empirical study of the variation of the RT, due to furniture, measured with
the integrated impulse response method. The purpose was to investigate to what extent furniture
in rooms for residential purposes changed the RT at frequencies below 50 Hz, i.e. whether furniture
contributed to the sound absorption. The measurement objects were the previously studied bed-
rooms in Paper A, and the same, dense, measurement grid was used. The mean RT of the room
refers to the same position measured both with and without furniture. As furniture blocked several
measurement positions in the grid, the mean RT refers to 95 positions in the concrete room and 72
positions in the wooden room. Comparing the two empty bedrooms, the mean RT differs signifi-
cantly for frequencies from 80 Hz upwards, see Figure 1. With furniture, the RT is approximately
0.5 s from 50 Hz upwards in the concrete room and from 63 Hz upwards in the wooden room. In
both rooms, adding furniture decreased the standard deviations from 100 Hz. A paired t-test was
used, pairing each observation in one sample with an observation in the other sample, to compare
the means of the two samples. The null hypothesis (H0) states that the mean RT measured in the
furnished and unfurnished room is equal, i.e. no difference exists. The result, valid for both rooms,
is that H0 can be rejected for all frequencies above the 31.5 Hz octave band. This means that the
furniture does not affect the absorption in the rooms below 50 Hz. However, for frequencies from
50 Hz upwards, in the one-third octave bands, the absorption increases resulting in a shorter RT in
the presence of furniture. To compare and verify the results, the stationary SPL in the empty and
furnished rooms are measured in ten randomly selected positions as suggested by Simmons [7], see
Figure 2, and compared to the measured RT in the same position:

LP,empty − LP,furnished = 10log10(
Tempty

Tfurnished
) (1)

With LP,empty − LP,furnished: SPL difference in dB, derived from SPL in the empty and fur-

nished room (denoted ∆LP ), and 10log10(
Tempty

Tfurnished
): SPL difference in dB, derived from RT in

the empty and furnished room (denoted ∆LP,T ). Positive values of ∆LP and ∆LP,T are expected,
i.e. the SPL is expected to get lower as furniture is inserted. The result from the paired t-tests is
that H0, no difference exists, cannot be rejected for any frequency besides 400 Hz and 1 600 Hz
in the concrete room where ∆LP is statistically significantly larger than ∆LP,T . The paired t-test
assumes random samples from independent populations, that can be described with a normal dis-
tribution, and equal standard deviation of both populations. In the paired t-test, the assumption of
normality applies to the distribution of the differences, which is investigated using the Kolmogorov-
Smirnov test. All data was found to be normally distributed. The applied confidence level was 95 %.

10
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Figure 1: Mean, minimum and maximum RT as well as ±1 standard deviation (presented as error
bars) from the measurements in the empty and furnished concrete room and wooden room respec-
tively. 31.5 Hz is measured in octave band, frequencies at and above 50 Hz are measured in one-third
octave bands. A selection of one-third octave bands are presented according to Ljunggren et al. [8].
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Figure 2: Difference in SPL due to furniture, measured directly; ∆LP , and estimated using the
corresponding, measured, RT; ∆LP,T , according to eq. (1). 31.5 Hz is measured in octave band,
frequencies at and above 50 Hz are measured in one-third octave bands.

12
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2.2.1 Implication on impact sound insulation measurement

According to ISO 16283-2 [13], using a standard tapping machine as the impact source, the stan-
dardized impact SPL, L′

nT , in dB is calculated as:

L′
nT = Li − 10log10(

T

T0
) (2)

With Li: Energy-average impact SPL in dB, T : RT in the receiving room in s, and T0: Reference
RT of 0.5 s. In furnished rooms, the RT has been found to be reasonably independent of volume
and frequency resulting in a RT of approximately 0.5 s [13]. The measured RT in the studied
furnished rooms is about 0.5 s for frequencies 63 Hz upwards. Impact sound insulation is normally
measured and evaluated within a frequency range starting from 100 Hz (e.g. L′

nT,w) or 50 Hz
(e.g. L′

nT,w + CI,50−2500). Although rarely applied so far, Ljunggren et al. [26] have indicated
the need to measure impact sound insulation as low as from the 25 Hz one-third octave band,
(L′

nT,w + CI,25−2500), thereby covering the complete octave band of 31.5 Hz. Since this study
indicates no difference in RT between empty and furnished rooms below 50 Hz, there should be no
need for the normalization of 0.5 s when impact sound insulation is evaluated, i.e. for frequencies
below 50 Hz:

