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A B S T R A C T

This paper addresses the vibration characteristics of a cross laminated timber (CLT) floor in a residential
building during three construction states. Experimental modal analyses are carried out on the blank CLT slab,
on the slab with added drywall ceiling, and on the slab with drywall ceiling and added floating screed. A
reliable numerical model of the system is created with the means of a finite element model updating procedure.
This model shows that some experimentally determined modes can be attributed to the dynamic interaction
with the shaker used for excitation during the tests. In the finite element model, this effect can subsequently be
eliminated. Based on the validated numerical model, the impact of various parameters of the floor construction
on the low-frequency footfall sound insulation is investigated.
1. Introduction

In recent decades, timber construction has developed into a com-
petitive alternative to traditional masonry and reinforced concrete
construction in both industrial and residential housing. Especially since
the introduction of cross laminated timber (CLT), a solid wood panel
usually consisting of 3, 5 or 7 layers of lamellas glued together on their
side faces and stacked perpendicular to each other [1,2], the applica-
tion range of timber construction is expanding from single to multi-
story buildings, as shown for example by an 18-story multi-purpose
timber building in Norway [3] or an 18-story student dormitory at the
University of British Columbia in Vancouver [4]. However, compared to
reinforced concrete, these lightweight structures have a high stiffness-
to-weight ratio, which makes these structures more prone to vibrations.
For the construction of larger and taller buildings, it is therefore neces-
sary to understand the dynamic behavior of timber structural systems in
order to avoid damage to structural and non-structural components [5].
In addition to lateral deflection, transversal vibrations must also be
taken into account in the design of these structures. Particularly in
urban living settings with a large number of dwellings in multi-story
buildings, occupants potentially face two major problems with timber
floor systems: Floor vibrations and structure-borne noise.

In residential buildings, vibrations are mainly induced by walk-
ing, running or jumping persons and falling objects. Especially at
low frequencies, vibrations can cause severe discomfort to occupants
when natural frequencies in the human body are stimulated [6]. The
vibrations propagate through the floor system and excite the air in
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adjacent rooms, resulting in potentially disturbing footfall sound [7].
To minimize the impact of floor vibrations on occupants, applicable
standards, e.g. Eurocode 5 [8], suggest a lower limit of 8 Hz for the fun-
damental frequency of timber floor systems with an additional stiffness
criterion to limit deflection and the maximum velocity resulting from
an impulse of 1 Ns. In addition, standardized methods for predicting the
fundamental frequency of rectangular simply supported slabs are out-
lined. However, these methods are strongly influenced by the assumed
material properties, which vary greatly due to density properties, mois-
ture content and inhomogeneities [9]) and neglect the flexibility of the
supports. Due to this variation [10], there are a number of destructive
and non-destructive methods for determining the elastic properties of
wood-based materials. Examples of non destructive methods to identify
material properties of structural timber beams can be found in [11],
where the modal properties of the test specimens are determined using
experimental modal analysis and the elastic properties are identified as
part of a model updating process, and in [12], where elastic properties
of CLT panels are obtained.

As a result of this uncertainty in material parameters and the
need to accurately predict the dynamic response of timber floors,
numerous systems have been studied experimentally under laboratory
and in-situ conditions to gain insight into the dynamic properties.
In [13,14] experimental and numerical investigations were carried out
on a number of timber floors with different floor construction and
boundary conditions in order to develop guidelines for the design of
timber floors to avoid disturbing vibrations. [15,16] tested CLT floors
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with different boundary conditions, CLT types and plan aspect ratios
under laboratory conditions, in [17] dynamic properties of a timber
floor system were investigated under laboratory and in-situ conditions
during the construction phase, in [18] a detailed experimental modal
analysis and model updating is presented on a point-supported slab
without joists consisting of seven CLT panels, and in [19] floor vibra-
tions of a glued-laminated-timber beam and deck floor are evaluated.
Also under laboratory conditions, in [20] timber floor modules were
investigated experimentally and analytically, comparing five analytical
prediction methods for the natural frequencies with the experimentally
determined natural frequencies. A common result of all these studies is
that the boundary conditions have a significant impact on the modal
properties of the investigated floors. In order to adequately predict
the dynamic response numerically, the boundary conditions must be
carefully considered in the model.

To overcome the issue of structure-borne noise, structural elements
must comply with limits for impact sound insulation, which are as-
sessed using a standardized single value rating [21] of measurements
with a standardized impact tapping machine or rubber ball [22]. The
sound insulation requirements are based on the vibration performance
of traditional concrete structures and therefore evaluated in a frequency
range of 100–3150 Hz. Applying the same methods to lightweight
structures leads to inadequate impact sound insulation, even in the
extended frequency range of 50–3150 Hz, due to the poor vibro-
acoustic performance of timber floors in a frequency range below
125 Hz, compared to concrete heavy weight floors. Therefore, studies
evaluating the impact sound insulation of timber floors subjectively and
objectively [23–25] suggest the consideration of frequencies down to
20 Hz.

In this contribution, the dynamic behavior of a CLT floor system
with different boundary conditions in different construction states is
investigated. For each construction state, a detailed experimental modal
analysis (EMA) is performed to determine the natural frequencies in
the low-frequency range with corresponding damping ratios and mode
shapes. In addition, the collected data form the basis for a model updat-
ing procedure to calibrate finite element (FE) models. The objectives
of this study are (𝑖) to gain insight into the dynamic behavior of a
CLT floor system at different construction states and to experimentally
identify the influence of the boundary conditions, (𝑖𝑖) to identify a ro-
bust and representative parameter set for FE models, which numerically
accurately predicts the experimental outcome, and (𝑖𝑖𝑖) to investigate
the influence of structural and non-structural components such as the
material properties of the CLT, the elastic fill or the screed thickness
with the updated FE models. The ultimate goal is to assess more
realistically the low-frequency performance of the CLT floor system.

The paper is structured as follows. In Section 2 the test object
is outlined. The experimental and numerical methods used with the
theoretical basis are explained in Section 3. Section 4 describes the
results of the EMA, while Section 5 addresses the model updating of
the FE model of the test object in the considered construction states.
Based on the optimized FE model for the completed floor system in
the third construction state, in Section 6 selected parameter studies are
conducted to reveal the influence of material properties and different
compositions of the floor construction on the vibration performance in
the low-frequency range.

2. Test object

In the course of the reconstruction and renovation of an old farm
house in the province of Tyrol, Austria, the barn shown in Fig. 1 was
converted so that it could accommodate three apartments. To separate
the apartment on the first floor from the one on the second floor, a
floor system of CLT was installed.

During the construction phase, dynamic measurements were carried
out on this slab in three different construction states. These three
2

Fig. 1. Original farm building before renovation (copyright M. Flach).

construction states are referred to in the following as state 1, state 2
and state 3.

In state 1, shown in the left photo of Fig. 2, only the raw CLT slab
was installed without drywall ceiling, partition wall and floating screed.
The floor plan of the CLT slab approximates a rectangle with roughly
7 by 8 m dimensions, with lower edge slightly skewed, outer edge at
about 45◦ on the lower left corner and a rectangular recess on the
right edge, as can be seen in Fig. 3. This figure also shows that the
slab consists of three panels. Each of the panels is made of 5-ply CLT
of strength class C24 [26] with a layer thickness of 0.04 m, resulting
in a total thickness of 0.2 m. The three panels are connected to each
other by eight-millimeter fully threaded screws with a length of 240
millimeters, arranged in pairs at a distance of 0.2 m, inclined at 45◦ and
perpendicular to each other, see also Fig. 3. Since the floor was installed
in an existing building, the boundary conditions are inhomogeneous. It
should be emphasized, however, that the authors of this contribution
had no influence on the design of the various supports and therefore
take them as given. Near its center, the slab is point-supported on a
wooden column with a diameter of 0.2 m, reinforced by a star-shaped
steel connector [27,28] on the surface of the slab. At the outer edges,
the slab is supported on a solid timber wall (upper edge in Fig. 3),
on a glued laminated joist (upper part of the left edge in Fig. 3) or
on L-shaped steel profiles attached to load bearing walls. A sound-
absorbing polyurethane compound with a thickness of six millimeters is
sandwiched between the support surface of the CLT and the supporting
structure.

