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Abstract

Currently, the building industry contributes to up to 50% of climate change. A way to reduce
the impact is by replacing current building materials with more environmentally friendly materials,
such as timber. Engineered wood products, such as cross-laminated timber (CLT) panels, have
increased strength, stiffness, and stability which enables building higher buildings and floors with
bigger spans. However, due to the low weight of timber, CLT floors are susceptible to unwanted
high floor vibrations and therefore need to be verified on their footfall-induced vibration perfor-
mance. Predicting the vibration performance is a complex problem as the load-bearing structure
and architectural finishing have distinct structural behavior under small vibrations. Due to the
novelty of the problem, the distinct behavior is not captured well in the current design codes. As
a result, the Eurocode 5 guidelines on vibrations are currently being updated and extended. In
support, this thesis addresses the critical issue of predicting the vibration performance of CLT
floors, with a specific focus on the impact of architectural finishing.

To achieve this goal, a literature review was conducted to identify structural components that
are often overlooked, but may lead to inaccuracies in vibration predictions. These factors include
the connections between CLT panels and different types of floor finishing. A case study was then
carried out using the building HOUTlab, which features CLT floors with a concrete floating screed.
On-site measurements were performed at key locations, including at the inter-panel connection line
and in the middle of the panel. This was done before and after architectural finishing was placed.
Subsequently, analytical and numerical calculations were used to gain insight into the structural
behavior of the system subject to footfall-loading by investigating the accuracy of common engi-
neering practices and other assumptions regarding their structural behavior.

Onsite measurements, where the floor was loaded and the response was measured at the same
location, showed that the root mean square velocity (vrms) values were much higher at the inter-
panel connection line compared to in the middle of the panel. The vrms is a measure of the
amplitude of the vibration. The initial finite element analysis (FEA), assuming a rigid inter-panel
connection, inaccurately located the highest vrms values. When assuming a hinge, the FEA cor-
rectly allocated the critical vrms values but compromised the accuracy of frequency estimates. The
experimental results revealed that adding architectural finishing increased the damping, reduced
the vrms, and maintained a similar frequency, ultimately improving the vibration performance
from level 3 to level 1 according to the preliminary Eurocode 5 (prEC5) standards. The prEC5
and FEA following common engineering practices accurately estimated the frequency before ar-
chitectural finishing was placed but underestimated it by 39% after it was placed, indicating a
higher increase in the bending stiffness of the floor than initially assumed. While prior calcula-
tions assumed slip between the floor layers due to the presence of the insulation layer, assuming full
cooperation between the layers resulted in an overestimation of the frequency by 9%, suggesting
that there is some cooperation, but the floors are not fully bonded.

This research implies that for CLT floors subject to footfall loading, inter-panel connections have
a low rotational stiffness, which reduces the vibration performance of one-way and two-way span
floors. More research is recommended to establish an amplification factor for the vrms calculation
in the prEC5 that accounts for the decreased transversal bending stiffness due to the presence of
inter-panel connections. Moreover, inter-panel connections influence the modal mass, this should
be incorporated into the modal mass formula prescribed by the prEC5 for CLT floors. In addition,
this research revealed that for this Case study, adding a floating screed to a CLT floor increases the
bending stiffness much more compared to common engineering beliefs. The increase is attributed
to the increased bending stiffness of the standalone CLT and screed layers, in conjunction with
cooperation between the layers when subjected to small vibrations. Therefore the next step is to
do more experimental research of CLT floors with different floor finishing to establish appropriate
bending stiffness values for the prediction of the vibration performance.
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1 Introduction

This section provides an overview of the research topic, starting with the relevance of the study in
Section 1.1, followed by the problem definition is Section 1.2. Next, the objectives and main research
question are presented in Section 1.3. Finally, Section 1.4 outlines the methodology and Section 1.5
presents the scope adopted for this MSc thesis.

1.1 Relevance of research

The construction industry is under increasing pressure to reduce its environmental impact, prompt-
ing advancements in timber structures. Timber possesses distinct advantages, including high carbon
storage, low production energy requirements, renewability, and a favorable strength-to-weight ratio,
thereby reducing transportation energy needs [11]. In addition, engineered wood products, such as
cross-laminated timber (CLT) panels offer enhanced strength, structural stability, and streamlined
construction procedure compared to solid wood alternatives [12]. As floors account for approximately
20% of a building’s environmental impact, replacing regular concrete floors with CLT floors bid a lot
of potential for carbon and energy savings.

However, due to timbers’ low density, CLT floors risk unwanted high floor vibrations induced by
footfall loading. Subsequently, the vibration performance becomes one of the governing design require-
ments. The vibration performance is quantified using the modal properties; fundamental frequency,
modal mass and damping, which are inherent to the floor system. The preliminary Eurocode 5 (prEC5)
provides an analytical method for simple floor systems, while for more complex systems using FEA
is recommended. CLT floors generally have a relatively low fundamental frequency and modal mass,
consequently resulting in a low vibration performance.

Due to the novelty of the problem, there is a limited understanding of the structural behavior of
CLT floors subject to footfall loading, especially the effect architectural finishing has on the overall
dynamic behavior lacks awareness. As a result, existing methods result in under or overestimation of
the vibration performance. Recent numerical investigations have underscored the substantial impact
of the low stiffness of inter-panel CLT connections on vibration performance, suggesting that neglect-
ing these connections can lead to an overestimation of the vibration performance [6]. However, these
findings warrant substantiation of experimental data. Moreover, a recent empirical study involving
onsite measurements during various construction phases, has unveiled a significant underestimation of
the frequency subsequent to the installation of a floating cement screed. Ultimately resulting in an
underestimation of the vibration performance of CLT floors [7]. Both of these studies highlight the
distinctive behavior of floor systems subjected to footfall loading.

To enable an accurate forecast of vibration performance, it is imperative to develop a profound un-
derstanding of the response of CLT floor characteristics and architectural finishing to footfall-induced
vibrations. Specifically, the influence of inter-panel connections and floor finishing has emerged as
pivotal factors that have not been adequately considered in vibration performance predictions. This
research seeks to bridge these knowledge gaps and provide valuable insights into the complex dynam-
ics of CLT floor systems under footfall-induced vibrations, thereby advancing sustainable construction
practices.

1.2 Problem Statement

Due to the low density of timber, CLT floors become susceptible to high floor vibrations induced by
footfall loading. Thereby the vibration performance often becomes the governing design requirement
of CLT floors. However, due to the distinct dynamic behavior of CLT floors and architectural finishing
subject to footfall-induced vibrations, predicting the vibration performance is a complex and novel
task. As a result existing methods still struggle to accurately predict the vibration properties, which
may lead to costly mitigation measurements applied to CLT floors or on the other end, it might result
in uncomfortable floor vibrations. To avoid this of happening, design rules and codes need to be
improved and extended to accurately model the structural behavior of CLT floor systems including
capturing the complex interplay between structural and non-structural components.
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1.3 Objective and Research question

From the problem definition, the objective follows. The objective of this thesis is to detect and un-
derstand the behavior of CLT floor characteristics and architectural finishing when subject to footfall-
induced vibration so that CLT floor systems can appropriately be modeled in various vibration perfor-
mance prediction methods. By expanding the knowledge base, engineers will gain a more comprehen-
sive understanding of vibration performance analysis, enabling them to make more precise predictions
and designs. In addition, increasing the accuracy and reliability of these methods will contribute to
the competitiveness of CLT floors to other less environmentally friendly floor systems and thereby
advance the sustainability of the construction industry.

To achieve the main goal, some specific objectives related to this research are set out:

1. Identify and quantify from onsite measurements the effect of CLT floor characteristics and ar-
chitectural finishing on the vibration performance

2. Investigate design codes and common engineering practices in the field of vibration performance
analysis of CLT floors and architectural finishing

3. Investigate other possible assumptions on the structural behavior of CLT floors and architectural
finishing subject to footfall-induced vibrations.

As a result of the objective the main research question of this research is as follows:

How can CLT floor systems be modeled in order to accurately predict the
vibration performance when taking into account architectural finishing?

1.4 Methodology

The following is a breakdown of the report structure, outlining the subjects addressed in each chapter.
Within this framework, a methodology is presented to fulfill the objectives. In alignment with each
section, corresponding sub-questions will be addressed and resolved.

Chapter 2 - Footfall Induced Vibrations
This chapter provides an in-depth understanding of footfall-induced vibrations and methods for their
quantification. It begins by explaining the fundamental principles of footfall-induced vibrations and
then examines existing guidelines to quantify the vibration performance. Crucial parameters for foot-
fall analysis and potential sources of inaccuracies are presented. The chapter also explores Modal
analysis, discussing a wide range of experimental and numerical methods to obtain reliable modal
property values. The chapter will address the following sub-questions:

• Which parameters govern the vibration performance of floors subjected to footfall loading?

• Which parameters used in the prEC5 vibration calculations might lead to inaccuracies in the
vibration performance of Cross-Laminated Timber (CLT) floors?

Chapter 3 - Dynamics of CLT Floors
This chapter assesses the dynamic behavior of CLT floors within timber structures, considering both
structural and non-structural components. Special attention is given to elements like partitions, screed,
and inter-CLT panel connections, as prior research indicates their impact on the overall dynamic
behavior of timber structures. This chapter serves as the foundation for establishing initial parameter
values and assumptions building behavior for the case study. Additionally, it aids in interpreting and
validating results from experimental, analytical, and numerical analyses. The following sub-questions
are addressed within this chapter:

• What is the current state of the art research concerning the dynamic response of CLT floors
subject to footfall loading?

• How does architectural finishing influence the dynamic response of lightweight floors subject to
footfall loading according to existing research?
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Chapter 4 - Case Study
This chapter employs a case study to identify and quantify the effects of CLT floor characteristics and
architectural finishing on the dynamic behavior of CLT floor systems. This chapter entails a description
of the case study and different construction phases in which onsite measurements are conducted. In
addition, this chapter presents the experimental, analytical and numerical methods used and analysis
procedures to investigate the behavior of the case study floor system. Finally, this chapter displays
several verification methods used in this thesis.

Chapter 5 - Results
In this chapter, the results of the onsite measurements with and without architectural finishing are
presented and discussed. After, it presents the results of the comparative study of onsite measure-
ments to the predicted modal properties according to common engineering practices. Subsequently,
the results of the sensitivity study are presented and the significant parameters affecting the vibration
performance are deduced. Finally, the results of the numerical comparative study on the stiffness
behavior of connections and the results of the analytical comparative study on the effective bending
stiffness are presented and analyzed.

Chapter 6 - Discussion
This section first delves into the assumptions and decisions made in this thesis, discussing their po-
tential impact on the accuracy and reliability of results. Which, this chapter discusses on the results
and observations obtained in this research.

Chapter 7 - Conclusion and Recommendations
The results and insights obtained from various stages of the research are summarized to address the
main research question. In addition, this section offers recommendations for future research.

1.5 Scope

Given the extensive scope of vibration performance in timber floors and architectural finishing, this
research is limited to the following:

1. Investigation of CLT floors, as they offer advantages such as pre-fabrication, rapid on-site erec-
tion, and construction efficiency, aligning with the goal of flexible and quick construction in dense
urban areas.

2. Focus on the analytical method provided by the preliminary Eurocode 5 on vibrations, as it is
expected to be widely used in the future and represents the most up-to-date method available.
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2 Footfall induced vibrations

2.1 Introduction

This chapter provides a comprehensive understanding on footfall-induced vibrations and outlines meth-
ods for their quantification. The initial focus is on explaining the fundamental principles underlying
footfall-induced vibrations. Subsequently, existing guidelines that quantify vibration performance are
examined in-depth, enhancing comprehension of parameters essential for footfall analysis, along with
potential factors that might introduce inaccuracies. Furthermore, the chapter delves into Modal analy-
sis, where methods for assessing the vibration characteristics through both experimental and numerical
approaches are given so that reliable knowledge can be obtained. At the end of the chapter, the fol-
lowing questions will be answered:

• Which parameters govern the vibration performance of floors subjected to footfall loading?

• Which parameters used in the prEC5 vibration calculations might lead to inaccuracies in the
vibration performance of Cross-Laminated Timber (CLT) floors?

2.2 Basic principles of footfall-induced vibrations

This chapter explains the basic principles of Footfall-induced vibrations in three components; the
footfall loading, the vibrating structure, and the sensitivity of humans to the vibration. Herein it is
defined what determines the overall dynamic response and how it can be described using the vibration
properties.

2.2.1 Footfall loading

Human-induced loads on floors are in principle walking, running, or jumping. The most common load
within buildings is walking. The dynamic load of humans walking is dependent on their step frequency
and weight [1]. Figure 1 depicts a velocity-time response of a floor to a walking load. Here you can see
that the force of a single step generates a regular response. An interval containing one velocity peak
depicts one single-step response.

Figure 1: Floor response [1]

The dynamic loading of a single step can be normalized into a normalized step load that can be used
in dynamic analysis to model the footfall loading. The normalized step load can be used in dynamic
analysis to model the footfall loading. A widely used method to determine the normalized step load
is given by the ‘Human-induced vibration of steel structures’ (HIVOSS) in 2010, where every footfall
load is described by a polynomial, see formula 1 for the normalized step load [1]:

F (T )

G
= K1t+K2t

2 +K3t
3 +K4t

4 +K5t
5 +K6t

6 +K7t
7 + k8t

8 (1)

G is the mass of the person. K1 to K8 are coefficients dependent on the step frequency (fs) given in
figure 2 and t is the time in seconds. ts is the load duration and given by equation 2 [1]:

ts = 2.6606− 1.757 ∗ fs + 0.3844 ∗ f2
s (2)
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Figure 2: K1 to K8 coefficients [1]

If t > ts, F (t) = 0
otherwise table 2 must be used.
The walking load function is made by repeating the normalized step load. Figure 3 depicts the step
load of four distinct step frequencies and an example of a normalized walking load function.

2.2.2 Vibrating Structure

The vibrating structure consists of all the components in the structure that dissipate the energy induced
by the source. Every component has its own stiffness, modal mass and damping, which determines
the amount and at what time energy is dissipated. These properties can be altered to increase the
vibration performance of floors. To understand the dynamic behavior this chapter explains the two
different types of response to footfall loading and the basic vibration theory that can be described using
a single-degree-of-freedom (SDOF) system and a multi-degree-of-freedom (MDOF) system for analysis.

A system’s response to repetitive force can take the form of either the plot of figure 4 or 5 [1].
Respectively these depict a resonant response (or steady-state response) and a transient response. A
resonant response generally only occurs when the natural frequency of the floor is close to the excita-
tion frequency or a multiple of the excitation frequency. After a multiple of four times the excitation
frequency, the added energy is so little there is no risk of a resonant response anymore. The excitation

Figure 3: graph left: step load; graph right: normalized walking load [1]

Figure 4: resonant response [1]
Figure 5: transient response [1]

Figure 6: SDOF with damping
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force of walking is between 1,5 and 2,5 Hz, therefore the risk of a resonant response only applies to
floors with a fundamental natural frequency up to 10 Hz.

One vibrating component can be described with a single-degree-of-freedom system (SDOF), which is
a system that can either translate along a line or rotate around a pivot, figure 6 depicts a schematized
structure. M is the participating mass, k is the stiffness of the structure and c depicts the damping
coefficient of the structure. There are two different kinds of vibration possible, a free vibration and
a forced vibration. A free vibration moves in the ’natural frequency’ (f0) of the floor as a result of a
single force. The frequency depicts how fast the mass completes one period of its motion. The natural
frequency of an SDOF is inherent to the system and is determined by the mass and stiffness. In general
light and stiff SDOF systems vibrate fast and, heavy and soft SDOf systems vibrate slow[2].

naturalfrequency = f0 =

√
k

m
(3)

Forced vibrations are subjected to a continuous force. The base moves with a sinusoidal movement.
The response of the SDOF is now also dependent on the frequency of the base. When the frequency
of the base is smaller than the natural frequency, the structure moves in phase. Otherwise, it moves
in anti-phase so that the base and structure vibrate counter-directed. The corresponding equation to
a forced vibration is the Equation of motion:

mustructure + kustructure = kubase (4)

In structural analysis the equation of motion is often rewritten into another form[2]:

kurelative + kurelative = −mubase (5)

and
urelative = ustructure − ubase (6)

ubaset = u0sin(ω ∗ t) (7)

if
ω

ω0
< 1 : inphase

if
ω

ω0
> 1 : inantiphase

Figure 7 depicts the dynamic amplification factor, it shows how much larger the maximum deflection
of the structure will be than the static deflection under the force of the same magnitude. The DAF
is dependent on the ratio of the frequency of the base to the natural frequency [2]. The dynamic

Figure 7: Dynamic amplification factor with different damping [2]
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amplification factor can be very large when the frequency of the base is close to the natural frequency
of the structure. This leads to significant amplification of the response, resulting in the resonant
response depicted in figure 6 on the left. Dissipation of energy always takes place in the course of
structural vibrations such as in floors, walls, joints and additional damping devices. Damping is en-
ergy dissipation and is given in percentage[13]. The vibration of the structure with damping decays
with time and becomes smaller. Figure 7 shows how an increased damping reduces the amplification
factor, the larger the damping the quicker the decay of the vibration[13]. The equation of motion
and amplification factor with damping is determined with equation 5 . Equation 6 shows that the
dynamic response of a forced vibration is dependent on the natural frequency of the floor, the walking
frequency, and the damping. If these frequencies are close to each other resonance occurs, which can
lead to uncomfortable floor vibrations. Damping reduces the dynamic response, especially at the point
of resonance.

Multi-degree-of-freedom system
Often, a SDOF is not enough to describe the vibrations of a structure. A two storey house can for
example be simply modeled by a two degree of freedom modal, shown in figure 8. However, if a more
complex structure is modeled a MDOF system is needed[14]. A MDOF system contains multiple natu-
ral frequencies and therefore multiple base motions can cause resonance. Distinct shapes of vibrations
correspond to distinct natural frequencies.
Every free body has its own separate equation, these equations can be merged into a matrix form. For
a 2DOF system as shown in figure 8 the corresponding equations of motion are equation 8 and 9. The
equations can be written in matrix form.

m1ü1 + c1u̇1 + (k1 + k2)u1 = F1(t) (8)

m2ü2 + c2u̇2 + k2u2 = F2(t) (9)[
m1 0
0 m2

] [
ü1

ü2

]
+

[
c1 + c1 −c2
−c2 c2

] [
u̇1

u̇2

]
+

[
k1 + k1 −k2
−k2 k2

] [
u1

u2

]
=

[
f1
f2

]
In general, a MDOF system can be described in the following form [15]:

M̄ü(t) + C̄u̇(t) + K̄u(t) = f̄(t) (10)

where M̄ is the mass matrix, C̄ is the damping matrix, K̄ the stiffness matrix, f̄ is the force vector.
The natural frequency of a MDOF system without damping can be found by setting the matrix to
zero, called the equation of motion:

Mü(t) +Ku(t) = 0 (11)

The initial conditions of the displacement u(0) = u0 and the acceleration ˙u(0) = u̇0 are defined to find
the movements of the masses. Mode shapes are harmonic vibrations that are the outcome of distinct
initial values. Each mode shape has a natural frequency, the lowest frequency is called the fundamental
frequency. The free dynamic deflection in time is described by the following equation:

u(t) = ϕ(Ancos(ωnt) +Bn(ωnt)) (12)

Figure 8: A:Two storey house. B: Two degree of freedom model
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Where ϕn is the modes of vibration, ωn the natural frequency and An and Bn are constants based on
the initial conditions. Herein, ϕn and ωn are the unknowns. Substituting the deflection equation in
the equation of motion gives:

[ω2
nMϕn +Kϕn]qn(t) = 0 (13)

With K̄ and M̄ known the corresponding values ωn and ϕn can be found by solving this matrix:

[K − ω2
nM ]ϕn = 0 (14)

In conclusion, MDOF systems have multiple natural frequencies and resonance responses can therefore
be initiated by multiple base motions. From the equation of motion, it is clear that the dynamic
response of a MDOF is dependent on the mass, stiffness, damping and displacement of each component.

