
A high order finite element model for vibration analysis
of cross laminated timber assemblies

Alexander Paolini∗1, Stefan Kollmannsberger1, Christoph Winter2,
Martin Buchschmid2, Gerhard Müller2, Andreas Rabold3, Simon Mecking3,

Ulrich Schanda3 and Ernst Rank1,4

1Chair for Computation in Engineering, Technical University of Munich, Arcisstr. 21, 80333 Munich, Germany
2Chair of Structural Mechanics, Technical University of Munich, Arcisstr. 21, 80333 Munich, Germany

3Rosenheim University of Applied Sciences, Hochschulstr. 1, 83024 Rosenheim, Germany
4Institute for Advanced Study, Technical University of Munich, Lichtenbergstr. 2a, 85748 Garching, Germany

Abstract

The vibration behavior of cross laminated timber (CLT) components in the low frequency range
can be predicted with high accuracy by the finite element method. However, the modeling of
assembled CLT components has been studied only scarcely. The three-dimensional p-version
of the finite element method, which is characterized by hierarchic high order shape functions,
is well suited to consider coupling and support conditions. Furthermore, a small number of
degrees of freedom can be obtained in case of thin-walled structures by using p-elements with
high aspect ratios and anisotropic ansatz spaces. In this paper, a model for CLT assemblies
made of volumetric high order finite elements is presented. Two representative types of con-
nections are investigated, one with an elastomer between the CLT components and the other
without. The model is validated and suitable ranges for the stiffness parameters of the finite
elements which represent the junctions are identified.

Keywords: cross laminated timber, junctions, elastomer, finite element method, p-version,
modal analysis, harmonic analysis, measurements

1 Introduction

Demand for cross laminated timber (CLT) products has grown strongly for the last decade.
This development arises not only from the increasing popularity of wood as a natural and
sustainable raw material for buildings but also from their particular structure which offers sev-
eral advantages. CLT components comprise layers of wooden boards, which are glued together
crosswise to each other. Thus, in- and out-of-plane loads can be transferred such that load car-
rying walls and ceilings can be made of connected CLT elements without additional structural
components. Furthermore, CLT constructions are characterized by less air permeability and
higher heat storage capacity than timber frame structures. Compared to reinforced concrete,
a higher degree of prefabrication and less structural weight can be achieved with CLT [1].

Alongside many advantages, however, noise insulation must be taken into account carefully.
Expensive modifications to fulfill the sound protection requirements of a building after its
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construction can be prevented using accurate prediction tools at the planning stage. Unfortu-
nately, the characteristics of CLT elements like orthotropy of their basis material, differently
directed layers, high shear deformations of transversely oriented layers and biaxial load transfer
mean that simple analytical models are not necesserily adequate to calculate their vibrational
behavior in the low frequency range, unless only the first natural frequency is needed [2]. In
order to calculate deformations of CLT components or, in general, laminated plates in consid-
eration of their particularities but still with little computational effort, several dimensionally
reduced models have been developed [3–9]. For example, the elastic compound theory [4] allows
to calculate effective bending stiffnesses for homogeneous beams or plates from the properties
of the layers. Shear deformations are neglected therein. A different approach is followed in
the shear analogy method [5]. Here, a CLT component is represented by two coupled beams.
One of them takes the shear-flexibility of every layer into account, for example, in form of a
Timoshenko beam with an equivalent shear stiffness. Girder grids can be used to consider bi-
axial load transfer. In contrast, the higher order plate theory according to Murakami [8] takes
shear deformations including changing slopes of shear warping into account by an extended
deformation approach that contains not only degrees of freedom for translations and rotations
but also for zig-zag shaped in-plane displacements [10]. Nevertheless, as in all dimensionally
reduced theories the three-dimensional displacement field is immutably constrained. Thus,
certain boundary and coupling conditions cannot be applied correctly. In volumetric models,
on the contrary, deformations are only restricted by the discretization with finite elements,
which can be adapted for any case. Different directions of layers can be considered directly in
the definition of the material orientation of the elements. Due to the relative low convergence
rate, however, using only linear or quadratic shape functions requires a large amount of de-
grees of freedom to achieve accurate results [11,12]. This is especially the case for thin-walled
structures because of the strongly limited aspect ratio of low-order finite elements. A more
efficient approach is the p-version of the finite element method (p-FEM). As shown in [13],
volumetric p-FEM models with a properly designed coarse mesh need approximately the same
number of degrees of freedom as dimensionally reduced models to predict the behavior of a
homogeneous thin-walled structure - but render a higher precision. Moreover, locking effects
can be avoided.