In state 2, the CLT slab is equipped with a drywall ceiling of gypsum
fiber boards and a non-structural lightweight timber wall rests on top
of the slab, whose position is shown in 3. The gypsum fiber boards are
stapled to spruce battens with a cross-section of 0.03 m × 0.06 m, which
are attached to the bottom of the CLT panel. The partition wall consists
of structural timber columns with a dimension of 0.12 m × 0.06 m,
planked with oriented strand boards with a thickness of 12 mm.

State 3 examines the CLT slab with drywall ceiling and added
floating floor construction, which consists of the cement screed, the
footfall sound insulation and the elastic bonded fill. The cross-section
of the floor system is depicted in Fig. 4, the photo on the right of Fig. 2
illustrates the condition of the floor system after completion.

3. Methods

The test object was dynamically excited in all three construction
states with the reaction masses of an electrodynamic long-stroke os-
cillator, type APS 400, driven by a power amplifier, type APS 145,
with attached reaction masses, type APS 0412, and a dynamic active
mass of 35 kg. In these tests, the shaker was fixed to the floor, as
was the case in many previous vibration tests, see e.g. [29,30]. In all



Construction and Building Materials 344 (2022) 128032M. Kawrza et al.
Fig. 2. Test object in state 1 (left) and state 3 (right).
Fig. 3. Floor plan of the CLT slab, boundary conditions and construction details.
construction states, a linear sweep (chirp) with an initial signal ramp
and a final signal decay period of 10 s each served as the excitation
signal. In state 1, a sweep from 10 to 80 Hz in 220 s, in state 2 a
sweep from 7 to 60 Hz in 220 s and in state 3 a sweep from 6 to
60 Hz in 180 s were performed, each repeated three times. Prior to
the experiments, the input voltage signal at the power amplifier was
iteratively adjusted so that the power spectral density (PSD) of the
excitation acceleration (measured at the oscillating mass of the shaker)
is constant in the frequency range considered. Fig. 5 shows the PSD
for a single test in each of the states. Since the actual gain level had
to be manually adjusted at the power amplifier, the amplitudes of the
PSDs vary slightly between the three states, which is also reflected in
3

the RMS values 𝑥̈RMS,St𝑗 (𝑗 = 1,… , 3) of 0.475 g, 0.558 g and 0.327 g,
respectively, for states 1 to 3. Note that the applied force on the CLT
slab is assumed as the recorded acceleration at the oscillating mass
times the mass of the attached reaction masses, since it is not possible
to directly measure the force in this configuration.

The dynamic response was recorded with piezoelectric accelerom-
eters, type Brüel&Kjær 4508 B, powered by a conditioning amplifier,
type Brüel&Kjær 2694. A National Instruments cDAQ system with NI
9234 A/D converter modules controlled by a MATLAB program was
used for data acquisition. The dynamic response in states 1 and 2 was
recorded at 140 measuring points on the upper surface of the CLT slab.
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Fig. 4. Cross-section of the considered floor construction after completion.
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Fig. 5. PSD of the acceleration of the oscillating shaker mass for each state;
corresponding RMS value specified in the legend.

The measurement grid for both states is shown in Fig. 3. In the 𝑥-
direction, the grid is refined near the two panel joints to capture local
effects, while in the 𝑦-direction the grid is regular. Since only eleven
accelerometers were available, a total of 13 measurements had to be
carried out to record the vibration response at all measuring points. For
the measurements in state 3, a coarser regular grid of 86 measurement
points was used, with sensor spacings of 1.0 m and 0.8 m in the 𝑥- and
-direction, respectively. Eight measurements were taken to record the
esponse of the completed floor system on the surface of the floating
creed.

For each construction state, the modal parameters, i.e. natural
requencies, damping ratios and mode shapes, were identified by two
ifferent system identification methods. In particular, the LSCE (Least
quares Complex Exponential) method in the time domain [31], which
s widely used and implemented in MATLAB [32], and the LSCF (Least
quares Complex Frequency) method [33], which operates in the fre-
uency domain, were applied to estimate the modal parameters of the
revailing single input–multiple output system [34] in each construc-
ion state. Although the two methods should yield the same structural
oles for the measured system, the modal properties identified by the
wo methods may vary slightly. Stabilization diagrams were used to
istinguish physical modes (referred to as poles) from mathematical
oles [31]. A more detailed description of the system identification
rocedures can be found, for instance, in [31,34,35].

Subsequently, the outcomes of that method were used, which were
dentified as stable modes in the stabilization diagrams [35], and fur-
hermore, the synthetic FRFs matched the experimental counterparts.
4

Regardless of the model order chosen, physical poles appear to be
stable, while mathematical poles, which try to model the noise in the
model, change with an increasing model order. A pole is considered sta-
ble (denoted by Pst) if the relative changes in the 𝑖th natural frequency
𝛥𝑓EMA

𝑖 and the 𝑖th damping ratio 𝛥𝜁𝑖 between two model orders 𝑚 − 1
and 𝑚 are within the following defined limits,

𝛥𝑓EMA
𝑖 =

|

|

|

𝑓EMA
𝑖(𝑚−1) − 𝑓EMA

𝑖(𝑚)
|

|

|

𝑓EMA
𝑖(𝑚−1)

100% ≤ 1% and

𝜁𝑖 =
|

|

|

𝜁𝑖(𝑚−1) − 𝜁𝑖(𝑚)
|

|

|

𝜁𝑖(𝑚−1)
100% ≤ 10%

(1)

If one criterion in Eq. (1) is not met, the pole is identified as new
pole, denoted as Pnew. For the mode to be considered stable (denoted
Modest), another criterion must be met,

𝛥𝜙𝑖 = MAC(Re({𝜙}𝑖(𝑚−1)),Re({𝜙}𝑖(𝑚))) ≥ 0.95 (2)

n Eq. (2), the real parts, Re, of the 𝑖th mode shape vector, {𝜙}𝑖, are
ompared between two model orders by computing the 𝑖th value of
he modal assurance criterion (MAC), 𝛥𝜙𝑖 [36]. Note that the MAC is
efined for complex vectors. However, since only the real parts of the
xperimental identified mode shapes can be matched to the numerical
nes in the optimization procedure, only the real parts are compared
hen defining a stable mode. To find out whether the identified mode is

omplex, the mean phase correlation (MPC) as defined in [37] is used.
value close to unity means that the mode is real, while a lower value

ndicates a non-negligible imaginary part.

.1. Finite element models

A finite element (FE) model was created in the FE software ABAQUS
38] for each construction state of the floor structure considered. The
atural frequencies and mode shapes determined with this model were
hen validated with the experimental results. In these models, the CLT
lab is discretized with four-node shell elements of type S4 with full nu-
erical integration. First-order shear deformation theory (FSDT) [39]

s employed as the kinematic assumption, which has been shown to
e sufficiently accurate in the desired frequency range, provided the
hear correction factors are chosen appropriately [40]. In the present
tudy, the shear correction factors proposed in [41] for orthotropic
aminates are used. The constitutive relations are implemented in the
E model using the general shell stiffness matrix, where the components
f the strain stiffness matrix, the bending stiffness matrix and the shear
tiffness matrix are defined according to [39]. The panel joints are
odeled with connector elements [38] and have a variable bending

tiffness along the joint. With a structured mesh in the vicinity of the
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𝜖

panel joints, rotational stiffnesses can be assigned to these connector
elements, each connecting a pair of nodes of two adjacent panels.

The point support is idealized as a single node coupled to the nodes
of the shell elements in the area of the steel connector, limiting the
movement of these elements to that of the single node. By positioning
the node below the middle surface of the shell model, some rotational
stiffness is added to the point support [18]. In addition, the vertical
flexibility of the support column is taken into account by a linear
elastic spring. The horizontal flange of the steel profile (see Fig. 3),
on which the slab partially rests, is represented in the model as a
cantilever, which is discretized with shell elements. In that manner, the
flexibility of the steel profile is taken into account. The joist supporting
the upper left part of the slab is modeled with beam elements, and the
part of the slab resting on a wall is elastically bedded in the model.
The soundproofing polyurethane compound, which separates the CLT
slab from the supports, is discretized with continuum elements of type
C3D8, using the hyperelastic material model of Arruda–Boyce [38,42].
Since this constitutive law is nonlinear, a static computation under the
impact of the gravity loads must be carried out prior to the FE modal
analysis. At the stress level from this static computation, the material
behavior is linearized, which is then implemented in the FE model for
the modal analysis. The gravity forces are different in each construction
state investigated and therefore the support stiffness in reality and in
the model is also different for the three construction states.