2.2.3 Sensitvity of residents

The sensitivity of humans to vibrations is dependent on multiple factors. According to the Timber
Engineering book [16], the sensitivity of humans to vibrations depends on:
1. The vibration acceleration for natural frequencies below 8 Hz
2. The vibration velocity for natural frequencies above 8 Hz
3. Vibration duration
4. Proximity and awareness of the vibration source
5. Physical activity and familiarity
6. The logarithmic characteristic of the vibration sensitivity

The human body cannot detect high-frequency vibration. The British Standards Institution (BSI)
defines frequency weighting curves that can be applied so that a floor frequency can be interpreted
to sensitivity, comfort and whole-body vibration. The standards distinguish three translations: fore-
and-aft, lateral and vertical within a range of 0.5Hz to 80Hz[17]. Footfall analysis considers vertical
vibrations. For vertical vibrations about 50 percent of the people sitting and standing can sense a
vertical weighted peak acceleration of 0.015 ms-2. Figure 9 depicts the frequency weighting curve of
vertical vibrations given by the BSI and the blue line depicts the peak acceleration threshold [17]. The
weighting curve shows that the critical frequencies are between 3 and 25 Hz, where the weighting curve
is above the blue line.

Figure 9: Weighting curve
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2.3 Vibration performance calculation methods

As a result of the information presented in chapters 2 and 3, which explains footfall-induced vibrations
and the impact of timber elements and connections on such vibrations, we will now examine how
the vibration performance of timber floors is quantified in practical terms. In Europe, the prevailing
approach for designing timber structures in buildings and other civil engineering works is provided
by Eurocode 5: ”Design of Timber Structures.” In response to the growing popularity of timber
structures, the existing Eurocode 5 is being expanded and enhanced in the preliminary Eurocode 5,
scheduled for publication in 2026. With a focus on the future, this chapter outlines how the overall
dynamic behavior of Cross-Laminated Timber (CLT) floors is evaluated according to the prEC5,
placing particular emphasis on the consideration of architectural finishes. Furthermore, a comparison
is made between the prEC5 and other currently utilized vibration calculation methods to answer
question: Which parameters used in the prEC5 vibration calculations may cause inaccuracies in the
vibration performance of CLT floors?

2.3.1 Eurocode 5: vibration calculations

In public contracts, the Eurocodes serve as the recommended reference for technical specifications.
They are primarily intended to ensure a consistent level of safety during construction and throughout
the service life of structures. Additionally, they provide a design guide that enables a more efficient
and cost-effective design process. Due to market demands, advancements in products and materi-
als, and three decades of research, the current version of Eurocode 5, published in 2004, has become
outdated. The next generation of Eurocodes, expected to be published in 2026, is currently under
constant revision and updating, thus referred to as the preliminary Eurocode 5 (prEC5). Especially

Figure 10: Flow chart of dEC5
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the calculations on footfall-induced vibrations are expanded on in the prEC5.

The vibration calculation procedures outlined in the prEC5 are visually represented in a flow chart,
depicted in Figure 10. The classical beam method and deflection method are employed for straight-
forward floor systems with only one predominant fundamental frequency acting. In cases where the
floors are more complex and exhibit multiple active frequency modes, the dEC5 offers an alternative
method in Annex K. Within Annex K, the frequencies and modal mass serve as inputs, which can be
determined through analytical, Finite Element Method (FEM), or experimental analyses.

Classical beam theory method
The first method described in Chapter 9 of the prEC5 to determine the fundamental frequency is
the classical beam theory method. This method offers a straightforward and efficient approach to

Figure 11: Table 9.1 in the prEC5

Figure 12: Floor vibration criteria according to the prEC5

Figure 13: Use categories according to the prEC5
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assess the vibration performance of a floor, but its applicability is limited to simple floor systems or
highly simplified representations of complex systems. The accuracy of the results decreases as the real
geometry deviates further from the simplified geometry used in the analysis. In general, the classical
beam theory method is constrained to the following criteria:

1. Floors with a fundamental frequency exceeding 4.5 Hz.

2. Floors with openings that do not exceed 15 percent of the total area and 40 percent of the floor
dimensions.

3. Floors with at least a floor performance level of 6.

4. Discontinuous floors.

5. Simply supported floors.

6. Floors with a uniform transverse and longitudinal bending stiffness in their respective directions.

Static deflection method
The second method given in Chapter 9 is the static deflection method. In this approach, the fun-
damental frequency is determined by evaluating the static deflection resulting from a point load of 1
kN applied at the most unfavorable location. Essentially, all structural components that influence the
dynamic response can be taken into consideration. The static deflection (wsys) can be computed using
well-established manual calculation methods or by employing Finite Element Method (FEM) software.
The static deflection method exhibits fewer limitations compared to the classical beam method and
can be applied to slightly more complex floors, offering a more precise prediction of the fundamental
frequency.

Annex K
Annex K in the prEC5 offers additional guidance for the vibration design process, specifically for
more complicated floor systems. This comprehensive method can be applied to assess various types
of floors, including those with irregular shapes. To utilize this method, the natural frequency of mode
m, modal mass, and damping parameters must be determined through analytical, experimental, or
Finite Element Method (FEM) modeling analyses. The Annex K, provides alternative formulas for the
root mean square velocity, root mean square acceleration and response factor. The Annex K method
follows the left side of the flow chart. For the calculation of transient responsive floors the v-rms
and response factor take into account all frequencies that lie within the fundamental frequency and
twice the fundamental frequency [18]. For example, if the fundamental frequency would be 10,5 Hz,
all vertical modes between 10.5 and 21 Hz should be identified and used to determine v-rms and the
response factor.

2.3.2 Other calculation methods

The ’prEC5: Vibrations’ draws upon a wide range of guidelines, research papers, industry standards,
and expert recommendations accumulated over the past 30 years. Indicated by the explanatory back-
ground documents of the prEC5, notable references include technical reports from the Steel Construc-
tion Institute (SCI), A Cement and Concrete Industry Publication (CCIP), and the Joint Research
Centre (JRC) in collaboration with the European Convention for Constructional Steelworks (ECCS).
The JRC published its technical report: ’Design of floor structures for human-induced vibrations’ in
2009 in support of the harmonization, implementation, and further development of the Eurocodes.
While these documents focus on lightweight steel and concrete floors, their principles are applicable
to timber structures, making them valuable resources for reliable vibration assessment and design.

A comparison study is done of the prEC5 and background documents to assess the influence of param-
eters and identify parameters that may cause inaccuracies in the prEC5. The parameters that will be
discussed are the: fundamental frequency limit (flim), the fundamental frequency (f1), the damping
ratio ( ζ), the Modal mass (M∗) and the resulting response factor (R). Special attention is given to
how the effect of architectural finishing on vibration performance is considered in the prEC5. Finally,
guidelines for onsite testing are discussed according to the NEN-EN 16929: ’Beproevingmethoden’ [19].
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Fundamental frequency limit
The fundamental frequency limit determines whether a floor is categorized as a low-frequency floor
(LFF) or a high-frequency floor (HFF). The limit is based on the first four possible harmonics of the
walking frequency that can provide enough energy to cause a resonant response of the floor. Figure 18
represents the first four harmonics for a simply supported beam or floor on two sides. LFF floors have
to be assessed according to the root mean square acceleration criteria (arms) due to the possibility of
having a resonant response, while HFF floors should be checked according to the root mean square
velocity criteria (vrms). The prEC5 sets the limit at 8 Hz for most floors and 7 Hz for floors with a
performance level 6. Reference design guidelines SCI, JRC, and CCIP suggest resonant responses can
occur in floors with fundamental frequencies up to 9-10 Hz. As the prEC5 considers walking frequen-
cies between 1.5 and 2.5 Hz, the 4th harmonic of 2.5 Hz is 10 Hz. Based on the walking frequency,
assuming floors above 8 Hz only exhibit transient response may be to low a value. Especially for
areas with big spans, walking loads with higher frequencies are expected, which may result in resonant
responses in floors with fundamental frequencies of 10 Hz.

Fundamental frequency
As can be seen in the flow chart, the prEC5 gives two formulas to determine the fundamental fre-
quency, in addition, two factors are introduced. The ke,1 frequency factor to consider the geometry
in case of a two-way spanning floor on rigid supports. The ke,1 factor is related to width to length
ratio. As can be seen from figure 14 and 15 the smaller the ratio between l2/L the bigger the ke,1
factor. Secondly, the ke,2 frequency factor is introduced to consider the effect of the transverse floor
stiffness in the case of a double span floor and is determined with equation 15. The frequency is thus
dependent on the geometry, bending stiffness in both directions and the mass of the floor. The span
of the floor is especially of significance on the fundamental frequency.
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√
1 +

(L/B)2 ∗ (EI)T
(EI)L

(15)

f1 =
π

2

EIy
µ ∗ l4

√
1 + [2(

b

l
)2 + (

b

l
)4]

EIx
EIy

(16)

The background document by the JRC also gives a formula for the frequency that takes into account
the ratio between the length and the width of the plate and the stiffness in orthotopic plates, formula
16. The ke,2 factor is similar to the squared part of equation 16. The JRC also gives fundamental
frequency formulas that take into account different support conditions, these formulas can be employed
to support the prEC5 vibration calculations.

Damping
The damping value is very hard to predict analytically therefore the prEC5 gives standardized damp-
ing values that are based on a lot of floor vibration studies done throughout Europe and worldwide.
Standardized damping values are given for the four categories given in table 1. According to the back-
ground document of the prEC5 these damping ratio’s are conservative in comparison with damping
values measured on-site.

[3]:
The design of floors for vibrations’, published by the SCI in 2009 recommends using the values given
in figure 16. The SCI distinguishes between three different building stages, however, there are also

Figure 14: ke,1 = 1 for l2/L = 1 Figure 15: ke,1 = 1,28 for l2/L = 0,5
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more elaborate methods. The JRC determines the damping value by adding the structural damping,
damping due to furniture and damping due to finishing. Figure 17 shows the critical damping values
per component given by the JRC. Notable is the high structural damping corresponding to wood of
6%, which is much higher than prescribed by the prEC5. Timber as material has a inherent relative
high damping property compared to other building materials, in addition to often using mechanical
connections [20]. Mechanical connections, such as bolts and fasteners can introduce added damping
into systems because they allow for movement between the elements, which contributes to energy dis-
sipation. This also explains why in the SCI [3] partitioning walls add damping to the system, because
it is and added vibrating element that can dissipate energy.

Floor-type Damping
Joisted floors 0,02
timber-concrete, rib type and slab type (e.g. CLT, LVL, GLT) floors 0,025
joisted floors with a floating floor layer 0,03
timber-concrete, rib type and slab type (e.g. CLT, LVL, GLVL, GLT) floors with a
floating floor layer

0,04

Table 1: Modal damping ratio given by dEC5

Figure 16: Damping values according to SCI [3]

Figure 17: Damping values according to JRC [4]
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Modal mass
The dEC5 gives the following formula for the modal mass for the calculation of the acceleration root
mean square value in Chapter 9:

M = 0.25 ∗m (17)

As explained in the previous chapter the modal mass is dependent on the mass, geometry, floor sup-
ports and stiffness in longitudinal and transverse directions. The JRC [4] gives modal mass formulas
for floors with different support conditions. Figure 20 and figure 21 respectively depict a floor clamped
and simply supported on all four sides. Floors with clamped support conditions show a lower modal
mass than simply supported floors. In addition, one-way spanning floors show a higher participating
mass than two-way spanning floors, this is clear when comparing the modal masses of figure 19 with
figure 21 and 20. The formula given by the prEC5 in Chapter 8 for the modal mass is equal to the
modal mass formula given by the JRC for a floor hinged supported on all four sides. In the prEC5
Annex no modal mass formula is given.

R-factor
The R factor is based on currently used floor structures where experience shows acceptable perfor-
mance and the logarithmic relation between acceptability and acceleration. Finally, it is also based
on the JRC report [4] that recommends response factors for residential and office use between 8 and
32(class C), these values agree with the floor performance levels from table 9.3 (figure 13.

Non-structural

Figure 18: First four harmonics Figure 19: Modal mass of one way spanning floors

Figure 20: Frequency formula given by JRC [4]

Figure 21: Modal mass of a double span simply
supported floor
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Additional effects as a result of the structural properties of partitions are not mentioned and gener-
ally not taken into account in the prEC5. However, background documents referenced by the dEC5
show how on-site tests revealed that partitions can restrict certain modes, leading to lower predicted
frequencies and improper modal damping [4]. A study comparing on-site tests and FE models demon-
strated that adding an ”effective partition” improved frequency matching between the model and
tested frequencies. Simplified methods that consider the span between partitions resulted in more
accurate prediction of dynamic response factors than those neglecting partitions. Modeling partitions
accurately is challenging due to their type and connection details. The classical beam method in the
prEC5 considers only the partition mass in floor vibration assessment, disregarding structural contri-
butions. The static deflection and Annex K methods allow for the inclusion of additional partition
effects, but an appropriate method needs yet to be given. Regarding floor finishing, the prEC5 states
that the stiffness of the non-structural layers should be taken into account but any composite action
between the non-structural layer and load-bearing floor should not. Finally also mentioned under
damping is that besides a floating screed, the type of architectural finishing used in the structure is
not translated to the added damping in the prEC5.

2.3.3 Onsite testing procedure

Experimental tests are very valuable due to the complexity of the dynamic behavior and the ac-
curacy of the experimental test results. In general, the measurements are conducted by applying
excitation at specific locations and measuring the corresponding vibration responses using force trans-
ducers or accelerometers. However, to obtain reliable and comparable results a test method should
be followed. This chapter follows the test method and procedure provided by the NEN-EN 16929:
’Beproevingsmethoden’ [19]. In addition, reliable modal analysis methods to identify the model pa-
rameters are explained.

Determination of the frequency
To determine the frequency from on-site testing the floor must be adequately excited and a fitting
acceleration measurement must be taken. From the measurements, the fundamental frequency, that is
the lowest measured frequency, and the higher frequency modes must be calculated. In timber floors,
these modes often lie very close to each other with a distance ranging from 0.5 Hz to 5 Hz. An adequate
excitation can be enforced by using a heel drop, rubber ball drop or an impact hammer. The load must
be applied at the location where the biggest deformations are expected, in addition, the accelerometer
must be placed 300 mm to 500 mm from the exciter. The test should be recorded for at least 10 s
with a minimum sampling rate of 500 Hz. A sufficient sampling rate (sr) must be chosen to determine
accurate dynamic floor properties. A sampling rate of at least 10 times the highest estimated natural
frequency of timber floors is recommended [19]. The more sr the more accurate, however, this will also
increase the computational time. An sr must be chosen that provides enough accuracy but will not
end in very lengthy computations.

Determination of the mode shapes
The load must be located where the highest deformations are expected, mostly in the middle of a
floor span or at the end of a cantilevering floor. The response measurements must be recorded at a
sufficient amount of locations over the entire floor plan to determine the full mode shape of each mode
of importance.

Determination of the damping
The damping ratio is preferably measured using a mechanical exciter or stepping person. The me-
chanical exciter should excite the floor in resonance with the floor. After the steady-state vibration
is secured the exciter is stopped and the vibration is measured. A stepping person can also be used,
stepping should be done at half or one-third of the fundamental frequency of the floor to excite the
floor in resonance. Again after the steady state is secured, the stepping is stopped and the vibration
is measured. It is also possible to obtain damping values from an adequate single impulse. This im-
pulse must cause a free vibration where the floor vibrates in its own fundamental frequency. Due to
the different types of loading attention must be taken when comparing damping values from previous
research to experimentally obtained data.

25



2.4 Modal analysis

Modal analysis is the process of identifying the dynamic characteristics of a system, that is its nat-
ural frequencies, damping factors, and mode shapes, to create a theoretical model that describes the
system’s dynamic behavior. The theoretical model relies on a physical model of the system that is
described by the basic vibration theory in previous chapter. The analysis is based on the concept that
the vibration response of a linear time-invariant system can be expressed as a combination of natural
modes of vibration [21]. A physical model can be created from the differential equations of motion,
that then with the superposition principle of a linear dynamic system can be transformed to a typical
eigenvalue problem. The solution of the eigenvalue problem provides the dynamic characteristics of
the system [21]. As modern structural design focuses on more efficient and lighter unique structures,
understanding vibration sensitivity becomes increasingly important, thus modal analysis needs to be
employed.

Modal analysis embraces a big range of theoretical and experimental methods to investigate, enhance,
and optimize the dynamic properties of structures. Finite element analysis has proven valuable for
engineers to examine dynamic properties. However, computer modeling alone cannot fully capture the
dynamic behavior of structures due to certain factors such as damping, nonlinearity, and uncertain-
ties in boundary conditions. To address these limitations, experimental testing is needed[21]. This
chapter discusses the methods that are of importance for this thesis, in addition the limitations and
applicability of the method is discussed so that it can be taken into account when discussing the results.

2.4.1 Numerical determination of dynamic characteristics

In order to analyse the dynamic behavior of structure the equilibrium of imposed loads, internal forces,
inertial forces and damping needs to be found, while for static analysis only a equilibrium of the im-
posed loads and internal forces is needed. The inertial forces are the masses of a structure that move
with acceleration during vibration. Just as in static analysis a deformation shape of the floor is deter-
mined from the equilibrium of forces, for dynamic analysis this is referred to as the mode shapes. The
mode shape can be output in two forms: mass normalized and unity normalized. In mass-normalized
mode shapes, the output displacements are adjusted so that the modal mass, denoted as M*, is equal
to 1 kg [3]. While these mode shapes can be used in equations, they don’t provide information about
the contribution of each mode to the overall response. Therefore, the participating modal mass cannot
be determined through this normalization method.

In unity normalized mode shapes, the maximum displacement of each mode is set to a non-dimensional
value of 1 [3]. To calculate the modal mass corresponding to a unity normalized mode shape, the max-
imum kinetic energy in each mode shape must be determined, either through finite element software
or manually. The modal mass can be obtained manually by normalizing the displacement using the
following steps:

1. First the displacement at each mesh point of the first harmonic must be obtained by either a
FEM dynamic analysis or a formula describing the displacement form. For a floor simply supported
on two sides the displacement can be obtained as output from a FEM sofware in figure 22 or equation
18

d = sin
πx

l
(18)

2. Secondly the displacement at each point is normalized by dividing it by the maximum displacement

dn,i =
di

dmax
(19)

dn = the normalized displacement
d1 = the displacement on the ith mesh point
dmax = the maximum displacment
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3. Then the modal mass factor can be determined with the equation:

cm =

∑
(d2n,i)

n
(20)

n = number/of/mesh/points

4. The modal mass is finally obtained by multiplying the total mass with the modal mass factor:

M∗ = m ∗ cm (21)

It’s important to note that some finite element software may provide an output of mass participa-
tion or effective mass, which is different from the modal mass. To ensure that the software gives the
modal mass as output, it is recommended to consider a model of a simply supported beam where the
modal masses should theoretically be half of the total mass (integrated for a sinusoidal mode shape) [3].