For predicting sound transfer within a building, flanking transmission should be taken into
account. Therefore, not only single components but also their connections must be modeled
properly. A full scale wood-frame structure consisting of three walls and one ceiling was tested
in [14] and simulated in [15]. Two cases were studied, one with screwed junctions and the other
with elastomers between walls and ceiling. The components were represented by hexahedral
quadratic finite elements and the elastomer junctions by springs and dashpots whose properties
were computed on the basis of the data sheet neglecting the dependence on frequency. For the
screwed junctions fixed connections were used. It was concluded that the simulation complies
well with the measurement if the right material values are chosen. The fixed connections for
the screwed setup yielded a too stiff behavior. The stiffness values of the springs and the
damping values of the dashpots, which represent the elastomers, were appropriate for motions
in vertical direction but not for rotations and shear motions. Alternatively, elastomers can be
modeled by volumetric finite elements. Their frequency-dependent material properties can be
derived from the data sheet of the elastomer by a method which is described in [16].

By comparing calculated natural frequencies and vibrations of an exemplary CLT assembly to
measurement results from [17], the present paper demonstrates that material values determined
according to [16] are also suitable for the representation of a junction that includes not only the
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elastomer but also screws. If the static Young’s modulus of the elastomer is not known from
an additional measurement, non-unique material values of the elastomer are found. Therefore,
the influence of the material values assigned to the volumetric finite elements that model the
connection between the CLT elements is evaluated in a parameter study. In addition, it is
studied in the same way which material values are appropiate for finite elements representing
a junction without elastomer. In these investigations, the material properties for modeling the
board layers of the CLT elements were determined from [17–21]. Variabilities are not taken
into account due to simplicity and homogenization of properties in a CLT element resulting
from the interaction between the boards [1].

The paper is structured as follows. In Section 2, the p-version of the finite element method
is briefly introduced. In Section 3, the test structure and measurements are described. In
Section 4, the high order finite element model is presented. Furthermore, simulations are
compared to the measurements in order to validate the model and to identify suitable parameter
values for representing the junctions.

2 The p-version of the finite element method

The equation of motion can be solved numerically with the finite element method (FEM) [22].
Its weak formulation is discretized therein to obtain a finite number of degrees of freedom:
First, the domain is divided into finite elements by a mesh. Secondly, within each element
the displacement ue, velocity u̇e and acceleration üe as well as the weighting functions are
approximated by a linear combination of shape functions N i. For example, the displacement
field ue is specified as follows:

ue ≈
∑
i

N i d
e
i (1)

While the known shape functions N i are only dependent on space, the local degrees of freedom
dei are functions of time only. Considering the relation between local and global degrees of
freedom, this approach leads to the linear system of equations (2). Its unknowns are the global
degrees of freedom d for displacement and their first two time derivatives ḋ and d̈. The size of
the problem and the accuracy of the solution depend on both the mesh and the shape functions.
The semi-discrete system is given by:

M d̈+ C ḋ+K d = F (2)

where M is the mass matrix, C the damping matrix and K the stiffness matrix of the system.
F is the global force vector.

The p-version of FEM [12] is characterized by hierarchic shape functions. This means that
the set of shape functions of polynomial order p + 1 includes the set of shape functions of
polynomial order p. In case of one-dimensional problems integrated Legendre polynomials
serve as shape functions in addition to the linear ones if the polynomial degree p is 2 or higher
(Fig. 1, right). Compared to standard shape functions (Fig. 1, left) a better conditioning of
the stiffness matrix is obtained [13].

Two- or three dimensional shape functions can be derived by forming the tensor product
of one-dimensional shape functions. If a thin-walled structure is represented by hexahedral
finite elements, greater computational efficiency can be achieved by using a coarse mesh and
choosing higher polynomial degrees in in-plane direction than in thickness direction. A further
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Figure 1: Sets of one-dimensional standard and hierarchic shape functions for p = 1, 2, 3 [12].

increase of efficiency is possible by considering only a certain subset of all shape functions,
namely, the trunk space instead of the tensor product space [13].

In the present contribution, the p-version of FEM is used for representing an exemplary
CLT structure, which is described in the following section.

3 Measurements

The investigations in this paper involve results of tests which were conducted in the laboratory
for sound measurements at Rosenheim University of Applied Sciences. They are presented
briefly in this section and in greater detail in [17].

3.1 Test structure

The test structure shown in Fig. 2 consists of a wooden wall and ceiling connected to each other
by flat plate head screws for timber (8 x 320 mm). The distance between the screws is 0.4 m.
In one investigated case, there is a 12.5 mm thick elastomer layer made of Sylodyn R© ND [23]
between wall and ceiling (Fig. 3a). In the other case, the ceiling is placed directly on top of
the wall (Fig. 3b).

(a) Dimensions and excitation points [m]. (b) Measurement setup [17].

