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Abstract

Construction with timber is becoming increasingly popular. Using timber for con-
struction can be more environmentally friendly compared to the more conventional
reinforced concrete, and since the emittance of carbon dioxide from the construc-
tion sector needs to be reduced, utilising more timber can be part of a possible
solution.

The development of mass timber products such as cross-laminated timber (CLT)
has contributed to the increased attractiveness of timber construction. CLT panels
are typically constructed of 3, 5 or 7 spruce layers, oriented perpendicularly to its
adjacent layers. CLT panels can be used for various structural elements, such as
floors or walls. The crosswise orientation of the layers contributes to a high in-plane
stiffness and strength. This, in turn, makes CLT panels suitable for e.g. long-span
floors or walls regarding static loading.

From a structural dynamic perspective, the combination of low mass (compared to
concrete and steel) and high stiffness can lead to challenges regarding vibrations
and sound propagation, especially in the low-frequency range. This, in turn, affects
occupants of timber buildings. Commonly reported annoyances are disturbing
sound and vibrations from neighbours walking and talking. Sound and vibrations
can be propagated in two main ways in buildings: direct transmission through a
separating element such as a wall, or by flanking transmission, where vibrations
can propagate through the structure, and hence cause problems with disturbing
vibrations and sounds in rooms far away from the source. For reducing flanking
transmissions in timber buildings, elastomers are commonly introduced in junctions
between structural elements.

To mitigate disturbing vibrations and sound propagation in timber buildings, com-
monly add-on solutions such as floating floors or suspended ceilings are built to
create an acoustically insulating space that separates the CLT panels from the
non-loadbearing parts. Additionally, it is common to increase the mass of the
panels by adding e.g. concrete (which also increases the stiffness).

The aim of the dissertation is to analyse how the vibration response of CLT panels
can be mitigated by modifying the panels themselves, and hence reducing the
need for add-ons. For the investigations, finite element models were utilised, and



frequency response functions were evaluated using free—free displacement boundary
conditions. Timber and elastomer material properties were calibrated and verified
using experimental data.

For the studies, two main methods of panel modification have been analysed.
Firstly, by exchanging the timber lamination material in the CLT panel from the
typical spruce to the denser and stiffer birch, oak or compressed spruce, or by in-
tegrating concrete layers or lamellae into the panel. Secondly, by integrating an
elastomer layer into the CLT panel, hence adding significant energy dissipation to
the panel. Both investigated methods showed significant potential.

By changing from spruce to a heavier and stiffer timber lamination material, mo-
bility root mean square (RMS) values in the range of 70-50% of the mobility RMS
value of a reference spruce panel can be reached. By integrating a concrete layer
corresponding to 6% of the panel volume into a spruce CLT panel, a mobility
RMS value of approximately 80% of the mobility RMS value of a reference spruce
panel can be reached. Additionally, by integrating an elastomer layer of the same
dimensions as the concrete layer, a mobility RMS value of approximately 80% of
the mobility RMS value of the reference panel can be reached. Furthermore, by
combining the effect of changing timber lamination material with the integration
of concrete or elastomer into the CLT panel, reductions of mobility RMS values in
the range of 60-50% compared to the mobility RMS value of a spruce panel can be
reached by using a concrete or elastomer layer.
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Introduction and overview






1 Introduction

In recent times, construction with timber has become increasingly popular. Con-
struction using timber can have many benefits, e.g. less environmental impact,
less energy usage, less water usage and a more time-efficient construction process
compared to conventional construction [1]. Mass timber, such as cross-laminated
timber (CLT) [2] has arisen as an alternative construction material to reinforced
concrete for multi-storey buildings. CLT panels are built up by an odd number of
layers, most commonly 3, 5 or 7 layers. These are glued together perpendicularly
to the adjacent layers, see Figure 1.1. CLT panels are produced in factories, with a
high degree of prefabrication — e.g., with openings for doors, windows, and install-
ations — and can then be transported to the construction site for assembly. CLT
panels are suitable as structural elements for both floors and walls.

However, constructing buildings using lightweight materials, such as timber, also
has its drawbacks. Challenges regarding disturbing vibrations and noise for occu-
pants of the buildings can arise. These challenges can be caused by e.g. walking,
talking and vibrating machines from inside the building, or road- and railway traffic
from outside the building.

Figure 1.1: A schematic of a five-layer CLT panel.
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Hence, to reduce problems regarding vibrations and sound radiation in CLT panels,
the design of the panels themselves could be improved. To evaluate how different
design choices of affects the dynamic response, measurements can be conducted.
However, conducting measurements are time consuming and expensive. Hence,
another way of evaluating the design choices is using numerical models, calibrated
to measured data. For this purpose, the finite element (FE) method can be utilised.

1.1 AIM OF RESEARCH

The overarching aim is to mitigate disturbing vibrations and noise in order to
improve the comfort of occupants of timber buildings. In turn, this could reduce
the need for add-on solutions and enable longer spans. Specifically, focus is on CLT
floor and wall panels, and how the panels themselves can be modified to mitigate
vibrations and noise radiation. The impact on vibration levels in CLT panels was
evaluated for two design modification methods. Firstly, by making the panel denser
and stiffer, by changing the typical spruce to birch, oak or compressed spruce, or by
integrating concrete into the panel. Secondly, by adding more energy dissipation
to the panel by integrating an elastomer layer. The effect on vibration levels by
modifying the panels was evaluated numerically using FE modelling.

1.2 OUTLINE

The dissertation is divided into two parts.

Part I consists of an introduction and overview, organised into seven chapters.
In Chapter 2, timber buildings and their problems regarding vibrations and sound
radiation are presented. In Chapter 3, governing theory on structural dynamics
and FE modelling is introduced. In Chapter 4, methods to calibrate numerical
models to measured data are presented. In Chapter 5, strategies on how to mitigate
vibrations in timber panels by panel modification are presented. Chapter 6 consists
of summaries of the appended papers and author contributions. Lastly, Chapter 7
contains the concluding remarks of the dissertation.

Part II includes three appended papers. In Paper A, the effect on the vibration
levels by exchanging certain lamellae in a CLT panel with concrete was investigated.
In Paper B, CLT panels of spruce, oak and a combination of the two — both
with and without an integrated elastomer layer — were analysed with respect to
vibration levels. In Paper C, numerical models were calibrated to measurements,
and vibration levels were evaluated for CLT panels made of spruce, birch and
compressed spruce, both with and without an elastomer layer.



2 Vibrations in CLT panels

In present times, when greenhouse gas emissions need to be reduced, research
has shown that the building sector (including both construction and operation)
accounted for 34% of global carbon dioxide emissions in year 2023 [3]. Thus, the
emissions from the building industry need to be reduced. Studies have shown that
compared to reinforced concrete, timber can be a more environmentally friendly
material [4-6]. Trees bind carbon dioxide when they grow, which remains after the
trees are cut and made into structural timber, leading to a potential environmental
benefit when the timber is used to construct buildings [7,8]. Hence, increased usage
of timber can be part of a solution to reducing emissions.

2.1 STRUCTURAL TIMBER

Approximately 70% of Sweden’s land area is covered by forest. The most common
tree species are pine and spruce, followed by birch, with 40%, 39% and 13% of
the total growing stock, respectively [9]. Moreover, 35% of Europe was reported
to be covered by forest in 2020, with the most common tree species being pine,
spruce, beech and oak, with 30%, 23%, 12% and 10% of the total growing stock,
respectively [10]. Trees can be divided into softwoods and hardwoods. Examples
of softwoods are spruce and pine, and examples of hardwoods are birch, oak and
beech.

Trees adapt to the climate in which they grow, causing the material properties to
vary depending on fibre direction. For wood, three directions can be identified;
the longitudinal (L) direction which is parallel with the fibre direction, the radial
(R) direction which is perpendicular to the growth rings and the transversal (T)
direction which is parallel with the growth rings.

To increase the mechanical properties of lower quality timber, and hence make it
more attractive for construction, lamellae can be densified. Densification is often
conducted as a combination of heat, moisture and pressure, in the radial direction
of the lamellae [11,12]. Compression of wood can be divided into bulk densification
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and surface densification, where bulk densification means that the whole lamellae is
densified, and surface densification indicates that one or more surfaces are densified,
thus leading to a less time-consuming process, and less reduced wood volume [12].

Wood has been used for construction for a very long time [13]. However, in Sweden,
severe fire incidents led to a ban on construction of timber buildings of more than
two storeys in year 1874. This ban was lifted in tear 1994, and from then on,
construction of multi-storey timber buildings has rapidly increased in Sweden, with
roughly 37 000 apartments in timber buildings existing in year 2023 [14]. Of the
total amount of apartments in multi-storey buildings constructed in year 2024, 17%
were constructed using mainly timber [15]. In analysing buildings of all sizes, the
share of timber construction was for example 80% in Canada, 70% in Scandinavia,
65% in USA, 50% in Germany, 45% in Austria and 40% in England in year 2020 [13].

Regarding timber construction, CLT has become a competitive alternative to the
more commonly used reinforced concrete. Typically, CLT is produced using strength
class graded softwoods, such as spruce, in Sweden. However, also hardwoods and
compressed timber have been investigated for use for CLT panels, see [16-19]
and [20, 21], respectively. Various combinations of lamination materials have also
been evaluated in [22].

CLT has high in-plane stiffness and strength, making it beneficial for loadbearing
walls and long-span floors considering static loading. However, from a structural
dynamic perspective, the combination of the low mass (in comparison to concrete
and steel) and high stiffness can lead to problems regarding disturbing vibrations
and sound radiation [23-25].

2.2 VIBRATIONS AND SOUND RADIATION

Timber buildings have extensive challenges regarding acoustic insulation compared
to concrete buildings, especially for low frequencies (here regarded as maximum
500 Hz). For floors, disturbing vibrations and sound radiation can be problematic,
while sound radiation can be problematic for walls.

Sound propagation can be divided into airborne and structure-borne sound trans-
mission, see Figure 2.1. Airborne sound is propagated from, e.g., a loudspeaker
or talking, while structure-borne sound is initiated by the structure being excited
from, e.g., footsteps or a vibrating machine. For both propagation types, the sound
can be propagated both through direct- and flanking transmission paths; the paths
being shown in Figure 2.1. Flanking transmission leads to the risk of vibrations
propagating long distances through the structure, and thus disturbing vibrations
and noise can be emitted in spaces far away from the source. To reduce prob-
lems with flanking transmission in multi-storey timber buildings, elastomers are
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borne sound.

Figure 2.1: Direct (D)- and flanking (F") transmission paths.

commonly introduced in junctions between structural elements.

Both vibrations and sound radiation can be disturbing for occupants of timber
buildings. Humans are sensitive to whole-body vibrations, typically below 80—
100 Hz, which can — depending on amplitude and frequency — lead to discomfort,
disturbed activities, impaired health and motion sickness [26,27]. Also noise im-
pacts health, and can lead to, e.g., sleep disorders, stress, hearing loss, fatigue,
cardiovascular diseases, increased blood pressure, anxiety and depression [28]. For
occupants of multi-storey timber buildings, annoyance due to neighbours is most
commonly reported, with the most common annoyances relating to impact noise
from upstairs neighbours walking and noise from neighbours talking and daily
living [29]. Impact noise from walking, so-called footfall loading, contains low-
frequency content, and has been reported to be the most common annoyance in
timber buildings [30].

Building regulations regarding sound insulation have been developed with regards
to concrete buildings, and when utilising these standards for timber buildings,
buildings which fulfil the requirements can still be perceived as having insufficient
sound insulation to occupants [30]. Regarding vibrations, deflection limits can be
used for evaluation, which has been found to be insufficient for mass timber floor
systems [31]. Currently, there are two applicable European standards regarding
design of timber structures, [32] and [33], for which the methods for determining
the vibration criteria differ. In the older standard [32], the evaluation is based on
fundamental frequency, deflections due to a static load, and velocity response due
to a unit impulse load. In the newer standard [33], vibrations are assessed using
a more performance based method, where e.g. the response due to footfall loading
can be evaluated. Here, various performance based criteria are introduced, where
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designers can choose performance level.

To increase the acoustic insulation for floor CLT panels, the loadbearing part of the
floor system is often separated from the ceiling or floor, i.e. the non-loadbearing part
[24]. Examples of such methods are floating floors [34,35] and suspended ceilings
[35]. However, these add-on solutions are mostly effective for higher frequencies
[23]. Casting concrete on the timber panel, hybrid concrete-CLT, is also a method

of increasing the mass and stiffness, and hence mitigating the disturbing vibrations
[36,37].



3 Structural dynamic analysis

In this chapter, a theoretical background to computational structural dynamic
analysis is presented. Central concepts, including free vibration and harmonic
excitation for structures, are introduced. Additionally, various damping models are
presented, and the concept of frequency response functions (FRF's) is introduced.
The theory is based on the assumption of linearity, which is reasonable for analyses
of comfort vibrations, since the strain amplitudes are low.

Differential equations can be used to describe various engineering problems. Since
these often cannot be solved analytically, numerical methods can be employed. An
example of such a method is the FE method.

For further reading on structural dynamics and the finite element method, see
e.g. [38,39] and [40], respectively.

3.1 EQUATION OF MOTION

Single degree of freedom system

The simplest way of modelling a structure is by employing a single degree of free-
dom (SDOF) system, see Figure 3.1a. This system consists of a mass m, a spring
with stiffness k and a viscous damper with damping coefficient ¢. The mass moves
frictionlessly in its degree of freedom (DOF), displaced u(t) from its static equi-
librium position due to excitation by the time dependent load p(t). A free body
diagram of the SDOF system is shown in Figure 3.1b.

Using Newton’s second law, 3 F = ma, where X F is the sum of the forces and a is
the acceleration, on the system in Figure 3.1 results in

p(t) — ku(t) — cu(t) = mu(t), (3.1)

where 4(t) is the velocity and i(t) is the acceleration.
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(a) SDOF system. (b) Free body diagram of

SDOF system.

Figure 3.1: SDOF system.

Equation (3.1) can be rearranged as
mi(t) + cu(t) + ku(t) = p(t), (3.2)

which is the equation of motion for an SDOF system.

Multi degree of freedom system

Structures can require more than one DOF to be analysed accurately. Then, multi
degree of freedom (MDOF) systems can be used, see e.g. Figure 3.2. Equation
(3.2) can be extended to MDOF systems as

Mii(t) + Ca(t) + Ku(t) = p(t), (3.3)

where M, C and K are the mass, damping and stiffness matrices, respectively,
while 1i(t), u(t), u(t) and p(t) are the acceleration, velocity, displacement and load
vectors, respectively.

3.2 EIGENFREQUENCIES AND EIGENMODES

A structure has specific eigenfrequencies for which large vibration amplitudes in
certain vibration patterns occur. These can be determined using the assumption of
free vibration, i.e. the response is due to initial displacements and velocities. Here,
the damping can be disregarded if a lightly damped structure is considered.

P

C, s
11 11
1 > 5
WA A
2 3

kO @) @) o)

Figure 3.2: MDOF system.
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Single degree of freedom system

For an SDOF system, the eigenfrequency can be determined starting from Eq.(3.2),
with the assumptions p(t) =0 and ¢ =0 as

mii(t) + ku(t) = 0. (3.4)

Employing a trial solution
u(t)=Ue*" =  i(t) = —w?Ue“", (3.5)

where U is the amplitude, e is Euler’s number, the imaginary unit i = +/—1 and w
is the angular forcing frequency. Inserting the trial solution into Eq. (3.4),

(—w?m + k)Ue“t =0 (3.6)
is obtained. The solution should be independent of U et and thus
—Pm+k=0 — Ww=k/m. (3.7)

Here, the angular eigenfrequency for a SDOF system, w, = \/k/m is introduced.
This can be translated into the cyclic eigenfrequency as f, = wy, /2.

Multi degree of freedom system

For MDOF systems, the eigenfrequencies can be derived in a similar way as for
SDOF systems. With the assumption of p(t) = 0 and C = 0,

Mii(t) + Ku(t) =0 (3.8)
is obtained. A solution is employed on the form
u(t) =Ue“'¢p — ii(t) = —w?Ue“'e, (3.9)
where ¢ is the eigenmode vectors.

Inserting the trial solution into Eq. (3.8), the equation becomes

(—w* M+ K)¢ = 0, (3.10)

which can be solved as
det(—w2M + K) = 0, (3.11)
where the angular eigenfrequencies w, = w1, wa, ..., wy can be determined for an

N-DOF system. Additionally, by inserting the angular eigenfrequencies into Eq.
(3.10), the corresponding eigenmodes can be determined.
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When a structure is excited close to an eigenfrequency, resonance will occur, and
for an undamped case, the amplitude will approach infinity. In practice, however,
all structures have damping, and thus, the vibration amplitudes will be bounded.

The displacement u(t), can be reformulated using modal expansion

Z bntn(t) = Bq, (3.12)

A~

where g, (t) = §,e“"! is the modal coordinate of the nth eigenmode.

Often, the dynamic behaviour of the system can be described sufficiently without
including all modes. Hence, J < N modes can be utilised as

J
Zcquj =®,q, (3.13)

where g;(t) = §;e™! is the modal coordinate of the jth eigenmode. This is known
as modal truncation.

3.3 HARMONIC EXCITATION

Single degree of freedom system

When a damped system is excited by a harmonic load, it will — after an initial
transient part — respond by oscillating with the same frequency as the excita-
tion. Focusing on the steady-state response, i.e. disregarding the initial transient
response, Eq. (3.2) can be solved by employing the solution

u(t) = ae“t = a(t) = iwaet  —  d(t) = —wlae! (3.14)

and .
p(t) = pe’, (3.15)

where 4 is the complex displacement amplitude and p is the complex load amp-
litude.

