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Abstract

Practical combinations of floor configurations and support conditions are studied for the development of a
lightweight timber building method that is suitable for multi-family residential buildings. Classical vibration
theory forms the base for a methodology that is developed to assess transmittance of vibrations to adjoining
floor fields. Especially when the source is out of sight, humans humans are tend to classify vibrations as an-
noying for low vibration levels. With the introduction of new engineered timber products made wood a more
suitable and used material for residential buildings. Strength- and stiffness variation is reduced by homoge-
nizing the material and regarding soundproofing innovative concepts have been improved, such as floating
screeds and resilient materials. Based on these products and acoustic concepts, 32 design combinations are
studied. A distinction between forced- and free vibrations is made and related to low- and high-frequency
floors. Forced vibrations are in structural dynamics described by the particular solution, and free vibrations
by the homogeneous solution of the equation of motion. This solution is found through the method of sep-
aration of variables, which multiplies the space- and time-related parts. Mode shapes are studied regarding
transmittance and effective measures for prevention. Fundamental frequencies of floors supported either
rigid and flexible are determined with one-dimensional undamped continuous systems where supported
beams are represented by equivalent springs. All floors are transformed into Single Degree of Freedom sys-
tems to include damping. These systems are assessed making use of modal superposition, for steady-state-
and transient response. The behaviour of floors under walking load harmonics provides the resonant re-
sponse, and free vibration of the system due to initial conditions the transient response. Since the percep-
tion of vibrations by humans is frequency-dependent, vibrations are weighted accordingly. Eurocodes cur-
rently available are found to provide guidance regarding human-induced vibrations of lightweight structures
marginally. Non-timber Eurocodes do not provide an assessment method, EN1990 only provides require-
ments when no assessment has to be done, and current code for timber structures prescribe criteria that are
not sufficient as found in the literature. The future revision of Eurocode 5 holds several methods for assess-
ment of vibrations but is generally focussed on rigidly supported floors. In extending to this code methods
are developed to acquire fundamental frequencies of flexible, supported floors, and by transformation into
SDOF systems an equation is developed for the appropriate determination of modal mass for two-span or
beam supported floors using a simple formula. 32 combinations of floor configurations and support con-
ditions are assessed at the excited field and at adjoining floor fields, where both steady-state and transient
response are combined. Based on this assessment, transient responses are found to contribute significantly
for low-frequency floors, where generally is assumed that the mass is sufficient to neglect this response.

Keywords: walking vibrations, timber structures, steady-state response, transient response
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2 1. Introduction

1.1 RELEVANCE OF RESEARCH

In the Netherlands, about 75% of the population lives in urban areas, and an additional 1,5 million people
will settle in metropolitan areas in the coming decades [32]. Cities have to densify to accommodate these
people without extensively enlarging the urban area leading to the preservation of green spaces, and use of
existing infrastructure like streets, cables and plumbing. Urban densification can be established by build-
ing on top of buildings, above highways, railroads, and on soils with low bearing capacity[14]. These areas
are not suitable for construction using traditional (heavy concrete) methods, but the development of new
lightweight construction methods facilitates the addition of increased living area at locations where they are
most expensive. Other beneficial aspects of building lightweight include less foundation material and having
lower transportation- and lifting costs.

Royal HaskoningDHV (RHDHV) proved with ’De Karel Doorman’ the feasibility of extending an existing build-
ing vertically by activating unused load-bearing potential of existing concrete structure in combination with
adding a lightweight structure. The concrete lift shaft resists lateral wind loads, and the steel frame introduces
the vertical imposed loads applied on timber floors to the concrete columns of the existing structure [14]. The
architect aspired to add 16 apartment floors which is achieved using an ultra-lightweight building concept.
During construction, however,excessive dynamic behaviour come to light setting the project on hold, such
that independent research organisation TNO could investigate the vibrations for useful measures to reduce
vibration transmittance. [22]. The weight minimisation results in challenges regarding vibration comfort
since mass damps vibrations and lowers amplitudes in general. Not the strength nor static deflection appear
to be the governing design criteria, but dynamic behaviour is guiding for lightweight structures.

Transmittance of vibrations to adjacent floor fields is a relatively new field, and more extensive research has
yet to be done upon this subject. Most studies focus on situations where both the source and receiver are
on the same floor field or within the same apartment. ’De Karel Doorman’ proved current standards to be
insufficient regarding transmittance to adjoining floor fields when supported by structural beams. Therefore,
TNO developed criteria for adjoining apartments based on innovative guidelines to ensure ’De Karel Door-
man’ fulfils the set demands [22].

Cobelens [7] did research, based on these guidelines, into vibrational problems with ’De Karel Doorman’ and
the adjustments made during construction. He investigated the effect of several measures for vibration con-
trol in multi-house dwellings – like span, mass and stiffness variation of timber joist floor fields and rigidity
improvements of the floor supporting steel-frame. Steel being the main bearing structure, the question rises
how to control vibration levels of timber structures since it potentially performs better than steel due to its
higher damping ratio, and comparable stiffness-to-weight ratio. Furthermore, building with timber regained
interest due to new innovative timber products entering the market last decade – like Cross-Laminated Tim-
ber (CLT), I-joists and Laminated-Veneer Lumber (LVL) beams and panels. The products introduced new
timber building methods and its wide variety in combinations of floor configurations and support condi-
tions.

Figure 1.1: Impression of using timber to vertically extend existing buildings [28]
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1.2 PROBLEM STATEMENT

The ‘Karel Doorman’ is an inspiring project covering the socially relevant topic of urban densification. Re-
sponding to this need, RHDHV came up with an innovative approach for vertical extension using steel as
the main load-bearing structure. However, this also led to new challenges regarding vibration comfort of a
lightweight building system where current standards do not provide sufficient assessment methods.

Even though vibrations in timber structures are studied more comprehensively then steel, especially after
regaining interest with the introduction of new engineered timber products, more research regarding trans-
mittance to adjoining floor fields is necessary. Most studies focus on single spanning floor fields on rigid
supports, which are cases where vibrations do not transmit. However, when one replaces the rigid wall with
a flexible supporting beam to increase plan flexibility or applies a two-span floor field vibrations may annoy
neighbours.

To enable lightweight building using timber as the main load-bearing structure, a preliminary study is nec-
essary to find the most promising combinations of floor configurations and support conditions. Freedom
of form resulted in many commonly applied junctions which all do perform differently when suspected to
human-induced loading. Besides, the stiffness and mass of standard floor configurations vary widely though
they are the main variables when it comes to vibrations, so study is required into the best measures to take
for appropriate vibration levels.

?

Figure 1.2: Schematization of the problem

1.3 RESEARCH QUESTION AND OBJECTIVE

The answer to the following question contributes to solving previously mentioned problem:

How do floor configurations and support conditions affect fundamental frequencies and
transmittance of human-induced vibrations to adjoining floor fields, and which combinations

are suitable for multi-family buildings?

This thesis aims to enable engineers to make better design decisions by providing a framework using static
deflection for preliminary assessment of structures regarding human-induced vibrations. Besides, the work
studies the effects of adjusting floor- and support parameters upon fundamental frequencies and transmit-
tance to adjoining floor fields. Both the framework and parameter study are compared with the validation
method proposed for future revision of Eurocode 5 for timbers structures.
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1.4 METHODOLOGY

Chapter 1: Introduction
The first chapter gives a general introduction to the thesis. It describes the academic value of researching
the topic and depicting the related problem, which results in a research question and research objective. The
methodology formulates several sub-questions to answer the main question, and it illustrates the process
used to derive reported conclusions.

Chapter 2: Structural dynamics of Human induced vibrations
This chapter elaborates on the phenomenon of vibrations by looking at the structure, source and their in-
teraction. First, classical vibration theory of continuous- and single degrees of freedom systems explain the
manner structures vibrate. After that, the theory is related to timber floors making a distinction between low-
and high-frequency floors. Finally, the way humans perceive vibrations is described. This chapter addresses
the following sub-questions:

2.1 How does the classical vibration theory relate to structures?
2.2 How to use continuous systems to describe vibrations of multiple floor fields?
2.3 In which manner can SDOF systems be used to represent vibrations in floors?
2.4 What load does a human apply on the floor when walking?
2.5 How does the human-induced load excite low- and high-frequency floors?
2.6 How to incorporate the human perception of vibrations?

Chapter 3: Vibrations in Eurocodes
The assessment methods for dynamic serviceability limit state provided by various Eurocodes are investi-
gated in this chapter. It sums up the general guidance regarding structural design given in EN1990, and the
vibration verification method for steel structures and footbridges are given. After that, serviceability crite-
ria by Eurocode 5 for timber structures are elaborated for the current EC5 as well as the drafts for the future
revision of EC5 expected after 2020. The following sub-questions are answered:

3.1 What do non-timber Eurocodes prescribe related to vibrations?
3.2 In which manner are the serviceability criteria for vibrations verified in EN 1995-1-1?
3.3 How is state-of-the-art research implemented in the revised version for EN 1995-1-1?

Chapter 4: Building with timber
This chapter describes the engineered timber products and their practical application. The microscale struc-
ture of wood led to innovative products in the last decade that solved several timber building problems. These
products introduced new building methods for timber structures requiring investigation regarding their vi-
brational behaviour at the supports and fulfilment of soundproofing. With these findings, four floor-layer
configurations are introduced that follow from the engineered wood products. The chapter aims to answer
the following questions:

4.1 What are the characteristics of wood as construction material?
4.2 Which timber products on the market are suitable for structural application under dynamic

loading?
4.3 What are the generally applied timber building methods and how is the soundproofing achieved?
4.4 Which potentially useful junctions can be made using engineered wood products?
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Chapter 5: Parameter study
The previous chapter brings several design combinations of interest, and this chapter studies the effects in the
space-domain of varying specific parameters regarding the support and floor configurations. The undamped
continuous models are solved using Maple, showing the manner in which vibrations transmit to adjacent
floor fields. Besides this, it studies the effect of varying the parameters upon eigenfrequencies of floors. This
study aims to answer the following sub-questions:

5.1 How to translate the support conditions at the junctions into representative interface conditions
for the continuous model?

5.2 How do support condition parameters affect transmittance of vibrations by the junction?
5.3 What is the influence of floor configuration parameters on eigenfrequencies of floor fields?
5.4 How does the floor area that contributes to the modal mass change by varying the floor- and

support stiffnesses?
5.5 How do the fundamental frequencies compare to the ones provided by the revised Eurocode 5?

Chapter 6: Assessment of junction typologies
The second part of the study focusses on the assessment of low- and high frequency floors for walking. It
quantifies the steady-state and transient response of combinations of floor configurations and support con-
ditions in terms of comfort levels. The proposed framework is compared with assessment according to the
future revision of Eurocode 5. This study aims to answer the following sub-questions:

6.1 How do low- and high-frequency floors compare to one another for various human activities?
6.2 Are the vibration levels according to the revised Eurocode 5 comparable to the used method?
6.3 Which combinations of typology and support conditions perform promising regarding dynamic

serviceability, acoustic behaviour and mass?

Chapter 7: Conclusion
The main findings of the research are summarized in this chapter by answering the research question and its
sub-questions. Moreover, conclusions and recommendations for future research upon the subject are given.
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2.1 INTRODUCTION

Vibrations have been of interest to humanity for centuries ever since the first musical instruments were de-
veloped and played. Galileo Galilei is the first person to scientifically describe their dynamics in ’Dialogues
concerning two new sciences’ in 1638, where he discussed harmonic displacing bodies such as pendulums
and vibrating strings. With the term sympathetic vibrations he therein referred to the phenomenon we now
know as resonance.

The next important contribution to the field of dynamics was made by Sir Isaac Newton with the publication
of its work ’Philosophiae Naturalis Principia Mathematica’ in 1687. It was published in 1686 and contains the
three laws of motion: 1) objects in motion tend to stay in motion unless acted upon by a force 2) force equals
mass times acceleration ( f (t ) = m ·a(t )) and 3) for every action there is an equal and opposite reaction [48].

Four different forces act upon a structure representing the vibration of an object as shown in equation 2.1.
The force resulting from a velocity change of a mass (Fm = mẍ(t )), is one of the forces acting on an object in
motion following from Newton’s Laws of Motion. The force bringing the mass back to its resting position is
due to bending of the beam, which can be represented by a spring following Hooke’s Law (Fk = kx(t )). The
force acting on a moving rigid body causing vibrations to decay over time is the damping and a frictional
force proportional to the velocity (Fc = cẋ(t )). Finally, the external applied force exiting the object (F (t )). The
equilibrium of the upper defined forces give the equation of motion of a rigid body:

Fm +Fc +Fk = mẍ(t )+ cẋ(t )+kx(t ) = F (t ) (2.1)

This chapter will discuss several aspects of floor vibrations due to human activities. First the theorem of con-
tinuous systems and it boundary conditions are elaborated for an undamped situation. Thereafter, damping
is introduced for Single Degree of Freedom systems explaining the (mathematical) difference between free
vibrations and steady-state responses. The cause of these vibrations (i.e. a walking load) is discussed by
studying the load profile, and elaborates the manner timber floors—and lightweight floors in general— re-
spond to human activity. Finally, the way perception by humans is incorporated in assessment criteria is
shortly explained.
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2.2 CONTINUOUS SYSTEMS

As with static situations, vibrations of beam elements are described by the Euler-Bernoulli beam theory, pro-
viding a continuous and analytical approach of vibration analysis. Their theory results in an equation of
motion which describes the vibration shape of a beam once it is solved for its boundary conditions. Since the
system is solved using separation of space and time damping can, unfortunately, not be taken into account.
However, it is useful for describing the vibration shape and the transmittance to adjoining floor fields.

This section shows the procedure for solving the equation of motion for the case of a prismatic simply
supported beam (see figure 2.1) obtaining the harmonic form of displacement. After that, boundary condi-
tions are given for other cases, which can be solved using the same procedure.

(a) Static scheme (b) Forces acting on small section with length dx of the beam

Figure 2.1: Vibrations of a simply supported beam as a continuous system (after Zegers [76], edited by Oonk)

At first, the general equation of motion for an undamped Euler-Bernoulli beam is given by the equilibrium of
dynamic forces:

ρA(x)
∂2w(x, t )

∂t 2 + ∂2

∂x2

[
E I (x)

∂2w(x, t )

∂x2

]
= p(x, t ) (2.2)

The deflection of the beam is given by w(x, t ), the first derivative of w(x, t ) over time is the velocity and
the second derivative over time acceleration of the beam element. Furthermore, ρA(x) is the mass per unit
length, and E I (x) the bending stiffness per unit length. In this work the beams are considered to have a
uniform cross-section over length and thus, all three parameters are independent of x and since no uniform
dynamic load is applied along the beam is the external force equal to zero: p(x, t ) = 0. This gives the following
homogeneous differential equation of the fourth order for describing the free vibration of a beam:

ρA
∂2w(x, t )

∂t 2 +E I
∂4w(x, t )

∂x4 = 0 (2.3)

In general, free vibration is assumed to be a synchronic harmonic motion and thus, it has a homogeneous
solution. To solve this differential equation that is dependent on two variables one has to apply the method
of separation of variables, and search for the solution of the differential problem through its space- and time-
related components:

w(x, t ) =W (x)Ψ(t ) (2.4)

Substituting equation 2.4 into the homogeneous equation of motion—and dividing by W ·Ψ—gives:

1

Ψ

∂2Ψ

∂t 2 +a2 1

W

∂4W

∂x4 = 0 Where: a2 = E I

ρA
(2.5)

Since the first term in equation 2.5 depends on time only, whereas the second term only on the x-coordinate,
this equation can be satisfied if and only if these terms are equal to a separation constant ω2:{

1
Ψ
∂2Ψ
∂t 2 =−ω2

a2 1
W

∂4W
∂x4 =ω2

(2.6)

The general solution to the time-related part, i.e. ∂2Ψ
∂t 2 =−ω2Ψ, reads:
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Ψ(t ) = A sin(ωt )+B cos(ωt ) (2.7)

The second equation describing the space-related part of the solution that is given by the set of equations 2.6
can be rewritten as:

∂4W

∂x4 − a2

ω2

1

W
= 0 (2.8)

The general solution of this equation can be written as:

W (x) =
4∑

n=1
C̃ne sn x (2.9)

Substituting equation 2.8 into equation 2.8 provides the characteristic equation (equation 2.10). The solu-
tions for sn , i.e. the characteristic roots, are giving in equation 2.11.

s4
n − ω2

a2 = 0 (2.10)

s1 =β, s2 =−β, s3 = iβ, s4 =−iβ Where: β4 =ω2 ρA

E I
(2.11)

Substituting the characteristic exponents sn into equation 2.9, we find the general solution to the differential
problem:

W (x) = C̃1eβx + C̃2e−βx + C̃3e iβx + C̃4e−iβx

=C1 sin
(
βx

)+C2 cos
(
βx

)+C3 sinh
(
βx

)+C4 cosh
(
βx

) (2.12)

C1 . . . C4 are unknown constants that can be solved by substituting the harmonic form of displacement into
the boundary conditions.

Boundary conditions

In reality a variety of beams are found each with their own specific boundary conditions. In table 2.1 the ki-
netic and dynamic relations for boundaries are given for left- and right-ends of beams. By solving the general
solution (equation 2.12) for specific boundary conditions one obtains the solution for that case.

Further on in the work boundary conditions given in table 2.1 will be used to determine interface condi-
tions that describe the relation between the left end of one field and the right end of another.
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Table 2.1: Boundary conditions for a beam in bending [27]

Left-end boundary (x = xl) Right-end boundary (x = xr)

Displacement W (xl ) = A A B W (xr ) = B

Slope ∂W (xl )
∂x =−θA

Aθ

Bθ
∂W (xr )
∂x = θB

Bending
moment M = E I

∂2W (xl )
∂x2 M M

M =−E I ∂
2W (xr )
∂x2

Shear force P = E I
∂3W (xl )
∂x3

P P
P =−E I ∂

3W (xr )
∂x3

Rotational
spring E I

∂2W (xl ))
∂x2 = r

∂W (xl )
∂x r r

E I ∂
2W (xr )
∂x2 =−r ∂W (xr )

∂x

Translational
spring E I

∂3W (xl )
∂x3 =−kW (xl ) k k E I ∂

3W (xr )
∂x3 = kW (xr )
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2.3 SINGLE DEGREE OF FREEDOM SYSTEMS

Systems with just one degree of freedom are dynamic systems of its most elementary form and require only
one coordinate to describe the systems position at any instant of time. Thus, they can be described with one
equation of motion for that specific coordinate. SDOF in its purest form do not exist in reality, but in some
cases do they approximate the behaviour closely. An advantage of these systems is its easy solvability and its
easy incorporation of damping. Therefore, this theorem of SDOF systems will be used further on in this work
for assessing the floor- and support configurations regarding vibrations.

The general solution to the equation of motion including damping (equation 2.1) consists out of a particular
solution in which the system is subjected to harmonic loading, wp (t ) and in a homogeneous part with no
load involved, wh(t ):

w(t ) = wp (t )+wh(t ) (2.13)

For solving the problem, first the free vibration (i.e. homogeneous solution) of a SDOF system is consid-
ered, so the external force is set equal to zero like in previous section. The solution is searched in the form
uh = e sn t , where sn can be both real and imaginary, substituted into the equation of motion and through the
characteristic equation following eigenvalues are found:

s1,2 = −c ±
p

c2 −4km

2m
(2.14)

The vibrations of an excited structure reduce over time (and eventually stop) due to dissipation of the intro-
duced energy and the transfer of vibration by junctions to adherent structural elements. The damping of a
system can be caused by internal friction of the material, external friction with other elements or an installed
viscous damper. For a single beam the damping can easily be measured by reduction of the amplitude in
time. However, within structural designs it is hard to predict the absorbing elements of the structure and
especially the amount of energy that is dissipated.

Labonnote studied the damping of timber structures by testing 11 solid wood beams and 11 glulam beams
made of Norway spruce using the impact test method. She concluded from the results that the material
damping of timber beams is governed by shear deformation [24]. Since glulam has a higher shear modulus
its damping was found to be 20 % higher than for the solid wood beams. Shear deformation depends largely
on the cross-section of the beam, where its height especially contributes. Thus can be stated that higher
damping values can be reached when one applies higher height-to-width ratios for the same cross-sectional
area. Also was found that the damping ratio increases for higher modes, shorter spans and edgewise orienta-
tion of glulam compared to flatwise and the density had no influence on the amount of damping.

Another manner of energy dissipation is through dry friction, which occurs at the interface of two ele-
ments for example at the support or between the decking and joist. This form of damping is called Coulomb
damping, and amount of damping is proportional with the inner area of the stress-strain relationship.

When the discriminant (under the square root) of equation 2.14 is negative, eigenvalues sn are a complex
number, and therefore resulting in decreasing oscillation. The critical damping is found when the discrimi-
nant is set equal to zero (ccr = 2

p
km). For the level of damping is the damping ratio ζ introduced:

ζ= c

ccr
(2.15)

Equation 2.15 can be rewritten into:

c = 2ζ
p

km = 2ζmωn (2.16)

The damping ratio distinguishes four different damping scenarios, where the first is the hypothetical case
of an undamped system (ζ = 0) with indefinitely continuing free vibrations which is shown in section 2.2.
Second is the realistic case of underdamping (ζ< 1) and applicable to most structures, like all floors studied
in this work. Underdamped systems still oscillate around its rest position but the amplitude decays over
time as energy is withdrawn from the structure. A system is called overdamped (ζ > 1) if the displaced mass
slowly returns to its rest position without oscillations and can in practice be found in e.g. door closers. The
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last case is for ζ = 1 and such systems are named critically damped since these return to its equilibrium
without oscillations, similar to overdamped systems, however, they do so in the shortest possible time, which
is desirable for many applications such as car suspensions. For now, the damping ratio is always smaller than
one, i.e. an underdamped structure, which will be explained in section 4.2.3.

The principles of a single degree of freedom system will be demonstrated including viscous damping. First,
the homogeneous solution will be determined for free vibrations, and thereafter, the particular solution rep-
resenting forced vibrations is found. This will be done for the following equation of motion for a damping
SDOF system:

ẅ(t )+2ζωn ẇ(t )+ω2
n w(t ) = f (t )

m
(2.17)

Where: ζ Damping ratio, defined as ζ= c
2
p

km

ωn Angular natural frequency of vibration, defined as ωn = (nπ)2
√

k
m = 2π fn

f (t ) of equation 2.17 depends on the excitation source, which differs for the homogeneous and particular
solution. As a consequence do both have another equation of motion as is shown in table 2.2, and therefore
different solutions for w(t ) have to be substituted to solve to problem. For the homogeneous solution this
procedure is elaborated in section 2.3.1, and section 2.3.2 provides the particular solution to the equation of
motion.

Table 2.2: Difference between homogeneous- and particular solution

Solution Excitation source f(t) Equation of motion

Homogeneous Initial conditions 0 ẅ(t )+2ζωn ẇ(t )+ω2
n w(t ) = 0

Particular External force F0 sin(Ωt ) ẅ(t )+2ζωn ẇ(t )+ω2
n w(t ) = F0

m sin(Ωt )

2.3.1 Homogeneous solution for free vibrations

Free vibrations of SDOF systems are known as the resulting oscillation after an initial disturbance and the
structure is left to vibrate on its own without external forces acting on the system. This disturbance can be
a initial displacement caused by something or someone bringing the mass away from its equilibrium or an
initial velocity resulting from an impact and giving the mass momentum.

In both cases the structure will start to vibrate in a pattern that is a summation of all the structures’ modes,
and therefore, no excitation force is applied to the system. The homogeneous solution of a harmonic motion
is found for the differential problem given in equation 2.18.

ẅh(t )+2ζωn ẇh(t )+ω2
n wh(t ) = 0 (2.18)

The homogeneous part of the solution for underdamped systems can be written as:

wh(t ) = e−ζω1t [A cos(ωD t )+B sin(ωD t )] (2.19)

Where the damped natural frequency is given by ωD =ω1

√
1−ζ2. The damping ratio of timber structures is

generally low (1 to 6 percent) [8] and therefore, the damped natural frequency is about equal to the undamped
ωn . The constants A and B of the homogeneous part are determined by substituting equation 2.19 into the
initial wh(0) = x0 and ẇh(0) = v0 and resolving the so-obtained system of two algebraic equations:

A = x0 B = v0

ω1
+ζx0

By substitution of these into the homegeneous solution given by equation 2.19 and rewriting the equation,
one obtains the displacement-time curve of a SDOF system in free vibration:

wh(t ) =
√

x2
0 +

(
v0

ω1
+ζx0

)2

·e−ζω1t cos

[
ω1t − tan−1

(
v0 +ζω1x0

x0ω1

)]
(2.20)
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2.3.2 Particular solution for forced vibrations

If a system is subjected to an external force, the resulting vibration is known as a forced vibration. The exter-
nal force is introduced into the equation of motion by F (t ) with an forcing frequency Ω and mean force F0,
resulting in the following equation of motion:

ẅp (t )+2ζωn ẇp (t )+ω2
n wp (t ) = F0

m
sin(Ωt ) (2.21)

The response of a system to a harmonic force is also a harmonic one, and because of linearity and superposi-
tion, the shape of the response is a summation of eigenmodes of the system.

wp (t ) =Wp,d sin(Ωt −φ) (2.22)

Wp,d is the amplitude of the particular solution and found by a multiplication of the static displacement and
the amplitude response H(Ω), also known as the Dynamic Modification Factor (DMF). The phase response
φ(Ω) of the system to a forced harmonic load could be described as system’s delay due to damping. Both the
phase angle and DMF curves are displayed in figure 2.2 forΩ/ω1.

Wp,d (ω) = ws ·H(Ω) = ws · 1√[
1−

(
Ω
ωn

)2
]2

+
[

2ζ Ωωn

]2
φ(Ω) = arctan

 2ζ Ωωn

1−
(
Ω
ωn

)2

 (2.23)

Figure 2.2: Amplitude response and phase angle for a damped SDOF system exited by a harmonic force [6]

Using the amplitude response H(Ω) and the phase response φ(Ω), as defined in equation 2.23, one can find
the frequency response function (FRF). It is a complex non-dimensional relationship between a system’s in-
put and its output:

G(ω) = H(Ω)e−iφ(Ω) (2.24)
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Commonly used frequency response functions are compliance, mobility and accelerance that express dis-
placement, velocity and acceleration over frequency respectively. All of these terms are mathematically re-
lated to each other and it is easy to move between these different functions by integrating or differentiating
the FRF plot display [64].

2.3.3 Relation of SDOF with Multiple DOF systems

As already mentioned do SDOF systems rarely exist in reality since structures consist out of multiple elements
with varying fundamental frequencies creating a multiple degree of freedom system (MDOF). These kind of
systems can be analysed as well from SDOF perspective using superposition.

Starting point for finding the MDOF FRF is the uncoupled system resulting from modal analysis excited
by a synchronous harmonic load. The frequency response Hui Fp (Ω) represents n2 different frequency re-
sponse functions and are often summarized in a matrix. Each frequency response function from this non-
symmetrical matrix of a simple type, equal to a damped system with one degree of freedom.

Hui Fp (Ω) = ûi

F̂p
= 1√(

1− (Ω/ωi )2
)2 + (2ξiΩ/ωi )

1

ω2
i

x̂pi

m∗
i i

(2.25)

Subsequently this equation shows the behaviour of a certain degree of freedom under a specific loading.
However, the vibration of a certain degree of freedom under all present loads is of interest. For this we can
make use of the modal superposition and sum all the frequency response functions of xq (t ) for the different
dynamic loads. The FRF for the MDOF system is given by summing the DMF graphs [10], like is shown in
figure 2.3.

Figure 2.3: FRF magnitude for a damped MDOF system. The dashed lines illustrate the three uncoupled modal SDOF systems [10]

When a structure is subjected to a dynamic force with a frequency close to one of its fundamental fre-
quencies, it can be seen in figure 2.3 that the amplitude can rise significantly. This phenomenon is that of
resonance. In absence of any damping, the amplitude gradually increases towards infinity. In reality, how-
ever, there is always some damping present in structures (internal friction, friction at the joints) preventing
these uncontrolled oscillations from occurring.

Especially resonance for the first few natural frequencies results in annoyance for inhabitants, since these
modes contain almost all of the vibration energy of the system. Thus, it is wanted to have the fundamental
frequency faraway from the loading frequency to prevent resonance of the system. Even if the loading fre-
quency is far-off, a structure consisting out of multiple elements with natural frequencies close to each other
could still result in excessively vibrations by different elements resonating one another. Therefore it is desir-
able to, for example, design a floor and its supporting beam such the fundamental frequencies of each are
not interfering too much.

Fundamental frequency of plates

An example of a MDOF system which is especially relevant to this work is a plate, which has (at least) two
degrees of freedom in both in-plane directions of the plate. Through the ratios of stiffnesses and size of both
directions the magnitude of vibrations can be found, and since one direction influences the other is it known
as a coupled system.

The natural frequencies fm,n of rectangular orthotropic plates of size l×b and simply supported along all four
edges are given by the following equation:
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fm,n = π

2l 2pρ

√
Dx m4 +2Dx y m2n2

(
l

b

)2

+D y n4

(
l

b

)4

(2.26)

where m and n correspond with the mode in the x- and y-directions respectively, ρ is the mass density per
square meter and D is the flexural plate stiffness in different directions, where Dx > D y , and defined as:

Dx = Ex t 3

12
(
1−νxνy

) ; D y =
Ey t 3

12
(
1−νxνy

) and Dx y = Dxνy
1

6
Gt 3 (2.27)

where E is the modulus of elasticity in their directions, G the shear modulus and νx and νy the Poisson
ratio is x- and y- direction respectively. This equation was in 1988 simplified (Dx y ≈ D y ) by Ohlsson [49] for
calculating natural frequencies of first order modes to:

f1,n = fn = π

2l 2

√
Dx

ρ

√
1+

[
2n2

(
l

b

)2

+n4

(
l

b

)4](
D y

Dx

)
(2.28)

The equation shows that for lower degrees of isotropy, i.e. stiffness ratio D y /Dx , the number of first order
modes in the lower frequency spectrum increases, and thus become natural frequencies closer together. The
same holds if the ratio of l over b is decreased that contributes to the power 4. Concluding, since it is beneficial
to have less natural frequencies in the spectrum of interest, i.e. the lower excited range, the behaviour of a
floor can significantly be improved by increasing the floor stiffness in transverse direction or reducing the
width of the floor.
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2.4 RESPONSE OF LIGHTWEIGHT FLOORS TO WALKING LOADS

The main source of dynamic excitation of floors in residential buildings is human activities, such as walking,
running, dancing or jumping, of which walking is the most common, and therefore the one this thesis fo-
cusses on. Besides the activity, the force from a step also depends on the persons characteristics like walking
style and body weight. The type of shoe, and the flexibility of its sole has, on the other hand, a negligible
influence on the load functions [63].

2.4.1 Single step load curve

People have in general a walking frequency between 1,2 and 2,4 Hz, i.e. 1,2 to 2,4 steps per second. Though,
during studies frequencies of 3,5 Hz have been observed. When people are walking in larger groups the spread
is smaller and the frequency lies in the range 1,5–2,8 Hz.

In figure 2.4 are normalized load-time functions shown for different activities and walking speeds. The
resulting contact force, as reaction of the floor to the uplifting force from the persons foot, on the floor are
higher for more intense activities. Especially for activities characterised by a complete lift-off (running and
jumping) the vertical ground force may rise to 2 to 3 times the body weight. These activities are characterised
by a single load maximum, whereas walking induced vertical load shows by two load maxima.

Figure 2.4: Load-time functions for different activities [71]

Polynomial function for the contact force due to a single footstep was first proposed by Sedlacek et al. [63],
whom studied the load progression. They measured the load-time function for 5 persons walking along a 20m
long walkway and fitted equation 2.29 upon the data. The K-coefficients are dependent on the step frequency
and can be found in table 2.3.

F1−step (t ,mp , fs ) = mp

8∑
n=1

Kn( fs )∗ t n (2.29)

Where: fs Walking step frequency
mp Body weight

Body weight is a scalar within the force function, where the step frequency changes the shape of the function.
Thus, an increasing weight only influences the amplitude of the human-induced vibrations linearly. However,
when the step frequency approaches one of the natural frequencies the amplitude of the vibration changes
as well as the proportion of each modal shape.
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Table 2.3: K-values for different frequencies [63]

Coefficient Step frequency ranges
fs ≤ 1,75H z 1,75 < fs ≤ 2H z fs ≥ 2H z

K1 −8 fs +38 24 fs −18 75 fs −120
K2 376 fs −844 −404 fs +521 −1720 fs +3153
K3 −2804 fs +6025 4224 fs −6274 17055 fs −31936
K4 6308 fs −16573 −29144 fs +45468 −94265 fs +175710
K5 1732 fs +13619 109976 fs −175808 298940 fs −553736
K6 −24648 fs +16045 −217424 fs +353403 −529390 fs +977335
K7 31836 fs +33614 212776 fs −350259 481665 fs −888037
K8 −12948 fs +15532 −81572 fs +135624 −174265 fs +321008

Figure 2.5: Step load normalized to body weight for four different step frequencies

The body moves slightly up and down when one goes from one step to the next, ultimately moving the body
forward. First, gravity attracts a body downwards, the body mass accelerates in the same direction and the
resulting inertia force is applied as contact force on the floor. This is recognized as the first peak in figure 2.5.
Once the vertical velocity of the person is zero (through between the peaks), the body is accelerated upwards
to enable the next step, which applies another contact force at the floor (second peak). This phenomenon
can be distinguished in the load-time functions by the two peaks whom become more clear for more intense
activities (i.e. higher step frequencies).