Figure 2: Test structure.
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The dimensions of the ceiling are 3.45 x 3 x 0.16 m3 and of the wall 2.5 x 3 x 0.081 m3.
Each component is made of three CLT elements from spruce [24] unilaterally jointed by screwed
veneer plywood boards Kerto R©-Q [25], as illustrated in Fig. 4. The ceiling elements are 3.45 m
long, 0.813 m or, respectively, 1.375 m wide and comprise six layers with a thickness of 27 mm.
The ones of the wall are 2.5 m long, 1.10 m or, respectively, 0.80 m wide and have three 27 mm
thick layers. The outer layers of the CLT elements of the wall and the ceiling are directed to
the main load-bearing direction. Therefore, the two middle layers of the ceiling elements are
oriented in the same direction. Furthermore, the narrow faces of the boards in every layer are
not bonded.

The structure is supported at the bottom of the wall and at the edge of the ceiling opposite
the connection between wall and ceiling. As shown in Fig. 5, half round steel bars are used to
ensure hinged support conditions [17].

(a) with elastomer (b) without elastomer

Figure 3: Variants of the junction
between wall and ceiling [17].

Figure 4: Connection between
CLT elements [mm] [17].

(a) wall (b) ceiling

Figure 5: Support conditions [17].

3.2 Vibration tests

The vibration behavior of the test structure was investigated experimentally. Therefore, a sine-
sweep excitation was induced by an electrodynamic shaker. Two cases with different excitation
points were analyzed. One was at the ceiling and the other at the wall. The complex amplitude
of the acceleration ãmeas perpendicular to the plane of the components was measured for every
frequency f by accelerometers which were placed over the entire surfaces in an irregular grid.
Their distances to each other were roughly 0.4 m. Thus, at the wall and ceiling there were
6x9 and 9x9 measurement points, respectively. To calculate the transfer accelerance Ỹmeas at
all measurement points according to Eq. (3) the force F̃meas was captured by an impedance
head [17]:

Ỹmeas(f) =
ãmeas(f)

F̃meas(f)
(3)
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In Section 4.2, measurements and simulations are compared to each other on the basis of
natural frequencies. Mode shapes are used to assign the computed natural frequencies to the
measured ones. Therefore, the natural frequencies and approximated mode shapes of the test
structure, exemplarily shown in Fig. 6, were identified by the peak amplitude method [26]. This
means that the natural frequencies are assumed to be the peak frequencies of the imaginary
part of the transfer accelerance Im(Ỹmeas) and the values of Im(Ỹmeas) at these frequencies
serve as approximation of the corresponding mode shapes. The accuracy of this method can
be limited by the influence of off-resonant modes, since the response of a structure at each
frequency generally results from the contribution of several modes. As the structure is lightly
damped, many well separated modes occur in the considered frequency range from 20 Hz to
150 Hz. For these modes, Im(Ỹmeas) is an appropriate approximation of the mode shape.
However, some modes have similar natural frequencies. In those cases, the contribution of
off-resonant modes can be large such that Im(Ỹmeas) can differ much from the mode shape [26].
Thus, only clearly identifiable modes are used for the comparison between the measured and
calculated natural frequencies. They are listed in Tables 3 and 4.

After this investigation the wall was detached from the ceiling, hung up such that it could
deform freely and tested in the same way to determine its natural frequencies and approximated
mode shapes without the influence of the connection to the ceiling (Table 2).

In total, the results of five tests are considered: The test of the free-hanging wall (test 1),
the tests of the CLT assembly without elastomer under excitation of the ceiling (test 2a) and
the wall (test 2b) as well as the tests of the CLT assembly with elastomer under excitation of
the ceiling (test 3a) and the wall (test 3b).

(a) 25.1 Hz (b) 26.5 Hz (c) 29.0 Hz

(d) 53.0 Hz (e) 77.0 Hz (f) 132.5 Hz

Figure 6: Examples of measured natural frequencies and related approximated mode shapes of
the test structure without elastomer. Results from the measurements under excita-
tion of the ceiling (a, c, d, f) and the wall (b, e).
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4 Finite element analysis

4.1 Finite element models

In order to perform a numerical modal and harmonic analysis finite element models of the
assembled test structure and of the free-hanging wall according to Section 3.1 were created. The
models consist of hexahedral finite elements with shape functions of high order, as described
in Section 2. The polynomial degrees p are chosen between 2 and 4 depending on the element
dimensions. If p in in-plane-direction is high, the elements can have large aspect ratios, as
depicted in Fig. 7. Thus, the assembled test structure can be represented by only 747 elements.

There are three types of elements characterized by different linear material behavior in order
to consider the following parts of the structure individually:

• the layers of the CLT elements,

• the connections between the CLT elements and

• the connection between wall and ceiling.

The modeling of these parts is described next.

Figure 7: FE mesh of the test structure.

