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The paper demonstrates improved structural low-frequency vibroacoustic performance of cross-
laminated timber (CLT) floor panels by informed selection of the wood material. The use of wood species
and strength classes that are not traditionally assigned to CLT panels was investigated in order to study
their influence on dynamic characteristics and vibroacoustic response metrics. The potential of each of
the orthotropic material properties to alternate the vibration response was examined to determine the
governing parameters of the low-frequency vibroacoustic performance. The effects on transfer mobility
response functions, and eigenfrequencies and mode shapes were used for a rigorous performance study
of the panels. It was found that using laminations with stiffness properties typical for hardwoods ash,
beech, and birch can significantly improve the performance of a CLT floor panel, and they outperform
laminations of typical softwood strength classes.
� 2021 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Timber construction has gained momentum in recent years,
partly due to an increased focus on environmentally friendly mate-
rials, sustainability, and climate change. Today, timber frommainly
softwoods, such as spruce, is used for structural purposes in build-
ings. Climate change alters the growth conditions in our forests
and with climate change comes also predicted increasing risks
for forest fires and severe storms. These factors affect both the size
of our forests and the stands of different species within them. Spe-
cies that are fast growing and more resistant to climate change
need to be studied in order to facilitate a continuous supply of
raw material of sufficient quality for structural utilization.

A contributing factor to the increased use of timber for con-
struction in recent years is the introduction of the composite engi-
neered wood product referred to as cross-laminated timber (CLT),
which was introduced in the 1990s [1]. CLT elements are composed
of several layers of individual laminations that are adhesively
bonded, see Fig. 1 for a sketch of an element comprising five layers.
The layered composition of cross-wise oriented laminations allows
the possibility of production of large panels with relatively high
stiffness and load-bearing capacity in relation to their weight.
When using CLT panels as parts of floor systems, the advantage
of having considerable bending stiffness in two directions at out-
of-plane loading is utilized.

Early and important research contributions regarding use of CLT
in wood-based construction include the doctoral thesis of Schick-
hofer from 1994 [2]. Significant developments have since then
been made in many areas relating for example to production and
structural design methods for assessing the load-bearing capacity
and stiffness of CLT panels and joints between panels, see e.g. [3]
for an overview and [4] for recent developments. Currently, CLT
is produced mainly from softwood species such as spruce and fir.
Attention has however recently also been drawn to utilization of
hardwood species for CLT, thanks to benefits regarding availability
and favorable mechanical properties in general and regarding roll-
ing shear in particular. Studies considering beech [5], fast-growing
poplar [6] and several other hardwood species [7] are found in the
literature.

Vibroacoustic floor response can be induced by different types
of sources, for example: footfalls from people walking; indoor
vibrating machinery; and external rail traffic. The sources of vibra-
tion can lead to excessive noise and/or vibration levels, which can
cause annoyance and discomfort for inhabitants, and malfunction
of sensitive equipment. Residents and people working in multi-
story timber buildings can perceive vibrations and structure-
borne noise as annoying even though the buildings fulfill the build-

http://crossmark.crossref.org/dialog/?doi=10.1016/j.apacoust.2021.108017&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.apacoust.2021.108017
http://creativecommons.org/licenses/by/4.0/
mailto:peter.persson@construction.lth.se
https://doi.org/10.1016/j.apacoust.2021.108017
http://www.sciencedirect.com/science/journal/0003682X
http://www.elsevier.com/locate/apacoust


Fig. 1. Sketch of the composite structure of CLT panel, showing individual
laminations.
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ing regulations. The frequency content of structure-borne noise
below 100 Hz has been proven to be critical for the correlation to
subjective ratings [8–10]. More flexible use of buildings can be
imposed by having longer spans and distances between vertical
load-bearing elements. This leads to floor elements that are more
susceptible to vibration producing sources, which may be specially
pronounced for lightweight floors [11].

In [12], a finite element (FE) model, validated by experimental
tests, was developed to predict the influence of various design con-
siderations on the modal properties of CLT floor panels. The effects
of support conditions, joints, layup, and dimensions were all con-
cluded to be considerable. In addition, it was found that dynamic
analyses of CLT panels cannot be made satisfactorily with simpli-
fied analytical methods, whereas shell FE modeling is a valid
approach. For the same issue, the authors presented a study of
the prediction of CLT floor panel vibrations excited by footfalls
[13]. Again, they highlighted the need for techniques such as using
numerical prediction tools to be able to capture the dynamic
behavior of CLT panels. Analytical and FE shell models were used
to predict vibrations excited by footfall loads on CLT floors in
[14]. It was, for example, concluded that simple analytical methods
may be useful for quantifying human perception to footfalls on cer-
tain specific floor setups, but the methods cannot be extrapolated
to other loading situations and generic CLT floor panel configura-
tions. A numerical model predicting footfall induced vibrations in
CLT panels was developed in order to study the effect of supporting
conditions [15]. Here, the authors investigated the influence of
supporting beam spacing and size; whereof the supporting condi-
tions, up to a certain level, were concluded to affect the response of
the studied floor panels. In [16], it was concluded that the modes
that can affect the vibration response to footfalls occur below
100 Hz, which also cover the whole-body sensitivity to vibrations
[17]. For these low-frequency vibrations (<100 Hz), a non-diffuse
field occurs where the modal behavior is of importance [18]. The
stiffness properties and the relations between the stiffness proper-
ties for different directions of loading, with respect to the fiber
direction, differ considerably between different wood species.
The natural variation of the mechanical properties of wood can fur-
thermore be considerable, even within the same species. The
response to static as well as dynamic loads may thus differ consid-
erably between wood species and between different timber lami-
nations from the same species [19–23].