Inserting this into Eq. (3.2), the formulation becomes

~

(—w?m + iwe + k)i = p, (3.16)

for which the displacement amplitude can be solved for as

p

. A7
—w?m +iwec+ k (3.17)

'Il:




3.3 Harmonic excitation 13

Multi degree of freedom system

Harmonic excitation of an MDOF system is solved similarly to an SDOF system.
A trial solution is employed,

ut) = e - ) = wte o i) = —wbe! (3.18)

and _
p(t) = pe’, (3.19)

where 11 is the complex displacement amplitude vector and p is the complex load
amplitude vector.

Inserting these into Eq. (3.3), the frequency domain equation of motion for an
MDOF system is obtained,

(—w’M +iwC + K)ii = p. (3.20)

Here, D(w) = —w?M + iwC + K is the dynamic stiffness matrix, and thus the
response can be rewritten as D(w)@ = p.

The complex displacement amplitudes can be solved directly as

i =D(w) 'p. (3.21)

This method is applicable for systems with frequency-dependent material proper-
ties, however, becomes computationally heavy for large systems.

For systems with frequency-independent material properties, the displacement re-
sponse can be determined using the eigenmodes. By utilising the formulation in
Eq. (3.13), and approximating the modal coordinates as

as/(t) =ae* - 40t =iwqe”t —  §t) = —wqe, (3.22)

where @ is the modal coordinate amplitude vector, the equation of motion in Eq.
(3.3) can be diagonalised as

(—?®TMP; +iwd[CP,; + TKP;)qs = @ P, (3.23)

where proportional damping is assumed (see further Section 3.4).

This equation can be reformulated as
(—w’Mj +iwCy + K ;)4 = by, (3.24)

where

M, = ®;M®; = diag(M;), C;=®7C®; = diag(C}),

_ X R (3.25)
K;=®1K®; = diag(K;), ps=@)D
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and M;, C; and K; are the modal mass, -damping and -stiffness for mode j.

This equation can be solved as
qs = (—w*™My +iwCy + Kj) Py, (3.26)

which is similar to Eq. (3.21), however, this system is diagonal, and thus the com-
putational power needed to solve this is reduced.

From Eq. (3.26), the solution can be transformed from modal coordinates to phys-
ical coordinates via Eq. (3.13).

3.4 DAMPING

In reality, all structures have damping. Damping refers to a dissipation of mech-
anical energy into heat, and thus the vibration amplitude is reduced, and does
not approach infinity during resonance. Various phenomena lead to energy losses,
e.g., on the material level due to internal friction or on the structure level due to
friction.

Structural damping

If the level of damping is not varying considerably with frequency, rate-independent
damping can be appropriate to employ. This way of employing damping can e.g.
be used in analysing timber panels. Rate-independent means that the damping is
constant over the frequency span. This damping model can be applied by using a
loss factor, n — which at resonance is 7 = 2¢ and where ( is the modal damping
ratio. The damping matrix can then be expressed as

c =K, (3.27)
w
so that Eq. (3.20) becomes
(—w?M + K(1 +in))a = p. (3.28)
The dynamic stiffness matrix can, thus, be reformulated as D(w) = —w?M+K(1+

in).

Modal damping

Another method of taking damping into account is to use modal damping. Then,
the mode shape ¢,, is paired with its modal damping ratio (,. Additionally, the
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eigenfrequency can be considered independent of damping for damping ratios ¢, <
0.20, thus, wg = wpy/1 — (2 ~ wy, where wy is the damped eigenfrequency. For
MDOF systems, damping ratios can be used in analyses of modally truncated
systems (cf. Eq. (3.25)). Hence, the damping formulation is

Cj = QCJ'W]‘M]'. (329)

3.5 FREQUENCY RESPONSE FUNCTIONS

An FRF describes the relation between input and output for a system. Common
FRF's are compliance (displacement /load), mobility (velocity /load) and accelerance
(acceleration/load). These FRF matrices can be determined as

H,(w) =Dw)™!, Hy(w)=iwHy(w) and Ha(w) = —w?Hyu(w), (3.30)
respectively.

FRFs can be measured and computed. In experimental testing, the input (load)
and output (e.g. acceleration) are measured, and thus the FRF can be determined.
For computations, steady-state analyses of structures loaded with a unit load gives
the FRFs directly.

An FRF matrix for a structure with IV evaluation points is structured as

hi1(w)  hip(w) ... hin(w)
H(u) = hgl.(w) hgg'(w) th.(w) | (3.31)
(@) hva@) .. B (@)
where
iy () = #;(w)  Response in point i (3.32)

- pj(w)  Excitation in point j
FRF matrices are symmetric, and thus h;;j(w) = hj;(w). This is due to the transfer
function between two evaluation points being the same independently of at which

position the load is applied and at which position the response is evaluated. This
is known as reciprocity.

Depending on what is of interest regarding vibration response, various FRFs can
be appropriate for result evaluation. Humans are sensitive to accelerations, and
hence, accelerance FRFs could be an appropriate metric [27]. On the other hand,
sound radiation from vibrating structures is related to velocity, and hence mobility
FRFs could be appropriate to evaluate.
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3.6 FINITE ELEMENT MODELLING

Even though some simple problems can be solved analytically, larger, more com-
plicated problems require numerical solution methods. Hence, the FE method can
be suitable. The following derivations are based on formulations in [40,41]

Strong formulation

The derivation of the FE formulation is initiated by the differential equations of
motion for a deformed body V with surface boundary S,

V' +b=pi, (3.33)
where

T

o) o) o) o
V:Oa—yoﬁog,a:a and b= [b,|. (3.34)

o o 2 o 90 Yy b,
0z Oz Oy Orz
LOyz ]

Here, V is a matrix differential operator, o is the stress vector, b is the body force
vector, p is the mass density and ii is the acceleration vector determined as i = %TE
were U = [uz uy u,]" is the displacement vector.

Boundary conditions can be assigned at S, regarding the displacements (essential)
and forces (natural). The initial displacement and velocity at time ¢ = 0 can be
written as u(t = 0) = ug and a(t = 0) = 0.

Weak formulation

The weak formulation is derived from Eq. (3.33). This equation is premultiplied
with a vector of arbitrary weight functions v = [v, v, v.]T, and integrated over the
volume V,

/ vI(V' o +b - pit) dV = 0. (3.35)
\%

The first term of Eq. (3.35) is integrated by parts using Green—Gauss theorem as

/ VIV e dv = / vTt dS — / (Vv)To v, (3.36)
|4 S \%4

where t is the traction vector.
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Inserting Eq. (3.36) into Eq. (3.35) gives

/ vipii dv+/(6v)Ta v = / vTb dv+/th ds, (3.37)
\4 14 14 S

which is the weak formulation of Eq. (3.33). This formulation is independent of
constitutive relation.

Finite element formulation

The FE equations of three-dimensional elasticity can be derived from Eq. (3.37).
The displacement vector can be approximated by

u = Na, (3.38)

where the matrix N contains the global shape functions used to determine the
displacement field by interpolating the nodal displacements a.

Adopting the Galerkin method, the weight vector is chosen as
v = Ng, (3.39)
where ¢ is an arbitrary constant vector.

A linear elastic orthotropic constitutive model can be adopted, where the strains
are assumed to be small,

o =De =DVu=DVNa, (3.40)
where
(D11 D1z Diz 0 0 0 ] B
Ds1 Doy Do 0 0 0 Eyy
_|D31 D32 D33 0 0 0 ez
D= 0 0 0 Dy 0 0 and €= e | (3.41)
0 0 0 0 Dss5 0 Exz
L 0 0 0 0 0 D66_ _Eyz_

Here, D is the constitutive matrix for an orthotropic material and € represents the
strains.

By renaming VN = B and inserting Eqs. (3.38)(3.40) into Eq. (3.37), the formu-
lation becomes

</ NT)N dV) A+ </ B'DB dV> a= / NTb dV + / NTt ds, (3.42)
\% \%4 \% S
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which can be reformulated as
Ma + Ka = p, (3.43)

with
M:/ NTpN av, K:/ B'DB dV and
v v (3.44)
pi/NﬁdV+/N%d&
\% S

where M is the mass matrix, K is the stiffness matrix and p is the force vector.
Introducing the damping matrix C, the formulation becomes

M3 + Ca + Ka = p. (3.45)

3.7 MODELLING OF ELASTOMERS

Elastomers are, as previously mentioned, commonly used in junctions between
structural elements in timber buildings. Elastomers are viscoelastic materials,
meaning that they possess a combination of viscous and elastic behaviour under
deformation. Hence, the material behaviour is frequency dependent. The following
derivations are based on [42]. In considering linear viscoelasticity, which is applic-
able for cases with small strains, such as comfort vibration analyses, the stress of
the elastomer becomes

of = E*(w)e", (3.46)

where E*(w) is the complex Young’s modulus and ¢* is the harmonic strain. Here,
notation * indicates a complex number. The formulation of £* can be expanded
as

o JOei(th)

* _ _ 90 i5 _ o
E — 57* — 46061“}15 — %e - Edynel 9 (347)
where o is the stress amplitude, g¢ is the strain amplitude, § = arg(E*) is the
phase angle and Ey,,, is the dynamic Young’s modulus.

Equation (3.47) can be rewritten using rectangular form as
E* = Egyn(cosd +isind) = E, + 1K, (3.48)

where FE; is the storage modulus and FE; is the loss modulus. Here, the storage
modulus represents the elastic response, and the loss modulus represents the energy
dissipation of the system.

This can also be rewritten as

in §
E* = Egyy, cos 0 <1 + 5

cosé) = Es(1+itand) = Es(1 +in), (3.49)
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where 7 is the loss factor. For sufficiently low damping, it can be approximated
that n ~ 6.

Assuming an isotropic elastomer, the shear and bulk moduli — which describe a
material’s response to shear stress, and to uniform pressure, respectively — can be

determined as
Ey Ey

= % and Ko= -0
261 +ry) N POT 3 2m)’

where v is Poisson’s ratio.

Go (3.50)

Moreover, the shear and bulk moduli can be divided into storage and loss parts, as

G*=Gs;+iG; and K* =K, +iK;. (3.51)

A method of determining material properties of elastomers using experimental data,
manufacturer data sheets and FE modelling was developed in [42] and further veri-
fied in [43]. To include the material properties of the elastomer in an FE analysis,
the storage and loss parts of the shear and bulk moduli need to be determined.
This can be done by introducing a scale factor, a(w), determined as o(w) = Ed%o(w).
Then, Ggyn(w) = o(w)Go and Kgyn(w) = a(w)Ky can also be determined. The

storage and loss parts of the moduli can then be determined as

Gs = Gayncosd, Gp= Gaynsind

. (3.52)
Ks = Kgyncosd and K; = Kgy, sind.






4 Model calibration

Numerical models can be validated to experimental data, to increase the accuracy.
Wood inherently has large variations regarding material properties [44-46]. Hence,
results from an experimental campaign can be used to calibrate and validate the
numerical model, for example regarding material properties.

4.1 EXPERIMENTAL TESTING

By use of experimental campaigns, structures’ dynamic behaviours can be determ-
ined. In an experimental campaign, the structure can be excited using a a shaker
or impact hammer, and the response obtained by use of accelerometers. For ob-
taining the response, piezoelectric accelerometers can be used. These consist of a
seismic mass and a piezoelectric material. When the accelerometer base is subjec-
ted to vibrations, the piezoelectric material is mechanically stressed and generates
an electric charge which is proportional to the applied force. The acceleration can
be determined from the force by use of Newton’s second law [47]. Electrodynamic
shakers consist of an electric coil in a magnetic field, and are used to excite the
structure in a point using, e.g., a random- or sine signal. Impulse hammers are
used to generate impulses onto multiple points of the structure [48].

When conducting measurements, the data (e.g. load and acceleration) is measured
in the time domain. By utilising a fast Fourier transform (FFT), the results can
be transformed to the frequency domain, and hence, FRFs can be determined.
Utilising the FRFs and various algorithms, the eigenfrequencies, modal damping
ratios and mode shapes can be determined. For the measurements, either one
or more shakers in combination with a number of accelerometers or a number of
hammer impulses in combination with one or more accelerometers can be used to
determine the FRF's [48]. Prior to conducting measurements, it is important to
analyse the structure to determine appropriate positions of the shaker, hammer
impulses and accelerometers, e.g. so the structure is not excited in a node in a
mode.
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When measuring on structures in a laboratory setting, free—free displacements
boundary conditions are convenient, meaning that no displacements are prescribed.
Physically, this can be accomplished by use of soft springs, either with the panel
resting on or hanging from them. Additionally, free—free boundary conditions are
simple to implement in numerical models [48].

4.2 CALIBRATING NUMERICAL MODELS

As mentioned above, experimental campaigns can be used to collect data of the
dynamic behaviour of structures. However, using experimental campaigns for ana-
lysing the behaviour of structures can be quite extensive. Hence, a more efficient
method of analysing the dynamic behaviour of a structure is using a combination
of experimental data and numerical results. By doing this, the numerical models
can be calibrated and validated against experimental data and then be used to
analyse the structure’s behaviour extensively.

Regarding comfort vibrations, timber can be modelled as an orthotropic, linear
elastic material. For modelling, a rectangular coordinate system can be defined,
see Figure 4.1, where L, R and T denote the longitudinal, radial and transversal
directions, respectively. Due to this modelling assumption, 10 material properties
can be defined; the density p, Young’s modulus in the longitudinal, radial and
transversal directions (Fy, Fr and Er), shear moduli (GLr, Grr and Ggrr) as well
as Poisson’s ratios (vpr, v and vRr).

Calibration of material properties can be important when analysing timber struc-
tures numerically, due to the variability of the material properties. In Figure 4.2,
an experimentally obtained FRF is compared to an FRF computed using material
parameters found in the literature (Grr from [46], Poisson’s ratios from [17] and
the density, Young’s moduli and the remaining shear moduli from [49]), as well as
computed using calibrated material properties.

To evaluate the vibration response over a frequency span, the root mean square
(RMS) value can be utilised. The RMS value is defined as

3 (4.1)

n=1

| : =

Figure 4.1: A lamella with the rectangular coordinate system.
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Figure 4.2: Comparison of computed and experimentally obtained accelerance
FRFs. The legend is valid for both figures.

where N is the number of frequency increments and z,, is the response for increment
n. Here, x is considered as the amplitude of the complex magnitude of accelerance
or mobility. The spatially averaged response of a surface can be represented as

LM
Tn = o7 Z T, (4.2)
m=1

for each frequency increment n. Here, M is the number of evaluation positions and
T, is the response in position m.

To evaluate how similar mode shapes are, the modal assurance criterion (MAC)
[50], defined as

|(#5,4)" (¢),8)1
(¢:,4)" (Pi,4)(@5,5)" (#5,5)

can be used. Here, ¢; 4 and ¢; p are the mode shapes of numbers ¢ and j of models
A and B, respectively. The MAC value can be between 0 and 1, where a perfect
match between ¢, 4 and @; p leads to MAC(4,j) = 1. Once confirmed that the
modes are the same, their eigenfrequencies can be compared using a normalised
relative frequency difference (NRFD), which can be defined as
NRFD = fiA = JiB (4.4)
fiB

in which f; 4 and f; p are eigenfrequencies number ¢ and j for models A and B.

MAC = (4.3)

Sensitivity analysis

To analyse which material properties influence the vibration response, a sensitivity
analysis can be conducted. As an example, a three-layer CLT panel of dimensions
4 m x 0.5 m was analysed regarding eigenfrequencies and eigenmodes. All layers
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have a thickness of 20 mm. The panel was analysed using free—free displacement
boundary conditions and solid shell finite elements of size 25 mm were used. The
10 lowest eigenfrequencies and eigenmodes were evaluated, see Figure 4.3.

For conducting a sensitivity analysis, each material property can be individually
varied between a lower- and upper limit, while the other properties are kept con-
stant. Here, five equally spaced values were used for each material property. The
lower and upper limits, as well as the reference material properties from the liter-
ature are presented in Table 4.1.

Figure 4.4 exemplifies how the eigenfrequencies are affected when one material
parameter at a time is changed, using NRFD values. MAC values were used to
ensure that the compared eigenfrequencies correspond to the same eigenmodes in
the subfigures. Bi and Tj stand for bending mode ¢ and torsion mode j, respect-
ively. From Figure 4.4, it can be observed that the material properties that affect
the eigenfrequencies significantly are p, Fr,, Gyt and Grr, where p and Ggrr affect

~

(a) Bending mode 1.

/’l
) =

(c) Bending mode 2.

<
/‘/

(e) Bending mode 3.

®
’/‘/

(g) Bending mode 4.

e o

(i) Bending mode 5.

/

(b) Torsion mode 1.

{

(d) Torsion mode 2.

;

(f) Torsion mode 3.

£

(h) Torsion mode 4.

(j) Torsion mode 5.

Figure 4.3: Mode shapes corresponding to the 10 lowest eigenfrequencies.
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Table 4.1: Lower and upper limits as well as reference material properties [17,46,
49] for spruce. The unit of the density is kg/m?, the moduli MPa and
Poisson’s ratios are dimensionless.

p Er, Er Er Gr  Gur GRr VLR VLT VRT
Reference 420 11000 370 370 690 690 49 0.45 0.45 0.28
Lower 350 7000 200 200 400 400 30 035 035 0.25
Upper 900 16000 600 600 1000 1000 100 0.50 0.50 0.40

all modes, while E7, mostly affects the bending modes and Gy the torsion modes.
Subsequently, if a calibration is to be conducted, these properties would be relevant
to modify.

Calibration procedures

For conducting a calibration, e.g. Newton optimisation can be used. For further
information on Newton optimisation and various other optimisation procedures,
see e.g. [51]. For calibrating material properties for a CLT panel, the following
procedure can be be used.

