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Cross-laminated timber (CLT) is seeing growing adoption in the construction sector. Nevertheless, attaining adequate
vibro-acoustic performance — especially at low frequencies — continues to be challenging and frequently requires
supplementary add-on measures such as floating floor systems. Furthermore, long-span floor structures are particularly
susceptible to vibrations caused by human activity, which makes their design crucial for maintaining acceptable levels of
occupant comfort. This study investigates how the vibro-acoustic performance of CLT panels can be improved by using
alternative lamination materials instead of the conventional spruce, and by integrating an elastomer layer into the panel.
Hardwoods, such as birch, oak ash and beech, have higher stiffness and mass density than the softwood spruce, which
may improve the vibro-acoustic performance of CLT panels. Moreover, compressed spruce may also exhibit such
increased properties. An elastomer layer introduces increased energy dissipation within the panel, leading to reduced
vibrations. The mitigation of the vibro-acoustic response of a panel was evaluated using narrow-band frequency response
functions. The potential for reduction in mobility, averaged over the panel surface, was determined for various panel
modifications. Finite element analyses were conducted for evaluating the frequency range 1-200 Hz. The investigated
modifications included alternative lamination materials — birch, oak, ash, beech and compressed spruce — as well as panels
with integrated elastomer layers. A panel made entirely of spruce was used as the reference case. The results show that
by using hardwoods or compressed spruce as lamination material, or by integrating an elastomer layer into the panel,
there is potential to reduce the vibro-acoustic response by approximately half. By combining a stiffer and heavier
lamination material with an integrated elastomer layer, even higher mitigation levels can be achieved, thereby mitigating
the need for add-on solutions.

1 Introduction

The construction sector — which includes both construction and operation — accounted for 34% of the global emissions
of carbon dioxide in 2023 [1]. Increased utilisation of timber in construction can be part of a solution to reduce the
emissions, since trees bind carbon dioxide during their lifetime, which thus can be stored in buildings [2, 3]. For example,
multi-storey buildings can be constructed of mass timber, such as cross-laminated timber (CLT), instead of reinforced
concrete [4]. Using mass-timber in construction, instead of the more conventional concrete and steel, can lead to e.g. less
environmental impacts and a higher speed of construction [5, 6]. CLT panels are commonly built up of 3, 5 or 7 layers of
spruce, perpendicularly oriented to the adjacent layers. Each layer consists of several lamellae. A cutout of a five-layer
CLT panel, with its lamellae, is shown in Figure 1. The crosswise orientation of the layers leads to high in-plane stiffness
and strength, while the mass density is low in comparison to concrete and steel. This leads to CLT being appropriate for
e.g. long-span floors considering static loading [7].
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Figure 1: Cutout of a five-layer CLT panel.

However, the low-frequency vibro-acoustic response can be a challenge for timber buildings [8, 9]. For residents in timber
buildings, vibrations and sound radiation from impacts, such as from the upstairs neighbours walking, can be perceived
as disturbing and annoying [10, 11]. To mitigate the vibro-acoustic challenges regarding floor panels, add-on solutions
such as floating floor systems or suspended ceilings can be used, hence separating the loadbearing and non-loadbearing
sections [7, 12] and increasing the acoustic insulation. Another method of improving the acoustic performance of timber
floors is to cast a layer of concrete on top of the floor and hence increasing the mass and stiffness [8, 13].

Moreover, mitigating vibration levels by structural modifications to the CLT panel have been investigated. In [14, 15],
vibration levels of CLT panels of various hardwoods were compared to CLT panels of spruce by using finite element
(FE) modelling. In [16], an experimental campaign was conducted, where vibration levels of structurally modified CLT
panels were evaluated. Here, spruce, birch and compressed spruce were used as timber lamination materials, and the effect
of integrating an elastomer layer was also analysed. In [17], experimental data from the experimental campaign reported
in [16] was used to calibrate material properties of spruce, birch, compressed spruce and the elastomer layer, and the low-
frequency dynamic behaviour of more realistic panel sizes was evaluated numerically. Moreover, using oak or a
combination of oak and spruce instead of purely spruce as timber lamination material in a CLT panel, as well as including
an elastomer layer into the panel was investigated in [18].

The aim of the current study is to further investigate how CLT panel modifications can mitigate vibration levels. The two
methods mentioned previously were used, i.e. using a heavier and stiffer timber lamination material and integrating a
layer with high energy dissipation into the panel. Spruce, birch, oak, ash, beech and compressed spruce were used as
timber lamination materials, and an elastomer layer was integrated into the panels. Moreover, the vibration response of
CLT panels of alternative timber lamination materials with an integrated elastomer layer was evaluated. The investigation
was conducted using numerical analyses.

2 Numerical modelling

To investigate the low-frequency vibro-acoustic behaviour of the modified CLT panels, numerical analyses were
conducted using the FE method (see e.g. [19] for more information on the FE method). Due to low strain amplitudes,
linear elastic material behaviour was assumed. The timber was modelled as orthotropic, using a rectangular coordinate
system, where the longitudinal (L), radial (R) and transversal (T) directions were considered. For a lamella, the
longitudinal direction is parallel with the fibre direction, the radial direction is perpendicular to the growth rings, and the
transversal direction is parallel with the growth rings.