L′
nT = Li (3)

Omitting the RT below 50 Hz is expected to provide a more accurate determination of the
impact sound insulation as the uncertainty of the SPL (Li) is not larger at frequencies below 50 Hz
compared to frequencies between 50-80 Hz [7]. Since the conclusion is based upon measurement
results limited to two rooms, admittedly of different construction but of equal size, further studies
are encouraged to form general conclusions applicable to any living space.

13
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3 Finite element model of cross laminated timber

CLT was first developed in the mid-1990s to reduce the waste of timber from the sawmill industry.
CLT is manufactured with an odd number of layers of wooden boards glued together orthogonally
to increase the mass and the rigidity. The introduction of CLT increased the use of wood, as an al-
ternative to heavy constructions, and offered new possibilities to reduce the environmental impact.
Today, CLT is commonly used in floors as well as inner and outer walls in multi-family residential
houses. Compared to concrete and brick, wood has low mass and wooden buildings generally have
issues with the sound insulation at low frequencies. In addition, sound insulation predictions of
CLT panels are a challenge mainly due to its origin; wood. Wood can be described as an orthotropic
material with independent and unique mechanical properties in three mutually perpendicular axes;
longitudinal, radial and tangential. [27] FE methods, involving numerically solved differential equa-
tions, have become a main technique to analyze physical phenomena. Computational modelling of
vibrations is normally carried out in the frequency domain since modes and their corresponding
resonant frequencies dominate in the response [28]. Using FE methods, CLT is usually modelled
either by treating each layer separately, or by modelling all layers homogeneously through thickness.
When comparing the options, Winter [29] concluded that modelling CLT panels homogeneously in
thickness simplifies the modelling and meshing inside the FE model since shell elements can be
used. The drawback of using shell elements is that resonances within individual boards or layers,
occurring at high frequencies [19], [29], cannot be encountered.

3.1 Calculating airborne sound insulation

Hörström et al. [30] studied a single CLT panel for frequencies between 1 - 200 Hz using a FE
model where the panel was treated as being homogeneous through thickness with solid elements
in the mesh. Experimental modal analysis was performed to determine resonance frequencies and
damping ratios of the panel to calibrate the FE model. Measurements to determine SPL and RT
were also performed to calculate the sound reduction index (R), to be compared with results from
the model. According to Hörström et al., airborne sound insulation of CLT panels can be predicted
with a FE model only together with measurements determining material parameters, e. g. Young’s
modulus, and damping ratios. Kropp et al. [31] performed parametric studies to investigate how
the room size, source position, and the RT, influences the airborne sound insulation. Identical size
of the sending and receiving room was found to implement a good coupling between the modes
of the same order, which lowered the sound insulation, as long as eigenfrequencies were present
in the frequency band. When no eigenfrequencies occurred in the band, higher sound insulation,
as predicted by the mass law, might be encountered. Kropp et al. therefore suggested to use
identical room sizes when modelling the airborne sound insulation since this geometry represent
the worst-case scenario.

Paper C includes a FE model capable of predicting the airborne sound insulation of single and
double CLT panels, with air and mineral wool respectively in the cavity. The aims were to predict
the weighted sound reduction indexes (Rw and Rw + C50−3150), and to see the response of R as
material configurations and dimensions of the panels are altered. Another purpose of the developed
FE model was to create a foundation that - at a later stage - could be extended to include the
metamaterial for the study of improved sound insulation of CLT constructions. Due to the lack of
comparative data for double panels, the single number ratings for these configurations will serve
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as indications. Results from the FE model is validated by comparison with analytical calculations,
developed by Ljunggren [32], and laboratory measurements regarding R, Rw and Rw + C50−3150