Series of footfalls

In reality the imposed load on a floor does not consist out of just one footstep. Its a sequence of multiple
single footfall load curves each shifted by the time interval ∆t = 1/ fs (see figure 2.6a, ∆t ≈ 0.6 s). This series
of loads is summed to get the resulting load, where the overlapping single step loads are causing peaks for
the periods in time both feet are in contact with the ground. The magnitude of these peaks is about twice the
persons weight, as one can see in figure 2.6b. Besides, it has a strongly harmonic shape oscillating around ±
1.3 times the body weight.

The first 4 harmonics have a significant impact and contain enough energy to bring the structure in excitation,
so for a walking pace of 2,5 Hz the excitation frequency can be up to 10 Hz. To make an distinction between
high- (HFF) and low-frequency floors (LFF), Sedlacek et al. proposed to use a cut-off frequency of 10 Hz [63].
The threshold frequency varies significantly for different authors and design guidelines, as shown in table 2.4,
which endorses the complexity of making a distinction between low- and high-frequency floors.

This grey area where to split for LFF and HFF has its origin in the transition from resonant response (see
figure 2.7) into a transient one (figure 2.10). Reflecting on the previous section about SDOF system does
this response distinction relate to the particular and homogeneous solution, which are summed to obtain
the general solution given by equation 2.13. For the fundamental frequency of the floor going upwards the
response shifts from steady-stated dominated into a transient dominated response.
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(a) (b)

Figure 2.6: Series of footfall forces applied by (a) both feet of a walking person and (b) the resulting force on the floor (dashed line) [63]

Table 2.4: Cut-off frequencies for residential purpose adopted by different authors and guidelines

Author(s) Material Year Cut-off frequency

Ohlsson [50] General 1988 8 Hz
Wyatt and Dier [74] Steel 1989 7 Hz
Allen and Murray [2] General 1993 9 Hz
The concrete society [52] Concrete 2001 10 Hz
Sedlacek et al. [63] Steel 2006 10 Hz
The concrete centre [72] Concrete 2006 10 Hz
The Steel Construction Institute P354 [65] Steel 2009 8 Hz
Americal institute of steel [31] Steel 2016 9 Hz

2.4.2 Resonant response of low-frequency floors

Floors with low natural frequencies responds strongly to the walking load harmonics causing a steady-state
response, like is shown in figure 2.7. These type fo vibrations are analysed from load perspective by looking
for its response to each load frequency, i.e. for each harmonic. For excitation from walking activities, this
kind of response occurs for floors with a fundamental natural frequency less than 9-10 Hz [8, 65], where the
relative contribution of higher harmonics increases since its frequency approaches the natural frequency.
Magnitude of these higher harmonics is, however, significantly less then the lower ones, which is expressed
by the Dynamic Load Factor.

Dynamic load factors

The walking load f (t ) given by equation 2.29 is strongly harmonic and thus, very appropriate for Fourier
analysis. Any periodic loading can be represented as the sum of a series of simple harmonic components and
the response of a linear structural system will occur at these same frequencies [30]. Jacobs et al. [18] were
in 1972 the first ones proposing, in the biomechanics field of study, to represent the walking force function
by Fourier series. This method was later on adopted for application in civil engineering to footbridges and
widely accepted and known under the name Dynamic forcing function. Equation 2.30 consists of two part; a

Figure 2.7: Resonant response for fs = 2 Hz
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Table 2.5: Design parameters for walking forces due to one person [17, 54]

Rainer et al. (1988) ISO 10137:2007
Harmonic
number, n

Frequency
range, n f [Hz]

Dynamic Load
Factor, αn [-]

Frequency
range, n f [Hz]

Dynamic Load
Factor, αn [-]

1 1,6 to 2,2 0,5 1,2 to 2,4 0,37 fs - 0,37
2 3,2 to 4,4 0,2 2,4 to 4,8 0,1
3 4,8 to 6,6 0,1 3,6 to 7,2 0,06

static part representing the dead weight of the person and a dynamic time-varying part related to the dynamic
behaviour:

F (t )/G = 1

2
α0︸︷︷︸

Static

+
N∑

n=1

[
αn sin

(
2πn fs t −ϕn

)]
︸ ︷︷ ︸

Dynamic

(2.30)

For each nth harmonic, the length of the cycle is equal to T /n, where T is given by 1/ fs and thus, the amount
of cycles in one period is equal n. ϕn describes the phase lag and αn are Fourier coefficients giving weight
of each harmonic (also known as the Dynamic Load Factor - DLF), which are found by integration over the
interval T :

αn = 2

T

∫
T

f (t )cos

(
2πnt

T

)
d t

The first research into the DLF was performed by Rainer et al. in 1988 (table 2.5), and they found the DLF
for the first harmonic to be constant by picking the average over the range [54]. However, following studies
[17, 63, 72, 80] found it to be linear with respect to the frequency resulting in a higher α1 for higher walking
paces.

The standard for verification of serviceability of buildings against vibrations, ISO 10137:2007, prescribes
numerical coefficients for DLF as well and are presented in table 2.5. The values given by the International
Organization of Standardisation are significantly lower than the ones found in other studies by Wilford et al.
and Sedlacek et al., and might therefore underestimate the amplitude of a walking force.

Sedlacek et al. transformed the graph with series of polynomial footfall forces, as shown in figure 2.6b,
into its spectral density function using Fast Fourier Transform (FFT). For each pace frequency the Fourier
coefficients an are determined by taking the peak values and appending phase angles. These are used for
the finding the necessary number of harmonics to represent the load curve adequately according to for-
mula 2.30. Sedlacek et al. conclude from these results that it is sufficiently accurate to consider only the
Fourier-coefficients of the first three harmonics (α1, α2 and α3) to match the dynamic walking behaviour.
The relations between walking pace and the DLF of harmonics are given in figure 2.8.

Extensive research into several studies regarding the Dynamic Load Factor has been performed by Wilford
and Young [72]. They combined the literature of Kerr, Galbraith and Barton, Wheeler, Ohlsson, Rainer and
Ellis into a scatter plot (figure 2.9) and fitted mean and design values (i.e. 25% chance of exceedance, see
table 2.6) for the DLFs. Their study and others indicate to use the first four harmonics for appropriate repre-
sentation of a walking load [72, 75].

Since these combine multiple studies such a large test group is acquired, will the design value functions
for Dynamic Load Factors by Wilford and Young be used in this work. Besides, there is no consensus for the
necessary number of harmonics to accurately represent the walking load, and therefore choosing to use the
first four harmonics being on the conservative side.

By decomposing the walking load into harmonics the steady-state response of a low-frequency floor can be
analysed. The total response is found by superposition of the responses to each harmonic, where the magni-
tude of the harmonic depends on the Dynamic Load Factor.
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(a) Dynamic Load Factor α0 (b) Dynamic Load Factor α1

(c) Dynamic Load Factor α2 (d) Dynamic Load Factor α3

Figure 2.8: Dynamic Load Factors dependent on the walking frequency [63]
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Figure 2.9: Scatter plot of multiple studies for DLFs combined by Wilford et al. [72]
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Table 2.6: Mean and design values of footfall harmonics [72]

Harmonic
number, n

Frequency
range, n f [Hz]

Mean value DLF [-] CoV Design value DLF,
αn [-]

1 1,0–2,8 0,37 fs - 0,35 0,17 0,41 fs - 0,390
2 2,0–5,6 0,0044·2 fs + 0,054 0,40 0,0056·2 fs + 0,069
3 3,0–8,4 0,0050·3 fs + 0,026 0,40 0,0064·3 fs + 0,033
4 4,0–11,2 0,0051·4 fs + 0,010 0,40 0,0065·4 fs + 0,013

Resonant build-up

As one can observe from figure 2.7 does the structure not resonate fully from the start of loading (i.e. walking).
It takes a number of loading cycles to built up resonance, which may not be reached because the required
number of steps cannot be taken within the spanning length of the floor. In practice, by the time the required
numbers of steps have been taken the pedestrian may have moved off the structure completely, or at least he
or she is likely to have moved away from the maximum point on the mode shape.

Therefore the term ρ is introduced, which is the resonant build-up factor accounting for the fact that there
may be an insufficient number of loading cycles for steady-state response to occur.

ρ = 1−e−2π f1ζTw (2.31)

Where Tw is the walking duration in seconds defined as the longer of the floor’s plan dimensions L over the
walking velocity (Tw = L/V ). The latter is in m/s and given by:

V = 1.67 f 2
s −4.83 fs +4.5 (2.32)

For an open plan building, or when the dimensions still are unknown, the factor ρ can conservatively
taken as 1,0.

2.4.3 Transient response of high-frequency floors

When the fundamental frequency of the floor is high compared to the forcing frequencies, the steady-state
part will be insignificant to the transient response. The floor responds to the excitation as if it is a series of
impulses, with the vibration due to one foot step dying away—in case there is sufficient damping available—
before the next step impulse. This effect is caused by the impulses setting the mass of the floor in motion,
which will vibrate at its natural frequency and decaying rapidly as energy is dispersed over the floor as a whole;
this response is shown in figure 2.10 [8, 65]. This makes that, for high-frequency floors, only the transient
response has to be considered [19].

For transient responses walking load shape does not influence the behaviour since these forces are mod-
elled as impulses. The mathematical model of a unit impulse is an infinite force over an infinitesimal time,
with the multiple of force and time equal to 1. This is not physically correct, but represent reality quite accu-
rately making impulses a useful tool in vibration analysis.

Figure 2.10: Transient response for fs = 2 Hz
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Figure 2.11: Effective impulse for varying walking paces (after Young [75])

Young developed a formula to determine the effective impulse using the footfall traces from experiments by
Kerr [75]. The initial velocity of a floor mode excited by an impulsive action is found by dividing the impulse
value by the modal mass, and therefore, the initial velocity being equal to the applied impulse for a modal
mass of 1 kg. This provides a method for determining the ’effective impulse’ as Young has proposed.

He analysed the 880 continuous walking force-time histories recorded for 40 individuals stepping on a
force plate from Kerr’s experiment by calculating the velocity response in the time domain for different nat-
ural frequencies (each having a modal mass of 1.0), and extracting the peak velocities of the vibration. The
latter are the numerical values of the effective impulse of that footfall, of which the mean values of differ-
ent walking paces are plotted separately for varying floor frequencies (see figure 2.11). From this graph can
be concluded that the effective impulse reduces for increasing floor fundamental frequency and decreasing
walking pace, both intuitively being correct.

For design purposes a formula for calculation of the effective impulse is proposed by Young, having a
25% chance of exceedance (like the design value DLFs proposed by Wilford and Young in table 2.6) with a
coefficient of variation of 0,4. The effective impulse depends on the ratio of the walking pace fp and natural
frequency of the floor fn :

Ie f f ,mean = 42
f 1,43

p

f 1,3
n

(2.33a) Ie f f ,desi g n = 54
f 1,43

p

f 1,3
n

(2.33b)

Mohammed et al. [29] propose an improved modelling procedure based on the effective impulse method.
Contrary to the model by Young they consider the damping effect, to incorporate the slight amplification of
HFF induced by near-resonance response of higher harmonics. This effect has, according to their paper, a
minor effect on the impulse value. The complexity of their proposed method does not outweight increased
accuracy, and therefore equation 2.33b will be used in this work to determine the transient responses of high-
frequency floors.
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2.5 HUMAN PERCEPTION OF MOTION

Extensive research in the area of human perception of whole-body vibration, and human response to such
vibration have been carried out and found to be a hard to predict, complex subject. The way people per-
ceiving vibrations react depends on their position (e.g. moving, sitting, sleeping), their activity (e.g. reading,
working), their health, their mindset, their gender, their expectations, awareness and eventually even their
emotional state [23]. These physiological factors interfere with physical characteristics of structural vibra-
tion - i.e. fear of building collapse, perceived source of vibration and the persons attitude to the source -,
which together determines the level of disturbance people experience [51]. The response to vibrations de-
pends on a large number of variables making predictions of responses of individuals difficult and not likely
to be highly accurate. Besides, the perception of vibrations is also highly subjective since there is variabil-
ity between responses of different individuals (inter-subject variability) and the response of an individual on
different occasions varies as well [34].

The annoyance humans perceive from vibrations has been found to be dependent on the relative control a
subject has over the source. Therefore, Ohlsson [49] suggests to distinguish three different cases. The first
one is the self-induced vibration of a floor, and since the annoyed person has full control over the source of
vibration (i.e. himself or herself) is this type of vibration commonly accepted. In 1989, Whyatt [73] pointed
out that the nervous system of humans is capable of associating the accelerations with its own walking activity
that is in progress, and simply disregards the vibrations. Secondly, when vibrations are caused by another
subject, the control onto the source of vibrations is reduced. Though, for situations with both subjects in
the same room, dialog is likely, and therefore it is possible to ask the other to stop. Thus, if one has control
over the source of vibrations the level of acceptance is relatively high. The situation of neighbour-induced
vibration is the last case distinguished by Ohlsson. Since one has almost no influence on the source because
no contact is possible, the annoyance is substantially increased. This differentiation with the previous case is
backed by Toratti and Talja [66].

2.5.1 Frequency weighting

The manner in which vibration affects health, comfort, perception and motion sickness is dependent on the
vibration frequency content. The human body cannot observe very high frequency vibrations, so frequency-
dependent weighting factors are developed to correct vibration verification for this measure.

An often applied weighting function is given in ISO 2631-2 as the Pure frequency weighting, which is used
in the DIN 4150 and SBR guidelines [63] and in many studies [10, 23, 76]. For the weighting of a velocity
spectrum it has to be multiplied with equation 2.34 and when one is dealing with acceleration spectra equa-
tion 2.35 should be used. Both equations hold an assessment of annoying vibrations by means of two vibra-
tion quantities, where the reference frequency f0 = 5,6 Hz and the reference velocity v0 is equal to 1,0 mm/s.
Equations 2.34 and 2.35 are dimensionless because of division by the reference frequency and velocity. Both
equations are visualised in figure 2.12 from which can be concluded that humans observe in the lower fre-
quency regions especially accelerations, and for higher frequencies it is the velocity that results in annoyance.
Figure 2.12 also shows the perception walking load harmonics, where humans feel the first harmonic most
strongly in terms of acceleration and harmonic 4 annoys people most in velcity perspective.

HW,v
(

f
)= 1

v0

1√
1+ (

f0/ f
)2

(2.34)

HW,a
(

f
)= 1

v0

1√
1+ (

f / f0
)2

(2.35)

Another manner for frequency weighting is by application of base curve C1 provided in ISO 10137 [17]. Fig-
ure 2.13 gives the vibration criteria for sensitive equipment, but is often interpreted as the level that is just
perceptible by humans. The comfort criteria in revised Eurocode 5 is based on this curve through the re-
sponse factor R (see section 3.3), where the base curve represents R = 1 and the value of R from assessment
should be classified as R times more perceptible than feeling boundary.
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(a) Acceleration: Walking load
harmonics 1 to 4

(b) Acceleration: Fundamental
frequency

(c) Velocity: Walking load
harmonics 1 to 4

(d) Velocity: Fundamental
frequency

Figure 2.12: Weighting values for human perception

Figure 2.13: ISO 10137 [17]

2.5.2 Vibration assessment methods

The predicted response of a structure is checked with the established acceptance criteria for adequate level of
human comfort. Current design guidelines do quantify vibrations in terms of peak acceleration, root-mean-
square values for acceleration or velocity, vibration dose value and maximum transient vibration value.

Peak acceleration values

In North American countries and Australia is the AISC/CISC DG11 widely used, which suggests peak accel-
eration limits for assessment of vibrations. These thresholds are indicated as a percentage of the standard
acceleration due to gravity, g , and relate to different environments in line with the base curve recommended
by the International Standard Organisation in ISO 10137.

Root-mean-square (r.m.s.)

Vibration is by definition a movement that oscillates about its equilibrium position and therefore, the mean
value of a vibration signal will always be zero if measured for an infinite duration, since all positive values will
cancel out all negative values. The mean will not signify the magnitude of the signal, which is solved for r.m.s.
values by squaring every values, taking the mean of it, and finally taking the square root of this mean value. If



26 2. Structural dynamics of Human induced vibrations

the mean is equal to zero, the root-mean-square value is analogous to standard deviation in statistics [26]. In
mathematical terms the root-mean-square for both acceleration and velocity is given by:

ar ms =
√

1

T

∫ T

0
a2 (t )d t (2.36)

vr ms =
√

1

T

∫ T

0
v2 (t )d t (2.37)

One-Step-RMS-value (OS-RMS90 )

This method takes human perception of vibrations and stochastic demographic distribution of walking fre-
quency and body mass into account through the unitless OS-RMS90 value. The latter is defined as the ’One-
Step-RMS-value of the velocity for a significant single step covering the intensity of 90% of people’s walking
steps’ [8]. Assessment according this method could be done using design charts or by a transfer function,
which can be obtained from finite element analysis and is more accurate. The charts are developed by Waarts
[67] and later on implemented by HiVoSS [59] and in the JRC-report for the European commission [8]. When
the fundamental frequency, modal mass and damping ratio of a floor is known, the OS-RMS90 value is read
from the graph for the specific ζ, which are shown in figure 2.14.

(a) OS-RMS90 design chart for ζ= 0,02 (b) OS-RMS90 design chart for ζ= 0,04 (c) OS-RMS90 design chart for ζ= 0,06

Figure 2.14: OS-RMS90 design charts for three modal damping values [8]

Vibration dose value (VDV)

The r.m.s. method is defined as basic method in ISO 2631-1 but it notes that sometimes additional assess-
ment methods are required, like the vibration dose value and maximum transient vibration value. It is more
sensitive to peaks compared to the root-mean-square method for acceleration and it takes the duration ef-
fects of the vibration into account.

VDV =
[∫ t2

t1

[aw (t )]4 d t

] 1
4

(2.38)

Footfall induced vibration is never of constant amplitude and continuous, which affect people’s acceptance
of vibration. The Vibration Dose Value is a measure of vibration over a longer period of time that accounts for
these factors [72].

Maximum transient vibration value (MTVV)

As mentioned before is the maximum transient vibration value an additional assessment method named in
ISO 2631-1. It averages acceleration values as well but its short integration time constant (τ = 1 s is recom-
mended) makes it more sensitive to occasional shocks and transient vibration.
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Table 2.7: Criteria for acceptable ranges of velocity (mm/s) adopted by different guidelines [63]

Residential Office Critical working area
day night day night day night

ISO 2631-2 0,2–0,4 0,14 0,4 0,4 0,1 0,1
DIN 4150-2 0,15–3,0 0,1–0,2 0,4–6,0 0,3–0,6 0,1–3,0 0,1–0,15
SBR 0,2–0,8 0,2–0,4 0,3–1,2 0,3–1,2 0,1 0,1
Dutch practice 0,4 0,4 0,8 0,8 - -
SCI 0,2–0,4 0,14 0,4 0,4 0,1 0,1
NS 8176 0,1–0,6 0,1–0,6 - - - -

aw (t0) =
√

1

τ

∫ t0

t0−τ
a2

w (t )d t

MTVV = max[aw (t0)]

(2.39)

Crest factor

The crest factor is defined in ISO 2631-2 as "the modulus of the ratio of the maximum instantaneous peak
value of the frequency-weighted acceleration signal to its r.m.s. value". It is an useful measure to distinguish
whether the response is of a steady-state character, impulsive or a combination of both. Some standards use
this value to choose the method of assessment. For example, the Australian standard recommend the r.m.s.
method for a crest factor below 6, for a crest factor above 9 only the VDV method should be considered and
between 6 and 9 both r.m.s. and VDV are prescribed. In the ISO standard the r.m.s. method is recommended
for a crest factor below 9 while above 9 the r.m.s. should be considered plus VDV or MTVV. In the latter
case can the discomfort significantly be influenced by peak values and using r.m.s. averaging would lead to
underestimation.

Crest factor = Peak acceleration

r.m.s. acceleration
(2.40)

Comfort criteria

Sedlacek et al. have summarized the floor vibration criteria of several guidelines. Although both r.m.s.-values
and effective values were given comparisons can be made under the assumption the r.m.s.-value is taken over
a small time interval (T < 1s), which is the case when a one-step peak is observed. Furthermore are all criteria
mentioned in table 2.7 accompanied by a frequency weighting method [63].

Toratti and Talja researched the relation between both body feeling and sense of perception (hearing and
visual) of vibrating objects as well in that study [66]. Besides questioning the subject for perceptibility of
vibrations, various objects were imposed by the same vibration, like a coffee cup on a saucer with a spoon
inside and a 30 cm high plant. The questionnaire for participants resulted in five vibration classes as given in
table 2.8. These classes relate to design limits (table 2.9) which will be compared with the proposed classes
for the revised Eurocode 5.
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Table 2.8: Vibration classes proposed by Toratti and Talja [66]

A Special class for vibrations inside one apartment.
Normal class for vibrations transferred from another apartment.
The vibration is usually imperceptible.

B Higher class for vibrations inside one apartment.
Lower class for vibrations transferred from another apartment.
The vibration may be perceptible but usually it is not annoying (inside one apartment).

C (base class) Normal class for vibrations inside one apartment.
The vibration is often perceptible and some people may feel it annoying (inside one
apartment).

D Lower class for vibrations inside one apartment, e.g. attics and holiday cottages.
The vibration is perceptible and most people feel it annoying (inside one apartment).

E Class without restrictions.

Table 2.9: Design limits for vibration classes [66]

Class Dynamic vibration values Static deflection values

f1,1 < 10 Hz f1,1 > 10 Hz Floor plate

aw,r ms vmax vr ms umax δ δ1

[mm/s2] [mm/s] [mm/s] [mm] [mm/kN] [mm/kN]

A ≤ 30 ≤ 4 ≤ 0,3 ≤ 0,05 ≤ 0,12 ≤ 0,12

B ≤ 50 ≤ 6 ≤ 0,6 ≤ 0,1 ≤ 0,25 ≤ 0,25

C ≤ 75 ≤ 8 ≤ 1,0 ≤ 0,2 ≤ 0,5 ≤ 0,5

D ≤ 120 ≤ 10 ≤ 1,5 ≤ 0,4 ≤ 1,0 ≤ 1,0

E > 120 > 10 > 1,5 > 0,4 > 1,0 > 1,0
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2.6 MAIN PARAMETERS AND VIBRATION COMFORT

Regarding vibrations there are three variables where the level of vibration majorly depends on: flexural stiff-
ness, mass and damping ratio. Since this thesis studies the application of timber structures in situations
where the construction has to be as light as possible, the relation of mass to the natural frequency and damp-
ing is elaborated first for LFF and HFF. Thereafter, the effects of varying flexural stiffness, distributed mass
and damping ratio to the steady-state and transient response is demonstrated.

One of the main parameters determining the comfort level is
the floor its natural frequency. In line with above conclusions
do HFF have a higher fundamental frequency compared to LFF,
which declines for both LFF and HFF with increasing floor
mass. The red dotted lines in beside shown figure represent
the walking load harmonics. Resonance occurs in the structure
if its natural frequency corresponds with one of the harmon-
ics, which explains the distinction between both floor types.
LFF are floors which an eigenfrequency below 8 Hz, where HFF
have one above that level. Therefore, vibrations of the first type
are steady-state dominated and the latter show a transient re-
sponse. CLT floor in this example can be categorized as LFF if
the self-weight is higher than about 160 kg/m².

Another main parameter that is affected by the floor its mass
is the level of damping. As already mentioned, is it hard to
determine the damping ratio, which depends on many in-situ
and connection aspects. This example attempts to describe
the relation between mass and level of damping using Rayleigh
damping, which estimates the contribution of both mass and
stiffness to modal damping of the structure by factor α and
β. The values of these factors are found by solving the system
of equations describing damping ratios at natural frequency.
From the graph shown at the left can be concluded that the
damping ratio is slightly higher for low-frequency floors than
HFF for an equal mass. This can be explained from the higher
transverse stiffness of CLT panels, and therefore, more fibers
causing internal friction which increases the level of damping.

Increasing the mass of a structure affects the vibration comfort in two ways. First, the natural frequency
decreases which could result in resonance of CLT panel floors (i.e. LFF) besides its transient vibration. High-
frequency floors have an eigenfrequency that is high enough to prevent resonance, and therefore depend
their response on a free vibration only. Secondly, the damping relies upon the mass as well and rises for in-
creasing mass since energy is dissipated from the system by mass changing direction.

Larger mass improves the damping of a structure, but contrary decreases its natural frequency, which could
lead to resonance and cancels out the benefit of increased damping. Once resonance occurs in a structure,
increased damping hardly improves the level of comfort as equation 2.23 shows. This Dynamic Modification
Factor simplifies to 1/(2ζ) in case the forcing frequency is about equal to the natural frequency (i.e. reso-
nance). This means the amplitude of a floor with ζ = 0.05 (i.e. LFF of 400 kg/m²) decreases to 60% of one
with ζ = 0,03 (q = 100 kg/m²). However, a CLT floor of 100 kg/m² has an eigenfrequency around 10 Hz, and
therefore not resonating with the walking load harmonics. Very heavy CLT floors (q > 300kg/m²) show higher
levels of energy dissipation, but also respond more strongly to the 3th harmonic, which is even more power-
fully present in walking loads.
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2.6.1 Steady-state and transient response

The above described effects upon the vibration comfort follows from the combination of steady-state and
transient response. Therefore, the manner these two responses are affected by changing the main parameters
– stiffness, mass and damping – is necessary to understand how vibrations can be reduced.

A 5-layer CLT-panel with a thickness of 175mm, distributed mass of 150 kg/m², and a damping ratio of ζ=
0.04 is used for this fictive study. For every main parameter, the values are varied where the other properties
are kept equal. There are no values given for the displacement on the y-axis, but the scale is similar for all
graphs, since the walking frequency distribution has to be incorporated for realistic results. The purpose of
the graphs is to illustrate the effect each parameter by comparing the responses relative to one another.

Flexural stiffness

Figure 2.15a shows the steady-state response for three panel heights, and since the steady-state is a forced
vibration, the period is equal for all heights (2 Hz in this case). The amplitude, however, decreases for higher
flexural stiffness of the floor, because (1) more energy is required to deflect the floor, analogous to static
deflection of floors, and (2) the fundamental frequency increases (shifting away from the forcing frequency),
and therefore, the floor resonating less strongly with the external force. Contrary to the steady-state response,
the vibration period of the transient response decreases for increasing panel height (see figure 2.15b) since
the fundamental frequency increases. This causes the floor to make more oscillations in a time period, and
therefore more energy can be dissipated from the system resulting in a faster decay of the amplitude. It can be
concluded that increasing the flexural stiffness is beneficial for both the steady-state and transient response.

(a) Steady-state response (b) Transient response

Figure 2.15: Response affection by varying the panel height and their envelopes (dashed line)

Distributed mass

The amplitude decreases of the steady-state response for more increasing mass of floor fields (figure 2.16a),
but not as strongly as for the flexural stiffness. Increasing mass results in lowering the fundamental frequency,
and therefore the floor resonating more strongly with the external force. It still decreases, however, since more
energy required to set the system into motion. The transient response in figure 2.16b shows significant lower
amplitudes for a distributed mass of 300 kg/m² compared to 75 kg/m². Higher mass requires more energy
into the floor to make it vibrate, which can be observed by the lower initial velocity (i.e. the slope at t = 0
sec). Moreover, increasing the mass lowers the fundamental frequency, and therefore the floors making less
oscillations over time in free vibration such less energy can be dissipated from the system.
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(a) Steady-state response (b) Transient response

Figure 2.16: Response affection by varying the distributed mass and their envelopes (dashed line)

Damping ratio

As previously noted does the damping ratio increase for higher masses, but in this case the mass is fixed so
the damping ratio is fictively changed. In reality, higher levels of damping are the result of more structural
or material friction or higher masses. Lower amplitudes are observed in figure 2.17a for the steady-state
response when the damping increases, where increasing the damping ratio by 0.02 has more effect for lower
ratios (red to blue) than for higher ones (blue to green). The transient response is affected similarly where
the initial velocity is equal for all damping ratios, but higher damping results in faster decay of the vibration.
Moreover, no significant changes in the vibration period are observed for various damping ratios.

(a) Steady-state response (b) Transient response

Figure 2.17: Response affection by varying the damping ratio and their envelopes (dashed line)
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2.7 NATURAL FREQUENCY OF LFF & HFF FLOOR FIELDS

When one would take off the façade of an apartment building, the structure could look like in figure 2.18a,
where one apartment consists of two floor spans and thus, two rooms adjoining the façade. In figure 2.18b
these two fields are shown from above in blue, with the corresponding mechanics diagrams shown below
which represent the floor as a 1D element, i.e. a beam). The upper diagram shows the case where two sep-
arate floor panels are used and therefore, the floor being interrupted at the internal junction. Secondly, the
situation is displayed where one panel spans both floor fields with a continuous field at the internal junction.

(a) 3D section

L1 L2

(b) Floor plan and Mechanics diagrams

Figure 2.18: Timber structure of a multi-family apartment building

Whether or not both floor fields are physically connected at the internal support affects the natural frequency
of the structure, as will be demonstrated in the examples below where the fundamental frequency is calcu-
lated for a low-frequency- and high-frequency floor in both single- and double spanning situation.

Floor properties

Below the properties are given for a floor classified as low-frequency floor and one as a high-frequency floor,
where E I is the longitudinal stiffness, q the mass and L the larger floor span (i.e. L2). In all cases is the floor
simplified to a beam, where the beam width does not affect the natural frequency since E I and q are both
given per unit width, and therefore the width being cancelled out under the square root.

Low-frequency floor (LFF)
Cross-laminated timber floors are generally clas-
sified as low-frequency floor due to their low
stiffness-to-mass ratio. Therefore, will the funda-
mental frequency be determined below for a 130
mm thick panel with 5 layers (30-20-30-20-30).

High-frequency floor (HFF)
Floors with a high stiffness-to-mass ratio are clas-
sified as a high-frequency floor, which are in
practice joist floors with panel decking. For this
example, I-joists (FJI89/220@300mm) are chosen
with a 27 mm thick LVL panel on top.

E I = 1,734 ·106 Nm²/m

q = 280 kg/m²

E I = 6,047 ·106 Nm²/m

q = 190 kg/m²



2.7. Natural frequency of LFF & HFF floor fields 33

One-span floor

Low-frequency floor (LFF)

L1 = 3,6 m L2 = 4,5 m

High-frequency floor (HFF)

L1 = 3,6 m L2 = 4,5 m

E I = 1,734 ·106 Nm²/m

q = 280 kg/m²

β1L =π (see equation 5.4)

f1,(L2) =
(
β1L

)2

2π · (L2)2

√
E I

q
= 6,10 Hz

f1,(L1) =
(
β1L

)2

2π · (L1)2

√
E I

q
= 9,54 Hz

E I = 6,047 ·106 Nm²/m

q = 190 kg/m²

β1L =π (see equation 5.4)

f1,(L2) =
(
β1L

)2

2π · (L2)2

√
E I

q
= 13,84 Hz

f1,(L1) =
(
β1L

)2

2π · (L2)2

√
E I

q
= 21,62 Hz

Two-span floor

Low-frequency floor (LFF)

L1 = 3,6 m L2 = 4,5 m

High-frequency floor (HFF)

L1 = 3,6 m L2 = 4,5 m

E I = 1,734 ·106 Nm²/m

q = 280 kg/m²

β1L = 3,3785 (For L1/L2 = 0,8
after Zhang et al. (2019))[78]

f1,(L2) =
(
β1L

)2

2π · (L2)2

√
E I

q
= 7,06 Hz

f2,(L1) =
(
β1L

)2

2π · (L1)2

√
E I

q
= 11,03 Hz

E I = 6,047 ·106 Nm²/m

q = 190 kg/m²

β1L = 3,3785 (For L1/L2 = 0,8
after Zhang et al. (2019))[78]

f1,(L2) =
(
β1L

)2

2π · (L2)2

√
E I

q
= 16,00 Hz

f2,(L1) =
(
β1L

)2

2π · (L1)2

√
E I

q
= 25,01 Hz
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Comparison of natural frequencies

Table 2.10 sums all previously determined natural frequencies. For a single spanning floor the fundamental
frequencies are given for each separate floor field, where f1,(L2) is the resonance frequency of field L2 and
f1,(L1) of field L1. Since the internal junction is interrupted field L2 never resonates on the fundamental
frequency of L1. For double spanning cases, however, are both fields connected at the internal junction
such they form a single system. Therefore, the floor resonates upon both natural frequencies ( f1,(L2) and
f2,(L1)) independent on the excited floor field. In these case the floor has two natural frequencies in the lower
frequency range.