For an orthotropic material, 10 material properties can be identified: the mass density (p), Young’s moduli (E;,, Eg and
Er), shear moduli (G g, Gt and Ggrr) and Poisson’s ratios (vir, Vit and vgr). The timber material properties that were
used in this study are presented in Table 1, where the properties for spruce, birch and compressed spruce were calibrated
to experimental data in [17], the properties for oak were taken from [18] and properties for ash and beech from [15]. For
all lamination materials, Poisson’s ratios were vig = vir = 0.45 and vgp = 0.28, since these have been shown to not
significantly affect the vibrational behaviour [15, 17]. Damping was included as an additional parameter by introducing
a constant loss factor 7 = 0.02 for all timber lamination materials, which was determined from the averaged loss factors
provided in [17].



Table 1: Material properties for the timber lamination materials. The density is in kg/m?, and the moduli are in MPa.

p Ey Ex Ey Gyrr Gy Grr

Spruce 429 | 12043 370 370 690 576 78.8
Birch 608 | 14486 | 1185 640 850 784 155
Oak 637 | 13988 733 733 1392 | 1392 | 460

Ash 670 | 15800 800 800 1340 890 270
Beech 750 | 13700 | 1140 | 1140 | 1610 | 1060 | 460
Compr. spruce | 787 | 14354 679 679 1267 | 1939 101

The elastomer layer was modelled as isotropic and viscoelastic. Due to the viscoelastic material properties, the material
behaviour is frequency dependent. The material model developed in [20] was used, where material properties were
obtained for an elastomer using measurements, manufacturer data sheets and FE simulations. The same elastomer type as
in [17] was used in the current study, and hence the mass density was taken as p = 1 150 kg/m?, Young’s modulus was
E = 11 MPa and Poisson’s ratio was v = 0.43. Moreover, the dynamic shear and bulk moduli were used to take the
frequency-dependence into account.

To analyse how the low-frequency vibro-acoustic response is affected by changing the spruce to a heavier and stiffer
timber lamination material, the five-layer CLT panel in Figure 2 was used. This panel has dimensions 3 m X 4 m, with a
layer thickness of 25 mm, and hence the total thickness is t = 125 mm. All layers are oriented perpendicular to the
adjacent layers, and the outmost layers are oriented parallel with the longest side.
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Figure 2: Five-layer CLT panel, t = 125 mm.

To evaluate the vibro-acoustic response of a CLT panel with increased energy dissipation by integration of an elastomer
layer, the panel in Figure 3 was used. Here, two additional layers are added to the panel in Figure 2, one 10 mm elastomer
layer and one 25 mm timber layer, and hence the total thickness is t = 160 mm. For all panels, the top layer of timber is
oriented parallel with the longest side, and of the same species as the rest of the panel. The panel design originates from
the five-layer panel to have sufficient structural capacity, and the top layer of timber is added to ensure sufficient load
distribution.

Figure 3: Five-layer CLT panel with two additional layers (5+1+1), ¢ = 160 mm.

For the investigation, free—free displacement boundary conditions were considered, and hence no displacement boundary
conditions were prescribed. Mobility frequency response functions (FRFs), i.e. velocity/load, were computed via steady-
state analyses (see e.g. [21] for more information on structural dynamics). The panels were loaded with a unit load (1 N)
in the out-of-plane direction in the corner indicated with black circles in Figures 2 and 3. The amplitude of the complex



magnitude of the mobility was evaluated on the same panel surface as the load, spatially averaged as v,y = iZ%zl Vm,

where v, is the response in evaluation position m, and the total number of evaluation positions is M. To evaluate the
response using a single-valued metric, the root mean square (RMS) values were calculated for the vibration response of
all panels, determined as

)

where V,,q 5, is the spatially averaged mobility for frequency increment n, and the total number of frequency increments
is N. The reduction in mobility RMS values was determined as 1 — D,yg ait./ Vavg ref.» Where the reference is the five-layer

spruce panel in Figure 2. Solid shell elements of size 25 mm were used for both panels, determined by a convergence
analysis. To sufficiently capture the peaks of the mobility FRFs, frequency increments of 0.25 Hz were utilised in the
steady-state analyses. The commercial FE software Abaqus [22] was used for conducting the analyses.

3  Vibration reduction in modified CLT panels

To investigate how the panel modification methods affect the vibration response, mobility FRFs were evaluated in the
frequency range 1-200 Hz.

3.1 Effect of changed lamination material

Firstly, the five-layer panel in Figure 2 was used to determine the effect of using a heavier and stiffer timber lamination
material in the panel. Here, the spatially averaged mobility FRFs for CLT panels of birch, oak, ash, beech and compressed
spruce were compared to a spruce CLT panel (reference), see Figure 4.
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Figure 4: Spatially averaged mobility FRFs for the five-layer panel using the various timber lamination materials.