Software
FEM software provides engineers with a multi-functional design tool, that can help derive the dy-
namic properties of a system. However, a deep understanding of the theoretical background used in
the FEM is needed to assure meaningful outcomes. There are several FEM software, such as SCIA,
RFEM, ABAQUS, OASYS GSA, ANSYS, etc. that contain modal analysis. SCIA determines the
mode shapes based on mass normalization and therefore does not give the modal mass. It is possible
to determine the modal mass manually from the displacements given by SCIA’s dynamic analysis.
However, this is a cumbersome and time-consuming calculation. The modal mass can also be obtained
by using the specialized software CADS Footfall Analysis (CFA) in correspondence with SCIA.

During footfall analysis, the floor is loaded with a walking load, which gives the velocity in time
response. CADS Footfall Analysis utilizes the modal analysis results from Dlubal RFEM or SCIA En-
gineer for the footfall analysis. The software incorporates the latest analysis procedures and provides
the user with the option to choose between two commonly used calculation methods: the Concrete
Centre Method (CCIP-016) and the Steel Construction Institute Method (SCI). Though both meth-
ods, CCIP-016 and SCI, are based on modal analysis there are some differences. First of the CCIP
method determines the vrms, arms and response factor, whereas the SCI method only uses the arms
and response to determine the vibration performance of a floor. Another difference is the type of
footfall loading. The CCIP-016 uses a standardized design force that is based on 882 measured footfall

Figure 22: Displacement per mesh given by SCIA dynamic analysis
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load measurements and has a 25 percent probability of exceedance [18]. The SCI gives a dynamic load
function that is dependent on the static force exerted by a person. The forcing function of walking is
assumed to be perfectly periodic and can therefore be described by the first four harmonic components
calculated from Fourier analysis. The amplitude of the harmonic force is given by:

Fh = αh ∗Q (22)

αh = the Fourier coefficient of the hth harmonic (taken from table 3.1)
Q = is the static force exerted by an ’average person’ (normally taken as 76kg x 9,81 m/s2 = 746N )

As a result of the high similarities of the CCIP-016 method to the prEC5 method, especially the
method specified in the Annex, the CCIP-016 will be further used in this research.

2.4.2 Experimental modal testing

Experimental modal testing is the process of deriving the vibration properties from the measured ve-
locities or acceleration. It is useful to process onsite measured data.

Time domain
In the context of floor vibration, the vibration is usually measured in velocity or acceleration. Figure
23 depicts the measured velocities of a CLT floor during a vibration test, where the floor is excited
by a single force. As velocity is the first derivative of the displacement and acceleration is the sec-
ond derivative, it is possible the translate the velocity-time graph to obtain the displacements and
acceleration response of the floor. The motion of the displacement and acceleration is equal to the
velocity in time, so can all be used to transform the data from the time domain to the frequency domain.

Frequency domain
The measured data can be transformed from the time domain to the frequency domain using the
Fourier method. This is helpful in finding the fundamental frequency, modal frequencies and helps to
reveal oscillations hidden in the original time data. The Fourier method is named after the French
mathematician and physicist Joseph Fourier. The Fourier transform breaks down any signal into sim-
ple sine and cosine waves wherefrom the frequency, amplitude and phase can be determined. In 1965
Cooley and Tukey’s created the Fast Fourier Transform (FFT), which is an algorithm that transforms
the data in a much more efficient way. Using the build-in FFT function from Python, the measured
data from figure 23 is transformed to the frequency domain in figure 25. The peaks depict the fre-
quency in which the floor is oscillating. In this case, there are two frequencies excited, a fundamental
frequency of around 13,5 Hz and a second frequency of 20 Hz. The width of the peak shows that it is
a damped system, if it was an undamped system the frequency domain would show two vertical lines
at 13,5 Hz and 20 Hz.

Figure 23: Time domain
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Damping
There are different approaches determining the damping ratio within the time and frequency domain.
A method in the time domain is the Envelope fitting method depicted in figure 24. In this method, the
exponential curve is fitted through the amplitude peaks to approach the damping of a free vibration.
This method is only applicable when there is a clear single fundamental frequency peak and can not
well manage noise. The decay profile is given by[20]:

X(t) = Ae−ξωnt

Where A = constant and ωn = fundamentalfrequency

The damping can also be estimated in the frequency domain with the peak-picking method, using
the fundamental frequency f1 and the half power points fa, fb. The half power points can be found
on either side of the fundamental frequency peak by finding the intersection points with the αmax√

2
as

shown in figure 25. The damping ratio can then be determined from the width of the frequency with
equation 23. The peak-picking method is one of the simplest methods, this method is suitable for
lightly damped data with well-separated modes and good frequency resolution. Due to its simplicity,
it has not a very high accuracy and it can not deal well with noise. Both methods need data with a
high sampling rate. The lower the rate the more inaccurate the approximation of amplitudes is[20].

ζr =
fb − fa
2f1

(23)

2.5 Conclusion

In conclusion, the vibration performance of floors subjected to footfall loading is governed by a combi-
nation of factors explained in this chapter. The fundamental principles of footfall-induced vibrations
are expressed by the footfall loading, the vibrating structure, and human sensitivity. Footfall loading,
primarily from walking, is characterized by the step frequency and weight of the person. The dynamic
response of the structure is determined by its stiffness, mass, and damping and can be described by
its inherent natural frequency. Risk on resonance response is especially detrimental to vibration per-
formance and occurs when the excitation frequency is close to the natural frequency. Additionally,
human sensitivity to vibrations is dependent on factors such as vibration acceleration, velocity, du-
ration, proximity to the source, physical activity, and awareness. To quantitatively assess vibration
sensitivity, frequency weighting curves are employed.

The vibration performance of CLT floors is assessed using prEC5 methods and compared with in-
dustry standards. While prEC5 is comprehensive, some parameters may cause inaccuracies. Notably,

Figure 24: Envelope-fitting method Figure 25: Peak-picking method
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the fundamental frequency limit is set to 8 Hz, which might underestimate resonance risks. Fun-
damental frequency determination relies on geometry, span and boundary conditions. The may be
employed to take into account different boundary conditions. Damping ratios from prEC5 might be
conservative compared to other standards. Modal mass, vital in vibration analysis, is influenced by
supports and geometry. In Chapter 9 the PrEC5 proposes the modal mass of a simply supported
two-way span floor for all types of floors, which is contrasting with other standards. Non-structural
elements like partitions and finishing impact vibrations, but prEC5’s treatment is limited. Enhancing
accuracy requires considering these factors and using alternative formulas. prEC5 refinement through
research could improve CLT floor vibration assessment.

To conclude, Modal analysis involves deriving the modal model of a dynamic system using theoretical
and/or experimental systems. There are typically multiple approaches to the same problem, resulting
in Finite Element Method (FEM) software being based on different methods. SCIA determines mode
shapes by normalizing the mass, which means that the participating masses given by SCIA cannot be
used to determine the modal mass. Therefore, in this study, the CADS plug-in is utilized to determine
the modal mass. Within CADS the CCIP method is utilized because it shows higher similarity to the
prEC5, which is studied in this thesis, then the SCI method. In addition, the peak-picking method
is found most suitable, because it is less sensitive to noise than the envelope method. However the
peak-picking method is still sensitive to noise, this needs to be taken into account when discussing the
estimated damping ratio’s.
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3 Dynamics of CLT floor systems

3.1 Introduction

In the previous chapter, a general understanding of footfall-induced vibrations is presented. Conse-
quently, in this chapter explicitly the dynamic behavior of CLT floors in timber structures is assessed,
taking into account the structural and non-structural components. Special attention is given to parti-
tions, screed and inter-CLT panel connections, as it has been shown from previous research that these
non-structural components have an effect on the overall dynamic behavior of timber structures. This
chapter is the basis for the initial parameters and modal assumptions for the case study. In addi-
tion supports interpreting and validating the results from the experimental, analytical and numerical
analysis. The following questions will be answered during this chapter:

• What is the current state of the art research concerning the dynamic response of CLT floors
subject to footfall loading?

• How does architectural finishing influence the dynamic response of lightweight floors subject to
footfall loading according to existing research?

3.2 Dynamics of stand-alone CLT floors

Cross-Laminated Timber (CLT) floor panels consist of solid wood panels stacked crosswise and bonded
under pressure. This assembly enhances properties such as strength, rigidity, stability, fire resistance,
and aesthetics, making CLT panels well-suited for applications in mid- and high-rise buildings [22].
CLT’s mechanical properties stem from the arrangement of wood panels, which are orthotropic ma-
terials. This orientation allows CLT to exhibit varying strengths and stiffnesses in longitudinal and
transverse directions. Additionally, the removal of low-quality sections, such as those containing knots,
enhances overall material properties. CLT floors commonly employ strength grade 24c or 28c, compris-
ing at least five crosswise layered wood panels. The bending stiffness of a CLT floor can be calculated
using Steiner’s rule, and variations may exist in bending stiffness and elastic modulus between CLT
floors of similar type and thickness that utilize different wood types as raw materials [23]. Table 3
provides the material properties corresponding to grade 24c. Studies show that modal parameters are
not sensitive to poison ratios [7].

CLT floors possess a high strength-to-mass ratio, rendering them relatively light compared to con-
crete floors. As a consequence, footfall loading induces larger vibrations in lighter CLT floors than
in heavier concrete alternatives. Furthermore, the fundamental frequency of a CLT floor, often de-
termined by thickness and support conditions, can fall below 9-10 Hz, potentially increasing the risk
on resonant response. Resonance leads to amplified vibrations and can result in discomfort for oc-
cupants due to increased perceptible motion. Bending stiffness and span length play significant roles

Figure 26: CLT panel
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in influencing the fundamental frequency, with fixed-supported CLT floors generally exhibiting higher
frequencies and lower modal masses compared to hinged-supported counterparts [4]. In CLT floors,
damping mechanisms are the material damping and friction at connections. Timber has a relatively
high damping, which helps reduce the vibration, enhancing occupant comfort.

3.3 Dynamics of timber-to-timber connections

In timber structures, the behavior of joints significantly influences overall system performance, as they
often represent weaker points compared to the members they connect. The design of joints in mass
timber construction is crucial, with semi-rigid connections playing a key role. Diverse mechanical
fasteners are employed, categorized into dowel-type and surface-type connections, each transmitting
forces differently. While joints aim for some level of rigidity, achieving full rigidity is hard to achieve
and costly [16]. Within timber construction, the main advice kept for joint design is to use simple
joints and minimize fastener types [16].

Mechanically jointed members, such as the CLT floor-to-beam connection in figure 27, comprise ele-
ments connected by mechanical fasteners. The semi-rigidity of these joints allows relative displacements
due to shear forces. Methods like the y-method and shear analogy handle mechanically jointed beams
and columns, with the γ-method accommodating up to three-member composite beams. The γ coeffi-
cient, influencing composite stiffness, ranges from 0 to 1, with γ=1 implying full cooperation and γ=0
indicating disconnected members.

Timber structures commonly exhibit high damping due to friction in mechanical fasteners during
vibrations. About the stiffness of connections under footfall-loading, there exist divergent beliefs. On
the one hand according to the prEC5, the rotational stiffness of timber floor-to-beam connections;
given the low dynamic forces from footfall compared to serviceability limit state (SLS) loads, dowel-
type connections are expected to remain within the initial slip region of force-displacement curves,
behaving as pins. On the other hand for translation stiffness, a lab test on dowel-type connections
under cyclic loading parallel to the grain demonstrated that connections behave significantly stiffer
under small vibration [24]. Only thing definite is that the stiffness behavior of timber-to-timber con-
nections is not the same under dynamic loading and static loading, but is dependent on the type of
loading. This research will further investigate the behavior of connection by testing different stiffness
assumptions on connections transferring moment and/or shear forces.

Inter-panel connection
Due to constraints in transportation and manufacturing, CLT panels are usually recommended to be
used within certain size limits, such as being less than 3 meters wide and 20 meters long accord-
ing to Dutch codes [6]. Consequently, CLT floor systems are often composed of prefabricated CLT
panels that are placed adjacently on-site and interconnected using inter-panel connections. These
connections, primarily fastened on-site, serve to transfer in-plane bending moments and shear forces
[6]. Notably, these inter-panel connections facilitate efficient assembly, allowing for a variety of panel

Figure 27: Simple pinned connection of CLT to beam [5]
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length-to-width ratios. Several common inter-panel connections are illustrated in Figure 28, with rel-
atively simple connections achieved using a few screws per connection point.

While inter-panel connections are typically not considered in floor dynamics calculations, however
some research has considered their influence. Several numerical studies show that the rotational stiff-
ness of the inter-panel connection has a relatively small effect on the frequency compared to the effect
it has on the mode shapes, which is measured with the vrms. The influence on the modal properties is
especially significant when the mode shape has a nodal line in the longitudinal direction [7]. A recent
numerical study on the influence of inter-panel connections on the vibration performance of CLT floors,
compared compared floor slabs consisting of two panels with and without an inter-panel connection.
The results showed that when a walking load is applied parallel over the inter-panel connection line,
vrms were 67% higher for the floor with an inter-panel connection compared to the monolithic slab
[6]. Thus concluding that these lines should not be placed on dominant walking paths or and should
be considered in the vibration performance quantification. It is especially crucial to take into account
the inter-panel connection to identify critical vibration areas.

Finally, the initial space clearance and the delayed hardening of timber can impact the behavior
of these connections. When subjected to compression perpendicular to the grain, timber exhibits a
distinct stress-strain relationship with a sigmoid (S-shaped) curve from figure 29[25]. This non-linear
behavior includes a delayed hardening phase followed by continuous hardening without a stress peak,
particularly for strains exceeding 10%. This delayed hardening behavior can lead to initial slip in
connections involving perpendicular-to-grain timber, introducing relative movement due to this be-
havior. It should be noted that the bigger the mass of the floor, the higher the contact area in the
inter-panel connection, thus increasing the rotational stiffness of the joint. Due to relatively small
displacements related to footfall-induced vibrations, it may be expected that initial space clearance
and delayed hardening play a significant role in the stiffness behavior of inter-panel connections.

3.4 Architectural finishing

Architectural finishing refers to the final steps and elements that are added to a building’s interior and
exterior to enhance its appearance, functionality, and overall aesthetic appeal. It encompasses a wide
range of design, construction, and decorative elements that contribute to the final look and feel of a
building. Some of the common components for interior finishes are: internal partitions, wall finishing,
flooring, ceiling finishes and installations. For exterior finishes, there is cladding, roofing material but
also windows and doors. Generally, the architectural finishing increases the damping value, as the
damping of footfall-induced vibrations is dependent on the mechanical connections and the material
damping of the floor and surrounding building elements. In the general practice of footfall analysis,
only the weight of architectural finishing is taken into account, however, experimental research shows
that under small vibrations architectural finishing also influences other vibration properties.

Figure 28: Four types of inter-panel joints [6]

Figure 29: Stress-strain diagram of timber
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3.4.1 Screed

There are three main types of screed possible, bonded, unbonded and floating screed. Bonded screed
is bonded to the substrate by slurrying bonding, this type is ideal for thinner applications and heavy
loading. The unbonded screed is bonded to a Damp Proof membrane (DPM) that is laid on top of the
base. Floating screed is the most popular option in offices and dwellings due to the need for insulation
in modern buildings. The floating screed is laid on a layer of insulation with a slip membrane, that
separates the insulation for the screed. A general build-up of a floating screed floor is the base floor, a
slip membrane (sheet of Polythene), insulation, another slip membrane and then screed [26]. Cement
screed is often favored for CLT floors due to its weight and stiffness contribution. The addition of a
screed introduces significant modifications to the floor’s vibration properties.

The interplay between stiffness and mass determines whether the natural frequency increases or de-
creases after placing a screed layer. For lightweight floors, added mass decreases the frequency while
added stiffness increases it [27]. Experimental analysis of a CLT floor with cement floating screed,
depicted in figure 30, observed a frequency reduction of approximately 2 Hz, from 12.78 Hz to 10.68
Hz, accompanied by decreased damping values from 8 percent to 3.6 percent after placing a cement
screed on top of a CLT floor [7]. Although a decrease of 2 Hz, according to practical engineering models
the predicted frequency after placing the cement screed was determined 25% lower than the measured
fundamental frequency. Thus resulting in a big underestimation of the frequency. According to Kawrza
[7] this can partly be attributed to modeling the bonded fill as a mass but without a stiffness. However,
the bonded fill only has a bending stiffness that is 4.5% of the bending stiffness of CLT so can only
explain a very small part of the 25% discrepancy found after placing the floor finishing. Because the
modeling inaccuracies have less effect on the overall mode shapes, it can be deduced that the overall
bending stiffness in both directions is estimated too low for unknown reasons. According to Kawrza
[7] the decrease in the damping is due to that the screed layer acts as a unifying element, closing joints
and enhancing contact between components, resulting in reduced energy dissipation through friction.
More studies showed that as mass increases the incremental declination of the frequency and damping
will weaken [27].

Interfaces and connections between different layers, such as CLT, screed, and insulation, further
contribute to the overall dynamic behavior by influencing force transmission and deformation. For
example, an experimental study on timber-concrete composite (TCC) floors connected to each other
with dowels depicted in figure 31, showed that the dynamic frequencies were notably higher than the
static frequencies [8]. The dynamic eigenfrequencies suggest that the bending stiffness from the dy-
namic test is higher than that of the static test, moreover, it suggests that the bending stiffness is equal
to the bending stiffness of a TCC beam where no slip is allowed between the timber and concrete.
These findings emphasize the distinct behavior of connections subject to small vibrations.

Figure 30: CLT floor with cement screed [7]

Figure 31: TCC floor during lab test [8]
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3.4.2 Partitions

Partition walls, spanning from floor to ceiling, play a crucial role in shaping a building’s dynamic
response. However common engineering practices only consider their mass in vibration calculations. A
recent study where experimental tests in different building phases resulted in an increased frequency
after placement of a partitioning wall, of a mode shape with maximum displacement at the location
of the partition [7]. Must be noted that in addition to the partition, also a drywall was installed.
To determine the actual effect of partitions on vibrations, their behavior must consider both material
properties, geometry and interactions with the surrounding structure. Initial stiffness values for various
partition types, such as full-height glass partitions and double-boarded plasterboard walls, have been
derived by Miskovic [28]. The partition arrangements are of significance, which substantially influences
the floor natural frequencies and corresponding mode shapes [28]. Integrating partitions into analytical
models is essential for accurate vibration assessments, particularly when partitions are integral to the
floor layout [18]. Nonetheless, the development of guidelines to incorporate partitions effectively in
whole-floor structural design are yet to be established.