In the present paper, we demonstrate the possibilities to
improve the structural low-frequency (<100 Hz) vibroacoustic
performance of CLT floor panels by studying the effects of using
various soft- and hardwood species, and strength classes. Because
the variation in properties between various wood species is signif-
icant, the response of CLT panels using such species are expected to
vary considerably. Our research hypothesis is that the vibroacous-
tic performance of CLT floor panels can be appreciably improved by
using hardwood species and/or softwoods species of high strength
2

classes. It should be noted that the present paper is limited to
investigating material selection for the floor panels, while not con-
sidering other design choices regarding, for example, supporting
conditions and surface coatings. We believe that knowledge
regarding the material selection as an isolated design choice is
valuable for holistic assessments in product development. The
potential of each of the orthotropic material properties to alternate
the response was investigated to study, in detail, the governing
parameters of the performance, as well as the potential of using
various wood species and strength classes. The effects on transfer
mobility response functions, and eigenfrequencies and mode
shapes were used for a rigorous performance study of the panels.
Herein lies the novelty of the paper: the presentation of a rigorous
investigation regarding the effect of material selection on the low-
frequency vibroacoustic performance of CLT panels.

The rest of the paper is structured as follows. Section 2 intro-
duces the methods and the theory used in the presented research.
Section 3 presents the employed engineering application of the CLT
floor panels used in the paper. In Section 4, the potential of each of
the orthotropic material parameters to affect the panels’ dynamic
behavior is presented. Section 5 discusses a case study concerning
the effects of different strength classes on the vibroacoustic perfor-
mance. The possible improvements in performance of using differ-
ent nonstandard hard- and softwood species is presented in
Section 6. Section 7 provides a discussion on the results and their
implications and applications. In Section 8, the conclusions are
given.
2. Low-frequency vibroacoustics of cross-laminated timber
floor panels

The choice of the material models, numerical methods, and
analyses performed in the present study are based on the assump-
tion of linearity because low-amplitude structural vibrations
induced by, for example: human walking, vibrating machinery, or
external traffic are considered. Consequently, linear elastic mate-
rial response is assumed. The analyses are carried out in the fre-
quency domain.

For a three-dimensional continuum representation, wood is
commonly modeled as an orthotropic material with material prin-
cipal directions defined by the longitudinal (L), radial (R) and tan-
gential (T) directions. For most wood species, the stiffness in the
longitudinal direction (parallel to the grain), EL, is far greater than
the stiffnesses in the radial and the tangential directions (perpen-
dicular to the grain), ER and ET, respectively. The orientation of the
principal directions may be assumed to follow the annual growth
rings of the tree and can then be defined by a cylindrical coordinate
system. However, in practical engineering calculations, it is often
infeasible to model the timber at this level of detail and simplifying
assumptions by use of orthotropy with rectilinear orientation of
the material principal directions or transversal isotropy are com-
monly adopted.

The CLT panels were modeled using conventional shell ele-
ments and the layered composition was accounted for by the use
of composite lamination theory. The technique of using shell ele-
ments with lamination theory for CLT panel response predictions
has been experimentally verified in for example [12,14]. The com-
posite layup consisted of layers with linear elastic and orthotropic
material behavior. Homogeneous orientation of the material prin-
cipal directions according to a rectilinear coordinate system was
used for each layer. The longitudinal direction was oriented in
the length direction of the laminations, the tangential direction
in the width direction of the laminations, and the radial direction
in the thickness directions of the laminations (and of the CLT
panel). The material was further assumed to be homogeneous in
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the sense that knots and other growth defects were disregarded in
the analyses. Using this shell modeling approach, the adhesive
bonding between the laminations is implicitly assumed to be infi-
nitely stiff. Full interaction between adjacent laminations within
the same layer is also assumed. The numerical models considers
only the properties of the CLT panel itself. Additional mass, stiff-
ness and damping from for example, floating screeds and/or fills
are hence not considered.

2.1. Numerical modeling

The FE mesh consists of shell elements with six degrees of free-
dom (DoF) per node (three displacements and three rotations)
using Reissner–Mindlin theory with bi-quadratic Lagrange interpo-
lation and reduced integration. The mesh density was selected as
to ensure sufficient resolution for wave propagation and mode
shapes up to 100 Hz. An FE model of a linear dynamic system
results in the standard equation of motion in the time domain as

M€uðtÞ þ C _uðtÞ þ KuðtÞ ¼ fðtÞ;
where M;C, and K denote the mass, damping, and stiffness matri-
ces, respectively, whereas uðtÞ and fðtÞ denote the displacement
and force vectors, respectively, as functions of time, t. Because of
the use of FE modeling, the mass and stiffness matrices are con-
structed based on the discretization of the structure. The damping
matrix, however, is normally constructed on a system level by using
measured values of the specific structure or empirical damping val-
ues; see the last paragraph in the section for details regarding the
damping model used. The FE calculations were carried out with
Abaqus/Standard [30]; a Python script was used to set up the anal-
yses and evaluations.

For a model with N DoFs, the displacement uðtÞ can be
expanded in terms of a set of orthogonal eigenmodes,
Uj; j ¼ 1;2; . . . ;N, as uðtÞ ¼ SnðtÞ, where S is the modal matrix of
dimensions N � N with column j containing mode shape Uj, and
nðtÞ is a vector containing the corresponding generalized modal
coordinates. The undamped eigenmodes are identified by solving
the following eigenvalue problem—which is obtained by combin-
ing the expanded displacements with the previously introduced
equation of motion, and assuming C ¼ 0 and fðtÞ ¼ 0—as:
KS ¼ X2

nMS. Wherein, Xn is a diagonal matrix containing the
undamped angular eigenfrequencies, or natural frequencies,
xnj; j ¼ 1;2; . . . ;N. Because the CLT panels considered in the pre-
sent study are lightly damped, and since the structure is finite,
the expansion in terms of undamped eigenmodes is considered
adequate. Further, by convention, the eigenmodes are sorted with
the eigenfrequencies in ascending order, i.e.
xn1 6 xn2 6 � � � 6 xnN .

Harmonic loading is assumed, and the steady-state response is
considered. Thus, the load and the corresponding displacements
are expressed in terms of complex vectors as

fðtÞ ¼ f̂eixt ;uðtÞ ¼ ûeixt , where f̂ and û denote the complex load
and displacement amplitudes, respectively, and i denotes the unit
imaginary number. The assumption is introduced in the equation
of motion in the time domain to yield the equation of motion in
the frequency domain for the direct steady-state solution as

DðxÞû ¼ f̂; where DðxÞ ¼ �x2Mþ ixCþ K

is the dynamic stiffness matrix. The frequency range considered in
the analysis is 0.25–100 Hz. The frequency increments are set uni-
formly to 0.25 Hz in order to accurately describe the resonance
peaks.