according to ISO 717-1 [33]. Ljunggren [32] has developed an analytical method for calculating
airborne sound insulation of CLT panels. For single panels, the prediction is based on a model
originally provided by Sharp [34] for homogeneous materials but Ljunggren adapted the model to
fit especially well to orthotropic CLT panels. The modified model is also used as the input to predict
airborne sound insulation of double panels. Ljunggren compared the outcome from the analytical
calculation to several results from other models and measurements. For single CLT panels, the
deviation between predicted and measured Rw as well as Rw + C50−3150 was consistently within
±2 dB, but often within ±1 dB. For double CLT panels, Ljunggren reported a lack of reference
data, and currently it is difficult to quantify the uncertainty. It was suggested that the analytical
calculation can serve as an engineering tool in predicting the airborne sound insulation.

For the FE model, the multiphysics FE software Comsol (versions 5.5-5.6) is used. CLT is mod-
elled homogeneously in thickness with orthotropic material properties according to Table 2. ”Solid
mechanics” is used, and ”Pressure acoustics, frequency domain” is selected for air and mineral wool
(when present). Air is modelled with the preset parameters, including atmospheric attenuation.
Mineral wool is modelled using the poroacoustics model ”Delany-Bazley-Miki” [35] describing fi-
brous materials, like mineral wool, with flow resistivity 9 000 Pa/s/m2, including bulk losses. The
multiphysics-coupling, adding fluid load on the structure and structural acceleration as experienced
by the fluid, is applied. The CLT panels represent a separating wall between two identical rooms
with a floor area of 3.0 (width) x 4.0 (length) m2 and a height of 2.5 m. To reduce the simulation
times, a 2D FE model is selected. A drawback of 2D models is that a diffuse sound field cannot
be created. To overcome this issue, the setup is rotated 90 degrees including adjustment of the
geometry to create a 2D-3D Hybrid FE model for predicting 3D effects in a simplified way. Two
2D models, denoted First and Second model, are analyzed for each panel, see Figure 3. In the First
model, the two rooms measure 3.0 x 4.0 m and the dimension of the separating CLT panel is 4.0
m. The length direction of the panel is parallel to the z-axis, according to Table 2, and the outer
board layers are vertically oriented. In the Second model, the rooms are rotated by 90 degrees and
then measure 3.0 x 2.5 m where the dimension of the CLT panel is 2.5 m, corresponding to the
height. The length direction of the panel is now parallel to the x-axis with horizontally oriented
outer board layers. The boundary condition ”Perfectly matched layer” is used, encircling the actual
model to represent a domain along the exterior of the model. It is tuned by the geometry and the
mesh to absorb outgoing wave energy in the frequency-domain to limit impedance mismatch causing
reflections at the boundary of the model. With ”Perfectly matched layer”, the FE model represent
laboratory conditions where flanking transmission does not contribute to the sound transmission.
The sound field is generated by the ”Plane wave” option that enables a sound wave to travel in
axial direction. The pressure amplitude of the wave is 1 Pa (approximately 94 dB). Four angles of
incidence are used; 0, 30, 60 and 82.5 degrees, and weighting factors are applied to the angles (1: 0
degree, 2: 30 degrees, 2: 60 degrees and 1: 82.5 degrees), see Figure 4, to capture the share of the
sector to simulate the response in a diffuse sound field.
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Table 2: Material properties of the CLT panel. Density is 400 kg/m3, Poisson’s ratio is 0.3 and
loss factors for Young’s modulus and shear modulus are 0.03 (3 %) [36].

Figure 3: Layout of the FE models: sending (in green color) and receiving (in gray color) rooms
separated by a CLT wall (in orange orange). Blue color represents the boundary condition “Perfectly
matched layer” in the First model (left figure) and Second model (right figure) respectively.