3.5 Modeling

As is clear from prior research, the connections and building components may behave differently under
small cyclic loading than under static loading. This means that for the numerical analyses also differ-
ent modeling methods are needed to simulate the accurate response of structures subject to dynamic
loading. This chapter looks at prior studies for methods to model the CLT floor, concrete screed,
partitions, and connections in the case study.

Modeling CLT floor
CLT floor panels can be modeled using FEM according to equivalent single-layer (ESL) or layerwise
plate theories [29]. Despite the layerwise plate theory providing more accurate results than the ESL
theory, it is the ESL theory that is mostly used due to its simplicity and shorter computer simulation
time[30].

FEM models of inter-panel connections are scarce. The study by M.Milojecive [6] however presents a
method to model two of the most common inter-panel connections, that can be applied to different
types of FE software used to determine the vibration modes of a CLT floor. This study clearly states
how the rotational and shear stiffness of the connection can be determined from the real geometric.
Figure 32 depicts the schematization of the half-lapped joint to determine its rotational stiffness. Must
be noted that this method is based on static calculations, and its dynamic applicability remains to be
established with experimental analysis. It is reasoned by M.Milojevic [6] that the four connection types
in figure 28 have equivalent modal properties and dynamic responses after resulting from his study
that that was, in fact, the case for single surface spline and half-lapped joints. The dynamic response
properties of CLT floors are closer to real data when a group of adjacent CLT panels is modeled as a
monolithic slab then not connected at all [6].

Numerical simulations that take into account the semi-rigidity of inter-panel connections show sig-
nificantly different modal properties and vibration responses with simulations of stand-alone or mono-

Figure 32: Schematization of inter-panel connection[6]
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lithic slabs. The differences are the biggest for slabs modeled as stand-alone slabs because each panel
dynamically behaves as a single floor. Between the monolithic and semi-rigid slabs, the biggest differ-
ence is in the mode shape where the connection lines move largely in relation to the rest of the floor [6].

Modeling of screed
For most CLT floors with a floating screed, only the added mass is taken to account in the FEM model.
However, research shows that the screed layer also adds to the bending stiffness of the floor. A method
to model the floor depicted in figure 30 is given by Kawrza [7] where the CLT slab is discretized with
four-node shell elements with full nu- merical integration. The gypsum fiber boards added in state 2
are modeled as a ho- homogeneous, isotropic board with shell elements, the spruce wood battens with
beam elements. 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, while the floating cement screed is
described with shell elements.

Modeling of partitions
Assuming that the partition walls only restrict the vertical translation of a floor system, partitions
can analytically be modeled as spring elements with just axial stiffness. This spring element can be
modeled in different manners. One way is using a beam element with exclusively an axial stiffness of 1
m length [28]. On the other hand on, the nonstructural wall can be considered by distributing its effec-
tive mass evenly over its base dimensions [7]. Correct modeling of full-height partitions makes models
a more accurate representation of reality and increases the accuracy of dynamic property prediction.
This is especially true for establishing the mode shapes.

3.6 Conclusion

This chapter delved into the intricate dynamics of Cross-Laminated Timber (CLT) floors and their
interactions with various components in timber structures, shredding light on both structural and
non-structural elements. Due to the low density of CLT floors, they are sensitive to unwanted floor
vibrations, in addition, there is the risk on resonance response. On the other hand, due to timber
having a high material damping and timber structures commonly exhibit high damping due to friction
in mechanical fasteners during vibrations, CLT floors have a relatively high damping ratio.

The stiffness behavior of timber-to-timber connections is dependent on the type of loading, some-
times argued as more stiff or less stiff when subject to small vibrations. The effect of inter-panel
connections is relatively small on the frequency but is significant on the vrms values. A numerical
study showed that when a walking load is applied parallel over the inter-panel connection line, vrms

were 67% higher for the floor with an inter-panel connection compared to the monolithic slab [6].
Concluding that overlooking inter-panel connections will lead to an overestimation of the vibration
performance. However, this has to be substantiated with experimental data.

Architectural finishing components, namely partitions, and screed, proved significant in shaping dy-
namic responses. Partition walls, reaching from floor to ceiling, showcased an increase in the floor’s
natural frequencies and mode shapes. The integration of partitions orthogonal to span into analytical
models emerged as crucial for precise vibration assessments. Meanwhile, screed layers altered the vibra-
tional properties of CLT floors, affecting natural frequency, modal mass, and damping. Experimental
evidence illustrated that the reduction of the fundamental frequency upon the addition of a cement
screed layer was less than determined according to common engineering practices, implying a higher
increase of the bending stiffness than assumed [7]. The increase is possibly a result of friction between
the interlayers, however, this hypothesis must be further explored with experimental and numerical
analysis. In summary, the dynamics of CLT floors in timber structures encompass a complex inter-
play between various factors, including material properties, structural components, and architectural
finishing. This chapter provides a foundation for subsequent experimental, numerical and analytical
analyses.
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4 Case study

4.1 Introduction

This chapter employs a case study approach to fulfill two purposes: first to identify and quantify the
distinctive impact of CLT floor characteristics and architectural finishing on the dynamic behavior of
CLT floor systems via experimental analyses. This is done by conducting onsite measurements during
two building phases, specifically before and after the architectural finishing is placed. Secondly, the
onsite measurements are used to evaluate the precision of common engineering practices within foot-
fall analysis and test alternative assumptions on the behavior of CLT floor systems subject to small
vibrations.

Section 4.2 presents the analysis procedure employed to obtain the needed results. Section 4.3 presents
the building design and the two building phases during which onsite measurements are conducted. Sec-
tion 4.4 displays the properties of the structural elements and the architectural finishing. Section 4.5
Presents the different analysis methods used in this study; experimental, analytical, and numerical.
Section 4.6 describes the parameter identification of the parameters that have a significant influence on
the modal properties of the floor system. Section 4.7 presents the design choices and assumptions fol-
lowing common engineering practices and alternative possibilities that will be tested. Finally, section
4.8 presents a validation of the analysis methods.

4.2 Analysis procedure

The analysis procedure follows the subgoals set for this thesis, an outline of the Case study is presented
in figure 33. This chapter elaborates on the analysis procedure based on the three steps taken during
the case study which are in line with the objectives set for this study. The research outcome discusses
and analyses the results of the three parts in order to answer the main research question set for this
thesis.

Part 1: Onsite measurements
The first objective is to identify and quantify from onsite measurements the effect of CLT floor char-
acteristics and architectural finishing on the vibration performance. This is achieved by carrying out
onsite measurements before and after architectural finishing is placed. From the measured velocity

Figure 33: Outline of Case Study

Figure 34: Houtlab render [9] Figure 35: Houtlab during construction [10]
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response the frequency, damping and vrms are obtained using modal analysis. The effect of CLT floor
characteristics is identified and investigated by comparing the measured modal properties to each other
and to empirical values given by standard guidelines. The effect of architectural finishing is determined
by defining the change of the modal properties before and after architectural finishing is placed.

Part 2: Common Engineering Practices (CEP)
The second objective is to investigate design codes and common engineering design assumptions on
the structural behavior of CLT floors subject to footfall-induced vibrations. This is accomplished by
a comparative study where analytical and numerical prediction following CEP are compared to onsite
measurements. Measured frequency values are directly comparable with analytical and numerical de-
termined frequency. However due to that onsite test where carried out using a single force as load and
numerical footfall analysis software assumes footfall loading, the vrms values are not directly compa-
rable. To assess the mode shape and vrms values given by the numerical analysis, the ratio between
the measured vrms at the inter-panel connection and in the middle of the panel, from the numerical
analysis is compared to the measured ratio. The ratio is defined as:

△vrms =
vrms,P11 − vrms,P10

vrms,P10
(24)

Part 3: Alternative Assumptions
The last objective is to investigate other possible design assumptions on the structural behavior of
CLT floors to footfall-induced vibrations. The final goal is achieved by further studying possible other
behaviors of the inter-panel connections and floor finishing compared to common engineering beliefs.
Numerical analysis is employed to investigate the influence of the stiffness of connections by applying
different stiffness scenario’s to the FEM model and comparing the resulting modal properties to onsite
measurements.

Similarly, possible cooperation between the floor finishing and CLT floor is investigated by comparing
analytical analysis assuming different cooperation scenario’s to onsite measurements. Analytical anal-
ysis is used to investigate the cooperation due to that it is a straightforward method. For numerical
analysis the orthogonal plate properties must be determined and possible incorrect methods may result
in uncertainties in the results.

4.3 Building design

The building taken for the case study is a timber building called HOUTlab, which is a timber-post
beam structure located in the south of Holland [9]. Figure 34 depicts a render of the finalized building.
HOUTlab will function as an office and a lab for innovations in the field of sustainable construction.
The building itself is a sustainable and inspiring timber building designed by the progressive engineering
firm Lüning that specializes in timber structures[31]. The case study is focused on the first floor of the
building. A distinction is made between the two building phases during which onsite measurements
are conducted, Phase 1 is when the bare CLT floor is realized and Phase 2 is after the architectural
finishing is realized. This subchapter describes the general structure at the moments of building phases
1 and 2, where the next chapter describes in depth the floor plan and relates measured modal properties
to boundary conditions.

4.3.1 Phase 1: Bare CLT floor

The load-bearing structure of the four-story building, depicted in figure 35, is built out of GL beams,
GL columns, CLT floors and CLT walls. Figure 40 depicts the floor plan, test points and location
where pictures from figure 36 are taken. Figure 36 depicts the bare timber structure. Stability is
achieved by a stiff core of CLT panels placed in the middle of the floor plan. Within the stiff core
lies a staircase and the liftshaft. The CLT floor is placed on supporting beams and connected via
self-tapping screws. The CLT floors mainly span in one direction from beam to beam with a span of
5.4 m. At some locations, the floor is also supported by a side support, as in axis E, which is part
of a wind brace. The CLT floors are connected to the CLT load-bearing core with screws and to the
columns with angled brackets. What is also visible is the HSB facade panel, the open area will be
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filled with windows during the next building phase. Exact dimensions and material properties can be
found in table 2 ,3 and 4. In addition, a schematization of the prevalent connections is given in the
next chapter as part of the results.

4.3.2 Phase 2: CLT floor with architectural finishing

In phase 2 the architectural finishing and installations are placed, as depicted in figure 37. The
architectural finishing consists of the partitioning walls, insulation, floor finishing, HSB facade, and
windows. The floor finishing encompasses 30 mm of Rockwool insulation and 80 mm of reinforced
concrete screed. Exact thicknesses and material properties can be found in table 2 and 3. During
measurements in phase 2 in plane A-B there were construction materials that caused big loads on the
floor. This makes the test situation not ideal to measure the dynamic behavior of the stand-alone CLT
floor. There were no big loads in plane F-E, which is one of the reasons plane F-E is preferred for the
comparison to analytical and numerical analysis.

(a) Picture: floor plane axis F-E where the structural
timber is visible

(b) Picture: floor plane axis A-B where the structural
timber is visible

Figure 36: Building phase 1

(a) Picture: floor plane axis F-E where the architec-
tural finishing and installations are visible

(b) Picture: floor plane axis A-B where the architec-
tural finishing and installations are visible

Figure 37: Building phase 2
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4.4 Properties Structural elements

Properties Values Unit
Dimensions of CLT panel(L x w x h) 5400 x 2700 x 200 mm
Thickness cement screed (h) 80 mm
Thickness loadbearing insulation (t) 30 mm
Main supporting beam (w x h) 240 x 600 mm
Wind supporting beam (w x h) 240 x 340 mm
Column (w x h x L) 340 x 340 x 3900 mm

Table 2: Dimensions

Property Symbol Value Unit
Density mass CLT ρm 500 kg/m3
Density concrete screed ρc 2500 kg/m3
Density loadbearing insulation ρi 32,5 kg/m3
Modulus of elasticity concrete Ec 30000 Nmm2

Modulus of elasticity insulation Ei 11 N/mm2

Shear modulus of insulation Gi 5 N/mm2

Longitudinal bending stiffness EICLT,L 6336·109 Nmm2

Transversal bending stiffness EICLT,T 1664·109 Nmm2

Table 3: Material properties of 5L-200CLT according to CLT supplier en insulation according to
EN13163

Property Symbol GL28h C24 Unit
Bending strength fm;k 28 24 N/mm2

Tension strength // ft;0;k 19,5 14 N/mm2

Tension strength -— ft;90;k 0,45 0,4 N/mm2

Compression strength // fc;0;k 26,5 21 N/mm2

Compression strength -— fc;90;k 3,0 2,5 N/mm2

Shear strength fv;k 3,2 4 N/mm2

Mean Modulus of elasticity // E0;mean 12600 11000 Nmm2

Modulus of elasticity // E0,05 10200 7400 Nmm2

Modulus of elasticity -— E90;mean 420 370 Nmm2

Shear modulus Gmean 780 690 Nmm2

Density-char ρk 410 350 kg/m3

Density mean ρmean 490 420 kg/m3

Table 4: Material properties GL28h and C24 according to EN338

Figure 38: Cross-section case study floor
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4.5 Analysis methods

Different analysis methods are employed to assess CLT floor characteristics and effects of architectural
finishing on the dynamic response of CLT floor systems. Experimental analysis is used to study the
real response, whereafter it is used to assess the accuracy of the analytical and numerical analysis.
The analytical and numerical analysis are used to investigate assumptions on the behavior of the CLT
floor system to footfall-induced vibrations.

4.5.1 Experimental

Experimental analysis is used to determine the actual modal properties of the Case Study floor. This
chapter describes how the onsite measurements are conducted and how the raw data is processed to
obtain the modal properties. The onsite tests are executed using a loading mechanism and a velocity
sensor. Figure 39 illustrates the test setup, where the load and sensor are both placed in point 1 from
figure 40. The loading mechanism uses a 10 kg weight, which was dropped from a height of 83 cm. To
ensure accuracy and reliability, each test setup was repeated three times, maintaining the same test
procedure. The detailed test procedure is provided in Annex B.

The chosen measurement points are depicted in Figure 40. Similar measurements were performed
on floor planes A-B and F-E, to evaluate the influence of distinct boundary conditions and validate
the results. Comparing similar measurements served as a validation. The measurements are labeled as
P’test point’ when both the loading mechanism and the sensor were positioned at the same location.
If the sensor is placed on another location, the measurements are labeled as P’loading point’-S’sensor
point’, for instance, measurement P11-S13.

First of all measurements are conducted before and after architectural finishing is placed to inves-
tigate the real effect of the architectural finishing on the modal properties and resulting vibration
performance. Second, measurements on the inter-panel connection line (P7, P8, and P11) and in the
middle of the CLT panel (P1 and P10) are chosen to investigate the effect of the inter-panel connec-
tion. In addition, measurements P4 and P12 were placed on the mid-span of supporting beams to
determine the vibration characteristics of the supports. The flexibility of supports is considered in the
analytical and numerical prediction models, measurements P4 and P12 were used to verify the accu-

Figure 39: Test setup: Loading mechanism and ve-
locity sensor Figure 40: Location of test points and picture a and

b
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racy of these calculations. Finally, measurements P11-S13 and P1-S5 were conducted to analyze the
transfer of vibrations to adjacent floor plans that are respectively continuous and not continuous floors.

Processing results
To determine the modal properties from the measured velocities, Modal analysis from chapter 2.4.2
is employed. The raw data is processed using the programming language Python. To minimize noise
induced by the dynamic response of the floor to random impulses, a time window is chosen from 0.5 to
4 seconds. Within this time window, the dynamic response to the mechanical impulse is totally died
out at all points, while minimizing noise. To determine the damping two methods are explored: the
peak-picking method and the curve-fit method. As explained in chapter 2.4.2 the peak-picking method
is preferred and applied to process the actual data. The curve-fit method is however used to validate
the peak picking method in chapter 4.8. Each measurement is conducted three times, the dynamic
response of the three measurements shows very high similarities. Especially the frequency is exactly
the same up to two decimal points. An visual illustration of the dynamic response can be found in
Annex figure 82 where the three measurements taken at point 11 are depicted. The final result shown
in this study is the average value of the three measurements. After processing the velocity response,
the active frequencies, damping and vrms are determined. The Python script can be found in Annex
C.1 in figures 77 and 80.

4.5.2 Analytical

For the analytical analysis, Chapter 9 of the prEC5: ’Vibrations’ is employed. This method is selected,
because it is a straightforward and easy method to use as well as becoming the most widely used
standard in Europe after publishment. For single or multiple span floors that are approximately
rectangular in-plane and are one- or two-way spanning, the frequency may be determined using the
formula 26. The method is discussed in depth in chapter 2.3 and at outline is given in figure 10.

f = ke,1ke,2
π

2L2

√
(EI)L
m

(25)

This method only distinguishes between one-way spanning floors and two-way spanning floors. For
the analytical analysis, the three-sided supported floor plane between axes E and F from figure 40 is
considered. Because the numerical study specified in Annex F showed that the modal properties of a
three-sided supported floor are closer to a two-sided supported floor than to a four-sided supported
floor, the choice is made to consider the three-sided supported floor as a one-way spanning floor. A
one-way span floor is schematized in figure 41, for this floor the ke,1 and ke,2 factor are equal to 1 and
the frequency is determined with equation 26.

f =
π

2L2

√
(EI)L
m

(26)

Figure 41: Schematization of floor plan
for analytical analysis

To make a good comparison to experimental data, the load
used in the analytical and numerical calculations should
be close to the load present during onsite testing. There-
fore only the self-weight of the floor is taken into account,
while it should be noted that according to the prEC5, an
additional mass equivalent to 10% of the characteristic im-
posed loads should be considered to determine the vibration
performance. The weight of the loading mechanism, veloc-
ity sensor, and person handling the loading mechanism are
chosen to be neglected because the weight of the measuring
equipment is less than 5% of the total weight of the floor.
The self-weight of the CLT and concrete screed is deter-
mined using the densities specified in table 3. The bending
stiffness of the CLT is according to the CLT supplier and
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that of the concrete is determined using the elastic modulus
specified in 3. With the analytical analysis, the frequency,
vrms value, and response factor are determined according to the prEC5.

4.5.3 Numerical

For the numerical analysis, the FEM software SCIA is employed. Modal analysis in SCIA provides the
mode shapes and corresponding frequencies. In addition, it produces the model that is used in footfall
analysis software CFA, which determines the modal mass, vrms values and response factor according
to the CCIP method. The FEM model for the numerical analysis should accurately represent the
structure during building phases 1 and 2, with as few parameters as possible for the applicability and
optimization of the method. For the numerical analysis, the assumed floor system encompasses the
floor, supporting beams, and columns, with its dimensions given in table 2. Modeling the columns
aligns with standard engineering practice for floor vibrations, as it provides a representation of the
surrounding structural system. The weight of the adjacent CLT panel has a negligible effect on the
vibration properties and is therefore not taken into account. A demonstration of the minor effect can
be found in Annex E.

The material properties of the GL28h beam and columns are according to European standards (Table
4). The bending stiffness of the 5L-200mm CLT floor is according to the CLT supplier. The proper
linear elastic orthotropic material behavior of CLT is determined by implementing the orthotropic
plate parameters given in figure 42. This is done by using the bending stiffness given, in figure 26 and
applying them to equations the orthotropic plate parameters 27 to 35 [32].