Layers of the CLT elements. Each layer of the CLT elements is represented by a single
layer of finite elements with orthotropic material. Their material values, which are shown in
Table 1, were determined on the basis of [17–21] and are assumed to be constant over the
considered frequency range. The material parameters are defined with respect to the local
coordinate system of a layer, as illustrated in Fig. 8. The first basis vector is parallel to the
fiber direction, the second one is perpendicular to it, oriented in in-plane direction, and the
third one points in out-of-plane direction. Missing narrow face bonding is taken into account
by reducing the Young’s modulus ECLT

2 and the shear modulus GCLT
12 . Therefore, their values

according to [20] are multiplied by the factors κ1 and κ2, respectively. The determination of
κ1 and κ2 is shown in Section 4.2.1.
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Figure 8: Local coordinate system of the CLT layers.

Young’s modulus ECLT
1 [N/mm2] 11000.0

ECLT
2 [N/mm2] κ1 · 366.7

ECLT
3 [N/mm2] 366.7

shear modulus GCLT
12 [N/mm2] κ2 · 690.0

GCLT
23 [N/mm2] 69.0

GCLT
31 [N/mm2] 690.0

Poisson’s ratio νCLT
12 [−] 0.420
νCLT
23 [−] 0.300
νCLT
31 [−] 0.014

density ρCLT
wall [kg/m3] 450
ρCLT
ceiling [kg/m3] 455

Table 1: Material parameters of the CLT layers.

Connections between the CLT elements. Although the connections between the CLT ele-
ments are realized by wooden top boards (Fig. 9a), they are taken into account with finite
elements which are arranged over the entire thickness of the components (Fig. 9b). Thus, the
three-dimensional mesh of the model can be created via extrusion of a two-dimensional one.
The material values of such a connection in the FE model are derived by aligning the behavior
of two analogous models, each in the form of a Timoshenko cantilever beam. As shown in
Fig. 9, their lengths li, cross sectional areas Ai and geometrical moments of inertia Ii, where
i ∈ {con1, board}, depend on the dimensions of the wooden board and the corresponding
connection in the FE model they represent. The Young’s modulus of the connection in the
FE model Econ1 is calculated such that both systems have the same rotation φi in case of a
constant moment M :

φcon1 = φboard (4)

where

φi =
Mli
EiIi

(5)

The shear modulus Gcon1 results from the condition of matching vertical displacements wcon1

and wboard in case of a constant shear force V :

wcon1 = wboard (6)

where

wi =
V l4i

3EiIi
+

V li
5
6GiAi

(7)
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(a) real structure

(b) FE model

Figure 9: Connection between CLT elements.

This leads to the equations

Econ1 = Eboard
Iboardlcon1
Icon1lboard

(8)

Gcon1 =
lcon1

5
6Acon1

(
l3board

3EboardIboard
+ lboard

5
6
EboardAboard

− l3con1
3Econ1Icon1

) (9)

Inserting the values according to [25] and Fig. 9 into the Eqs. (8) and (9) results in:

Econ1 =

{
2.65 N/mm2, ceiling

21.16 N/mm2,wall
(10)

Gcon1 =

{
7.16 N/mm2, ceiling

14.33 N/mm2,wall
(11)

Thus, an orthotropic material is assigned to the finite elements representing the connection.
The Young’s modulus and the shear modulus are assumed to be equal in every direction and
the Poisson’s ratio is set to zero. The density is equal to the one of the CLT elements.

Connection between wall and ceiling. Also the connection between wall and ceiling with or
without elastomer is taken into account by a layer of finite elements. In both cases the layer
is 12.5 mm thick and the material assigned to it is isotropic. The FE simulations described
in Sections 4.2 and 4.3 were performed with various values of the Young’s modulus Econ2 and
Poisson’s ratio νcon2 of the layer. Without elastomer, the density of the layer is identical with
the one of the CLT elements. With elastomer, the density of the elastomer is taken.

In Sections 4.2 and 4.3 it is investigated, how suitable the properties of the elastomer are

9



for the representation of the screwed junction with elastomer. Here, it is briefly presented,
how they can be determined. The static and dynamic Young’s modulus specified in the man-
ufacturer’s data sheet are derived from compression tests in a uni-axial testing machine with
non-lubricated plates based on [27]. Since the obstruction of transverse deformations at the
top and bottom of the elastomer specimen is not taken into account, these values should not
be used for modeling an elastomer with volumetric finite elements. Therefore, a method to
determine appropriate values of the dynamic Young’s modulus Edyn

el and Poisson’s ratio νel of

an elastomer is shown in [16]. The values of Edyn
el and νel were identified therein by the exam-

ple of Sylodyn R© NE [28] as follows: First, the static Young’s modulus Estat
el was determined

from a compression test with lubricated plates, in which transverse deformations are not con-
strained. Secondly, the Poisson’s ratio νel was detected by recalculating the compression test
with non-lubricated plates using a finite element software. Only the latter test is documented
in the manufacturer’s data sheet. Finally, the dynamic Young’s modulus Edyn

el was computed
by multiplying Estat

el with the factor α derived from the data sheet.
However, if the compression test with lubricated plates is not performed, both Estat

el and
νel are unknown. In this case, the second step leads to non-unique solutions. This can be
demonstrated by performing a grid search in which the compression test with non-lubricated
plates is recalculated multiple times with varying values of Estat

el and νel. Fig. 10 shows the
results of an exemplary grid search. More specifically, it illustrates the relative deviation εw
of the computed displacement wcalc from the measured one wmeas according to the data sheet
of Sylodyn R© ND [23]:

εw(Estat
el , νel) =

∣∣∣∣wcalc(E
stat
el , νel)− wmeas

wmeas

∣∣∣∣ · 100 [%] (12)

A unique solution can also be found by recalculating the compression test with non-lubricated
plates if the static shear modulus Gstat

el of the elastomer is known. Measurements based on [29]
yield a shear modulus of 1.2 N/mm2 for Sylodyn R© NE and 0.76 N/mm2 for Sylodyn R© ND.1

Through this, a Poisson’s ratio νel of 0.415 and a static Young’s modulus Estat
el of 3.40 N/mm2

were calculated for Sylodyn R© NE. These results agree well with the ones of [16]. In case
of Sylodyn R© ND the resulting Poisson’s ratio νel is 0.386 which leads to a static Young’s
modulus Estat

el of 2.11 N/mm2. These values were determined from the grid searches shown in
Fig. 11.

In the considered frequency range from 20 Hz to 150 Hz, the dynamic Young’s modulus of
Sylodyn R© ND varies little. Thus, the value of α is assumed to be constant at 1.08 so that
the dynamic Young’s modulus Edyn

el is 2.28 N/mm2. The density of the elastomer is about
700 kg/m3.1

Boundary conditions. The support conditions illustrated in Fig. 5 are considered by fixing
element edges according to Fig. 12.

In the following section, suitable values for κ1 and κ2 as well as for Econ2 and νcon2 are
determined by matching the results from modal analysis with the ones from the measurements
according to Section 3.2. Furthermore, the influence of hierarchic high order shape functions
on the computational effort is shown by comparing different discretization approaches.

1provided by Getzner Werkstoffe GmbH
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Figure 10: Relative deviation εw [%] according to Eq. (12) in the case of Sylodyn R© ND for
various values of Estat

el and νel.
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Figure 11: Relative deviation εw [%] according to Eq. (12) with knowledge of Gstat
el for various

values of νel.
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Figure 12: Boundary conditions.

4.2 Modal analysis

The natural frequencies and mode shapes are computed from the eigenproblem (13) that is
derived from Eq. (2) assuming a harmonic oscillation of d and neglecting the damping matrix C:(

−ω2M +K
)
d̃ = 0 (13)

where ω is a natural angular frequency and d̃ describes the related mode shape [22]. Examples
of calculated modes are illustrated in Fig. 13.

4.2.1 Parameter identification

Appropriate values for the unknown parameters of the FE model described in Section 4.1
are identified by comparing calculated and measured natural frequencies of the free-hanging
wall and the assembled test structure. For this comparison, the root mean square εf of the
relative deviation of the computed natural frequencies fcalc,i from the measured ones fmeas,i

was calculated:

εf =

√√√√ 1

n

n∑
i=1

(
fmeas,i − fcalc,i

fmeas,i
· 100

)2

[%] (14)

where n is the number of observed modes. The correct assignment between calculated and
measured modes was ensured by the modal assurance criterion (MAC) [30]. In this study, the
MAC values are partly reduced by inaccuracies of the measured approximated mode shapes due
to the contribution of off-resonant modes, as described in section 3.2. For example, the second
mode of the test structure without elastomer at 26.5 Hz (Fig. 6b) is slightly superimposed by
the first and the third mode at 25.5 Hz and 29.0 Hz, respectively, (Figs. 6b and 6c). This
results in a MAC value of less than 0.8 (Table 3).

The investigation is carried out as follows. First, κ1 and κ2 are identified by minimizing εf
in case of the free-hanging wall on the basis of the measurement results of test 1 according to
Section 3.2. Therefore, a grid search was performed in which κ1 and κ2 were varied. Secondly,
fitting values of Econ2 and νcon2 for the junction without and with elastomer are determined in
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(a) 25.1 Hz (b) 28.3 Hz (c) 28.3 Hz

(d) 53.8 Hz (e) 77.2 Hz (f) 133.6 Hz

Figure 13: Examples of calculated natural frequencies and related mode shapes of the test
structure for Econ2 = 19 N/mm2 and νcon2 = 0.

the same way using the FE model of the assembled test structure and comparing the simulation
results to those of tests 2 and 3.

The factors κ1 and κ2, which reduce ECLT
2 and GCLT

12 in order to consider missing narrow
face bonding, were varied in a range between 0.4 and 1.0. The corresponding values of εf
resulting for the free-hanging wall are shown in Fig. 14. If ECLT

2 and GCLT
12 are not reduced,

a rather high εf of 8.73 % occurs. Best correspondence between calculation and measurement
is achieved with κ1 = 0.85 and κ2 = 0.70. Here, εf is 2.5 %. The comparison of the individual
natural frequencies in this case is shown in Table 2.