Figure 4: Sound incidence angels of the applied plane wave in degrees (in black color), and the
corresponding weighting factors (in purple color). Perpendicular sound incidence, defined as zero
degree, is illustrated.
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R is calculated as the incident boundary SPL at the wall surface in the sending room subtracted
by the boundary SPL in the receiving room. In Figure 5, R from the First model and the angle
dependence of the plane wave is presented for CLT 70 mm. At perpendicular sound incidence, i. e.
zero degree, no coincidence effect is present since the panel acts as a piston without any bending
wave velocity. At the critical frequency, sound waves propagate in the plane parallel to the panel,
and the bending wave velocity of the panel is equal to the velocity in air, thereby reducing the
sound reduction. For the First and Second model respectively, R is averaged and weighted with
respect to the angles of sound incidence. The difference in sound reduction between the models
relates to the different room sizes. For the First model, slightly increased sound reduction is found,
compared to the Second model.

Figure 5: CLT 70 mm; Sound reduction index, R.

For the 2D-3D Hybrid FE model, R is calculated as the mean value from the First and the
Second model. In Figures 6 - 7, R from the Hybrid model is compared to the analytical calculation,
developed by Ljunggren [32], for CLT 70 mm and CLT 120 mm wall configurations of both single
and double panels, Table 3 presents Rw and Rw +C50−3150. As for the denotation of double walls;
CLT 70-45-70 mm consists of 70 mm CLT, 45 mm air and 70 mm CLT. CLT 70-M45-70 mm consists
of 70 mm CLT, 45 mm mineral wool and 70 mm CLT. For the double panels with air, increasing the
cavity from 45 mm to 145 mm, increases the sound reduction at frequencies up to approximately
1 250 Hz for both the Hybrid model and the analytical calculation. For higher frequencies, smaller
air cavity leads to higher sound reduction for the Hybrid model whereas no difference regarding
the cavity size is found in the analytical calculation. When mineral wool is added to the cavity,
the Hybrid model reduces the sound reduction up to about 50 Hz for the 45 mm cavity and up to
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around 80 Hz for the 145 mm cavity. The analytical calculation increases the sound reduction from
about 63 Hz. With 45 mm mineral wool in the cavity, the sound reduction increases, compared to
the situation without mineral wool, at most around 500 Hz in the Hybrid model but between 1 250
- 3 150 Hz in the analytical calculation. In the case of 145 mm cavity, the sound reduction increases
at most from 1 250 Hz upwards using the Hybrid model while the analytical calculation shows a
constantly increased sound reduction with increased frequency between 80–3150 Hz. For the Hybrid
model with double panels, higher sound reduction compared to the analytical calculation, is found
in a range centered at around 200 Hz, which truly affect Rw and Rw+C50−3150, particularly for the
CLT 120 mm configurations. According to Table 3, the Hybrid model for double CLT walls shows
higher Rw and Rw+C50−3150 compared to the analytical calculations, except for CLT 70-45-70 mm.

Table 3: Weighted sound reduction indexes; Rw (100 – 3 150 Hz) and Rw + C50−3150 (50 – 3 150
Hz).

For single CLT panels, the results from SNQs based upon the 2D-3D Hybrid FE model are well
in line with those from the analytical calculation and laboratory measurements. The differences
regarding Rw and Rw + C50−3150 are all within ±2 dB. The proposed Hybrid model may be used
to predict the airborne sound reduction index in terms of R, Rw and Rw +C50−3150 for single CLT
panels. For double CLT panels, the proposed 2D-3D Hybrid FE model can provide an indication of
the airborne sound insulation and serves as a tool for relative comparisons between different config-
urations. However, the absolute accuracy is questioned until more verifying data has been obtained.
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Figure 6: Single and double panels consisting of CLT 70 mm; Sound reduction index, R.

Figure 7: Single and double panels consisting of CLT 120 mm; Sound reduction index, R.
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4 Metamaterial and future work

A suggestion for future work is to study metamaterial with the aim to improve the sound insulation
of CLT constructions below 50 Hz, a frequency region where traditional solutions e. g. floating
floors and elastomers at the flanks, have little or no effect. In Part A, a selection of metamaterials
focusing on passive vibration control are briefly described. One of the examples of such a meta-
material - the Mie resonator - is given a more theoretical in-depth description. This includes the
presentation of an already performed pilot study where two critically coupled Mie resonators was
designed to improve the sound insulation of CLT constructions at the 31.5 Hz octave band (in-
cluding the one-third octave bands; 25 Hz, 31.5 Hz and 40 Hz). At a later stage, measurements in
an acoustical impedance tube could be performed to validate the sound absorption coefficient and
the surface impedance of the designed metamaterial. To judge the efficiency of the Mie resonator
further, comparisons could be made with a traditional Helmholtz resonator. Part B aims to further
develop the 2D-3D Hybrid FE model to predict the impact sound insulation of CLT constructions.