In the selection of the damping model, both Rayleigh and com-
plex stiffness (a.k.a. structural damping) models were evaluated. It
was seen that the choice had a negligible effect on the response as
3

evaluated by the prediction metrics (cf. Section 2.2). Rayleigh
damping was chosen here because it has been proven to be a suit-
able method for determining damping ratios in timber structures
[23]. Hence, the damping matrix C is established by the Rayleigh
damping method as: C ¼ aMþ bK. The European design code for
timber structures, Eurocode 5 [24], is currently under revision
and damping ratios of 2.5%–4% have been suggested to be used
for CLT floors [25]. This range of damping ratios are also found in
the Austrian national specifications [26] to the current version of
Eurocode 5 and found in several design handbooks for CLT struc-
tures, see e.g. [27,28]. The coefficients used for the mass propor-
tionality a and stiffness proportionality b are, respectively,
a ¼ 3:21 and b ¼ 9:52 � 10�5, which corresponds to damping ratios
of 2.5% � 0.75% for the resonance peaks in the considered fre-
quency interval.

2.2. Evaluation metrics

In the investigation, different metrics were used for studying
the structural vibroacoustic transmission and response.

2.2.1. Normalized relative frequency difference
The normalized relative frequency difference (NRFD) was used

to compare eigenfrequencies from different models to each other.
It is defined, in percent, for the ith mode shape as

NRFD ¼
xni;A
� �2 � xni;B

� �2���
���

xni;B
� �2 � 100% ð1Þ

where xni;A is the ith eigenfrequency of model A and xni;B is the ith
eigenfrequency of model B.

2.2.2. Modal assurance criterion
The modal assurance criterion (MAC) [31] is used here for com-

paring mode shapes obtained from different models. The criterion
provides a measure of the consistency between two mode shape
vectors, were a MAC value of 1 is obtained in the case of two iden-
tical vectors. The MAC value for the ith mode shape of model A;Ui;A,
as compared with the jth mode shape of model B;Uj;B, is defined as

MAC ¼
ðUi;AÞTðUj;BÞ
���

���
2

ðUi;AÞTðUi;AÞðUj;BÞTðUj;BÞ
: ð2Þ

In the MAC evaluations performed in the paper, all nodal
degrees of freedom of a FE model are included. When comparing
two different sets of modes to each other, this is referred to as
cross-MAC and presented in matrix color plots in the paper. The
color scale indicates the MAC value, between 0 and 1, for each pair
of modes.

2.2.3. Mobility response functions
The transfer functions in the frequency domain can be

expressed as frequency response functions (FRFs):

û ¼ DðxÞð Þ�1f̂ ¼ HðxÞf̂; ð3Þ
where the frequency response matrix HðxÞ contains these FRFs.
FRFs expressed by vibrational velocity as a function of a unit load
are known as mobility functions. Note that, within the frequency

domain, the velocity is given by v̂ ¼ ixû ¼ ixHðxÞf̂. The term—
transfer mobility—is used here for loading and evaluation in sepa-
rate locations. The velocity, or mobility, is used in this study
because: velocity relates to kinetic energy and human perception
to vibrations is constant for velocities above 8 Hz [17], which is also
valid for the Vibration Criteria (VC) curves [32] that are often used
for sensitive equipment. Note, however, that because the response
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is assumed to be excited by harmonic loading, it is straightforward
to change between displacement, velocity, and acceleration in the
frequency domain. Therefore, it is also straightforward to switch
between compliance, mobility, and accelerance. In this paper, the
magnitude (or modulus) of the complex velocity amplitude, v̂j j, is
presented as plots of mobility response functions.

2.2.4. Response metric
A root mean square (RMS) value of a transfer mobility was used

in order to calculate a scalar value, indicating the structural vibroa-
coustic response level of a floor panel. The RMS value in the fre-
quency domain is calculated according to Parseval’s theorem as:

mklh iRMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
J

XJ

j¼1

mklðxjÞ
� �2

vuut ; ð4Þ

where j is the frequency step in the steady-state analysis and J is the
total number of frequency steps. Further, mklðxÞ is the absolute
value of the transfer mobility, where k and l refer to the spatial
points xk and xl. These will, in the present analysis, be chosen as
nodal points. Hence, the values of mklðxÞ can be found as compo-
nents of ixHðxÞj j. It is noted that only vertical loads and velocity
responses are considered. Reciprocity implies symmetry of HðxÞ
and therefore mklðxÞ ¼ mlkðxÞ.
3. Engineering application

In order to demonstrate the effects of using various wood mate-
rials on the vibroacoustic performance of CLT floor panels, four dif-
ferent floor designs which are typically used for long spans were
selected (see Table 1). For long-span CLT floors, the dynamic
response is commonly the governing aspect for the structural
design [3].

The following setup was used as the reference floor in the inves-
tigations. The length of the floor is l ¼ 7 m and the width is w ¼ 2:4
m; see Fig. 2. The CLT panel is composed of seven layers, each with
a thickness of 40 mm in the out-of-plane (z) direction, giving a
total thickness of h ¼ 280 mm. The laminations in the two outer
layers on each side of the cross-section center were oriented in
the same direction and parallel to the x-direction as shown in
Fig. 3(left). This type of layup, with two outer layers oriented in
the same direction, is commonly used for long-span CLT floors.
The displacement boundary conditions (BCs) were set as a
simply-supported single-span floor panel, which spans 7 m. The
displacement BCs were applied in the mid cross-section (along
the z-axis) of the panel. The two sides parallel to the y-axis (see
Fig. 2) have displacement BCs for the y- and z-directions prescribed
to zero. The panel is free to move in the length direction (along the
x-axis), except at a single node to prevent rigid body motion. The
two sides parallel to the x-axis are thus free.