In the FE calculations of the assembled test structure, κ1 and κ2 were fixed at the op-
timal values, while Econ2 and νcon2 were varied. Fig. 15 shows the results for the junction
without elastomer and Fig. 16 for the junction with elastomer. In each case, simulation and
measurement match well within a certain range. These ranges are described next.

Without elastomer, there is only a little dependency of εf on the Poisson’s ratio νcon2. The
flattest minimum of εf is reached at νcon2 = 0. In this case, εf is less than 5 % if Econ2 is
in the range between 5.0 N/mm2 and 148.0 N/mm2. With 2.9 %, the lowest εf occurs at
19 N/mm2. The absolute relative deviations of the individual computed natural frequencies
from the measured ones at this value are below 6.7 % (Table 3).

For modeling the junction with elastomer, the Young’s modulus Econ2 must be chosen sig-
nificantly lower and the dependency of the results on the Poisson’s ratio νcon2 is higher. The
smallest εf is 1.7 %. It occurs at Econ2 = 2.1 N/mm2 and νcon2 = 0.48. By comparing Figs. 10
and 16 and considering the factor α according to Section 4.1 it can be concluded that the
material values gained from recalculating the compression test with non-lubricated plates lead
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to an εf of less than 5 % if νcon2 is chosen in the range between 0.29 and 0.44. The material
parameters determined with knowledge of the static shear modulus Gstat

el presented in Sec-
tion 4.1 yield an εf of 2.8 %. In this case, the highest absolute value of the relative deviation
of a computed natural frequency from a measured natural frequency is 6.3 % (Table 4).
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Figure 14: εf [%] for various values of κ1 and κ2 in case of the free-hanging wall.

κ1 = 0.85
κ2 = 0.70
εf = 2.5 %

fmeas,i fcalc,i r. dev. MAC
[Hz] [Hz] [%] [−]

8.8 8.5 3.0 0.99
10.7 10.7 0.4 0.96
23.1 23.9 3.1 0.96
24.3 23.7 2.3 0.91
40.8 40.3 1.1 0.94
60.3 61.8 2.6 0.75
67.6 64.3 5.0 0.91
72.9 74.0 1.5 0.97
77.1 74.0 4.1 0.94
84.6 84.3 0.3 0.93
91.6 89.7 2.1 0.78
98.0 98.8 0.8 0.94
117.5 116.6 0.8 0.90

Table 2: Measured and computed natural frequencies of the free-hanging wall.
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Figure 15: εf [%] for various values of Econ2 and νcon2 in case of the test structure without
elastomer.

Econ2 = 5 N/mm2 Econ2 = 19 N/mm2 Econ2 = 148 N/mm2

νcon2 = 0 νcon2 = 0 νcon2 = 0
εf = 4.8 % εf = 2.9 % εf = 5.0 %

fmeas,i fcalc,i r. dev. MAC fcalc,i r. dev. MAC fcalc,i r. dev. MAC
[Hz] [Hz] [%] [−] [Hz] [%] [−] [Hz] [%] [−]

25.1 24.7 1.6 0.88 25.1 0.1 0.91 25.2 0.4 0.94
26.5 27.3 2.9 0.67 28.3 6.7 0.70 30.8 16.1 0.74
29.0 27.7 4.4 0.98 28.3 2.5 0.98 28.6 1.5 0.95
31.2 29.3 6.0 0.97 30.4 2.4 0.97 32.8 5.2 0.94
36.4 33.9 6.9 0.95 34.9 4.2 0.96 36.3 0.2 0.96
43.0 41.3 4.0 0.97 42.9 0.1 0.98 44.2 2.7 0.97
47.8 45.1 5.9 0.93 46.2 3.5 0.93 47.5 0.8 0.93
53.0 51.4 3.1 0.97 53.8 1.4 0.99 55.1 3.9 0.98
77.0 76.1 1.2 0.99 77.2 0.3 0.99 78.3 1.7 0.99
100.2 99.0 1.2 0.75 100.4 0.2 0.76 101.4 1.2 0.77
110.9 104.8 5.5 0.84 110.4 0.5 0.90 112.9 1.8 0.88
119.6 106.6 10.9 0.76 114.4 4.4 0.82 118.1 1.2 0.76
132.5 127.0 4.2 0.66 133.6 0.8 0.90 136.6 3.1 0.87
144.1 144.7 0.4 0.92 146.1 1.4 0.92 146.9 2.0 0.91
148.2 147.1 0.7 0.72 154.3 4.1 0.73 157.6 6.4 0.71

Table 3: Measured and computed natural frequencies of the test structure without elastomer.
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Figure 16: εf [%] for various values of Econ2 and νcon2 in case of the test structure with elas-
tomer.