4.1 Part A: Applying metamaterial to improve sound insulation

Metamaterial is often referred to as a smart material with the characteristics of a precise shape,
geometry, size, orientation, and set up to implement blocking, absorbing, decreasing or bending of
waves beyond what is possible with conventional materials. The building block of a metamaterial
is its so-called ”unit cell”. Passive vibration control can, for example, be realized using tuned mass
dampers as well as linear and nonlinear vibration isolators, which can be positioned according to
Figure 8. Vibration isolation prevents vibration transferred to an object by isolating the object
from the source of vibrations. To be effective, the natural frequency of the linear vibration isolators
must be well below the excitation frequency. To overcome this shortcoming, nonlinear vibration
isolators with high-static (large load-carrying capacity) and low-dynamic stiffness (increased iso-
lation region) characteristics could be designed. The distinctive feature of the nonlinear isolators
is the nearly zero dynamic stiffness component, which is controlled by negative stiffness elements
at the operating point. Negative stiffness can be realized from structures like oblique springs and
bucking beams, which can be used either individually or in a combination. [37] Guell Izard et al. [38]
have created a metamaterial where the unit cell comprises one negative and two positive stiffness
elements, in a three spring configuration, to include hysteresis in a loading-unloading cycle, leading
to significant energy dissipation. To improve the impact sound insulation of CLT constructions,
Schönwald el al. [39] used a different approach and studied the theory developed by Mironov that a
parabolic recess in a hard and thin material can absorb sound and vibration energy by resonating.
The studied wood ceilings were made extra soft (thin) at certain calculated positions where the
vibration was dampened with a small, added amount of sand or gravel to move and convert the
vibrational energy into heat due to internal friction. This metamaterial was referred to as acoustic
black holes. The designed wooden ceiling was found to be lighter and to have reduced impact sound
level compared to the conventional ceiling.
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Figure 8: Sketch of a double CLT panel, excited by a force F which generates structural and airborne
vibrations in the panels and the cavity respectively (left figure). Metamaterials could be positioned
between the panels, i. e. in the cavity, to improve the sound insulation of the CLT construction
(right figure).

When designing a passive vibroacoustic metamaterial, two design principles prevails; Bragg scat-
tering and localized resonance. In Bragg scattering, the size of the unit cell is designed to match
the wavelength to be decreased or canceled. Since metamaterials are commonly optimized to be as
small as possible in size, Bragg scattering is therefore applied for higher frequencies with smaller
wavelengths. In localized resonance, the eigenfrequency of the unit cell is designed to equal the
corresponding wavelength to be decreased or canceled, which makes the localized resonance design
principle suitable for lower frequencies. [40] The use of structural resonant elements on a smaller
scale much than the operating wavelength, permits the effective parameters to take negative val-
ues [41]. Mie resonance is based on multiple resonance scattering behavior. If the scattering is not
rigid and has strong resonant properies, then the scattering is affected by the resonance, resulting
in Mie resonance. Shao et al. [42] used localized resonance design to construct a sound hard Mie
resonator to generate both negative effective bulk modulus and negative effective mass density to
absorb low frequency sound waves. At the monopolar resonance of the Mie resonator, the compres-
sion and expansion prevent small volume changes, causing the negative bulk modulus. Negative
mass density can be found at the dipolar resonance occurring at a lower frequency compared to the
first eigenmode, where the acceleration response of the system is opposite to the external driving
force. [41] The Mie resonator can generate negative effective bulk modulus and negative effective
density since it supports multi-order monopoles and dipoles. The effective parameters of the meta-
material are highly dependent on the geometry based on the basic resonant elements. In addition,
when tuning two critically coupled Mie resonators to achieve monopolar and dipolar resonances
respectively in the same frequency range, the highest sound absorption, and simultaneously the
lowest reflection and transmission, is found. By placing the Mie resonator close to a rigid wall, the
sound transmission can be further suppressed due to the impedance mismatch between the air and
the rigid wall. The reflections, due to destructive interference, can be reduced by tuning the surface
impedance of the Mie resonator to match the impedance of the surrounding air, see Figure 9 [42].
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Figure 9: Two critically coupled Mie resonators, displayed as three units, backed by a rigid wall [42].