N _ N\ 2
The minimum of a function g = 3 (M) is sought.

i=1 exp.,i
Using Taylor expansion around the current point xj, a quadratic approximation of

the function is acquired (neglecting higher order terms),

90x) = gl + & (x — xe) + 5 0x — ) HkGx — ), (15)

where gr = Vg(x) and H, = VZ%g(x;) are the gradient and Hessian matrix,
respectively, evaluated in x = x.

Differentiating the approximation with respect to x,
gL + Hk(X — Xk> =0, (46)

is obtained. If the Hessian matrix is positive definite, Hy > 0, the function will
have a minimum at

X1 = x; — H gy (4.7)

The algorithm continues until the step length is less than the set tolerance.

Another way of conducting a calibration of material properties is by varying a
material property and comparing the computed and experimentally obtained FRF's
using various metrics, such as RMS values, MAC values and NRFD values as well
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Figure 4.4: Analyses showing how the eigenfrequencies are affected when various
material properties are varied. Bi and Tj stand for bending mode
and torsion mode j, respectively.

as vibration amplitudes. When computed FRFs resembles measured FRFs within
decided tolerances for the various metrics, the calibration is concluded.

Once one or several numerical models are calibrated and verified using measurement
data, these can be used for further analyses; which may be faster and less expensive
than conducting additional measurements.
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Two main methods of CLT panel modification for vibration reduction have been in-
vestigated in the dissertation. Firstly, using a denser and stiffer lamination material
in the panel, and secondly, inserting an elastomer layer with high energy dissipation
properties and low stiffness (in comparison to the timber) into the panel. Previous
studies have shown promising results regarding reduction of vibration levels by util-
ising these methods. Using hardwoods or compressed spruce instead of spruce was
investigated in [16,17,20] and [20], respectively. Additionally, in [20], integrating
an elastomer layer into CLT panels was investigated.

In the appended papers, vibration mitigation by panel modification has been in-
vestigated. In Paper A, how the vibration levels were affected by exchanging
spruce lamellae with concrete was explored. In Paper B, the effect on vibration
response by using oak or a combination of spruce and oak, as well as integrating
an elastomer layer into a CLT panel was studied. In Paper C, the effect on vi-
bration response by using birch or compressed spruce, as well as integrating an
elastomer layer into the CLT panels was analysed. In the studies in the appended
papers, CLT panels of various sizes have been used and the vibration responses
were evaluated using various frequency ranges. Hence, to summarise and compare
the evaluated methods of panel modifications, a case study was conducted, and
will hereafter be described.

To compare the mentioned methods of vibration reduction by panel modification,
two different CLT panels of dimensions 4 m x 3 m were utilised. The first panel
is made of purely timber, and has five layers of 25 mm thick lamellae, see Figure
5.1a. The second panel consists of two additional layers, one 10 mm layer and one
25 mm layer on top of the five-layer panel, see Figure 5.1b. FE models were used
to study the effect of the various modifications on the vibration levels of the panels.
Free—free displacement boundary conditions were used, and the panel was loaded
with a unit load in one corner of the top surface. Solid shell elements of size 25 mm
were utilised. The response was evaluated using spatially averaged mobility FRF's
between 10 and 200 Hz on the surface on the same side of the panel as the load.

The material properties of spruce, birch and compressed spruce were taken from
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— 2ot

(a) Five-layer panel. (b) Five-layer panel with two additional lay-
ers.

Figure 5.1: CLT panels that were used for the case studies, 4 m x 3 m. The yellow
colour indicates timber and the grey colour concrete or elastomer.

[52], and oak from [53]. For all lamination materials, however, Poisson’s ratios
were g = vir = 0.45 and vgy = 0.28, since these have been shown to not
affect the vibration response (cf. Figure 4.4). The same loss factor was used for all
timber lamination materials, n = 0.02, to easier evaluate how various other material
properties affect the vibrational behaviour. The timber material properties used
in the case study are presented in Table 5.1.

For the 10 mm layer, concrete or elastomer were used. The concrete was modelled
as isotropic and linear elastic with density p = 2 400 kg/m®, Young’s modulus
E = 31 000 MPa, Poisson’s ratio v = 0.20 [54] and loss factor n = 0.02. The
elastomer layer was modelled as isotropic and viscoelastic utilising the material
model determined in [42] with material properties from [52]: the density is p =
1 150 kg/m?, Young’s modulus £ = 11 MPa, Poisson’s ratio v = 0.43 and the
frequency-dependent storage and loss shear and bulk moduli are presented in Figure
5.2.

5.1 CHANGING LAMINATION MATERIAL

The vibrational effect of changing timber lamination material in a CLT panel was
explored in Paper B. The use of oak was compared to using spruce, and in Paper

Table 5.1: Material properties for the various lamination materials. The unit of
the density is kg/m? and the moduli are MPa.

p Ery, Er Er Gir Gir  Grr

Spruce 429 12043 370 370 690 576 79
Birch 608 14486 1185 640 850 784 155
Oak 637 13988 733 733 1392 1392 460

Compressed spruce 787 14354 679 679 1267 1939 101
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Figure 5.2: The shear and bulk moduli of the used elastomer, separated into
storage and loss components. The legend is valid for both figures.

C, utilisation of birch and compressed spruce, respectively, were compared to the
use of spruce.

To evaluate how the timber lamination material affects the vibrational response,
the five-layer panel in Figure 5.1a was used, using spruce (reference), birch, oak
and compressed spruce. In Figure 5.3, the spatially averaged mobility FRFs are
presented. The mobility RMS values, normalised against the mobility RMS value
of the spruce panel are presented in Figure 5.4. As can be observed, by exchanging
the spruce to one of the other lamination materials, the vibrational response is
decreased compared to the reference spruce panel. Here, by using compressed
spruce, the mobility RMS value is approximately 50% of the mobility RMS value
of the reference panel, while by using the various hardwoods, the response can be
reduced to approximately 70-55% of the mobility RMS value of the spruce panel.

T
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=107¢ Oak E
€ === Compr. spruce|J
z
Z 10
o
=
| | | | | | | | |
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Frequency [Hz]

Figure 5.3: Spatially averaged mobility FRFs of spruce (reference), birch, oak
and compressed spruce CLT panels.
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Figure 5.4: Mobility RMS values for five-layer panels of various lamination ma-
terials, normalised to the mobility RMS value of the spruce panel.

5.2 INTEGRATING A LAYER OF DIFFERENT MATERIAL

The vibrational effect of exchanging spruce lamellae with concrete lamellae was
explored in Paper A, while the effect on integrating an elastomer layer into a
CLT panel was analysed in Papers B and C.

To evaluate how integrating a material with differing material properties than
timber into the panel affects the response, the panel in Figure 5.1b was used.
For these analyses the reference panel has the same build-up, but the 10 mm
layer is spruce oriented perpendicularly to the two adjacent layers. In Figure 5.5,
spatially averaged mobility FRF's are presented for three panels; the reference panel,
a panel with a concrete layer and a panel with an elastomer layer. By using a
concrete layer, the panel stiffness is increased more than the mass, and hence, the
resonance frequencies increase. Using an elastomer layer leads to a heavier and
weaker panel, and thus the resonance frequencies are reduced. For both types
of modified panels, the resonance amplitudes are reduced in comparison to the
reference spruce panel. Additionally, the high damping of the elastomer leads to
the resonance peaks becoming broader and less pronounced than for the two other
panels, especially for higher frequencies.

5.3 COMBINATION OF BOTH METHODS

The vibration levels can be further reduced by combining the two panel modific-
ation methods. Panels made from alternative lamination materials with an integ-
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Figure 5.5: Spatially averaged mobility FRFs of spruce CLT panels with an in-
tegrated layer of spruce, concrete or elastomer.

rated concrete- or elastomer layer were studied for this purpose. The normalised
mobility RMS values for panels of spruce, birch, oak and compressed spruce with a
concrete layer are presented in Figure 5.6a. Here, a mobility RMS level of between
80% and 50% of the mobility RMS value of the reference spruce panel can be
reached, depending on lamination material. In Figure 5.6b, the normalised mobil-
ity RMS values for panels with an integrated elastomer layer are shown. Here, a
mobility RMS level of between 85-45% of the RMS value of the reference panel
can be reached.

From Figure 5.6, the same trend can be observed; by inserting either a layer of
concrete or a layer of elastomer, the mobility RMS values are reduced compared to
the reference model. By combining a heavier and stiffer lamination material with a
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Figure 5.6: Mobility RMS values for modified panels of spruce, birch, oak and
compressed spruce with an integrated layer, normalised to the mobil-
ity RMS value of the spruce panel.
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layer of either concrete or elastomer, a larger reduction of the response is reached.
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PAPER A

Khuong An Ung, Annie Bohman, Linus Andersson, Peter Persson, Sam Johansson
and Lars Vabbersgaard Andersen. Vibration reduction in cross-laminated timber
panels by using individual concrete lamellae. In proceedings of SEMC 2025, 9:th
International Conference on Structural Engineering, Mechanics and Computation,
Cape Town, South Africa, 2025.

The use and significance of timber structures are on the rise, especially thanks to
cross-laminated timber (CLT). This engineered wood product is manufactured by
stacking multiple layers of wood lamellae, each oriented perpendicularly to the one
below it, and then bonding them with adhesives to form a floor or wall panel. Tim-
ber, as a building material, presents potential environmental benefits over tradi-
tional materials like concrete. However, timber constructions often exhibit greater
sensitivity to dynamic loads, which underscores the importance of enhancing the
design of these structural elements to mitigate vibrations and reduce low-frequency
structure-borne sound. This study explores the vibrational performance of panels
where lamellae of conventional spruce are partially replaced by concrete. The
panel vibrations were calculated by using the finite element method. The mater-
ial parameters for spruce were obtained by calibrating the finite element model to
measurement data from experimental modal analysis. It was seen that appreciable
reduction in the level of vibration can be achieved by replacing individual spruce
lamellae with concrete. By replacing only a few percent of the lamellae, more than
a halving of the vibration level of the frequency response function could be seen
for a free—free panel, considering all resonance frequencies below 500 Hz.

Contributions by Annie Bohman

She advised in formulating the problem statement and determine the methodology,
solution procedures and scrutinised the results as well as the conclusions. Moreover,
she proofread the paper and gave feedback on the writing and presentation of the
results.
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PAPER B

Annie Bohman, Linus Andersson, Kent Persson and Peter Persson. Vibration re-
duction in cross-laminated timber panels by using integrated elastomer layers. In
proceedings of SEMC 2025, 9:th International Conference on Structural Engineer-
ing, Mechanics and Computation, Cape Town, South Africa, 2025.

Construction with timber is becoming increasingly popular, partially due to its en-
vironmental benefits in comparison to steel and concrete. This is especially true for
cross-laminated timber (CLT) panels — an engineered wood product consisting of
stacked timber lamellae oriented perpendicularly to each other. CLT panels have
high stiffness in comparison to its mass, which leads to a sensitivity to dynamic
loads, such as footfall loading, and is thus prone to vibro-acoustic problems. En-
hancing the design of these panels is therefore of importance in order to mitigate
low-frequency vibrations and structure-borne noise. This study aims at numerically
investigating the possibility of mitigating the vibration response of CLT panels by
introducing elastomer layers in-between the timber layers, as well as by exchanging
the timber material from the typical spruce to oak. Numerical simulations of the
panels were performed by use of the finite element method. Frequency-dependent
material properties were used for the elastomer layers. It was shown that by chan-
ging the wood species and integrating elastomer layers in CLT panels, the vibration
response can be reduced in the frequency range 1-120 Hz.

Contributions by Annie Bohman

Main author of the paper and wrote the manuscript. Formulated research aims,
developed the FE models, performed the calculations and drew the conclusions
that were presented.
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Cross-laminated timber (CLT) is increasingly used for construction of multi-storey
buildings. However, ensuring satisfactory vibro-acoustic performance, particularly
in the low-frequency range (typically below 200 Hz), remains a significant challenge,
often necessitating add-on solutions such as floating floors. In this study, the aim
was to investigate how vibration levels for CLT panels can be reduced by using
various lamination materials as well as integrated elastomer layers. Finite element
(FE) models were developed, calibrated and validated based on experimental modal
analysis of CLT panels with and without elastomer layers. Specifically, elastic
moduli of spruce, birch and compressed spruce were calibrated to experimentally
obtained eigenfrequencies and mode shapes. Moreover, calibrated FE models of
selected panels were used to determine and calibrate a viscoelastic material model
for the elastomer layer using frequency-dependent stiffnesses and damping. Using
the material model for the numerical simulations, the deviations in accelerance
root mean square values were less than 1 dB compared to the experimental data.
Finally, it was shown that by using birch or compressed spruce instead of spruce the
vibration response could be reduced by 30% and 50%, respectively, for a realistic
floor panel size. By integrating a 12 mm elastomer layer into the panels, the
vibration response could be reduced by an additional 40%, compared to a panel
without an elastomer layer.

Contributions by Annie Bohman

Main author of the paper and wrote the manuscript. Formulated research aims,
developed the FE models, performed the calculations and drew the conclusions
that were presented.






7 Concluding remarks

7.1 CONCLUSIONS

The studies have demonstrated the potential to reduce vibration levels in CLT pan-
els by modifying the panels themselves. Throughout the studies, the low-frequency
region has been the focus. Material properties serving as input data to FE models
were calibrated for various timber materials and an elastomer layer. By utilising
the calibrated material properties in the FE models of the CLT panels, the res-
ulting FRF's closely resembled the experimentally obtained FRFs. In the studies,
both accelerance and mobility FRFs have been used to evaluate the vibration re-
sponse of the modified CLT panels. Additionally, the vibration response has been
evaluated for various low-frequency ranges.

By changing the timber lamination material in the CLT panel to a denser and stiffer
timber material than spruce, it was found that a mobility RMS level of between
70% and 50% of the mobility RMS value of a reference spruce panel can be reached
by using birch, oak or compressed spruce.

By exchanging approximately 6% of the panel volume from spruce to concrete, a
mobility RMS level of 80% of the mobility RMS level of a reference spruce panel
can be reached. By integrating the concrete layer, the mass and stiffness of the
CLT panel are increased, however, the stiffness is increased more than the mass,
and hence the resonance frequencies are higher than for the reference spruce panel.
Additionally, it was found that the positioning of the concrete affects the vibration
response significantly; for a CLT panel with 5% of the timber volume exchanged
for concrete lamellae, accelerance RMS values of up to 20% of the accelerance RMS
value for a reference spruce panel could be reached.

By integrating an elastomer layer constituting 6% of the total panel volume into
a spruce CLT panel, a mobility RMS level of approximately 80% of the mobility
RMS level of a reference spruce panel can be reached. Evaluating accelerance RMS
values, a CLT panel with approximately 7% of the panel volume of elastomer can
reach 40% of the accelerance RMS level of a reference spruce panel. This elastomer
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adds significant damping to the panel, and hence the resonance peaks are lowered.
The stiffness becomes less than for the spruce panel, while the mass is increased,
and hence the resonance frequencies are reduced. Additionally, when increasing
the thickness of the elastomer layer, the vibration response is further reduced.

By combining the effect of creating a CLT panel of a heavier and denser timber lam-
ination material than spruce with integrating a layer of concrete or elastomer, the
response can be additionally reduced. When combining birch, oak or compressed
spruce with an integrated layer of concrete, a mobility RMS value of 60-50% of
the mobility RMS value of a reference spruce panel can be reached. If an elast-
omer layer is integrated into CLT panels of the alternative lamination materials,
a mobility RMS value of between 60% and 50% of the mobility RMS value of the
reference spruce panel can be reached.

Considering all CLT panel modification methods evaluated in the dissertation,
it can be concluded that vibration reduction through panel modification shows
significant potential. However, the investigations have also shown that e.g. panel
geometry, material properties and position of elastomer or concrete layers influence
the vibration response. Hence, further investigations are required to draw more
definitive conclusions.

7.2 FURTHER RESEARCH

In the dissertation, the dynamic behaviour of CLT panels, altered using various
modification methods, has been analysed. All panels have been analysed using free—
free displacement boundary conditions and throughout the investigations, FRF's
have been computed to evaluate how the modified panels perform in comparison
to reference spruce panels.

To further align the research to the practical implementation of the modified panels
in the construction industry, evaluating realistic displacement boundary conditions
relevant for both floors and walls would be relevant. Furthermore, larger-scale ana-
lyses of inter-connected panels with non-loadbearing walls would also be relevant to
study. When using realistic displacement boundary conditions and connecting mul-
tiple CLT panels, it would also be relevant to evaluate realistic loading situations,
such as the dynamic response due to excitation from footfall loading. Here, also
static analyses of deflection and springiness should be evaluated to verify whether
floor panels fulfil such requirements. Additionally, investigating the dynamic be-
haviour of the modified panels at higher frequencies (up to 3 150 Hz), as well as
couple the panels with air to evaluate the effects of fluid structure interaction and
sound pressure in a room due to various load situations would be relevant to study.
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ABSTRACT: The use and significance of timber structures are on the rise, especially thanks to cross-
laminated timber (CLT). This engineered wood product is manufactured by stacking multiple layers of
wood lamellae, each oriented perpendicularly to the one below it, and then bonding them with adhesives
to form a floor or wall panel. Timber, as a building material, presents potential environmental benefits
over traditional materials like concrete. However, timber constructions often exhibit greater sensitivity to
dynamic loads, which underscores the importance of enhancing the design of these structural elements to
mitigate vibrations and reduce low-frequency structure-borne sound. This study explores the vibrational
performance of panels where lamellae of conventional spruce are partially replaced by concrete. The
panel vibrations were calculated by using the finite element method. The material parameters for spruce
were obtained by calibrating the finite element model to measurement data from experimental modal
analysis. It was seen that appreciable reduction in the level of vibration can be achieved by replacing
individual spruce lamellae with concrete. By replacing only a few percent of the lamellae, more than a
halving of the vibration level of the frequency response function could be seen for a free—free panel,
considering all resonance frequencies below 500 Hz.