As will be shown, the shaker interacts with the floor structure in the
frequency range considered. Therefore, the shaker is assumed to be a
spring–mass system in the FE model.

The FE model of the floor system in construction state 1 has 14,459
elements and 91,149 degrees of freedom. On this basis, the FE models
for the floor system in states 2 and 3 are developed.

The gypsum fiber boards added in state 2 are modeled as a ho-
mogeneous, isotropic board with shell elements of type S4, the spruce
wood battens with beam elements of type B31. The nonstructural wall
is considered by distributing its effective mass evenly over its base
dimensions. The resulting FE model for state 2 consists of 25,993
elements and has 161,361 degrees of freedom.

In the FE model of the test object in state 3, both the elastic bonded
fill and the footfall sound insulation are discretized with continuum
elements of type C3D8, while the floating cement screed is described
with shell elements of type S4, resulting in a model with 134,210
elements and 586,713 degrees of freedom.

3.2. Model updating

From this description it is apparent that a relatively large number of
parameters must be defined in the FE model, both in terms of material
properties and boundary conditions. Some of these parameters are not
or only insufficiently known. These must be determined in a two-stage
model update procedure [43], as shown in Fig. 6. In a model update
procedure, the parameters to be optimized are adapted until the results
of the numerical model match the results from the measurements
with sufficient accuracy. In the first step, the modal properties of the
FE models are computed for states 1 and 2, with initial parameters
taken from the literature where available. The natural frequencies and
mode shapes obtained with the FE models are fed into an optimization
procedure in MATLAB, which is based on the Nelder–Mead algorithm
and implemented in the MATLAB function fminsearch [32]. The sums
of the mean errors of the natural frequencies 𝜖𝐸𝐹 and the sum of mode
shapes 𝜖𝑀𝑆 from the FE models and from the measurements are used
as the objective functions for the optimization,

𝜖𝐸𝐹 = 1
𝑛

𝑛
∑

𝑖=1

|𝑓FEM
𝑖 − 𝑓EMA

𝑖 |

𝑓EMA
𝑖

,

𝑀𝑆 = 1
𝑛

𝑛
∑

𝑖=1

[

1 − MAC
(

{𝜙}FEM
𝑖 ,Re

(

{𝜙}EMA
𝑖

)

)]

(3)
5

Fig. 6. Model updating procedure.

In this equation, 𝑓FEM
𝑖 is the 𝑖th natural frequency computed nu-

merically, 𝑓EMA
𝑖 is the 𝑖th natural frequency determined from the

measured data, and 𝑛 is the number of modes considered in the updat-
ing procedure. MAC

(

{𝜙}FEM
𝑖 ,Re

(

{𝜙}EMA
𝑖

)

)

is the MAC value between
the 𝑖th computed mode shape, {𝜙}FEM

𝑖 , and the real part of the 𝑖th
experimentally identified mode shape, Re

(

{𝜙}EMA
𝑖

)

.
The optimized FE models of states 1 and 2 serve as the basis for

the FE model of state 3. In a second optimization step, the parameters
for the added components of the floating screed are determined with
the same procedure, while the parameters of the CLT slab, the drywall
ceiling and the supports are used as found in the first optimization step.

4. Identification of modal properties

This section presents the results of the experimental modal analysis
for the three construction states of the floor system. In the stabilization
diagrams presented, dots indicate new poles, cross-shaped markers
indicate stable poles and squared markers indicate stable modes, ac-
cording to the criteria defined in Section 3. In addition, the mean value
of the frequency response functions (FRFs) for all measuring points is
represented by a solid line to facilitate the distinction between physical

and non-physical poles.
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Table 1
Experimentally identified natural frequencies 𝑓EMA

𝑖,St𝑗 , damping ratios 𝜁𝑖,St𝑗 and mean phase correlations MPC𝑖,St𝑗 of the CLT slab
in three construction states (construction states denoted with subscript 𝑗 = 1, 2, 3; modal parameters denoted with subscript
𝑖 = 1,… , 6.
Mode
(𝑖)

𝑓EMA
𝑖,St1

[Hz]
𝜁𝑖,St1
[%]

MPC𝑖,St1
[–]

𝑓EMA
𝑖,St2

[Hz]
𝜁𝑖,St2
[%]

MPC𝑖,St2
[–]

𝑓EMA
𝑖,St3

[Hz]
𝜁𝑖,St3
[%]

MPC𝑖,St3
[–]

1 12.78 5.07 0.91 12.02 8.14 0.90 10.68 2.08 0.98
2 13.92 3.48 0.76 14.31 5.68 0.89 13.74 2.68 0.94
3 16.32 4.81 0.89 14.78 5.06 0.91 15.24 2.12 0.65
4 23.55 4.57 0.80 16.70 1.90 0.87 20.16 3.60 0.85
5 25.22 3.79 0.88 23.13 8.13 0.61 – – –
6 – – – 25.45 4.38 0.87 – – –
Fig. 7. Stabilization diagram and mean FRF for the CLT slab in state 1 resulting from the LSCE method.
4.1. State 1

Fig. 7 shows the stabilization diagram of the acceleration response
recorded on the top of the CLT slab at state 1 in a frequency range
from 10 to 30 Hz. Considering the mean value of the FRFs, at least five
distinct resonance peaks can be seen, but with increasing frequency the
peaks are no longer clearly identifiable. From a model order of 11, five
poles can be found between 10 and 30 Hz, which are stable at a model
order of 15. For higher frequencies, no stable modes are present.

The physical modes identified from the stabilization diagram using
the LSCE method with their corresponding natural frequencies, damp-
ing ratios and mean phase correlations (MPCs) are listed in Table 1. The
fundamental frequency is 12.78 Hz, and the largest identified natural
frequency is 25.22 Hz. According to the modal parameter estimation,
the damping ratios 𝜁𝑖,St1 vary between 3.48 and 5.07%, with the largest
damping ratio associated with the fundamental mode. The MPC values
of these modes range from 0.76 to 0.91, indicating that the modes are
not purely real but moderately complex.

Fig. 8 depicts the real part of the mode shapes. As observed, the
mode shape of the fundamental mode (natural frequency 12.78 Hz)
has the largest amplitudes near the shaker position, cf. Fig. 3. The
second mode has a frequency of 13.92 Hz and the corresponding mode
shape is a bending mode with a clear nodal line in the 𝑦-direction.
The third mode identified at 16.32 Hz, like the first mode shape, has
no nodal line. At first glance, it seems unreasonable that two modes
occur without a nodal line. However, in Section 4.4 a rationale for
this is provided. The fourth mode is a bending mode with a nodal
line approximately in the 𝑥-direction and has a natural frequency of
23.55 Hz. The last identified mode with a natural frequency of 25.22 Hz
6

is a bending mode with two nodal lines.
4.2. State 2

For the EMA of the floor system in state 2, the stabilization dia-
gram is shown in Fig. 9. The mean FRF, also shown in this figure in
a frequency range between 10 and 30 Hz, has six resonance peaks
at frequencies with stable modes. The identified modal parameters,
i.e. natural frequencies, damping ratios, of state 2 resulting from the
LSCF method and MPC values are listed in Table 1. The damping ratios
𝜁𝑖,St2 (𝑖 = 1,… , 6) range from 1.90 to 8.14%, with the largest value
again observed for the first mode. According to Table 1, the MPC values
for the six modes range from 0.61 to 0.91. The fundamental frequency
of the CLT slab in state 2 is 12.02 Hz. The corresponding mode shape
shown in Fig. 10 correlates with the corresponding mode shape in
state 1. The mode shapes of the second and third identified modes
with natural frequencies of 14.31 Hz and 14.78 Hz, respectively, are
similar to the first one. This unexpected result is discussed further in
Section 4.4. The mode shapes of the fourth, fifth and sixth identified
modes with natural frequencies of 16.70 Hz, 23.13 Hz and 25.45 Hz,
respectively, are similar to modes 2, 4 and 5 in state 1. The natural
frequency of the fourth mode with 16.7 Hz is clearly larger than the
corresponding mode with the same mode shape (mode 2) in state 1
with 13.92 Hz. In this mode, installing the drywall ceiling as well as the
partition wall yields an increase of this natural frequency. The natural
frequencies of the other corresponding modes are virtually not affected
by the structural changes between state 1 and 2.