Inside the Mie resonator, the sound waves propagate along zigzag channels. A concentration of
sound pressure is found at the resonance frequencies, see Figure 10. At monopolar resonance, the
sound energy is localized in the region around the core. At dipolar resonance, the sound energy is
trapped in the zigzag channels. Consequently, the strong local vibrations at resonance results in
high friction between the air and the Mie resonator and absorption can be achieved with a small
loss factor. For the Mie resonator, the loss factor can be considered as fixed since it is derived from
the dissipation (viscos friction and heat transfer) of the surrounding air. To optimize the sound
absorption according to the critical coupling theory, the loss factor should equal the leakage factor
due to energy leakage inside the Mie resonator. [43] By changing the width of the zigzag channel,
the dissipation loss can be optimized to increase the absorption [42], i. e. the sound absorption
depends on the thickness and the bulk modulus of the designed Mie resonator.

4.1.1 Pilot study: Mie resonators

A pilot study was conducted to investigate if a Mie resonator could be designed to be positioned
in the cavity between the CLT panels in Figure 8 to absorb sound waves and thereby improving
the low frequency sound insulation of the CLT construction. When the leakage rate of energy out
of a resonant structure and the inherent losses are well balanced, the critical coupling condition
is fulfilled and a perfect destructive interference between the transmitted and the internal fields
leads to maximum absorption at the resonance frequency. Two critically coupled Mie resonators,
capable of absorbing sound waves at the 31.5 Hz octave band, are modelled. Comsol (versions
5.5-5.6) is used for the simulations. The Mie resonator is designed in ”Solid mechanics” as acrylic
plastic (Plexiglass), with the preset parameters, as suggested by Cheng et al. [41] to allow for 3D
printing. The ”Thermoviscous acoustics, frequency domain” is used for air with the preset values.
The multiphysics-coupling is used with ”Perfectly matched layer” encircling the actual model, as
suggested by Shao et al. [42]. The pressure distribution and the thermo-viscous dissipation dis-
tribution at the monopolar and dipolar resonance frequencies are studied using the background
acoustic pressure of 1 Pa to simulate a diffuse sound field, see Figure 10. The pressure distribution
demonstrates the monopolar and the dipolar resonance frequencies. The viscous loss distribution
shows that the sound energy is largely dissipated by friction loss in the narrow region of the Mie
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resonator, explaining that the viscous loss can be adapted by changing the width of the zigzag
channel. No thermal loss was found. A point source of 1 Pa is also applied separately in the farfield
of the Mie resonator, to study how to orient/ rotate the resonator to increase the efficiency. The
efficiency of the Mie resonator was not found to depend on the orientation/ rotation, the outcome
is supported by Cheng et al. [41].

Figure 10: Two critically coupled Mie resonators, designed to have monopolar and dipolar reso-
nances within the 31.5 Hz octave band. The diameter of the Mie resonator is 80 mm.