A factor 2,26 higher fundamental frequencies are found for joist floors (HFF) and therefore expected to re-
spond predominantly in a transient manner ( f1 > 8 Hz), whereas the CLT floor (LFF) will show a more
steady-state dominated response. Additionally, natural frequencies of two-span floors increase by a factor(
β1L

)2
d s /

(
β1L

)2
ss ≈ 1,16 compared to single spanning floors.

Single spanning Double spanning
f1,(L2) f1,(L1) f1,(L2) f2,(L1)

CLT floor (LFF) 6,10 Hz 9,54 Hz 7,06 Hz 11,03 Hz
Joist floor (HFF) 13,84 Hz 21,62 Hz 16,00 Hz 25,01 Hz

Table 2.10: Fundamental frequencies
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Previous chapter elaborated the general theorem regarding classical dynamics and human-induced vibra-
tions and the state-of-the-art research that is performed last decades to understand the phenomenon fur-
ther. Section 2.5 shows the wide variety of quantification measures for the magnitude of vibrations and corre-
sponding comfort criteria. Acceptable comfort levels depend on many factors which vary for each application
and due to the complexity, sensitivity and variability of the human body no clearly stated general assessment
for acceptable vibrations levels are available. The last 50 years, many studies have been done showing the
combination variety of criteria for the development of a general approach for verification of timber floors.

These studies resulted in a verification method for the design of timber structures. This chapter studies
the implementation of these studies in Eurocodes by first elaborating on the manner non-timber Eurocodes
assess vibrations of both buildings and footbridges, and their level of applicability upon timber structures.
After that, the current Eurocode 5 for timber structures, and since it dates from 2005 is most of its verification
methods getting outdated with present knowledge. At last, the implementation of state-of-the-art research
in the future revision of EN1995-1-1 is studied regarding vibrations, which provides a more comprehensive
assessment method.

3.1 EUROCODE 5 (EN 1995-1-1)

Eurocode 5 for the design of timber structures was published in 2004, and comprehensive research regarding
human-induced vibrations has been done, ageing out the current code. For example, cross-laminated timber
entered the market last decade, which asks for a verification method of low-frequency floors as well, where
the current EC5 only defines criteria for floors with a fundamental frequency above 8 Hz.

The vibration requirements specified for HFF by Eurocode 5 (EC5) are based on the static deflection and
unit impulse velocity response. Both these limits are related to one another through the parameters a and
b, where a relates to the deflection and b defines the velocity limitation. EN1995-1-1 provides a graph (see
figure 3.1) for the relation between these parameters and their values are defined in the National Annex [39].

Figure 3.1: Recommended range of and relationship between a and b [39]

Countries using the Eurocode have differing approaches regarding validation of floor vibration design. Fink
et al. [9] summarised the overview of Zhang and the survey by CEN, leading to the following insights:

• 36 % (10) of the European countries apply the EC5 as such

• 25 % (7) have nationally recommended values for a and b

• 11 % (3) have only a recommended a value and do not use the velocity criterion

• 29 % (8) have other design methods applied
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Weckendorf states [68] that the variety in criteria origins in simplification and disregarding of many response
variables and structure properties. Some parameters are hard to measure since they appear not to be vari-
able without changing the others, e.g. the damping ratio. A lot is still unknown about the contribution of
damping, and a wide variety of damping ratios are found in the literature for different commonly used timber
floorings. This section describes the three criteria given in EC5 for the fundamental frequency, a criterion
regarding static deflection (i.e. stiffness) and the unit impulse velocity response. For each is the procedure
used in the Netherlands given, and after that, methods used in other countries according to literature study
done by Zhang, Rasmussen, Jorissen and Harte.

The German NA applies the research done by Hamm et al. [12] regarding vibrations in floors, including CLT
floors. This paper provides design rules and demands regarding the construction to prevent excessive vibra-
tions for three comfort levels, where the lowest class applies to attics and holds no criteria. Higher demands
(class I) apply to floors between different units of use, and the base demands (class II) are used for floors
within the same unit. Both class I and II hold a frequency- and static load criterion, and demands for floor
sublayers to ensure sufficient mass to prevent vibrations. For massive timber (CLT) or timber beam floors, a
heavy floating screed (with a fill for higher demands) or light floating screed on a heavy fill should be applied
in Germany to add sufficient mass to the structure.

3.1.1 Fundamental frequency

Eurocode for the design of timber structures defines only requirements for residential floors with a funda-
mental frequency greater than 8 Hz, i.e. only for high-frequency floors with a dominating transient response.
For floors where the fundamental frequency condition does not apply, no requirements are defined and "a
special investigation should be made", lacking further explanation about appropriate methods for steady-
state vibration verification.

A formula for approximating the fundamental frequency of a timber floor is provided (equation 3.1). Although
EC5 states it may be used for "simply supported [floors] along all four edges and with timber beams having
a span l ", does the equation not apply to a two-span floor since the transverse stiffness is not taken into
account. Study by Zhang et al. shows that Austria and Finland both have assigned equation 3.1 to be 2-side
support only, and have added an equation that correctly determines the fundamental frequency of 4-side
supported floors with an additional factor in line with equation 2.28. It should be noted that the Austrian
NA has disregarded the (l /b)2 term, only including the ratio to the power four (probably) for simplification
reasons.

f1 = π

2l 2

√
(E I )l

m
(3.1)

Where: l Floor span (m)
(E I )l Bending stiffness in longitudinal direction (Nm²/m)

m Mass per unit area (kg/m²)

Furthermore, the Austrian and Finnish NA state that the mass per unit area m should be calculated as the
sum of the self-weight of the floor and the quasi-permanent combination of the imposed load, i.e. Ψ2qk .
This is in line with the design philosophy from EN 1990 [37] where m is defined as the quasi-permanent load
added to the dead load. Since vibration design is a serviceability check would it be reasonable to include
a particular portion of imposed load (i.e. quasi-permanent) for vibration validation [9] and since timber
floors are categorized as lightweight does the quasi-permanent load significantly reduce the fundamental
frequency. Though have to be noted that if both the additional effect of the transverse stiffness (E I )b and the
quasi-permanent load combination are considered, the fundamental frequency diverges not much from the
one obtained from equation 3.1, because the two effects cancel each other out [77].

3.1.2 Static deflection

Requirement regarding stiffness of floors is given by the unit displacement and limits the one-time deflection
of a single footstep [3]. Equations to calculate the static deflection w are not provided in the EC5, only a cri-
terion regarding the deflection is given. This limitation bounds the allowable deflection under a 1 kN point
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load by value a [mm/kN], which can be read from figure 3.1 if not defined in the country’s National Annex.
Equations for determining the static deflection are neither provided in EC5 nor the Dutch National Annex.

However, several countries have adopted alternative equations for determining the static deflection of a
floor, as the literature review by Zhang et al. has found [77]. In the National Annexes of Ireland and UK
include these equation a factor for shear deflection and slip between floor elements. Austria, Finland, Ireland
and the UK consider in their National Annexes the transverse stiffness for redistribution by implementing a
multiplication-factor or by determining the effective width.

3.1.3 Unit impulse velocity response

The second criterion for high-frequency floors is the velocity response due to a unit impulse and validates the
behaviour of the structure’s vibrations imposed by impulses, which corresponds with a damped heel strike of
a footfall. v (in m/(Ns2)) in equation 3.2 is the maximum initial value of the vertical floor vibration velocity (in
m/s) caused by an ideal unit impulse (1 Ns) applied at the point of the floor giving the maximum response.

v ≤ b f1ζ−1 (3.2)

In this formula the limitation of the initial velocity is mainly given by b, which is equal to 120 according to the
Dutch NA to EN 1995-1-1, f1 can be obtained from formula 3.1 or a model and ζ is the modal damping ratio.
The value v can be obtained from experiments or through a computer model. If these both are not available
it could be approximated using equation 3.3:

v = (0,4+0,6n40)
1
4 (mbl +200)

Where: n40 =
[((

40

f1

)2

−1

)(
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)4 (E I )L

(E I )T

] 1
4

(3.3)

Where: b Width of the floor (m)
l Span of the floor (m)

m Mass of the floor per square meter (kg/m²)
(E I )T Equivalent bending stiffness of the floor perpendicular to the span (Nm²/m)
(E I )L Bending stiffness of the floor in spanning direction (Nm²/m)

This parameter for vibrational serviceability design v is, to quote Zhang et al., "the most mysterious" in EN
1995-1-1 because it is difficult to understand its physical meaning and seems to be determined empirically
instead of theoretically or analytically. As a consequence, some countries have disregarded this criterion, e.g.
Finland, Germany, Norway and Spain. United Kingdom has adjusted the criterion by increasing the modal
damping ratio up to 2%. Zhang et al. suggest to use different damping ratios for each type of flooring system
such it reflects realistic situations [77].
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3.2 VIBRATION ASSESSMENT IN NON-TIMBER EUROCODES

3.2.1 Buildings

The verification methods provided by different Eurocodes are not sufficient and neither give proper guidance
regarding vibrations of lightweight structures. The Dutch National Annex of EN 1990 (A1.4.4 Vibrations) [41]
states that one can assume vibrations do not exceed the serviceability limit state if the fundamental frequency
is equal or higher than 3 Hz. This criterion has not to be fulfilled if the characteristic values of the (quasi-
)permanent load is at least 500 kg/m², which is a concrete floor in practice, since it is assumed that the floor
cannot be brought into perceptible vibration by walking persons. However, natural frequencies of lightweight
structures generally do exceed 3 Hz and these structures have a mass lower then 500 kg/m², but despite meet-
ing the criteria significant vibrations do occur. Furthermore does the NA note that the frequency limitation is
necessary to prevent resonance since the highest frequency imposed by walking is 3 Hz, but research shows
that higher harmonics of the walking load should also be included for lightweight structures[49, 54, 63, 72].

Annex A1 Applications to buildings of EN 1990 [37] states that "the natural frequency of vibrations of the
structure or structural member should be kept above appropriate values", where the limitations should be
agreed with the client. Furthermore, it states that if it is below the "appropriate value", a more refined anal-
ysis of the dynamic response should be performed. Eurocode 3 [40] for the design of steel structures refers
to the mentioned Annex A of EN 1990 for guidance, so can be concluded that there is marginal guidance for
verification of dynamic effects in non-timber codes related to buildings.

3.2.2 Footbridges

Appendix A2 Applications to bridges of EN 1990 [37] also prescribes the number of pedestrians, i.e. 8 to 15
persons, for the general design situation of footbridges depending on the bridge deck area. The comfort
criteria regarding acceleration are given in the Dutch National Annex (A2.4.3.2) if the fundamental frequency
of the bridge deck is below a limit frequency. The maximum allowable acceleration for vertical vibrations is
0,7 m/s², if f1 < 5 Hz, and in horizontal direction 0,2 m/s² for bridge decks with f1 < 2,5 Hz.

Furthermore, it notes that acceleration calculations are subject to significant uncertainties. In case the
comfort margins are not significant, the design should allow for the placement of future dampers to prevent
excessive vibrations once the bridge is installed. In EN 1993-2 for the design of steel bridges [43] a similar
statement is made regarding future adjustments with the purpose to correct for changing design situations at
the end-of-life stage.

In Eurocode 1: Actions on structures - Part 2: Traffic loads on bridges [38] loads exerted by pedestrians are
given. If the frequencies of these loads are about equal to the natural frequencies of the bridge resonance can
occur and thus need to be checked for excessive vibrations. The range of interest for vibrations in the vertical
direction is set at 1 to 3 Hz and for horizontal vibrations the frequency range 0,5–1,5 Hz.

The Appendix of the Dutch National Annex of part 2 of Eurocode 1 [42] gives a harmonic load model for
crowds footbridges, which uses the equivalent number of pedestrians to incorporate their contribution to
damping based on the density. A reduction coefficient is used to include the probability of pace frequency
being in the critical range of natural frequencies.
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3.3 REVISION OF EN 1995-1-1

The currently used Eurocode 5 is getting outdated due to new findings by state-of-the-art research, especially
regarding vibrations, where comprehensive studies were done last decade. Last proposed draft is used for this
section, which is Milestone 3 document (31-10-2019) of Working draft of design of timber structures Eurocode
5-1-1 - Revised section 9.3 Vibrations proposing criteria for timber floors in general. Working draft of design of
cross-laminated timber in a Eurocode 5-1-1 - Revised section 9.4 (version 13-04-2018) either contains criteria
regarding vibrations focussing on floors with a permanent weight of at least 50 kg/m².

3.3.1 Vibrations of all floor types

First, we study the future revision of section 9.3 by CEN TC250 SC5.T3 covering Vibrations of timber floors.
The criteria are valid for human-induced vibrations in the categories of use A, B, C1, C3 and D as defined in
EN1991-1-1 [5], i.e. residential floors, offices and areas with a moderate amount of people. The provided for-
mulas for fundamental frequency, root-mean-square acceleration and velocity values, and stiffness criteria
for maximum static deflection are studied and related to the state-of-the-art research. The manner revised
EC5 classifies these vibration criteria elaborated at last.

The floor mass m used for vibrational vibrations should include the self-weight of the structural floor,
all supported or suspended horizontal layers of the floor and self-weight of partitions and mass caused by
uniform distributed quasi-permanent actions. Partitions should be taken concerning their presence over
the long term, their distribution over the floor area and the significance of their influence on the vibrational
behaviour. Imposed loads cover movable equipment (such as furniture) contributing to the mass of the floor,
and therefore affecting the fundamental frequency. The document proposes only to consider the fraction
of the imposed load induced by movable equipment and to limit this additional mass to 10% of the total
imposed loads (i.e. 17,5 kg/m² for residential purposes).

Fundamental frequency

The document proposes two equations for determination of the fundamental frequency, one for rigid- (i.e. a
wall) and another for non-rigid supports, where non-rigid conditions can be beams. The provided formulas
are defined as followed, where expression 3.4a gives f1 for floors on rigid supports and equation 3.4b for
non-rigid conditions:

f1 = ke,1ke,2
π

2l 2

√
(E I )L

m
(3.4a)

f1 = ke,1ke,2
18√
δs y s

(3.4b)

Where: ke,2 =
√

1+
(

l

b

)4 (E I )T

(E I )L

The k-factors in the expressions take the spanning effects into account, where ke,1 is a multiplier for two-span
floors given in table 3.1. This factor corresponds with βL values found in the study upon two-span floors by
Zhang [78]. The second k-factor ke,2 accounts for two-way spanning floors using the same multiplier as the
current National Annex of Austria prescribes for 4-side supported floors [77]. One can conclude that for
decreasing shorter span, the fundamental frequency increases, and likewise, an increasing transverse floor
stiffness either increases the fundamental frequency. Parameter δs y s in equation 3.4b for non-rigid supports
is the floor deflection under self-weight load, where the load is applied on a single bay only for multi-span
floor fields.

Besides equation 3.4b for determination of the fundamental frequency, the document provides another ex-
pression for a floor elastically supported on a beam. The system’s fundamental frequency is determined from
f1 of each element in that system rigidly supported:
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Table 3.1: Factor ke,1 for fundamental frequency of two-span floor. l is the longer and l2 the shorter span

l2/l 1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2

ke,1 1.00 1.09 1.16 1.21 1.25 1.28 1.32 1.36 1.41

f1,r es =
√√√√ 1

1
f 2

1, f loor
+ 1

3· f 2
1,beam1

+ 1
3· f 2

1,beam2

(3.5)

The equation holds for several situations, like supported on both sides by a beam or a double or two single
span floor – by neglecting one of f1,beam fractions. A floor supported by beams has therefore always a lower
fundamental frequency than the same floor rigidly supported. Flexible supports result in a less stiff system,
and therefore reducing the natural frequency.

Stiffness criteria

Like in the current EC5 is the static deflection a criterion for assessment of vibrations, this time for both LFF
and HFF. Where in the current EC5 only a limitation for unit point load deflection is given, does the future
revision of EC5 provide a formula to calculate maximum deflection for single-span floors under a point load
of 1 kN, see equation 3.6. Like for the ke,2 factor for fundamental frequency is the formula again already
prescribed in the current Austrian Annex and takes transverse stiffness contribution into account through
the effective width of the floor.

w1kN = F l 3

48(E I )Lbe f
, where: be f = min

{
l

1.1
4
√

(E I )T
(E I )L

b
(3.6)

For continuous floor beams the provided equation is conservative since additional stiffness from adjoining
floor field is not taken into account. Therefore, more accurate deflections are found by replacing equation 3.6
with one that corresponds with two-span floors or calculate the deflection using software. Further, the for-
mula only holds for rigid supports, and therefore, for non-rigid support should the supporting beam’s deflec-
tion be added to equation 3.6 such that is accounted for the deflection of the system as a whole.

Acceleration criterion

Vibrations of a floor with a fundamental frequency below 8 Hz are assumed resonant and their root-mean-
square acceleration should be approximated with equation 3.7. For that equation, a single spanning floor is
assumed.

ar ms = 0,4αF0p
2M∗2ζ

(3.7)

Where α is the Fourier coefficient depending on the fundamental frequency, determined by α= e−0,4 f1 and ζ
the modal damping ratio. M∗ is the modal mass of the floor, defined as in equation 3.8 where Lx is the shorter
and Ly the longer dimension of L and B .

M∗ = mLB

4

(
2− Lx

Ly

)
(3.8)

The acceleration criterion is first published by Hamm, Richter and Winter [13] based experiments and adopted
in a slightly different manner for EC5. Hamm et al. provide a formula for calculation to determine accelera-
tion, but since for root-mean-square values of sinusoidal shapes ar.m.s. = a/

p
2 holds, formula for accelera-

tion by Hamm et al. is divided by square root 2 such the r.m.s. value is obtained.
Furthermore, the original equation was based on a total dynamic force Fd yn , where the weight of the

person F0 is assumed to be 700 N and multiplied with a DLF (α1 = 0,4, α2 = 0,2 and α3 = 0,1) corresponding
with the harmonic that ranges the natural frequency, see figure 3.2, upon which is αF0 fitted such α= e−0,4 f1

is obtained. The factor 0.4 is taking into consideration that the force acts only during a limited time (full
resonant built-up) and not always at midspan (using mode shapes).
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Figure 3.2: Magnitude of force depending on the fundamental frequency of the floor (after Hamm and Richter [13])

Velocity criterion

A transient response is assumed for floors with a fundamental frequency above 8 Hz. Root-mean-square
velocities are calculated by a method proposed by Abeysekeera et al. [1] and uses the mean modal impulse
(developed by Young [75], see section 2.4.3):

I = 42
f 1.43

w

f 1.3
1

(3.9)

Vtot ,peak = Ki mp ·Kr ed
I

M∗+70
, where Ki mp = 0.48

(
b

l
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(E I )L

(E I )T

)0.25

Ê 1.0 (3.10)

The impulse value of a footfall is used for calculation of the peak velocity in the fundamental mode by divid-
ing it with the modal mass (obtained from equation 3.8) plus the mass of a person, such one obtains the peak
velocity at the force location, see equation 3.10. To obtain the total peak velocity one has to correct for the
exciting source and sensing person being at a distance from each other with a reduction factor Kr ed = 0.7.
The effect of higher vibration modes to the floor response is considered by multiplication by the factor Ki mp .

The root mean square velocity is calculated from the following equation:

vr.m.s. =β ·Vtot ,peak = (
0.65−0.01 f1

)
(1.22−11.0ζ)ηVtot ,peak (3.11)

If Ki mp ≤ 1.5 : η= 1.52−0.55 ·Ki mp

Else: η= 0.69

The total peak velocity Vtot ,peak is multiplied with factors incorporating the decaying rate. The amount of
energy that is absorbed depends on f1 (number of vibration cycles per second) and ζ, i.e. the level of damping.

Floor vibration criteria

Contrary to current Eurocode 5, introduces the revision performance levels enabling engineers to design for
a specific quality level and type of use. A quality, base and economy choice are given for office and resi-
dential purposes, where stricter requirements are set for multi-storey compared to single housing to prevent
annoyance at neighbours. Since the purpose of this work is related to multi-family buildings, recommends
the document up to level III for quality choice, level IV as base choice and level V is regarded as economy.

Criteria for acceleration and velocity are obtained through response factor R, which is based on the vibra-
tion perception base curve given in figure C1 of ISO 10137 [17] (see section 2.5). This R-factor is increasingly
being used nowadays for vibrations assessment in buildings [65, 72], where R = 1 indicates that the vibration
level is just perceptible for an average person while for higher values than one suggest the vibration level to
be R times higher than just perceptible.

3.3.2 Floors with a permanent weight of at least 50 kg/m²

Formulas provided in this [4] document for fundamental frequency, acceleration and stiffness are broadly
similar to previous chapter. For determination of the fundamental frequency equation 3.4a (for rigid sup-
ports, as previously mentioned) is used. Instead of the root-mean-square value the maximum acceleration is
proposed for verification, which is similar to equation 3.7 except dividing by

p
2 taking the root-mean-square

into account. Requirement regarding maximum deflection w1kN is determined by equation 3.6.
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Table 3.2: Response factors R and motion criteria according to floor performance level [5]

f1 < 8 Hz f1 ≥ 8 Hz
w1kN ≤ R ar ms ≤ vr ms ≤
[mm] [-] [mm/s2] [mm/s]

Level I 0.25 4 20 0.4
Level II 0.25 8 40 0.8
Level III 0.5 16 80 1.6
Level IV 0.8 32 160 3.2
Level V 1.2 64 320 6.4
Level VI 1.6 128 640 12.8

Floor classes

This document distinguishes three floor classes as proposed by Hamm and Richter [12]. They distinguish
three demands corresponding with the floor classes, where under the higher demand (class I) vibrations are
not perceptible or only when concentrating on them and not classified as annoying. For lower demand floors
(class II) vibrations are perceptible but not annoying and for the last demand, corresponding with floor class
III, are vibrations clearly perceptible and sometimes annoying. The types of use matching with the floor
classes are defined as follow in the document:

Class I: • Floors between different areas of utilisation

• Floors between apartments

• Office floors, computer workstations or conference rooms

• Corridors with short spans

Class II: • Floors within the same apartment

• Floors in one-family dwellings with usual utilisation

Class III: • Floors underneath rooms without residential purposes or non-developed attics

• Floors without requirements regarding vibrations

For these floor classes different construction demands are proposed by Hamm et al. as presented in table 3.3.
It distinguishes for timber joists- and CLT floors, and wet- and dry screeds. Wet screeds are cementitious
materials, like cement, anhydrite or mastic asphalt, and have a usual thickness between 50 and 80 mm. Dry
screeds are made of two or three layers of gypsum or wood-based panel boards. Screeds are generally applied
as suspended horizontal layer being supported by an acoustic insulating material such a floating screed is
created.

Likewise, mass can be added to the floor built-up by applying fill (or ballasting), which does not – in
contrast to screed – increase the floor’s stiffness, and is often added as sand or gravel. In table 3.3 is a heavy
fill defined by a mass per unit area of more than 60 kg/m² and light fills have a mass per unit area between
30 and 60 kg/m². Hamm et al. comment that floating heavy (i.e. wet) screeds are always better than floating
light (i.e. dry) screeds regarding floor vibrations because of their increase mass and stiffness.

Recommended requirements

Hamm, Richter and Winter [13] their procedure is, as already mentioned in section 3.1, incorporated in the
current National Annex of Germany for verification of CLT panels. Besides, the requirements are proposed
for adaptation in the revised Eurocode 5 (see table 3.4), after being slightly changed because of Zimmer and
Augustin their research into the relevancy of boundary conditions for dynamic behaviour [79].

Floor meeting a certain level for the fundamental frequency only have to be checked for the stiffness cri-
terion since the floor is classified as high-frequency floor and therefore not oscillating on the footfall harmon-
ics. If the frequency criterion is not met, but the fundamental frequency is still above 4,5 Hz, the acceleration
criterion has to be met for the floor.
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Table 3.3: Floor requirements depending on floor class [4, 13]

Floor Screed Floor class I Floor class II Floor class III

Timber joists
Wet Screed: floating

Fill: heavy
Screed: floating
Fill: not necessary

-

Dry Special verification
necessary

Screed: floating
Fill: heavy

-

Massive timber
Wet Screed: floating

Fill: heavy or light
Screed: floating
Fill: not necessary

-

Dry Screed: floating
Fill: heavy

Screed: floating
Fill: heavy

-

Table 3.4: Recommended requirements for frequency, stiffness and acceleration criteria [4]

Criteria Floor class I Floor class II Floor class III

f1 ≥ 8 Hz f1 ≥ 6 Hz -
Stiffness w1kN ≤ 0.25 mm w1kN ≤ 0.50 mm -

4.5 Hz ≤ f1 ≤ 8 Hz 4.5 Hz ≤ f1 ≤ 6 Hz -
Stiffness w1kN ≤ 0.25 mm w1kN ≤ 0.50 mm -
Acceleration a ≤ 5 mm/s² a ≤ 10 mm/s² -

3.3.3 Shortcomings revised EC5

The revision of Eurocode 5 has several shortcomings for appropriate assessment of multiple floor fields in
multi-family buildings. In general, can be stated that the future revision of Eurocode 5 focusses on single-
span floors on rigid supports. Some additional equations are given for diverging cases, like two-span floors
or flexible supports, but for those equations that do not, conservative values are found. Furthermore are for
each criterion the deficiencies summed up below.

Fundamental frequency

Fundamental frequencies of flexible supported floors (e.g. on beams) can only be found from the static de-
flection (equation 3.4b) or Dunkerley’s equation (equation 3.5).

Modal mass

The provided formula for determination of modal masses only suits rigid supports, and thus neglects the
increased modal mass for beam supported floors. When excitement of one floor field also brings other floor
fields in motion, does the mass of the latter fields either contribute to the modal mass.

Acceleration criterion

The given equation for root-mean-square acceleration assumes resonance with one of the harmonics and
neglects all others. On itself is this assumption correct since the contribution of this resonating harmonic
outweighs the others. However, the used Dynamic Load Factors for determination of α are low compared
to the DLF’s found in the study performed by Wilford (see table 2.6). Besides, only the first 3 harmonics are
considered where the fourth harmonic could resonate with floors having a fundamental frequency higher
than 7,5 Hz.

Velocity criterion

A walking frequency of fw = 1,5 Hz is assumed for mean modal impulse Im , while the impulse increases for
higher fw . Since a mean walking frequency between 1,8 and 2,0 Hz is found in multiple studies does revised
Eurocode 5 underestimate the impulse of a heel-strike. Furthermore, the paper by Young [75] proposes the
use of design modal impulse for transient response assessment, which results in a 54/42 = 1,29 times higher
impact value.
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Floor vibration criteria

A hard-line is drawn between LFF and HFF at 8 Hz to distinct steady-state and transient responses. However,
in reality, both responses always exist in a structure, where steady-state dominates for LFF and transient for
HFF. Combining both responses may lead to higher response factors, especially for floors with f1 ≈ 8 Hz, and
thus lower comfort levels. Within the proposed procedure of revised EC5, this could be (partly) taken into
account by defining R as the maximum of Ra and Rv , i.e. picking the highest response factor resulting from
steady-state (Ra) and transient response (Rv ).

Improvements proposed in this work

Therefore proposes this work a more comprehensive method for vibrations of timber floors usingβ1L factors.
It enables engineers to validate adjacent floor fields of the excited one as well by transformation into mass-
spring-dashpot (SDOF) systems. For these systems is the equivalent spring stiffness determined from the
static deflection and the modal mass is found by ensuring the SDOF system has the same natural frequencies
as the beam. Since support conditions and connected floor fields are captured in theseβ1L values, and thus in
the natural frequencies, works the proposed method also for modal mass determination of flexible supported
floors.

Besides, an alternative procedure for assessing floors is proposed incorporating both steady-state and
transient responses, such floors with a fundamental frequency close to 8 Hz can be verified more realisti-
cally. From the static deflection, both responses are determined from a mass-spring-dashpot system that is
equivalent to the maximum vibrations in a floor structure.
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(a) Three directions of solid timber (b) Strength variation parallel and
perpendicular to grain

Figure 4.1: Wood directions [58]

Wood is a natural structural material that generally has a high strength-to-weight ratio, that represents a re-
newable resource, and that is considered by many to be aesthetically appealing. Due to its anisotropy proper-
ties, strength – and stiffness – can vary considerably with different load orientations. Wood is generally both
strong and stiff when loaded parallel to the grain, but is relatively weak when loaded perpendicular to grain
(i.e in tangential and radial direction) equating to only 3 % of the capacity in longitudinal direction. This is
shown in figure 4.1b, where one can observe the tubular-like microstructure of wood causing the anisotropy
properties.

Therefore, more homogenised timber products became available on the market last decades, on which
the junction typologies researched in this paper are based, using wood in a more efficient manner by reducing
the variations. With the introduction of new products engineers start to experiment with building methods to
figure out which one fits the products best. Besides, the acoustic performance either does vary and requires –
for lightweight structures, like timber – special attention to prevent annoyance in multi-family buildings. At
last, with all the essential knowledge given, various building methods using engineered timber products will
be presented for the junction typologies.

4.1 ENGINEERED WOOD PRODUCTS

Wood is a natural product obtained from trees and therefore, its properties high vary for direction and loca-
tion in cross-section. For example, as result of branches growing from the stem, knots appear in the wood
affecting strength properties. At these locations the ’straw-structure’ in a piece of solid timber bends around
the knots and causes stress concentrations when loaded, therefore being the weak spot of wood.

Last decades the timber industry has innovated and new engineered wood products (EWP) entered the
market with increased properties compared to solid timber. These products have more homogeneous physi-
cal and mechanical properties in the two plane directions by combining parallel and perpendicular layers in
plane, as was shown in figure 4.1b, making them far more dimensionally stable. Furthermore, EWPs have a
lower variance in properties since the weak knot spots are spread along the material or removed during the
process. Last advantage of these products over solid wood is the variability of desired properties, like surface,
shaping, dimensions and mechanical properties [58].

Depending on the desired end product, various processing techniques are available for transforming
wood logs into a suitable material. By sawing the logs into boards, a CLT panel (see figure 4.2a) is produced
and through peeling of a log veneers are obtained, which are glued together into panels or beams (see fig-
ure 4.2c and 4.2d). Smaller base materials, like strands and particles, are used for boards (e.g. OSB) that are
produced by chipping a log into smaller portions which are assembled into desired dimensions. Even panels
where its hard to distinguish the wood are available on the market where defibrated wood fibres are glued to-
gether into e.g. MDF panels. There even exist products which combine wood products of different processes
into a new product, like the web of I-joist beams shown in figure 4.2b.
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(a) Cross-laminated timber (CLT) (b) I-joist (c) Laminated veneer lumber (LVL) (d) Plywood

Figure 4.2: Engineered wood products

Cross-laminated timber

Cross-laminated timber (CLT) is a solid panel product that is classified as structural wood material only, un-
like plywood, and therefore always used for load-bearing members, e.g. walls, roofs, floors and even lift shafts
and stairs. It comprises of resin bonded board layers of softwood (see figure 4.2a), where the grain directions
between adjacent layers run perpendicular to one another. All wood species used in practice nowadays are
conifers, although first producers try to use beach. The major part of CLT panels is made of spruce, but also
fir, pine, larch or Douglas fir are used for CLT panel production [3]. Thickness of the in-plane symmetrically
aligned board layers generally vary between 15 and 40 millimetres, meaning a very wide range of panel thick-
nesses is possible (60 up to 400 mm). In general, producers glue together three up to eleven odd-numbered
layers, such the panel is in-plane symmetric, to prevent twisting curvature when loaded.

I-joist

I-joists, or engineered wood joist, are beam elements with an high stiffness-to-weight ratio since material
further from the neutral axis contributes more to the second moment of area. Therefore, the flanges are fab-
ricated out of solid wood or a better EWP equivalent placing most material at the outer edges of the beam. For
this thesis Finnjoist beams are used, which flanges are made of LVL with all veneers in longitudinal direction.
In this manner, the material is used most efficiently resulting in high strength and stiffness.

The web is a Orientated Strand Board (OSB) connecting both flanges, which is a panel made from strands
as mentioned earlier. Strands for top layers should preferably run parallel to the production direction, while
those forming the middle layer should be random or perpendicular. The bending strength in the longitudinal
direction of the board significantly exceeds that in the perpendicular direction.

Laminated veneer lumber

Laminated veneer lumber (LVL, see figure 4.2c) is produced by glueing multiple layers of veneers with phenol
resin. These veneers, i.e. a thin sheets of wood, are normally produced by peeling process that cuts strips 0.5
to 6.0 mm thick from a peeled log. The veneers within a layer are generally connected by overlapping. The
grain of veneers is either parallel only to the longitudinal direction of the panel or predominantly parallel and
slightly (up to 25%) perpendicular [3].

Plywood

Plywood comprises at least three layers (plies) bonded to each other with perpendicular running grains to
ensure a barrier effect in-plane (dimensional stability), like is shown in figure 4.2d. The in-plane properties
of the x- and y-direction are closer to one another compared to LVL panels due to application of crosswise
layers, whereby the veneers must be arranged symmetrically to the central plane. Accordingly, for plywood,
a distinction is made as well between both axes running parallel and perpendicular to the grain of the top
plies. Plywood is mainly used in construction as a sheathing material in horizontal (floors, roofs) and vertical
(shear walls) diaphragms.
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4.2 TIMBER BUILDING METHODS

With the development of new engineered wood products (EWP) the variety of timber building methods has
increased. In the early days the majority of timber structures were build as a timber frame system with solid
wood elements with panels mounted on these frames for walls and (solid) wooded beams with decking. An-
other manner of building is by a combining of beams and columns, called column-beam systems, to create
multi-storey wood buildings with solid wood elements as well. Nowadays are still structures built using these
method, though innovative EWP are used instead of solid wood elements because of better properties. Be-
sides improvement of existing building methods also a new building method has developed, namely the so-
called Plate systems. These structures consist out of plate components made from massive wood laminates,
like for example CLT panels. In this section the components of the various building methods are described.