4.3. State 3

The stabilization diagram for the EMA in state 3 is shown in Fig. 11.
The mean FRF also displayed in this figure shows four well separated
resonance peaks in the considered frequency range between 10 Hz and

30 Hz. The identified natural frequencies and damping ratios, estimated
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Fig. 8. Identified modes 1 to 5 of the CLT slab in state 1.
Fig. 9. Stabilization diagram and mean FRF for the CLT slab in state 2 resulting from the LSCF method.
with the LSCE method, and MPC values of state 3 are listed in Table 1.
Compared to states 1 and 2, the natural frequencies have shifted to
lower values due to the mass of the added floating screed. Thus, the
fundamental frequency in state 3 is 10.68 Hz compared to 12.78 Hz in
state 1 and 12.02 Hz in state 2.

Interestingly, the damping coefficients 𝜁𝑖,St3 in state 3 are also con-
siderably smaller than in the previous investigated states. The reason
for this is attributed to the drastic change in mass of the floor system
in state 3. In state 1, the damping values range from 3.48% to 5.07%,
7

while the largest damping value of state 2 is found to be 8.14% in the
fundamental mode. In this raw state, the floor system has gaps between
interacting structural elements and the contact is most likely not fully
developed, for instance in the two panel joints, resulting in greater
friction and thus larger damping values. In state 2, when the drywall
ceiling is in place and the partition wall is erected, these effects are
amplified, which explains the increase in damping values compared to
state 1. In state 3, the mass of the system is more than tripled, taking
into account the bonded fill and screed, resulting in closed joints and
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Fig. 10. Identified modes 1 to 6 of the CLT slab in state 2.
Fig. 11. Stabilization diagram and mean FRF for the floor system in state 3 resulting from the LSCE method.
cracks and a fully developed contact between the components, and thus
less energy is dissipated by friction, leading to smaller damping values.
The damping of the fundamental mode is smallest at 2.08%, while the
largest damping value occurs in the fourth vibration mode at 3.60%.

The MPC values range from 0.98 to 0.65, with the lowest value
associated with the third mode, which is consistent with the results in
state 2.

The mode shapes shown in Fig. 12 are similar to the first four mode
shapes of a simply supported plate, i.e. the influence of point support
is hardly noticeable in state 3. It seems that this point support has
8

only some effect on the fundamental mode. In contrast to the previous
construction states, only one mode (i.e. the fundamental mode) without
nodal line occurs here.

4.4. Identified modes due to shaker–structure interaction

Assuming a linear elastic system, the mode shapes of the floor
construction should be unique. However, this is not the case for some of
the identified modes (modes 1 and 3 in state 1, modes 1 to 3 in state 2).
To quantify the correlation of the mode shape vectors, the MAC values
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Fig. 12. Identified modes 1 to 4 of the floor system in state 3.
Fig. 13. Visualization of the auto-MAC matrix of the mode shapes from EMA in state 1 (left) and state 2 (right).
are computed, particularly the auto-MAC matrix [34]. In Fig. 13 this
matrix is visualized for the identified modes of state 1 (left) and state 2
(right). As observed, the off-diagonal terms in the auto-MAC matrices
for the first three modes are not negligible, which is already evident
from the visual assessment of Figs. 8 and 10.

In [36] a number of possible reasons are given for why similar mode
shapes with different corresponding natural frequencies (and thus off-
diagonal auto-MAC values) are identified during system identification.
One reason may be contamination of the measured data with noise,
resulting in random noise vectors or vectors associated with unphys-
ical poles. This is ruled out due to the relatively large acceleration
9

signal levels in the measured data, compare Fig. 5, and the thorough
examination of the FRFs and pole estimates.

Another reason given is that the modal vectors are incomplete be-
cause the response was measured at too few points. At first glance, this
justification does not seem to apply either, since a dense measurement
grid has been placed over the panel. After further considerations and
calculations, however, it becomes apparent that in fact the system (and
thus the modal vectors) has only been incompletely recorded, since on
the one hand the shaker, which itself represents a vibrating system with
a natural frequency close to the fundamental frequency of the slab, has
not been taken into account and on the other hand no measurements
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have been taken in state 2 on the drywall ceiling, which also interacts
dynamically with the CLT panel. This explanation is supported by
the fact that the majority of the affected mode shapes have their
largest modal amplitudes at the position of the shaker. Furthermore,
as outlined in Section 3, the applied force of the shaker on the test
object cannot be directly measured by a force transducer. Therefore,
the resulting force on the slab is assumed equal to the acceleration of
the oscillating reaction masses, which is recorded during the tests, times
mass. This is a correct assumption if the shaker can be rigidly clamped
to the CLT slab. However, since this is not possible, the actual applied
force is unknown and a disturbance in terms of e.g. rocking of the
shaker can occur, leading to a resonance peak in the experimental data.
With the additional mass due to the floor construction it is assumed
that the interaction of the slab with the shaker and the drywall ceiling
is negligible in state 3, and thus no odd modes have been identified.

Another possibility for the observed large off-diagonal auto-MAC
values may be non-linear effects, in particular due to an opening and
closing of contact zones in the two panel joints during the dynamic
tests. Considering that natural frequencies of modes 2 and 3 of state
2 are closely spaced at 14.31 Hz and 14.78 Hz, respectively, and the
accelerations of the vibrating shaker mass were significantly larger in
state 2 than in the other two states, see Fig. 5, nonlinear effects are
amplified and two apparently identical mode shapes are identified at
two adjacent natural frequencies. This will be further elaborated in the
sections concerning the numerical simulations.

5. Numerical parameter identification

The corresponding FE models should accurately represent the struc-
ture at all construction states with as few parameters as possible to
ensure that the updated parameters can be considered as globally opti-
mal. In the following, the parameters and their corresponding initial
values used in the two-step model updating procedure described in
Section 3.2 are presented.

It is assumed that the individual wood layers of the CLT have a
linear elastic orthotropic material behavior. According to the appli-
cable timber construction standards, a distinction is made between
the material parameters parallel to the grain and perpendicular to the
grain. The initially chosen parameters for spruce of strength class C24
are the modulus of elasticity 𝐸1 = 11, 000 MPa, the shear modulus
𝐺12 = 𝐺13 = 690 MPa and the rolling shear modulus 𝐺23 = 56 MPa,
which are taken from [26,44]. The moduli of elasticity perpendicular to
the grain are assumed to depend on the parallel value and are therefore
set to 𝐸2 = 𝐸3 = 𝐸1∕30. To reduce the number of parameters to be
optimized, the elasticity coefficients 𝐸1, 𝐺12 and 𝐺23 are considered to
be dependent on each other. Therefore, a single variable 𝑠𝑀 is used as a
linear scaling factor for these properties in the optimization procedure.
Preliminary studies have shown that the modal parameters are not
sensitive to the values of the Poisson ratios. Thus, the Poisson ratios are
set to a fixed value of 𝜈12 = 𝜈13 = 𝜈23 = 0.4. A value of 𝜌𝐶𝐿𝑇 = 490 kg∕m3

is chosen as the initial value for the density of the CLT slab.
As far as the authors are aware, there are no generally valid data for

estimating the rotational stiffness of the joints between the CLT panels.
In order to obtain a realistic value of this rotational stiffness, a simply
supported CLT beam under a constant line load 𝑞 is considered in a
preliminary study, which is composed of two parts that are connected
in the middle of the beam by a pair of fully threaded screws — just like
the panels of the floor construction under consideration. For this beam,
on the one hand, a three-dimensional (3D) FE model of continuum
elements (C3D8) is created (Fig. 14(a)), in which the screws are taken
into account by embedded elements as well as the contact area in the
beam center by contact conditions. By incrementally increasing the line
load, the displacement at midspan is computed and presented in the
form of a load–displacement diagram. In a second modeling approach,
this structure is simplified as a Timoshenko beam (Fig. 14(b)), where
a rotational spring with stiffness 𝛾 is placed in the beam center. By
10

𝑈𝐵
fitting the static response of the beam model to the load–displacement
curve of the 3D model the (linearized) rotational spring stiffness 𝛾𝑈𝐵
sought is obtained.