To increase the general validity of the conclusions in the study,
a total of four different setups in terms of layup, geometry, and BCs
were studied, see Table 1 and Fig. 3. The results in Sections 4–6 are
related to the reference setup. The results for Setups A–C are pre-
sented and discussed in relation to the reference setup in
Section 7.1.
Table 1
The four analyzed floor setups. The boundary conditions (BCs) are denoted: S = simply sup

Setup l (m) � w (m) BCs h (mm)

Setup: Ref. 7�2.4 SFSF 280
Setup A 5�2.4 SFSF 180
Setup B 7�2.4 SSSS 280
Setup C 5�2.4 SSSS 180

4

The layers were assigned material parameters according to
Table 2, and these parameters were consistently used as a refer-
ence wood material. The values for the stiffness parameters
EL; ET;GLT;GLR, and the mass density q were taken from values
given in the European standard EN 338 [29] for softwood strength
class C24. The standard EN 338 defines a system of strength classes
for structural timber to be used for design of load-bearing struc-
tures according to design codes, such as Eurocode 5 [24]. The stan-
dard gives, for example, mean values of stiffness parameters and
densities for different softwood and hardwood strength classes.
Because the rolling shear stiffness, GRT, and Poisson’s ratios are
not specified in EN 338, these values are instead based on mean
values as reported in the comprehensive compilation of stiffness
parameters for various spruce species given in [33]. Note that ER

is omitted here due to the shell–plate theory assumption.
The mode shapes and eigenfrequencies of the reference floor

panel are shown in Fig. 4, where the modes are named after the
number of ‘‘bays” in the y- and x-directions, respectively. A total
of eight modes occur below 100 Hz; the first mode occurs at
11.9 Hz.

The mechanical load is applied in a location where all modes
within the frequency range of interest are excited, namely: loca-
tion 1 (L1), which is located close to one of the corners; see
Fig. 2. Thus, with solely one loading position, a full description of
the vibroacoustic structural response is obtained. The vertical
velocity response is evaluated at location 2 (L2), which is situated
at the opposite corner of L1.
4. Governing material properties in vibroacoustic performance

In order to investigate the governing material properties and
their effect on the structural vibroacoustic performance of the floor
panel, one parameter at a time was varied while the others were
kept constant. The intervals used for the material properties are
presented in Table 3. These values are based on data in the Euro-
pean standard EN338 [29] for different strength classes and data
for different hard- and softwood species found in the literature
[33,34]. The presented limits refer to low and high mean values,
respectively, for the different parameters. For the sensitivity study,
the interval for each parameter is divided into five discrete values,
equally spaced between the respective lower and upper limits.

To present the influence of the investigated parameters, MAC
and NRFD values, mobility transfer functions and RMS values of
these are assessed as measures.
4.1. Eigenfrequencies and mode shapes

The nine varied material parameters, with five tested values per
parameter, result in 45 (5 values � 9 parameters) comparisons of
modes against the modes in the reference model. The influence
of the Poisson’s ratios (mLT; mLR; mTR) on the response were insignifi-
cant, which is in line with statements in [35]. Therefore, they are
hereafter omitted from the sensitivity analysis results. Variation
in the mass density, q, the Young’s modulus in the longitudinal
direction, EL, or shear modulus, GLR, give no shift in the order of
modes. Variation in the remaining three parameters, ET;GLT and
ported; F = free edge.

Nplies Layup (mm) Parallel two outer layers

7 7 � 40 Yes
5 40–30–40–30–40 No
7 7 � 40 Yes
5 40–30–40–30–40 No



Fig. 2. Dimensions of the panel, and locations (L1, L2) for the load and evaluation.

Fig. 3. Layup of (left) the 7-ply panel, and (right) the 5-ply panel, showing the material and global coordinate systems. The dimensions are given in mm.

Table 2
Material parameters used for the reference case (C24).

Property C24

EL (MPa) 11,000
ET (MPa) 370
GLT (MPa) 690
GLR (MPa) 690
GRT (MPa) 49
mLT (–) 0.48
mLR (–) 0.42
mTR (–) 0.28
q (kg/m3) 420
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GRT, result in one or a few mode shifts. The shifts occur for closely
spaced modes. Moreover, as seen in Fig. 5, the MAC values as com-
pared to the reference model are higher than 0.9 for all tested
parameters, except for the highest mode when using the highest
parameter value of ET (1500 MPa). This gives a slightly different
mode (2,3) compared to that of the reference wood material, cf.
Fig. 4h and 6. The MAC value in comparing these modes is 0.51.

The NRFD values were calculated using strength class C24 with
material parameters according to Table 2 as reference. In calculat-
ing the NRFDs, the same modes are compared. This means that the
shift in the order of modes, as seen in Fig. 5, has been accounted
for. The NRFDs for the eight modes (which occur below 100 Hz)
and the five tested values for each parameter are shown in Fig. 7.

As seen in Fig. 7a, the influence of the mass density on the
eigenfrequencies can be significant. It can also be seen that—as
expected—the NRFD is constant for all the modes. In sub-figure
(b), the effect of EL is shown. The modulus has a strong influence
on mode (1,1), cf. Fig. 4a, and it is also seen that the effect on mode
5

(1,2)—cf. Fig. 4b—is less significant. This behavior is expected
because the two outer layers on each side of the floor panel are ori-
ented with the longitudinal direction parallel to the x-direction
shown in Fig. 2 and because of the shape of the modes. This behav-
ior is also notable for modes (2,1) and (2,2), cf. Fig. 4c and d. As the
shape of the modes becomes more complex for higher modes, this
behavior is not evident for those higher modes. The Young’s mod-
ulus in the tangential direction, ET, has an insignificant effect on
most of the modes (cf. Fig. 7c). For the modes (1,3) and (2,3), how-
ever, considerable effects can be noted. As seen in Fig. 7d, GLT sig-
nificantly affects the frequency of the modes with two or more
‘‘bays” in the y-direction; especially for mode (1,2). It was seen that
EL markedly affects the modes with one bay in the y-direction, such
as modes (1,1), (2,1), and (3,1). Note that this behavior becomes
less visible for higher modes. The shear modulus GLR has an
insignificant influence on the eigenfrequencies (cf. Fig. 7e), with a
maximum NRFD of only 2%. Here it can be pointed out that the
effect of the Poisson’s ratios is even lower. The influence of the
so-called rolling shear modulus, GRT, is shown in Fig. 7f. It has a sig-
nificant impact on the frequency of all modes below 100 Hz.
Already for the first bending mode (1,1), the influence is consider-
able. In general, the effect increases for higher modes, reaching
NRFDs of up to 40%.