4.2.1 Floor types

For all timber building methods a distinction can be made between the floor and main load-bearing struc-
ture. The main function of a floor in static situation is transferring the vertically applied loads to the support
through bending. Besides, the floor has to transfer lateral loads to shear elements by diaphragm action.

Beam floors with decking

The most commonly applied flooring construction consists out of beams spanning between the supports
with a wooden decking on top. The beams are often engineered components, such as I-joist (see figure 4.3b),
glulam or LVL beam and transverse bracing can be applied to transfer point loads partly to adjoining beams,
which improves the vibration behaviour [70]. Engineered wood panels are commonly used as decking to
cover the area between the beams and to enable the diaphragm action of the floor.

Massive timber floors

The first residential building made from cross laminated timber (CLT) was built in Austria in 1993 [23], and
therefore, it is a relatively new material that will be implemented in the future revision of Eurocode 5 [4].
When applied as floor (see figure 4.3a), resilient material is often added to the home-separation junction to
prevent sound transmission to adjoining units, as will be elaborated in section 4.3.1.

(a) CLT floor panel hoisted on top of CLT walls [25] (b) I-joists as beams for flooring [33]

Figure 4.3: Floor types

4.2.2 Types of load-bearing structures

Vertical element transferring loads from the supported floors to the foundation are named load-bearing
structures, and are mainly loaded with a normal force. Besides, in absence of a shear core, the (planar) ele-
ment has to transfer the horizontal forces – due to e.g. wind load – to the foundation as well.

Timber frame wall

Timber structures with vertical studs between a top and bottom plate are called timber frame walls. The stud
spacing is typically not exceeding 600 mm and often an insulation material is placed in between. Engineered
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wood panels are fixed on the studs to close the frame and make it rigid. The studs are relatively small in
cross-section (compared to columns) which limits the building height of this load-bearing system.

Column-and-beam structure

This system shows similarities with the timber framing but the bar elements are less densely placed and
heavier in size. It consists out of vertical and horizontal elements which form a framework, as is shown in
figure 4.4b. The horizontal element, i.e. a beam, supports the floor and transfers it through bending to the
column, which thereafter carries the load to the foundation. This load-bearing structure is very suitable for
multi-storey timber buildings, though it might bring some problems regarding vibrations. Cobelens [7] found
that vibrations transmit easily to adjoining floor fields if the fundamental frequency of the beam and floor are
close, so special attention to this phenomenon is necessary.

Massive timber walls

Cross laminated timber is not only suitable for floors, it is also used for walls and generally applied for both
wall and floor, as is shown in figure 4.3a. These walls always have a load-bearings function, but are in some
buildings also applied as shear wall for to its homogeneous character.

(a) Timber-frame structure [21] (b) Column and beam structure [16] (c) CLT panels used as wall [11]

Figure 4.4: Load-bearing structures

4.2.3 Damping in timber structures

The vibrations of an excited structure reduce over time (and eventually stop) through damping, due to dissi-
pation of the energy. The damping of the system can be caused by internal friction of the material, external
friction with other elements or an installed viscous damper. For a single beam the damping can easily be
measured by the reduction of the amplitude in time. However, within structural designs it is hard to predict
the absorbing elements of the structure and especially the amount of energy that is dissipated. Therefore are
damping ratios susceptible to large uncertainties resulting in a wide range of values found in literature.

Level of damping is found to be depended on a large variety of conditions, like type of structure, support
conditions, whether or not non-load bearing partitions are place, presence of people [1], placed furniture and
type of floor- and ceiling finishing [8]. Adding (dead-)weight to the floor is generally assumed to increase the
level of damping, though Weckendorf et al. have found by experiment that additional mass could reduce the
damping ratio [69].

Many experiments are conducted to find consistent damping values for specific configurations, but since
they are depended on many quantities they can often not be applied to other situations. In addition, Weck-
endorf attempted to create identical full-scale experiments (with same structure geometries) but found the
ζ value to vary between 1.16 and 3.95. This spread causes uncertainties by having the damping a significant
influence on the assessment of vibration performance.

Therefore is chosen for this work not to use damping values from experiments upon floors that are (quite)
similar to those presented in section 4.4. Instead, the damping ratios presented by Abeysekera et al. for mass
timber- and joist floors are used, studying sensitivity of the vibrations for damping being in a range between
half and twice the values given in table 4.1. In this manner, the effect of an uncertain level of damping is in-
vestigated for varying values. In the table below are the values according to Abeysekera et al. their study given
besides the damping ratios that are proposed for revised Eurocode 5. The latter disregards values for 4-sided
supports for consistent interpretation by engineers, because in practice (almost) all floors are supported on
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Table 4.1: Damping ratios after Abeysekera [1] and values proposed for revised Eurocode 5 [5]

Floor type Abeysekera Revised EC5

Joisted floors ζ= 0,02 ζ= 0,02
Timber-concrete and mass timber floors ζ= 0,025 ζ= 0,025
Joisted floors with floating layer ζ= 0,03 ζ= 0,03
Timber-concrete and mass timber floors with floating layer ζ= 0,035 ζ= 0,04
All floors with floating layer supported on 4-sides ζ= 0,04 -
All floors with floating layer supported on 4-sides on flexible bearings ζ= 0,06 -

four sides. Flexible bearings, described in next section, appear to have a positive effect on the damping level.
However, this will not be considered in the damped assessment in chapter 6, which is on the conservative
side.
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4.3 ACOUSTIC PERFORMANCE OF DWELLINGS

Besides perception of dynamic vibrations as discussed in section 2.5, can hearing sounds sourcing in the ad-
jacent apartment provoke annoyance as well. It is a key issue for medium-density and high-density timber
housing, causing the need to properly design walls and floors between individual dwelling units to ensure
acoustic privacy and prevent sound nuisance. Sound transmission between a “source room“ and a “receiving
room“ can be related to two kinds of excitation: airborne or structure-borne. In the first case, a source gen-
erates a sound field inducing a vibrational state into the separating wall and radiating sound energy into the
receiving room. Structure-borne sounds are generated by an impact (e.g. a heel-strike), causing a vibration
that propagates through the structure and finally radiating in the receiving room.

Assessment of soundproofing in the Netherlands should be done, according Building Decree 2012, in line
with NEN 1070 [36], where building elements are categorised into five classes (quality score k 1 to 5) based on
acoustic performance. Class k = 1 relates to a quality level that is just achievable when one is applying state-
of-the-art materials, k = 3 to currently applied building practices, and k = 5 to the lowest necessity when
renovating buildings. In table 4.2 Limitations for these classes are given in DnT ;A for airborne sound, ex-
pressing sound pressure difference between two rooms and corrected for reverberation time that depends of
the size of the receiving room. Regarding impact sound insulation restrictions for LnT ;A are provided, which
measures the impact sound pressure in the receiving room and is corrected for reverb as well. Both these
values are, however, not provided by Dataholz (which is an online catalog for timber construction elements
that is used in this work) and comparison of the junction typologies presented in next section is therefore not
possible using these A-weighted standardized level difference and standardized impact sound pressure level
values.

Above mentioned descriptors express the insulation level of planar structural elements and only incorporat-
ing the direct sound transmission path. In EN 12354 [46, 47], a more comprehensive method is given includ-
ing the flanking paths as well for airborne and impact sound transmission. In figure 4.5 the various paths are
shown and one can observe that part of the sound power directly radiates into the receiving room (i.e. di-
rect transmission). Other paths for sound to radiate to the receiving room is through the junction, where the
vibrational state of a structural element is transferred to another. These so-called flanking paths depend on
many input parameters like the sound reduction index of the element itself and improvements by additional
layers for element, the element’s surface area, coupling length of the junction connecting receiving and flank-
ing element and the vibration reduction index for structural coupling of elements. All flanking paths add up
to the direct sound transmission and return to a lower value of sound insulation of the partition. Therefore
would this method provide a more sufficient indication of the sound insulation of a structure, but many of it
required parameters can only be obtained by experiments.

The website of Dataholz does only provide Rw and Ln,w values (see Appendix) for the direct sound trans-
mission path of the walls and floors to be presented in section 4.4, expressing the weighted sound reduction
index and weighted normalized impact sound pressure level respectively. In line with the quantities provided
in NEN 1070 are Rw and Ln,w also corrected for reverb in the receiving room through the area of absorption,
where DnT ;A and LnT ;A are corrected for reverberation time. The area and time are related to one another
through Sabine’s formula given in ISO 140-4 [35]: A = 0,16V /T , where the equivalent absorption area A is
expressed as the ratio of V , i.e. the volume of the receiving room, and reverberation time T . Therefore can

Table 4.2: Criteria for sound insulation with an external source [36]

Quality level Airborne Structure-borne

k = 1 DnT ;A ≥ 62 dB LnT ;A ≤ 43 dB
k = 2 DnT ;A ≥ 57 dB LnT ;A ≤ 48 dB
k = 3 DnT ;A ≥ 52 dB LnT ;A ≤ 53 dB
k = 4 DnT ;A ≥ 47 dB LnT ;A ≤ 58 dB
k = 5 DnT ;A ≥ 42 dB LnT ;A ≤ 63 dB
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(a) Airborne sound (b) Impact sound

Figure 4.5: Visualization of direct (solid line) and flanking paths (dashed line)

be stated that Rw and Ln,w have the same physical representation as the descriptors prescribed by the Dutch
Building Decree 2012 (i.e. DnT ;A and LnT ;A).

Sound classification in the Nordic countries

The single-number quantities Rw and Ln,w are the most commonly used sound insulation descriptors in Eu-
rope [55], like in all Nordic countries where it is adopted in combination with spectrum adaptation terms
(C , Ctr and C I ), taking different source spectra into account. For lightweight buildings [56] it is of impor-
tance to include the low-frequency spectrum adaptation term (down to 50 Hz). For simplicity, the behaviour
of a partition is expressed as a single number using a special procedure relating the frequency behaviour to
a reference curve, which is given in EN ISO 717 series [44, 45]. Finally, these values classify a wall or floor
in a class, which are comparable to the classes developed in the Dutch NEN 1070 according to the graphs
presented by Rasmussen [57]. This can be concluded as well by comparing classes given in table 4.2 and ta-
ble 4.3. Quantities given in Nordic and Dutch codes are, up to some level, comparable and expressing both
sound reductions.

For expression of a partition element’s insulation level of airborne sound, Nordic countries use the descrip-
tor Weighted sound reduction index Rw . This single number quantity, based on laboratory measurements,
characterises the airborne sound insulation of a building element over a range of frequencies. The frequency-
dependent value R is defined as R = L1 −L2 +10log(S/A) [35], where L1 and L2 are the sound pressure level
(in dB) in the source and receiving room respectively, S the area of the separating element and A the equiv-
alent absorption area of the receiving room. In other words, the insulation level depends on the difference
in sound pressure level and the ability of the receiving room to absorb the sound, and therefore, partition
elements with a higher Rw value insulate better.

For airborne sound insulation to include source spectra, two spectrum adaptation terms are defined in ISO
717 [44]: C , being the A-weighted pink noise spectrum, and Ctr incorporating the A-weighted urban traffic
noise spectrum. The first spectrum is applied for separating walls and covers medium- and high-frequency
noise of living activities, like talking, music, TV and playing children. The second spectrum applies to low-
and medium-frequency noise like urban road traffic and aircrafts and corrects insulation levels of facades.

Since this thesis is about human-induced vibrations and heel-strikes during walking are a source for impact
sound, one should include the weighted normalized impact sound pressure level Ln,w . This quantity is ob-
tained by measuring the impact sound pressure level in the receiving room caused by a standardised tapping
machine, and correcting it for the ratio of absorption area in the receiving room A and reference area A0. In
contrast with airborne sounds means a lower insulation level Ln,w a better performance, corresponding with
lower sound levels in the receiving room.

The rating by Ln,w appeared to be quite adequate for characterizing impact noise, like walking on wooden
floors [45]. However, it insufficiently takes level peaks at single (low) frequencies into account of timber joist
floors. Therefore a spectrum adaptation C I is introduced and determined such that for massive floors (like
concrete) with effective coverings its value is about zero. On the other hand, for timber joist floors with dom-
inating low frequency peaks it is positive, i.e. worsening the impact sound insulation level.
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Table 4.3: Main classes of sound insulation criteria in Danish standard (DS 490). Summarised by Rasmussen [56]

Evaluated as: Sound insulation
Sound class description Good Poor Airborne Impact

A
Excellent acoustic conditions.

Occupants will be disturbed only

occasionally by sound or noise.

> 90 % R ′
w +C50−3150 ≥ 63 dB

L′
n,w ≤ 43 dB and

L′
n,w +C I ,50−2500 ≤ 43 dB

B
Significant improvement compared to

minimum in class C. Occupants may be

disturbed sometimes.

70 to
85 %

< 10 % R ′
w +C50−3150 ≥ 58 dB

L′
n,w ≤ 48 dB and

L′
n,w +C I ,50−2500 ≤ 48 dB

C
Sound class intended as the minimum

for new buildings.

50 to
65 %

< 20 % R ′
w ≥ 55 dB L′

n,w ≤ 53 dB

D
Sound class intended for older buildings

with less satisfactory acoustic

conditions, e.g. for renovated dwellings

30 to
45 %

25 to
40 %

R ′
w ≥ 50 dB L′

n,w ≤ 58 dB

4.3.1 Soundproofing measures

Various soundproofing measures are available on the market preventing acoustic convection of airborne or
impact sound making use of different principles. Since acoustic waves and vibrations are both dynamic does
improving the behaviour of one variable also influence the other. Improving rigidity of junctions is, for ex-
ample, beneficial for reduction of vibration levels, but increases the convection of acoustic waves to adjacent
walls and floors.

The measures mentioned in this section improve sound insulation all by making use of a different prin-
ciple, and therefore, all affecting the vibrational behaviour in another way. Application of (wet) screed in-
creases the mass – and therewith decreasing the eigenfrequencies and improving damping – such it requires
more energy to excite the floor field and the energy dissipates faster through damping. If screed is applied
as floating subflooring, the impact sound excitement is physically disconnected from the structure. Another
soundproofing measure are resilient interlayers preventing transmittance of acoustic waves to other struc-
tural elements. They are often applied in (home-separating) junctions to prevent acoustic energy entering
the neighbouring floor and walls and also dissipate energy through damping. Both measures are further
elaborated below.

Screed

Floor screed is composed of cementitious material blended with water and sand to provide a levelled surface
on the floor. For concrete structures it is applied to cancel the unevenness of structural concrete, but for
timber structures it is used to add mass for better acoustic performance. Within the project ’Karel Doorman’
by RHDHV the wooden floor system is topped with 55 mm anhydrite screed to meet the acoustic isolation
demands [7, 14].

Since a floating screed acts like a dynamic mass-spring system, the SDOF system has eigenfrequencies
and may cause resonance. The screed layer and quasi-permanent load on top of it are the mass of this dy-
namic system and the insulation layer being the spring. Therefore, the resonance frequency of the floating
subflooring is given by equation 4.1 [62], where the dynamic stiffness per unit area of the resilient layer is
given by s′ (in N/m²) and m′ is the mass per unit area of the slab (kg/m²).

f1, f s f =
1

2π

√
s′

m′ (4.1)

The study by Hamm, Richter and Winter [13] of floor vibrations comes with some vibration improvements
by applying floating screeds to wooden floors based on performed tests. They investigated light floors as
well as the heavier ones where anhydrite screed is applied, as shown in figure 4.6. From the research several
demands are proposed regarding floors between different units as well as within one unit of use. Regarding
vibrations were all heavy floating screeds observed to perform better than floating light screeds due to the
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increased mass and stiffness of the floor. Moreover, they concluded that light floating screeds probably not
applicable for timber beam floors between different units of use (see table 3.3), because of lack of sufficient
mass.

(a) Light floor with dry screed:
- one layer OSB

- 30 mm footfall sound-damping
- 60 mm grit

(b) Heavy floor with wet screed:
- 60 mm anhydrite screed

- 30 mm footfall sound-damping
- 60 mm grit

Figure 4.6: Two screed types types [13]

Resilient damping materials

Prevention of sound transmission from the floor to adjoining elements can be achieved by applying elas-
tomers at the floors support (see figure 4.7). This measure is especially often applied in the junctions of
massive timber structures. These resilient damping materials have a positive effect on the vibrations as well
by its dissipating behaviour through damping. Weckendorf found the effects of elastomers to be dependent
on the location where they were applied. Damping was considerably raised when applied at locations where
high shear stress occurs [68], i.e. at the supports for single- and double span floor fields.

Jarnerö et al. [20] tested different support configurations, like resting on Sylomer (mixed cellular) elastomer
interlayers, floating (i.e. no fastening to support) and screwed to the supporting beam. They measured,
amongst others, the impulse velocity response of the structure, which appeared to reduce by adding elastic
layers at the supports. There seems to be a clear correlation between improving the dynamic response and the
use of elastomeric interlayers. Connection the floor to the supporting by screws gave the highest response,
which makes sense since both elements are more fixed and the vibration energy cannot dissipate from the
system. The application of flexible bearings increases the damping ratio according to Abeysekera et al. [1]
by a factor 1,5. They propose ζ= 0,04 for "all floors with a floating layer and supported on 4 sides", whereas
for "all floors with a floating layer and supported on 4 sides by timber walls via flexible bearings" ζ = 0,06 is
proposed.

Figure 4.7: Application of resilient interlayer between walls and floor [60]
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4.4 JUNCTION TYPOLOGIES

This section elaborates the different junction typologies, which are a combination of floor configurations and
support types. First introducing the floors of CLT or I-joists with decking, and after that, the different support
conditions that relate to building methods mentioned in section 4.2.

4.4.1 Introduction of floor configurations

Two structural floor types were introduced in section 4.2, namely cross-laminated timber and joists with
decking. CLT floors are generally classified as low-frequency floor (LFF), whereas joists with decking have
a higher fundamental frequency (HFF). Of both floors, two floors are configured to study the effect upon
vibrations.
The structural elements of the first two typologies (F1 and F2) are CLT panels, where the difference lies in
the applied screed type, i.e. wet and dry. The first is massive compared to a dry screed, and therefore no
additional acoustic measures have to be applied. The CLT floor with dry screed has insufficient mass, and
therefore, additional measures have to be taken. Secondly, two floors are configured (F3 and F4) using I-joists
with LVL decking as a structural element. To study the effect of dead load regarding vibration levels, one of
these configurations has ballasting added by a layer of sand (fill), and the other does Sufficient acoustic insu-
lation is for the latter achieved by applying resilient channels to keep the plasterboard of the ceiling in place.

In table 4.4 provides the floor properties that are used next chapters. One can observe that CLT floors have
both a low stiffness and high mass compared to joist floors. This explains why fundamental frequencies of
CLT floors are generally low, and joist floors are classified as high-frequency floors.
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F1: CLT floor with wet screed

Dataholz code: gdmnxn01a-00
Damping ratio: ζ= 0,05

Floor layer t [mm] Mass [kg/m²]

Cement screed 50 100
Separation layer 0 0
Sound insulation 30 2
Fill (sand) 50 75
CLT 130 55
Plasterboard 12,5 10

282,5 282

F2: CLT floor with dry screed

Dataholz code: gdmtxn01-00
Damping ratio: ζ= 0,04

Floor layer t [mm] Mass [kg/m²]

LVL (Kerto-Q) 27 14
Sound insulation 30 2
Fill (sand) 60 90
CLT 130 55
Plasterboard 12,5 10

259,5 171

F3: Joist floor with fill

Dataholz code: gdrtxn01b-00
Damping ratio: ζ= 0,03

Floor layer t [mm] Mass [kg/m²]

LVL (Kerto-Q) 27 14
Sound insulation 30 2
Fill (sand) 50 75
LVL (Kerto-Q) 27 14
I-joist (FJI89x220) 220 27
Mineral wool 100 2
Spruce battens 25 11
Plasterboard (2x) 25 20

404 165

F4: Joist floor without fill

Dataholz code: gdrtxa03b-00
Damping ratio: ζ= 0,025

Floor layer t [mm] Mass [kg/m²]

LVL (Kerto-Q) 27 14
Sound insulation 30 2
LVL (Kerto-Q) 27 14
I-joist (FJI89x220) 220 27
Mineral wool 100 2
Spruce battens 25 11
Resilient channels 27 3
Plasterboard (2x) 25 20

356 93

Table 4.4: Properties of floors

Stiffness Mass Sound insulation [15]
E IL E IT m Rw (C ) Ln,w (C I )

Floor [Nm²/m] [Nm²/m] [kg/m²] [dB] [dB]

F1 - CLT floor with wet screed 1,73 ·106 3,48 ·105 282 75 (-2) 45 (-1)
F2 - CLT floor with dry screed 1,73 ·106 3,48 ·105 171 62 (-5) 50 (-1)
F3 - Joist floor with fill 3,53 ·106 1,72 ·104 165 63 (-4) 58 (0)
F4 - Joist floor without fill 3,53 ·106 1,72 ·104 93 64 (-3) 52 (2)
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Introduction of support types

Three load-bearing structures were introduced in section 4.2, namely massive timber walls, column-and-
beam structures and timber-frame walls, whom relate to the manner floors are supported. The first two sup-
port types use a CLT wall as load-bearing structure, where one has a resilient elastomer applied between floor
and wall to prevent excessive sound transmission, and the other does not. The other two supports both ap-
peal like a timber-frame, but use another load-bearing principle. To achieve high plan flexibility one of the
supports is a Kerto-S beam (2x 50x260mm), whereas the other is a traditional timber-frame.

CLT wall

Building method:
Massive timber walls

CLT wall with elastomer

Building method:
Massive timber walls

Kerto-S beam

Building method:
Column-and-beam

Timber-frame wall

Building method:
Timber-frame

Table 4.5: Properties of walls after Dataholz [15]

Wall Dataholz code tconst [mm] ttot [mm] m [kg/m²] Rw (C ) [dB]

CLT - Double leaf twmxxo03a-01 2x80 245 121,6 60 (0)
CLT - Single leaf twmxxo04a-02 100 265 74,9 53 (-5)
CLT - Internal iwmxxo01b-00 80 130 79,0 38 (-2)

Timber-frame - Double leaf twrxxo03b-00 2x100 320 92,8 59 (-2)
Timber-frame - Single leaf twrxxo01-00 120 250 82,4 60 (-1)
Timber-frame - Internal iwrxxo01b-00 100 150 45,8 43 (-1)

Junction details

By combining the floor configurations and supports 8 junction typologies are formed. Floor 1 supported by
beams is not studied since large beams are necessary to carry the heavy floor. Contrary is floor 2 investigated
for 3 support types: CLT walls with elastomers (additional sound measure), Kerto-S beam and timber-frame
wall. Both floor 3 and 4 are studied with beam as support besides a timber-frame.

Since the work focusses on multi-family timber buildings, additional measures have to be taken to pre-
vent excessive transmittance of sound to neighbours. Therefore an insulating layer is added to the single leaf
wall and for double leaf walls it is prevented through physical decoupling of both walls. Internal junction
types are a single spanning variant, where the floor fields at both sides are discontinuous (single-span floor),
and a continuous one (two-span floor). The continuity of a floor reduces the vibration levels in the same way
it holds for static situations. However, it also excites the floor field at the other side of the junction from source
perspective.

An overview of the configured junction details is given in figure 4.8. A more comprehensive version of all
details are given in appendix A.



60 4. Building with timber

St
ru

ct
ur

al
 

el
em

en
t

Ac
ou

st
ic

 
m

ea
su

re
s

Su
pp

or
t

ty
pe

Timber- 
frame wall

Beam 
supported

Timber- 
frame wall

Beam 
supported

Timber- 
frame wall

Beam 
supported

CLT Wall
+ elastomerCLT Wall

Floor 4Floor 3Floor 2Floor 1

Fill applied No �ll applied

Wet �.screed Dry �oating screed

Cross-laminated timber panel I-joist �oor with LVL decking

F1-CLT F2-CLT F2-SB F2-TF F3-SB F3-TF F4-SB F4-TF

D
ou

bl
e 

le
af

Si
ng

le
 le

af
Co

nt
in

uo
us

H
in

ge
d

H
om

e-
se

pr
at

in
g

In
te

rn
al

 ju
nc

tio
n

Figure 4.8: Overview of junction details for all floors and their supports (after Dataholz, edited by Oonk)
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Combinations of support conditions and floor configurations are studied in this chapter by modelling the
floor fields as a one-dimensional continuous system. A model with rotational springs describes floors that
are supported by CLT panel walls to include clamping-like behaviour. A translational spring model represents
floors supported by beams or timber-frame, where no rotational stiffness at the junction is assumed, but
transmittance may occur from excited floor fields to adjoining structures.

As elaborated in section 2.5, especially when the vibrations are transmitted from one apartment to an-
other, the levels of acceptance are low [14, 22] and should be prevented. Higher vibration levels are accepted
by the receiver when the source is in the same apartment, in particular when the person causing the vibra-
tions is in sight. Therefore, vibration transmittance to a floor in the same unit should be seen separate from
vibrations transmitting to adjoining apartments.
A parameter study for floor configurations – and its four support conditions – investigates the effect of vary-
ing geometries and properties of the structure regarding human-induced vibrations. This is done for trans-
mittance through the junction as well as excessive vibrations caused by resonance. Therefore the vibration
shapes, natural frequencies and area contributing to modal mass are studied for varying parameters. Vibra-
tion shapes provide insight in the manner, and level of, vibrations transmit to adjoining fields, and natural
frequencies determine the level of resonance, which should be prevented. Natural frequencies are the main
variable for steady-state response, whereas the modal mass (and thus the area contributing to m∗) mainly
affects the transient response.

First, the procedure from apartment to a Maple model using continuous systems is elaborated upon. After
that, the vibration shapes and natural frequencies are studied for floor configurations that are supported by
beams walls using a translational model, where several support parameters are varied. Thirdly, the effect of
varying CLT wall thicknesses that support floors is studied. Finally, the stiffness and mass of floors are varying
to provide insight into their effect upon comfort levels.
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5.1 EXPLANATION OF SYSTEM

This chapter studies the effect of varying support- and floor parameter using continuous systems introduced
in section 2.2. This section explains how to multi-family buildings study with these systems by boiling down
from floor plans to the space-related part of the general solution.

5.1.1 Multi-family residential timber buildings

This work focusses on apartment buildings since people are living close to one another in this type of struc-
tures, and therefore transmittance of vibrations requiring special attention. Below shows how the floor fields
can possibly be arranged into useful floor plans, and the manner they are translated into computable systems.

Floor plans

Research by Cobelens [7] found alternating spans to be an effective way to reduce excessive vibration. Equal
spans have matching eigenfrequencies (for similar properties) causing resonance and therefore transmitting
vibrations more easily. In this research the standard span input for floor field 1 and 3 is chosen to be L1 = 3,6
m and for field 2 and 4 the span is L2 = 4,5 m. The standard input as supporting beam span is 3,6m, which
lead to suitable grid sizes for rooms in family apartments.

A possible floor plan for an apartment meeting the grid dimensions is given in figure 5.1 where three
floor fields are placed beside one another resulting in a 78 m 2 apartment. The smaller span (L1) houses two
sleeping rooms and a bathroom and the longer floor span for the kitchen and living room.

(a) Floor plan [53]

L1 = 3,6 m L2 = 4,5 m

3,
6 

m
3,

6 
m

3,
6 

m

(b) Grid plan

Figure 5.1: Apartment
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Schematization as a beam

A one-dimensional continuous model represents the structure without damping consisting of 5 floor fields.
Since the continuous system represents the vibration shape only in one dimension along the x-axis, the floor
field has to modelled as a beam. By picking a strip with 1,0 m width at midspan of the supporting wall or
beam (see figure 5.2) a floor field transforms into one dimension. This simplification neglects the influence
of the transverse direction and its mode shapes and eigenfrequencies, though it still gives a proper global
estimation of vibrational behaviour. The width of 1,0 is chosen because of ease, since it does not influence
the results for a 1D continuous system, affecting only E I and q in the equation for fundamental frequency,
and thus, cancelling the width out of the system.

  be�

3,6 m

L
1 = 3,6 m

L
1 = 3,6 m

L
2 = 4,5 m

L
2 = 4,5 m

W1 W2 W3 W4

S S I SI

Figure 5.2: Physical representation of the model

5.1.2 Maple model

Solving continuous systems of more multiple floor fields can become complicated, and therefore, not be
calculated by hand. For solving the systems of equation the algebraic software package Maple is used, such
one finds expressions for the systems in terms of variables like E I , L1 and L2 and their values substituted
later on in the process. The procedure of solving a system by hand is shown below, resulting in an elegant and
simple equation describing the vibration shape in the space-related domain.

A disadvantage of separating space- and time is that damping can not be included, since a term c ∂w(x,t )
∂t

has to be added to the equation of motion (given by equation 5.1). In that case, the solution to the differential
equation can not be separated into a space-related and time-related part therewith increasing the computa-
tion time. However, for the purpose of this chapter results are not – or negligibly – affected by damping, and
therefore left out of the study. Undamped vibrations shapes remain similar to damped ones, and damped
fundamental frequencies fD are only about 0,05% lower ( fD =

√
1−ζ2 f ) if damping ratios are low, which is

the case for timber structure (ζ≈ 0,03).

ρA
∂2w(x, t )

∂t 2 +E I
∂4w(x, t )

∂x4 = f (t ) (5.1)

Elaboration of simply-supported floor

From theorem of continuum dynamics, the vibrations can be described in a continuous manner, where the
supports are captured by boundary- and interface conditions as described in section 2.2. These conditions
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characterize the relation at supports between floor fields in terms of displacement W , slope ∂W
∂x , bending mo-

ment E I ∂
2W
∂x2 and shear force E I ∂

3W
∂x3 . This results in a system of equations, which can be solved, such that the

boundary- and interface conditions hold at any moment in time, and the value of β1L is obtained. After that,
modal mass and fundamental frequency of the floor is determined from this factor. Below, the procedure is
shown for determination of β1L for a simply-supported floor field:

In section 2.2 the general solution in the space domain is obtained, which is defined as:

W (x) = A sin
(
βx

)+B cos
(
βx

)+C sinh
(
βx

)+D cosh
(
βx

)
(5.2)

The vibration shape is found by substituting this solution into the boundary conditions, such that the solution
holds at any given moment in time, and after that, the constants A, B , C and D can be solved. In the case
of a simply-supported beam, both displacement and bending moment have to be equal to zero at the two
boundaries:

x = 0 : W (0) = 0 → B +D = 0

− ∂2 W (0)
∂x2 = 0 →−B +D = 0

x = L : W (L) = 0 → A · sin(βL)+C · sinh(βL) = 0

− ∂2 W (L)
∂x2 = 0 → A ·−β2 sin(βL)+C ·β2 sinh(βL) = 0

This set of equations read in matrix notation:

AX = 0 =


0 1 0 1
0 −1 0 1

sin(βL) 0 sinh(βL) 0
−β2 sin(βL) 0 β2 sinh(βL) 0

 ·


A
B
C
D

=


0
0
0
0


One finds the non-trivial solution of the set of equations by setting the determinant of matrix A equal to zero.
For this case, one finds that the solution only holds if B =C = D = 0 and A = 1, such that one obtains:

sin
(
βnL

)= 0 (5.3)

The only unknown in this equation is βn , which is a measure for the natural frequency. In most cases, it is
impossible to find an analytical solution, and βn has to be found transcendentally using software packages.
In this simple case, one can see that equation 5.3 is zero for:

βnL = nπ for n = 1,2. . .∞ (5.4)

Therefore, the mode shapes φn (or eigenfunctions) are given by substituting this βn and the values of A, B , C
and D in the general solution of equation 5.2:

φn(x) = An sin
(
βn x

)= An sin
(nπ

L
x
)

for n = 1,2. . .∞ (5.5)

The mass contributing to mode n is found by integrating the square ofφn over the length times the distributed
mass q :

m∗ =
∫ L

0
qφ2

n(x)d t = 1

2
qL (5.6)
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Figure 5.3: Mode shape φ1, φ2 and φ3 of a simply-supported beam [27]

Multiple floor field systems

Continuous systems describe the vibration shapes of a structure following from dynamic relations. It sepa-
rates the variables of time and space, which is only possible for undamped systems, where the multiplication
of both expressions results in the vibration in both space and time (see section 2.2). The parameter study
focusses mainly on the space-related part since it holds the maximum amplitude at each location of the
structure and is therefore suited for comparison of different configurations.