1 INTRODUCTION

Timber structures are gaining importance due to
environmental benefits and sustainability aspects
(Brandner 2013). Specifically, the usage of cross-
laminated timber (CLT) panels in multistory
buildings have risen in popularity over the recent
decades. Introduced in the 1990s, CLT panels offer
significant structural advantages. Even in cases
where a CLT panel will be used as a single-span
floor slab, for example, the cross-lamination pro-
vides significantly improved mechanical and
hygromechanical performances compared to glu-
lam or construction wood that offer very limited
bending stiffness and capacity in the transverse
direction and suffer from a poor form stability in
environments with changing humidity.

Because of timber’s high stiffness-to-mass ratio,
timber buildings are sensitive to dynamic loading,
such as footfalls, which can cause annoyance and
discomfort to residents. Due to, for example, noise
and vibration issues, bare CLT panels are not used
as finalized floor and/or wall elements today.
Improving the design of CLT panels may allow for
the use of bare panels without any add-on
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structures such as floating floors or a layer of cast
concrete.

Efforts have been made to develop solutions that
can improve the vibroacoustic performance of CLT
panels. The use of an integrated soft elastomer layer
in CLT panels has shown promise to reduce panel
vibrations (Bohman et al. 2025, Ljunggren 2023).
Ljunggren (2023) also showed that use of the stiffer
and heavier wood species birch can mitigate the
vibration response. Moreover, CLT panels com-
prised of spruce lamellae which had been com-
pressed to about half their height, thus
approximately doubling their density, were also
shown to reduce the panel vibrations appreciably.
Other studies have shown that using the stiffer and
heavier wood species beech, in addition to birch, in
constructing the panels can significantly decrease
their vibration levels (Jonasson er al. 2024, Persson
et al. 2021). Further, a concrete layer cast on top of
the panel could also be used to mitigate vibrations
caused by foot steps (Yeoh et al. 2011), but may not
be a materially effective measure. According to
Andersen et al. (2022b), based on a computational
framework developed by the same authors
Andersen et al (2022a), adding a top-layer of
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Figure 1. A spruce (yellow color) CLT panel, where the
mid-layer is made of concrete (gray color).

concrete on the CLT slabs has no significant miti-
gation effect regarding the vibrations transmitted
over longer distances within a large building.

The present paper uses the reported benefits of
using lamellae that are stiffer and heavier than the
standard species spruce, together with the advan-
tages of concrete layer for mitigating step sound,
as motivation to explore the vibroacoustic perfor-
mance of spruce panels with some or several inte-
grated concrete lamellaec. As an example, see
Figure 1, which shows a panel with the mid-layer
changed to concrete. The panel vibrations were
calculated using finite element (FE) models cali-
brated to experimental testing. The vibroacoustic
performance is quantified in the paper as accel-
erance, involving the response of all modes below
the one-third octave band center frequency
500 Hz. This ensures that the problematic fre-
quency regions for timber structures are covered
(Gibson et al. 2022). Early preliminary results were
reported in Johansson and Ung (2024).

2 NUMERICAL ANALYSIS

In order to investigate the effects of using concrete
lamellae in CLT panels, FE models have been used.
In order to obtain complex frequency response
functions (FRFs), the equation of motion,

Mii(7) + Cu(r) + Ku(z) = p(2), (1)
was solved, where M, C, and K are the mass,
stiffness, and damping matrices, respectively. The
displacement and load vectors are denoted u(t) and
p(t), respectively, and the dot indicates the deriva-
tive with respect to time z.

2.1 Steady-state analyses

Steady-state analyses were conducted using the FE
models in order to calculate the accelerance FRFs:

(@)

= o2
Alo) == 50

= 0*(w’M — iwnC —K)', (2)

where o is the angular frequency in radians per
second, while U(w) and P(w) are the complex-
valued amplitudes of the harmonic displacements
and loads, respectively.

The panels were excited under free—free condi-
tions by a unit point load (1 N) in one of the
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corners, and the acceleration was evaluated in the
opposite corner (cf. Figure 2) for the frequency
range below 562 Hz. A frequency step of 0.3 Hz
was utilised to ensure an adequte accuracy in
determining the position of resonance peaks in the
accelerance. The upper frequency was selected to
cover the one-third octave band with the center
frequency 500 Hz. The lowest one-third octave
band has its center frequency at 8 Hz, so that the
quasi-static region is mostly omitted.

Observation _
point_
o

Figure 2. Positions of the load and the observation
point on the FE models.

Because a unit load was used, accelerance is
directly obtained as acceleration. The load and
evaluation points were located on the same panel
surface. Modal analysis was utilised to reduce the
computational cost. All modes occurring below
twice the upper frequency limit, ie. below
1124 Hz, were used as the modal basis.

2.2 Finite element modeling of the CLT slabs

A three-dimensional geometry was used to allow
for change in material properties of each indivi-
dual lamella. Full interaction between the lamellae
was used, i.e. no relative motion was allowed.
Linear continuum shell elements were utilised,
having eight nodes with three degrees of freedom
(d.o.f.) each. One element was used in the thick-
ness direction of each lamella, and four elements
were used for each lamellae width.

The commercial software Abaqus (Dassault-
Systemes 2023) was employed for developing the
FE models used in the investigation. A cartesian
coordinate system was employed, assuming that
the radial direction of the timber lamellae aligns
with the vertical axis.

3 MODEL CALIBRATION

3.1 Experimental testing data

A measurement campaign using experimental
modal analysis was carried out on 16 nominally
identical 4 m long CLT panels of the standard
strength class C24 (Ljunggren 2023). The panels
were excited by a shaker in a fixed position,
and the vibration response was recorded by



27 accelerometers evenly distributed over the
panel surface. In the study, the modal parameters
in terms of natural frequencies, mode shapes, and
modal damping ratios were determined for the
first five free—free modes.

The damping ratio used in the present study,
0.7%, was determined as an average over all mea-
sured damping ratios, i.e. averaging over 16 panels
and 5 modes. Moreover, a frequency-independent
loss factor, which invokes damping in the equation
of motion as a complex part of the stiffness matrix,
was used as two times the damping ratio. The
mean density of the weighted panels was 428 kg/
m?>, and this density was applied in all the models.

The average natural frequencies of the five modes
are: Mode 1, 19.7 Hz; Mode 2, 32.4 Hz; Mode 3,
52.1 Hz; Mode 4, 67.0 Hz; and Mode 5, 98.7 Hz.
Modes 1, 3, and 5 are the first, second and third
bending modes, respectively. Modes 2 and 4, are the
first and second torsion modes, respectively.

3.2 Calibration of elastic moduli of timber

The measured data was employed to validate the
FE modeling approach used in the study and to
obtain realistic mechanical properties of the
material. The elastic moduli that influence the
eigenfrequencies were determined through a sen-
sitivity analysis of the effect of each elastic mod-
ulus on the eigenfrequencies and mode shapes.
One elastic modulus was varied at the time while
the others were kept constant. The sensitivity
analysis revealed that the elastic modulus in the
longitudinal direction (£} ) significantly influenced
the natural frequencies of the bending modes. The
shear modulus (G ) notably affected the torsional
modes, while the rolling shear modulus (Ggrt)
impacted both bending and torsional modes. The
other moduli, i.e. (E1, Er, and GrRr), had negli-
gible effects on the natural frequencies and were
therefore not included in the calibration process.
The values of Et and Er were kept to their refer-
ence C24 values, whilst GL g was set equal to the
calibrated Gy, since the orientation of the annual
rings of the lamellae is more or less arbitrary. Also,
the Poisson ratios had insignificant influence. It
should be noted that the tuning of the material
properties did not lead to any changes in the mode
order for the considered CLT panel configuration.

Moreover, to determine proper values of the
elastic moduli that were deemed important in the
sensitivity analysis, a Newton optimization routine
(Antoniou and Lu 2007) was used to calibrate the
moduli. In the calibration process, the eigen-
frequencies and mode shapes resulting from the
tested elastic moduli were compared to the mea-
sured averaged natural frequencies for each mode
in Ljunggren (2023), targeting the lowest relative
difference in measured and computed natural fre-
quencies. In the calibration process, the objective
function to be minimized, g(f), was defined as the
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sum of the n squared frequency differences for the
numerically (subscript 'num’) and experimentally
(supscript ‘exp’) determined natural frequencies
for the five measured modes as:

nnaum

frlex
£ Z( o p)'

The calibrated elastic moduli of spruce, as
modeled in the paper, are: £y = 12 000 MPa, Et =
Er = 370 MPa, GLT = GLR = 600 MPa, GRT =62
MPa. The Poisson ratios used are vir = 0.48, v g
= 0.42, and vgt = 0.28. These resulted in an
average error of the five computed and measured
eigenfrequencies of less than 1%. The obtained
parameters are assumed to be practically repre-
sentative for the for CLT panel also for higher
frequencies.

3)

3.3 Material properties of concrete

The isotropic material properties used for concrete
were gathered from Eurocodes 1 (EN1991) and 2
(EN1992), respectively, and found to be: Young’s
modulus 31 MPa, Poisson ratio 0.2, and density 2
400 kg/m>. Here, the same ddmpmg value as for
timber was used.

4 EFFECTS OF CONCRETE LAMELLAE
ON THE VIBRATION RESPONSE OF
THE PANEL

The vibration reduction in cross-laminated timber
panels achieved by using individual concrete
lamellae was investigated for two panel sizes: a
long 9 m x 2.4 m panel, and a shorter 5m x 2.4 m
panel. The larger panel represents a long-span
floor slab, which is currently not common in
buildings. With future developments, such a panel
may be of interest, especially if floating floors and
other add-on secondary structures could be avoi-
ded. The shorter panel represents a typical floor
slab. The panel sizes are adopted from Jonasson
et al. (2024). They were designed according to the
European building code (EN1995) using spruce of
strength class C24 (EN338). The 5 m long panel
has five layers of 30 mm thick and 120 mm wide
boards (except for the two outer lamellae in the
length direction, which are 160 mm wide in each
layer) where the outermost layer on each surface is
oriented in the span direction. The 9 m long panel
has seven layers of 45 mm thick boards with a
width of 200 mm, where the two outermost layers
at each surface are oriented in the span direction.
The primary focus of the study was the large
9 m long panel, with additional analyses on the
small 5 m long panel to assess whether its dimen-
sions and/or layups affected the conclusions drawn
from the large-panel analyses. For the large panel,



more than 70 different configurations of using
various numbers of concrete lamellae in the panel
were investigated. The paper is limited to solely
including results that make the conclusions drawn
plausible. As a reference value that can be used to
interpret the obtained reduction levels, changing
the whole panel to concrete results in a 90%
reduction of the accelerance compared to a pure
spruce CLT panel.

4.1  Accelerance reduction for the 9 m long panel

4.1.1 Layup ID1

This configuration, herein referred to as ID1, is of
particular practical relevance. Two thinner CLT
panels may be merged with a layer of concrete in
between, see Figure 3. With 14% of the volume
being concrete, a 40% reduction in the accelerance
was found. Moreover, changing the top-layer to
concrete provides a reduction of 35%, while chan-
ging the second layer gives a 29% reduction. Thus,
the results indicate that the reduction in accel-
erance is higher for having concrete in the mid-
layer in comparison to having a concrete layer
closer to the panel’s surface.
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Figure 3. (top) Cross-section of layup IDI1 with

concrete lamellae as gray color. (bottom) Accelerance
of reference spruce panel and ID1 panel.

4.1.2 Layup ID2

By only changing two longitudinal lamellae, see
Figure 4, which corresponds to 2% of the total
volume, the accelerance is reduced by 64%. In
particular, this reduction is greater than changing
the entire layer to concrete (cf. Figure 3).
However, it must be noted that the load and
observation points in the present analyses are
placed on the top surface and at the diagonally
opposite corners of the panel. This may favor a
replacement of the wood boards by concrete
lamellae along the edges. Less reduction may be
observed for other configurations of the load and
observation points, but no such conclusion can be
supported by the data presented in this paper.

75

>

E -1

§10

[}

o

]

T 102

[}

Q

[*}

<

10° —Spruce RMS = 1.78e—01
—Concrete ID2 RMS = 6.42e-02 (- 64 %)
NI I P I R R R R O
Frequency [Hz]
Figure 4. (top) Cross-section of layup ID2 with

concrete lamellae as gray color. (bottom) Accelerance
of reference spruce panel and ID2 panel.

4.1.3 Layup ID3

The results from ID2 indicated that a concrete
frame around the perimeter of the panel was ben-
eficial. It is further investigated here to introduce
two, instead of one, layers. See Figure 5 for the
layup and accelerance. This configuration corre-
sponds to 4% of the volume being concrete,
resulting in 75% reduction of the accelerance.
Moreover, this reduction is greater than changing
the two entire layers to concrete, which gave 61%
reduction for 29% concrete.
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Figure 5. (top) Cross-sections of layup ID3 with

concrete lamellae as gray color. (bottom) Accelerance
of reference spruce panel and ID3 panel.

4.1.4 Layup ID4

Following the idea of utilizing a stiff and heavy
concrete frame along the perimeter of the panels,
configurations by changing lamellae in three of the
seven layers were also studied, see Figure 6. Now,
a reduction of 79% was obtained by only using 5%
concrete.

4.1.5 Layup ID5

With this configuration, the aim was to test if
amplification of the accelerance occurs when the
perimeter remains as spruce, but the interior is



changed to concrete lamellae, see Figure 7. The
volume share of concrete in this configuration is
38%. Indeed, a significant amplification of 48%
occurs for this configuration.
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Figure 6. (top) Cross-sections of layup ID4 with

concrete lamellae as gray color. (bottom) Accelerance
of reference spruce panel and ID4 panel.
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Figure 7. (top) Cross-sections of layup ID5 with

concrete lamellae as gray color. (bottom) Accelerance
of reference spruce panel and ID5 panel.

4.2 Accelerance reduction for the 5 m long panel

The corresponding results for the more common
5 m long panel had similar indications. Thus, a
concrete frame placed in the mid-layers of the CLT
layup around the perimeter of the panel was ben-
eficial, whilst placing concrete lamellae in the
interior may amplify the accelerance significantly.

4.3 Summary of presented results

In Table 1, a summary of the results for the 9 m
long panel is presented. The table includes calcu-
lated RMS-values of the accelerance levels for
each configuration together with the volume ratio
of concrete. As seen, anything from an appreciable
reduction to an amplification can be seen,
depending on the position of the concrete lamellae
in the CLT panel.

76

Table 1. Reduction in RMS-values of accelerance and
volume ratios of concrete, for the configurations ID1-5.
ID Reduction [%)] Volume ratio [%0]
1 —40 14
2 —64 2
3 =75 4
4 -79 5
5 48 38

5 DISCUSSION

The most significant reduction in the accelerance
takes place at the higher frequencies, approxi-
mately for one-third octave bands with center fre-
quencies of 125-500 Hz. These frequencies are
important for sound radiation from CLT panels,
especially since the frequency range often includes
the coincidence frequency. However, for the one-
third octave band of 12.5 Hz, a vast majority of
the tested configurations resulted in an amplified
vibration response, which may be troublesome for
floor vibration due to footfalls.

It should be noted that occasional shifts of
resonance frequencies may significantly affect the
response in a specific third octave band. Moreover,
a consequence of using a fixed frequency range of
interest, may be that the vibration level can be
amplified if more resonance frequencies are loca-
ted in the fixed range for a specific configuration in
comparison to a different configuration, even
though the peaks are not higher.

Placing the concrete lamellae around the peri-
meter of the panel is seen to be advantageous.
However, for some support conditions (i.e. dis-
placement boundary conditions), e.g. a four-sided
simply supported panel, this effect would probably
not have been seen. This needs to be further
investigated in future work.

It was observed that the positions of the con-
crete lamellae must be carefully designed. In par-
ticular, a few percent of concrete could
significantly reduce the accelerance. However,
changing almost half of the lamellae to concrete
may considerably amplify the accelerance if not
designed properly. This highlights the need for
further detailed FE analyses using realistic loading
as well as support conditions to determine the
optimal placement of the concrete lamellae, which
is likely to be case dependent, i.e. depending on the
present boundary conditions.

6 CONCLUDING REMARKS

In the paper, the vibration reduction in cross-
laminated timber panels achieved by using indi-
vidual concrete lamellae has been investigated



by employing calibrated finite element models.
The following main conclusions can be drawn:

e Almost an 80% reduction in accelerance is
achieved by changing five percent of the spruce
lamellae to concrete. For comparison, a pure
concrete panel results in a 90% reduction.

o An amplification of the accelerance may occur if
concrete lamellae are only used in the center of
the panel.

o The results are shown primarily for a 9 m long
panel. However, the conclusions also hold for a
regular 5 m long panel.

o Future analyses of realistic loading and support
conditions are needed to determine practically
achievable values of the reduction in vibration
response and sound radiation.
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Vibration reduction in cross-laminated timber panels by using integrated
elastomer layers

A. Bohman, L. Andersson, K. Persson & P. Persson
Department of Construction Sciences, Lund University, Sweden

ABSTRACT: Construction with timber is becoming increasingly popular, partially due to its environ-
mental benefits in comparison to steel and concrete. This is especially true for cross-laminated timber
(CLT) panels — an engineered wood product consisting of stacked timber lamellae oriented perpendicu-
larly to each other. CLT panels have high stiffness in comparison to its mass, which leads to a sensitivity
to dynamic loads, such as footfall loading, and is thus prone to vibro-acoustic problems. Enhancing the
design of these panels is therefore of importance in order to mitigate low-frequency vibrations and
structure-borne noise. This study aims at numerically investigating the possibility of mitigating the
vibration response of CLT panels by introducing elastomer layers in-between the timber layers, as well as
by exchanging the timber material from the typical spruce to oak. Numerical simulations of the panels
were performed by use of the finite element method. Frequency-dependent material properties were used
for the elastomer layers. It was shown that by changing the wood species and integrating elastomer layers

in CLT panels, the vibration response can be reduced in the frequency range 1-120 Hz.