4.2. Mobility response functions

The effect on transfer mobilities of the various material param-
eters are shown in Fig. 8. The load is applied at location L1, and the
transfer mobility m12ðxÞ is evaluated at location L2. The frequency
shift in eigenfrequencies caused by the variation in the different
parameters, presented as NRFDs in Fig. 7, can be observed in
Fig. 8 as shifts in the velocity resonance peaks.



Fig. 4. Calculated mode shapes below 100 Hz and their eigenfrequencies for the reference case of C24.

Table 3
The lower and upper limits of the material parameter intervals used in the sensitivity
study. The limit ratio is calculated as the upper limit divided by the lower limit.

Property Lower limit Upper limit Limit ratio

EL (MPa) 7000 17,000 2.4
ET (MPa) 200 1500 7.5
GLT (MPa) 400 1 100 2.8
GLR (MPa) 400 1600 4.0
GRT (MPa) 20 450 22.5
mLT (–) 0.35 0.50 1.4
mLR (–) 0.35 0.50 1.4
mTR (–) 0.25 0.40 1.6
q (kg/m3) 350 750 2.1
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The effects on transfer mobilities by varying the mass density
are seen in Fig. 8a. A significant reduction in the amplitude of the
transfer mobility resonance peaks can be seen when increasing
the mass density. For the Young’s modulus in the longitudinal
direction, EL, large shifts in the frequency of the resonance peaks
shown in Fig. 8b can be observed, while their amplitudes are not
6

affected considerably. As indicated in Fig. 7c, changes of ET only
affect the higher modes and correspondingly only affect resonance
peaks in the transfer mobility above approximately 90 Hz; see
Fig. 8c. Thus, the Young’s modulus in the tangential direction, ET,
only affects a narrow frequency band. Similarly to the Young’s
modulus in the longitudinal direction, EL, the shear modulus GLT

affects the frequencies of the resonance peaks while it does not
have any appreciable influence on the amplitudes in the transfer
mobility spectra. The shear modulus GLR has an insignificant
impact on the transfer mobility amplitudes, and on the frequency
of the peaks. It is repeated here that Poisson’s ratios have an even
smaller effect on the performance of the floor panel. The influence
of the rolling shear modulus, GRT, is substantial, as shown in Fig. 8f.
Both the amplitudes of the transfer mobility peaks and their fre-
quencies are significantly affected.

4.3. Summary

In order to summarize the sensitivity analysis regarding the
influence of the various parameters on eigenfrequencies and veloc-



Fig. 5. The cross-MAC values, as compared to the reference model, for the five values (val. 1 – val. 5) of each of the three parameters (ET;GLT;GRT) affecting the mode shapes in
the sensitivity analysis.

Fig. 6. Mode (2, 3) calculated using C24 parameters, except ET= 1500 MPa.
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ity response, the RMS value of the transfer mobility and the mean
of the NRFDs for the eight modes are shown in Fig. 9. Both metrics
are normalized with respect to the respective values of the refer-
ence case (strength class C24). It should be noted that the NRFDs
Fig. 7. The effect on eigenfrequencies for the five values of the various tested material par
first value; red/diamonds: second value; yellow/upward-triangle: third value; purple/do
the references to colour in this figure legend, the reader is referred to the web version o
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for all eight modes below 100 Hz are either increased or decreased
when varying one parameter at a time in the sensitivity study.
Therefore, the sign of the individual NRFD values are kept in the
calculation of the mean value, as opposed to using the absolute
values.

Starting from the left-hand side of the figure, it is seen that the
mass density, q, has an appreciable influence on both the response
amplitudes and the NRFDs. The stiffness parameter EL does not
affect the overall level of the transfer mobility, but has a significant
effect on the eigenfrequencies, which may have a considerable
effect on the vibroacoustic response caused by, for example, walk-
ing loads due to the matching of the peaks in the walking load
spectrum and the transfer mobility spectrum. The stiffness param-
ameters in the sensitivity analyses. The legend is valid for all subplots. Blue/squares:
wnward-triangle: fourth value; green/hexagram: fifth value. (For interpretation of
f this article.)



Fig. 8. The effect on transfer mobilities for the five values of the various tested material parameters in the sensitivity analyses. Loading in L1, evaluation in L2. The legend is
valid for all subplots. Blue lines: first/lowest value; Red lines: second value; Yellow lines: third value; Purple lines: fourth value; Green lines: fifth/highest value. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 9. Summary of the effects for the tested values of the different material parameters in the sensitivity analysis. The blue colored lines with circular markers belong to the
left vertical axis. The red colored lines with squared markers belong to the right vertical axis. The RMS values and the NRFDs are normalized to that of reference C24. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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eter ET, as stated earlier, only affects a few modes located in the
highest frequencies in the frequency range of interest. However,
if such high loading frequencies are considered, the impact may
be significant. The shear modulus GLT does not affect the level of
the transfer mobility, but can have a considerable effect on the fre-
quency of certain modes, which may be of significant interest for
loads with narrow banded frequency content. It is evident, as seen
in the figure, that the shear modulus GLR neither affects the transfer
mobility nor the NRFDs to any appreciable extent. However, the
effect is still greater than for the Poisson’s ratios. The rolling shear
modulus, GRT, strongly affects both the transfer mobility ampli-
tudes and the frequency of the peaks, which in addition is shown
as high NRFDs. The tested interval for GRT is rather wide: The low-
est value (20 MPa) differs from the highest value (450 MPa) by a
factor of 22.5, see Table 3. No other parameter interval comes near
this variation in the sensitivity analysis (the rolling shear modulus
is further discussed in Section 7). The set intervals reflect realistic
variations of material properties between different wood species.
8

5. Case study: strength classes

In this section, the effect of the CLT layer properties according to
various softwood strength classes on eigenfrequencies, mode
shapes and tranfser mobility response functions are presented.

The considered strength classes and their material parameters
are given in Table 4. These parameters are based on values given
in the European standard EN 338 [29] and in [33]. The values for
the stiffness parameters EL; ET;GLT;GLR, and the mass density q,
are taken from EN 338 [29]. As no values are given in EN 338 for
the rolling shear modulus, GRT, and Poisson’s ratios, these values
are instead based on mean values reported in [33]. Since it was
concluded from the sensitivity analysis (see Section 4) that the
Poisson’s ratios have negligible influence on the results of interest,
these parameters were assigned the same values for all considered
strength classes.