D11 = (EI)L (27)

D22 = (EI)T (28)

Di =
hCLT ·Di,CLT + hc ·Di,c

hCLT + hc
(29)

for i = 33,44 and 55, with:

D33,CLT =
G12 · h3

12
(30)

D44,CLT = Gmean · hx (31)

D55,CLT = Gmean · hy (32)

Gc =
Ec

2 · (1− µ)
withµ = 0.15 (33)

D33,c =
Gc · h3

c

12
(34)

D44,c = D55,c = Gc · hc (35)

Figure 42: Orthotropic plate parameters
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4.6 Parameter identification

Two sensitivity studies are carried out to quantify the influence of stiffness parameters and material
parameters on the modal properties to subsequently rule out parameters that have only a minor influ-
ence. In this manner, focus can be placed on the important parameters, which will be further tested
in the next subchapter 4.7. Regarding the stiffness parameters, a numerical sensitivity study is con-
ducted using FEM software SCIA. The parameters depicted in table 5 and figure 43 are chosen because
they possibly affect the vertical displacement of the floor, thus the dynamic response of the floor to
footfall loading. In the base model, all connections are rigid in rotational and translational stiffness,
whereupon the specified stiffnesses in table 5 are one-by-one set to free. The resulting frequency and
mode shape of the models are assessed to determine if the stiffness parameter is of significant influence
and should be considered in further analysis.

Regarding the material parameters, a sensitivity is conducted on the frequency and vrms value to
the density of CLT. Densities given for CLT range between 470 to 500 kg/m3, therefore an analytical
calculation is carried out assuming the lower and upper bound values for the density of CLT. All other
material parameters are not considered to have such a big influence and are equal to the parameters
specified in chapter 4.4.

4.7 Design choices and assumptions

Different design choices and assumptions have to be made regarding the structural behavior of the
floor system for the determination of the modal properties using analytical and numerical methods.
This subsection provides an overview of common engineering practices within vibration performance
calculations and other possible assumptions, based on prior research. A summary of the three scenarios
with different assumptions is given in table 6.

KRx,f−b Rotational stiffness of connection between CLT floor and supporting beam is set to zero
KTx,f−b Translation stiffness of connection between CLT floor and supporting beam is stiff
KRx,b−c Rotational stiffness around x-axis of connection between bean and column is stiff
KRy,b−c Rotational stiffness around y-axes of connection between beam and column is stiff
KRx,ip Rotational stiffness of inter-panel connection is stiff

Table 5: Rotational and transversal stiffness alterations for Sensitivity Study

Figure 43: Description of rotational and translational stiffnesses that may influence dynamic behavior
of CLT floor
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KRx,f−b [MN/m/rad] KRx,ip [MN/m/rad] γ [-]
Common engineering practices hinge rigid 0
First test scenario 0.36 0.39 0.11
Second test scenario hinge hinge 1

Table 6: Assumptions on rotational stiffness and slip

Common engineering practices
Due to the semi-rigidity of timber-to-timber connections, according to common engineering practices
CLT floors are commonly assumed to be hinged connected to the supporting beams. On the other
hand, it is common to not consider the inter-panel connections but to model multiple CLT panels as a
monolithic slab. In other words, this means that the inter-panel connections are assumed to be totally
rigid.

Regarding the bending stiffness of the floor. The bending stiffness of the CLT floor is commonly
used as prescribed by the supplier or can be determined using the elastic modulus of CLT. The bend-
ing stiffness of the concrete floating concrete screed is determined using an elastic modulus of 30000
Nmm2. Due to the presence of the insulation layer, common engineering practices assume that there is
slip between the CLT panel and concrete, therefore the bending stiffness is the sum of the stand-alone
CLT and concrete, equation 36. The floor buildup, bending stiffness and self-weight of the floor during
building phase 1 and 2 are specified in figure 44.

EItot = EICLT + EIconcrete (36)

Alternative assumptions
Prior numerical research on the influence of the inter-panel connection on the vibration response, con-
cludes that not taking into account the rotational stiffness of the inter-panel connections results in an
underestimation of the vibration performance [6]. This is partly attributed to the mode shape not be-
ing properly determined when assuming the inter-panel connection as rigid. However, there still does

Figure 44: Cross section floors taken for analytical analysis

Figure 45: Different types of collaboration between interlayers
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not exist a straightforward method to determine the rotational stiffness of joints subject to footfall-
induced vibrations. Therefore the two scenarios specified in table 6 regarding the rotational stiffness
of connections will be tested on its accuracy. The first scenario assumes both the support connections
and inter-panel connection have a rotational stiffness that is based on the prEC5, see Annex G for the
employed method. The calculation results in a stiffness of the support of Ksupport = 0.36MN/m/rad
and of the inter-panel connection of KInter−panel = 0.39MN/m/rad. The second scenario assumes
both connections are a hinge.

Another preceding study that compared onsite measurements to numerical calculations during dif-
ferent construction phases found that measured frequencies after the concrete floating screed is placed
are much higher compared to prior calculations, indicating that the bending stiffness of the floor in-
creased much more than expected [7]. The bending stiffness of the overall floor increases when the floor
layers work as a collaborative package. This leads to the hypothesis that the insulation layer might
transfer shear forces. For this to happen there has to be friction between the concrete screed-insulation
interface and insulation-CLT interface, which is not commonly assumed for static analysis. To explore
the assumption that the floor layers work as a collaborative package, the analytical calculations are
performed in two additional scenarios, figure 56 gives a visual representation of the assumptions. The
first scenario assumes that there is shear slip originating from shear deformation of the insulation layer,
while the second scenario assumes there is no slip between the layers. The bending stiffness (EItot) of
the floor system in each scenario was determined as follows:

EItot = EICLT + EIconcrete + γ · EIsteiner (37)

where EICLT and EIconcrete are the bending stiffnesses of the CLT floor and concrete screed, respec-
tively, and EIsteiner is the bending stiffness of the total cross-section. The parameter γ represents
the degree of cooperation between the layers. Slip is no cooperation so γ = 0. If only shear slip is
considered the γ-factor can be estimated with [32]:

γ =
1

1 + π2Escreedtscreed
l2 ∗ tinsulation

Ginsulation

(38)

with Escreed = 30000N/mm2, tscreed = 80mm, tinsulation = 3mm andGinsulation = 5N/mm2. Finally,
No slip means full cooperation so γ = 1. Cooperation is analyzed by comparing the frequency of the
analytical calculations to the experimental analysis. Other modal properties can not be compared,
because first of all the measured damping is a rough estimate and there exist only empirical standard
values set by guidelines to compare to. Second of all the vrms of the analytical calculations are not
directly comparable to measured values because the vrms is dependent on the type of loading and in
this study, onsite measurements are carried out using a single weight drop while analytical calculations
assume a walking load.

4.8 Validation

Validation of Onsite Measurements
To validate onsite measurements, the exact same measurement procedure, described in detail in Annex
B is performed three times in each test set up. Resulting time and frequency spectrum are immedi-
ately checked after measurements. In the event of any inadequacies or anomalies in a measurement, an
additional measurement is conducted to guarantee three dependable measurements for each test setup.

Validation of post-processing methods
The onsite measurements undergo post-processing to extract essential modal properties, including fre-
quency, damping, and modal mass. Firstly, these measurements are validated by comparing them
with expected values derived from prior experimental investigations on CLT floors and established
design codes such as prEC5. Secondly, the results from the three measurements are subjected to
comparative analysis to identify and exclude any outliers. The resulting values for frequency, damp-
ing, and Vrms in this study are derived from the average of reliable results obtained for each test setup.

Furthermore, the validation of the damping ratio is conducted through two distinct methods, as intro-
duced in Section 2.4.2. The preferred peak-picking method is chosen for its slightly reduced sensitivity
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to noise and its independence from the selection of specific time domains for each measurement point.
However, the envelope method is used to validate the peak-picking method by comparing the results
of measurement in point 11. The Python script for the peak-picking method and envelope method can
be found in Annex C.

Table 7 shows that both methods result in similar damping ratio values, validating that the peak-
picking method is used properly. The envelope method results in higher or lower damping values
because it is very sensitive to the chosen time range. If a bigger time range is chosen the damping
ratio using the envelope method will decrease, while the peak-picking method will stay relatively the
same. Figures 46 to 48 depict the fitted line that is used to estimate the damping with the envelope
method for measurements 11, 10 and 7 during building phase 1.

Measurement Time range envelope method ζenvelope ζpeak−picking

11 1-2.2s 3.2 3.0
10 1-2.2s 2.4 3.1
7 1-3s 1.3 1.6

Table 7: Damping estimates using two methods

Figure 46: Fitted line Figure 47: Fitted line Figure 48: Fitted line

Validation of Analytical and Numerical analysis
The fundamental frequencies determined using the analytical and numerical mothods are compared,
revealing highly agreeable values, as is evident from table 8. The minor differences of 3% and 1% for
phases 1 and 2, indicate robustness of the two methods.

Moreover, the numerical model is subjected to two other validation checks. Firstly, the total weight
of the structure is assessed through manual calculations. Secondly, the displacement of the finite
element model resulting from static analysis is verified using straightforward mechanics formulas for
displacements. In this manner reliability of both methods is ensured.

Analytical Numerical Difference
Frequency phase 1 [Hz] 13.5 13.87 3%
Frequency phase 2 [Hz] 8.7 8.75 1%

Table 8: Validation of Analytical and Numerical determined frequency
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5 Results

5.1 introduction

This chapter presents the results of the onsite measurements, analytical analysis and numerical anal-
ysis. The analytical calculations follow the prEC5 and the numerical analysis uses a 3D frame model
in the software SCIA. The analysis models, method, material input parameters, connection properties
and applied loads are introduced in Chapter 4.

In section 5.2 the results of the onsite measurements with and without architectural finishing are
presented and discussed. Section 5.3 compares the modal properties and vibration performance ac-
cording to common engineering practices to onsite measurements. Section 5.4 displays the results of
the numerical sensitivity analysis on the stiffness of connections and the results of the analytical sensi-
tivity analysis on the density of CLT. In section 5.5 the results of the numerical analysis on the subject
of different connection stiffness assumptions and the results of the analytical analysis on different floor
cooperation assumptions are presented. Finally, 5.6 gives a summary of the remarkable findings that
will be further analyzed in the discussion.

5.2 Onsite measurements

5.2.1 Bare CLT floor

The floor plan represented in Figure 49 provides an overview of the boundary conditions and the mea-
sured vibration properties for the experimental setup during phase 1. During this phase, the timber
load-bearing structure is realized and there are already facade panels placed on axis A, F and 1. In
addition, there are partitions placed on axis E and 3 that divide the office and the lab. The floor
plane denoted as F-E primarily spans from axis 4 to axis 1. The Cross-Laminated Timber (CLT)
floor rests on GL28h beams and is connected using screws, as detailed in D1, D6 and D7 from figure
50. Additionally, there is a beam on axis E, extending from axis 4 to 3, which serves as a stabilizing
wind brace and supports the floor (Detail D3). The CLT floor is not continuous over axis 3 but is
continuous over axis 2, respectively details D6 and D7. The timber frame construction (TFC) facade
on axis F and A is connected only to the columns and not to the beams, except for axis 1 where the
facade is connected to the supporting beam, as shown in detail D5. Moving on to floor plane A-B,
the floors primarily span from axis 3 to 1, from one beam to another. There is also a beam on axis B,
extending from axis 1 to 2, supporting the staircase opening, and the floor is connected to this beam
using screws. The red lines spanning from axis 4 to axis 1 depict the connection of CLT panels to each
other via half-lapped joints, as detailed in D4.

Regarding the analysis of the vibration properties and their relation to the boundary conditions, the
following discussion points emerge. It is important to underscore that the three measurements con-
ducted at each specific point yielded precisely the same fundamental frequency, accurate to the second
decimal place. For a more comprehensive evaluation of the frequency spectrum across identical mea-
surements, a detailed examination is presented in Annex D. The damping ratio and root mean square
velocity, measured within a particular test setup, display an average fluctuation of approximately ±
0.5

• Studying the vrms values, which is a measure of the amplitude of the vibration an interesting
observation is that the measurements resulted in a higher vrms value at the inter-panel junction
compared to that on the panel. P7, P8 and P11 are placed on the inter-panel junction while P10
and P1 are placed in the middle of a panel. P11 has a vrms that is 36% higher than P10. P7 and
P8 respectively have a vrms that are 78% and 53% higher than in P1. This observation aligns
with prior numerical analysis that investigated the effect of rotational stiffness in inter-panel
connections [6]. The difference between P11 and P10 is relatively less than between P7 and P1,
this can be attributed to the side support close to P10 in axis E. If there is no side support the
vrms is up to twice as big when loaded and measured on a inter-panel junction then in the middle
of the panel. This is a significant difference.

• The damping is higher in plane F-E compared to A-B, which can be attributed to the presence
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of the side support and facade in plane F-E. The floor is connected to the supporting beam via
screws at the side support, and these connections may aid in dissipating vibration energy.

• The prEC5 recommends using a damping ratio of 2.5% for CLT floors without finishing. The
damping values measured range between 1.6 and 3.1 %. The prEC5 gives a relatively good
average value of the measured damping values.

• The fundamental frequency at points 11 and 10 is slightly lower than at points 1 and 7. This is
not necessarily expected, as for a three-sided supported floor, higher stiffness and lower modal
mass are anticipated, resulting in a higher fundamental frequency. The observed difference could
be attributed to the longitudinal stiffness governing the frequencies. This could also explain the
slightly higher frequency at points 1 and 7, as the CLT floor is continuous in this floor plan
region, whereas at points 11 and 10, the floor is not continuous to the adjacent floor.

• P11-S13 does not have exactly the same fundamental frequency as P11 and P10. While P1-S5
does have exactly the same f1 as P7 and P1. This is because the floor is not continuous over
axis 3 but is over axis 2 (see details D6 and D7 in figure 50). As the vrms of P1-S5 is 55% of
the vrms of P1, while the vrms of P11-S13 is only 28% of the vrms of P11, the continuous floor
results in a higher tranfer of vibrations to the adjacent floor.
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Figure 49: Phase 1: First floor overview and vibration properties from onsite measurements
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D6: Floor division at support D7: Continuous floor 

 

  

  

  

Figure 50: Detail of connections
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5.2.2 CLT floor with architectural finishing

The floor plan depicted in Figure 49 provides an overview of the boundary conditions and the measured
vibration properties during the second phase of the experimental setup. In this phase, the architectural
finishing elements were introduced, including insulation, concrete screed, partition walls on and under
the first floor, facade, and staircases. The HSB facade was added to axis 4, and windows were installed
on the facades along axis A, F, 1, and 4. On top of the Cross-Laminated Timber (CLT) floor, a 30
cm insulation layer was applied, followed by an 80 cm reinforced floating concrete screed as depicted
in figure 38. Metal stud partitions (MS) were placed on the concrete screed. As observed in Annex:
(picture concrete floor phase 2), the concrete floor extends up to the columns, and wall panels are
placed directly on the concrete screed.

Regarding the analysis of the vibration properties and their relation to the boundary conditions,
the following discussion points emerge:

• The prediction calculations of the fundamental frequency prior to onsite measurements resulted
in a frequency of 8 Hz. However, the measured frequencies are much higher ranging from 12.29
to 14.00 Hz. The predicting calculations may have used a to low stiffness, to high modal mass
or a combination of the two that resulted in a underestimation of the fundamental frequency.

• The vrms in P11 is 19% higher then in P10. The vrms is bigger at point 11, however, the
difference is less than in phase 1. This may imply that the concrete screed causes an increase of
the inter-panel joint stiffness. This is in line with previous experimental research that showed
that the rotational stiffness of the joint increases as the mass of the floor increases, due to a
expanding contact area.

• In phase 1 the vrms of P7 was lower than in P8. Now the vrms of P7 is slightly higher than in
P8. This could be attributed to partitions placed under the first floor close to P8 that increase
the stiffness and damping.

• The damping value from measurement P7 remains lower than in P10 and P11, likely due to the
influence of the side support, as seen in phase 1. This might also explain the slightly higher
damping in measurement P1-S5 compared to P7, as point 5 is also located near a side-support
on axis B.

• The concrete reinforced screed covers the entire floor. If it were placed directly on the CLT
floor, it could result in making the floor continuous over axis 3. However, measurements P11-S13
exhibit a different fundamental frequency than P11, where the CLT floor is discontinuous over
axis 3. While, in-plane A-B, where the CLT floor is continuous over axis 2, measurements P1-S5
exhibit again the same fundamental frequency as measured by P7. Likely due to the presence of
insulation, the CLT floor is not continuous at axis 3 in this case.
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Figure 51: Phase 2: First floor overview and vibration properties from onsite measurements
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5.2.3 Onsite measured differences between Phase 1 and 2

Table 9 presents the variations in fundamental frequency (f), damping ratio (ζ), and root mean square
velocity (vrms) as measured during both phase 1 and phase 2 of the experiments. Analyzing the changes
in f , it is evident that it decreases in plane A-B (measurement P7) while remaining relatively equal
in planes F-E (measurements P10 and P11). A possible explanation is that the modal mass in plane
A-B could have increased relatively more than in plane F-E due to the weight of the partitions along
axis 2 and temporary big loads from building material.

The damping values exhibit a significant increase for measurements P7, P1-S5, P10, and P11. In
plane A-B (measurements P7 and P1-S5), the damping values increase slightly more compared to
plane F-E (measurements P10 and P11). This difference could be attributed to the proximity of metal
stud (MS) partition walls, which are placed under and on top of the first floor between phases 1 and
2.

The introduction of the concrete screed leads to a substantial reduction in vrms at critical areas,
specifically the middle of the floor, with reductions of 78% and 85%. This result aligns with expecta-
tions, as the floor becomes heavier in this phase, causing smaller deformations under the same force.
Thus, the concrete screed proves to be highly beneficial for enhancing vibration performance. However,
it should be noted that this experiment applies a single impulse as a force load, not a footfall load. As
the vrms is influenced by the type of loading, the change in vrms may differ for a walking load scenario.

Figure 52 depicts the response factor according to chapter 9 of the prEC5 when using the measured
frequency and damping. The first observation is that in building phase 1 the response factor is similar
for all the measurements. Although the frequency is higher in measurement 7 than in 11, because the
damping is higher in measurement 11 than in 7, the resulting response factor is almost equal in phase
1. After the architectural finishing is placed the response factor in 10 and 11 increases slightly more
than in 7. With a response factor of 0.0006 in measurement 7 the floor performance level (FPL) is
2, while in measurements 10 and 11 the FPL is 1. As mentioned in building phase 2 around mea-
surement 7 there were big loads close to the supporting beams, however, these loads are not taken
into account in the response calculations. Maybe if these loads are correctly taken into account as
distributed loads the response factor in measurement 7 is lower and becomes more similar to 10 and
11. In addition in these calculations, the 10% variable loads are not taken into account (23 kg/m2).
If this is done the floor performance will increase. The response factor in 7 will increase from 0.0006
to 0.0005, resulting in a floor performance level of 2. In Europe, the base recommendation for offices
is an FPL of 3, so the FPL of the case study floor fulfills the base requirement for vibration performance.