1 INTRODUCTION

The use of cross-laminated timber (CLT) has
increased the popularity of timber construction,
partly due to its potential environmental benefits
in comparison to concrete and steel. However,
timber buildings have showcased problems with
acoustic insulation, especially for low frequencies
(20-120 Hz), for which propagating vibrations
lead to the transmission of structure-borne sound.
Existing sound insulation techniques, such as
floating floors or mounted ceilings, are expensive
and may be inadequate for solving these problems
(Gibson et al. 2022).

CLT panels are typically manufactured using
softwoods such as spruce or pine, however,
research has shown that the use of hardwoods,
such as birch or beech, can significantly reduce the
vibration levels (Jonasson et al. 2024, Persson et al.
2021). In these studies, oak has not been included
in the analyses, however, as it has similar material
properties to beech, with high stiffnesses and den-
sity compared to spruce and pine, it is predicted to
lead to significant vibration reduction compared to
softwood CLT panels. Moreover, studies have
shown that oak, in comparison to beech, shows a
more robust behaviour in a changing climate
(Dolos et al. 2016). Additionally, it has been
shown that separate lamellae in CLT panels can be
exchanged for other materials, such as concrete
(Ung et al. 2025), leading to a vibration reduction.

Research has also been conducted showing that
integrating an elastomer layer into the CLT panel
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leads to reduced vibration levels (Ljunggren 2023).
Elastomers are commonly used in connections of
structural elements in multi-storey timber build-
ings (Negreira et al. 2014, Flodén et al. 2015), to
reduce the vibration transmission; however, CLT
panels with integrated elastomer layers are not
used in building designs today.

The present study numerically investigates
vibration reduction in CLT panels using elastomer
layers of various thicknesses. Moreover, spruce
and oak, as well as a combination of both species
were used for the panels. The investigated fre-
quency range is 1-120 Hz.

2 MODELLING

2.1  Geometry

The dimensions, layup, load case and elastomer
position of the analysed CLT panels are shown in
Figure 1. The panels are built up by 5 layers, with
a layer thickness of 30 mm. The elastomer is
positioned between the top two layers. A unit load
was applied in one corner of the panel, on top of
the surface, and the response was evaluated in the
corner diagonally opposite, on top of the surface,
to determine the accelerance frequency response
functions (FRFs). The out-of-plane response was
considered.

Three timber configurations were investigated
for the CLT panels. Firstly, using spruce for the
whole panel, secondly, using oak for the whole

DOL: 10.1201/9781003677895-16
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Figure 1. The investigated CLT panel. The yellow
colour shows the timber, and the blue colour shows the
elastomer layer. The load position is indicated by the
arrow, and the evaluation point is indicated by the
cylinder. The dimensions are in m.

panel, and thirdly, combining both spruce and oak
for the panel. For the latter configuration, the
outmost layers, i.e., the ones seen from above and
below, were made of oak, and the three middle
layers were made of spruce. This configuration will
henceforth be referred to as spruce—oak.

The elastomer layer was analysed for three dif-
ferent thicknesses, 1, 5 and 10 mm, and compared
to a reference case without an elastomer layer.
This was done for the three timber configurations
previously described, resulting in a total of 12
configurations.

2.2 Material properties

The timber was modelled using a rectangular
coordinate system, in which the longitudinal (L),
radial (R) and transversal (T) directions were
considered. However, due to the uncertainness of
the positioning of the growth rings, the radial and
transversal direction were assumed to have the
same properties, thus leading to the material being
modelled as transversely isotropic. Due to the
analyses being conducted in the serviceability limit
state, with low vibration amplitudes, the timber
was modelled as linear elastic.

For spruce, Young’s moduli, E, the shear mod-
uli, GLgr = G, and the density, p, were obtained
from SS338, and the rolling shear modulus, Grz,
from Dahl (2009). For oak, the corresponding
values were obtained from Volkmer et al. (2014),
for which the average value was calculated
between the radial and transversal direction.
Poisson’s ratios, v, were obtained from Persson
et al. (2021), with the average value calculated
between the longitudinal-radial and longitudinal-
transversal directions. The loss factor, », was
obtained from EN 1995-1-1 (2003) for both mate-
rials. All timber material properties are presented
in Table 1.

The material of the elastomer layer was Sylodyn
NE (Getzner Werkstoffe 2025). The elastomer was
modelled using a homogenous, isotropic, viscoelas-
tic material model, with frequency-dependent stiff-
nesses and damping, using the method presented in
Negreira et al. (2014). The results were extrapolated
to include the frequency span 1-120 Hz. The mate-
rial properties calibrated in Negreira er al. (2014)
were used in this paper, in which the static Young’s
modulus is E= 3.25 MPa, Poisson’s ratio is v= 0.42
and the density is p= 750 kg/m?>.

2.3 Finite element modelling

The panels were evaluated using finite element (FE)
models, using the commercial FE software Abaqus
(Dassault Systémes SIMULIA 2023). All layers in
the panels were assumed to have full interaction
with each other. The panels were modelled using
free—free displacement boundary conditions. Eight-
node solid shell elements of size 0.05 m, with one
element in the thickness direction, were used for the
timber, and the elastomer was modelled using eight-
node hybrid elements of size 0.05 m, with one ele-
ment in the thickness direction.

Steady-state analyses were conducted using fre-
quency increments of 0.25 Hz. The damping of the
timber was applied as a loss factor, resulting in
rate-independent damping. The dynamic stiffness
matrix can thus be expressed as

D = —o*M +K(1 + i), 1)

where w is the angular frequency, M is the mass
matrix, K is the stiffness matrix, i is the imaginary
unit and # is the loss factor.

Frequency dependent FRFs can be expressed
based on acceleration,

a=—0’D'T =H,f, )

where { is the force amplitude, and H, contains the
acceleration FRFs.

The results were evaluated as accelerance, using
the magnitude of the complex amplitude. The
reference value for the calculations of the dB-levels
was dyr=1m/s?.

2.4 Evaluation metrics

For evaluating the results with a single number
rating, the root mean square (RMS) value was

Table 1. Material properties for spruce and oak. All elastic moduli, £ and G, are in MPa, Poisson’s ratios, v, are
dimensionless, the density, p, is in kg/m3, and the loss factor, #, is dimensionless.

Er Er Er Grr Grr Grr VIR vrr VRT P n
Spruce 11 000 370 370 690 690 49 0.45 0.45 0.28 420 0.02
Oak 13988 732.5 732.5 1392 1392 460 0.45 0.45 0.28 637 0.02
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used, expressed as

ARMS =

3)

in which N is the number of frequency increments,
J is the frequency increment in question and @; is
the accelerance magnitude of increment ;.

To compare the resonance frequencies of the
various configurations, a normalised relative fre-
quency difference (NRFD) was used, defined as

fmA me

NRFD =
f;n B

4)

in which f,, 4 and f,, p are eigenfrequencies number
m for configurations 4 and B.

To ensure that the frequencies corresponding to
the same operational deflection shapes were com-
pared, the modal assurance criterion (MAC)
(Allemang and Brown 1982) was used, defined as

|(®a) (P

MAC= (¢m,A)T((DHLA)((DM,B)T((ZSH,B) ’

®)

where @, 4 and @, are the mode shapes of
numbers m and n of configurations 4 and B,
respectively.

3 RESULTS

3.1

To compare the effect of the timber configura-
tions, i.e., spruce, oak and spruce-oak, on the
vibration response of the CLT panels, analyses
were first conducted without elastomer layers. The
accelerance FRFs are presented in Figure 2.
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CLT panels of spruce, oak and spruce—oak

N
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Accelerance [dB]
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Oak
Spruce-Oak|

40 80 90 100 110 120

Figure 2.  Accelerance FRFs for CLT panels of spruce,
oak and spruce—oak without an elastomer layer.

The modes appear in the same order for all
timber configurations. This order is Bending 1,
Torsion 1, Bending 2, Torsion 2, Bending 3,
Torsion 3, Bending 4, Torsion 4 and Bending 5.
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For oak and spruce-oak, the last mode under
120 Hz is Torsion 4; hence, spruce has an addi-
tional mode in the frequency range. The mode
shapes are presented in Figure 3. Note that
Torsion 2 and Bending 3, at approximately
45-55 Hz, are very close in frequency, and thus,
can be difficult to distinguish from each other. In
Figure 2, this can be observed especially for the
oak accelerance FRF, where the difference in fre-
quency between these modes is 0.1 Hz, and thus,
the resonance peaks merge.

“

o

-, Py

(a) Bending 1. (b) Torsion 1. (c) Bending 2.

(d) Torsion 2. (e) Bending 3. (f) Torsion 3.

(g) Bending 4. (h) Torsion 4. (i) Bending 5.
Figure 3.  The mode shapes appearing in the frequency

range 1-120 Hz.

The oak and spruce—oak CLT panels have
higher resonance frequencies than the spruce panels
for all identified resonance frequencies, which fol-
lows from the values of the material properties,
where the increase for oak compared to spruce is
50% for the density, 30% for Ez, 100% for Egx = Er
and Gy = Grr and 800% for Ggrr. The oak and
spruce—oak panels have essentially identical reso-
nance frequencies until approximately 80 Hz, above
which the oak panel has higher resonance fre-
quencies. For oak, the NRFD value is generally
increasing with frequency, with the torsion modes
more affected than the bending modes. For
Bending mode 1, the NRFD value is 14%, while for
Bending mode 5, it is 25%. The difference in reso-
nance amplitude is generally increasing with
increasing frequency, with the largest difference for
Bending mode 4, with a decrease of 4 dB. The
smallest decrease is 1.3 dB for Bending mode 1. For
spruce—-oak, however, the NRFD value is only
slightly decreasing with increased frequency.
Additionally, the difference in resonance ampli-
tudes are relatively constant, especially for the first
five modes. The largest difference is for Bending
mode 4, with a decrease of 2.6 dB. The smallest
decrease is 1.3 dB for Bending mode 3.

The RMS accelerance values for the oak and
spruce—oak CLT panels, normalised against the
RMS value of the spruce panel, are —4.0 and —1.6
dB, respectively, i.e., the total vibration response is
decreased using both oak and spruce-oak as
compared to spruce.



3.2 CLT panels with elastomer layers

Accelerance FRFs for spruce, oak and spruce—oak
CLT panels with elastomer layers of thickness 1, 5
and 10 mm are presented in Figure 4. Generally,
adding the elastomer layer to the panels leads to
decreased resonance frequencies and decreased
resonance amplitudes in comparison to the panel
without an elastomer layer. For all cases, the tor-
sion modes are more affected by the integration of
the elastomer layer than the bending modes; the
torsion modes generally have both higher absolute
NRFD values, and larger differences at the peaks.
The mode that is affected the most, for all timber
configurations, in the studied frequency range is
Torsion mode 4. Integrating the elastomer layer
into the CLT panels does not change the order of
the modes.

Accelerance [dB]

= No elastomer
——1mm

= = 5mm

. L T
50 60 70 80 90
Frequency [Hz]

40

(a) Spruce.

Accelerance [dB]
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50 60 70 90 100 110 120
Frequency [Hz]

(b) Oak.
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(c) Spruce—Oak.

Figure 4. Accelerance FRFs for CLT panels of spruce,
oak and spruce—oak with an elastomer of thickness 1, 5
or 10 mm, compared to the configurations without an
elastomer.

In Figure 4a, it can be observed that since the
resonance frequencies for the spruce panels are
decreased by the elastomer layer, additional modes
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show up in the studied frequency span. Using a
5 mm elastomer layer adds Torsion mode 5, and a
10 mm elastomer layer in addition adds Bending
mode 6. Furthermore, the results indicate that with
increasing elastomer thickness, the resonance fre-
quencies and resonance amplitudes are increas-
ingly reduced. The average decrease of resonance
frequency is 1.7%, 6.0% and 9.4% for panels with a
1, 5 and 10 mm elastomer layer, respectively. As
for the resonance amplitudes, the average reduc-
tion is 1.8, 4.7 and 6.3 dB, respectively.

For the oak panels presented in Figure 4b, the
resonance amplitudes of Torsion mode 2 and
Bending mode 3 could not be distinguished from
each other. Thus, even though both amplitudes
could be identified by inserting the elastomer layer,
it cannot be determined how the resonance
amplitude is affected as compared to the panel
without an elastomer. As for the spruce panels, the
resonance frequencies are decreased by adding the
elastomer layer, and thus, using a 5 and 10 mm
elastomer layer, Bending mode 5 appears in the
investigated frequency span. The average reduc-
tion of resonance frequencies is 3.2%, 8.8% and
12.6% for panels with a 1, 5 and 10 mm elastomer
layer, compared to a panel without an elastomer.
The resonance amplitudes are, on average,
reduced with 3.3, 5.6 and 6.5 dB, for each respec-
tive thickness.

For the spruce—oak panels shown in Figure 4c,
the same trends are shown as for the spruce and
oak panels, in which the resonance frequencies are
decreased by integrating the elastomer layer. A
1 mm elastomer layer leads to Bending mode 5
appearing in the investigated frequency span, and
by using a 5 mm elastomer layer, also Torsion
mode 5 appears. The average resonance frequency
reduction is 2.7%, 9.0% and 13.5% for panels with
elastomer layers of thickness 1, 5 and 10 mm,
respectively, as compared to a panel without an
elastomer. The resonance amplitudes are on aver-
age reduced by 2.8, 6.0 and 7.3 dB, respectively.

The accelerance RMS values of all investigated
CLT panels from Figure 4 are presented in
Table 2. Here, the values are normalised against
the RMS value of a spruce panel without an elas-

tomer layer. A negative value indicates a
reduction.
Table 2.  Accelerance RMS values for spruce, oak and

spruce-oak CLT panels with elastomer layers of various
thicknesses, normalised against the RMS value for a
spruce panel without an elastomer layer.

Spruce Oak Spruce-Oak
No layer ref. —4.0 -1.6
1 mm -0.8 -5.7 -3.8
5 mm 2.2 =71 —-5.2
10 mm -3.0 =73 -5.5




From this table, it can be observed that inte-
grating the elastomer layer into the panels results
in lowered accelerance RMS values for all cases.
For the spruce panels, the reduction when com-
paring 1 and 5 mm to 5 and 10 mm, is 0.8 and 1.4
dB, respectively. For oak and spruce-oak, the
largest reduction of RMS value is obtained by
adding a 1 mm elastomer layer, as compared to a
panel without an elastomer layer, with a reduction
of 1.7 and 2.2 dB, respectively. The reduction
between 1 and 5 mm is 1.4 dB for both oak and
spruce—oak, but between 5 and 10 mm, the reduc-
tion is only 0.2 and 0.3 dB, respectively.

4 DISCUSSION

Free—free displacement boundary conditions and a
unit load positioned in one panel corner have been
considered when determining the accelerance FRFs
in this study. FRFs give insight into the dynamic
behaviour of the studied panels. Moreover, further
studies are needed where realistic boundary condi-
tions, realistic floor dimensions with multiple CLT
panels connected, and realistic loading situations
are considered. Implementing this, also a weighing
filter corresponding to the human sensitivity to
vibrations could be added, where the lowest fre-
quencies have the most impact.

In this study, CLT panels made of a combina-
tion of spruce and oak have been analysed
numerically. Today, in practice, these panels
would be difficult to manufacture, due to the
sawmills being specialised on certain wood species.
However, if these types of CLT panels could be
manufactured, aesthetically they could be used
without add-ons, such as floating floors or moun-
ted ceilings, for floor and ceiling.

Comparing the accelerance RMS values of the
CLT panels with 5 and 10 mm elastomer layers,
it can be noted that there is no significant
reduction by using 10 instead of 5 mm. Adding
the elastomer layer to the panel leads to
decreased resonance frequencies, i.e., a thicker
elastomer layer leads to lower resonance fre-
quencies. Thus, a larger amount of resonances
appear in the investigated frequency span, but
the damping of the elastomer also leads to
reduced amplitudes. It is plausible that the rea-
son for a panel with a 10 mm elastomer layer not
showing significant mitigation of vibration
response as compared to a panel with a 5 mm
elastomer layer is due to there being more reso-
nances in the studied frequency span. Even if the
amplitudes are reduced, there are more ampli-
tudes that affect the vibration response, as eval-
uated in terms of a RMS value. This is a result of
using a fixed frequency interval. If instead a cer-
tain amount of modes were included in the ana-
lyses, the results would show that a 10 mm
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elastomer layer leads to an even higher vibration
reduction than a 5 mm elastomer layer for CLT
panels.

The normalised accelerance RMS value of a
spruce CLT panel with a 10 mm integrated elas-
tomer layer is —3.0 dB. For an oak CLT panel
without an elastomer layer, the corresponding
value is —4.0 dB, meaning that changing the tim-
ber material from spruce to oak leads to a larger
vibration reduction than using a 10 mm elastomer
layer in a spruce panel. These values can be com-
pared to the spruce-oak panel without an elasto-
mer layer, that leads to —1.6 dB normalised
accelerance RMS value, i.e., a larger reduction
than using a 1 mm elastomer layer in a spruce
panel, which leads to a value of —0.8 dB.

5 CONCLUSIONS

In the study, a numerical investigation of the
vibration response of cross-laminated timber
(CLT) panels constructed with spruce, oak and a
combination of both, where the top and bottom
layers were oak and the middle ones were spruce,
was conducted. Additionally, the effect of inte-
grating elastomer layers of various thicknesses into
the CLT panels was studied, evaluating the vibra-
tion response. The results indicate that, in the fre-
quency span 1-120 Hz, the vibration response,
evaluated as accelerance frequency response func-
tions, can be significantly reduced both by chan-
ging the timber type, and by integrating an
elastomer layer into the CLT panel. The main
conclusions are presented below.