The following set of equations describes the space-related part of a structure with multiple floor fields as in
figure 5.2:

W1(x) = A1 cosh
(
βx

) +B1 sinh
(
βx

) +C1 cos
(
βx

) +D1 sin
(
βx

)
W2(x) = A2 cosh

(
βx

) +B2 sinh
(
βx

) +C2 cos
(
βx

) +D2 sin
(
βx

)
W3(x) = A3 cosh

(
βx

) +B3 sinh
(
βx

) +C3 cos
(
βx

) +D3 sin
(
βx

)
W4(x) = A4 cosh

(
βx

) +B4 sinh
(
βx

) +C4 cos
(
βx

) +D4 sin
(
βx

) (5.7)

The values of constants An , Bn , Cn and Dn can be obtained from the boundary conditions as shown in
section 2.2 for a single floor field. In case multiple fields are connected, the relation between those are ex-
pressed using interface conditions at the connecting node. Floor field 2 holds the exciting force and therefore
has to be split into 2 floor fields connected by the interface conditions describing continuity of displacement,
slope and bending moment and shear force equilibrium with the exciting force.

By substituting the general solutions given in equation 5.7 one obtains a system of equations containing
the constants. To find expressions for the constants for which does apply that the prerequisites of boundary-
and interface conditions hold, the system of equations is solved linearly. Therefore, the vibration shape fol-
lows from the substitution of values for variables, independent of the magnitude. This algebraic property
makes the method suitable for parametric study of floor fields since many slight variances can be studied
using a consistent system.

Once the constants are solved for the interface- and boundary conditions one ends up with an expression
for the vibration shape of field n with the following input quantities for the rotational (Wn,R ) and translational
model (Wn,T ):

Wn,R (E I ,ρ, A, q,L1,L2,P, x f ,rs ,ri , fs )

Wn,T (E I ,ρ, A, q,L1,L2,P, x f ,ks ,ki , fs )

Where: E I Flexural stiffness of floor section in Nm2/m
ρ Mass density of structural floor element in kg/m3

A Cross-sectional area of structural floor element in m2

q Self-weight of floor and quasi-permanent load (e.g. furniture and partitions) in kg/m2

L1 Floor span L1 in m
L2 Floor span L1 in m
P Mass of one person in N

x f Location of person in field 2
rs Rotational stiffness of separating junction in Nm
ri Rotational stiffness of internal junction in Nm
ks Translational stiffness of separating junction in m/N
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ki Translational stiffness of internal junction in m/N
fs Step frequency in Hz

Standard translational stiffness of the internal and home-separating junction is ks = ki = 4.6 ·103 N/m. For
junction 1 the standard width of the supporting wall is b = m, which is equivalent to a rotational stiffness
of rs = ri = 0.05 Nm/rad. The standard width of the elastomeric supported floor of junction 2 is b = m and
corresponding with a rotational stiffness of rs = ri = 0.01 Nm/rad.

In section 2.2 the boundary conditions for a floor field are given, and by combining them, one can generate
interface conditions for connecting multiple floor fields. Since the general solution follows from the fourth-
order differential problem (see section 2.2), one needs four interface conditions at each connection node
expressing the support conditions. Interface conditions can either be kinematic relation (i.e. displacement
or slope related) or a dynamic force (i.e. related to moment or shear equilibrium).

At the boundaries, i.e. node A and E, only two conditions have to hold, and several situations are given in
table 2.1. Below are the determined interface conditions summed up for the rotational model, which are used
for junction typology 1 and 2, and for the translational model needed for junction typologies with supporting
beams (i.e. 3, 4 and 5). Below are only general interface conditions regarding force- and moment equilibrium
elaborated for a junction, where the node-specific ones are added in the Appendix table C.1.

Explanation of used graphs

The effect of changing parameters is explained in this chapter using three types of figures, namely the vibra-
tion shape, natural frequency and modal mass area. Below are each of these graphs briefly explained in terms
of how they are obtained and what they represent.

Vibration transmission plots

The first graph is the vibration shape and visualises the effect of changing the parameter upon the first mode
shape. Each time two different typologies are shown besides one another to easily compare them. It has to
be noted that the displayed shape is the maximum amplitude in the space-domain and the floor oscillates
in that specific shape around its resting position. The graphs aim to visualise the shape itself and not the
magnitude, because there is in reality damping present affecting the magnitude, and therefore, no axes are
shown in the graphs. One- and two-span fields are shown in the same plot for both double- and single leaf
support conditions, where the typologies with a hinged internal junction (orange for double leaf, cyan for
single leaf) are shown downwards and a continuous floor field upwards (red for double leaf, blue for single
leaf).

Natural frequencies

Natural frequencies of typologies affected by the parameter are shown in the natural frequency graphs, where
each of the four support conditions are shown separately. Natural frequencies are especially of interest for
steady-state responses, since these only occurs if the fundamental frequency corresponds with one of the
walking load harmonics. These natural frequencies are calculated from the βL values and floor properties
using the following equation:

fn = (βL)2

2πL2
s

√
E IL

q

Floor area contributing to modal mass

The modal mass linearly decreases the initial velocity of transient responses, and therefore also included in
the parameter study. As shown by equation 5.6 follows the modal mass from the area covered by the mode
shape, which is the amount of mass that is set into motion. The floor area that contributes to the modal
mass is displayed to make the graph more generic, where the modal mass is m∗ = q ·λ. The equation used
for approximating the modal mass area is derived from the modal mass approximation of a equivalent SDOF
system in section 6.1. In this expression is accounted for the effective width of the floor by the equivalent
spring stiffness Keq .

λ= Keq,e f f

E IL

(
Ls

β1L

)4
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Maple sheets flowchart

Three graphs are generated in the software package Maple by connecting several worksheets, see figure 5.4
where an overview is shown. Two sheets illustrated at the sides function as input for the plot-generating
sheets in the center. Junction typology properties holds the floor- and support properties to ensure consis-
tency in all calculations. System solver provides solutions to the interface- and boundary conditions, like the
general solution in the space-domain for study of transmittance, the characteristic frequency equation that
has to be solved to find βL and the static solution for determining the modal mass area. Both the natural
frequency and modal mass area are used in next chapter, when the floors are transformed into Single Degree
of Freedom systems for assessment.
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Figure 5.4: Flowchart of Maple sheets for chapter 5
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5.2 TRANSLATIONAL STIFFNESS SUPPORT

This section introduces the translational model, where the nodes (i.e. junctions) are supported by springs.
The type of load-bearing structure is represented by the spring stiffness. For timber-frame walls is the equiv-
alent spring stiffness high, and, as a result, the junction almost acting like a rigid one. Since the influence of
about 0,05 mm translation at the support is negligible for determination of natural frequencies and modal
mass are timber-frame supports assumed to be rigid. Contrary, floors supported by beams are able to trans-
late significantly, affecting the vibration shape and fundamental frequency. Besides, the location of the exci-
tation source does affect the level of node translation.

With the translational model effects of support stiffness upon vibration shapes, natural frequencies and
modal mass are studied. The first parameter is the height of the supporting beam at the home-separating
junction, and second the height at the internal junction. Thirdly, the spanning length of the supporting beam
is varied, and therewith the spring stiffness, where a relatively short span (L ≈ 0,6m) represent a timber-frame
wall.

5.2.1 Translational model

Floor 3 and 4 hold joists with decking as structural element thus is chosen their load-bearing components
to be a timber-frame structure or a beam. One of the CLT floors, as introduced in section 4.4, either has a
timber-frame (F2-TF) or beam (F2-SB) as support.

Because the grain directions are parallel to the contact surface of both timber-frame and Kerto-S beams, it
is assumed that no clamping behaviour occurs at the nodes. Therefore, the bending moments of the floor are
zero at the junction, except for a continuous floor field at the junction, where the bending moment left from
the nodes equals the moment at the right. If the floor is supported by CLT walls, there are wood fibres parallel
to the contact surface, and therefore clamping-like behaviour can occur as will be addressed in section 5.3.1

Boundary- and interface conditions of home-separating and internal junctions

In the translational model, nodes are able to translate vertically, but when it does so, a force from the sup-
porting structure tries to restore it to the resting position. For timber-frame structures is this force equal to
the E-modulus perpendicular to the grain times the structural wall width. Beams are relatively flexible com-
pared to timber-frames, causing it to deflect under an applied point load. Therefore, contact stresses equal to
timber-frames can not be reached and is the modelled spring stiffness k is equal to F /w . The resulting forces
at the supports make equilibrium at the nodes with shear forces acting in the floor, as is shown in figure 5.5b-
5.7b. These relations translate into interface conditions shown at (c) and schematize into springs given at
(d).

Mechanical schemes

Each mechanical scheme translates in different interface conditions to ensure equilibrium of vertical forces
at the node. Figure 5.8 shows the support conditions of interest being constructed using the junctions given
previously. The home-separating junction consists of either one (single, figure 5.6) or two walls (double leaf,
figure 5.5). The floor between two home-separating junctions is made out of one piece (figure 5.6) or split
into two at the internal junction (figure 5.7).

Table C.2 in the appendix provides interface conditions of all nodes, including the conditions at the location
of the force.

5.2.2 Location of force

In section 4.4 are four different floors introduced resting on three different types of supports. Two of them
are relatively stiff wall supports, i.e. a Cross-laminated timber wall and timber-frame structure, since their
dynamic translation is negligible in contrast to amplitudes in the floor. For floors supported on a beam does,
however, the displacement at the junction contribute significantly to the total amplitude of the floor.

Floors supported by beams show significant higher amplitudes, see figure 5.9, compared to the previous sit-
uation because the floors its supports will displace as well due to lack of stiffness. Besides resulting in an
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Figure 5.5: Double leaf junction
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Figure 5.6: Single leaf junction with
interrupted floor field
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Figure 5.7: Single leaf junction with
continuous floor field

additional amplitude at the floor midspan, it either enables vibration transmittance to adjoining floor fields.
Vibrations can be transmitted to neighbouring apartments, causing hindrance at low levels of vibrations, for
the single leaf separating junctions. Especially when the exciting force is close to the home-separating junc-
tion (i.e. arrow in green), significant vibrations occur in the neighbouring floor field. Flexible hinged internal
supports either cause rigid body rotation by a translating right edge, as shown in figure 5.9b and 5.9d. The
same holds for the internal junction, where the highest amplitudes are found when the excited source is close
to the internal wall (i.e. blue arrow).

Timber-frame structures are, likewise to cross-timber walls, acting really stiff, and therefore prevent transmit-
tance of vibrations trough the junction by rigid body movement. For these structure types, transmittance of
vibrations only occur for continuous floor fields where the dynamic hogging moment at the internal support
results in bending at the other in-home floor field, such that it vibrates in anti-phase with the excited field.
This phenomenon holds for the other two wall types as well, though the rigid-body rotation dominates for
beam supported adjoining floor fields.

Now consequences for the vibration level of the force location in all four floor field are known, will the
influence of several support- and floor parameters be studied regarding transmittance. Since the application
of force at midspan generally results in the highest amplitudes will only this force location be studied. It
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L1 L2 W1 W2 W3 W4

(a) Double leaf with continuous floor field

L1 L2 W1 W2 W3 W4

(b) Double leaf with single spanning floor field

L1 L2 W1 W2 W3 W4

(c) Single leaf with continuous floor field

L1 L2 W1 W2 W3 W4

(d) Single leaf with single spanning floor field

Figure 5.8: Mechanical schemes for translational model

should be noted that for the beam supported forced vibration shape higher values are obtained when one
applies the force close to the edges of the excited floor field.
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(a) Double leaf with continuous floor field (b) Double leaf with single spanning floor field

(c) Single leaf with continuous floor field (d) Single leaf with single spanning floor field

Figure 5.9: Vibration shapes of beam supported floor for various force locations

(a) Double leaf with continuous floor field (b) Double leaf with single spanning floor field

(c) Single leaf with continuous floor field (d) Single leaf with single spanning floor field

Figure 5.10: Vibration shapes of timber-frame supported floors for various force locations
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5.2.3 Beam height at home-separating junction

As previously mentioned does the support stiffness significantly influence amplitudes of the floor, since these
displacements add up to deflection of the floor itself. For beam heights of 180, 260 (original) and 400 mm the
vibration shapes are shown in figure 5.11 for a CLT floor (F2-SB) and in figure 5.12 for an I-joist floor. It can
be concluded that increasing the support stiffness results in significant amplitude reduction, where the I-
joist floor is more sensitive due to its higher flexural floor stiffness. A beam height of 400mm (over a span of
3,6m) almost acts like a stiff wall, therewith decreasing transmittance of vibrations to neighbours for single
leaf home-separating walls.

Lowering the beam height decreases the natural frequency with 2 to 3 Hz, which is the case for heights below
about 250mm. Above that height, the natural frequency increases only slightly, because the beam at the
internal junction is still 260mm which limits the positive effect of increasing home-separating beam height.

Besides, continuous floor fields (i.e. (a) and (c)) show two lines for natural frequencies, whereas hinged
floors only show one. This is the consequence of floor field with span L1 is connected to the excited field, and
therefore either contributing to the system.

For the floor area that contributes to the modal mass (λ) the same can be concluded as for natural frequen-
cies. For Double leaf typologies, the effect of supporting beam height is negligible, whereas for single leaf
some beneficial effects are visible below 250mm (see figure 5.14) because some mass of adjoining apartments
contributes to the vibration.

h

(a) Double leaf with continuous and hinged internal junction

h

(b) Single leaf with continuous and hinged internal junction

Figure 5.11: Vibration shapes of floor 2 supported by beams
(F2-SB) for varying beam height at home-separating junctions

h

(a) Double leaf with continuous and hinged internal junction

h

(b) Single leaf with continuous and hinged internal junction

Figure 5.12: Vibration shapes of floor 3 supported by beams
(F3-SB) for varying beam height at home-separating junctions
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Floor 1:
CLT floor (wet screed)

Rigid supports

Floor 2:
CLT floor (dry screed)

Floor 3:
Joist floor (with fill)

Floor 4:
Joist floor (no fill)

Flexible supports

(a) Double leaf with continuous floor (b) Double leaf with hinged floor

(c) Single leaf with continuous floor (d) Single leaf with hinged floor

Figure 5.13: Natural frequencies for varying beam height at home-separating junctions

Double leaf with
continuous field

Rigid supports

Double leaf with
interrupted field

Single leaf with
continuous field

Single leaf with
interrupted field

Flexible supports

(a) CLT floor (b) Joist floor

Figure 5.14: Modal mass area for varying beam height at home-separating junctions
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5.2.4 Beam height at internal junction

Transmittance to the other home-field can be prevented through stiffness of the internal support. In fig-
ure 5.15 (CLT floor) and figure 5.16 (joist) are the shapes shown for the same beam heights as for the home-
separating beam, i.e. 180, 260 and 400 mm. Likewise, increasing stiffness appears to be a useful parameter for
preventing transmittance. In this case, the vibration levels in the other home-field L1 are reduced, whereas
for the neighbouring apartment, slight improvement is visible for increasing beam height. For single span-
ning floor, fields is the comfort level increased by reducing the rigid-body rotation of the other home-field.
A stiff internal support prevents the shape to occur over the length of both floor fields for continuous floor
fields, especially for the stiffer joist floor and reduces transmittance as well.

Improvements of about 4 to 5 Hz regarding natural frequencies are found for the continuous joist floors, see
figure 5.17a and 5.17c, where a stiffer support enables the floor to activate its full flexural stiffness. CLT floors,
having less longitudinal flexural stiffness, show improvements of about 2 Hz between a beam height of 200
and 400mm.

For CLT floors does the modal mass area not vary much, as can be observed in figure 5.18a, because the
equivalent spring stiffness Keq increases for higher beams (i.e. decreasing static deflection) as well as the βL
values, partly counter interacting each others effects.

h

(a) Double leaf with continuous and hinged internal junction

(b) Single leaf with continuous and hinged internal junction

Figure 5.15: Vibration shapes of floor 2 supported by beams
(F2-SB) for varying beam height at internal junctions

h

(a) Double leaf with continuous and hinged internal junction

(b) Single leaf with continuous and hinged internal junction

Figure 5.16: Vibration shapes of floor 3 supported by beams
(F3-SB) for varying beam height at internal junctions
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Floor 1:
CLT floor (wet screed)

Rigid supports

Floor 2:
CLT floor (dry screed)

Floor 3:
Joist floor (with fill)

Floor 4:
Joist floor (no fill)

Flexible supports

(a) Double leaf with continuous floor (b) Double leaf with hinged floor

(c) Single leaf with continuous floor (d) Single leaf with hinged floor

Figure 5.17: Natural frequencies for varying beam height at internal junctions

Double leaf with
continuous field

Rigid supports

Double leaf with
interrupted field

Single leaf with
continuous field

Single leaf with
interrupted field

Flexible supports

(a) CLT floor (b) Joist floor

Figure 5.18: Modal mass area for varying beam height at internal junctions
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5.2.5 Spanning length of supporting beam

Contrary to the previous two cases, where the support stiffnesses were varied separately, both supports are
modified similarly by spanning length of the supporting beams. This is shown in figure 5.19 for a CLT floor
and in figure 5.20 for a joist floor, where spanning lengths of 2,4, 3,6 and 4,8 m are displayed. Equally to the
case were support stiffnesses varied separately, the amplitude does reduce for smaller spanning lengths due
to less vertical translation of the support. Moreover, for joist floors (figure 5.20) stronger effects are visible
than for CLT floors figure 5.19 because of higher flexural stiffness.

Figure 5.21 shows the natural frequencies for beam supported typologies F2-SB (green), F3-SB (purple) and
F4-SB (blue). Frequencies read from the graph for a spanning length of 0,6m represent a timber-frame struc-
ture (i.e. almost rigid support). The effect of increasing spanning length (and thus reducing support stiffness)
has a minor effect up to about 2 m, but for higher spans, the natural frequencies drop rapidly. Stiffness of the
whole structure reduces due to the lack of stiffness at the supports, but for large spanning lengths, the graphs
flatten again. This results in an S-shaped curve for the natural frequencies. It has to be noted that for a certain
spanning length the natural frequencies of the excited floor field drops below the cut-off frequency of 8Hz,
even for high-frequency joist floors. Besides, for single spanning floor situations, an additional resonance
frequency is observed, since the other home-field contributes to the system as well.

Less stiffer supports result in larger amplitudes in either excited and adjoining floors (see figure 5.19 and
5.20). Since the modal mass depends on the area under these lines, increases the floor area also that con-
tributes to the modal mass shown in figure 5.22. Although, higher comfort levels at adjoining floor fields
should be prevented, especially to the more sensitive neighbours, may this increasement in modal mass be
beneficial for HFF floors, since mass is the dominant factor for transient responses.

L

(a) Double leaf with continuous and hinged internal junction

L

(b) Single leaf with continuous and hinged internal junction

Figure 5.19: Vibration shapes of floor 2 supported by beams
(F2-SB) for varying spanning length of supporting beam

L

(a) Double leaf with continuous and hinged internal junction

L

(b) Single leaf with continuous and hinged internal junction

Figure 5.20: Vibration shapes of floor 3 supported by beams
(F3-SB) for varying spanning length of supporting beam
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Floor 1:
CLT floor (wet screed)

Rigid supports

Floor 2:
CLT floor (dry screed)

Floor 3:
Joist floor (with fill)

Floor 4:
Joist floor (no fill)

Flexible supports

(a) Double leaf with continuous floor (b) Double leaf with hinged floor

(c) Single leaf with continuous floor (d) Single leaf with hinged floor

Figure 5.21: Natural frequencies for varying beam spanning length of supporting beam

Double leaf with
continuous field

Rigid supports

Double leaf with
interrupted field

Single leaf with
continuous field

Single leaf with
interrupted field

Flexible supports

(a) CLT floor (b) Joist floor

Figure 5.22: Modal mass area for varying beam spanning length of supporting beam
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5.3 ROTATIONAL STIFFNESS SUPPORT

This thesis studies four different support conditions commonly applied in timber housing. Two types of
home-separating junctions can be distinguished; namely, a double leaf junction physically disconnecting
both apartments and a single leaf were both home’s floor fields are supported by the same wall. Within the
apartment the floor field can be single or double spanning, resulting in a continuous junction at the internal
support or one with an interrupted floor.

5.3.1 Rotational model

The first two junction typologies consist of CLT floors supported by CLT panel walls. Massive timber walls
do react stiff in the vertical direction, and therefore, displacement of the nodes can be neglected. Due to the
stiff supports, influence of clamping-like behaviour under dynamic loading at the supports may develop. In
static situations, the influence of clamping is negligible since high moments and rotations occur at the sup-
port needing much normal force for effect to appear.

Boundary- and interface conditions of home-separating and internal junctions

Rotations at the junctions are partly counteracted by clamping-like behaviour of the massive timber walls,
as is schematized in figure 5.23a-5.25a. The use of algebraic equations for vibration shapes enables one to
express both bending moments and rotation at the nodes in terms of the rotational stiffness r . If that variable
is the only one left in the expression for equilibrium at the node, it can be solved and found.

Under dynamic loading the bending moments are relatively small compared to the rotations, and signif-
icantly less normal force is required for only compressive contact forces between the wall and floor to occur
(see table 5.1). This effect increases a junction’s rotational stiffness and, in addition to that, increasing eigen-
frequencies of the floor structure since more modal mass transfers towards the supports. In general, higher
natural frequencies result in lower vibration levels and thus can have a beneficial effect [78, 79].

For the clamping-like behaviour to be fully present, only compressive contact forces between the wall
and floor structure may occur. Therefore, the normal forces introduced by the upper wall – or introduced
by screws – require a certain magnitude to ensure the floor making contact with the wall over the full cross-
section. Floor 2 has a resilient elastomer applied between floor and wall as acoustic measure, resulting in a
very low rotational stiffness and almost acting like a pinned connection. For floor 1 no material is applied in
between wall and floor, and more mass is added to increase airborne sound insulation.

Bending moments due to vibrations are low and rotations at supports significant resulting in rotational fixity.
For this phenomenon to occur sufficient normal force should be present resulting in only compressive con-
tact forces between floor and wall. In this case the floor rotation results in compressive stresses resisting the
floor to rotate by a moment. The rotational stiffness of the support is obtained by equilibrium of the moment
from the compressive stresses and the bending moment in the beam. By substituting all variables except the
rotational stiffness (r) into expressions of floor field one obtains the relations between the wall width and ro-
tational stiffness (figure 5.23b-5.24b). With these relations, the rotational stiffness can be found for a certain
wall width and substituted into the system.

Rotational stiffness of double leaf junction

Wall width of a double leaf junction is defined as the width of one wall, as shown in figure 5.23a, meaning
the full width can be used for clamping-like behaviour. Since both walls are physically disconnected both
floor fields have to make equilibrium at their node with the clamping moment (see figure 5.23b). This finally
results in an relation between the separating wall width and rotational stiffness, which can be solved.

Rotational stiffness of single leaf junction with hinged floor

Single leaf junctions are equal to double leaf except only one wall being present. This means rotational fixity
is only generated using half the wall width, and thus having a lower rotational stiffness. The equation in
figure 5.24b has a factor 1/48 instead of 1/6 (i.e. double leaf) we see in figure 5.23b following from bsi ng le =
( 1

2 bdoubl e )3.
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Figure 5.23: Double leaf junction
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Figure 5.24: Single leaf junction with
interrupted floor field
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Figure 5.25: Single leaf junction with
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Rotational stiffness of single leaf junction with continuous floor

Continuous floor fields have, by definition, the same slope at both sides of the junction and use the full wall
width for clamping like behaviour. Equally, they have only one node connecting to both floor fields, as shown
in figure 5.25b. Therefore only one equation describes the equilibrium of moments in the junction.

Mechanical schemes

Using the nodes defined previously, the mechanical schemes for the four support conditions are generated in
figure 5.26, where the physical representation is shown at the left. For the home-separating junctions (in blue)
with double leaf wall, the interface conditions of figure 5.23c hold, whereas single leaf support conditions are
represented by the interface conditions in figure 5.24c. The cases where the floor of a apartment consists of
one piece (i.e. figure 5.26a and 5.26c) have a continuous internal junction, such interface conditions in fig-
ure 5.25c apply. Apartments with two one-span fields have an interrupted internal junction defined by the
same conditions as a single leaf wall (figure 5.24c).

Table C.1 in the appendix provides interface conditions of all nodes, including the conditions at the location
of the force.

L1 L2 W1 W2 W3 W4

(a) Double leaf with continuous floor field

L1 L2 W1 W2 W3 W4

(b) Double leaf with single spanning floor field

L1 L2 W1 W2 W3 W4

(c) Single leaf with continuous floor field

L1 L2 W1 W2 W3 W4

(d) Single leaf with single spanning floor field

Figure 5.26: Mechanical schemes for rotational model

Rotational fixity supports

Due to the eccentricity of normal stresses at the upper- and lower side of the floor panel an moment occurs.
The magnitude of the stresses highly depend on the stiffness at the contact areas, besides the wall width
and slope, which differentiates junction typology 1 (no elastomer) and 2 (resilient elastomer). Therefore,
the support stiffness of junction 1 depends on the Young’s modulus perpendicular to the grain (Emean = 450
N/mm² [4]), which is low compared to in-plane stiffness of the walls. Since floor 2 has a elastomer interlayer
applied (Rothoblaas Xylofon 70), the stiffness of those supports depend on the dynamic elastic modulus (E’ =
10,1 N/mm² [61]).

The magnitude of the moment resulting from rotational fixity at supports is small, especially for floor 2, as
is shown in table 5.1. As expected, higher clamping moments at the separating junction (factor 4) are found
for the double leaf walls compared to single leaf, even though the CLT panel of a single leaf is 120 mm and a
double leaf consists of two panels of 100 mm. At the internal junction (b = 80 mm) the highest moments are
observed for the continuous floor field situations because full width of the wall is used for rigidity, and again
are the moments negligible when resilient elastomers are applied.

In table 5.1 are the minimum required normal forces for full compressive contact stresses to occur given.
In most cases is the self-weight of the upper wall sufficient (assuming a wall height of 3,2m), except for the
double leaf wall support condition with continuous floors of junction 1 (qwall = 1,91 kN/m < 2,50 kN/m).
Therefore, the roof needs a minimum mass per square meter – or by introducing compressive forces by screws
– to introduce the required forces. Since only half of roof span L2 contributes to normal forces in the junction,
a minimum mass of 26,8 kg/m² is required for support condition D-C.



82 5. Parameter study

Table 5.1: Dynamic clamping moment and required normal forces for standard quantities of the junctions

Md yn,cl [Nm] Nr eq [kN/m]
Separating Internal Separating Internal

Supports: 1 2 1 2 1 2 1 2
D-C 28,7 0,66 9,58 0,22 1,75 0,01 0,72 0,02
D-S 40,9 0,94 2,78 0,06 2,50 0,06 0,42 0,01
S-C 7,21 0,16 9,82 0,22 0,71 0,02 0,74 0,02
S-S 10,3 0,23 2,86 0,06 1,02 0,02 0,43 0,01

(a) Double leaf with continuous floor field (b) Double leaf with single spanning floor field

(c) Single leaf with continuous floor field (d) Single leaf with single spanning floor field

Figure 5.27: Vibration shapes of CLT wall supported floor for various force locations

5.3.2 Location of force

Mass timber walls are stiff and cause some clamping effects at the junctions. Therefore, are in the rotational
model only the three locations at 0.25, 0.5 and 0.75 of the excited floor span length (see figure 5.27) integrated
in the model. A person walking close to the wall would cause minor response of the floor since the applied
force is almost fully directly transferred into the wall. Moreover, from figure 5.27 can be concluded that a
walking person at midspan results in the highest amplitudes for all four support conditions.
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5.3.3 Thickness home-separating CLT wall

Normal forces applied at junctions with CLT walls cause clamping-like behaviour reducing the amplitude.
This especially holds for the first floor type with wet screed, since it is assumed that no flexible bearing is
necessary for acoustic performance due to the increased screed mass. In figure 5.28 and 5.29 are the vibration
shapes shown for all four support conditions, and home-separating wall thicknesses of 60, 100 and 210 mm. A
marginal reduction of amplitude is found for double leaf structures. This type has the full wall width available
for clamping contrary to single leaf walls, where the floors on both sides share the same wall.

Since clamping at junctions influence the natural frequencies, they are also studied. Floor 1 has a higher
mass which results in a lower natural frequency. Figure 5.30 shows that the clamping-like behaviour of the
junction does not compensate this lower f1—within the range of practical wall thicknesses—for all support
conditions. One can observe two resonance frequencies for continuous, since the other home-field either
resonates, though at a higher frequency due to its smaller span.

A significant effect upon the area contributing to the modal mass is found for increasing double leaf wall
width. The area is reduced because more mass is transferred to the supports, analogous to static situations
where the reaction force at the supports is higher for fixed support conditions compared to pinned.

b

(a) Double leaf with continuous and hinged internal junction

b

(b) Single leaf with continuous and hinged internal junction

Figure 5.28: Vibration shapes of floor 1 supported by CLT walls
(F1-CLT) for varying structural thickness of home-separating

wall

b

(a) Double leaf with continuous and hinged internal junction

b

(b) Single leaf with continuous and hinged internal junction

Figure 5.29: Vibration shapes of floor 2 supported by CLT walls
on elastomers (F2-CLT) for varying structural thickness of

home-separating wall
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Floor 1:
CLT floor (wet screed)

Rigid supports

Floor 2:
CLT floor (dry screed)

Floor 3:
Joist floor (with fill)

Floor 4:
Joist floor (no fill)

Flexible supports

(a) Double leaf with continuous floor (b) Double leaf with hinged floor

(c) Single leaf with continuous floor (d) Single leaf with hinged floor

Figure 5.30: Natural frequencies for varying thickness of home-separating wall

Double leaf with
continuous field

Rigid supports

Double leaf with
interrupted field

Single leaf with
continuous field

Single leaf with
interrupted field

Flexible supports

(a) Floor 1 (b) Floor 2

Figure 5.31: Modal mass area for varying thickness of home-separating wall
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5.3.4 Thickness internal CLT wall

Fixity at the internal support results from the same principle as for the home-separating wall. However, no
significant differences for internal wall thicknesses of 60, 80 and 210mm are found for floor 1 and 2, as can
be observed from figure 5.32 and 5.33 respectively. The single spanning floor field cases have insufficient
wall width available for development of significant clamping forces, likewise to single leaf home-separating
junctions. The results for continuous floor fields can be explained from the ratio between the clamping mo-
ment and hogging moment due to the continuous floor. Apparently, the fixity is insignificant to the resistance
applied by the other field. Therefore, increasing wall thicknesses are a doubtful manner of obtaining better
comfort levels.

Neither do the natural frequencies change significantly for increasing internal wall width, as is shown in
figure 5.34, which corresponds with observations regarding vibration shapes.

Figure 5.35a shows minor variation of the floor area contributing to the modal mass for floor 1. High
internal wall thicknesses (i.e. ≈ 140 mm) result in the clamping moment at the junction becoming dominant
over the effect of having a two-span floor, meaning the moment resistance of the second span is marginal
compared to clamping.

b

(a) Double leaf with continuous and hinged internal junction

(b) Single leaf with continuous and hinged internal junction

Figure 5.32: Vibration shapes of floor 1 supported by CLT walls
(F1-CLT) for varying structural thickness of internal wall

b

(a) Double leaf with continuous and hinged internal junction

(b) Single leaf with continuous and hinged internal junction

Figure 5.33: Vibration shapes of floor 2 supported by CLT walls
on elastomers (F2-CLT) for varying structural thickness of

internal wall
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Floor 1:
CLT floor (wet screed)

Rigid supports

Floor 2:
CLT floor (dry screed)

Floor 3:
Joist floor (with fill)

Floor 4:
Joist floor (no fill)

Flexible supports

(a) Double leaf with continuous floor (b) Double leaf with hinged floor

(c) Single leaf with continuous floor (d) Single leaf with hinged floor

Figure 5.34: Natural frequencies for varying thickness of internal wall

Double leaf with
continuous field

Rigid supports

Double leaf with
interrupted field

Single leaf with
continuous field

Single leaf with
interrupted field

Flexible supports

(a) Floor 1 (b) Floor 2

Figure 5.35: Modal mass area for varying thickness of internal wall
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5.4 FLOOR CONFIGURATION

Like previously discussed support parameters, changing the floor also affect the vibration shape and natural
frequencies. This section elaborates upon the influence of floor parameters related to longitudinal stiffness
and mass, which are both main parameters for natural frequencies as square root of the stiffness over mass.

5.4.1 Floor stiffness

The stiffness of a floor affects the vibration shape in the same manner as it does for static deflection, i.e.
higher stiffnesses result in the floor to bend less strongly. In figure 5.36 are the vibration shapes for CLT pan-
els with a thickness of 100, 130 and 180 mm of floor 2 supported by beams shown and in figure 5.38 for rigid
supports. Increasing the thickness significantly reduces the vibration amplitude. Similar results are found for
the vibration shapes of joist floors (see figure 5.37 for supports and figure 5.39 for rigid) supports. Amplitudes
at neighbouring floor fields are minorly affected by a changing floor stiffness.

Natural frequencies of rigidly supported floors increase almost linearly with both the thickness of the CLT
panel (figure 5.40) and height of the I-joist (figure 5.41). Joist floors show more linear lines because a higher
beam means a higher web and the flanges of the I-joist remain the same. Therefore the floor mass increases
only marginally, where for thicker CLT panels the self-weight either increases linearly.