Measurement
Phase 1 Phase 2 Change (%)

f ζ vrms f ζ vrms △f △ζ △vrms

[Hz] [%] [mm
s ] [Hz] [%] [mm

s ]

P8 18.3 NM 6.03 12.29 NM 1.42 -33 -76

P7 14.57 1.6 5.19 12.29 4.6 2.07 -16 +196 -60

P4 15.71 NM 1.49 24.86 7.9 1.19 -20

P1-S5 14.57 2.1 1.87 12.29 5.7 0.43 -16 +175 -77

P10 13.71 3.1 4.79 14.00 6.8 1.94 +2 +123 -59

P11 13.71 3.0 6.50 14.00 6.5 2.31 +2 +118 -64

P12 14.00 NM 1.15 23.71 NM 1.32 +15

P11-S13 14.00 NM 1.79 13.43 NM 0.39 -4 -23 -78

Table 9: Changes in vibration characteristics
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Figure 52: Response factor according to prEC5 chapter 9

The last observation is that the damping relatively increases more in measurement 7 compared to
11 with 78% (196-118) while the frequency decreases more in measurement 7 compared to 11 with
18% (-16 - (+2)). Although the increase in damping in percentage is much more than the decrease
in frequency the response factor in 11 becomes better, thus it seems that the response factor is more
sensitive to changes in the frequency than changes in the damping value.

5.3 Design codes and common engineering practices

Table 10 depicts the frequency of the experimental, analytical and numerical analysis from the bare
CLT floor system. The first and second frequencies correspond to the first and second mode shapes
depicted in figure 53 and 54. The analytical and numerical analysis both accurately predict the fre-
quency very well.

Table 10 depicts the results of the experimental, analytical and numerical analysis after the archi-
tectural finishing is placed. In the analytical and numerical analysis, from the added architectural
finishing in phase 2, only the floating concrete screed is accounted for. Other architectural finishing

Method
Phase 1 Phase 2

f1 [Hz] f2 [Hz] △f1[%] △f2 [%] f1 [Hz] f2 [Hz] △f1[%] △f2 [%]

Experimental 13.71 20 14.00 26.86

Analytical 13.5 -2 8.7 -38

Numerical 13.87 20.69 +1 +2 8.75 15.00 -38 -44

Table 10: Initial analytical and numerical vibration prediction of building phases 1 and 2 and its
discrepancy to experimental data (△f)

Measurement Phase 1 Phase 2

Experimental Numerical Experimental Numerical

vrms,P10[mm/s] 4.79 4.23 1.94 2.75

vrms,P11[mm/s] 6.50 2.81 2.31 1.66

△vrms =
vrms,P11−vrms,P10

vrms,P10
+36% -34% +19% -40%

Table 11: Comparison of difference in Vrms between P10 and P11
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in this part of the floor consists mainly of loads of the HSB facade and adjacent floor panels on the
supporting beams, which are not taken into account in the initial calculations. Opposing to Phase 1,
in phase 2 the analytical and numerical analysis does not result in a good prediction of the measured
frequency. In addition, the difference between the analytical and numerical determined f1 in Phase
2 is bigger. This may be the result of the method used to account for the concrete floating screed
in the FEM model. The numerical analysis results in a slightly better estimation of the fundamental
frequency, however both methods are not deemed accurate predictions.

Table 11 depicts the experimental measured vrms compared to the vrms obtained from numerical
analysis. The numerical obtained vrms values are determined using footfall analysis software CADS,
where the experiment is simulated by also loading and measuring in points 10 and 11. It must be
noted that it is not possible to simulate the exact force from onsite testing, therefore the vrms values
of the experimental and numerical analysis are not comparable. However what is comparable is the
difference between P10 and P11 of the experimental and numerical analysis. Experimental analysis
during phase 1 showed that point 11 is the critical loading point of the two points, with a vrms of
36% higher than in point 10. However, numerical analysis resulted in point 11 having a vrms of 34%
lower than determined in point 10. This means that the numerical model does not accurately predict
the critical loading point and thus probably does not determine the mode shape accurately. In phase
2, after the placing of the floating concrete screed, the same problem remains. It should be noted
that the difference between the experimental determined vrms become closer to each other, while the
numerical determined vrms become further from each other.

To conclude, the analytical and numerical analysis predicts the frequency accurately of the bare CLT
floor. However, after the architectural finishing is placed, both methods do not accurately estimate
the frequencies anymore. In addition, the numerical analysis does not determine the critical loading
point accurately during building phases 1 and 2. This is attributed to not considering the rotational
stiffness of the inter-panel connection, but assuming the two panels as one monolithic slab. Further
research is needed on the dynamic properties of the building elements and connections to accurately
predict the frequencies and critical loading points.

5.4 Sensitivity analysis

Connection stiffness

Regarding the stiffness parameters, the parameters depicted in table 5 and figure 43 are specified
because they possibly affect the vertical displacement of the floor, thus the dynamic response of the
floor to footfall loading. A sensitivity analysis is carried out to quantify the influence of every stiffness
parameter on the modal properties and subsequently to rule out parameters in the model optimization

Figure 53: First harmonic mode shape Figure 54: Second harmonic mode shape
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f1 f2 M∗
1 M∗

2 vrms △f1 △f2 △M∗
1 △M∗

2 △vrms

Method Hz Hz % % m/s % % % % %

Base Model 15.6 23.8 19.7 6.1 3.23

KRx,f−b 13.5 20.3 12.7 8.0 3.00 -14 -15 -36 +31 -7

KTx,f−b 14.5 21.6 21.0 7.0 3.45 -7 -9 -6 +15 +7

KRx,b−c 15.4 23.7 19.9 6.2 3.23 -1 0 +1 +2 0

KRy,b−c 15.6 23.7 19.9 6.2 3.23 0 0 +1 +2 0

KRx,ip 15.0 21.3 15.7 5.6 4.31 -4 -10 -20 -8 +33

Table 12: Results of Sensitivity study with left the Vibration properties and right the relative change
compared to the Base Model

process, which have only a minor influence on the outcome of the numerical computations.

Figure 55 depicts the mode shapes of the dynamic analysis of the base model and the altered nu-
merical models with the corresponding fundamental frequency. The base model is a model where all
connections are rigid in rotational and translation stiffness. Compared to the base mode, changing the
rotational stiffness of the floor-to-beam connection and inter-panel connection, respectively KRx,f−b

and KRx,ip have the biggest influence on the mode shape. The other changes cause a slightly bigger
deformation but do not change the form of the mode shape. Making KRx,f−b free in rotation causes
the critical deformation point to move to the side, while making KRx,ip free in rotation causes the
critical point to move to the middle.

Now we look at the frequencies in table 12 the biggest change occurs when the rotational stiffness
of the floor-to-beam connection KRx,f−b is set to zero, hereafter changing KTx,f−b and KRx,ip also

Figure 55: Top view of mode shape from Base Model and sensitivity study models
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significantly alters the vibration properties. Changing KRx,b−c and KRy,b−c has almost no influence on
the vibration properties and can therefore be assumed either rigid or hinged in the numerical model.
So to conclude the rotational stiffness at the floor supports and inter-panel connection have the most
influence on the dynamic behavior of the floor. Where making the floor hinged supported instead of
rigid, causes the critical point to shift to the free side. While making the inter-panel connection a
hinge shifts the critical point to the middle, specifically the inter-panel line.

Density of CLT
The prEC5 predicts the frequency of the bare floor structure with a small discrepancy of 2%. The
values for the bending stiffness, density and span according to the manufacturer therefore are already
a good starting point for the analytical calculations. However, a density for CLT of 500 kg/m3 is used,
which is a relatively high value, as the density of CLT is given to be between 470 and 500 kg/m3.
Table 13 depicts the frequency, damping and root mean square velocity (vrms) when using the lower
and upper bound density values in the prEC5 calculations, and the experimental data. Looking at
the resulting frequencies in table 13, notable is that the measured frequency lies in between the lower
and upper bound prEC5 calculations. The density range has a notable influence of 0.5 Hz but it is
not a very significant one. In addition, table 13 shows that the different densities do not affect the
vrms. This is because a higher mass, causes the vrms to increase due to a lower fundamental frequency.
While simultaneously causing the vrms to decrease, as is visible from the vrms formulas of the prEC5:

v1,peak = kred
IM

M∗ + 70kg
(39)

with:

Im =
42f1.42

w

f1.3
1

(40)

To conclude, a better estimation of the frequency is reached by using an average density of CLT of
485kg/m3 and for the vrms both lower and upper bound density result in the same value. Therefore
in this research, the upper bound is used over all analysis to maintain continuity of results.

Method ρCLT [kg/m3] f1 [Hz] ζ [%] vrms [m/s]

prEC5 CB method 470 14.00 0.025 0.0017

prEC5 CB method 500 13.50 0.025 0.0017

Experimental analysis 470 - 500 13.71 0.031 0.0015

Table 13: CLT density sensitivity analysis

5.5 Alternative assumptions

5.5.1 Connection stiffness

Table 14 depicts the first and second frequency measured onsite and the ratio between the vrms cal-
culated in points 10 and 11. The positive △vrms shows that higher vrms values are measured onsite

f1[Hz] f2[Hz] M∗
1 [%] M∗

2 [%] △vrms[%]

Experimental 13.71 20 +36

Common engineering practices 13.87 20.69 13.87 7.7 -34

Test scenario 1: Static stiffness 13.33 17.91 -1

Test scenario 2: Hinged 12.73 16.00 17.04 7.48 +35

Table 14: Frequencies and vrms in point 10 to point 11 ratio
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in point 11. The results of the numerical analysis are given for the three scenarios. The initial FEM
model accurately predicts the frequencies but not the critical loading point, because △vrms is nega-
tive which indicates a higher vrms is now found in point 10. Then it can be observed that assuming
static stiffness the vrms found in p10 and p11 is almost the same, which is not comparable with onsite
measurements. Finally assuming the floor support and inter-panel connections as hinges, results in a
similar △vrms value to onsite measurements, however, the estimated frequencies become less accurate.
Regarding the modal mass, the modal mass corresponding to the first frequency is higher when KRx,ip

is assumed to be a hinged compared to assuming a rigid connection.

To conclude there is not one assumption for the stiffness of the floor supports and inter-panel connec-
tions that simultaneously increases the accuracy of predicting the critical loading point while sustaining
an accurate prediction of the frequencies. Altering KRx,f−b shifted the critical point to the side, while
changing KRx,ip moved the critical point toward the middle. The interplay between stiffness properties
in the connections significantly affects the dynamic behavior of the floor.

5.5.2 Effective bending stiffness

Table 15 presents the resulting frequencies for the scenarios and the discrepancy with the measured
data. The analysis with no slip assumptions resulted in a discrepancy of approximately -38%. As-
suming shear slip decreased the discrepancy, but not significantly. The analysis with full bonding
assumptions led to the smallest discrepancy of +9%. In this case, assuming no slip gives the best of
the three estimations of the real frequency. However, none of the tested assumptions results in an
accurate prediction of the frequency, implying the floor has a distinct behavior when subject to small
vibrations. The presence of the insulation layer appears to enable some shear force transfer, resulting
in an effective bending stiffness that is higher than under static loading conditions.

5.6 Summary of results

Onsite measurements show higher vrms at the inter-panel connection than in the middle of the panel.
After the concrete floating screed is placed the difference becomes less prevalent, however still the
inter-panel connection seems to be the critical loading point. Modal properties after the architectural
finishing is placed changed; the frequency stayed relatively equal, the damping increased significantly
and the vrms decreased. For the three-sided supported floor the resulting response factor decreased
from 16 to 3 according to the prEC5 using the measured modal properties. Thus the vibration per-
formance is significantly improved.

method γ EI [Nmm2] f[Hz] △f [%]

Common engineering practices: Slip 0 7616·109 8.7 -38

Test scenario 1: Shear slip 0.11 8628·109 9.3 -32

Test scenario 2: No slip 1 24308·109 15.3 +9

Table 15: Bending stiffness and resulting frequencies using prEC5

Figure 56: Different types of collaboration between interlayers
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Common engineering practices accurately predicted the frequency before architectural finishing is
placed, implying good initial assumptions on the structural behavior and material properties. How-
ever after architectural finishing is realized, mainly the placement of the concrete floating screed, the
frequency is hugely underestimated. Suggesting the bending stiffness assumed is much lower than the
actual bending stiffness of the floor, which may be the result of cooperation between the floor layers.
The location of the highest measured vrms value does not compare to that of the FEM model, implying
the mode shape determined by the initial FEM model is not correct and possibly underestimates the
vibration performance The sensitivity study showed that the inter-panel and floor support connection
have the biggest influence on the frequency and mode shape, while other connections have a very small
influence.

The numerical study on different connection stiffness assumptions showed that assuming hinge connec-
tions accurately predicted the ratio between the measured vrms measured at the inter-panel connection
and in the middle of the panel, however, compromised frequency estimates. The lower frequency does
not directly mean that assuming both connections as hinged is a bad assumption, as the frequency is
also dependent on other design and material assumptions. Finally, assuming full cooperation between
the floor layers resulted in a better estimation of the frequency than assuming slip. However, none of
the tested assumptions resulted in an accurate prediction of the frequency implying distinct behavior
of the floor subject to small vibrations.

The discussion will seek to explain the findings including the distinct structural behavior to footfall-
induced vibrations and what this means for the vibration performance calculations.
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6 Discussion

Throughout the research, several assumptions and choices were made that influenced the results. This
chapter discusses the assumptions and choices in depth that might be significant for the reliability of
the results. Where after this chapter discusses on the results of the Case Study and observations made
in literature research.

6.1 Experimental analysis

In the FEM software, simulating the onsite measurements conducted was not feasible. Although the
excitation and measurement points could be chosen, replicating the same loading as the onsite tests
was not possible. This limitation arises from the specific capabilities of CADS software, designed for
footfall analysis. Onsite measurements involved a single dropping weight that induced larger forces
than typical walking loads. This difference in loading conditions could impact the results and should
be considered in the analysis.

Measuring procedure
During my MSc thesis on footfal-induced vibration in CLT floors, I opted for a non-conventional mea-
suring procedure involving a single impulse, excited by a 10 kg weight falling from a height of 83 cm.
This choice has both advantages and disadvantages that impact the determination of the vibration
characteristics compared to exactly following the prescribed guidelines by the EN 16929: ’Beproev-
ingsmethoden’ [19]. The primary reasons for selecting this procedure is its practicality and simplicity.
Conventional guidelines often involve complex and time-consuming processes. The guidelines recom-
mend using a stepping person or mechanical exciter to load the floor in the same or multiple of the
fundamental frequency of the floor. During the second test day this method was tested, however
due to the high frequency of the floor it was impossible to do it by stepping and there was no ac-
cess to a mechanical exciter. By using a single impulse load, the floor could effectively be excited to
vibrate in its own fundamental frequency. In addition, the loading is consistent over each measurement.

The fundamental frequency is not so much affected by the type of loading as the damping and the
root mean square velocity is. The root mean square velocity is highly dependent on the type of load-
ing, measurements within this experiment can be compared to each other, but it is not possible to
directly compare it with analytical results and other experimental studies. The damping is dependent
on the decreasing process of the vibration amplitude, in principle, this is measurable from the velocity
response of a single impulse. However, the size of the initial amplitude and multiple frequencies acting
simultaneously affect this process.

To give a perspective into the difference between a walking load and the single force used, one walking
load test is conducted before and after architectural finishing is placed. The comparison of the measured
vmax, frequency and resulting maximum displacement (umax) are depicted in table 16. The maximum
displacement is determined with the following formula:

umax =
vmax

8 · f
(41)

. It is evident that the force induces almost a ten-fold bigger response than a walking load does, but
that the frequencies are very similar. In conclusion, measuring procedure offers practical advantages in
terms of efficiency and consistency. However, it is essential to acknowledge the limitations concerning

Force load phase 1 Force load phase 2 Walking load phase 1 Walking load phase 2

vmax[mm/s] 75.58 4.47 6.98 0.23

f [Hz] 13.71 13.43 14.28 12.89

umax[mm] 0.6891 0.0416 0.0611 0.0022

Table 16: Modal properties resulting from force load of measurement 11 and walking load
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potential data gaps As some vibration characteristics depend on the type of loading, some results
should be carefully assessed when interpreting the final results.

Frequencies
Frequencies are deduced by identifying peaks from the frequency spectrum. The prEC5 states that all
frequencies that are in the range of the fundamental frequency and twice the fundamental frequency
should be considered in the quantification of the vibration performance, however does not state any-
thing about the participation of a specific frequency. Numerical analysis can predict the frequency and
corresponding amplitude, but does not predict the participation of the frequency. For example in figure
57 the participation of the second frequency is significantly smaller than the fundamental frequency,
thus only a small influence on the overall response of the floor. This could cause an overestimation or
underestimation in the quantification of the vibration performance. In addition, if we look at phase
2 in figure 58, the response of the measurements P11 and P10 differ, whereas in phase 1 they were
very similar. This shows that the location of the load can determine if a mode shape is excited. In
this thesis, the highest peak is taken as the fundamental frequency, because it is considered the most
important frequency.

Damping ratio
In my thesis, I employed the peak-picking method to determine the damping ratio from the measured
velocity response. This approach was chosen due to its simplicity and effectiveness in capturing the
damping characteristics of the system. It provides a time-efficient and straightforward method to
identify and extract the dominating frequencies and corresponding peak amplitudes to calculate the
damping ratio. Whereas more complex methods directly increase the complexity of the calculation
significantly.

Figure 57: Velocity and frequency spectrum in phase 1 of p10 and p11

Figure 58: Velocity and frequency spectrum in phase 2 of p10 and p11
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However, it is essential to acknowledge the disadvantages associated with the peak-picking method.
The accuracy and reliability of the resulting damping ratio heavily depend on the quality of the velocity
response data. Any noise or measurement errors can lead to inaccurate peak identification, affecting
the accuracy of the damping ratio estimation. Additionally, this method is not ideal for complex
vibration responses with multiple closely spaced peaks. The measurements done in this thesis were
mostly complex vibration responses, especially measurements taken on the beam and on adjacent floor
plans led to multiple active frequencies. The damping values in this thesis should therefore be seen
as rough estimations. In addition, the damping ratio could not be determined for measurements P12
and P4 due to the presence of multiple active frequencies. These additional peaks are caused by the
frequency corresponding to the beam frequency.

In conclusion, the peak-picking method is a practical choice for assessing damping ratios in CLT
floor vibrations due to its simplicity and efficiency. Nevertheless, careful attention should be given to
the quality of the velocity response data to ensure the accuracy and reliability of the resulting damping
ratio.

6.2 Vibration prediction methods

Measurement Points for comparison
In selecting the measurement points, I prioritized minimizing external interference during onsite test-
ing to ensure a clearer representation of the floor’s inherent dynamic behavior. By choosing floor
plane E-F of the case study floor with less interference, it allowed me to better isolate the impact of
additional structural elements and boundary conditions have on the dynamic response of the floor.

However, the downside of this approach, is that critical areas that are especially susceptible to vi-
brations might be disregarded. In addition, when designing a floor, the lowest acting vibration per-
formance determines the performance of the overall floor. In conclusion, my choice to focus on the
data points with the least interference gives a clearer representation of the floor’s complex dynamic
behavior, while potentially overlooking localized vibration issues.