In Fig. 15 the load–displacement curve of the 3D continuum model
is shown with the solid black line and that of the Timoshenko beam
model with a dashed black line. In addition, the blue lines in this
figure represent the global bending stiffness of both modeling variants,
denoted by 𝑘𝑏, as a function of the midspan displacement 𝑢, which
corresponds to the slope of the load–displacement curves. Since in
the 3D model the contact between the two beam elements is only
gradually established in the first load steps, the load–displacement
curve is nonlinear in this range. Accordingly, the bending stiffness also
increases nonlinearly. Only after full contact is reached, this curve
becomes linear and the bending stiffness is constant with 𝑘𝑏 = 260
kN/m. The nonlinear behavior cannot be reproduced with a linear
beam model. In contrast, the linear range is perfectly reproduced by
the rotational spring stiffness per unit length 𝛾𝑈𝐵 = 1.5 MNm/(rad
m). This value can be considered as an upper limit for the rotational
stiffness of the panel joints. However, if the contact between the panels
is not yet fully established, the equivalent rotational stiffness is smaller.
Since the gravity loads increase with each construction state, it can
be assumed that the equivalent bending stiffness of the panel joints
also increases with each construction state. In the FE models of the
slab under consideration, a rotational spring with a variable stiffness
parameter is therefore introduced at the location of each connection,
which is adjusted for each construction state by means of model up-
dating. To determine the shear stiffness of the joint, opposing loads on
the respective beam sections are also considered and a vertical spring
stiffness is estimated using the same method as for the rotational spring
stiffness. It turned out that the obtained vertical spring stiffness has no
effect on the modal properties compared to a rigid connection and is
therefore neglected in the FE model.

In the FE model, three parameters describe the flexibility of the
supports of the CLT slab, where two parameters are considered in the
model updating procedure. All parameters used in the optimization
procedure are listed in Table 3. The first optimization parameter is the
stiffness 𝑘𝑐 of the spring, which represents the longitudinal stiffness of
the point support. The initial value of this stiffness follows from the
relation 𝑘𝑐 = 𝐸1𝐴∕𝑙 to 𝑘𝑐 = 125.7 MN/m, where 𝐴 is the cross-sectional
area of the column on the lower floor with the diameter of 0.2 m,
the length 𝑙 = 3.0 m and the estimated initial modulus of elasticity in
parallel direction 𝐸1 = 12000 MPa. The second optimization parameter
is the equivalent shear modulus for the hyperelastic material of the
polyurethane compound between the CLT slab and the L-shaped steel
support, whose initial value of 𝜇 = 1.0 MN/m2 was identified from
the manufacturer’s stress–strain curve [45]. From 𝜇 and the Poisson’s
atio, which is set at 𝜈 = 0.49, the corresponding bulk modulus can

be determined [38]. The modulus of elastic bedding in the boundary
region supported by the wall is the third stiffness parameter. However,
as a result of the preliminary numerical investigations, the parameter
is not considered as optimization parameter, since the influence on the
modal properties is negligible and therefore is set to a fixed value of
𝑘̄𝑤 = 100 MN/m3.

For the spring–mass system, which models the disturbance of the
shaker, the spring stiffness is unknown. Since the stiffness varies be-
tween each test due to the assembly and disassembly of the shaker for
transport or different boundary conditions or due to different boundary
conditions when the shaker is placed on the surface of the slab, a sepa-
rate spring stiffness is introduced for each of the first two construction
states. However, the initial value is chosen to be the same for both
states with 𝑘𝑗,𝑠 = 215 kN/m (𝑗 = 1, 2), which corresponds to a natural
frequency of the spring–mass system of 12.5 Hz.

The material parameters of the steel profiles, the joist, the wood
battens and the gypsum fiber boards are not taken into account in the
model updating procedure, as preliminary simulations have shown that

they have only a minor influence on the dynamic behavior, provided
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Fig. 14. (a) Continuum model and (b) corresponding beam model used to estimate the equivalent stiffness of the rotational springs representing the panel joints.
Fig. 15. Load–displacement diagram (black lines) and global stiffness (blue lines) of the models used to estimate the equivalent stiffness of the rotational springs representing the
anel joints. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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hat physically reasonable parameters are used. Note that although
hese parameters are not updated, the corresponding components are
mportant for the model of state 2. The timber elements are modeled
ith the material parameters of spruce, which are introduced as initial
aterial parameters for the individual wood layers of the CLT, the mod-
li of elasticity and the density for steel profiles are 𝐸𝑠 = 210, 000 MPa,
𝑠 = 7850 kg∕m3 and 𝐸𝑔 = 3800 MPa, 𝜌𝑔 = 1150 kg∕m3, respectively,
nd for the gypsum fiber boards 𝐸𝑔 = 3800 MPa, 𝜌𝑔 = 1150 kg∕m3,
espectively.

For the numerical simulation of the test object in state 3, the mod-
lus of elasticity 𝐸𝑠𝑐 = 22, 000 MPa and the density 𝜌𝑠𝑐 = 2000 kg∕m3

f the screed are considered as fixed values, while the screed thickness
s a parameter to be optimized with initial value 𝑑𝑒 = 0.06 m. Thus,

indirectly both mass and stiffness of the screed are varied in the
optimization.

The initial value of the dynamic stiffness modulus of the footfall
sound insulation is set to 𝑠𝑓 = 12 MN/m3, which is a common value
for timber floors. With the fixed thickness of 0.03 m, this gives the
modulus of elasticity for the footfall sound insulation of 𝐸𝑓 = 0.36 MPa
as the initial value, which is another optimization parameter. The
11
elastically bonded fill is characterized by two optimization parameters,
the density (initially set to 𝜌𝑏𝑓 = 1600 kg∕m3) and the modulus of
elasticity (initially one tenth of the cement screed, i.e. 𝐸𝑏𝑓 = 2200 MPa).

.1. Sensitivity analysis

A sensitivity analysis is carried out to quantify the influence of every
ptimization parameter on the modal properties and subsequently to
ule out parameters in the model updating process, which have only
minor influence on the outcome of the numerical computations. For

tate 1 and state 2, seven optimization parameters are considered each,
hile four parameters are varied in the optimization procedure in state
. All parameters are summarized in Table 3.

From the seven parameters varied in the model updating procedure
n state 1 and state 2, four parameters (the shear modulus of the
olyurethane compound 𝜇, the vertical flexibility of the point support
𝑐 , the density of the CLT panels 𝜌𝐶𝐿𝑇 and the scale factor for the

stiffness parameters of the timber material 𝑠𝑀 ) affect the numerical
results of the models for both states. The rotational spring stiffnesses
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Fig. 16. (a)–(c): sum of the mean relative errors of the natural frequencies 𝜖𝐸𝐹 , (d)–(f): sum of the mean mode shape errors 𝜖𝑀𝑆 , for state 1 to state 3, respectively.
𝛾1,St𝑗 and 𝛾2,St𝑗 as well as the stiffness of the spring–mass system of the
shaker model 𝑘𝑗,𝑠, with 𝑗 = 1, 2, are different in each of the two states.

For state 1, the sum of the mean relative errors of the natural
frequencies 𝜖𝐸𝐹 and the sum of the mean mode shape errors 𝜖𝑀𝑆 ,
defined in Eq. (3), are depicted in Fig. 16(a) and (d), respectively,
for the initial parameters, which are multiplied by a scaling factor
𝑠𝐹 = 0.7,… , 1.4 sequentially, to evaluate the changes in natural fre-
quency and mode shapes. The material parameters of the CLT elements,
i.e. density 𝜌𝐶𝐿𝑇 and the scale factor 𝑠𝑀 , have the largest impact on
the natural frequencies of the model. Naturally, the spring stiffness
of the shaker-mass system affects the natural frequency of the mode
that is identified due to shaker–structure interaction. Compared to
the material parameters, the stiffness parameters corresponding to the
boundary conditions of the system have a smaller but non-negligible
impact on the natural frequencies, when comparing the sum of the
mean relative errors (cf. Fig. 16(a)). These parameters considerably
change the resulting mode shapes, which is depicted in Fig. 16(d).

Varying the optimization parameters of state 2, results in simi-
lar mean relative errors of the natural frequencies, as depicted in
Fig. 16(b), compared to the results of state 1, while the mode shapes
seem to be less affected by the boundary conditions (Fig. 16(e)). Since
the material parameters and boundary conditions of the load-bearing
structure are part of the model updating in state 1 and state 2, four
parameters that affect the material parameters of the non load-bearing
floor construction are varied in state 3. These are the modulus of
elasticity of the footfall sound insulation 𝐸𝑓 , the screed thickness 𝑑𝑒
(which directly influences both mass and stiffness of the screed), the
density 𝜌𝑏𝑓 as well as the modulus of elasticity 𝐸𝑏𝑓 of the bonded
fill. In Fig. 16(c) the change in the natural frequencies is depicted,
following the same sensitivity study. As can be seen, all parameters
affect the natural frequencies, in particular the density and the modulus
of elasticity of the bonded fill have the largest impact. Also the mode
shapes are largely influenced by the parameters of the bonded fill (cf.
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Fig. 16(f)), while the density of the screed and the modulus of elasticity
only have minor impact on the mode shapes. Note that the results of
the sum of the mean errors of the mode shapes are truncated at 15% for
state 1 and state 2 and at 10% for state 3 for visibility purposes. Results
larger than these limits imply that by changing the parameter values,
the sequence of mode shapes no longer matches those determined with
the initial parameters.