To reduce the impact sound insulation in the targeted 31.5 Hz octave band, metamaterial should
be further studied. If the designed Mie resonator is correctly 3D printed but not found to absorb
sound sufficiently in the octave band, the reason might be that the targeted frequency range is
set too low for the Mie resonator to work properly. Shao et al. [42] designed the Mie resonator
to absorb sound between 139 Hz (dipolar resonance) to 157 Hz (monopolar resonance), Long et
al. [43] as well as Cheng et al. [41] compared different models of Mie resonators but focused on
higher frequencies up to about 1 kHz.
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4.2 Part B: Calculating impact sound insulation

Measurements of the impact sound insulation is normally done by using a standard tapping machine
to excite the floors. Amiryarahmadi et al. [44] have compared vertical footstep forces with the
impact forces made by the standard tapping machine. Analysis revealed that footstep forces contain
large amplitudes at frequencies between 20 - 50 Hz. The tapping machine can provide enough
input power to excite the floor in this frequency range and it can be used for standard evaluation
of the impact sound insulation down to 20 Hz. Several approaches for modelling the excitation
of the tapping machine exists. According to Rabolt et al. [45], the relative velocity between the
exciting hammer and the vibrating structure has to be included when analyzing lightweight floor
constructions, otherwise significant errors will occur. Vér [46] developed a model for elastic floor
surfaces with contact stiffness for floors with low admittance. In the model, the force versus time
path from the velocity of the impacting hammer, assumed to be known, was deduced. In principle,
the hammer impacts the floor with an impact speed and remains in contact with the floor surface
during the impact for half a vibration period, and then leaves the floor with the same speed but in
opposite direction. The contact period is calculated from the contact stiffness of the floor surface
and the mass of the hammer. After the contact period, the value of the impact becomes zero.
According to Vér, the impact of an individual hammer can be modelled as a point load varying in
time, t, in s:

Fpoint(t) = −M0 v0 wc cos(wc t) (4)

With M0: Mass of one hammer in kg (0.5 kg), v0: Velocity during free fall, or hammer impact
speed in m/s (v0 =

√
2gH = 0.886 m/s, where g is the constant of gravity in m/s2 and H is the

height of the hammer’s fall in m (0.04 m)), wc = Kc/M0, where Kc is the contact stiffness at
the point of contact in the floor in N/m. In Comsol, CLT and the point loads from the tapping
machine according to Vér, can be modelled in ”Solid Mechanics”. ”Pressure acoustics, Transient”
can be selected for the surrounding air to capture the forces from the tapping machine in the time
domain. As before, the multiphysics-coupling is applied. Since the simulation firstly needs to be
performed in the time domain, as a ”time dependent study”, the previously selected boundary
condition ”Perfectly matched layer” needs to be replaced (preferably to ”sound soft boundary”),
since it is defined in the frequency domain only. For a selected simulation time, the second study
”Time to frequency FFT” can be used to present the results as SPL in dB in frequency bands.

If the applied excitation of the tapping machine according to Vér does not agree well with
the laboratory measurements of the impact sound of the CLT panel, a more advanced model of
the excitation could be applied. Brunskog et al. [47] have developed a model that also includes
lightweight floors but with higher admittance that might be more suitable for CLT floors. Rabolt
et al. [45] have suggested to also include the relative velocity between the impacting hammer and
the vibrating floor due to the previous impact of the hammer. For the studied wooden floor, good
agreement was found between the model and the performed measurements.
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5 Discussion

RTs were studied in Paper A and B where a dense measurement grid corresponding to about one
hundred microphone positions in the rooms was applied. Following the guidelines in ISO 3382-2 [9],
it is impossible to obtain independent measurement positions in the rooms due to the dimensions at
frequencies down to 25 Hz. At 25 Hz, the requirement of a microphone spacing of half a wavelength
is approximately 6.9 m, and the requirement of a quarter wavelength from the boundaries is about
3.4 m. According to Lubman [48], about two independent positions is expected for a diffuse sound
field in the 31.5 Hz octave band. From the theoretical standpoints found in ISO 3382-2 as well as
ISO 16283-2 [13], all measurement positions in the two rooms are likely to be acoustically correlated
with each other concerning the 31.5 Hz octave band. In the one-third octave bands 50 Hz, 63 Hz
and 80 Hz, three independent positions, stated as a requirement in ISO 3382-2, cannot be obtained.
The RT should therefore be the same regardless of the position. Put in this context, the statistical
evaluation of the results in Paper A and B may be questioned due to analysis of redundant data,
and the reported standard deviation could therefore be falsely low. However, ISO 3382-2 does
not include frequencies below 100 Hz and is therefore not fully applicable to this low frequency
range of interest. Nevertheless, even at 100 Hz, it is not possible to fulfill the stated requirements
in the standard for the two studied rooms. On the other hand, the presented RTs in Paper A
and B differ. In repeated RT measurements with the interrupted noise method using exactly the
same microphone and loudspeaker positions, the modes will have random phases and amplitudes
when the excitation is stopped. The interaction between decaying modes will therefore vary with
each measurement which will result in different decay curves. Using the interrupted noise method,
the RT varies between different measurement positions and between repeated decays but with
the integrated impulse response method, only one single measurement is needed at each position
according to the theory. Thus, it is only the spatial variation within the room that needs to be
considered. According to Hopkins [20], the ability to gain good estimates of the RT from measured
decay curves is determined by a combination of the measurement procedure, the acoustic system
under test (e. g. the dimension of the room, if furniture was present, if absorption was evenly
distributed in the room etc.), signal processing (what measurement equipment and settings that
were used), and evaluation of the decay curve.