It was found in the sensitivity study that the rolling shear mod-
ulus GRT significantly affects the vibroacoustic performance of the



Table 4
Material parameters used for the various strength classes (C14–C40). Note that the properties for strength class C24 are repeated here (identical to Table 2). The left-out values,
marked with a hyphen, are the same as for C24.

Property C14 C18 C24 (Ref.) C30 C40

EL (MPa) 7000 9000 11,000 12,000 14,000
ET (MPa) 230 300 370 400 470
GLT (MPa) 440 560 690 750 880
GLR (MPa) 440 560 690 750 880
GRT (MPa) 31 40 49 53 62
mLT (–) – – 0.48 – –
mLR (–) – – 0.42 – –
mTR (–) – – 0.28 – –
q (kg/m3) 350 380 420 460 480
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studied CLT panel. In order to account for its effect, a relation
between the rolling shear moduli, GRT, and the shear moduli GLT

and GLR was determined based on mean values of the 22 different
types of spruce given in [33]. First, the mean values of GLT;GLR, and
GRT, respectively, were determined. Because GLT and GLR are
assumed to be equal in EN 338, an average was used here, resulting
in GLT ¼ GLR ¼ 692 MPa. The mean of the rolling shear moduli for
the 22 different types of spruce is determined to GRT ¼ 49 MPa.
The relation between the determined moduli becomes:
GLT=GRT ¼ 692=49 ¼ 14. This factor is used for each of the various
strength classes in order to estimate their rolling shear moduli as
given in Table 4.
Fig. 11. The cross-MAC values for the various strength classes, as compared to C24.
5.1. Eigenfrequencies and mode shapes

The effects on the mode shapes and eigenfrequencies for the
various strength classes are shown in Figs. 10 and 11, respectively.

The number of modes occurring below 100 Hz does not vary, all
strength classes provide eight modes below 100 Hz. The NRFD val-
ues depend on both the change in the stiffness parameters as well
as in the mass density, because the eigenfrequencies are propor-
tional to the relation between the stiffness matrix and the mass
matrix. Whether the NRFD is negative (lower eigenfrequency) or
positive (higher eigenfrequency) depends on whether the stiffness
matrix or the mass matrix has the larger impact on the eigenfre-
quencies. In Fig. 10, it is shown that the lowest strength classes
(C14 and C18)—which have lower stiffness and mass density than
the reference class C24—give lower eigenfrequencies, i.e. negative
NRFDs, for all considered mode shapes with respect to the refer-
ence strength class C24. Along the same lines, but not as expected,
the grading C30—which has higher stiffness (and higher mass den-
Fig. 10. The effect on eigenfrequencies for the various strength classes. The legend is vali
Purple/downward-triangle: C30; Green/hexagram: C40. (For interpretation of the refere
article.)
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sity) than C24—also gives lower eigenfrequencies than C24, thus
providing negative NRFD values. The highest considered strength
class—C40—provides positive NRFDs for all modes. Using various
strength classes for the laminations in the CLT floor panel can shift
the eigenfrequencies between approximately –13% (when using
C14 instead of C24) to about + 6% (when using C40 over C24).

The cross-MAC values for the various strength classes with
respect to the reference strength class C24 are shown in Fig. 11.
The diagonal values in the cross-MAC matrices are larger than
0.99999, showing that all different strength classes possess nearly
identical mode shapes below 100 Hz without any shift in the order
of modes.
d for both subplots. Blue/squares: C14; Red/diamonds: C18; Black/cross: C24 (Ref.);
nces to colour in this figure legend, the reader is referred to the web version of this



Fig. 13. Normalized RMS values of the transfer mobility response spectra
( m12h iRMS;rel:C24) for different strength classes, using C24 as reference.
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5.2. Mobility response functions

The transfer mobility response function for the various strength
classes are shown in Fig. 12. The transfer mobility m12ðxÞ (see
Fig. 12) was calculated for loading in location L1 and response in
location L2, see Fig. 2 for the locations L1 and L2. In Fig. 12, the fre-
quency shift of the resonance peaks is observed. Significant
changes in several peak amplitudes can also be seen, which is
mostly a consequence of the change in mass density and the rolling
shear modulus, as concluded from the sensitivity analysis. It can be
observed that a lighter wood material results in higher amplitudes
and vice versa. For the transfer mobility spectra, it is clear that all
eight modes are excited.

As a measure of the overall response level, the RMS value is
used. In Fig. 13, RMS values normalized to the RMS value of the ref-
erence case of C24 are seen. As seen in the figure, the influence of
changing the strength class of the material is clear. Considerable
benefits of using C30 over C24 are observed; the benefit being
more pronounced, as expected, for C40. If using C14, the perfor-
mance can be significantly worse, resulting in an increased RMS
value of the mobility of 36%.
6. Case study: wood species

The influence of using laminations from different hard- and
softwood species on eigenfrequencies, mode shapes, and transfer
mobility response functions is presented here. The considered spe-
cies and their respective material parameters are given in Table 5,
where the given values are taken from [34].
6.1. Eigenfrequencies and mode shapes

The changes in eigenfrequencies for the various wood species
are shown in Fig. 14. In calculating the NRFD values, strength class
C24 with material parameters according to Table 2 is used as
reference.

The number of modes occurring below 100 Hz varies. Strength
class C24 and Scots pine have eight modes below 100 Hz. Beech
and Douglas fir have seven modes below 100 Hz, whereas ash
and birch only have six. As seen in Fig. 14, all considered wood spe-
cies generally give higher eigenfrequencies, i.e. positive NRFD val-
ues with respect to the reference case of C24. The NRFD values are
of significant magnitude, especially for ash, beech and birch—the
frequency shift reaches about 20% for the latter half of the calcu-
Fig. 12. The effect on transfer mobilities for the various strength classes. Blue: C14;
Red: C18; Black: C24 (Ref.); Purple: C30; Green: C40. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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lated modes with respect to the reference C24. By solely studying
the fundamental mode (1,1), it is seen that beech gives a negative
NRFD, while providing the highest positive NRFD for modes (3,1)
and (3,2). This is because of the relatively low Young’s modulus
in the longitudinal direction, EL, which strongly affects the first
bending mode, combined with a high mass density, q, tangential
Young’s modulus, ET, and shear moduli GLT;GLR, and GRT.