By constructing CLT panels with oak instead of
spruce, the vibration levels can be reduced, with
a reduction of accelerance root mean square
(RMS) value of 4.0 dB, as compared to a
spruce panel.

By exchanging the top and bottom layers of a
CLT panel with oak instead of spruce, the
vibration levels can be reduced, with a reduction
of accelerance RMS value of 1.6 dB, as com-
pared to a spruce panel.

By integrating an elastomer layer into a CLT
panel, the vibration levels can be reduced as
compared to panels without an elastomer layer.
The accelerance RMS values were decreased by
3.0, 3.3 and 3.9 dB for spruce, oak and spruce—
oak, respectively, using a 10 mm elastomer.
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ARTICLE INFO ABSTRACT
Keywords: Cross-laminated timber (CLT) is increasingly used for construction of multi-storey buildings.
Cross-laminated timber However, ensuring satisfactory vibro-acoustic performance, particularly in the low-frequency

Experimental modal analysis
Numerical vibration analysis
Lamination materials
Elastomer layer

range (typically below 200 Hz), remains a significant challenge, often necessitating add-on
solutions such as floating floors. In this study, the aim was to investigate how vibration levels
for CLT panels can be reduced by using various lamination materials as well as integrated
elastomer layers. Finite element (FE) models were developed, calibrated and validated based
on experimental modal analysis of CLT panels with and without elastomer layers. Specifically,
elastic moduli of spruce, birch and compressed spruce were calibrated to experimentally
obtained eigenfrequencies and mode shapes. Moreover, calibrated FE models of selected panels
were used to determine and calibrate a viscoelastic material model for the elastomer layer
using frequency-dependent stiffnesses and damping. Using the material model for the numerical
simulations, the deviations in accelerance root mean square values were less than 1 dB
compared to the experimental data. Finally, it was shown that by using birch or compressed
spruce instead of spruce the vibration response could be reduced by 30% and 50%, respectively,
for a realistic floor panel size. By integrating a 12 mm elastomer layer into the panels, the
vibration response could be reduced by an additional 40%, compared to a panel without an
elastomer layer.

1. Introduction

Achieving a satisfactory acoustic insulation for timber buildings is challenging and has been a subject of research for many
years [1,2]. Particularly in the lower frequency range (20-200 Hz), insufficient acoustic insulation presents a significant challenge
for timber buildings compared to conventional concrete buildings [2], mainly due to timber’s low mass in comparison to concrete.
This can lead to discomfort for occupants, even when the building complies with regulations. Vibrations transmitted through
structural building elements, known as structure-borne sound, are a significant concern for residents [2]. The most common source
of annoyance at low frequencies is the sound generated by people walking, referred to as impact sounds [3]. Nevertheless, timber
construction remains desirable due to its potential as a sustainable construction material.

The acoustic responses in the lower frequency range is particularly relevant in the study of timber buildings, since it strongly
correlates with impact sounds [4,5]. Historically, building codes have excluded frequencies below 100 Hz because they are generally

* Corresponding author.
E-mail address: annie.bohman@construction.lth.se (A. Bohman).

https://doi.org/10.1016/j.jobe.2025.115037

Received 3 October 2025; Received in revised form 4 December 2025; Accepted 18 December 2025

Available online 18 December 2025

2352-7102/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).



A. Bohman et al. Journal of Building Engineering 118 (2026) 115037

not significant for the acoustic performance of concrete buildings [2]. This omission leads to discrepancies between calculated sound
transmission ratings and occupant perceptions in timber buildings. Research from [5,6] has indicated that the correlation between
single-number ratings and occupant perceptions of impact sounds is higher when frequencies down to 25 Hz are included in the
evaluation.

The development of cross-laminated timber (CLT) systems, and their widespread acceptance in the building code has facilitated
the increase of timber construction in multi-storey buildings [2]. CLT is an engineered wood product built up of several layers
of wood, glued together with each layer oriented perpendicular to its adjacent layers [7]. Each layer is composed of several
lamellae. Prefabricated CLT panels can be cut to the required dimensions, including openings, and transported to construction
sites. Furthermore, CLT exhibits high in-plane strength, rendering it beneficial for long-span floors. However, long-span CLT floors
are particularly susceptible to vibro-acoustic problems such as impact sound transmission and vibrations propagating through the
structure [3]. In [8], a case study was conducted, investigating the reason for unexpectedly high acceleration levels in CLT floors.
Here, it was found that partition walls, which are not taken into consideration in the design phase, had a significant impact on
the response of the floors. Moreover, CLT walls can lead to problems with air-borne sound transmission and flanking transmission
through the junctions between structural elements [9,10]. Thus, effective vibro-acoustic design and analysis of CLT panels is essential
for mitigating occupant discomfort.

Examples of existing technologies for improving acoustic insulation in buildings include floating floors and mounted ceiling
systems. Floating floor systems can mitigate impact sound levels above approximately 120 Hz [11], whereas mounted ceiling systems
reduce impact sound levels above 60 Hz [12]. Another method for improving the acoustic performance is to use a timber-concrete-
composite system in which a concrete layer is cast onto the timber. In [13], the timber-concrete-composite system was shown to be
effective at frequencies greater than 100 Hz. Taking this into account, effective solutions are typically unavailable for frequencies
lower than 60 Hz. Moreover, using these methods requires additional steps in the construction process compared to using the CLT
panels as-is.

One approach for improving a CLT panel’s acoustic performance and reduce its vibration response is to change lamination
material. Typically, softwoods such as spruce or pine are used for CLT panels; however, the use of hardwoods, which have increased
density and stiffness compared to spruce, has been shown to reduce the vibration levels [14-16]. In addition, the use of compressed
wood in CLT panels has been investigated [17,18], where compressed lamellae were used to construct CLT panels. Wood can be
compressed by various methods. Either the entire specimen is compressed, in a process called bulk densification, or only the surface is
compressed through surface densification. Wood compression is often performed radially [19] using a combination of heat, moisture,
and pressure [20]. Although compressed wood is not common for structural elements in buildings, as mentioned in [21], it shows
potential to create high-quality construction products using compressed low-density softwoods.

Timber exhibits significant variations in material properties, even within the same species [22-24]. To investigate the vibration
response of CLT panels, it is therefore often necessary to utilise a combination of measurements and numerical methods to accurately
capture the behaviour. Doing this, the measurement data can, e.g., be used to calibrate material properties for the numerical models,
or for validating the numerical results. For studies where both measurements and use of numerical finite element (FE) models were
utilised, e.g., see [15,25,26].

To mitigate the impact sound transmission in timber buildings, elastomers are commonly introduced at element connections [27].
In [28], a study was conducted in which two two-storey mock-ups — one with screwed connections, and the other with elastomers
in-between elements — were compared using experiments and numerical models. It was found that, by using elastomers, the
eigenfrequencies decreased, while the mode shapes stayed unaffected. Studies evaluating the effectiveness of elastomers have yielded
mixed results [29]. One study [29] compared two full-scale wooden mock-ups differing only in their element connections: one with
elastomer strips between the elements and the other with screwed connections, featuring no interlayers. Results showed that for low
frequencies, damping was high for modes with large deformations near the elastomer. For frequencies above approximately 70 Hz,
the mean vibration levels were significantly reduced using elastomers compared to screwed connections. Conversely, below 70 Hz,
the impact sound could increase by using elastomers.

A method for modelling the material properties of viscoelastic elastomers using frequency-dependent material properties was
presented in [30]. This approach combined experimental data, manufacturer data sheets, and FE simulations to validate an elastomer
material model. The material model was also implemented in [31], where the numerical model was successfully validated against
measurement data.

In [32], experimental modal analysis (EMA) was conducted on lab-sized CLT panels, with the objective of improving the sound
insulation using two methods; increasing the mass and stiffness by changing the lamination material from the typical spruce to birch
or compressed spruce, and by increasing the damping by integrating an elastomer layer into the panel. The results indicated that
by utilising birch or compressed spruce instead of spruce, the mobility levels, presented in one-third octave bands for the frequency
range 20-125 Hz, could be decreased significantly. Additionally, for the same frequency range, by integrating an elastomer layer
into the lab-sized CLT panels, the mobility levels could be substantially reduced compared to a panel without an elastomer layer.

In the present study, additional measured data from the campaign in [32] is evaluated and presented as narrow band accelerance
FRFs. The experiments are, moreover, in the present paper, presented in the frequency span 10-200 Hz to extend the important
low-frequency acoustic range. The FRFs were used to extract eigenfrequencies, modal damping ratios and mode shapes for the CLT
panels of spruce, birch and compressed spruce. These, as well as the narrow band accelerance FRFs, were used to calibrate accurate
numerical models of the various panels. The calibrated models were then utilised to develop a viscoelastic material model for the
elastomer layer, calibrated to measured accelerance FRFs. Furthermore, the calibrated material properties were used to determine
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the effects of using various lamination materials as well as an integrated elastomer layer on the vibration levels in CLT panels,
analysed for both lab-sized panels and realistic panel sizes.

The paper is organised as follows. Section 2 describes the measurements and presents previously unpublished results from the
EMA and spatially averaged narrow band accelerance FRFs between 10-200 Hz, both partially reported in [32]. In Section 3,
the numerical modelling and dynamic analysis methods are introduced. In Section 4, the calibration of material properties to the
measured data for CLT panels, and the development of a material model for the elastomer are presented. In Section 5, a case study
is presented analysing the vibration levels of lab-sized and realistically sized five-layer CLT panels for various lamination materials.
In Section 6, the impact of integrating an elastomer layer to the lab-sized and five-layer CLT panels of various lamination materials
is investigated. Finally, Section 7 presents the main conclusions.

2. Experimental testing of cross-laminated timber panels

In this section, the additional measurements not previously published and a more detailed description of the experimental
campaign previously reported in [32] is presented. The analysis is a re-evaluation of the raw data, without using any results
obtained in [32]. In the present paper, eigenfrequencies, mode shapes, modal damping ratios and narrow band accelerance FRFs
from 10-200 Hz were determined for 25 separate panels. In [32], only the lowest five eigenfrequencies, mode shapes and modal
damping ratios were presented for all panels, while mobility FRFs were presented in the one-third octave bands 20-125 Hz for
solely 8 panels.

Modal analysis was conducted on 22 lab-sized single panels (cf. Fig. 1(a)), 2 lab-sized double panels with elastomer layers (cf.
Fig. 1(b)) and 1 double panel without an elastomer layer (cf. Fig. 1(b), r = 0). The single panels were three-layer panels with a
layer thickness of 20 mm. These included 16 spruce panels, 4 birch panels, and 2 compressed spruce panels; the spruce and birch
panels were manufactured in a factory, and the compressed spruce panels in the laboratory. The single panels are identified as
Spruce #1-16, Birch #1-4, and Compressed spruce #1-2. Panels with integrated elastomer layers, referred to as double panels,
were constructed in the laboratory using two single spruce panels, glued together with the elastomer in between. Two elastomer
thicknesses were considered: 2 and 12 mm. The width of all panels was 0.5 m. The length of the spruce and birch panels was 4 m,
whereas the length of the compressed spruce panels was 2.4 m due to manufacturing limitations. The CLT panels made of compressed
spruce were manufactured with spruce lamellae measuring 0.5 m in length, which were separately heated and mechanically pressed
to a compression ratio of approximately 55% in the thickness direction. These lamellae were then used to construct the CLT panels.
Throughout the preparation and execution of the experimental campaign, all panels were kept in a stationary indoor environment.

The material used for the elastomer layer was VS-10, manufactured by Swedac Acoustic [33]. The composition of VS-10 is: 35%
carbon black, 25% butyl polymer, 15% EDPM polymer, 10% mineral oils, 10% fillers, and 5% additives [33]. This material is used
to dampen resonant vibrations in structures. The standard thickness of VS-10 is 1 mm, but the manufacturer provided the option
to merge multiple layers, enabling the use of various thicknesses. A photograph of VS-10 is presented in Fig. 2.

Note that 22 single panels were used for calibrating the timber material properties (16 spruce, wherein 4 were treated separately,
4 birch and 2 compressed spruce). This was deemed a sufficient number for the purpose of determining realistic material properties,
and subsequently determining averaged moduli from this experimental campaign. For calibrating the material model for the
elastomer layer, one double panel of each elastomer thickness (2 and 12 mm) was used. Preferably, there should be a larger number
of double panels with elastomers, to further validate the results, however, it is believed that the number of panels is sufficient to
present reliable results. Also to be noted is that the panels are lab-sized in dimensions, meaning that they are smaller than typical
CLT panels; nevertheless, they are here regarded as sufficiently realistic for calibrating the material model. Additionally, CLT panels
with dimensions commonly used in real-life applications are studied in Sections 5 and 6.

2.1. Experimental setup
To simulate free—free displacement boundary conditions, the panels were suspended from stiff sawhorses using rubber straps, as

shown in Fig. 3. To excite the panels, an electromagnetic shaker (LDS V201) was placed underneath the position indicated by the
red circle in Fig. 4. The experimental setup was chosen to adequately excite the low-frequency modes, without exciting the rigid

%
60 \ \
—
60 \ \ t
% %
60 \ \
%
(a) Single panel. (b) Double panel.

Fig. 1. Schematics of cutouts of single and double CLT panels. The double panels were made from two single panels, glued together with an
elastomer layer in between. The thickness of the elastomer is denoted by ¢. The dimensions are in mm.
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Fig. 2. Photograph of the elastomer VS-10 [33].

body modes redundantly. The out-of-plane acceleration was measured on top of the panels using uni-axial accelerometers (Briiel &
Kjer 4508). For panels of length 4 m, a grid of 9 x 3 equally spaced accelerometers were used, whereas 7 x 3 were used for the
2.4 m panels, as shown in Fig. 4.

For each panel, EMA was conducted; FRFs were measured with each accelerometer, and these were used to determine the
eigenfrequencies, modal damping ratios, and corresponding mode shapes. This analysis was conducted using the BK Connect
software [34], using the rational fractional polynomial Z algorithm. The algorithm implements a least-squares approach to take
the FRFs from all accelerometers into account when determining the sought properties [35].

The average density of each lamination material was determined by weighing panels: p = 429 kg/m? for spruce, p = 608 kg/m>
for birch and p = 787 kg/m’ for compressed spruce. No other material parameters were determined from the experimental
campaign. However, for timber, the elastic moduli that affect the response were calibrated for each single panel using the measured
eigenfrequencies and mode shapes (see Sections 4.1.2 and 5.1.2), and for the elastomer, the material model was calibrated using
the measured accelerance FRFs (see Section 4.2).

2.2. Experimental modal analysis

Examples of FRFs for the panels of each lamination material - spatially averaged over all accelerometer positions — from the
measurements are shown in Fig. 5, where the spatial averaging is given as

2 e
j=1

where a is the spatially averaged accelerance magnitude, n is the number of accelerometers, and 4; is the accelerance magnitude

of accelerometer j (cf. Eq. (4)). The accelerance reference value for the calculations of the dB levels was a,,; = 1 m/s? throughout
this study.

a=

R

Fig. 3. CLT panel in the experimental setup; suspended using rubber straps and excited by the shaker [32].
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(a) 4 m panel, for spruce and birch.
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(b) 2.4 m panel, for compressed spruce.

Fig. 4. Accelerometer- and shaker placement on the CLT panels. The accelerometers were equally spaced over the panel surface. Black plus signs
indicate accelerometer positions, and the red circle indicates the shaker position. The dimensions are in mm.

For the 4 m spruce and birch panels, 10 resonance frequencies were identified below 230 Hz. For the 2.4 m compressed spruce
panels, 5 resonance frequencies were identified within the same frequency range. Note that for the 4 m panels, two resonance
frequencies were observed in the range of 145-160 Hz, corresponding to the fourth bending and torsion modes, occasionally
merging into a single peak. The same phenomenon occurs at approximately 200-230 Hz, where the resonance frequencies of the
fifth torsion and bending modes occasionally merge into one peak. For the 4 m panels, the position of the shaker was close to the
node line of bending modes 2 and 3 (approximately 50 and 90-110 Hz, respectively); thus, the responses of these modes were low,
and consequently, could not be identified for some panels. The averaged measured eigenfrequencies of the single panels of each
lamination material are presented in Table 1, corresponding to the mode shape order in Fig. 7. In Appendix A, spatially averaged
narrow band accelerance FRFs are presented for all single panels, showing a comparison of the measured and computed results,
using the calibrated material parameters.

The distribution of eigenfrequencies and modal damping ratios for all single panels are presented in Fig. 6. For the spruce and
birch panels, the modes appearing in the frequency range 10-230 Hz are shown in Fig. 7, determined using the FRF in Fig. 5(a).
For the compressed spruce panels, only the first 5 modes shown in Fig. 7 were identified for this frequency range, owing to the
shorter length of the panels. Of the 10 modes, there are 5 bending and 5 torsion modes for the 4 m panels, whereas for the 2.4 m
panels, there are 3 bending and 2 torsion modes. Analysing Figs. 6 and 7 together, it can be observed that for the first four modes,
the bending modes (modes 1 and 3) have lower damping compared to the torsion modes (modes 2 and 4). This pattern was not
observed for higher-order modes, however.

3. Finite element modelling

The numerical analyses utilised the FE method, e.g., see [36] for further details on the FE method. The CLT panels and elastomer
layers were studied using the commercial FE software Abaqus [37]. Steady-state analyses of harmonic loading in the frequency
domain, with frequency increments of 0.25 Hz, were considered. The frequency increments were chosen to obtain a sufficient
resolution of resonance peaks.