Airborne sound insulation of CLT panels was modelled using FE methods in Paper C. Com-
putational modelling of acoustics and vibration are commonly performed in the frequency domain
using FE methods. A boundary-value problem typically consists of a domain, within or outside a
boundary, described by partial differential equations. By using the boundary element (BE) method,
only the mesh of the boundary is required reducing the total number of elements in the model and
the corresponding calculation time. [28] Since the BE method presupposes an infinitely large fluid
domain, using BE methods were not found to be applicable in the derived 2D-3D Hybrid FE model.
However, the BE method could be used as a complement to the applied FE method where the fluid
domain requires a very dense mesh at high frequencies, which would reduce the simulation time
despite the fact that the BE method was originally developed for lower frequencies. Further, FE
methods could be used to model the vibrations of the CLT panel and BE methods could be applied
to the surrounding air, as the BE method might be more effective for modeling large and infinite
domains. A 3D model of the CLT panel may then be possible but without dimension specific send-
ing and receiving room since the BE method presupposes an infinitely large fluid domain.
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6 Conclusions

When RT below 50 Hz is to be measured, the integrated impulse response method is favorable
compared to the interrupted noise method. Using the integrated impulse response method, the
uncertainty in terms of the standard deviation is not larger for the lowest frequencies 20-40 Hz
measured in octave bands, compared to the higher frequencies from 50 Hz measured in one-third
octave bands, i. e. the integrated impulse response method is found to work equally well regardless
of the frequency region.

Furniture has no statistically significant effect on the RT below 50 Hz. The opposite is true for
frequencies from 50 Hz upwards where the increased absorption results in statistically significantly
shorter RTs. Since no difference in RT between empty and furnished rooms below 50 Hz has been
found, there should be no need for the normalization of 0.5 s when impact sound insulation is
evaluated. The suggested procedure of omitting the RT below 50 Hz will lead to a more accurate
determination of the impact sound insulation as the uncertainty of the SPL (Li) is not worse
at frequencies below 50 Hz compared to higher frequencies. Since the conclusion is based upon
measurement results limited to two rooms, admittedly of different construction but of equal size,
further studies are encouraged to form general conclusions applicable to any living space.

The resulting sound insulation from the 2D-3D Hybrid FE model of single CLT panels is well in
line with analytical calculations and laboratory measurements. The differences between finite ele-
ment models, analytical calculations and laboratory measurements regarding Rw and Rw+C50−3150

are within ±2 dB. For double CLT panels, the Hybrid model can provide an indication of the air-
borne sound insulation and serve as a tool for relative comparisons between various configurations
but the absolute accuracy may be questioned until verifying data has been obtained.

The Hybrid model is expected to serve as a basis for managing the completion of metamaterial
in future works. Metamaterial could be the solution to improve sound insulation below 50 Hz. The
modelled Mie resonator studied in the pilot study seems promising in absorbing sound waves at the
31.5 Hz octave band. To further investigate the suitability of the studied Mie resonators applied to
CLT constructions, additional work including validating measurements of real structures is needed.
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