5.2. State 1 and state 2

The FE models for state 1 and state 2 are updated in parallel accord-
ing to the model updating procedure described in Section 3.2. In total,
ten parameters are updated in this optimization step, as outlined in
the previous paragraphs. This includes two rotational spring stiffnesses
representing the slab joints for each state 𝛾1,St𝑗 and 𝛾2,St𝑗 (𝑗 = 1, 2
denoting the corresponding state), one spring stiffness representing the
shaker flexibility for each state 𝑘𝑗,𝑠, the point support spring stiffness
𝑘𝑐 , the shear modulus of the hyperelastic polyurethane compound 𝜇,
the scaling factor for the elastic material parameters of the timber 𝑠𝑀
and the density of the CLT slab 𝜌𝐶𝐿𝑇 .

The updated parameter values are listed in Table 3. The rotational
spring stiffnesses of the panel joints are given per unit length, since
the stiffness of the discrete rotational springs used in the FE models
is mesh dependent. As can be seen, the rotational stiffness increases
significantly from state 1 to state 2. This is attributed to the fact that
the mass increases in state 2 and thus the contact in the joints is more
pronounced, as well as to the fact that installation of the drywall ceiling
also increases the stiffness in the transversal direction. This increase
is also evident in the measurement data when comparing the modal
properties (natural frequencies and modes shapes) of state 1 and state
2. Mode 2 in state 1 is mainly dominated by the bending stiffness
of the slab in transverse direction and the rotational stiffness of the
joints. Since the bending stiffness of the CLT slab does not change, the
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Fig. 17. Selected numerically identified mode shapes of state 1, 2 and 3.
increase in natural frequency from 13.92 Hz in state 1 to 16.70 Hz in
state 2 (comparing the correlating mode shapes) must be to be due to
a significant increase in rotational stiffness. Moreover, the left panel
joint, cf. Fig. 3, has a higher rotational stiffness (𝛾1,St𝑗) than the panel
joint on the right hand side (𝛾2,St𝑗).

The determined spring stiffness of the shaker model results in a
natural frequency of the shaker of 13.30 Hz in state 1 and 12.42 Hz in
state 2. This is consistent with the results of the EMA, where the first
identified natural frequency in state 1 is larger than the first natural
frequency in state 2. The difference in the shaker frequency is due to
the fact that the shaker was disassembled for transport and reassembled
on site before each measurement and the boundary conditions of the
shaker attachment might vary.

The updated value of the point support stiffness increases compared
to the initial assumption, while the shear modulus for the polyurethane
compound decreases. The elastic parameters for spruce used to compute
the slab stiffness increase by about 24%, i.e. 𝐸1 = 13, 640 MPa, 𝐺12 =
855 MPa and 𝐺23 = 57 MPa, while the density slightly decreases,
i.e. 𝜌𝐶𝐿𝑇 = 464 kg/m3.

When the FE analysis is performed with these optimized parameters,
the natural frequencies given in Table 2 are obtained. Also listed
is the relative error between these numerically determined natural
frequencies and the values from the EMA according to Eq. (3), which
in state 1 is between 1.62 and 3.11%. The difference between the mode
shapes from the FE analysis and the real part of the corresponding
mode shapes from the EMA are evaluated by means of the cross-MAC
matrix [34]. The resulting MAC values can be likewise found in Table 2.
In state 1, the MAC values for the first four modes are close to 0.9,
indicating a close correlation. The MAC value of the fifth mode of 0.82
could be due to the fact that higher modes are more prone to inaccurate
grid positions of the sensors when recording the dynamic response of
the slab.

In state 2, the relative error between the natural frequencies of
the computational model and the EMA is in the range of 0.00% and
13
5.04% with a mean error of 1.87%. The MAC values range from 0.89
to 0.96, which is an excellent correlation with the experimentally
identified modes. The visualized cross-MAC matrices in Fig. 18 show
the same properties as the auto-MAC matrices in Fig. 13 with relatively
large non-diagonal MAC values. In Fig. 17 the numerical identified
mode shapes of mode 1 and 2 for states 1 and 2 are depicted. If one
compares the numerically determined mode shapes with the correlating
experimentally determined ones, see Figs. 8 and 10, one can also
observe, as suggested by the MAC value, that the modes match very
well. Note that when a shaker system with a single degree of freedom
is used in the FE model, the first mode, which is identified as a mode
due to the shaker–structure interaction, can be accurately identified
numerically as well as in state 1. The closely spaced second and third
mode cannot be reproduced in this linear model since the behavior
is attributed to nonlinear effects of the panel joints, as outlined in
Section 4.4. Therefore, only five of the six experimentally identified
modes are considered in the MAC matrix.

5.3. State 3

The FE model for state 3 supplements the previously updated FE
models for states 1 and 2. In this second model updating step, four
parameters are optimized that were not included in the previous mod-
els. i.e. density of the fill, modulus of elasticity of the bonded fill,
modulus of elasticity of the footfall sound insulation and thickness of
the screed. The optimized parameter values are listed in Table 3. As
can be seen, the density of the fill 𝜌𝑏𝑓 is about 9% smaller than the
estimated initial value listed in Table 3. The largest change occurs in
the elastic modulus of the bonded fill 𝐸𝑏𝑓 , which is 482 MPa after
optimization (initial value = 2200 MPa). This is reasonable, as the
initial value was subject to the greatest uncertainty. The modulus of
elasticity of the footfall sound insulation 𝐸𝑓 increases slightly and leads
to an equivalent dynamic stiffness modulus of 13 MN/m3. The thickness
of the cement screed 𝑑 is 1.9 cm greater than its initial value.
𝑒
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Fig. 18. Visualization of the cross-MAC matrix between the mode shapes from the FE model and the EMA in state 1 (left) and state 2 (right).
Table 2
Natural frequencies 𝑓 FEM

𝑖,St𝑗 of the FE models, MAC values MAC𝑖,St𝑗 , and relative errors between the natural frequencies of the FE
model and the EMA 𝜖(𝑖)𝐸𝐹 ,St𝑗 in three construction states (construction states denoted with subscript 𝑗 = 1, 2, 3; modal parameters
denoted with subscript 𝑖 = 1,… , 5.
Mode
(𝑖)

𝑓 FEM
𝑖,St1

[Hz]
𝜖(𝑖)𝐸𝐹 ,St1
[%]

MAC𝑖,St1
[–]

𝑓 FEM
𝑖,St2

[Hz]
𝜖(𝑖)𝐸𝐹 ,St2
[%]

MAC𝑖,St2
[–]

𝑓 FEM
𝑖,St3

[Hz]
𝜖(𝑖)𝐸𝐹 ,St3
[%]

MAC𝑖,St3
[–]

1 12.50 2.18 0.90 12.02 0.00 0.96 10.81 1.25 0.96
2 14.14 1.62 0.89 15.10 2.19 0.95 13.05 – –
3 15.89 2.67 0.94 15.86 5.04 0.96 13.73 0.05 0.90
4 24.28 3.11 0.91 22.64 2.11 0.89 15.52 1.77 0.83
5 25.95 2.89 0.82 25.45 0.02 0.92 19.76 1.99 0.94
As described above, the mass of the completed floor system has
increased drastically in state 3. Since the bending stiffness of one
panel joint was already identified at the upper limit at state 2, the
two bending stiffnesses in the FE model of state 3 are not part of
the updating process, but are set to the fixed maximum value 𝛾𝑗,St3 =
1.50 MNm/(rad m) (𝑗 = 1, 2).