Flexible supported floors tend to reach a plateau from a certain stiffness, because the supporting beams
prevent linear improvement of the system’s eigenfrequency. It can be concluded that increasing the floor its
stiffness is only effective up to some level depending on the support stiffnesses. Therefore, it can be con-
cluded that beam supports outweigh the beneficial effect of increased stiffness, and has to be kept in mind
when the flexural stiffness is increased to impede resonance with walking load harmonics.



88 5. Parameter study

h

(a) Double leaf with continuous and hinged internal junction

h

(b) Single leaf with continuous and hinged internal junction

Figure 5.36: Vibration shapes of floor 2 supported by beams
(F2-SB) for varying floor stiffness

h

(a) Double leaf with continuous and hinged internal junction

h

(b) Single leaf with continuous and hinged internal junction

Figure 5.37: Vibration shapes of floor 3 supported by beams
(F3-SB) for varying floor stiffness

h

(a) Double leaf with continuous and hinged internal junction

h

(b) Single leaf with continuous and hinged internal junction

Figure 5.38: Vibration shapes of floor 2 supported by
timber-frame (F2-TF) for varying floor stiffness

h

(a) Double leaf with continuous and hinged internal junction

h

(b) Single leaf with continuous and hinged internal junction

Figure 5.39: Vibration shapes of floor 3 supported by
timber-frame (F3-TF) for varying floor stiffness
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Floor 1:
CLT floor (wet screed)

Rigid supports

Floor 2:
CLT floor (dry screed)

Floor 3:
Joist floor (with fill)

Floor 4:
Joist floor (no fill)

Flexible supports

(a) Double leaf with continuous floor (b) Double leaf with hinged floor

(c) Single leaf with continuous floor (d) Single leaf with hinged floor

Figure 5.40: Natural frequencies for varying thickness of structural CLT floor

Floor 1:
CLT floor (wet screed)

Rigid supports

Floor 2:
CLT floor (dry screed)

Floor 3:
Joist floor (with fill)

Floor 4:
Joist floor (no fill)

Flexible supports

(a) Double leaf with continuous floor (b) Double leaf with hinged floor

(c) Single leaf with continuous floor (d) Single leaf with hinged floor

Figure 5.41: Natural frequencies for varying height of I-joists
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5.4.2 Additional mass by non-structural floor layers

Another major parameter for natural frequencies is the floors mass, which reduces the natural frequency but
improves the level of damping. In figure 5.42 the natural frequencies are shown, from which the same can be
concluded regarding fn . In the figure floor 1 and 3 are not visible, because they overlap with floor 2 and 4,
since their distincting property is the mass of non-structural layers.

The figure shows that joist floors always have a higher natural frequency compared to CLT floors because
of their higher stiffness-to-mass ratio. Moveover, it shows that, independent of the additional mass, flexible
supported CLT floors always will resonance with one of harmonics.

Floor 1:
CLT floor (wet screed)

Rigid supports

Floor 2:
CLT floor (dry screed)

Floor 3:
Joist floor (with fill)

Floor 4:
Joist floor (no fill)

Flexible supports

(a) Double leaf with continuous floor (b) Double leaf with hinged floor

(c) Single leaf with continuous floor (d) Single leaf with hinged floor

Figure 5.42: Natural frequencies for varying mass of non-structural floor layers
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5.5 COMPARISON WITH FUTURE EC5 REVISION

This section compares the fundamental frequencies obtained in this chapter with the equations proposed in
the future revision of Eurocode 5 for the standard typology properties given in section 4.4. First, the formulas
in the revision of EC5 are described briefly, and after that the resulting fundamental frequencies are compared
to the ones found with the Maple model

Fundamental frequency according to code

The working draft of EC5 [5] provides three formulas for determination of the fundamental frequency, where
one relates to rigid supports and the other two approximate the eigenfrequency of systems containing flexible
supports (see section 3.3).

1. Rigid supports

The future revision proposes an exact solution for f1 of a system supported rigidly (i.e. walls). This equation
is derived from classical vibration theory and is similar to the theorem where the model is based on. For the
comparison is the following equation used for rigid supports.

f1 = ke,1ke,2
π

2l 2

√
(E I )L

m

2. Flexible supports: deflection of system

From the maximum deflection can the fundamental frequency be approximated, where the floor weight is
applied in a single bay only. The following formula is proposed:

f1 = 18√
δs y s

3. Flexible supports: Dunkerley’s approximation

Dunkerley derived a equation to approximate the fundamental frequency by summing the fundamental fre-
quencies of all structural elements in the system. In this equation is f1, f loor the eigenfrequency of the floor
on rigid supports, and f1,sbs and f1,sbs the fundamental frequencies of the supporting beams at the home-
separating and internal junction respectively, where the mass of the supporting beam is the tributary floor
area supported by the beam plus its self weight.

f1 =
√√√√ 1

1
f 2

1, f loor
+ 1

3· f 2
1,sbs

+ 1
3· f 2

1,sbi

Comparison of fundamental frequencies

In table 5.2 the frequencies are given from the model, and f1 calculated according to the future revision of
Eurocode 5 for either the rigid formula or the equation for flexible supports. The first column holds the floor
typology in line with the ones given in figure 4.8. Js is the home-separating junction type, namely a double
leaf (D) or a single leaf (S), where Ji names the internal junction being continuous (C) or hinged (H). The
column besides gives the support type: either rigid (R) or flexible (F).

The model performs very accurately for rigid supports, which makes sense, since the model is based on the
same theory as the formula for rigid supports in revised EC5. Almost all the fundamental frequencies that are
found with the Maple model deviate marginally.

For flexible supports is the model less accurate, as expected, because it simplifies the floor into a one-
dimensional element. Fundamental frequencies acquired by the model are far off the frequencies approxi-
mated by the formula that uses the deflection of the system, with f1 from the model being 23% to 39% lower.

Compared to the third equation based on Dunkerley’s approximation, are the frequencies from the model
slightly higher, ranging from 1 to 13 percent. Based on these observations is the model also accurate when
the supports are flexible.
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Floor
Supports Model Future revision Eurocode 5

Js Ji f1 Eq. 1 % δs y s Eq. 2 % f1,bs f1,bi Eq. 3 %

F1-CLT

D C R 7,05 7,06 0% - - - - - -

D H R 6,08 6,09 0% - - - - - - -

S C R 6,95 7,06 -2% - - - - - - -

S H R 5,99 6,09 -2% - - - - - - -

F2-CLT

D C R 8,18 8,16 0% - - - - - - -

D H R 7,04 7,04 0% - - - - - - -

S C R 8,18 8,16 0% - - - - - - -

S H R 7,04 7,04 0% - - - - - - -

F2-SB

D C F 6,54 - - 3,84mm 9,19 -29% 8,69 6,48 6,05 8%

D H F 5,90 - - 5,23mm 7,87 -25% 8,69 6,48 5,54 6%

S C F 6,44 - - 3,84mm 9,19 -30% 6,48 6,48 5,69 13%

S H F 5,78 - - 5,23mm 7,87 -27% 6,48 6,48 5,26 10%

F2-TF

D C R 8,14 8,16 0% - - - - - - -

D H R 7,06 7,04 0% - - - - - - -

S C R 8,14 8,16 0% - - - - - - -

S H R 7,06 7,04 0% - - - - - - -

F3-SB

D C F 8,35 - - 1,89mm 13,09 -36% 8,85 6,59 7,95 5%

D H F 8,32 - - 2,74mm 10,87 -23% 8,85 6,59 7,64 9%

S C F 7,97 - - 1,89mm 13,09 -39% 6,59 6,59 7,21 10%

S H F 7,81 - - 2,74mm 10,87 -28% 6,59 6,59 6,98 12%

F3-TF

D C R 16,01 16,06 0% - - - - - - -

D H R 13,85 13,85 0% - - - - - - -

S C R 16,01 16,06 0% - - - - - - -

S H R 13,85 13,85 0% - - - - - - -

F4-SB

D C F 10,50 - - 1,21mm 16,36 -36% 11,78 8,78 10,44 1%

D H F 10,46 - - 1,75mm 13,61 -23% 11,78 8,78 9,99 5%

S C F 10,02 - - 1,21mm 16,36 -39% 8,78 8,78 9,50 6%

S H F 9,84 - - 1,75mm 13,61 -28% 8,78 8,78 9,15 8%

F4-TF

D C R 20,16 20,20 0% - - - - - - -

D H R 17,43 17,40 0% - - - - - - -

S C R 20,16 20,20 0% - - - - - - -

S H R 17,43 17,40 0% - - - - - - -

Table 5.2: Comparison of fundamental frequencies from model with future revision EC5
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Second part of the study of timber junction typologies focusses on the assessment of low- and high-frequency
floors for a person walking in a apartment. It aims for quantification of the 32 combinations of floor- and wall
configurations (8) and support conditions (4) such they are comparable regarding vibrational behaviour (in
home and at neighbour), acoustic performance and their mass.

This chapter adresses the last Maple sheet Damped Assessment using SDOF properties determined previously,
like natural frequencies and modal mass. For the last SDOF property, equivalent spring stiffness Keq , the
static solution and effective width are imported from System Solver, and floor and support properties (E I , q ,
ks and ki ) from Junction typology properties. Each floor is transformed into a SDOF system according to the
methodology noted in previous section 6.1, and the vibration levels are determined in Damped assessment of
junction typologies following below noted procedure.
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Chapter 5: Parameter study (continuous systems)

Chapter 6: Assessment (SDOF systems)

Transformation into SDOF

Figure 6.1: Flowchart of Maple sheets for chapter 6
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6.1 TRANSFORMATION OF FLOORS INTO SDOF SYSTEMS

Though amplitudes can be obtained from the continuous model in previous chapter, do they not correspond
with practice because of damping left out of the system. Therefore the floors are transformed into a system
that does not require a lot of computing power to include damping, which are Single Degree of Freedom
systems.

In this section, the procedure is demonstrated to obtain the properties of a mass-spring-dashpot system
that is equivalent to the floor in a certain point. By choosing most unfavourable the location, i.e. midspan for
the excited field and at the connecting junction for adjoining fields, the maximum vibration levels are found
for the floor field.

The fundamental frequencies determined in previous chapter, and found to be close to the ones obtained
using formulas in the future revision of EC5, are visualized in figure 6.2. The cut-off frequency of 8 Hz is also
shown, which is believed to distinct between the steady-state response of LFF and transient response of HFF.

Figure 6.2b shows the second natural frequency of floor span L1, which is caused by that floor set into
motion by an excitement in floor field L2. This is the case for two-span floor fields (in red and dark blue)
and typologies where the floor is supported by beams. The second mode has either to be accounted for in
transient responses, because all natural frequencies up to twice the fundamental one have to be considered
according to Sedlacek et al. [63].

Double leaf with
continuous field

Double leaf with
interrupted field

Single leaf with
continuous field

Single leaf with
interrupted field

(a) First natural frequency from span L2 (b) Second natural frequency from span L1

Figure 6.2: Natural frequencies of floor typologies
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6.1.1 Methodology

A downside of using a continuous system is that incorporating damping requires lots of computing power for
complex multi-field systems. However, it is very suitable for obtaining βL values and thus finding fundamen-
tal frequencies and modal masses. Therefore, two approaches presented in this work are combined, namely
the continuous system and representing a beam as a Single Degree of Freedom (SDOF) system, as introduced
in section 2.3. The example below demonstrates the relationship between these two methods and the rela-
tion of mass to fundamental frequency and damping ratio.

Continuous systems mathematically represent the beam structure as a whole and is, therefore, an exact
method for determination of fundamental frequencies. The second approach, SDOF systems, is a simplifica-
tion of the beam by describing the dynamic amplitude at midspan, where a spring represents the floor stiff-
ness and the floor its contributing weight concentrates in a lumped mass. For the case of a simply-supported
beam, the mass of the equivalent mass-spring-system is equal to the modal mass of the floor, which is about
0,49 times mass of the floor. In other cases, modal mass are determined by substituting β1L into the general
solution, such one obtains the mode shape, and after that, integrating the mode shape over the beam length.

Single spanning low-frequency floor (LFF)

Cross-laminated timber floors generally classify as low-frequency floor due to their low stiffness-to-mass ra-
tio. Therefore, the fundamental frequency is be determined below for a 130 mm thick panel with 5 layers
(30-20-30-20-30). Below the floor its properties are given for floor 2 supported by a timber-frame wall (F2-
TF), where E I is the longitudinal stiffness, q the mass and L the floor span.

E IL = 1,734 ·106 Nm²/m

E IT = 3,476 ·105 Nm²/m

q = 280 kg/m²

be f f = 2,08 m

L = L2 = 4,5 m

Continuous system Single Degree of Freedom (SDOF) system

L = 4,5 m

M*

Keq ζ

β1L =π

f1,cont =
(
β1L

)2

2π · (L)2

√
E IL

q
= 6,10 Hz

Keq = F

w
= 48 ·E IL ·be f f

L3 = 1,890 ·106 N/m

M∗ = 1

2
·q ·be f f ·L = 1310 kg

f1,SDOF = 1

2π

√
Keq

M∗ = 6,04 Hz

Fundamental frequency of the floor is below 8 Hz and thus, is classified as low-frequency floor. The frequency
found using the SDOF approach differs less than 1 % from the exact continuous method. Therefore it can be
concluded that the method is appropriate for simply-supported floor fields.
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Single spanning high-frequency floor (HFF)

Floors with a high stiffness-to-mass ratio classify as a high-frequency floor, which are in practice joist floors
with panel decking. For this example, I-joists (FJI89/220@300mm) are chosen with a 27 mm thick LVL panel
on top. This set-up results in the following floor properties for typology F3-TF:

E IL = 6,047 ·106 Nm²/m

E IT = 1,722 ·104 Nm²/m

q = 190 kg/m²

be f f = 0,95 m

L = L2 = 4.5 m

B = 3,6 m

Continuous system Single Degree of Freedom (SDOF) system

L = 4,5 m

M*

Keq ζ

β1L =π

f1,cont =
(
β1L

)2

2π · (L)2

√
E IL

q
= 13,84 Hz

Keq = F

w
= 48 ·E IL ·be f f

L3 = 3,026 ·106 N/m

M∗ = 1

2
·q ·be f f ·L = 406 kg

f1,SDOF = 1

2π

√
Keq

M∗ = 13,74 Hz

Like the low-frequency floor, a fundamental frequency is found from the mass-spring system slightly lower
(1 %), and therefore being on the conservative side. The chosen joist-floor in this example classifies as high-
frequency floor.

Effective width

A floor field bends in both the longitudinal and transverse direction when a force is applied. Since the method
simplifies the floor into a beam has there to be accounted for the force redistribution in transverse direction.
The effective width expresses the floor width that contributes to resistance of the load such that similar de-
flections are found for the equivalent beam. In table 6.1 are the static deflections given, as such they are
acquired from software package SCIA Engineer, and the corresponding effective width.

The effective flexural stiffness E Ie f f is found by multiplying the effective width with the flexural rigidity per
unit length (see table 4.4), which is thereafter used to determine the equivalent spring stiffness. Therefore,
the effective width is accounted for by Keq in the SDOF system.

Table 6.1: Static deflection and corresponding effective width

Span L2 Span L1

wst ,1kN

[mm]
be f f

[mm]
wst ,1kN

[mm]
be f f

[mm]

CLT
Double span 0.254 1968 0.064 2272
Single span 0.350 2077 0.088 2950

Joist
Double span 0.178 849 0.037 1188
Single span 0.231 952 0.048 2504
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Determining modal mass SDOF system from continuous fundamental frequency

Previous two examples for a LFF and HFF shows that fundamental frequencies found for the equivalent SDOF
system are about equal to the exact formulation of eigenfrequencies for continuous beams. This outcome is
used to transform the floor vibration at a specific location into an equivalent mass-spring-dashpot system for
all combinations of floors and support conditions.

First, for the SDOF system to be equivalent, the fundamental frequency has to be equal to the one found
for the continuous system: f1,cont = f1,SDOF . Secondly, the equivalent spring stiffness Keq is found from the
point load divided by the static deflection of the floor such that the lowest stiffness is found. Now the only
unknown is M∗, and can, therefore, be determined:(

β1L
)2

2π · (Ls )2

√
E IL

q
= 1

2π

√
Keq,e f f

M∗ =⇒ M∗ = Keq,e f f

(2π f1)2 = Keq,e f f ·
q

E IL

(
Ls

β1L

)4

(6.1)

Thus, equation 6.1 expresses the modal mass either in terms of equivalent spring stiffness and fundamental
frequency or, more comprehensively, in terms of equivalent stiffness, ratio of mass over longitudinal flexural
stiffness and ratio to the power 4 of span length over β1L. The parameters q , E IL and β1L (which includes the
support conditions) are system dependent, and therefore constant along the whole floor, where Keq,e f f and
Ls depend on the location that the SDOF system has to represent. Equivalent stiffness is the static counterpart
of mode shapes describing continuous systems, meaning it accounts for the position of the exciting person
and where the receiving person locates. Ls is the system length of the span one wants to determine the modal
mass, that is in this case, L2 (first mode) and L1 (second mode for two-span fields only).

Keq,L1h =
∣∣∣∣ P

wst ,max,L1home

∣∣∣∣ Keq,L2home =
∣∣∣∣ P

wst ,max,L2home

∣∣∣∣ Keq,L1n =
∣∣∣∣ P

wst ,max,L1nei g h

∣∣∣∣
Pwst,max,L1home wst,max,L1neigh

wst,max,L2home

(a) Flexible beam supports

wst,max,L1home
P

wst,max,L2home

(b) Rigid wall supports

Figure 6.3: Static deflection definition of different floor fields

6.1.2 SDOF properties of all floors

This section determines the mass- and stiffness properties of mass-spring-dashpot systems that correlate to
the floor- and support combinations. To study the effects of transmittance not only the excited home floor
field L2 is transformed, but its adjacent floor fields L1 at the other home room and span L1 at the neigh-
bouring apartment as well. It is not necessary to validate floor field L2 in the neighbouring apartment since
in section 5.2 is found that amplitude levels in L1 are always higher compared to L2 for the neighbouring unit.

Expression 6.1 can be used to generate an equivalent SDOF system that could represent vibrations at any floor
location. However, the lowest –and governing– modal mass is found for lowest equivalent spring stiffness.
The latter relates to the most unfavourable case where both load location and receiver’s point are positioned
such that the deflection in the floor field maximizes.

In this work, the static deflection is determined using the theorem of continuum mechanics since it is the
static counterpart of a continuous system. In this manner, the effective floor width is found by modelling
the floors in the software package SCIA Engineer. However, in practice, it is more suitable to determine the
equivalent spring stiffness directly with such software packages, which are often already used to verify the
strength and deflection of a floor.
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The proposed procedure is used to determine modal masses of all floor combinations for all previously men-
tioned three floor fields. In table 6.2 and 6.3 properties of the equivalent SDOF system are summed up and
the modal mass is compared to values found according to the equation provided in revised EC5.

6.1.3 Comparison with revised Eurocode 5

Input values for both steady-state and transient response of the transformed SDOF systems are compared to
the values calculated from the formulas proposed in the future revision of EC5.

In table 6.2 are the properties given used to determine the steady-state response. The fundamental frequency
was already found to be quite comparable in previous chapter. The input variable that represents the struc-
ture in the model differs from the one used in EC5 revision, since the model uses equivalent spring stiffness
Keq,e f f where EC5 prescribes the modal mass M∗ for defining the structure, and therefore, these are not
comparable to one another. However, steady-state responses below the fundamental frequency are stiffness
dominated, whereas above that, the mass dominates the response [64]. Since the model either validates the
steady-state response of higher fundamental frequencies of joist floors, the use of Keq,e f f is more correct. For
the case of assuming resonance, like in the revision of EC5, is the response damping dominated, and there-
fore the use of mass is either correct. Since the mass is either needed for the transient response, did they
probably choose to use the modal mass to keep the future code compact.

The Dynamic Modification Factor (DMF) describes the level of resonance compared to the static deflec-
tion, and is acquired from the model using Square Root Sum of the Squares (SRSS) method to combine the
DMFs of all harmonics. In the formula for ar ms proposed in EC5 revision assumes resonance with the nat-
ural frequency and given by 1/2ζ, and are only applied to floors with f1 < 8 Hz. Since no resonance occurs
for higher fundamental frequencies, the DMF of the model diverges from the revision of EC5 for these floor
types.

The Dynamic Load Factor (DLF) accounts for the contribution of each harmonic to the total walking load
curve, and is given for the dominating harmonic for fs,dom . Revision of EC5 proposes the factor α to deter-
mine the dynamic force of the walking load by e−0,4 f1 .

Transient responses both use the method where the heel-strike impulse divided by the modal mass gives the
initial velocity. The Maple model used in this work also allows to determine the modal masses of adjoining
floor fields through the transformation into mass-spring-dashpot systems, where the revision of Eurocode
5 only provides a formula for the modal mass of the excited field for single spanning situations. Therefore,
can only M∗

L2h be compared to M∗, which values are quite similar for rigidly supported floors. However, the
future revision of EC5 does not account for the additional mass of adjoining floor fields, which explains the
higher modal masses for especially floor F3-SB and F4-SB.

For determination of the initial velocity is the same procedure followed in both methods, as previously
mentioned. However, future revision of EC5 states that a walking frequency of 1,5 Hz has to be applied, but
a higher fs results in a more strong impact by the heel-strike (we tend to walk more brisk). Since the average
walking frequency of humans is about 2 Hz, the initial velocity is underestimated by v1,peak as adopted in
EC5. If one corrects for this and substitutes the dominant walking frequency fs,dom for the impulse value,
the initial velocity is similar for rigid supported floors, where flexible supports show higher values due to the
lower modal mass.
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Floor
Model Revision EC5

ζ f1 fs,dom Keq,e f f DMF DLF f1 M∗ DMF DLF
[-] [Hz] [Hz] [N/m] [-] [-] [Hz] [kg] [-] [-]

F1-CLT

DC 0,05 7,05 2,35 2,74·106 5,12 0,061 7,06 1316,0 10,0 0,059
DS 0,05 6,08 2,05 2,00·106 9,93 0,057 6,09 1316,0 10,0 0,088
SC 0,05 6,95 2,35 2,74·106 5,26 0,061 7,06 1316,0 10,0 0,059
SS 0,05 5,99 2,00 2,00·106 9,01 0,056 6,09 1316,0 10,0 0,088

F2-CLT

DC 0,04 8,18 2,05 2,74·106 5,15 0,057 8,16 984,2 12,5 0,038
DS 0,04 7,04 2,35 2,00·106 12,72 0,061 7,04 984,2 12,5 0,060
SC 0,04 8,18 2,05 2,74·106 5,15 0,057 8,16 984,2 12,5 0,038
SS 0,04 7,04 2,35 2,00·106 12,72 0,061 7,04 984,2 12,5 0,060

F2-SB

DC 0,04 6,54 2,50 1,48·106 5,57 0,064 5,44 984,2 12,5 0,113
DS 0,04 5,90 1,95 1,36·106 12,56 0,055 5,72 984,2 12,5 0,102
SC 0,04 6,44 2,50 1,49·106 5,98 0,064 5,44 984,2 12,5 0,113
SS 0,04 5,78 1,95 1,36·106 12,13 0,055 5,72 984,2 12,5 0,102

F2-TF

DC 0,04 8,14 2,50 2,74·106 5,16 0,064 8,16 984,2 12,5 0,038
DS 0,04 7,06 2,35 2,00·106 12,75 0,061 7,04 984,2 12,5 0,060
SC 0,04 8,14 2,50 2,74·106 5,16 0,064 8,16 984,2 12,5 0,038
SS 0,04 7,06 2,35 2,00·106 12,75 0,061 7,04 984,2 12,5 0,060

F3-SB

DC 0,03 8,35 2,10 1,79·106 16,49 0,058 6,93 406,4 16,7 0,062
DS 0,03 8,32 2,10 1,77·106 15,92 0,058 8,27 406,4 16,7 0,037
SC 0,03 7,97 2,00 1,80·106 8,44 0,051 6,93 406,4 16,7 0,062
SS 0,03 7,81 1,95 1,77·106 6,80 0,050 8,27 406,4 16,7 0,037

F3-TF

DC 0,03 16,01 2,50 3,91·106 2,57 0,064 16,06 406,4 16,7 0,002
DS 0,03 13,85 2,50 3,03·106 2,95 0,064 13,85 406,4 16,7 0,004
SC 0,03 16,01 2,50 3,91·106 2,57 0,064 16,06 406,4 16,7 0,002
SS 0,03 13,85 2,50 3,03·106 2,95 0,064 13,85 406,4 16,7 0,004

F4-SB

DC 0,025 10,50 2,50 1,79·106 9,91 0,064 8,73 256,5 20,0 0,030
DS 0,025 10,46 2,50 1,77·106 10,49 0,064 10,41 256,5 20,0 0,016
SC 0,025 10,02 2,50 1,80·106 20,16 0,061 8,73 256,5 20,0 0,030
SS 0,025 9,84 2,45 1,77·106 16,89 0,060 10,41 256,5 20,0 0,016

F4-TF

DC 0,025 20,16 2,50 3,91·106 2,30 0,064 20,22 256,5 20,0 0,000
DS 0,025 17,43 2,50 3,03·106 2,44 0,064 17,43 256,5 20,0 0,001
SC 0,025 20,16 2,50 3,91·106 2,30 0,064 20,22 256,5 20,0 0,000
SS 0,025 17,43 2,50 3,03·106 2,44 0,064 17,43 256,5 20,0 0,001

Table 6.2: Steady-state response input variables for model and revision EC5
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Floor
Model Revision EC5

ζ f1 fs,dom M∗
L1h M∗

L2h M∗
L1n v0,L2h f1 M∗ v1,peak v1, f sdom

[-] [Hz] [Hz] [kg] [kg] [kg] [mm/s] [Hz] [kg] [mm/s] [mm/s]

F1-CLT

DC 0,05 7,05 2,05 4726,2 1398,9 - 8,05 7,06 1316,0 2,98 10,97
DS 0,05 6,08 2,05 - 1370,0 - 8,19 6,09 1316,0 3,62 10,95
SC 0,05 6,95 2,05 4852,9 1436,4 - 7,97 7,06 1316,0 2,98 10,97
SS 0,05 5,99 2,05 - 1409,0 - 7,83 6,09 1316,0 3,62 10,57

F2-CLT

DC 0,04 8,18 2,35 3507,7 1038,3 - 7,35 8,16 984,2 3,25 9,99
DS 0,04 7,04 2,35 - 1020,5 - 11,04 7,04 984,2 3,94 14,73
SC 0,04 8,18 2,35 3509,9 1038,9 - 7,35 8,16 984,2 3,25 9,99
SS 0,04 7,04 2,35 - 1021,2 - 11,04 7,04 984,2 3,94 14,73

F2-SB

DC 0,04 6,54 1,95 1437,9 876,5 - 15,46 9,19 984,2 5,51 22,49
DS 0,04 5,90 1,95 1542,2 988,2 - 10,98 7,87 984,2 5,17 14,79
SC 0,04 6,44 1,95 1482,6 908,1 1380,2 15,22 9,19 984,2 5,51 22,49
SS 0,04 5,78 1,95 1606,3 1029,4 1606,3 10,83 7,87 984,2 5,17 14,79

F2-TF

DC 0,04 8,14 2,35 3537,6 1047,1 - 9,73 8,16 984,2 3,25 13,27
DS 0,04 7,06 2,35 - 1014,7 - 11,06 7,04 984,2 3,94 14,73
SC 0,04 8,14 2,35 3537,5 1047,1 - 9,73 8,16 984,2 3,25 13,27
SS 0,04 7,06 2,35 - 1014,9 - 11,06 7,04 984,2 3,94 14,73

F3-SB

DC 0,03 8,35 2,1 925,9 649,8 - 11,83 13,09 406,4 8,89 30,97
DS 0,03 8,32 2,1 776,8 647,4 - 11,94 10,87 406,4 7,07 24,62
SC 0,03 7,97 2,1 1016,6 719,2 921,1 10,59 13,09 406,4 8,89 28,88
SS 0,03 7,81 2,1 880,3 733,6 880,3 10,28 10,87 406,4 7,07 22,15

F3-TF

DC 0,03 16,01 2,5 1307,9 386,2 - 10,96 16,06 406,4 2,98 13,33
DS 0,03 13,85 2,5 - 399,4 - 12,79 13,85 406,4 3,62 16,17
SC 0,03 16,01 2,5 1307,9 386,2 - 10,96 16,06 406,4 2,98 13,33
SS 0,03 13,85 2,5 - 399,4 - 12,79 13,85 406,4 3,62 16,17

F4-SB

DC 0,025 10,50 2,5 585,3 410,7 - 17,83 16,36 256,5 9,62 46,68
DS 0,025 10,46 2,5 491,0 409,2 - 17,99 13,61 256,5 7,65 37,12
SC 0,025 10,02 2,5 642,7 454,7 582,3 17,11 16,36 256,5 9,62 46,68
SS 0,025 9,84 2,5 554,5 462,1 554,5 16,75 13,61 256,5 7,65 36,06

F4-TF

DC 0,025 20,16 2,5 825,4 243,8 - 12,87 20,20 256,5 3,23 15,66
DS 0,025 17,43 2,5 - 252,2 - 15,02 17,40 256,5 3,91 19,00
SC 0,025 20,16 2,5 825,4 243,8 - 12,87 20,20 256,5 3,23 15,66
SS 0,025 17,43 2,5 - 252,2 - 15,02 17,40 256,5 3,91 19,00

Table 6.3: Transient response input variables for model and revision EC5
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6.2 COMFORT LEVELS OF COMBINED RESPONSE

By transforming the different combinations into a single degree of freedom system can their vibration perfor-
mance be assessed. First the response factors based on r.m.s. acceleration are presented for the excited floor
field as well as adjoining floor fields in home and at neighbouring apartment. Thereafter, showing graphs for
r.m.s. velocities of the same floor fields. Finally, sensitivity of SDOF systems for the damping ratio is studied
since these susceptible to wide variations in literature.

6.2.1 Methodology

Since damping is included in the system, we can now assess the floor fields for appropriate comfort. This
calculation focusses on span L2 in the home (i.e. the excited floor field), but the same procedure holds for the
other fields:

1. Determine steady-state response to walking load harmonics

2. Define transient response as a result of footfall heel-strike

3. Calculate 90 % quantile acceleration r.m.s. and velocity of combined steady-state and transient re-
sponses

4. Transform ar ms and vr ms into response factor R and classify the floor field

The following mass-spring-dashpot properties are used in this calculation:

f1,L2 = 8,14 Hz M∗
L2h,m1 = 1047,1 kg Keq,L2h = 2,742 ·106 N/mm

f2,L1 = 14,75 Hz M∗
L2h,m2 = 428,9 kg

Steady-state response

The steady-state response is a periodically constant vibration that is forced by one of the walking load har-
monics, meaning the structure only reacts to that dynamic force. It is in mathematical terms defined by the
particular solution for an SDOF system Wss , which follows from equation 2.22 introduced in section 2.3.2.

M*
Keq ζ

P sin(2π fh t - φh)

w

Figure 6.4: Equivalent
SDOF system for

steady-state vibration

Wss = P

Keq
·DMF (n · fs , f1) ·DLF (n · fs ) · sin

(
2πn fs t −ϕn

)
(6.2)

In expression 6.2 a harmonic function with an amplitude is given by factors that in-
clude the level of resonance and the strength of forcing load. The first part of the
amplitude is given by the static displacement multiplied with a factor that considers
the amplification level such that the maximum dynamic amplitude is found. Static
displacement is the magnitude of force P (weight of one person, taken as P = 700
N) divided by the equivalent stiffness. Level of resonance depends on the Dynamic
Magnification Factor (DMF) that depends on the ratio of harmonic load frequency
and the fundamental frequency. Secondly, the amplitude depends on the strength
of the force, which is taken into account by the Dynamic Load Factor (DLF). It in-
corporates how strongly each harmonic contributes to the total walking load by the
Fourier coefficient.

Walking load decomposes into four harmonics contributing separately to the vibration and together form the
steady-state response. First, determining the response of the equivalent mass-spring-dashpot system to each
harmonic, and secondly, summing these responses to find the total response.

One finds the most extreme responses when resonance occurs with one – or more – harmonics. Therefore,
the structure has to be checked within the whole range of step frequencies, which is between 1,5 and 2,5 Hz
according to several studies regarding walking harmonics [63, 72]:



6.2. Comfort levels of combined response 103

• fh1 = 1 fs Frequency range: 1,5-2,5 Hz

• fh2 = 2 fs Frequency range: 3,0-5,0 Hz

• fh3 = 3 fs Frequency range: 4,5-7,5 Hz

• fh4 = 4 fs Frequency range: 6,0-10,0 Hz

Let us assume for now that fs = 2,72 Hz results in the strongest response, thus fh1 = 2,72 Hz, fh2 = 5,44 Hz,
fh3 = 8,16 Hz and fh4 = 10,88 Hz. Later on will be shown that this step frequency resonates most strongly
with the structure.

The closer the forcing frequency gets to the fundamental frequency, the stronger the effect of resonance will
be. The Dynamic Magnification Factor (DMF) accounts for this by factoring the static SDOF displacement;
thus DMF = 2 means the dynamic amplitude is twice the static displacement.