Econ2 = 3.29 N/mm2 Econ2 = 2.28 N/mm2 Econ2 = 1.40 N/mm2

νcon2 = 0.29 νcon2 = 0.386 νcon2 = 0.44
εf = 4.9 % εf = 2.8 % εf = 4.1 %

fmeas,i fcalc,i r. dev. MAC fcalc,i r. dev. MAC fcalc,i r. dev. MAC
[Hz] [Hz] [%] [−] [Hz] [%] [−] [Hz] [%] [−]

26.3 27.3 3.8 0.70 26.9 2.2 0.77 26.0 1.1 0.82
29.0 28.9 0.4 0.74 28.6 1.5 0.84 28.1 3.1 0.94
32.6 33.1 1.5 0.97 32.3 1.0 0.97 30.8 5.4 0.98
42.2 40.8 3.2 0.98 40.7 3.5 0.98 40.5 4.0 0.98
54.0 50.8 6.0 0.98 50.6 6.3 0.98 50.3 6.8 0.97
74.8 75.0 0.3 0.79 73.9 1.2 0.80 72.5 3.1 0.76
81.9 91.2 11.3 0.86 85.6 4.5 0.89 77.8 4.9 0.87
91.7 98.8 7.7 0.59 93.2 1.6 0.83 86.2 6.0 0.78
98.4 97.5 0.9 0.80 96.3 2.1 0.93 94.6 3.9 0.92
112.6 120.7 7.2 0.85 115.5 2.6 0.89 109.5 2.8 0.89
130.0 130.6 0.5 0.96 130.6 0.5 0.96 130.5 0.4 0.96
136.2 140.6 3.2 0.80 135.8 0.3 0.87 130.7 4.0 0.89
145.6 143.4 1.5 0.79 142.2 2.3 0.81 140.8 3.3 0.79

Table 4: Measured and computed natural frequencies of the test structure with elastomer.
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4.2.2 Influence of hierarchic high order shape functions on the computational effort

In this section, the influence of hierarchic high order shape functions on the computational effort
is investigated. To this end, different discretization approaches are compared in a convergence
study for modal analysis of the test structure with elastomer (Econ2 = 2.28 N/mm2, νcon2 =
0.386). Two strategies were pursued: h- and p-refinement. In case of h-refinement, the accuracy
is raised by refining the mesh without changing the polynomial order p. The increasingly finer
meshes used in this study are shown in Fig. 17. In case of p-refinement, the polynomial degree
p in in-plane direction is increased from 2 to 8, whereas the mesh remains coarse. Here, the
mesh according to Fig. 7 was employed for all calculations.

(a) mesh A (1 116 elements) (b) mesh B (3 140 elements) (c) mesh C (9 384 elements)

(d) mesh D (30 857 elements) (e) mesh E (153 216 elements)

Figure 17: Meshes used for h-refinement.

The accuracy of the solution for each discretization was evaluated by identifying a set of
exemplary modes and calculating the root mean square εf,disc of the relative deviation of the
related natural frequencies fdisc,i from a reference solution fref,i:

εf,disc =

√√√√ 1

n

n∑
i=1

(
fref,i − fdisc,i

fref,i
· 100

)2

[%] (15)

The reference solution is represented by an overkill FE solution obtained with the mesh ac-
cording to Fig. 17e and a polynomial order p of 2. This results in a system of equations with
around 2.1 · 106 unknowns. The natural modes that were chosen for the calculation of εf,disc
are the same as the ones considered in Table 4.

The relation between εf,disc and the number of unknowns for all discretization approaches
can be seen in Fig. 18. In addition, Fig. 19 depicts the time to compute the smallest 60 natural
frequencies using a block Lanczos algorithm and the linear algebra library SPOOLES [31]. All
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computations were performed on a single core of an Intel R© CoreTMi7-6500U CPU with 2.50
GHz. Fig. 18 shows that h-refinement with p = 1 did not lead to precise results, unless a large
number of degrees of freedom was used. For example, with about 3.6 ·104 unknowns εf,disc is at
over 10 % and about 5.4·105 unknowns were needed to reduce εf,disc to 1.3 %. A sharp increase
in accuracy was achieved by setting p to 2. In this case, about 4.6 · 104 degrees of freedom
resulted in an εf,disc of 0.6 %. The most efficient way was to use high order finite elements in
combination with a coarse mesh. By applying this approach, an εf,disc of less than 1 % down
to 0.24 % was reached with about 2.5 times to 5 times less degrees of freedom than by using
just quadratic elements. For example, if p is chosen between 2 and 4 as in the computations
described in Section 4.2.1, an accurate solution leading to an εf,disc of 0.7 % is attained with
only 1.7 · 104 degrees of freedom. In conclusion, the results of this study demonstrate that
significantly less degrees of freedom and computation time are needed to achieve a precise
solution if high order finite elements are used instead of linear or quadratic ones.
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Figure 18: Relation between εf,disc and the number of unknowns for different discretization
approaches.