The numerically obtained natural frequencies, MAC values and
relative errors for state 3 are listed in Table 2. The mean relative error
for the natural frequencies is 1.27%. Since the shaker model of the
previous models is also used in the third model, there is an additional
mode in the numerical model due to the shaker–structure interaction at
a natural frequency of 13.05 Hz. Considering a relatively large model
order in the stabilization diagram of the modal parameter estimation in
Fig. 11, the stable poles at this frequency suggest that this mode is also
present in the experimental data of state 3. However, since this mode
has a rather low MPC value, it was excluded from the model update.
The cross-MAC matrix visualized in Fig. 19 corresponds to the MAC
values between the numerically and experimentally identified modes
and shows the large agreement between the two sets of modal vectors.
The comparison of the modes shown in Fig. 17 with those obtained
from the numerical analysis (which are not shown due to lack of space)
also demonstrates this good agreement.

5.4. Numerically identified modes

With the numerical model optimally adjusted to the experimental
modal data, further parametric investigations can be carried out on the
basis of FE analyses. Since the shaker was identified as a disturbance
factor, the spring–mass system representing the shaker must first be
removed from the FE models. The modal parameters computed from
the FE models without the shaker then correspond to those of the floor
system under consideration in the three construction states. The result-
ing natural frequencies are given in Table 4. The values in this table
show that by installing the drywall ceiling in state 2, the fundamental
14
Table 3
Updated parameter sets for the FE models of the three constructions states
(𝑗 = 1, 2, 3).

Parameter Unit Initial State 1 State 2 State 3

𝛾1,St𝑗 [MNm/(rad m)] 1.00 0.50 1.58
𝛾2,St𝑗 [MNm/(rad m)] 1.00 0.29 1.13
𝑘𝑗,𝑠 [kN/m] 215 244.6 213.2
𝑘𝑐 [MN/m] 125.7 192.0
𝜇 [MN/m2] 1.00 0.62
𝑠𝑀 [–] 1.00 1.24
𝜌𝐶𝐿𝑇 [kg/m3] 490 464

𝜌𝑏𝑓 [kg/m3] 1600 1455
𝐸𝑏𝑓 [MPa] 2200 482
𝐸𝑓 [MPa] 0.36 0.39
𝑑𝑒 [m] 0.06 0.079

frequency increases from 13.86 Hz to 15.11 Hz, although in this state
the mass of the partition also contributes. However, considering that
the wood battens and the gypsum fiber boards are arranged along the
weaker slab direction, the drywall ceiling mainly affects the rotational
stiffness of the plate joints, in addition to the increased static height of
more than 20%. This leads to an increase in the natural frequency of
the fundamental mode from state 1 to state 2, so that the sequence of
mode shapes changes from state 1 to state 2. The change in the second
frequency is negligible, while the third and fourth natural frequencies
even decrease slightly. As expected, the floating screed added in state 3
leads to a decrease of all natural frequencies. This is most pronounced
for the fundamental natural frequency, which decreases by approx.
4 Hz or 27% compared to state 2.

The mode shapes of the models without shaker hardly differ from
those of the models with the spring–mass system, except that the modes
due to the shaker–structure interaction, i.e. the fundamental modes of
state 1 and 2 and the second mode of state 3 (Table 2), are missing.
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Table 4
First four numerically identified natural frequencies of the floor system without shaker
𝑓𝑖,St𝑗 in the three construction states (𝑖 = 1,… , 4 and 𝑗 = 1, 2, 3).

Mode (𝑖) 𝑓𝑖,St1 [Hz] 𝑓𝑖,St2 [Hz] 𝑓𝑖,St3 [Hz]

1 13.86 15.07 10.95
2 15.81 15.86 13.46
3 24.44 22.76 15.51
4 26.04 25.51 19.80

Fig. 19. Visualization of the cross-MAC matrix between the mode shapes from the FE
model and the EMA in state 3.

5.4.1. Simply supported slab
To emphasize the importance of the presented model updating

procedure, the results of a simple engineering model of the considered
floor system are presented here. The difference to the refined model
(cf. Section 3.1) of this study is that in this simple standard model
the complex boundary conditions of this structure are only represented
in a very simplified manner. This means that the slab is considered
to be rigidly supported at the edges and at the point bearing, cf.
Fig. 3. Furthermore, the elastically bound fill is only considered as an
additional mass in the model. The initial values given in Section 5
are chosen as parameters for the drywall ceiling, the CLT panel, the
footfall sound insulation and the screed, as they are mainly taken from
currently valid codes.

The computation on this simple engineering model yield the first
four natural frequencies as 8.16 Hz, 8.62 Hz, 12.62 Hz and 14.29 Hz
respectively. For instance, the fundamental frequency is 25% less than
that identified from the measured data in state 3. This means that with
this model (as used in engineering practice) the natural frequencies of
the actual system (in state 3) are massively underestimated, although
the point bearing is considered rigid. This can be partly attributed to
modeling the bonded fill as a mass without stiffness. Note that the
bonded fill alone has twice the mass per square meter compared to the
load-bearing CLT slab. The modeling inaccuracies have less effect on
the mode shapes.

6. Parametric studies

With a validated FE model of the as-built floor structure now
available, a wide range of numerical studies can be carried out to in-
vestigate the influence of structural changes on the dynamic behavior.
As an example, a series of parametric studies related to vibrations and
low-frequency sound radiation are carried out in this section.

In the first study, the influence of the material parameters of the
CLT, the height of the bonded fill, the screed thickness and the spacing
15
of the fully threaded screws in the panel joints on the natural frequen-
cies is investigated. For the acoustic behavior of the slab system, the
addition of mass in the form of fill is beneficial, but this means that
load-bearing components must be sufficiently dimensioned to meet the
standardized serviceability criteria for the fundamental frequency of
the finished floor system.

Fig. 20(a) shows the change in the first natural frequency as a
function of the material parameters, represented by the scaling fac-
tor 𝑠𝑀 and the height of the bonded fill ℎ𝑏𝑓 , with the numerically
determined fundamental frequency of the slab highlighted by a cross-
shaped marker. The values of the scale factor are chosen so that the
range corresponds to the strength classes C16–C50 [26], while the
height of the fill is between 0 and 15 cm. As the height of the fill
decreases and thus the mass decreases, the fundamental frequency
naturally increases and vice versa. As can be seen, the mass of the fill
has a significant influence on the fundamental frequency compared to
the material properties of the CLT. The influence of the screed thickness
𝑑𝑒 in a range between 4 and 9 cm and the height of the fill ℎ𝑏𝑓 on the
fundamental frequency is illustrated in Fig. 20(b). The impact of the
fill on the natural frequency correlates with the results in Fig. 20(a).
However, a difference can be seen up to 6 cm of bonded fill, where the
natural frequency decreases with increasing thickness of the screed. In
these cases, therefore, the screed contributes not only additional mass
but also additional stiffness.

To investigate the influence of the bending stiffness of the panel
joints on the modal properties, the spacing of the fully threaded screws
𝑑𝑠 in the panel joints is varied between 0.15 and 0.3 m. The maxi-
mum value of the rotational stiffness is estimated using the FE model
described in Section 5. In Fig. 21 the normalized rotational spring
stiffness 𝛾 (𝑛) is depicted as a solid curve with cross-shaped markers.
Reducing the spacing to 0.15 m results in a considerable increase in
rotational stiffness of about 25% compared to the initial 0.2 m. On
the other hand, increasing the distance to 0.3 m leads to a rotational
stiffness to about 70% of the initial value. The natural frequencies are
only computed for state 3, since the maximum rotational stiffness is
fully established due to the gravity loads of the floor construction. The
normalized natural frequencies 𝑓 (𝑛)

𝑖 are displayed with dashed lines in
Fig. 21 for the first four modes. Although varying the distance of the
screws has a considerable influence on the resulting rotational stiffness,
the natural frequencies for the slab with floor construction change only
slightly.