DMFh1 =
1√(

1− f 2
h1

f 2
1

)2

+
(
2ζ fh1

f1

)2
= 1,091 DMFh2 =

1√(
1− f 2

h2

f 2
1

)2

+
(
2ζ fh2

f1

)2
= 1,502

DMFh3 =
1√(

1− f 2
h3

f 2
1

)2

+
(
2ζ fh3

f1

)2
= 3,937 DMFh4 =

1√(
1− f 2

h4

f 2
1

)2

+
(
2ζ fh4

f1

)2
= 2,811

Dynamic Load Factor (DLF) expresses the contribution of each harmonic to the total walking load and ob-
tained by Fourier transformation of displacement-time curves of walking experiments. Wilford et al. [72]
combined multiple studies and found the following expressions for mean values:

DLFh1 = 0,37( fh1 −0,95) < 0,5

DLFh2 = 0,054+0,0044 fh2

DLFh3 = 0,026+0,0050 fh3

DLFh4 = 0,010+0,0051 fh4

=⇒ DLFh1 = 0,5 (6.3)

=⇒ DLFh2 = 0,080 (6.4)

=⇒ DLFh3 = 0,071 (6.5)

=⇒ DLFh4 = 0,071 (6.6)

Due to the presence of damping a slight phase shift occurs under a forced vibration, since the damper slightly
resists the SDOF system of moving. This effect is taken into account by the phase lag, which is defined – in
line with equation 2.23 – as:

ϕh1 = arctan

(
2ζ fh1

π
(

f 2
h1 − f 2

1

))
=−0,00043 ϕh2 = arctan

(
2ζ fh2

π
(

f 2
h2 − f 2

1

))
=−0,00070

ϕh3 = arctan

(
2ζ fh2

π
(

f 2
h3 − f 2

1

))
= 0,10043 ϕh4 = arctan

(
2ζ fh4

π
(

f 2
h4 − f 2

1

))
= 0,00049

Now all components of the steady-state response are known, displacement over time of each harmonic can
be determined:

WL2h,h1(t ) = P

Keq,L2h
·DMFh1 ·DLFh1 sin

(
2πn fs t −ϕh1

) = 0,1409sin(18,85t +0,00044) (6.7)

WL2h,h2(t ) = P

Keq,L2h
·DMFh2 ·DLFh2 sin

(
2πn fs t −ϕh2

) = 0,0445sin(37,70t +0,00084) (6.8)

WL2h,h3(t ) = P

Keq,L2h
·DMFh3 ·DLFh3 sin

(
2πn fs t −ϕh3

) = 0,0762sin(56,56t +0,00174) (6.9)

WL2h,h4(t ) = P

Keq,L2h
·DMFh4 ·DLFh4 sin

(
2πn fs t −ϕh4

) = 0,0154sin(75,41t −0,00033) (6.10)
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Above expressions define the response to each harmonic and according to the superposition-principle the
total response is a summation of equations 6.7-6.10. In figure 6.5 are the responses to each harmonic (equa-
tions 6.7-6.10) plotted besides the combined total response.

Figure 6.5: Maximum steady-state response of floor 2 with timber-frame walls (F2-TF) and double leaf continuous floor field (DC)

Equations 6.7-6.10 are displayed in figure 6.5 together with the summation of all four. One can observe that
the total steady-state response predominantly consists of the combination of harmonic 1 and 4. This makes
sense since harmonic 4 ( fh4 = 8,20 Hz) strongly resonates with the structure ( f1 = 8,14 Hz) and harmonic 1
has a high DLF compared to the other harmonics.

Transient response

Transient response relates to the homogeneous solution Wtr , which is introduced in section 2.3.1 with equa-
tion 2.20, and defined by the absence of a force.

M*
Keq ζ

w

Figure 6.6: Equivalent
SDOF system for transient

vibration

Wtr = v0

2π f1
·e−2πζ f1t · sin

(
2π f1t

)
(6.11)

The vibration occurs due to an initial displacement W0 and velocity v0 whereafter
the structure oscillates freely back to its origin due to energy dissipating from the
system. For the case of walking vibrations, the initial displacement is equal to zero
and initial velocity defined as energy added by a heel striking the floor making a
mass move:

W0 = 0 v0 = ∂Wt=0

∂t
= I

M∗

Initial velocity is thus given by dividing the impulse of that heel-strike over modal
mass of the structure. The second term in equation 6.11 incorporates the energy
dissipating from the system through damping. Finally, the oscillation is included by
the sinusoidal term.

Transient responses are also known as free vibrations since the floor vibrates freely without an external force
being present. These vibrations are a combination of all vibration modes according to the superposition
principle, where the first mode is most dominant.

v0,L2h,m1 =
Im1

M∗
L2h,m1

= 12,63 mm/s where: Im1 = 42
f 1.43

s

f 1.3
1,L2

= 11,50 Ns (6.12)

WL2h,m1(t ) = v0,L2h,m1

2π f1,L2
·e−2πζ f1,L2t · sin

(
2π f1,L2t

) = 0,469 ·e−2,047t sin(51,17t ) (6.13)

All natural vibration modes with eigenfrequencies up to twice the fundamental frequency have to be consid-
ered according to multiple studies [63, 72, 75]. Therefore, the second mode of structures where a dynamic
force at span L2 excites floor span L1, i.e. double span and beam supported floors, has also to be taken into
account. Eigenfrequency of the second mode is f1,L1 resulting in modal mass M∗

L2h,m2. Furthermore, dis-
placement over time of the second SDOF system is found in the same manner as for the first mode.
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v0,L2h,m2 =
Im2

M∗
L2h,m2

= 14,25 mm/s where: Im2 = 42
f 1.43

s

f 1.3
1,L1

= 5,31 Ns (6.14)

WL2h,m2(t ) = v0,L2h,m2

2π f1,L2
·e−2πζ f1,L1t · sin

(
2π f1,L1t

) = 0,154 ·e−3,708t sin(92,69t ) (6.15)

Figure 6.7: Maximum transient response

In figure 6.7 are equations 6.13 (mint) and 6.15 (blue) displayed for t = 0. . .2Ts . In reality is the transient
response given by the summation of both equations (black) according to the superposition principle. The
second mode has a higher natural frequency which causes more cycles than the first mode in the same period,
and thus more energy is dissipated from the system. Therefore decays the second mode faster than the first
mode.

Root-mean-square acceleration and velocity

Now the profile of both responses is known, their root-mean-square values for acceleration and velocity can
be determined. Since humans perceive acceleration more strongly for lower frequencies and velocity for the
higher ones, the r.m.s. values are weighted for human perception with HW,a for acceleration and HW,v for
velocity:

HW,a = 1√
1+

(
f

5,6

)2
HW,v = 1√

1+
(

5,6
f

)2
(6.16)

Since the floor is relatively short, all harmonics have to be corrected for the inability to fully build up reso-
nance with factor ρ (see section 2.4.2). The formula is repeated below, where L2 is the floor span and vs the
walking speed, which is 1,62 m/s for fs = 2,05 Hz [63].

ρ = 1−exp−2πζ f1Tw = 0,916 where: Tw = L2

vs
= L2

1,67 f 2
s −4,83 fs +4,5

= 1,21 (6.17)

As mentioned in section 2.5.2, the root-mean-square is defined as the square root of the mean square, where
the mean square is obtained by integrating the square of a function over one period and dividing it by that
same period. The period of one step Ts , i.e. the time between two footsteps, is given by:

Ts = 1

fs
= 0,368 s
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ar ms,h1 = HW,a( f = fh1) ·ρ ·
√

1

Ts

∫ Ts

0

(
∂2WL2h,h1(t )

∂t 2

)2

d t = 0,90 ·0,916 ·29,7 = 24,44 mm/s²

(6.18)

ar ms,h2 = HW,a( f = fh2) ·ρ ·
√

1

Ts

∫ Ts

0

(
∂2WL2h,h2(t )

∂t 2

)2

d t = 0,72 ·0,916 ·29,5 = 19,41 mm/s²

(6.19)

ar ms,h3 = HW,a( f = fh3) ·ρ ·
√

1

Ts

∫ Ts

0

(
∂2WL2h,h3(t )

∂t 2

)2

d t = 0,57 ·0,916 ·395,0 = 204,75 mm/s²

(6.20)

ar ms,h4 = HW,a( f = fh4) ·ρ ·
√

1

Ts

∫ Ts

0

(
∂2WL2h,h4(t )

∂t 2

)2

d t = 0,46 ·0,196 ·69,77 = 29,25 mm/s²

(6.21)

ar ms,tr =
√

1

Ts

∫ Ts

0

(
∂2HW,a( f = f1,L2) ·WL2h,m1(t )+HW,a( f = f1,L1) ·WL2h,m2(t )

∂t 2

)2

d t = 238,9 mm/s²

(6.22)

Acceleration over time is by definition the second derivative of W (t ) over time and used to determine the
root-mean-square values of acceleration. These values are multiplied with the weighting function HW,a and
resonance build up factor ρ. From equations 6.18–6.21 one can observe that the first harmonic is perceived
most strongly and the fourth harmonic the least.

The same procedure is followed for obtaining root-mean-square velocity values, where velocity over time is
the first derivative of W (t ) over time:

vr ms,h1 = HW,v ( f = fh1) ·ρ ·
√

1

Ts

∫ Ts

0

(
∂WL2h,h1(t )

∂t

)2

d t = 0,44 ·0,916 ·1,74 = 0,69 mm/s (6.23)

vr ms,h2 = HW,v ( f = fh2) ·ρ ·
√

1

Ts

∫ Ts

0

(
∂WL2h,h2(t )

∂t

)2

d t = 0,70 ·0,916 ·0,86 = 0,55 mm/s (6.24)

vr ms,h3 = HW,v ( f = fh3) ·ρ ·
√

1

Ts

∫ Ts

0

(
∂WL2h,h3(t )

∂t

)2

d t = 0,82 ·0,916 ·7,70 = 5,82 mm/s (6.25)

vr ms,h4 = HW,v ( f = fh4) ·ρ ·
√

1

Ts

∫ Ts

0

(
∂WL2h,h4(t )

∂t

)2

d t = 0,89 ·0,916 ·1,02 = 0,83 mm/s (6.26)

vr ms,tr =
√

1

Ts

∫ Ts

0

(
∂HW,v ( f = f1,L2) ·WL2h,m1(t )+HW,v ( f = f1,L1) ·WL2h,m2(t )

∂t

)2

d t = 6,74 mm/s (6.27)

Since humans perceive velocity more strongly for higher frequencies and resonance build up is similar to
ar ms contribute higher harmonics more to weighted root-mean-square velocity than the lower ones.

Response factor of combined total response

Different root-mean-square values can be combined by a procedure known as ’Square root sum of the squares’
according to Wilford [72]. As a consequence, have low r.m.s. values a low contribution to the total value, where
high values dominate the r.m.s. total value.

ar ms,SS =
√

a2
r ms,h1 +a2

r ms,h2 +a2
r ms,h3 +a2

r ms,h4 = 209,2 mm/s² (6.28)

ar ms,Tr = ar ms,tr = 238,9 mm/s² (6.29)

ar ms =
√

a2
r ms,SS +a2

r ms,Tr = 317,5 mm/s² (6.30)
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vr ms,SS =
√

v2
r ms,h1 + v2

r ms,h2 + v2
r ms,h3 + v2

r ms,h4 = 5,94 mm/s (6.31)

vr ms,Tr = vr ms,tr = 6,74 mm/s (6.32)

vr ms =
√

v2
r ms,SS + v2

r ms,Tr = 8,99 mm/s (6.33)

Both steady-state and transient response contribute to total ar ms and vr ms value. When above explained
procedure is followed for each walking frequency the following graphs are obtained:

Figure 6.8: aRMS-values within the walking frequency
range

Figure 6.9: vRMS-values within the walking frequency
range

Above shown figures explain why fs = 2,72 Hz was assumed to be the dominant walking frequency since this
results in the strongest resonance in the steady-state regime. Transient response increases almost linearly
with the walking frequency since the impact force of a heel-strike rises with fs .

Simply using the highest ar ms and vr ms would be insufficient, since high walking frequencies have a low
probability of occuring. Therefore, the stochastic demographic distribution of Waarts [67] is applied to find
the root-mean-square values with only 10 % chance on exceeding. Figure 6.10 and 6.11 show the cumulative
probability of ar ms and vr ms respectively, where 90% quantile values can be read of the graphs: ar ms90 =
215,63 mm/s² and vr ms90 = 6,10 mm/s.

Figure 6.10: Probability of aRMS-values Figure 6.11: Probability of vRMS-values

Concluding, the response factor is determined for both ar ms90 and vr ms90, and the maximum of these two
classifies the floor:

RL2h,a = ar ms90,L2h

5
= 43,1 RL2h,v = vr ms90,L2h

0.1
= 61,0

RL2h = max
(
RL2h,a ,RL2h,v

)= 61,0
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6.2.2 Quantification using root-mean-square values

For each of the floor typologies, and their four support condition variations, the vibrations due to humans
walking are quantified in terms of root-mean-square values, and the found results for these combinations
are elaborated below.

Acceleration

Figure 6.12a summarises the r.m.s. acceleration values calculated for all floor typologies shown below the col-
umn graph. All beam supported floors show higher ar.m.s. compared to their equivalents on rigid supports,
which has two causes. 1) The static deflection due to a single person is higher for flexible supports, because
the displacement of the supporting beam adds up to the floor deflection, resulting in a stronger steady-state
response. 2) Impact values by a heel-strike for transient responses increase for lower fundamental frequen-
cies, which can not be fully compensated by the increased modal mass, and therefore, have flexible supported
a higher initial velocity.

The CLT-floor with a wet screed (F1-CLT) performs better than the one with a dry screed (F2-CLT and F2-
TF) for all support conditions, where the wet screed shows higher values for the continuous field, and the dry
screed for the hinged internal junction. This is due to the dominant walking frequency fs,dom , as can be read
from table ??.

Floor 3 (with additional mass, F3-TF) performs slightly better than the other rigidly supported joist floor
(F4-TF). This attributes to the increased mass resulting in a lower initial velocity, and thus a weaker transient
response.

Vibration levels found in the floor fields in home (figure 6.12b) and neighbouring apartment (figure 6.12c)
are lower than in the excited field. Especially continuous floor fields result in higher vibration levels in these
adjoining fields.
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Double leaf with
continuous field

Double leaf with
interrupted field

Single leaf with
continuous field

Single leaf with
interrupted field

(a) Excited home field (L2)

(b) Other home field (L1) (c) Neighbour field (L1)

Figure 6.12: ar ms values of floor typologies
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Velocity

Vibration levels in terms of root-mean-square velocity are shown in figure 6.13, from which can be observed
that flexibly supported floors also perform about twice as worse than their rigid equivalent. Of all rigid floors,

Double leaf with
continuous field

Double leaf with
interrupted field

Single leaf with
continuous field

Single leaf with
interrupted field

(a) Excited home field (L2)

(b) Other home field (L1) (c) Neighbour field (L1)

Figure 6.13: vr ms values of floor typologies
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floor 2 shows, on average, the highest vr ms values.

6.2.3 Contribution transient response

Generally it is assumed that the transient response can be neglected for low-frequency floors, and steady-
state response contributes marginally for high-frequency floors. One of the aims of this work is to check that
hypothesis, especially for floors with a fundamental frequency around 8 Hz. The contribution of the transient
to the total response is calculated with the following equation for acceleration and velocity respectively:

(
ar ms,Tr

ar ms,tot

)2

·100%

(
vr ms,Tr

vr ms,tot

)2

·100%

In figure 6.14a are the contributions of the transient to the total response shown for acceleration, which is
the quantity often used to assess low frequency floors, for example the future revision of EC5. Based on this
study can be concluded that transient response do contribute significantly to low-frequency floors (between
30 and 60 % for rigid supports), and therefore, neglecting the transient response results in underestimated
vibration levels. On the other hand, vibrations of high frequency floors (F3 and F4) consist almost fully out
transient responses when expressed in ar ms .

When the root-mean-square velocity is applied as vibration level quantity, as is commonly done for high-
frequency floors, the total response consists, for the major part, of transient response contribution (see fig-
ure 6.14b).

Therefore can be concluded based on this work that transient responses contribute always to the vibration
levels, independent of whether the floor is classified as LFF or HFF. Regarding the steady-state response it is
correct to assume that it can be neglected for high-frequency floors.

Double leaf with
continuous field

Double leaf with
interrupted field

Single leaf with
continuous field

Single leaf with
interrupted field

(a) Acceleration (b) Velocity

Figure 6.14: Contribution of transient to total response

6.2.4 Classification using response factors

We now have two values that define the floor vibrations, namely the root-mean-square acceleration and ve-
locity. Since the annoyance depends on the frequency range do we have to introduce the response factor to
find the lowest comfort level of the two. This response factor is defined by R and relates to the base curve of
ISO 10137 [17] where R = 1 relates to hardly perceptible vibrations given in the frequency range. Below are
the definitions given of R, where ar ms is in mm/s2 and vr ms in mm/s.

R = aw,r ms

5
= vw,r ms

0.1
(6.34)
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Table 6.4: Response factors as given in revision of EC5 [5] and newly determined for combined response

Performance level REC 5 Rcomb. ar ms90 vr ms90

I Quality 4 7 35 mm/s² 0,7 mm/s
II Quality 8 14 70 mm/s² 1,4 mm/s
III Quality 16 28 140 mm/s² 2,8 mm/s
IV Base 32 56 280 mm/s² 5,6 mm/s
V Economy 64 112 560 mm/s² 11,2 mm/s

The determined reponse factor classifies the floor for comfort and depends on the type of use. Since this
study focusses on multi-family buildings will only deliberated on these response factors given in the future
revision of Eurocode 5. For these factors is, however, the assumption made that LFFs are only subjected to
the steady-state response and HFF to transient response only, where this work studies the combination of
both responses, and therefore, the classes have to be adopted for appropriate classification. The response
factors of the most elementary floors, e.g. single-span floor on rigid supports, are calculated for steady-state
or transient response only and compared to the response factors from the combined responses. Thereafter,
the new response factors classes are found such that similar classifications are found, given in table 6.4. It
should be noted that these proposed factors are only an estimation that reflects the comfort levels for com-
bined responses and further research is required for actual classification of floors.

Generally can be stated that rigid supports are the best measure that could be taken to prevent transmittance
of vibrations. Since neighbours get annoyed at lower vibration levels due to a source that is hard to address
should especially the separating wall be designed such that it behaves rigid. The internal junction can still
be executed with supporting beams for flexibility reasons as long as the beam has sufficient stiffness (i.e. a
height above 300 mm).

When observing the four floor configurations on rigid supports do floor 1 and 3 perform quite similarly, where
floor 3 shows slightly bigger differences between the single- (red and dark blue) and two-span (orange and
light blue). Thereafter follows floor 4, and floor 2 the worst of all. From figure 6.15 can be concluded that
increasing the stiffness (floor 3 with joists) either reduces vibrations, besides the commonly applied measure
by increasing the mass (floor 1). Moreover, when building in CLT sufficient mass should be added to prevent
excessive vibrations, preferably by applying wet screeds since it increases the impact sound insulation. Joists
with decking floors are generally lighter resulting in a higher fundamental frequency, and therefore not sus-
ceptible to steady-state vibrations. Leaving out the additional mass of the floor configuration (floor 4) results
higher in initial velocities compared to floors with higher modal masses (floor 3).

Concluding, for multi-family buildings where the permanent load on the foundation does not play a role
in the design process the most efficient design choice is to increase the floor its mass, since it improves both
the vibration comfort and impact sound insulation. When the structure is a vertical extension or build on soil
with low load-bearing capacity, and thus the mass plays a role, an joist floor should be applied because vibra-
tions are controlled by sufficient stiffness. Mass could be added to the floor for acoustic reasons as long as the
fundamental frequency is kept above 12 Hz to prevent resonance with walking load harmonics, i.e. negligible
steady-state response. In case that limit is reached and more mass is still required, the stiffness should either
be increased.

No significant differences are found between single- and two-span floors, but single-span floors perform
in general slightly better especially for HFF where the second mode introduced by the shorter floor span
increases the vibration levels.

Flexible supported home-separating junctions where both floors are supported should be prevented or
sufficient stiff beams (above 400mm height) have to be applied. Generally it is a safer measure to apply
two beams (double leaf typology) in that home-separating junction such that vibration transmittance is pre-
vented. For rigid support types, no differences are found between single- and double leaf regarding transmit-
tance, thus applying a single leaf wall preferable for reducing mass, since both wall types have similar sound
insulation.
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Double leaf with
continuous field

Double leaf with
interrupted field

Single leaf with
continuous field

Single leaf with
interrupted field

(a) Excited home field (L2)

(b) Other home field (L1) (c) Neighbour field (L1)

Figure 6.15: Response factor
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6.3 SENSITIVITY RESPONSE FACTORS FOR DAMPING RATIO

The response factors are, besides the fundamental frequency, highly dependent on the damping ratio. Since
the values in literature widely vary and structure specific values can only be obtained by full-scale experi-
ments, the sensitivity of the R factors for ζ is studied in this section. The values are varied by a factor ranging
from 0,5 to 2,0 (see figure 6.5), where the results are shown in a boxplot (figure 6.16), such that the response
range can be studied. A wider ranging boxplot means a higher sensitivity for the damping ratio.
The damping ratios are based on values provided by Abeysekera [1], which are adopted in the future revision
of EC5. According to Abeysekera, resilient elastomers in the junction do have a positive effect on the damping
ratio, but since more experiments have to be done for realistic ζ values, the resilient interlayers are neglected
for damping ratios. Besides, the absence of a fill for floor 4 is encountered by reducing the damping ratio with
0,5%.

Floor 1 Floor 2 Floor 3 Floor 4
0,50ζ= 0,025 0,02 0,015 0,0125
0,60ζ= 0,03 0,024 0,018 0,015
0,70ζ= 0,035 0,028 0,021 0,0175
0,80ζ= 0,04 0,032 0,024 0,02
0,90ζ= 0,045 0,036 0,027 0,0225

ζ= 0,05 0,04 0,03 0,025
1,11ζ= 0,056 0,044 0,033 0,0278
1,25ζ= 0,063 0,05 0,038 0,031
1,43ζ= 0,071 0,057 0,043 0,038
1,67ζ= 0,083 0,067 0,05 0,0417
2,00ζ= 0,1 0,08 0,06 0,05

Table 6.5: Damping ratios used for sensitivity study

Beam supported floors tend to be more sensitive for varying damping ratios, meaning their vibration levels
are more controlled by damping, which is a consequence of their lower system stiffness. Most boxplots are
quite symmetric in their mean value, but some show a longer tail upwards, like the double leaf walls and
continuous floor field in figure 6.16b. The symmetry of the plot declares the dependency on damping, the
more symmetric the more linear the response increases with increasing damping ratio.



6.3. Sensitivity response factors for damping ratio 115

(a) F1-CLT (b) F2-CLT (c) F2-SB (d) F2-TF

(e) F3-SB (f ) F3-TF (g) F4-SB (h) F4-TF

Figure 6.16: Response factors of combined responses for 0,5ζ to 2ζ
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6.4 COMPARISON RESULTS WITH OTHER METHODS

The Maple model is validated by comparing the vibration levels with values calculated in line with the future
revision of EC5 and experiments conducted by TNO for the project ’De Karel Doorman’ by RHDHV.

Revision Eurocode 5

Eurocode 5 allows one to only assess the excited field and not vibration levels at adjoining floor fields. There-
fore, only floor span L2 is compared in this section. Moreover, the code assumes resonance with one of the
harmonics and neglects the others. Therefore, to correctly compare the model to EC5, only the ar ms value of
the strongest contribution harmonic at the dominant walking frequency is shown in table 6.6 for steady-state
response from the model.

As elaborated in section 6.1 (table 6.2 and 6.3) does not only the procedure of assessment differ, but also
input values like modal mass and initial velocity. To account for this, the mass-spring-dashpot properties are
obtained by transformation into a SDOF system also applied for validation according to the EC5 procedure.
Below the equations for ar ms and vr ms are given according to future revision of EC5. Explanation of these
equations can be found in section 3.3.

ar ms = 0,4αF0p
2M∗2ζ

vr ms =β ·Ki mp ·Kr ed

42
f 1.43

s

f 1.3
1

M∗+70

Steady-state response

Steady-state responses of low-frequency floors are validated with the quantity ar ms in EC5, where the geom-
etry floor properties are enclosed by M∗ and α (which depends on f1).

Values found for the dominating harmonic by the Maple model are of the same order of magnitude as the
ones obtained in line with EC5, but the variances are significant. Especially for flexible supported typologies
are large differences visible in table 6.6, which may be caused by the fact that not all the formulas that are
proposed are suited for floors supported on beams, as already mentioned in section 6.1. When SDOF prop-
erties obtained in this work are used as input for EC5, the values for ar ms of the model neither do approach
the ones from the code. This may be due the different procedure that is used, since the future revision of EC5
determines the vibration level based on the modal mass, applies this work the use of equivalent stiffness Keq

for assessment of steady-state responses.

Transient response

High-frequency floors, with a fundamental frequency above 8 Hz, are assumed to be transient according to
future revision of EC5 so are only the vr ms values for transient response from the model used for comparison.

As was already stated in section 3.3, the assumption in EC5 that the walking frequency is 1,5 Hz leads to an
underestimation of the impact by a heel-strike. This mainly explains the difference in vr ms values between
the model an EC5, as table 6.6 shows.

When floor properties obtained by the model are substituted in the formulas of EC5, more similar vibra-
tion levels are found. For the magnitude of the impact the dominant walking frequency is used. However, for
support conditions with a continuous floor field (DC and SC) the model generally gives higher values because
it also includes the second mode in the displacement-time expression for the floor.
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Floor
Steady-state: ar ms [mm/²] Transient: vr ms [mm/s]

Model EC5 Model EC5
Input: Model Input: EC5 Input: Model Input: Model Input: EC5 Input: Model

F1-CLT

DC 132,67 89,29 84,48 6,76 1,19 4,56
DS 154,95 131,82 127,06 5,54 1,47 5,74
SC 129,66 89,29 85,38 6,70 1,19 4,52
SS 156,97 131,82 127,80 5,45 1,47 5,68

F2-CLT

DC 205,70 95,96 90,44 6,78 1,27 4,32
DS 221,79 150,57 144,98 4,42 1,58 4,44
SC 205,71 95,96 90,48 6,78 1,27 4,32
SS 221,44 150,57 145,02 4,42 1,58 4,44

F2-SB

DC 259,44 245,93 206,22 16,05 2,06 8,19
DS 257,86 255,65 236,23 8,13 2,11 8,16
SC 253,92 285,25 207,06 15,52 2,26 8,12
SS 253,89 294,49 237,86 7,63 2,31 7,78

F2-TF

DC 204,75 95,96 90,93 6,74 1,27 4,31
DS 224,02 150,57 144,64 4,43 1,58 4,45
SC 204,77 95,96 90,93 6,74 1,27 4,31
SS 223,97 150,57 144,65 4,43 1,58 4,45

F3-SB

DC 389,33 379,01 180,04 12,77 5,14 11,74
DS 396,71 296,95 183,08 8,01 4,60 11,48
SC 365,39 506,93 189,36 9,07 5,92 10,49
SS 370,35 424,70 197,64 6,90 5,42 10,25

F3-TF

DC 45,84 13,17 14,12 8,53 1,67 7,98
DS 99,06 31,94 32,38 7,51 2,12 9,74
SC 45,84 13,17 14,12 8,53 1,67 7,98
SS 99,06 31,94 32,38 7,51 2,12 9,74

F4-SB

DC 628,53 326,13 144,50 13,52 5,36 12,24
DS 629,29 239,89 147,43 8,95 4,79 11,91
SC 579,87 470,29 158,07 10,10 6,21 11,17
SS 563,08 376,37 167,11 7,90 5,67 10,89

F4-TF

DC 31,54 4,75 5,12 9,94 1,66 8,58
DS 48,49 14,49 14,70 8,88 2,14 10,64
SC 31,54 4,75 5,12 9,94 1,66 8,58
SS 48,49 14,49 14,70 8,88 2,14 10,64

Table 6.6: Comparison of steady-state and transient responses from model with revision EC5
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Experiments TNO ’De Karel Doorman’

When during construction of ’De Karel Doorman’ excessive vibrations where felt was it set on hold. TNO
conducted experiments to come up with effective measures to reduce vibrations, especially regarding trans-
mittance to adjoining fields. Beneficial about this research is that both a situation with flexible supports only
(as designed) and with rigid supports at the home-separating junction (as built) were measured.

The results are documented in Trilling- en geluidsonderzoek aan vloeren van het Linea Nova gebouw [22],
where the vibration levels are obtained with the OS-RMS90 method, which accounts for the probability of
occuring of walking frequencies and the persons weight. The vibration levels obtained with the Maple model
are partly processed in line with this method to be able to compare the model with the experiments. Only the
stochastic distribution of walking frequency is considered, where the persons weight is set equal to the mean
value (i.e. 760 N). This does not influence the results by much because vibration levels increase linearly over
the force.

Moreover, more adjustments are made to the model to create conditions similar to the experiments, where
the vibrations were the result of the heeldrop test. A person stands on his toes and lets his heel hit the floor,
which causes an impact lower than from a heel-strike. Therefore, the formula for the impact in in the model
is replaced by one that represents a heeldrop, which can be approximated with the following equation ac-
cording to Ohlsson [50]:

I =
√

30000

( f1)4

The properties of the equivalent SDOF system is given in table 6.7, where the fundamental frequency was
given in the document and Keq determined from the static deflection in a software package. The modal mass
follows from these two values by equation 6.1.

f1 [Hz] Keq [N/m] M∗ [kg]

Designed
Home 6,1 2,028 ·106 1380,8
Neighbour 6,7 2,169 ·106 1224,0

Built
Home 6,7 6,135 ·106 865,5
Neighbour 6,5 9,091 ·107 4360,2

Table 6.7: Input values of equivalent SDOF for ’De Karel Doorman’

The calculated vr ms values are given in table 6.8 for both home and neighbouring apartment besides the
values as measured by TNO. The table provides the mean and 90 % probability value of the cumulative prob-
ability, which are also graphically displayed in figure 6.17 for the sitation ’as designed’ and in figure 6.17 ’as
built’.

The model approaches the measured values quite well, especially for the designed situation where the floors
were supported by HE220A steel beams. For the built situation, the model is less accurate, which may be
due to the manner the supports are constructed. TNO advised to add steel columns between the steel beams
to make the supports act more rigidly, as is shown in figure 6.19. The two-dimensional effects of vibrations
transmitted by this support type are hard to catch in a one-dimensional model.

Home Neighbour
Quantile Model TNO Model TNO

Designed
50% 1,50 mm/s 1,5 mm/s 1,35 mm/s 0,9 mm/s
90% 1,57 mm/s 2,4 mm/s 1,42 mm/s 1,4 mm/s

Built
50% 1,86 mm/s 1,7 mm/s 0,40 mm/s 0,9 mm/s
90% 1,97 mm/s 2,3 mm/s 0,42 mm/s 1,4 mm/s

Table 6.8: vr ms quantile values from model for ’De Karel Doorman’
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(a) Cumulative probability vr ms for own apartment (b) Cumulative probability vr ms for neighbours apartment

Figure 6.17: Results from model for ’De Karel Doorman’ as designed

(a) Cumulative probability vr ms for own apartment (b) Cumulative probability vr ms for neighbours apartment

Figure 6.18: Results from model for ’De Karel Doorman’ as built

Figure 6.19: Home-separating junction of ’De Karel Doorman’ [14]
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7.1 CONCLUSION

Vibration problems can be solved by adding sufficient mass to increase the damping of the structure and
to improve the acoustic performance of dwellings. However, adding mass decreases the eigenfrequencies,
cancelling the benefit regarding damping partially out. When aiming for an ultra-lightweight structure, sim-
ply adding mass is not desirable and therefore, the problems regarding vibrations and acoustics have to be
solved in another manner. Instead, adding stiffness to the structure is a more efficient way of achieving vibra-
tion comfort since it reduces the vibration amplitude. It does this firstly by increasing the eigenfrequency, and
thereby, decreasing the resonance of the structure. Secondly, the stiffness dominated steady-state responses
as result external walking loads are handled in a mathematical more logic manner.

In the parameter study, the effects of varying the geometry at the supports were visualised with mode shapes,
showing the ease with which vibrations can transmit from one floor to another when the beam that supports
both beam is insufficiently stiff (i.e. a beam height below about 400 mm). Moreover, the natural frequen-
cies decrease to such a level for flexible supports that joist floors that were not susceptible to resonance with
the walking load harmonic show increasing vibration levels for the steady-state response. Floors with rigid
supports, like timber-frame or CLT walls, show no transmittance of vibrations to adjoining floor fields except
when the floor in home spans both rooms. Weight reduction is possible by using single leaf separating walls,
which have comparable acoustic performance compared to their double leaf equivalent. Clamping-like be-
haviour of CLT floors by CLT walls is found to have a negligible effect on natural frequencies and mode shapes.
Increasing the floor stiffness shows a linear increase of natural frequencies if supports are rigid, otherwise, f1

reaches a plateau caused by flexible supports. Natural frequencies calculated with continuous undamped
systems are found to be similar to the ones from the rigid fundamental frequency proposed in the future re-
vision of Eurocode 5, and for flexible supports the values are comparable to the Dunkerley’s approximation.