Mobility [(m/s)/N]

Here, it can be observed that using a heavier and stiffer timber lamination material than spruce generally leads to decreased
resonance amplitudes. Moreover, the resonance frequencies are affected. The first resonance frequency corresponds to
the same mode shape for all panels, and hence, the frequency is increased for the oak, beech and compressed spruce
panels compared to the spruce panel, while the birch and ash panels have approximately the same value as for the spruce
panel. By using birch, oak and ash, the mode shapes occurring for eigenfrequencies below approximately 150 Hz appear
in the same order as for spruce, while some modes switch order above that frequency. However, the mode order differs
more when using beech and compressed spruce compared to spruce.

The reduction in mobility RMS values of the birch, oak, ash, beech and compressed spruce panels compared to the spruce
panel are presented in Figure 5.



-

gos|
©
=3
E 067
w
=04} x X
>
= x
-8 0.2}
=

0 L

6\‘0‘(\ O@V\ Pg,‘(\ 6660\0 o 006

\
oo®
Figure 5: Reduction in mobility RMS values for the five-layer CLT panels of the alternative timber lamination materials, compared
to the reference five-layer spruce panel.

By utilising heavier and stiffer timber lamination materials in the CLT panels, the response can hence be reduced between,
approximately, 30% and 45% compared to a spruce CLT panel.

3.2 Effect of integrated elastomer layer

How much the vibration response can be mitigated by integrating an elastomer layer into the panel was evaluated using
the CLT panel shown in Figure 3. The spatially averaged mobility FRFs of a five-layer spruce panel (reference), a 5+1+1
panel of purely spruce and a 5+1+1 spruce panel with an elastomer layer are presented in Figure 6.
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Figure 6: Spatially averaged mobility FRFs for CLT panels of spruce, with and without an integrated elastomer layer.

Here it can be observed that integrating an elastomer into a CLT panel generally leads to decreased resonance amplitudes,
both compared to the reference spruce five-layer panel and the 5+1+1 spruce panel. Moreover, the elastomer layer’s lower
stiffness and higher mass density compared to spruce leads to reduced resonance frequencies. The increased damping
additionally leads to the resonance peaks being wider, and not as pronounced as for the other panels.

By integrating an elastomer layer into a spruce CLT panel, a reduction in mobility RMS value of approximately 45%
compared to a reference five-layer spruce panel, or 15% compared to a 5+1+1 panel of purely spruce can be reached.

3.3 Effect of changed lamination material and integrated elastomer layer

By combining the two methods of panel modification, the vibration levels can be increasingly mitigated. The reduction
in mobility RMS values of the panels is presented in Figure 7.
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Figure 7: Reduction in mobility RMS values for CLT panels with a 10 mm integrated elastomer layer, compared to the reference
five-layer spruce panel.

By integrating a 10 mm elastomer layer into a CLT panel of birch, oak, ash, beech or compressed spruce, reductions in
mobility RMS values of approximately 60—70% can be reached compared to the reference five-layer spruce panel. To
evaluate how the elastomer layer, specifically, affects the response, it was found that compared to a 5+1+1 panel of purely
spruce, a reduction in mobility RMS value of approximately 40—55% can be reached.

4 Conclusions

In the paper, mitigation of the vibro-acoustic response of structurally modified CLT panels has been investigated. Two
main methods of panel modification were evaluated: constructing the CLT panel of a heavier and stiffer timber lamination
material than spruce, as well as increasing the energy dissipation in the CLT panel by integrating an elastomer layer (and
hence also changing the mass and stiffness properties). FE models were used to evaluate spatially averaged mobility FRFs
between 1 and 200 Hz. The results indicate that the vibration levels can be reduced significantly by modifying the panel,
which, in turn, may reduce the need for add-on solutions such as floating floors or suspended ceilings. The main
conclusions are presented below.

e By changing timber lamination material in the CLT panel to a heavier and stiffer material (birch, oak, ash, beech
or compressed spruce) the mobility RMS values can be reduced by approximately 30-45% compared to a
reference spruce panel.

e Integrating an elastomer layer into a CLT panel can lead to a reduction in mobility RMS value of approximately
45% compared to a reference five-layer spruce panel. Compared to a spruce panel of the same lay-up (5+1+1),
the reduction in mobility RMS value was approximately 15%.

e  The vibration levels can be additionally mitigated by combining an alternative timber lamination material with
an integrated elastomer layer. Comparing the mobility RMS value to a reference five-layer spruce panel,
reductions of approximately 60—70% can be reached. If instead comparing the response to a spruce panel of the
same lay-up (5+1+1), reductions of approximately 40—55% can be reached.

The investigations have shown significant potential for mitigating vibration levels using panel modification. Nevertheless,
to further connect the research to practical applications in the construction industry, vibration response analyses of panels
with realistic displacement boundary conditions and load scenarios could be investigated.
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