4.3 Harmonic analysis

The complex displacement amplitudes d̃ under a certain harmonic load which is characterized
by the amplitude F̃ and angular frequency Ω are calculated from Eq. (16). Like Eq. (13), it
is derived from Eq. (2). In Eq. (16), damping is taken into account by assembling complex
element stiffness matrices to the system matrix [22,32]:

nel

A
e=1

[
−Ω2M e +Ke (1 + iηe)

]
d̃ = F̃ (16)

where M e is the element mass matrix, Ke the real part of the element stiffness matrix, ηe the
loss factor, e the index of the elements and nel the number of elements.
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Figure 19: Relation between εf,disc and the time to compute the first 60 eigenvalues for different
discretization approaches.

The values of the polynomial order p are chosen between 2 and 4. For modeling the junction
without elastomer, the Young’s modulus Econ2 and the Poisson’s ratio νcon2 of the connecting
layer between wall and ceiling are set to 19 N/mm2 and 0, respectively, whereas the junction
with elastomer is considered by setting Econ2 to 2.28 N/mm2 and νcon2 to 0.386. The loss
factor ηe of the finite elements is assumed to be constant over the frequency at 2.2 %. This
value was chosen on the basis of measurements of the structural reverberation time of the CLT
components [17]. A different value of ηe is only assigned to the elements which represent the
connection between wall and ceiling with elastomer. For these elements, the loss factor ηel of
the elastomer according to [23] is taken. In the considered frequency range, it starts at about
10 % and rises to nearly 21 %.

In order to compare simulations and measurements, the transfer accelerance Ỹcalc in out-of-
plane direction was calculated at each measurement point of the test structure. After that,
the absolute values of the computed and measured transfer accelerance were averaged over the
measurement points of the ceiling and over those of the wall in the same way as in [15]:

Ỹ mean
calc =

1

n

n∑
i=1

|Ỹcalc,i| (17)

Ỹ mean
meas =

1

n

n∑
i=1

|Ỹmeas,i| (18)

where n is the number of measurement points of the ceiling or wall.
Figs. 20 to 23 show Ỹ mean

calc and Ỹ mean
meas for both load cases and for the cases with and without

elastomer. The peak values of the mean absolute accelerance at the natural frequencies depend
strongly on the position of excitation. Global modes, which are, for example, in the frequency
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range between 20 Hz and 35 Hz, are excited in both load cases, whereas modes that are
dominant just in the wall or just in the ceiling, can only have a large contribution if the
respective component is directly excited. In general, a good accordance between simulations
and measurements is observed. Computed and measured natural frequencies of the excited
modes match well, which indicates that the density and stiffness parameters of the materials
as well as the geometry and support conditions of the structure are suitable. Best agreement
is achieved in case of the junction without elastomer under excitation of the wall (Fig. 21).
Since the maximum values and width of the calculated mean absolute accelerance are mostly
close to the measured ones, it can be concluded that also the loss factors are appropiate. In
the frequency range over about 80 Hz, however, the measured and simulated mean absolute
accelerances at the indirectly excited component partly differ. For example, in Fig. 23a it can
be seen that the measured values of the mean absolute accelerance at the indirectly excited
ceiling in the frequency range over 90 Hz are higher than the calculated values. Accepting
small differences between simulations and measurements, it follows that the presented model
is suitable to predict the vibration behavior of the directly excited component up to about
150 Hz and of the indirectly excited component up to about 80 Hz.
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(a) Measurement points at the ceiling.
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(b) Measurement points at the wall.

Figure 20: Mean absolute accelerance in out-of-plane direction at the measurement points of
the test structure without elastomer under excitation of the ceiling.
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(a) Measurement points at the ceiling.
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(b) Measurement points at the wall.

Figure 21: Mean absolute accelerance in out-of-plane direction at the measurement points of
the test structure without elastomer under excitation of the wall.
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(a) Measurement points at the ceiling.
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(b) Measurement points at the wall.

Figure 22: Mean absolute accelerance in out-of-plane direction at the measurement points of
the test structure with elastomer under excitation of the ceiling.
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(a) Measurement points at the ceiling.
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Figure 23: Mean absolute accelerance in out-of-plane direction at the measurement points of
the test structure with elastomer under excitation of the wall.

Conclusions

In this paper, the modeling of an assembled CLT structure with the three-dimensional p-version
of the finite element method is presented. It allows an accurate consideration of the coupling
and support conditions as well as a precise computation of the displacement field with a
relatively small number of degrees of freedom. The correct representation of a screwed junction
with and without elastomer is studied by varying the stiffness parameters of the elements which
take the connection into account and by comparing the simulations with measurements. Thus,
suitable values of the observed stiffness parameters are determined. Moreover, the material
values calculated from the data sheet of the elastomer according to [16] with knowledge of
its static shear modulus proved to be appropiate for the representation of the junction with
elastomer.
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