The cross-MAC values for the various wood species with respect
to the reference, C24, are shown in Fig. 15. A shift of modes (3,1)
and (1,3) can be seen for ash and birch, respectively. It should be
noted these modes differ less than 1 Hz in frequency. All tested
wood species yield MAC values above 0:98 for all eight modes,
i.e. the mode shapes are almost identical.

6.2. Mobility response functions

The effect on transfer mobility response functions for the stud-
ied wood species are shown in Fig. 16. The transfer mobility was
calculated for loading at location L1 and response at location L2.
The significant frequency-shifts of the resonance peaks are clearly
seen in Fig. 16 as is the appreciable change in amplitude at the res-
onances of the transfer mobility. All tested wood species reduce
the amplitude of the resonance peaks, as compared to C24.

As concluded from the sensitivity study presented in Section 4,
it is the Young’s modulus in the tangential direction, ET, and espe-
cially the rolling shear modulus, GRT, that have the largest influence
on the frequencies above about 75 Hz. As seen in Fig. 16, it is at
these frequencies where the most marked deviations between
the curves are present. Here, ash, beech, and birch show a signifi-
cantly lower response than the other considered species.

As a measure of the overall response level, the RMS value is
used. In Fig. 17, RMS values normalized to the RMS value of the ref-
erence case of C24 are shown. In the figure, it is clearly seen that
the species ash, beech, and birch stand out as improving the perfor-
mance significantly, with beech being the most beneficial. By using
one these three species, a halving of the response is indicated.
Noteworthy is also the species Douglas fir, which outperforms
C40 as analyzed here. The use of Scots pine still results in a consid-
erable lowering of the response levels as compared to C24.

7. Discussion and remarks

It has been found that the vibroacoustic structural response of
CLT floor panels can be significantly reduced by using laminations
with the properties of ash, beech or birch according to Table 5
instead of laminations with properties of C24 according to Table 2.
The response level in terms of the mobility transfer functions, eval-



Table 5
The material parameters used for the different wood species.

Property Ash Beech Birch Douglas fir Scots pine

EL (MPa) 15,800 13,700 16,300 16,400 16,300
ET (MPa) 800 1140 620 900 570
GLT (MPa) 890 1060 910 910 680
GLR (MPa) 1340 1610 1180 1180 1160
GRT (MPa) 270 460 190 79 66
mLT (–) 0.51 0.51 0.43 0.37 0.51
mLR (–) 0.46 0.45 0.49 0.43 0.42
mTR (–) 0.36 0.36 0.38 0.40 0.31
q (kg/m3) 670 750 620 590 550

Fig. 14. The effect on eigenfrequencies for the various wood species. The legend is valid for both subplots. Black/cross: C24 (Ref.); Blue/squares: ash; Red/diamonds: beech;
Yellow/upward-triangle: birch; Purple/downward-triangle: Douglas fir; Green/hexagram: Scots pine. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 15. The cross-MAC values for the various wood species, as compared to C24.

Fig. 16. The effect on transfer mobility response functions for the various wood
species. Black: C24 (Ref.); Blue: ash; Red: beech; Yellow: birch; Purple: Douglas fir;
Green: Scots pine. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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uated as RMS values in the frequency range 0–100 Hz, may be low-
ered with approximately 50% as compared to using C24. The
advantages with these three species in terms of vibroacoustic
structural response are more profound at higher frequencies,
around 75–100 Hz. In addition, the tested species Douglas fir and
Scots pine were found to be beneficial to use in terms of vibroa-
coustic response for a broad frequency spectra. Here, the RMS
value were reduced with approximately 30% as compared to using
C24.



Fig. 17. Normalized RMS values of the transfer mobility response spectra
( m12h iRMS;rel:C24) for different species, using C24 as reference.
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It was found that the rolling shear modulus, GRT, has a strong
influence on the eigenfrequencies throughout all calculatedmodes;
in general, the effect increases with higher modes. It should be
noted that GRT is difficult to measure with precision due to the vari-
ation in annual ring pattern alignment in the laminations, and that
it is unknown how the variations in GRT over all layers in a CLT panel
influence it’s dynamic response. The results of the sensitivity study
presented in Section 4 relate to a wide range of values of the GRT,
between 20 and 450 MPa. The study of the influence of using vari-
ous softwood and hardwood species presented in Section 6 include
values of GRT between 66 and 460 MPa, reflecting the wide range of
values of the rolling shear stiffness and the variability between dif-
ferent wood species. The values of GRT given in Table 5 agree in gen-
eral well with values found in recent research publications. A
compilation of previous test results for the rolling shear modulus
is given in [5], with GRT between 380 and 470 MPa for beech and
between 40 and 55 MPa for spruce. The test results on beech pre-
sented in [5] gave a mean value of 370 MPa. A comprehensive test
program concerning rolling shear properties and considering inves-
tigations of six different European wood species for potential use as
base material for CLT is further presented in [7]. The tests were car-
ried out using a test configuration similar to the test configuration
for longitudinal shear given in the European standards EN 408
[36]. Based on these tests, the followingmean values of rolling shear
modulus are proposed to be used for CLT applications; 100 MPa for
Norway spruce, 150 MPa for pine, 120 MPa for poplar, 180 MPa for
birch and 350 MPa for beech and ash.

Using the high strength class of C40 over C24 can also be ben-
eficial; the RMS value was decreased with approximately 15%. In
contrary, using C14 amplified the RMS of the structural response
by approximately 35%.

The Young’s modulus in the tangential direction, ET, has a high
influence on a few modes. The Young’s modulus in the longitudinal
direction, EL, has a strong effect on the first and second bending
modes; the effect is less significant for higher modes. A similar ten-
dency was also found for the shear modulus, GLT, where especially
the first twisting mode is affected by the parameter. The influence
of the mass density was found to be marked, and has the same
effect for all modes.