CLT floor density
The variation in CLT densities provided by manufacturers and guidelines presented a challenge in the
analytical analysis. On the one hand a higher mass causes the frequency to decrease which decreases
the vibration performance, on the other hand a higher mass decreases the root mean square velocity
which increases the vibration performance. For this reason, the analytical calculations in phase 1 using
a density of 470 and 500 kg/m3 for the CLT floor, resulted in the same vibration performance (same
root mean square velocity value). Based on this finding the choice went out to using a density of 500
kg/m3 because this was the density mainly recommended by the manufacturer who supplied the CLT
floors in the case study.

However using different densities in the prEC5 method can have a notable influence on the vibra-
tion characteristic, as the ratio in increase and decrease of the vibration performance with increasing
density is not a linear gradient. Thus, my selection of the upper bound density value might lead to
conservative estimations of natural frequencies. An exact estimation of the density of CLT can ensure
a more accurate prediction of the vibration performance.

prEC5
The modal mass given by the prEC5 in chapter 9 for the analytical calculation of the vrms is ques-
tionable. The method prescribes using a modal mass that is 25% of the floor mass for floors that are
one-way span and two-way span. While the modal mass is dependent on the boundary conditions, for
instance, the modal mass for one-way spanning floors that are simply supported is equal to 50% of
the floor mass. The R-value determined using the chapter 9 method for this case study of the bare
CLT floor results in a floor performance level that is equal to the base level for offices. On my own
judgment, however, I would not find the floor vibration performance appropriate for an office, which
is the function of the building. Insinuating that the vibration performance calculated with chapter
9 is an overestimation. In this case study I chose to use the simple classical beam method of the
prEC5, however the prEC5 prescribes another method given in the Annex for more complex floors, as
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Measurements Phase 1: Bare CLT floor Phase 2: with architectural finishing

f1[Hz] f2 [Hz] RCh.9 RAnnexG f1[Hz] f2[Hz] RCh.9 RAnnexG

P10 13.71 20.00 13.9 15.5 14.00 26.86 4.6 4.5

P11 13.71 20.00 13.9 15.5 14.00 - 4.6 4.3

P11-13 14.00 - 13.5 13.2 13.43 - 4.9 4.6

Table 17: Comparison of R-value determined according to chapter 9: classical beam method and
Annex G/K of prEC5

is specified in figure 2.3. However, when is a floor assigned to complex for the methods in chapter 9
and what consequence does using either the chapter 9 method or annex method have on the vibration
performance of a CLT floor? To answer this question, the vibration performance is determined using
the experimentally found frequency for the classical beam method and the Annex method. This is
done for measurements P10, P11, and P11-13 and P13 during phase 1 and phase 2. These points are
chosen due to their similarity to each other, distinct differences between vibration performances can
then be more easily attributed to a single difference.

Python is used to calculate the R values and can be found in Annex C. The input values for both
applied methods are exactly the same, except if there is a second mode shape active. In this case,
the Annex takes into account the second active mode shape, while the classical beam method only
takes into account the fundamental frequency. Because now we want to determine the actual vibration
performance, the mass is taken according to the prEC5 which is the self-weight of the floor plus 10%
of the imposed loads. Another difference is the modal mass, the modal mass in the Ch.9 calculations
follows the formula prescribed formula:

M∗
Ch.9 =

mLB

4
(42)

. However the modal mass for the annex calculations follows the modal mass normally specified for a
one way spanning floor:

M∗
Annex =

mLB

2
(43)

. For the walking frequency, a standard walking frequency of 2 Hz is taken and the damping value
is taken according to the prEC5. The input values for the calculations in phase 1 are then: m1 =
123kg/m2, ζ1 = 0.025, EIL = 6336Nmm2, EIT = 1664Nmm2, B = 4.825m , L = 5.4m, µe = 1 and
µr = 1. After placing the concrete screed in phase 2 and incorporating the effective bending stiffness
determined in the previous chapter, the input values for phase 2 calculations become: m2 = 315kg/m2,
ζ2 = 0.04, EIL = 19723Nmm2, EIT = 9639Nmm2, B = 4.825m , L = 5.4m, µe = 1 and µr = 1.

Table 17 depicts the resulting R-values of the classical beam method and Annex G/K, using the
frequencies determined from experimental analysis. In the first phase so when there is only the bare
floor, using Chapter 9 gives a better lower R-value, thus a better vibration performance. This is due
to the active second mode which can only be taken into account in the method specified in the Annex,
because when we look at measurement P11-13 in phase 1, the R-values are much more similar. Then
looking at phase 2, it is notable that the R-values are similar to each other. Next notable is that the
difference between P10 and P11 R-value determined with the Annex method is not very different from
each other, this is most likely due to the relatively high second frequency. Also notable is that the
Annex results in a slightly lower R-value when only a single fundamental frequency is active. This is
visible from measurements P11-13 in phase 1; and measurements P11 and P11-13 in phase 2.

To conclude, if there is only one active frequency then both methods can be used. If there is a
higher frequency also active, chapter 9 could give an underestimation of the R-value, resulting in a
higher vibration performance than in reality. However when the second frequency is relatively high
the influence on the R-value decreases and the method in chapter 9 also suffices. Finally, important is
to note that different modal mass equations are used for the distinct methods.
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6.3 Discussion of Results

6.3.1 Inter-panel connection

Evaluation onsite measurements
Onsite measurements were conducted to assess the dynamic response of a Cross-Laminated Timber
(CLT) floor subjected to a single point load generated by a 10 kg mass dropped from a height of 83
cm. Both force and velocity sensors were strategically positioned at the same location. The study
focused on investigating the impact of inter-panel connections by conducting measurements at two
distinct locations: (1) along the inter-panel connection line at the mid-span of the floor and (2) at
the exact center of the CLT panel. The obtained results, as detailed in Chapter 5, demonstrated a
notable disparity in the root-mean-square velocity (vrms) values between measurements at the inter-
panel connection line and those obtained at the mid-section of the panel when subjected to a load
applied at its center, denoted as △vrms:

△vrms =
vrms,P11 − vrms,P10

vrms,P10
(44)

Figure 59 depicts the results prior to the installation of architectural finishing, on the floor supported
on two sides, △vrms readings recorded were 58% and 78%, respectively. For the floor supported on
three sides, △vrms was determined as 35% due to the presence of a side support. Notably, in the
absence of side support, Vrms values at the inter-panel connection line exceeded vrms values in the
middle of the panel by more than double.

Numerical Assessment of Inter-Panel Connection
A numerical study on the influence of the inter-panel connection, compared floor slabs consisting of two
panels with and without an inter-panel connection. When a walking load is applied over the middle of
the floor parallel to the inter-panel connection, vrms were 67% higher for the floor with an inter-panel
connection compared to the monolithic slab [6]. It can be argued that the FEA of the monolithic slab
is comparable with measurements conducted during this study in the middle of the CLT panel, while
the FEA of the floor with an inter-panel connection is comparable with measurements conducted on
the inter-panel connection line. This would indicate that experimental research supports the FEM
model of Kawrza that modeled the inter-panel joint as an elastic strip with an elastic modulus based
on static load experiments by Macpherson [33].

In addition, a numerical study is done on the three-sided supported floor. In the first FEM model,
common engineering practices are followed, where the floor is supported by hinges and the inter-panel
connection is not considered, so treating the floor as a monolithic slab. The prEC5 guidelines suggest
that support connections behave like a hinge due to limited deformations but do not state anything
about the inter-panel connection. While the first model provided accurate estimates for the first and
second natural frequencies, it did not accurately predict the location with the highest root mean square
velocity (vrms). Onsite measurements revealed a 35% higher vrms value at the inter-panel connection

Figure 59: △vrms
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line in the middle of the floor plane, whereas the FEM model predicted a 36% higher vrms value
at the middle of the floor plane. As a result, a second FEM model is introduced that incorporates
the inter-panel connection as a hinge, which resulted in a 34% higher vrms value at the inter-panel
connection, thus similar to onsite measurements. This modification led to a deviation of the predicted
frequencies from the measured values, however, this could also be a result of other wrongly assumed
starting values. For instance, it is possible that the bending stiffness of the standalone CLT floor is
higher, as an optimization study prior to this study argued that the bending stiffness of a CLT floor
subject to small vibrations acts 24% stiffer [7].

Understanding the Behavior of Inter-Panel Connections
Considering the comparison of onsite measurements to numerical studies and the fact that the inter-
panel connection has a similar rotational stiffness as the support connection, it can be concluded that
the inter-panel connection has a very low stiffness when subject to small vibrations. This can be clari-
fied by initial space clearance within the connection according to the prEC5. The initial slip phase can
be observed in all types of timber semi-rigid connections, even for pedrilled ones, where it is possible to
expect an initial slip of 0.5 - 1 mm depending on the fastener diameter or timber drying [34]. Deforma-
tions due to footfall-induced vibration of the floor are in the range of 0.1-0.2 mm, thus the deformation
within the connections will be even smaller and will mostly take place in the initial space clearance area.

On the other hand, a study focused on timber-concrete composite (TCC) floors joined by dowels,
unveiled that measured eigenfrequencies from vibration test were higher than eigenfrequencies deter-
mined using the bending stiffness as results of a four-point bending test [8]. The bending stiffness from
dynamic testing approaches the value exhibited by a TCC beam with no slip between timber and con-
crete. Furthermore, studies on dowel-type fasteners highlighted that the stiffness of such connections
under parallel-to-grain cyclic loading could be up to four times higher than calculated according to
the slip modulus of EC5 [24].These studies suggest that connections transferring shear loads, where
interface friction is present, tend to become stiffer under footfall-induced vibrations. Conversely, con-
nections transferring moments may behave less stiff. Figure 60 depicts how the stiffness of connections
can hypothetical be determined when subjected to footfall-analyis, where interface friction may be
used in connections to enhance the stiffness.

Figure 60: Stiffness of connections transferring moment and shear forces

Implications for Vibration Performance and Design
With the inter-panel connection behaving more like a hinge the mode shape of the three sides supported
will be similar to the left depicted mode shapes in 61, where the main bending is in the inter-panel
connection and not in the plate. The transversal stiffness of the floor is not the transversal stiffness of
the CLT plate but is also dependent on the rotational stiffness of the inter-panel connections. Figure
62 illustrates △vrms values from the FEM model assuming both rigid and hinged inter-panel connec-
tions. Notably, point 11 showed a significant increase in vrms value when the inter-panel connection
is changed from rigid to a hinge, while point 10 exhibited relatively similar values. Resulting in a re-
duction of the vibration performance of the floor. In figure 57, the big peak at 14 Hz in the measured
frequency spectrum highlights the dominance of the first mode shape and frequency.

The vibration performance is a result of the vrms, the vrms according to the prEC5 is dependent
on the span, frequency, damping, bending stiffness and modal mass of the floor. Onsite measurements
showed that the frequency is exactly the same for the measurements at the inter-panel connection and
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in the middle of the panel and that damping ratio values are also very similar as is clear from the
time spectrum and frequency spectrum in figure 57. As the span is fixed, the higher vrms found at
the inter-panel connection must be attributed to a different bending stiffness or modal mass. Figure
63 depicts the expected mode shape, of a one-way span floor consisting of 4 adjacent panels connected
by hinged inter-panel connections, to a load at the inter-panel connection line and mid point of the
panel. As revealed by the numerical study on different floor system (Annex F) the more centralized
the maximum deflection area, the lower the modal mass, which consequently results in the hypothesis
that the modal mass is dependent on the location of loading for CLT floors. If the modal mass is twice
as small, the corresponding vrms will become twice as big, this phenomena could explain the high vrms

values measured onsite when loaded at the inter-panel connection line. However, as mentioned before
the effect of the inter-panel connection on either the transversal stiffness and/or modal mass is not
taken into account in the prEC5.

The prEC5 does consider the influence of the transversal stiffness in the kimp factor, which is a factor
accounting for higher modes in transient response. The lower the transversal stiffness compared to
the longitudinal stiffness the higher the kimp factor, thus a reduction of the vibration performance.
However, the kimp factor is only applied to two-way span floors and not to one-way spanning floors the

Figure 61: Mode shape at section A-A given by the FEM model

(a) The Vrms of measurements P10 and P11
assuming the inter-panel as a rigid connection

and hinge

(b) Floor layout and measuring points P10
and P11

Figure 62: Effect of Inter-panel connection in FEM model
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Figure 63: Hypothesis on relation between loading point and modal mass of CLT floors

kimp is always 1. The kimpfactor is dependent on the width as is clear from figure 64, which results in
irregular vrms values as is visible from figure 65. However in general, the bigger the width the bigger the
influence of higher modes according to the factor. This is not necessarily true for the effect of the inter-
panel connection, which may be well independent of the floor width, as onsite measurements on a floor
with a width of 10.8 m, found similar discrepancies to the numerical analysis that studied a floor with a
width of around 6 m. In addition based on onsite measurements in this study, it is found that one-way
spanning floors also experience the influence of the inter-panel connection. For these two reasons, it
is recommended to use a separate factor that takes into account the reduced transversal stiffness of
one-way and two-way CLT floors, to avoid overestimating the vibration performance. Especially, more
research is needed on the effect of inter-panel connections in relation to the width of the floor.

Figure 64: kimp versus EIT for different widths Figure 65: Vrms versus EIT for different widths
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6.3.2 Concrete floating screed

Impact of Architectural Finishing on Floor Vibration Performance
This study encompassed on-site measurements conducted both before and after the installation of
architectural finishing to assess its influence on the vibration performance of CLT floor systems. From
the installed architectural finishing the placing of the concrete floating screed is considered to have the
biggest influence by far on the modal properties of the floor. The vibration performance is dependent
on the modal properties of the floor. The modal properties, frequency, damping and vrms values are
obtained through onsite measurements and modal analysis. After the floor finishing was placed the
frequency stayed relatively stable, the damping increased, and the root mean square velocity signifi-
cantly decreased. This led to the increase of the response factor according to the prEC5 from ranging
between 16-17 to 3-6, indicating substantial improvements in vibration performance.

Analytical and numerical calculations in this study following common engineering practices, accurately
predicted the frequency before architectural finishing is realized, but significantly underestimated it by
39% afterward. The frequency of the floor is linked to the mass, span, bending stiffness and support
conditions. As the span and support conditions hardly changed between the measurement stages; and
the variability in mass has shown to only have a minor influence; it is argued that the bending stiffness
assumed after architectural finishing is placed is too low a value.

Influence of Bending Stiffness Assumptions
Conventional engineering practices traditionally rely on supplier-provided values for the bending stiff-
ness of CLT. Additionally, the bending stiffness of the reinforced concrete floating screed is derived
from the elastic modulus of uncracked concrete, representing an upper bound value. Given the presence
of an insulation layer, the CLT and concrete components can be considered decoupled. Consequently,
the bending stiffness after the screed is installed is assumed to be the sum of the individual standalone
CLT and concrete floor layers.

A previous optimization study, based on on-site measurements, suggested that the bending stiffness of
spruce CLT floors could increase by as much as 24% when subjected to small vibrations [7]. Moreover,
our study, as discussed in relation to inter-panel connections, noted that if we assume the connections
in the Finite Element Model (FEM) behave as hinges, a behavior which seems contingent with the
response under footfall loading, the frequency decreases. This decline in frequency implies that the
bending stiffness of the CLT floor may indeed exhibit a higher stiffness, thereby forming more accurate
predictions of frequency and mode shape using the FEM model. Consequently, it is conceivable that
the bending stiffness of the standalone CLT and concrete layers behaves stiffer under conditions of
low-intensity vibrations. However even though the bending stiffness of CLT floor may be higher, the
frequency initially is well predicted of the bare CLT floor with the analytical analysis. This means
that the discrepancy of 39% is arguably only caused by an underestimation of the concrete bending
stiffness and possibly cooperation between the interlayers.

Figure 66: slip
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Cooperation Among Interlayers
Cooperation among interlayers occurs when these layers are coupled, leading to an increase in bending
stiffness. This increase can be calculated using Steiner’s Rule, where the cooperation factor (γ) plays
a pivotal role. The cooperation factor hinges on the extent of slip between the layers, which can arise
from either interface slip or slip due to shear deformation of the insulation (figure 66). Interface slip
depends on the interplay between friction and shear stresses resulting from floor deformation. When
shear stresses exceed friction, slip occurs, while greater friction prevails when friction surpasses shear
stresses. Importantly, during footfall vibrations, the deformations are approximately only 10% of those
experienced during static loading, leading to significantly lower shear stresses between the floor layers.
This indicates a higher likelihood that friction outweighs shear stresses.

Shear slip is further influenced by shearing deformation, a notable example being the deformation
of a 30 mm Rockwool insulation layer. The cooperation factor can be quantified using a specific equa-
tion, with the shear modulus (G) being thickness-dependent, allowing for higher G modulus values in
thinner layers, as per existing research. In conclusion, the degree of cooperation among floor layers
is dependent on factors such as floor layer surface roughness, screed weight, shear stresses generated
at interlayers due to footfall-induced vibrations, insulation thickness, and the shear modulus of the
insulation material.

Analytical Assessment on the Cooperation Assumptions
In our research, we conducted an analytical analysis that involved comparing various cooperation
assumptions with on-site measurements, as depicted in Figure... The initial assumption posited no
interface slip but considered shear slip within the insulation layer, γ = 0.11, resulting in a considerable
underestimation of the frequency. Conversely, assuming no slip at all, γ = 1, led to an overestimation.
Our measurements revealed frequencies of 14 Hz in plane F-E, corresponding to a cooperation factor
γ − factor of 0.72, and 12.39 Hz in plane A-B, indicating a cooperation factor of 0.45. It’s worth
noting that in-plane A-B, substantial masses were present during measurements, potentially impact-
ing the frequency. It is conceivable that in the absence of these masses, the measured frequency and
corresponding cooperation factor would have been higher. These observations highlight the distinct
behavior of floors under footfall-induced vibrations, characterized by the interplay between interface
friction and an elevated shear modulus of the insulation.

Figure 67: Frequency and bending stiffness relation for different cooperation assumptions according
to the prEN5 for a one-way span floor
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Implications for Vibration Performance and Design
The initial predicted response factor of the CLT floor with a concrete floating screed, following the
prEC5, significantly underestimated the actual performance. Its vibration performance can therefore
not correctly be valued and decreases its competitivity compared to other less sustainable floors. If well
quantified, there may be room for reducing the height of CLT and reinforced concrete layers, thereby
reducing costs and environmental impact while maintaining acceptable vibration performance. This
underscores the need to reevaluate the prEC5, especially the guidelines set to estimate the bending
stiffness of timber floors with floor finishing. This study focused on CLT floors with floating concrete
screeds, revealing a 39% underestimation in frequency according to conventional engineering practices.
Another study, as represented in Figure 30, examined a CLT floor with a floating cement screed,
revealing a 25% underestimation of frequency compared to previous calculations [7]. These findings
suggest that floors with floating screeds tend to exhibit greater rigidity under footfall-induced vibrations
and therefore emphasizing the need of more experimental research on the behavior of CLT floors with
different compositions of floor finishing. It is recommended to define an amplification factor for the
bending stiffness of CLT floors with floor finishing in the prEC5 vibration calculations, be that using
the cooperation factor (γ) or another factor.