In the second study, the radiated sound power of the slab and
the surface of the drywall ceiling is investigated in order to evaluate
the influence of the parameters of the model on the vibro-acoustic
performance of the slab. The steady state response of the floor system
is computed using a point load with a constant amplitude of 1 N in
the considered frequency range, assuming a constant modal damping
ratio of 3% based on the damping ratios identified for the floor system
in state 3 (Table 1). The point load is applied at the initial position of
the shaker during the experimental tests. Since so far only the structural
component has been investigated and thus the acoustic interaction with
the receiving room has been neglected, the sound power radiated into
the far field is computed with the Rayleigh integral [46] based on the
velocity field of the drywall ceiling. In these investigations, the values
of 8 MN/m3, 10 MN/m3, 12 MN/m3 and the optimized value of 13.3
MN/m3 are considered for the dynamic stiffness of the footfall sound
insulation 𝑠(𝑖)𝑑𝑦𝑛. In Fig. 22(a) the corresponding sound power 𝑃 in a
frequency range between 3 and 250 Hz is shown in addition, as the
focus is on the vibration behavior in the low frequency range. It can
be seen that the dominant peaks of the sound power in the frequency
range between about 50 and 70 Hz are shifted from the lowest dynamic
stiffness value (circular markers) to the highest value (square markers).
The significant increase in power at approximately 160 Hz is attributed
to the drywall ceiling at the bottom of the CLT slab. However, it should
be noted here that the drywall ceiling was installed on the CLT slab

without acoustic decoupling in the form of sound insulation hangers.
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Fig. 20. Impact of (a) material parameters of the CLT represented by the scale factor 𝑠𝑀 and (b) screed thickness over the height of the bonded fill ℎ𝑏𝑓 on the first natural
frequency 𝑓1,St3.
Fig. 21. Normalized rotational spring stiffness 𝛾 (𝑛) and normalized natural frequencies 𝑓 (𝑛)
𝑖 (𝑖 = 1,… , 4) for screw distances 𝑑𝑠 between 0.15 and 0.3 m.
Fig. 22. Sound power 𝑃 for four different values of (a) the dynamic stiffness of the footfall sound insulation 𝑠(𝑖)𝑑𝑦𝑛 and (b) the height of the bonded fill ℎ(𝑖)
𝑏𝑓 (𝑖 = 1,… , 4).
Fig. 22(b) shows the resulting sound power for different heights of
the bonded fill, i.e. ℎ(𝑖)𝑏𝑓 (𝑖 = 1,… , 4) = 0.05 m, 0.07 m, 0.09 m and
0.115 m. It can be seen that the reduction of the height of the fill, or
rather, which is associated with a mass reduction of the floor system,
increases the radiated sound power especially at frequencies larger than
100 Hz.
16
Fig. 23 depict the sound power for four different values of the
screed thickness (i.e. 𝑑(𝑖)𝑒 = 0.05 m, 0.07 m, 0.09 m and 0.079 m) and
for different values of the thickness of the gypsum fiber boards (𝑑(𝑖)𝑔
(𝑖 = 1,… , 4) = 10 mm, 12.5 mm, 15 mm and 18 mm). Decreasing
the screed thickness results in a frequency shift of the dominant peaks
at approximately 70 Hz, also at lower total mass the amplitudes are
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Fig. 23. Sound power 𝑃 for four different values of (a) the screed thickness 𝑑(𝑖)
𝑒 and (b) the thickness of the gypsum fiber boards 𝑑(𝑖)
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lightly higher. Increasing the thickness of the gypsum fiber boards
ffects the sound power mainly where the modes of the fiber boards
ominate. The sudden gain in power shifts with the stiffness of the
oards, and it can be seen that the effect is significantly lower for the
hickest boards (squared markers).

. Discussion

With the results of this study, it could be shown that the interaction
f the shaker (oscillating mass 35 kg, static mass 70 kg) with the floor
tructure falsifies the dynamic properties of the structure determined
n EMA, especially in the first two construction states without floating
creed. By omitting the shaker in the updated FE models, the influence
f the shaker on the experimentally determined modal properties could
e quantified. Due to this interaction, the fundamental frequency re-
ulting from the EMA for state 1 is significantly lower by about 10%
han that of the floor system (without shaker), as could be shown
ith computations on the FE model without shaker. Furthermore, this

nteraction results in similar modes that are coupled.
Another important finding is that the installation of the drywall

eiling at the bottom of the CLT slab with gypsum fiber boards leads to
substantial increase in the stiffness of the overall system, whereby

etween construction state 1 (without the drywall ceiling) and con-
truction state 2 (with drywall ceiling) the fundamental frequency
ncreases by 9%, although in the second construction state also the mass
f a partition wall is present.

When the floating screed is installed, the fundamental frequency
rops significantly to 10.95 Hz, which is over 27% compared to the
undamental frequency identified in state 2, as a result of the additional
ass. The increase in stiffness of the entire floor system due to the

creed is less significant because it is not directly fixed to the CLT slab.
Since the global behavior of the slab joints and support is nonlinear,

n the refined updated FE model the equivalent linear parameters had
o be found for the static deformation level under the gravity loads.
ince the gravity loads are different in each state of construction, these
arameters were determined separately for each of these states.

With this validated FE model, which reflects the actual dynamic
roperties of the considered floor system, it is possible to parametrically
nvestigate the influence of additional nonstructural components. In the
resent study, the vibration behavior of the floor system in the low-
requency range was studied as an example by varying the material
arameters of the CLT slab, the height of the bonded fill, the thickness
f the screed and the gypsum fiber boards. The greatest influence on
he fundamental frequency of the structure can be attributed to the
eight of the bonded fill. As the height of the fill increases, the natural
17

requencies decrease, on the other hand, the radiated sound power m
ncreases considerably, which must be carefully considered when de-
igning a timber floor structure. The material parameters of the CLT
lab and the screed thickness have only a minor influence on the
undamental frequency compared to the bonded fill, provided that
hysically reasonable values are used. Varying the spacing of the fully
hreaded screws in the panel joints leads to a considerable change
n rotational stiffness, however, the natural frequencies of the slab
ith floor construction change only slightly. On the other hand, the

otational stiffness strongly affects the modal properties of the raw
lab, especially the modes with one nodal line in the longitudinal
irection. Finally, the impact of the dynamic stiffness of the footfall
ound insulation and the thickness of the gypsum fiber boards on
he radiated sound power was investigated, which contributes to the
nderstanding of the participation of structural elements in footfall
ound.

In addition, damping ratios, which are significantly influenced by
he prevailing in-situ conditions, were estimated for all three construc-
ion states. Damping values of up to 8% were identified in state 1 and
tate 2, which can be attributed to the raw state of the floor, where gaps
re present and contact between joints is not fully developed, therefore,
he resulting greater friction leads to larger damping values. In contrast,
he estimated damping values decreased to a maximum of 3.6% in
tate 3, where the gaps and joints are closed, which is attributed to the
dditional mass of the elastic bonded fill and screed, and consequently
ess energy is dissipated by friction.

. Conclusion

In this paper, the dynamic properties of a complex timber floor
ystem in three different construction states were investigated exper-
mentally and numerically. From the dynamic response resulting from
frequency sweep with an electrodynamic shaker, a number of natural

requencies, modal damping parameters and natural modes of vibration
f the floor structure were identified in the context of an experimental
odal analysis (EMA). A finite element (FE) model was created for each

f the three construction states. In a model updating procedure using
he experimental results, the model parameters were determined and
ncorrect assumptions in the original FE models were corrected.

In the scope of this investigation, it was found that it is essential
o carefully model the slab joints as well as the elastic support of
he slab. It could be shown that with a relatively simple FE model as
sed in engineering practice, the natural frequencies of the system are
ignificantly underestimated. This result underlines the importance of
odel updating, as incorrect assumptions in the initial model can be
etected and corrected using the modal parameters estimated from the

easured data.
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In conclusion, for a timber floor system whose fundamental fre-
quency is close to the critical lower limit, superficial modeling can lead
to a distorted prediction of the dynamic and acoustic behavior. This
means that if the problem is overestimated, refurbishment or design
changes are carried out that are expensive but not actually necessary.
On the other hand, if the problem is underestimated in the design
phase, the vibration-related problems only become apparent after com-
pletion. Especially for lightweight structures with non-standard and
varying boundary conditions, as they often occur in the course of re-
construction of renovation of old buildings (as in the case of the timber
floor system presented in this study), the prediction of the dynamic
properties with an FE model alone is a particular challenge. Information
about prevailing boundary conditions, the rotational stiffness of the
panel joints or the flexibility of linear and point supports is limited,
highly case specific, and often state dependent. Furthermore, a number
of assumptions are required to create the FE models, especially for the
supports, the elastic bonded fill, and the screed, which may not fully
represent the real conditions. Consequently, some input parameters
must be considered as effective parameters. For instance, the thickness
of the screed in the study object increased by about 30% compared to
the initial value, which is due to the fact that the screed was modeled
as a homogeneous isotropic layer in the FE model, although underfloor
heating was also installed. Thus, for complex floor systems such as the
one investigated in this study, the modeling strategy in combination
with the model updating procedure can serve as a guide to reliably
predicting the properties for similar lightweight wood structures.
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