For the purpose of studying comfort vibrations, timber can be modelled as a homogeneous orthotropic material using a
rectangular coordinate system, e.g, see. [10,15,22,25,26], even if timber follows a cylindrical coordinate system due to its growth
rings. For modelling of timber, the orthotropy simplification is reasonable because, otherwise, the placement and radius of the
growth rings would need to be known or assumed for each lamella, which is generally not feasible. The three directions of the

Table 1
Averaged measured eigenfrequencies below 230 Hz for the spruce-, birch- and compressed spruce panels.
f] fZ f] f4 fS f6 f7 f& f9 le
Spruce 19.7 32.4 52.1 66.8 98.7 108 155 157 210 221
Birch 18.8 33.2 49.3 69.3 94.5 111 152 158 214 221
Compressed spruce 43.4 68.9 111 138 203 - - - - -
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Fig. 5. Examples of experimentally obtained spatially averaged accelerance FRFs between 10 and 230 Hz for spruce, birch and compressed
spruce CLT panels.

coordinate system are the longitudinal (L), radial (R), and transversal (T) directions. The longitudinal direction is parallel with the
fibre direction, the radial direction is perpendicular to the growth rings, and the tangential direction is parallel with the growth
rings. Using a rectangular coordinate system with the defined directions, it is assumed that the lamellae were sawn far from the
pith. In Fig. 8, a lamella is shown with the rectangular coordinate system used for the numerical analyses.

Because the study concerns comfort vibrations where the amplitudes of load and strain are low, timber can be modelled as linear
elastic, e.g., see [14,15,22,25,26]. The elastomer was modelled with an isotropic viscoelastic material model. Because the vibration
amplitudes are low, the elastomer layer experiences only small strains; hence, amplitude-dependent behaviour was not included, as
was also assumed in e.g. [30].
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Fig. 6. Experimentally obtained eigenfrequencies and modal damping ratios, ¢, for all single panels.
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(a) Bending mode 1. (b) Torsion mode 1. (c) Bending mode 2. (d) Torsion mode 2. (e) Bending mode 3.
PN . A
N - \
v v
(f) Torsion mode 3. (g) Bending mode 4. (h) Torsion mode 4. (i) Torsion mode 5. (j) Bending mode 5.

Fig. 7. Experimentally obtained mode shapes for a 4 m panel.

3.1. Modelling of panels

For the timber, 8-node solid-shell elements with a length of 25 mm in the longitudinal and transverse directions, with one element
in the thickness direction of each layer, were used. Solid-shell elements only have displacement degrees of freedom and have been
shown to provide accurate vibration predictions in FE analyses of timber panels [38]. For the elastomer, hybrid 8-node elements
of size 25 mm were used, with one element in the thickness direction. Here, hybrid elements were used to ensure satisfactory
results for the elastomer, which is close to incompressible. Specifically, hybrid elements include an additional degree of freedom
that represents the pressure stress.

The element sizes were selected to ensure sufficient accuracy for eigenfrequencies, mode shapes and accelerance FRFs up to
230 Hz. The chosen element sizes amounts to more than 30 nodes per half-sine for the highest order mode shape evaluated in this
study. The chosen element size amounts to more than 30 nodes per half-sine for the highest order mode shape evaluated in this
study. The chosen element types were validated by comparing the results to that of a model finely meshed with 20-node solid brick
elements. In Fig. 9, a meshed lab-sized- and five-layer CLT panel is presented. For the lab-sized model, 19 200 solid shell elements
and 3200 hybrid elements were used, while 120 000 solid shell elements and 24 000 hybrid elements were used for the five-layer
panel.

The surface nodes of the elastomer layer were tied to those of the CLT panels. Thus, a full interaction between the timber panels
and elastomer layer is assumed, e.g., see [30].

=y /

Fig. 8. Material orientation for one lamella using the rectangular coordinate system.

(a) Lab-sized panel, 4 m x 0.5 m. (b) Five-layer panel, 5 m X 3 m.

Fig. 9. Meshed CLT panels. The yellow and grey colours indicate timber and elastomer layer, respectively.
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3.2. Vibration response to harmonic loading

This section describes the governing theory for the numerical dynamic analyses, e.g., see [39] for further details. The linear
elastic equation of motion in the time domain can be written as

M@ + C(r)u + K(Hu = £(r), 2)

where M, C and K are the mass, damping and stiffness matrices, respectively, 7 is the time, u is the displacement vector, u is the
velocity vector, i is the acceleration vector and f is the external load vector.

Assuming harmonic loading, f = fexp (ior), and implementing the damping as a loss factor, 5, which can be determined as
n = 2¢, where ¢ is the damping ratio [40], the equation of motion can be written in the frequency domain to obtain the steady-state
response, i.e.,

(—~®M + K(1 + in)a =1, 3)

where  is the angular frequency, i is the imaginary unit, i is the displacement amplitude and f is the force amplitude. Implementing
the damping as a loss factor for timber is a common approach, e.g., see [15,25].
Frequency domain transfer functions can be expressed as frequency-dependent FRFs based on displacements and accelerations,

i=(-o’M+K(1+in) 'f =H,f and a=-w’H,f =H,f, “

where H,, contains the FRFs based on displacement, known as compliance, and H, contains the FRFs based on acceleration, known
as accelerance.

The measurements were conducted using accelerometers; thus, the raw data were accelerance FRFs. Hence, to compare the
simulation and measurement FRFs directly, accelerance was used in this study. For all FRFs, the magnitude of the complex amplitude
was considered in the evaluation.

4. Material model for elastomer layer

A realistic elastomer material model is required to further analyse how the elastomer layer influences the vibration response of
the CLT panels. The material model was developed using the measurement data of the double panel with a 12 mm elastomer layer.
The double panel with a 2 mm elastomer layer was used to validate the material model and determined material properties.

4.1. Material properties for cross-laminated timber panels

Prior to determining the material properties of the elastomer layer, the elastic moduli of the single panels without elastomer
layers were calibrated. The single panels assembled with the 12 mm elastomer layer were Spruce #1 and #2, whereas Spruce #3
and #4 were used for the 2 mm elastomer layer. The purpose of calibrating the spruce material properties of the single panels was
to, as accurately as possible, capture the behaviour of the single panels, such that reliable material properties could be obtained for
the material model of the elastomer layer.

Because the material parameters were calibrated to the measured eigenfrequencies, gluing, possible imperfections, and growth
ring orientations were implicitly considered when determining the elastic moduli. The same principle applies to damping. Because
damping is a measure of the energy loss of a structure, any discrepancies in gluing or inconsistencies in manufacturing are considered
in the calibrated values.

4.1.1. Sensitivity analysis

To determine which timber material parameters affect the eigenfrequencies and eigenmodes of the CLT panels, a sensitivity
analysis was conducted. This was performed by varying one material parameter at a time, while the others were kept constant.
The parameters were varied between the lower- and upper limits, see Table 2, using five equally spaced steps. The lower and
upper limits were determined as seemingly reasonable variations in the spruce moduli. The elastic moduli varied in the sensitivity
analysis were the longitudinal, radial, and transversal Young’s moduli, E;, Ez and Ey, respectively, as well as the shear moduli
G g and G and the rolling shear modulus, G ;. As the average densities of the panels were known, this parameter was not varied
in the sensitivity analysis. It was found that changing the values of Poisson’s ratios did not influence the results, which was also
demonstrated in [14,41]. Therefore, Poisson’s ratios were set to v; x = 0.42, v;r = 0.48 and vg; = 0.28, as in [14].

If, instead, the reference material parameters in Table 2 were used, the measured spatially averaged FRF for Spruce #1 and
the spatially averaged FRF computed using the reference values are shown in Fig. 10. It can be observed that the computed curve
does not correspond sufficiently well to the measured, especially at resonance frequencies. This illustrates the need for calibrating
material properties for the panels.

The sensitivity analysis was evaluated by comparing the eigenfrequencies and mode shapes with a reference model, for which
the parameters in Table 2 were used. The 10 modes identified for the 4 m panels were considered. In order to compare the
eigenfrequencies, a normalised relative frequency difference (NRFD) was used, defined as

NRED = JtA = fis, (5)
fip
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Fig. 10. Measured spatially averaged FRF for Spruce #1 (black line), compared to the computed spatially averaged FRF using the reference
values (dotted blue line).

Table 2
Lower and upper limits, as well as reference values used for the sensitivity analysis for spruce. Reference values for
Grr from [23] and the remainder of the moduli from [42]. The moduli are in MPa.

EL ER ET GLR GLT GRT
Lower limit 7000 200 200 400 400 30
Upper limit 16 000 600 600 1000 1000 100
Reference 11000 370 370 690 690 49

in which f; 4 and f; p are eigenfrequencies number i for models A and B, where model B uses the reference values.

To ensure that the compared frequencies correspond to the same mode shapes, the modal assurance criterion (MAC) [43] was

used, which is given by

(@, )@, p)I

’ ©]
(@; )T (®; )@ p) (P; p)

MAC =

where @; , and @;  are the mode shapes of numbers i and j of models A and B, respectively.

The sensitivity analysis showed that the elastic moduli that affect the eigenfrequencies and mode shapes are E;, G, and Ggzr,
as shown in Fig. 11. The other moduli, Eg, E; and Gy, had negligible effects on the eigenfrequencies and mode shapes and will
thus not be mentioned further. Subsequently, E;, G, and Gy were the moduli that were calibrated.

In Fig. 11, the NRFD plot shows how the eigenfrequencies corresponding to the matching mode shapes change with the material
parameters. In this figure, it can be observed that E; affects the bending modes but not the torsion modes, whereas varying G;
results in the opposite effect. It was also found that G, affects all modes, and the effect increases with increasing frequency, which
aligns with [14,15]. The MAC values showed that some modes change order when the material parameters are varied, while the
same mode basis is obtained for all values. A comparison of the measured and computed mode shapes is presented in Appendix B.
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Fig. 11. The effect of material parameters on the eigenfrequencies of spruce CLT panels, showed for the five values used in the sensitivity
analysis.
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4.1.2. Elastic moduli and damping

The elastic moduli E;, G;r and Gg were calibrated against the measured eigenfrequencies of the four single panels using
Newton optimisation. The MAC values were used to ensure that the eigenfrequencies of the same modes were compared. For further
information on Newton optimisation, e.g., see [44]. The function that was minimised was the sum of the squared NRFD values of
all the considered eigenfrequencies, given as

N N
g= Z (fcalc;,flexpvfe,\pux > . (7)

i=1

and f,

where [, ; exp.; are the calculated and measured eigenfrequencies, respectively.

For the calibration, the reference values in Table 2 were used as the initial guess for each panel. The calibrated elastic moduli
are presented in Table 3. The other material properties, Eg, E; and Gz, which do not affect the eigenfrequencies, were set to the
reference values in Table 2. The calibrations were verified using an average absolute NRFD value,

L&

NRFD,,; = ~ Zi INRFD,, (8)
where n is the number of modes and k is the mode number. This led to an average difference of 0.9%, 1%, 0.8% and 1% for Spruce
#1-4, respectively.

Since Spruce #1-4 were used to construct the double panels with 12 and 2 mm elastomer layer, a minimal difference was desired
between the computed and measured spatially averaged FRFs for the separate panels. Thus, the initiation of the calibration of the
elastomer layer would begin with sources of error kept to a minimum. Due to this, the loss factors of Spruce #1-4 were calibrated
using the difference in accelerance root mean square (RMS) value. The accelerance RMS is given by

9

where N is the number of frequency increments and 4, is the spatially averaged accelerance of frequency increment k (cf. Eq.
(1)). Furthermore, a criterion for the calibrated loss factor was that it should be within the experimentally obtained minimum and
maximum (modal) loss factors presented in Table 4. The average loss factor from the measurement and the calibrated value of the
loss factor are presented in the table. None of the calibrated loss factors significantly differed from the measured average values. The
calibration resulted in the accelerance RMS difference between computed and measured results being 0.02, 0.03, 0.04 and 0.03 dB
for Spruce #1-4, respectively. In Fig. 12, the spatially averaged FRFs are shown for Spruce #1-4, showing both the measured values
and computed results using the calibrated material properties.

4.2. Calibrating material model for elastomer layer

The known material properties of the elastomer (from the manufacturer) are the density p = 1150 kg/m? and the shear modulus,
which varies linearly between G(100 Hz) = 6.8 MPa and G(200 Hz) = 10.0 MPa [45], see Fig. 13(a). By extrapolation, the static
shear modulus was determined as G, = 3.8 MPa (note that Fig. 13(a) begins at 10 Hz). Assuming that Poisson’s ratio is v = 0.43,
the static Young’s modulus and bulk modulus were determined as E, = 10.7 MPa and K, = 25.5 MPa, respectively. From the EMA
of the double panels with integrated elastomer layers, it can be observed that the damping of the entire panel generally increases
with frequency, as shown in Fig. 13(b). Thus, a frequency-dependent linearly varying damping was employed.

Table 3
Calibrated elastic moduli for Spruce #1-4, needed for the calibration of the elastomer
material model. The moduli are in MPa.

El, GL'I GRI
Spruce #1 12144 582.1 63.7
Spruce #2 12267 601.2 69.0
Spruce #3 12843 582.6 66.4
Spruce #4 11697 542.1 70.4

Table 4
Loss factors for the modes of Spruce #1-4 from measurements (minimum, maximum and average)
and from calibration, needed for the calibration of the elastomer material model. The loss factors are

in percent.
Tmin. Tmax. Mg Meali
Spruce #1 0.83 3.8 21 3.0
Spruce #2 0.84 5.7 2.4 3.0
Spruce #3 0.80 4.8 2.4 3.4
Spruce #4 0.85 4.6 2.7 2.8

10
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Fig. 12. Measured and computed spatially averaged accelerance FRFs for Spruce #1-4. The legend is valid for all subplots.

To develop a material model for the elastomer layer with frequency-dependent elastic moduli and damping, the procedure
outlined in [30] was adopted. Here, the unknown material parameter is the damping, which was therefore calibrated.

For the material modelling, the frequency-dependent shear, G, and bulk moduli, K, were required. These can, in complex
rectangular form, be expressed as

Gdy,, =G, +iG, and Kyyn = K +iK,, (10)
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(a) Dynamic shear modulus for the elastomer. Solid line is from the manufacturer (b) Measured modal damping ratios, ¢, for the panels with a 2 mm elastomer
data sheet [45], dashed line is extrapolated. (circles) and 12 mm (plus signs), each with a linear regression curve (dashed
lines). The coefficients of determination R? = 0.72 and R®> = 0.70, re-
spectively.

Fig. 13. Frequency-dependent shear modulus, G,,,, and modal damping ratio, ¢.

11



A. Bohman et al. Journal of Building Engineering 118 (2026) 115037

where subscripts s and / denote the storage and loss moduli, respectively. The storage modulus is a measure of the amount of energy
that the material can store elastically, whereas the loss modulus is related to its ability to dissipate energy.
In the modelling of the material, a frequency-dependent scaling factor, a(f), is introduced, given as

Gayn(f)
=22 11
a(f) Go (€8]
and, thus the frequency-dependent moduli can be calculated as
Gyyy = aGy and K, = akK,. 12)

In FE modelling, the storage and loss moduli need to be known, which can be achieved by applying the trigonometric principles of
Gy =Gyy,c088, G =Gyy,sind,
K = K;y,c086, K;=Kg,,sins,

(13)

where § is the loss angle defined as 6 = arctan(n). However, for small angles, this can be simplified to arctan(y) ~ 5. Therefore, the
loss factor, 5, can be used for this purpose.

In the calibration, nine separate frequency dependencies of the loss factor were evaluated and compared. To evaluate the loss
factors, the difference in accelerance RMS levels was used to compare the total vibration responses of the computed and measured
spatially averaged accelerance FRFs over the frequency interval. To ensure that the resonance frequencies of the same operational
deflection shapes (ODSs) were compared, the NRFD (cf. Eq. (5)) and MAC (cf. Eq. (6)) values were checked. Additionally, the error
between the measured and computed FRFs, as well as the difference in resonance amplitudes were considered in the evaluation.
The calibration of the linearly varying loss factor resulted in (10 Hz) = 0.15 and »(200 Hz) = 0.40, shown in Fig. 14(a). Thus, the
storage and loss parts of the shear and bulk moduli could be determined with Eq. (13), using the known frequency dependence of
the shear modulus, and consequently, the frequency dependence of the bulk modulus. These are presented in Figs. 14(b)-14(e).

Usage of this viscoelastic material model for the elastomer layer (cf. Fig. 14) resulted in the accelerance FRF of the double CLT
panel with a 12 mm elastomer layer shown in Fig. 15. The difference in accelerance RMS level between the measured and computed
FRFs is 0.7 dB, with the measured RMS level being the lowest. The order of the identified modes is the same as in Fig. 7, except that
bending mode 3 is missing from the measured FRF. It can be observed that bending mode 2 only faintly can be seen, particularly in
the numerical results. When introducing the elastomer layer, the resonance peaks are lowered, and thus the ODSs and modes become
less distinct. Consequently, some of them became difficult to identify. For the evaluated frequency span, the average absolute NRFD
value was 5%, and the maximum NRFD value was 9% for bending mode 4.

4.3. Validation of material model for elastomer layer

The measured FRFs of the double CLT panel with a 2 mm elastomer layer were used to validate the material model and the
calibrated stiffness and damping values. The computed and measured FRFs are shown in Fig. 16. For this case, the difference in
RMS is 0.9 dB, with the measured value being the lowest. The modes appear in the same order as for the double panel with a
12 mm layer, but for this case, all modes can be identified both for the measurements and computations. The average absolute
NREFD value for the identified modes was 3% and the largest value was 4% for torsion mode 3. Because the elastomer layer has both
lower stiffness and larger mass than the timber, the resonance frequencies will decrease. Thus, for the double panel with a 2 mm
elastomer, six resonance frequencies were identified in the frequency interval of interest, whereas seven resonance frequencies were
identified for the double panel with a 12 mm elastomer.