Figure 68: CLT floor with cement floating screed
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7 Conclusion and recommendations

This study embarked on an exploration of CLT floor systems, with a primary focus on understanding
how these systems can be accurately modeled to predict their vibration performance, particularly when
considering the influence of architectural finishing. Through extensive on-site measurements during
different construction phases and analytical, and numerical investigations, we have gained valuable
insights into the complex dynamics of CLT floors. Based on the results of this research, the main
research question is answered:

How can CLT floor systems be modeled in order to accurately predict the vibration performance when
taking into account architectural finishing?

Conclusion and recommendations are presented below.

7.1 Conclusion

CLT floors

• Onsite measurements, revealed that the three-sided supported floor had a higher damping ratio
than the two-sided supported floor. From this, it can be concluded that the presence of an extra
support with screwed connections increases the damping of the floor system.

• The onsite measurements, where the floor was loaded and the response was measured at the same
location, revealed that for both before and after the installation of the concrete floating screed,
root-mean-square velocity (vrms) values at the line of the inter-panel connection where higher
compared to at mid-point of the CLT panels. These differences were more pronounced for the
one-way span floor than for the three-sided supported floor. For the one-way span floors before
floor finishing is placed, vrms values at the inter-panel connection line exceeded vrms values in
the middle of the panel by more than double.

• The comparative analysis between onsite measurements and the FEA supports the suggestion
that inter-panel connections have a low stiffness when subjected to small vibrations. In various
timber semi-rigid connections, an initial space clearance of 0.5 - 1 mm is expected [34]. Within
the initial space clearance connections have very little to no stiffness. The low stiffness can
therefore be explained to that footfall-induced vibrations of the floor are very small (around 0.1
mm) which results in initial space clearance becoming more significant.

• This study highlights how connections transferring moments may behave less stiff, while con-
nections that transfer shear loads may behave stiffer due to the role of interface friction during
footfall-induced vibrations.

• The prEC5 standard lacks explicit consideration of the impact of inter-panel connections within
CLT floors, potentially resulting in an overestimation of their vibration performance. It is impor-
tant to emphasize that the connection’s influence on the floor’s frequency is minimal compared
to its impact on the vrms value. Therefore, an amplification factor for the vrms value within the
prEC5 is needed to account for the diminished bending stiffness in the transverse direction of
CLT floors. This adjustment is essential for both one-way and two-way spanning floors to ensure
accurate vibration performance estimation.

• The role of inter-panel connections must also be incorporated into the modal mass formula pre-
scribed by the prEC5 for CLT floors. This consideration necessitates a differentiation between
one-way and two-way span floors. As bending in the transverse direction of CLT floors predom-
inantly occurs at the inter-panel connection line, it can be concluded that the modal mass is
linked to the total CLT floor width and panel width.

• In the case of one-way span floors, the onsite measurements conducted in this study support the
FEA model method proposed by Milojecvic [6] for modeling CLT floors. Milojecvic’s FEA model,
featuring CLT panels connected by inter-panel connections with rotational stiffness derived from
static calculations, has demonstrated a 67% increase in vrms values for one-way span floors
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compared to a model assuming a completely rigid connection. In conclusion, assuming a rigid
connection will result in an overestimation of the vibration performance, Milojecvic’s method
appears to be a good numerical approach to predicting the vibration performance of CLT floors.

• Through a comparative study of onsite measurements and FEA modeling of the Case Study, it
is evident that the mode shape prediction is more accurate when the inter-panel connection is
assumed to behave as a hinge rather than as entirely rigid. From this finding, it can be concluded
that FEA models that assume inter-panel connections as rigid result in misleading mode shapes,
and a better prediction of the mode shape is found when assuming these connections as hinges.

• The introduction of floor finishing enhances the bending stiffness of CLT floors in the transverse
direction, thereby influencing the rotational stiffness at the inter-panel connection line. The
mass of the floor finishing can increase the contact area within the inter-panel connection joint,
further increasing the rotational stiffness. Consequently, floor finishing exerts an improvement
in the vibration performance of CLT floors, particularly at critical locations. To account for
this effect in FEA models, the rotational stiffness at the inter-panel connection line should be
increased and the potential amplification factor for the prEC5 calculations should be decreased.

Architectural finishing

• Onsite measurements revealed the changes in modal properties of architectural finishing, specif-
ically the placement of the concrete floating screed, which emerged as the predominant factor
influencing the modal properties and subsequent vibration performance. After placement of the
screed, the frequency stayed relatively stable around 13 Hz, the damping increased from ranging
from 1.6-3.1 % to 4.6-6.8 %, and the vrms decreased from ranging from 3.39-6.50 mm/s2 to 2.07-
2.31 mm/s2. Hence the installation of the architectural finishing led to a significant enhancement
in the vibration performance.

• The comparative study of prEC5 standards and FEA based on common engineering practices
revealed a discrepancy in the estimated frequency. Prior to finishing installation, both methods
accurately predicted frequency, but subsequently, they notably underestimated it by 39%. This
discrepancy suggests that the assumed bending stiffness values in both approaches do not align
with the observed vibrational behavior of these floors.

• This research suggests the discrepancy of the frequency estimation is due to an underestimation
of the bending stiffness, which may be attributed to the hypothesis that the bending stiffness
of the standalone CLT and concrete layers exhibit higher stiffness and that there is cooperation
between the layers under the condition of small vibrations.

• When full cooperation between the CLT floor and concrete screed is presumed in accordance
with the prEC5 method, the frequency is overestimated by 9%. This implies that while there is
probably some degree of cooperation, the floors are definitely not entirely bonded. Consequently,
modeling the floating screed layers as partially coupled to CLT floors is recommended, this can
be accomplished by employing the cooperation factor (γ) for mechanical joints as specified in the
prEC5.

• The research has identified that the degree of coupling is dependent upon factors such as surface
friction at the interfaces, shear stresses arising from floor deformation, insulation thickness, and
the shear modulus of the insulation material. This underscores the significance of comprehending
the intricate interplay between structural and non-structural components to facilitate precise
predictions of vibration performance.

• For FEA models, the application of a similar cooperation factor as employed in analytical calcula-
tions is recommended. Furthermore, equations 27 to 35 can be utilized to estimate corresponding
orthotropic plate properties. These properties have a notable influence on the frequency and vrms

of the FEA model, emphasizing the need for their accurate incorporation into the model.

• The findings of this study, mainly the underestimation of the vibration performance in common
engineering practices highlight the need to reevaluate the assessment of CLT floor performance
prediction. This not only ensures that CLT floors are valued for their true potential but also
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provides opportunities for optimizing their design, potentially by reducing the height of CLT and
concrete layers while maintaining acceptable vibration performance.

• FEA revealed that loads at the supports have minimal influence on the resulting frequency and
mode shape, concluding that these loads may be neglected in the FEA used to predict the
vibration performance of CLT floors.

In conclusion, this study contributes valuable insights into the modeling and evaluation of CLT floor
systems, shedding light on the intricate dynamics affected by architectural finishing. Our findings pro-
vide a foundation for more accurate and reliable predictive models, ultimately advancing the design
and assessment of CLT floors, with potential benefits for sustainability and cost-efficiency in construc-
tion practices.

7.2 Recommendation

Based on the research of this thesis, several recommendations are formulated:

• Validation of vibration calculation method: The analytical analysis in this study employed
the prEC5 vibration calculation method. However, it’s essential to note that this method is still
in its developmental stage, resulting in uncertainties regarding its formulas and empirical values.
Consequently, it is advisable to conduct comparisons with alternative quantification techniques
and experimental data to enhance and establish the reliability of this method. Particular atten-
tion should be devoted to the ”kred” factor and modal mass formula, as the ”kred” factor yielded
inconsistent vibration responses dependent on the chosen floor width, and the appropriate value
for modal mass remains uncertain.

• Modal Mass Quantification: The modal mass has been demonstrated to be significant in the
determination of the vibration performance of a floor, yet the quantification of modal mass has
proven to be a challenging task for CLT floors. If inter-panel connections genuinely exhibit hinge-
like behavior, as argued in this thesis, the vibration’s mode shape may resemble the illustration
in Figure 55. The mode shape of a three-sided supported floor in the presence of inter-panel
connections appears to exhibit a division into two sections, with one-half of the floor behaving
akin to a three-sided supported floor and the other half resembling a two-sided supported floor.
Suggesting that CLT floor mode shape is characterized by bending in a transversal direction at
the inter-panel connection, it would be interesting to further research how the modal mass of
CLT floors correlates to panel width and total floor width. Accurate modal mass determination is
instrumental in assessing vibration performance in accordance with prEC5 or alternative design
codes.

• Influence of Inter-Panel Connection Rotational Stiffness: This research highlights that
the relatively low rotational stiffness of inter-panel connections diminishes the transverse stiffness
of CLT floors. However, it remains unclear how floor width, in conjunction with inter-panel
connections, impacts transverse stiffness. In addition, this research showed that the inter-panel
connections influence the vibration performance of both two-way and one-way spanning floors.
Neglecting this aspect leads to an overestimation of vibration performance. Therefore, it is
recommended, based on experimental data, to determine reliable rotational stiffness values for
these connections and/or establish an amplification factor for the response factor that accounts
for reduced transverse bending stiffness. Furthermore, the inclusion of floor finishes has been
observed to mitigate these pronounced responses. Hence, further experimental investigations
are necessary for CLT floors with diverse floor finishes to explore how finishing treatments can
enhance transverse bending stiffness and subsequently improve vibration performance.

• Shear Stiffness of CLT Floor to Supporting Beams: Sensitivity analysis indicated that
the shear stiffness of CLT floor-to-supporting beam connections moderately influences frequency.
However hereafter, this study assumed the connection to be rigid, based on prior research demon-
strating the significance of friction in such connections during footfall analysis, given the minimal
vibrations and shear stresses involved. Nevertheless, this assumption lacks experimental substan-
tiation specifically for connections between CLT floors and supporting beams. Consequently, it
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is advisable to undertaken further research to prove the structural behavior of these connections,
leading to reduced uncertainties in vibration performance calculations and thereby enhancing
accuracy.

• Significance of Surface friction: Surface friction seems to increase the stiffness of connections
in footfall analysis. It is therefore recommended to look into a inter-panel connection design that
transfers not only moment forces but also shear forces; so that surface friction can be used to its
advantage. This could possibly improve the vibration performance of CLT floors.

• Impact of Partitioning Walls: Within this thesis, the influence of partitioning walls on the
overall dynamic behavior of floors is recognized. However, the case study measurements were
not ideally suited for an in-depth analysis of partitioning walls. Measurements at a location close
to underlying partitions showed a much lower vrms value then measurements that were further
away from underlying partitions. However, it can not confidently be attributed to the presence
of partitions. Therefore, it is strongly advised to undertake a comprehensive study involving
numerical analysis in conjunction with experimental measurements to understand the potential
advantages introduced by the inclusion of partitioning walls. This approach will facilitate a more
robust understanding of their impact on the dynamic behavior of floors.

• Complex Dynamics of CLT floors with floor finishing: This thesis assumed the bending
stiffness of CLT and the concrete screed to be constants when determining the cooperation factor.
However, the standalone dynamic behavior of these floor layers remains uncertain. Consequently,
it is strongly recommended to conduct experimental research focused on standalone CLT floors.
Together with experimental investigations on the dynamic behavior of CLT floors with different
types and thicknesses of floor finishing layers. This approach will enhance the understanding of
the dynamic behavior of CLT floors in real-world scenarios.
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A Pictures taken during onsite testing

A.1 Phase 1: more figures

Figure 69: Side column in phase 1 Figure 70: Corner column in phase 1

Figure 71: CLT floor connection to core and open-
ing in phase 1

Figure 72: CLT floor connection to stair opening in
phase 1
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A.2 Phase 2: more figures

Figure 73: Corner column in phase 2 Figure 74: Wind brace in phase 2

Figure 75: Connection column to partition in phase
2

Figure 76: Stairs in phase 2
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B Test procedure

Houtlab test plan
Lilly Klappe – 8/2/2023

Needed supplies:

• Laptop

• Dropping weight

• Speedometer

• Safety shoes

• Safety helmet

Preparation:

• Reserve dropping weight, speedometer, safety shoes and helmet via ABT service desk

• Download dropping weight app

• Download SYScom app

• Agree on test date with people incharge

Test step-by-step plan:

1. Link SYScom to laptop

2. Link dropping weight to app

3. Place dropping weight and speedometer in test situation

4. Note test situation in excell

5. Setup dropping weight in starting position

6. Start measuring with speedometer

7. Drop the fall weight and catch it immediately after 1 fall

8. Hold still for 5 sec

9. Return fall weight to starting position

10. Wait for the orange patch on Syscom to go out

11. Perform steps 4 until 11, two more times (a total of 3 same measurements per test situation)

12. Stop measurement

13. Save measurement data

14. Write down the measurement data number for the corresponding test situation in Excel

15. Take pictures of all measured floors
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C Python script

C.1 Determining fundamental frequency and damping

Figure 77: Python script for determining fundamental frequency and damping
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Figure 78: Python script used to determine vrms from experimental data

Figure 79: Python script used to determine vrms according to prEC5: chapter 9
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Figure 80: Python script used to determine vrms according to prEC5: Annex
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Figure 81: Python script used to determine the damping value according to envelope method
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D Velocity and frequency spectrum of onsite measurements

D.1 All three measurements of p11

Figure 82: Results of all three measurements at point 11

D.2 Comparison of onsite measurements p11 and p7

Figure 83: Results of points p11 and p7 during phase 1

Points p11 and p7 are both points in the middle of a plane, p11 between axes E-F and p7 between
A-B. The damping is a bit higher in p11 in both phase 1 and phase 2. This could be due to that p11
is connected with mechanical fasteners, that dissipate energy through friction, to the CLT wall while
p7 is connected to the adjacent CLT plane.

Another remarkable phenomena is that the frequency does not really decrease after placing the cement
screed in all measured points. This could incline that the floating screed adds more stiffness to the
floor than is initially expected.
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Figure 84: Results of points p11 and p7 during phase 2

E Load of adjacent panel

Figure 85: PHASE 1: Assumed
floor system for the numerical
analysis in SCIA with all rigid
connections

Figure 86: PHASE 1: Assumed
floor system for the numerical
analysis taking into account the
weight of the adjacent floor panel

Method f1 [Hz] f2 [Hz]

FEM assuming all rigid connections (figure 85) 15.58 23,76

FEM assuming all rigid connection and load adjacent panel (figure 86) 15.53 23,71

Table 18: Building phase 1
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F Numerical study on boundary conditions and inter-panel
joint

F.1 Introduction

Figure 87: Numerical model set up in SCIA

During literature research, there is no specific knowl-
edge found on the dynamic response of three-sided
supported floors, only for clean-cut one-way and
two-way spanning floors. The goal of this nu-
merical study is to understand the dynamic vi-
bration characteristics of a three-sided supported
floor compared to a one-way and two-way span-
ning floor. In addition, the effect of an inter-
panel connection with very low stiffness and flex-
ible supports is studied. Flexible supports desig-
nate the supporting beams. This study is used
as support for explaining differences between ex-
perimental data and explaining discrepancies be-
tween analytical, numerical, and experimental anal-
ysis.

This is done by determining the vibration charac-
teristics with FEM SCIA of three sets of floors.
As depicted in figure 87, the first set is sup-
ported on hinged line supports, the second on
beams and the third is a floor supported on
hinged line supports with a hinged inter-panel
connection. Each set contains a floor sup-
ported on 2, 3 and 4 sides as depicted in figure
88.

As starting point only the self-weight of the floor is
taken into account, so that it can be compared to ex-
perimental data. The self-weight of the floor is taken as the thickness of the CLT floor (hCLT ) times
the density of ρCLT = 480 kg/m3. For the density, the mean density of CLT is taken as it should
represent the real weight of the floor. This is also done for the concrete screed layer and supporting
beams with densities of ρscreed = 2400 kg/m3 and ρGL28,beam = 460 kg/m3. The dimensions of the
CLT panel, screed and supporting beam follow that of the case study and are specified in table 2.

Figure 88: Assessed line supports
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F.2 Results
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F.3 Discussion

How do the vibration characteristics of a three-sided floor compare to those of a clear-cut one-way and
two-way span floor?

• Fundamental and second frequency increase with the amount of line supports.

• The fundamental and second frequency of the three-sided floor in all cases closer to one-way
spanning floor. This is likely due to the higher bending stiffness in the longitudinal direction,
than in transversal direction, which is a general characteristic of CLT floors.

• Modal mass of three sided floor for floor on line-supports, results in lowest modal mass. However
in real life the floor will most likely be supported on beams. In that case the modal mass is in
between the the modal mass of a one-way and two-way span floor.

• The modal mass of a floor supported on beams is much lower than that of a floor supported on
line supports. In this study the beams in SCIA are placed in the same line as the floor, thus the
bending stiffness is the bending stiffness of the floor and the beam. While most likely there is
cooperation between the beam and the floor, resulting in a much higher stiffness at the supports.
If this is so the modal mass of a floor supported on beams will be higher.

• Placing a hinge in the middle of the floor has limited affect on the frequency and modal mass.
Need to determine vrms to see influence of hinge at interpanel connection.

Figure 89: The first and second frequency of the numerical study floors

Figure 90: The first and second modal mass of the numerical study floors
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G Stiffness calculations

Figure 91: Support connection

Figure 92: Inter-panel connection

To calculate the rotational stiffness of the support and inter-panel connection the prEC5 is employed.
The pull-out stiffness of the screw is calculated using the axial slip modulus:

kst = 2d0.6l0.6w ρ0.9mean (45)

with
d= screw diameter[mm]
lw = anchoring length[mm]
ρmean= mean density timber [kg/m3]

The indent stiffness of the timber is determined with:

kc =
2 · E90,mean

hef · ( 1
lcbc

+ 1
lefbef

)
(46)

Support connection

In the support the screw is embedded in the CLT floor and supporting beam, the corresponding
stiffnesses can be translated to one stiffness with:

keff =
1

1
kst,f

+ 1
kst,b

(47)

Then the effective distance between the line of compression and the line of tension is determined with:

Zeq =

∑
keff,ih2

i∑
keff,ihi

(48)

Using the effective distance the effective tension stiffness of the screwed connection is determined with:

kt =

∑
keff,ihi

Zeq
(49)

Finally the stiffness of the support connection can be calculated:

Ksupport =
Z2
eq

1
kt

+ 1
kc

(50)
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Inter-panel connection
In the Inter-panel connection the screw also transfers shear forces, therefore the shear stiffness of the
screw is determined with the lateral slip modulus:

Ksls,V,mean = ρ1.5
d

23
(51)

Because the screws are under and inclination the shear stiffness (S) and the axial stiffness (A) of the
screw becomes:

S = Kt,H = Ksls,V,mean sin(ϵ)
2 +

1

2
Ksls,ax,mean cos(ϵ)

2 (52)

A =
1

2
Ksls,ax,mean cos(ϵ)

2 (53)

Subsequently, the stiffness of the inter-panel connection is determined:

Kinter−panel =
Z2
eq,v

1
kt,V

1
kc,V

+ 1
kt,H

1
kc,H

(54)
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