Itmay seem that themass density,q, has a surprisingly high effect
on theperformance in relation to the stiffnessparameters.One should
then note that the single parameterq determines all the entries of the
massmatrix,while there are fourmoduli thatmay significantly affect
the stiffness matrix: EL; ET;GLT, and GRT. Moreover, the variation in
amplitudes of the resonance peaks depends on whether a displace-
ment, velocity or acceleration output is considered. The results pre-
sented in this paper are based on mobilities, i.e. velocity output.
Converting the mobility spectra to compliance (i.e. displacement) or
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accelerance (i.e. acceleration) would give lower and higher weight,
respectively, to the response at higher frequencies.

The shortcomings with studying only eigenfrequencies and
mode shapes in a structural vibroacoustic performance analysis
are evident. If both the stiffness and the mass density are
increased, the effects may be balanced out such that no influence
on the eigenfrequencies nor mode shapes are seen. However, in
such a case, the vibroacoustic response may still be decreased sig-
nificantly. The strength class C30 is an example of this, in compar-
ison to C24. The class C30 provides more or less identical
eigenfrequencies and mode shapes to those of C24. However, the
reduction in the overall response level, evaluated as RMS, is consid-
erable (about 10%).

7.1. Effects of floor size, layup and supports

All results presented in Sections 4–6 relate to a specific floor
panel geometry regarding span, width and lay-up as described in
Section 3; see ‘‘Setup: Ref.” in Table 1. The CLT layup in terms of
the number of layers, the individual layer thicknesses, and the
layer orientations will influence the behavior at static and dynamic
loading. To study the sensitivity of the results presented in the
paper to variations in the setup, such as other dimensions, lami-
nate layups, and BCs, three other setups were analyzed (cf. Table 1).
The setup presented in Section 3 is used as reference here and is
denoted ‘‘Setup Ref.”. The other tested setups are referred to as
Setup A–C. The different setups have the same width as the refer-
ence panel. The setups shown in Table 1 are repeated here:

Setup A: The length of the CLT panel is l ¼ 5 m and the width is
w ¼ 2:4 m; see Fig. 2. The panel is composed of five layers, with
thicknesses 40–30–40–30–40 mm in the out-of-plane (z)-
direction, giving av total thickness of 180 mm; cf. Fig. 3 (right).
The laminations in the outermost layers on either side of the
cross-section center were oriented in the same direction, and
parallel to the x-direction. The displacement BCs are the same
as for the reference floor setup.

Setup B: The panel dimensions and laminate layup are the same
as for the reference setup—cf. Fig. 3 (left)—whereas the dis-
placement BCs are different. For Setup B, the panel is simply
supported on all four sides.

Setup C: The panel dimensions and laminate layup are the same
as for Setup A (cf. Fig. 3 (right)), whereas the displacement BCs
are different. For Setup C, the displacement BCs are the same as
for Setup B.

In order to show the effects of the different setups, the RMS val-
ues of the transfer mobility were evaluated for loading in L1 and
evaluation in L2; the results are presented in Fig. 18. Note that
the results for the reference setup presented in the figure are those
shown in Figs. 13 and 17, respectively. As shown in the figure, sim-
ilar tendencies and trends when varying the material properties
are observed for the various setups. Setup B and Setup C, which
are supported on all four sides, show large differences in RMS val-
ues for strength class C14 as compared to Setup Ref. For Setup B
and Setup C, the strength class C14 provides lower resonance fre-
quencies than the other classes, which results in more resonance
frequencies in the considered frequency range. It is clear that the
results presented in Sections 4–6 are valid for other floor panel
configurations as well.

7.2. Load spectra and receiver sensitivity

It should be noted that the predicted effects of various wood
material parameters, strength classes, and species, depend on the



Fig. 18. The effect on normalized RMS values of transfer mobility function (load in location L1, response in location L2) for the different model setups, and for the various
strength classes and wood species, respectively. The legend is valid for both subplots. Black/cross: Setup Ref.; Blue/squares: Setup A; Red/diamonds: Setup B;
Purple/downward-triangles: Setup C. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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engineering case at hand, i.e. the frequency content of the load (e.g.
walking load) and the sensitivity spectra of the receiver (e.g.
human perception). It is repeated here that neither the load nor
the predicted velocities were weighted to mimic certain engineer-
ing cases. Cases of narrow-banded load spectra of the source, such
as footfalls, and/or narrow-banded sensitivity spectra of the recei-
ver, such as sensitive equipment, may affect the results. Depending
on the source and the receiver, different wood species may be the
most beneficial one to use. As an example, the relatively high
Young’s modulus in the tangential direction and rolling shear mod-
ulus of ash, beech, and birch are especially beneficial for higher fre-
quencies; these species may therefore be advantageous to use for
loads with significant energy content at, as well as a receiver sen-
sitive to, those higher frequencies. On the other hand, the great
advantages for vibration levels shown for the use of beech instead
of C24 may be reduced if footfall loading is studied; the selection of
beech may lower the first eigenfrequency to the frequency range
where footfalls have significant energy content.
8. Conclusions

The paper demonstrates potential advantages for structural
low-frequency vibroacoustic response of cross-laminated timber
(CLT) floor panels using nonstandard wood types, which currently
are used to a very limited extent. For structural applications
involving long spans, the dynamic response often is the determin-
ing design factor. The governing orthotropic material parameters
of the CLT panel response was investigated, along with two case
studies that quantify the material-dependent performance: (i)
the effects of using various softwood strength classes, and (ii) the
effects of using nonstandard soft- and hardwood species.

The presented study indicates the following in the terms of CLT
floor panel performance:

� the potentially significant benefits of using the hardwood spe-
cies ash, beech, and/or birch

� the rolling shear modulus, GRT, as the most significant
parameter

� potential advantages of using high strength classes such as C40
� a high possibility to move eigenfrequencies by changing the
wood material

� a low possibility to affect the mode shapes or shift the order of
modes by changing the wood material.
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These insights highlight the need for adequate numerical anal-
yses in order to make well-informed decisions in the design of CLT
floor panels in terms of vibroacoustic response, such as the selec-
tion of wood material. For future work, it is suggested that detailed
studies of the effects of the rolling shear modulus, and that specific
engineering cases—because the expected performance being
dependent on the frequency content of the load and the frequency
susceptibility of the receiver—are investigated.
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