5. Effects of changing lamination material

To investigate how the vibration response is affected by exchanging spruce with birch and compressed spruce, both for lab-sized
and more realistically sized panels, first, the material parameters of the remaining single panels were calibrated. The purpose of this
calibration was to determine realistic elastic moduli for spruce, birch and compressed spruce. The elastic moduli in the FE models
were calibrated to the experimentally obtained resonance frequencies and their corresponding mode shapes for 12 spruce, 4 birch
and 2 compressed spruce panels. The four spruce panels previously used in the calibration of the elastomer material model were
not included in this part.

5.1. Material properties for cross-laminated timber panels

5.1.1. Sensitivity analysis

To determine the parameters of interest to calibrate for birch and compressed spruce, a sensitivity analysis was conducted in
the same manner as for spruce (cf. Section 4.1.1). For birch, the lower, upper and reference values are based on [16,46-48] and
compiled in [15]. For compressed spruce, the reference values were determined by increasing the reference values for spruce with
the ratio of density increase for compressed spruce compared to the (non-compressed) spruce. The lower, upper and reference moduli
for birch and compressed spruce are presented in Appendix C.

The results were evaluated in the same manner as for spruce using NRFD and MAC values. For birch, the same mode shapes as
those of spruce were identified in the frequency range of interest, whereas the higher-order modes were different for compressed
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Fig. 14. The loss factor as well as the shear and bulk moduli of the elastomer separated into storage and loss components.

spruce. As for spruce, the modes switched order when certain material properties were varied, which was accounted for when
calculating the NRFDs. The results of the sensitivity analyses for birch and compressed spruce showed that the elastic moduli that
affected the eigenfrequencies in the investigated frequency range were E;, G; and Ggy, that is, the same moduli as for spruce.

The NRFD plots for birch and compressed spruce are presented in Appendix C.
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Fig. 15. Measured and computed spatially averaged accelerance FRFs for the double panel with a 12 mm elastomer layer.
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Fig. 16. Measured and computed spatially averaged accelerance FRFs for the double panel with a 2 mm elastomer layer.

5.1.2. Elastic moduli and damping

The calibration procedure described in Section 4.1.2 was followed for all remaining single panels, due to a discrepancy in response
observed when comparing the measured and computed spatially averaged FRFs employing the reference values for each respective
lamination material. The reference parameters from Tables 2, C.9 and C.10 were used as the initial guesses for spruce, birch and
compressed spruce, respectively. The damping was determined as the average of the modal damping ratios from the measurements
of each panel, translated into loss factors. In Fig. 17, E;, G;pr, Ggr and loss factor, 5, for each single panel are presented. The
calibration was evaluated by comparing all resonance frequencies and mode shapes. For spruce, the average absolute NRFD value
for all modes and panels was 1%. For birch and compressed spruce this value was 0.8% and 1%, respectively. The maximum
individual absolute NRFD values were 3%, 2% and 3% for spruce, birch and compressed spruce, respectively.

For the spruce and birch panels, 10 modes were identified under 230 Hz. However, due to the panels of compressed spruce
spanning 2.4 m instead of 4 m, the eigenfrequencies were higher, and thus 5 modes were identified in the frequency range.
Consequently, the material properties were calibrated using these 5 eigenfrequencies. A convergence analysis was conducted
evaluating how the material properties varied depending on how many eigenfrequencies were included in the calibration. It was
found that by using 5 modes, the resulting material parameters were not significantly different compared to those determined from
using 10 modes. Thus, the calibration of material properties for the compressed spruce panels was considered sufficient. Note that
the 2.4 m lab-sized panels were only used for the calibration of compressed spruce properties.

For spruce, the calibrated material parameters were similar to the reference parameters listed in Table 2. For E;, the value was
generally higher than the reference, with a difference of approximately 20% between the highest and lowest calibrated values. The
value of G, for each spruce panel is essentially constant, whereas G, exhibits a difference of approximately 75% between the
lowest and highest. This modulus is known to vary appreciably between test specimens of the same species and strength class [16,23].
For Ggy, the calibrated value was markedly higher than the reference value for all spruce panels, which aligns with previous
studies [16,49].

The calibrated elastic moduli of birch are generally close to the reference moduli. For E;, two panels have a value of
approximately 14 000 MPa, whereas the other two have a value of approximately 15000 MPa. As for the spruce panels, the calibrated
values of G for the four birch panels are similar to each other. The most significant difference between the panels is for Gy,
where one panel has a value of approximately 100 MPa, whereas the others have a value of approximately 170 MPa. This result is
reasonable because this panel, Birch #4, shows lower eigenfrequencies than the other birch panels, as can be seen in Appendix A.
All the values correspond well to the measured moduli in [47,48].
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Fig. 17. Calibrated elastic moduli, E,, G,;, Gy and experimentally obtained average loss factor, 7, for each panel. The legend is valid for all
subplots.
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For the compressed spruce panels, the calibration of E; resulted in significantly lower moduli than the reference value used as
the initial guess. This is a reasonable result for compressed spruce compared to [50] for a compression ratio of approximately 50%.
The value of G, is significantly higher than the calibrated moduli of both spruce and birch, which also agrees with the results
in [50]. The Gy values for the two panels are essentially the same, with the value being the same as a high spruce value. The
accelerance FRFs of all the single panels, comparing the measured and computed results, can be found in Appendix A.

For each lamination material, the average values of the calibrated elastic moduli in Fig. 17 were used for the case studies, as
listed in Table 5 (note that the spruce moduli in Table 3 are not considered in this average). This was done to obtain reasonable
values based on the calibrations of material properties for each lamination material. For the non-calibrated moduli, the reference
values in Tables 2, C.9 and C.10 were assigned, since these do not influence the response. The densities given in Section 2 were
assigned to each lamination material.

5.2. Lab-sized cross-laminated timber panels of various lamination materials

Firstly, the calibrated material parameters were used to evaluate the response of lab-sized double panels. Both single panels used
for the double panel were assigned the same material parameters. All panels were modelled with a length of 4 m and width of 0.5 m.
Accelerance FRFs were calculated for these panels. The resulting spatially averaged accelerance FRFs are shown in Fig. 18. Spruce
and birch show similar resonance frequencies and the same mode order; however, birch generally results in a lower accelerance.
For compressed spruce, the resonance frequencies of the bending modes are lower than that of spruce and birch, whereas all torsion
modes are higher in frequency. Additionally, the mode order is not the same as for spruce and birch, with torsion mode 2 and bending
mode 3 switching positions and torsion mode 3 appearing above the frequency interval of interest. Instead, the resonance frequency
of bending mode 4 is reduced, such that it appears in the frequency interval. For the compressed spruce panel, all bending modes
occur at lower frequencies, while all torsion modes occur at higher frequencies. This behaviour reflects the material parameters: the
density is approximately 80% higher, whereas E; increases by only 20% and G, by approximately 240%. The accelerance RMS
values for the lab-sized panels are presented in Table 6, normalised against spruce.

5.3. Realistic cross-laminated timber panels of various lamination materials

The vibration response of realistically sized five-layer panels was also evaluated for exchanging the spruce with birch or
compressed spruce, using the material parameters in Table 5. These panels measured 5 m x 3 m and were composed of five layers
(cf. Fig. 9(b)), each 30 mm thick and oriented perpendicular to the adjacent ones. The surface layers were oriented in the 5 m
direction. The displacement boundary conditions were free-free as for the lab-sized panels, and the panels were excited with a unit
load in one corner, on the surface closest to the elastomer layer. The accelerance response was evaluated on the whole surface on
the opposite side of the load.

In Fig. 19, the spatially averaged spruce, birch and compressed spruce accelerance FRFs are presented. Due to the increased
mass of the five-layer panels, the resonance frequencies are reduced. Thus, below 200 Hz there are 22 resonances for the spruce
and birch panels and 24 for the compressed spruce panel. As for the lab-sized panels, spruce and birch show similar resonance

Table 5
Moduli and loss factors used for the case studies in Sections 5.2, 5.3, 6.1 and 6.2. The moduli are in MPa and the
loss factor is in percent.

E; Eg Er Grr Grr Grr n
Spruce 12043 370 370 690 575.9 78.8 1.8
Birch 14486 1185 640 850 784.2 155.4 2.0
Compressed spruce 14354 679 679 1267 1939.1 101.0 2.5
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Fig. 18. Computed spatially averaged accelerance FRFs of lab-sized double panels of spruce, birch and compressed spruce without an elastomer
layer.
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Fig. 19. Computed spatially averaged accelerance FRFs for the spruce, birch and compressed spruce five-layer panels without an elastomer layer.

Table 6

Reduction in accelerance RMS values for the lab-sized and five-layer panels of spruce,
birch and compressed spruce, normalised against spruce of each dimension. The values
are in dB and percent. The reductions in percent are calculated as 1 — agys/@gprs,rer-

Birch Compressed spruce

dB % dB %
Lab-sized 3.5 33 6.4 52
Five-layer 3.4 32 6.9 55

frequencies and overall behaviour, with all modes appearing in the same order, however the response is generally lower for birch.
In contrast, for the compressed spruce panels, the resonance frequencies of the bending modes are lower in frequency, while the
torsion modes are higher than both spruce and birch; as for the lab-sized panels. Note that unlike the lab-sized panels, the first
mode in the investigated frequency range in Fig. 19 is torsion 1 for all panels, owing to the change of dimensions.

The accelerance RMS values for the five-layer panels are presented in Table 6, normalised against spruce. From Table 6 it can
be observed that the effect of exchanging the spruce to birch or compressed spruce seems to be the same for the tested panel
dimensions. By utilising birch, the RMS values are approximately lowered by 30% compared to spruce. By exchanging the spruce
for compressed spruce the RMS values are approximately halved. This was an expected result because birch has been shown to
reduce the vibration levels of CLT panels [14,15]. The use of compressed spruce also leads to increased density and elastic moduli,
and is thus also expected to lead to decreased vibration levels.

6. Effects of integrated elastomer layers

The effect of integrating an elastomer layer into the CLT panels was investigated, both for the lab-sized panels, as well as the
five-layer panels previously analysed in Section 5. For both panel dimensions, elastomer thicknesses of 2 and 12 mm were utilised.

6.1. Lab-sized cross-laminated timber panels with elastomer layer

In Fig. 20(a), the computed accelerance FRFs for lab-sized double panels of spruce with 2 and 12 mm elastomers, as well as the
reference case with no elastomer layer are shown. Additionally, the measured accelerance FRFs are shown in Fig. 20(b). Note that
for the computations, the same material parameters were assigned to all spruce panels (cf. Table 5), and these are thus identical,
and the influence of the elastomer layer can be evaluated. For the measured FRFs, however, different single panels with slightly
varying material properties were used. Thus, the computed and measured results cannot be compared in detail. The measured FRFs
are shown as a means of verifying the validity of the computed FRFs.

By adding the elastomer, the thickness of the panel is increased, which in turn leads to an increased stiffness. To verify that it is
the elastomer that affects the response of the panel, models were developed in which the timber thickness was increased by 2 and
12 mm, by increasing the thickness of the various timber layers. For each lamination material, this resulted in slightly increased
resonance frequencies, however the peaks were not affected significantly.

In Table 7, the RMS values of the accelerance FRFs for each panel normalised against the RMS value for spruce without an
elastomer are shown. For each lamination material, the RMS level was reduced by adding an elastomer and the response decreased
more with 12 mm layer compared to 2 mm layer thickness.
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Fig. 20. Spatially averaged accelerance FRFs showing the response of the lab-sized spruce panels with 2 and 12 mm elastomer layer, compared
to without an elastomer layer.

Table 7

Reduction in accelerance RMS values for all lab-sized panels, normalised against spruce without
an elastomer layer. The values are in dB and percent. The reductions in percent are calculated as
1= aRMS/aRMS.ref'

Spruce Birch Compressed spruce

dB % dB % dB %
2 mm 4.5 41 8.1 61 10.7 71
12 mm 8.4 62 11.0 72 12,5 76

6.2. Realistically sized cross-laminated timber panels with elastomer layer

In Fig. 21, spatially averaged FRFs are presented for spruce, birch and compressed spruce panels with 2 and 12 mm elastomer
layer, compared to the panels without an elastomer layer. As for the lab-sized panels, the response is generally reduced by inserting
the elastomer layer. Due to the decreased stiffness and higher mass, the resonance frequencies are also lowered.

In Table 8, the accelerance RMS values are presented, normalised against spruce without an elastomer layer. Comparing this
table to Table 7, it can be observed that the reduction of accelerance RMS value is less for the five-layer panels than the lab-sized
panels, which is reasonable, due to the elastomer layer occupying a smaller percentage of the total panel volume for the larger
panel. Still, the same trends can be observed, with the reduction in response being larger the thicker the elastomer layer is, and
the combination of changing lamination material and integrating the elastomer layer leads to the largest reductions of accelerance
RMS values.

To quantify the results, the insertion loss was calculated for the investigated frequency range as IL = L, — L, , where L
is the accelerance RMS level. The subscripts ref. and mod. denote the responses of the reference panel and the modified panels,
respectively. A positive value indicates a reduction in response for the modified panel in comparison to the reference.

A summarisation of the calculated insertion losses for the five-layer panels are presented in Fig. 22. L, is the spruce panel
with no elastomer. In the figure, “No ela.” represents the insertion loss for using birch or compressed spruce instead of spruce,
while “2 mm” and “12 mm” represents the additional insertion loss gained from inserting an elastomer layer into the panels. It can
be observed that, using dB, the reduction in response from changing the spruce to compressed spruce is approximately double the
reduction of using birch. Also to be noted is that by integrating a 12 mm elastomer layer, the reduction is approximately doubled
compared to integrating a 2 mm elastomer layer, for panels of each lamination materials.
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Fig. 21. Spatially averaged accelerance FRFs showing the response of the five-layer spruce, birch and compressed spruce panels with 2 and
12 mm elastomer layer, compared to without an elastomer layer.

Table 8
Reduction in accelerance RMS values for all five-layer panels, normalised against spruce without
an elastomer layer. The values are in dB and percent. The reductions in percent are calculated as

1- aRMS/aRMS.re/'

Spruce Birch Compressed spruce

dB % dB % dB %
2 mm 2.0 21 5.6 48 8.8 64
12 mm 5.0 43 8.1 61 10.8 71

7. Concluding remarks

The study demonstrates the effect of using various lamination materials and an integrated elastomer layer on the vibration
response of cross-laminated timber (CLT) panels through experimental and numerical investigations in the frequency range 10-200
Hz. A viscoelastic material model was developed for the elastomer layer based on experimental data. Finite element models of CLT
panels made of spruce, birch and compressed spruce were calibrated to a series of experimentally obtained accelerance frequency
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Fig. 22. Summarisation of insertion losses for the five-layer panels. The reference is the spruce panel without an elastomer.

response functions (FRFs). Additionally, the calibrated material properties were used to investigate how the vibration response is
affected when exchanging the standard spruce for birch or compressed spruce, as well as for integrating an elastomer layer into the
panel. This was evaluated both for lab-sized panels, and realistically sized five-layer panels. The main conclusions from this study
are presented below.

Frequency-independent elastic moduli and loss factors were calibrated for 22 separate single CLT panels; 16 spruce, 4 birch
and 2 compressed spruce. It was found that the computed FRFs corresponded closely with the measured FRFs.

By exchanging the typical spruce to birch or compressed spruce with higher density and stiffness, the accelerance RMS value
can be reduced with 30% and 50%, respectively.

An accurate frequency-dependent viscoelastic material model was developed for an elastomer layer, on the basis of experi-
mental data. The model provides frequency-dependent stiffnesses and damping, and computed FRFs were found to correspond
well with measured FRFs.

By integrating an elastomer layer into a CLT panel, the vibration response can be reduced compared to a panel with no
elastomer layer. With a 12 mm elastomer layer, the response can be reduced approximately 40% for spruce, birch and
compressed spruce panels.

The results indicate that a thicker elastomer layer leads to increasingly reduced vibration levels. For spruce, the increased
reduction in accelerance RMS for a 12 mm elastomer layer compared to a 2 mm was approximately 30%. For birch and
compressed spruce the reduction was 25% and 20%, respectively.

While this study adds valuable insights on the vibrational behaviour of CLT panels of spruce, birch and compressed spruce with
integrated elastomer layers, it also identifies areas where further research would be beneficial. To strengthen the connection to the
practical engineering application of CLT, the effect of various displacement boundary conditions on the vibration performance could
be studied. In addition, realistic load scenarios could be studied. Furthermore, the vibrational behaviour of alternative configurations
of CLT panels with integrated resilient layers could be evaluated.
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Measured and computed frequency response functions for all single panels
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Fig. A.23. Measured (black) and computed (blue, red or yellow) spatially averaged accelerance FRFs for all single panels. The legend is valid

for all subplots.
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Appendix B. Measured and computed mode shapes for a single panel
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Fig. B.24. Comparison of experimentally obtained mode shapes (exp.) and computed mode shapes (comp.).
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Appendix C. Sensitivity analysis for single panels of birch and compressed spruce

Table C.9
Lower and upper limits, as well as reference values used for the sensitivity analysis for birch. The moduli are in
MPa.
EL EI( E'I GLR GL'I GRI
Lower limit 13000 600 600 700 700 140
Upper limit 17000 1300 1300 1200 1200 250
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Fig. C.25. The effect of material parameters on the eigenfrequencies of birch CLT panels, showed for the five values used in the sensitivity

analysis.
Table C.10
Lower and upper limits, as well as reference values used for the sensitivity analysis for compressed spruce. The
moduli are in MPa.
EL ER ET GLR GLT GRT
Lower limit 11000 400 400 800 800 50
Upper limit 25000 1000 1000 2000 2000 130
Reference 20200 679 679 1267 1267 90
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Fig. C.26. The effect of material parameters on the eigenfrequencies of compressed spruce CLT panels, showed for the five values used in the

sensitivity analysis.
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