Two CLT floors (one with wet and one with dry screed) and two I-joist floors with LVL decking are assessed
with respect to human-induced vibrations by transforming the floors into Single Degree of Freedom systems.
Steady-state and transient responses are combined for determination of vibration levels, where the transient
response is found to contribute significantly to the total response. This contradicts the assumption in the
future revision of EC5 that transient responses can be neglected for low-frequency floors. Moreover, the heel-
strike impact magnitude is underestimated by assuming a walking frequency of 1,5 Hz, and the proposed for-
mula for determination of the modal mass neglects increasing mass for flexible supports or two-span beams.
Therefore, the following equation for modal mass is proposed to approximate the modal mass, where w1kN

is the maximum deflection of the floor field in mm and determined similar to EC5’s stiffness criterion:

M∗ = 106

w1kN
(
2π f1

)2

Joist floors are found most suitable for lightweight timber buildings, where mass can be increased to reduce
transient responses as long as the fundamental frequency stays above 12 Hz to prevent resonance with the
walking load harmonics. Transmittance to adjoining apartments is avoided with rigid supports, or by apply-
ing two beams in the home-separating junction if more plan flexibility is asked. When no requirements are
set regarding mass for the multi-family building, CLT panels with sufficient mass are the best choice since
the weight improves both vibrations and impact sound insulation. No significant differences were found
between single- and two-span floors on rigid supports.



7.2. Discussion 123

7.2 DISCUSSION

The results in this work can be applied to timber buildings with rectangular floor fields constructed from ma-
terial with a transverse stiffness up to 20 % of the longitudinal flexural stiffness. For floors that are supported
on four sides, this research can either be used, but gives conservative results. It is suitable for simple floor
fields and structure studies in preliminary design, otherwise more comprehensive methods have to be used
for vibration assessment, like Finite Element modelling.

Floor are approached from one-dimensional perspective by modelling them as a beam. Therefore, beneficial
planar effects regarding vibrations are not taken into account. The only two-dimensional part that is incor-
porated is for the damped assessment, where the equivalent stiffness includes the floors effective width. As a
consequence, natural frequencies may not exactly meet realistic values, especially for CLT panels which have
a significant transverse flexural stiffness compared to E IL .

Models simplify by definition reality, which also holds for the Maple models used in this work. Transform-
ing floors into Single Degree of Freedom system hinder modelling of a person walking along a path, but it is
partially covered by accounting for resonance built-up. Besides, the dynamic load of only a single person is
considered, whereas in reality more people may walk along a floor, which may result in higher vibration levels.

Damping is considered as factor that is hard to predict because it is a result of dry friction of structural ele-
ments and differs from floor to floor. Moreover, habitants of buildings either influence the level of damping
by the furniture that is placed on the floor and type of flooring that is chosen. The sensitivity study showed
that response factors vary quite strongly with changing damping ratios.

7.3 RECOMMENDATIONS

The preliminary stage in development of a timber building concept for residential multi-family buildings is
covered by this work. Within the subject of human-induced vibration asks for extensive research with timber
as structural material regaining attention. Below are several areas described that require more research.

Where often is assumed that modal masses of low-frequency floors are sufficiently high that transient re-
sponses are negligible compared to the steady-state, shows this work that the contribution to the total re-
sponse is significant. Extensive research needs to be done on this topic to examine whether this is the result
of simplification by the model, or that the assumption in the future revision of EC5 is incorrect and engineers
have to account for both responses when designing a light-weight floor structure .

Timber floors are simplified in this work by almost fully neglecting two-dimensional effects. For the develop-
ment of a lightweight timber building concept for multi-family houses, this effect has to be studied further
using, for example, Finite Element software. Since vibrations are a Serviceability Limit State could stochastic
variables like source and receiver location, walking frequency and persons weight be included in this study.
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F1-CLT: JOIST FLOORS WITH A WET SCREED ON CLT WALLS (NO

INTERLAYER)
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(b) Home-separating: SingleLeaf

Flooring
Screed
Separation layer
Impact sound insulation
Fill
CLT panel
Plasterboard

Floor configuration:
Double plasterboard
CLT panel
Double plasterboard

Wall configuration:

(c) Internal: Continuous
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(d) Internal: Hinged

Figure A.1: Junctions of CLT floors with a wet screed on CLT walls without elastomeric interlayer
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F2-CLT: CLT FLOORS WITH DRY SCREED ON CLT WALLS
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Wall configuration:

Resilient elastomer

Flooring
LVL panel
Impact sound insulation
CLT panel
Plasterboard

Floor configuration:

(a) Home-separating: DoubleLeaf

Plasterboard
Mineral wool
CLT panel
Mineral wool
Plasterboard

Wall configuration:

Resilient elastomer

Flooring
LVL panel
Impact sound insulation
CLT panel
Plasterboard

Floor configuration:

(b) Home-separating: SingleLeaf

Flooring
LVL panel
Impact sound insulation
CLT panel
Plasterboard

Floor configuration:
Double plasterboard
Cross-laminated timber panel
Double plasterboard

Wall configuration:

Resilient elastomer

(c) Internal: Continuous

Flooring
LVL panel
Impact sound insulation
CLT panel
Plasterboard

Floor configuration:
Double plasterboard
Cross-laminated timber panel
Double plasterboard

Wall configuration:

Resilient elastomer

(d) Internal: Hinged

Figure A.2: Junctions of CLT floors with a dry screed on CLT walls with elastomeric interlayer
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F2-SB: CLT FLOORS WITH DRY SCREED ON SUPPORTING BEAM

Double plasterboard
Mineral wool
Double plasterboard
Insulating layer
Double plasterboard
Mineral wool
Double plasterboard

Wall configuration:

Resilient elastomer

Flooring
LVL panel
Impact sound insulation
Fill
CLT panel
Plasterboard

Floor configuration:

Double Kerto S beam

(a) Home-separating: DoubleLeaf

Plasterboard
Gypsum fiber board
OSB panel
Insulating layer
OSB panel
Gypsum fiber board
Plasterboard

Wall configuration:

Resilient elastomer

Flooring
LVL panel
Impact sound insulation
CLT panel
Plasterboard

Floor configuration:

Double Kerto S beam

(b) Home-separating: SingleLeaf

Flooring
LVL panel
Impact sound insulation
CLT panel
Plasterboard

Floor configuration:
Double plasterboard
Mineral wool
Double plasterboard

Wall configuration:

Resilient elastomer

Double Kerto S beam

(c) Internal: Continuous

Flooring
LVL panel
Impact sound insulation
CLT panel
Plasterboard

Floor configuration:
Double plasterboard
Mineral wool
Double plasterboard

Wall configuration:

Resilient elastomer

Double Kerto S beam

(d) Internal: Hinged

Figure A.3: Junctions of CLT floors with a dry screed on supporting LVL beam with elastomeric interlayer
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F2-TF: CLT FLOORS WITH DRY SCREED ON TIMBER-FRAME

Double plasterboard
Mineral wool
Double plasterboard
Insulating layer
Double plasterboard
Mineral wool
Double plasterboard

Wall configuration:

Resilient elastomer

Flooring
LVL panel
Impact sound insulation
Fill
CLT panel
Plasterboard

Floor configuration:

(a) Home-separating: DoubleLeaf

Plasterboard
Gypsum fiber board
OSB panel
Insulating layer
OSB panel
Gypsum fiber board
Plasterboard

Wall configuration:

Resilient elastomer

Flooring
LVL panel
Impact sound insulation
CLT panel
Plasterboard

Floor configuration:

(b) Home-separating: SingleLeaf

Flooring
LVL panel
Impact sound insulation
CLT panel
Plasterboard

Floor configuration:
Double plasterboard
Mineral wool
Double plasterboard

Wall configuration:

Resilient elastomer

(c) Internal: Continuous

Flooring
LVL panel
Impact sound insulation
CLT panel
Plasterboard

Floor configuration:
Double plasterboard
Mineral wool
Double plasterboard

Wall configuration:

Resilient elastomer

(d) Internal: Hinged

Figure A.4: Junctions of CLT floors with a dry screed on timber-frame wall with elastomeric interlayer
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F3-SB: JOIST FLOORS WITH FILL ON SUPPORTING BEAM

Plasterboard
Gypsum fiber board
Insulating layer
Gypsum fiber board
Plasterboard
Mineral wool
Plasterboard
Gypsum fiber board
Insulating layer
Gypsum fiber board
Plasterboard

Wall configuration:

Resilient elastomer

Flooring
LVL panel
Impact sound insulation
OSB panel
Joist
Mineral wool
Plasterboard
Suspended ceiling

Floor configuration:

Double Kerto S beam

(a) Home-separating: DoubleLeaf

Flooring
LVL panel
Impact sound insulation
OSB panel
I-joist
Mineral wool
Plasterboard
Suspended ceiling

Floor configuration:
Plaster
Heraklith BM
Heralan KP
Heraklith BM
Plaster

Wall configuration:

Double Kerto S beam

(b) Home-separating: SingleLeaf

Double plasterboard
Mineral wool
Double plasterboard

Wall configuration:
Flooring
LVL panel
Impact sound insulation
OSB panel
Joist
Mineral wool
Plasterboard
Suspended ceiling

Floor configuration:

(c) Internal: Continuous

Resilient elastomer

Flooring
LVL panel
Impact sound insulation
OSB panel
Joist
Mineral wool
Plasterboard
Suspended ceiling

Floor configuration:

2x Kerto S LVL 300x51mm

Plasterboard
Gypsum fiber board
OSB panel
Insulating layer
OSB panel
Gypsum fiber board
Plasterboard

Wall configuration:

(d) Internal: Hinged

Figure A.5: Junctions of joist floor with fill on supporting LVL beam with elastomeric interlayer
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F3-TF: JOIST FLOORS WITH FILL ON TIMBER-FRAME

Plasterboard
Gypsum fiber board
Insulating layer
Gypsum fiber board
Plasterboard
Mineral wool
Plasterboard
Gypsum fiber board
Insulating layer
Gypsum fiber board
Plasterboard

Wall configuration:

Resilient elastomer

Flooring
LVL panel
Impact sound insulation
OSB panel
Joist
Mineral wool
Plasterboard
Suspended ceiling

Floor configuration:

(a) Home-separating: DoubleLeaf

Flooring
LVL panel
Impact sound insulation
OSB panel
I-joist
Mineral wool
Plasterboard
Suspended ceiling

Floor configuration:
Plaster
Heraklith BM
Heralan KP
Heraklith BM
Plaster

Wall configuration:

(b) Home-separating: SingleLeaf

Double plasterboard
Mineral wool
Double plasterboard

Wall configuration:
Flooring
LVL panel
Impact sound insulation
OSB panel
Joist
Mineral wool
Plasterboard
Suspended ceiling

Floor configuration:

(c) Internal: Continuous

Resilient elastomer

Flooring
LVL panel
Impact sound insulation
OSB panel
Joist
Mineral wool
Plasterboard
Suspended ceiling

Floor configuration:
Plasterboard
Gypsum fiber board
OSB panel
Insulating layer
OSB panel
Gypsum fiber board
Plasterboard

Wall configuration:

(d) Internal: Hinged

Figure A.6: Junctions of joist floor with fill on timber-frame wall with elastomeric interlayer
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F4-SB: CLT FLOORS WITHOUT FILL ON SUPPORTING BEAM

Double plasterboard
Mineral wool
Double plasterboard
Insulating layer
Double plasterboard
Mineral wool
Double plasterboard

Wall configuration:

Resilient elastomer
Double Kerto S beam

Flooring
LVL panel
Impact sound insulation
OSB panel
I-joist
Mineral wool
Battens & resilient channel
Double plasterboard

Floor configuration:

(a) Home-separating: DoubleLeaf

Plaster
Heraklith BM
Heralan KP
Heraklith BM
Plaster

Wall configuration:

Double Kerto S beam

Flooring
LVL panel
Impact sound insulation
OSB panel
I-joist
Mineral wool
Battens & resilient channel
Double plasterboard

Floor configuration:

Resilient elastomer

(b) Home-separating: SingleLeaf

Double plasterboard
Mineral wool
Double plasterboard

Wall configuration:
Flooring
LVL panel
Impact sound insulation
OSB panel
I-joist
Mineral wool
Battens & resilient channel
Double plasterboard

Floor configuration:

Double Kerto S beam
Resilient elastomer

(c) Internal: Continuous

Double plasterboard
Mineral wool
Double plasterboard

Wall configuration:

Double Kerto S beam

Flooring
LVL panel
Impact sound insulation
OSB panel
I-joist
Mineral wool
Battens & resilient channel
Double plasterboard

Floor configuration:

Resilient elastomer

(d) Internal: Hinged

Figure A.7: Junctions of joist floor without fill on supporting LVL beam with elastomeric interlayer
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F4-TF: CLT FLOORS WITHOUT FILL ON TIMBER-FRAME

Double plasterboard
Mineral wool
Double plasterboard
Insulating layer
Double plasterboard
Mineral wool
Double plasterboard

Wall configuration:

Resilient elastomer

Flooring
LVL panel
Impact sound insulation
OSB panel
I-joist
Mineral wool
Battens & resilient channel
Double plasterboard

Floor configuration:

(a) Home-separating: DoubleLeaf

Plaster
Heraklith BM
Heralan KP
Heraklith BM
Plaster

Wall configuration:

Double Kerto S beam

Flooring
LVL panel
Impact sound insulation
OSB panel
I-joist
Mineral wool
Battens & resilient channel
Double plasterboard

Floor configuration:

Resilient elastomer

(b) Home-separating: SingleLeaf

Double plasterboard
Mineral wool
Double plasterboard

Wall configuration:
Flooring
LVL panel
Impact sound insulation
OSB panel
I-joist
Mineral wool
Battens & resilient channel
Double plasterboard

Floor configuration:

Resilient elastomer

(c) Internal: Continuous

Double plasterboard
Mineral wool
Double plasterboard

Wall configuration:
Flooring
LVL panel
Impact sound insulation
OSB panel
I-joist
Mineral wool
Battens & resilient channel
Double plasterboard

Floor configuration:

Resilient elastomer

(d) Internal: Hinged

Figure A.8: Junctions of joist floor without fill on timber-frame wall with elastomeric interlayer
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Designation: gdmnxn01a-00

Last updated: 8/16/18

Source: Holzforschung Austria

Editor: HFA, SP

dataholz.eu – Catalogue of timber building materials, components and component connections reviewed to consider thermal, acoustic, fire performance requirements and

ecological drivers for timber construction released by accredited testing institutes.

These datasheets will generally be accepted as proofs of compliance by building authorities.

Page 1

Intermediate floor - gdmnxn01a-00
intermediate floor, solid wood construction, directly, wet, with filling, other surface

Performance rating

Fire protection

performance

REI 60

maximum span = 5 m; maximum load Ed,fi = 3,66 kN/m² (without floor

construction)

Classified by HFA

Germany

F60

Load Ed,fi according to the German certification document

Corresponding proof: manufacturer-specific

UThermal performance

Diffusion suitable

Rw (C;Ctr) 75(-2;-8) dBAcoustic performance

Ln,w (Cl) 45(-1)

Assessed by Müller-BBM

Mass per unit area m 315.30 kg/m
2

Calculation based on gypsum plaster board type DF

A

G

C
D

E

B

F

Register of building materials used for this application, cross-section (from outside to inside, dimensions in mm)

Thermal performance Reaction to fireThickness Building material

λ µ min – max ρ c EN

A 60.0 cement screed 1.330 50 - 100 2000 1.080 A1

B 0.2 plastic separation layer 0.200 100000 1400 1.400 E

C 30.0 impact sound absorbing subflooring MW-T [s'=10 MN/m³] 0.035 1 68 1.030 A1

D 60.0 elastic bonded fill (m' aprrox. 90 kg/m²) elastic bonded, m' = 90

kg/m²
0.700 1 1500 1.000 A1

E 0.2 trickling protection E

F 150.0 cross laminated timber 0.130 50 500 1.600 D

G 12.5 gypsum plaster board type DF 0.250 10 800 1.050 A2

G 12.5 gypsum fibre board  0.320 21 1000 1.100 A2

Sustainability rating (per m
2
)

Database ecoinvent Database GaBi (ÖKOBAUDAT)

OI3Kon 2.5

Calculated by TUM

Built-in renewable materials kg 73.410

Biogenic carbon in kg CO2-e. kg CO2 105.680

Energy use of Primary Energy MJ 1,032.850

Share of renewable PE % 31.250

Calculated by TUM



Designation: gdmtxn01-00

Last updated: 8/16/18

Source: Holzforschung Austria

Editor: HFA, SP

dataholz.eu – Catalogue of timber building materials, components and component connections reviewed to consider thermal, acoustic, fire performance requirements and

ecological drivers for timber construction released by accredited testing institutes.

These datasheets will generally be accepted as proofs of compliance by building authorities.

Page 1

Intermediate floor - gdmtxn01-00
intermediate floor, solid wood construction, without lining, dry, with filling, wooden surface

Performance rating

Fire protection

performance

REI 60

maximum span = 5 m; maximum load Ed,fi = 5 kN/m²
Classified by HFA

Germany

REI60

Load Ed,fi according to the German certification document

Corresponding proof: manufacturer-specific

UThermal performance

Diffusion suitable

Rw (C;Ctr) 62(-5;-13) dBAcoustic performance

Ln,w (Cl) 50(-1)

Assessed by Müller-BBM

Mass per unit area m 202.50 kg/m
2

AB
C

E

D

Register of building materials used for this application, cross-section (from outside to inside, dimensions in mm)

Thermal performance Reaction to fireThickness Building material

λ µ min – max ρ c EN

A 25.0 dry screed 0.210 8 900 1.050 A1

B 30.0 impact sound absorbing subflooring MW-T [s' = 40MN/m³] 0.040 1 160 0.840 A2

C 60.0 elastic bonded fill (m' aprrox. 90 kg/m²) elastic bonded, m' = 90

kg/m²
0.700 1 1500 1.000 A1

D 0.2 trickling protection E

E 140.0 cross laminated timber 0.130 50 500 1.600 D

Sustainability rating (per m
2
)

Database GaBi (ÖKOBAUDAT)

Built-in renewable materials kg 68.520

Biogenic carbon in kg CO2-e. kg CO2 98.630

Energy use of Primary Energy MJ 967.990

Share of renewable PE % 31.210

Calculated by TUM



Bezeichnung: gdrtxn01b-00

Stand: 30.08.17

Quelle: Holzforschung Austria

Bearbeiter: HFA, SP

dataholz.eu – Katalog bauphysikalisch und ökologisch geprüfter und/oder zugelassener Holz und Holzwerkstoffe, Baustoffe, Bauteile und Bauteilanschlüsse für den

Holzbau, freigegeben von akkreditierten Prüfanstalten.

Die Kennwerte können als Grundlage für Nachweise gegenüber Baubehörden herangezogen werden.

Seite 1

Geschossdecke - gdrtxn01b-00
Geschossdecke, Holzrahmen/Holztafel, auf Lattung, trocken, mit Schüttung, andere Oberfläche

Bauphysikalische Bewertung

Brandschutz REI 60

max. Spannweite = 5 m; max. Last Ed,fi = 3,66 kN/m²
Klassifizierung durch IBS

U 0,26 W/(m
2
K)Wärmeschutz

Diffusionsverhalten geeignet

Berechnung durch HFA

Rw (C;Ctr) 63(-4;-11) dBSchallschutz

Ln,w (Cl) 58(0)

Beurteilung durch TGM

Flächenbezogene Masse m 144,30 kg/m
2

Berechnet mit GF

Bemerkung: e=625;

Baustoffangaben zur Konstruktion, Schichtaufbau (von außen nach innen, Maße in mm)

Wärmeschutz BrandverhaltensklasseDicke Baustoff

λ µ min – max ρ c EN

A 25,0 Trockenestrich 0,210 8 900 1,050 A1

B 30,0 Trittschalldämmung MW-T 0,035 1 68 1,030 A1

C 40,0 Schüttung 0,700 1 1800 1,000 A1

D Rieselschutz E

E 18,0 OSB 0,130 200 600 1,700 D

F 220,0 Konstruktionsholz (80/..; e=*) 0,120 50 450 1,600 D

G 100,0 Mineralwolle [040; ≥16; <1000°C] 0,040 1 16 1,030 A1

H 24,0 Holz Fichte Sparschalung (24/100; a=400) 0,120 50 450 1,600 D

I 25,0 Gipsplatte Typ DF (GKF) (2x12,5 mm) oder 0,250 10 800 1,050 A2

I 25,0 Gipsfaserplatte  (2x12,5 mm) 0,320 21 1000 1,100 A2

Ökologische Bewertung (pro m
2
 Konstruktionsfläche)

Datenbasis ecoinvent

OI3Kon 7,4

Berechnung durch IBO



Designation: gdrtxa03b-00

Last updated: 9/3/19

Source: Holzforschung Austria

Editor: HFA, SP

dataholz.eu – Catalogue of timber building materials, components and component connections reviewed to consider thermal, acoustic, fire performance requirements and

ecological drivers for timber construction released by accredited testing institutes.

These datasheets will generally be accepted as proofs of compliance by building authorities.

Page 1

Intermediate floor - gdrtxa03b-00
intermediate floor, timber frame construction, suspended, dry, without filling, other surface

Performance rating

Fire protection

performance

REI 60

maximum span = 5 m; maximum load Ed,fi = 3,66 kN/m²

U 0.26 W/(m
2
K)Thermal performance

Diffusion suitable

Rw (C;Ctr) 64(-3;-10) dBAcoustic performance

Ln,w (Cl) 52(2)

Mass per unit area m 72.30 kg/m
2

Calculation based on GF

Note: e=625;

Register of building materials used for this application, cross-section (from outside to inside, dimensions in mm)

Thermal performance Reaction to fireThickness Building material

λ µ min – max ρ c EN

A 25.0 dry screed 0.210 8 900 1.050 A1

B 30.0  0.040 1 180 1.030 A1

C 18.0 OSB 0.130 200 600 1.700 D

D 220.0 construction timber (80/..; e=625) (80/..; e=*) 0.120 50 450 1.600 D

E 100.0 mineral wool [040; ≥16; <1000°C] 0.040 1 16 1.030 A1

F 24.0 spruce wood cladding with spacing of cladding boards(24/100);

a=400

0.120 50 450 1.600 D

G 27.0 resilient channel (placed between open formwork) 0.156

H 25.0 gypsum plaster board type DF (2x12,5 mm) or 0.250 10 800 1.050 A2

H 25.0 gypsum fibre board  (2x12,5 mm) 0.320 21 1000 1.100 A2

Sustainability rating (per m
2
)

Database ecoinvent

OI3Kon 7.0

Calculated by IBO



Bezeichnung: twmxxo03a-01

Stand: 22.06.17

Quelle: Holzforschung Austria

Bearbeiter: HFA, SP

dataholz.eu – Katalog bauphysikalisch und ökologisch geprüfter und/oder zugelassener Holz und Holzwerkstoffe, Baustoffe, Bauteile und Bauteilanschlüsse für den

Holzbau, freigegeben von akkreditierten Prüfanstalten.

Die Kennwerte können als Grundlage für Nachweise gegenüber Baubehörden herangezogen werden.

Seite 1

Trennwand - twmxxo03a-01
Trennwand, Holzmassivbau, ohne Installationsebene, zweischalig, Holz sichtbar

Bauphysikalische Bewertung

Brandschutz REI 60

max. Wandhöhe = 3 m; max. einwirkende Last Ed,fi = 35 kN/lfm

Klassifizierung durch MA39

U 0,29 W/(m
2
K)Wärmeschutz

Diffusionsverhalten geeignet

Berechnung durch HFA

Rw (C;Ctr) 60 dBSchallschutz

Ln,w (Cl)

Beurteilung durch TU-GRAZ

Flächenbezogene Masse m 121,60 kg/m
2

Berechnet mit GKF

Bemerkung: Bei Verwendung von Brettsperrholz:

Varianten 00-01: d ≥ 78,0; mind. 3-lagig, Decklage mind. 25mm

Variante 02: d ≥ 94,0; mind. 3-lagig, Decklage mind. 30mm

C=2x30 mm,

Baustoffangaben zur Konstruktion, Schichtaufbau (von außen nach innen, Maße in mm)

Wärmeschutz BrandverhaltensklasseDicke Baustoff

λ µ min – max ρ c EN

A 12,5 GKF/Gipsfaserplatte 0,250 10 800 1,050 A2

B 78,0 Massivholz verleimt (z. B. Brettsperrholz, Brettstapel) 0,130 50 500 1,600 D

C 60,0 Trittschalldämmung MW-T 0,035 1 68 1,030 A1

D 78,0 Massivholz verleimt (z.B. Brettsperrholz, Brettstapel) 0,130 50 500 1,600 D

E 12,5 GKF/Gipsfaserplatte 0,250 10 800 1,050 A2

Ökologische Bewertung (pro m
2
 Konstruktionsfläche)

Datenbasis ecoinvent

OI3Kon -0,1

Berechnung durch IBO

Ökologische Bewertung im Detail

Datenbasis Datenbank ecoinvent

GWP AP PEI ne PEI e EP POCP

[kg CO2 Äqv.] [kg SO2 Äqv.] [MJ] [MJ] [kg PO4 Äqv.] [kg C2 H4 Äqv.]

-115,9 0,220 786,7 2.040,5 0,033 0,014



Bezeichnung: twmxxo04a-02

Stand: 28.06.18

Quelle: Holzforschung Austria

Bearbeiter: HFA, SP

dataholz.eu – Katalog bauphysikalisch und ökologisch geprüfter und/oder zugelassener Holz und Holzwerkstoffe, Baustoffe, Bauteile und Bauteilanschlüsse für den

Holzbau, freigegeben von akkreditierten Prüfanstalten.

Die Kennwerte können als Grundlage für Nachweise gegenüber Baubehörden herangezogen werden.

Seite 1

Trennwand - twmxxo04a-02
Trennwand, Holzmassivbau, ohne Installationsebene, einschalig, andere Oberfläche

Bauphysikalische Bewertung

Brandschutz REI 90

max. Wandhöhe = 3 m; max. einwirkende Last Ed,fi = 35 kN/lfm

Klassifizierung durch HFA

Deutschland

REI60; ACHTUNG: REI 90 möglich mit 2x12,5mm GKF/GF

Last Ed,fi gemäß des deutschen Verwendbarkeitsnachweises

Nachweis: herstellerspezifisch

U 0,27 W/(m
2
K)Wärmeschutz

Diffusionsverhalten geeignet

Berechnung durch TUM

Rw (C;Ctr) 53(-5;-13) dBSchallschutz

Ln,w (Cl)

Beurteilung durch Müller-BBM

Flächenbezogene Masse m 74,90 kg/m
2

Berechnet mit GKF

Bemerkung: Der Feuerwiderstand gilt beim Einsatz als Trennwand mit

einseitiger Beflammung. ACHTUNG: REI 90 in Deutschland nur mit 2x12,5mm

GKF/GF Bei Verwendung von Brettsperrholz:

mind. 5-lagig, Decklage mind. 19mm

Baustoffangaben zur Konstruktion, Schichtaufbau (von außen nach innen, Maße in mm)

Wärmeschutz BrandverhaltensklasseDicke Baustoff

λ µ min – max ρ c EN

A 12,5 Gipsplatte Typ DF (GKF) oder 0,250 10 800 1,050 A2

A 12,5 Gipsfaserplatte  0,320 21 1000 1,100 A2

B 60,0 Mineralwolle [040; 11; <1000°C] 0,040 1 11 1,030 A1

C 70,0 Holz Fichte Lattung auf Schwingbügel (60/60) 0,120 50 450 1,600 D

D 97,0 Massivholz verleimt (z.B. Brettsperrholz, Brettstapel) 0,130 50 500 1,600 D

E 70,0 Holz Fichte Lattung auf Schwingbügel (60/60) 0,120 50 450 1,600 D

F 60,0 Mineralwolle [040; 11; <1000°C] 0,040 1 11 1,030 A1

G 12,5 Gipsplatte Typ DF (GKF) oder 0,250 10 800 1,050 A2

G 12,5 Gipsfaserplatte  0,320 21 1000 1,100 A2

Ökologische Bewertung (pro m
2
 Konstruktionsfläche)

Datenbasis ecoinvent Datenbasis GaBi (ÖKOBAUDAT)

OI3Kon -11,1

Berechnung durch IBO

Verbaute Menge an Nawaros kg 53,050

Biogener Kohlenstoff in kg CO2 Äqv. kg CO2 76,500

Einsatz Primärenergie MJ 645,710

Davon Anteil erneuerbar % 35,350

Berechnung durch TUM



Designation: iwmxxo01b-00

Last updated: 4/19/18

Source: Holzforschung Austria

Editor: HFA, SP

dataholz.eu – Catalogue of timber building materials, components and component connections reviewed to consider thermal, acoustic, fire performance requirements and

ecological drivers for timber construction released by accredited testing institutes.

These datasheets will generally be accepted as proofs of compliance by building authorities.

Page 1

Internal wall - iwmxxo01b-00
internal wall, solid wood construction, without dry lining, other surface

Performance rating

Fire protection

performance

REI 90

maximum ceiling height = 3 m; maximum load Ed,fi = 32,0 kN/m

Classified by MA39

Germany

REI60

Load Ed,fi according to the German certification document

Corresponding proof: manufacturer-specific

Rw (C;Ctr) 38(-2;-5) dBAcoustic performance

Ln,w (Cl)

Assessed by TU-GRAZ

Assessed by Müller-BBM

Mass per unit area m 79.00 kg/m
2

Calculation based on gypsum plaster board type DF

Note: The fire resistance is only valid when wall is used as partition with only

one side exposed to fire.

Register of building materials used for this application, cross-section (from outside to inside, dimensions in mm)

Thermal performance Reaction to fireThickness Building material

λ µ min – max ρ c EN

A 25.0 gypsum plaster board type DF (2x... mm) or 0.250 10 800 1.050 A2

A 25.0 gypsum fibre board  (2x...mm) 0.320 21 1000 1.100 A2

B 78.0 solid wood (e.g. cross laminated timer: thickness ≥ 78mm; 3-ply at

least, surface layer at least 25mm)

0.130 50 500 1.600 D

C 25.0 gypsum plaster board type DF (2x...mm) or 0.250 10 800 1.050 A2

C 25.0 gypsum fibre board  (2x...mm) 0.320 21 1000 1.100 A2

Sustainability rating (per m
2
)

Database ecoinvent Database GaBi (ÖKOBAUDAT)

OI3Kon -17.1

Calculated by HFA

Built-in renewable materials kg 38.170

Biogenic carbon in kg CO2-e. kg CO2 54.950

Energy use of Primary Energy MJ 541.040

Share of renewable PE % 31.590

Calculated by TUM



Designation: twrxxo03b-00

Last updated: 4/19/18

Source: Holzforschung Austria

Editor: HFA, SP

dataholz.eu – Catalogue of timber building materials, components and component connections reviewed to consider thermal, acoustic, fire performance requirements and

ecological drivers for timber construction released by accredited testing institutes.

These datasheets will generally be accepted as proofs of compliance by building authorities.

Page 1

Compartment wall - twrxxo03b-00
compartment wall, timber frame construction, without dry lining, double-layer, other surface

Performance rating

Fire protection

performance

REI 60

apply to each individual load-bearing wall; the whole wall: EI90; maximum ceiling

height = 3 m; maximum load Ed,fi = 50,0 kN/m

Classified by MA39

U 0.19 W/(m
2
K)Thermal performance

Diffusion suitable

Calculated by HFA

Rw (C;Ctr) 59(-2;-10) dBAcoustic performance

Ln,w (Cl)

Assessed by MA39

Mass per unit area m 92.80 kg/m
2

Calculation based on gypsum plaster board type DF

Note: layer A, D, F, I: planking: 2x12,5mm; e=625

Register of building materials used for this application, cross-section (from outside to inside, dimensions in mm)

Thermal performance Reaction to fireThickness Building material

λ µ min – max ρ c EN

A 25.0 gypsum plaster board type DF or 0.250 10 800 1.050 A2

A 25.0 gypsum fibre board  0.320 21 1000 1.100 A2

B 100.0 construction timber (60/100; e=*) 0.120 50 450 1.600 D

C 100.0 mineral wool [040; ≥16; <1000°C] 0.040 1 16 1.030 A1

D 25.0 gypsum plaster board type DF or 0.250 10 800 1.050 A2

D 25.0 gypsum fibre board  0.320 21 1000 1.100 A2

E 20.0 mineral wool [040; ≥16; <1000°C] 0.040 1 16 1.030 A1

F 25.0 gypsum plaster board type DF or 0.250 10 800 1.050 A2

F 25.0 gypsum fibre board  0.320 21 1000 1.100 A2

G 100.0 construction timber (60/100; e=*) 0.120 50 450 1.600 D

H 100.0 mineral wool [040; ≥16; <1000°C] 0.040 1 16 1.030 A1

I 25.0 gypsum plaster board type DF or 0.250 10 800 1.050 A2

I 25.0 gypsum fibre board  0.320 21 1000 1.100 A2

Sustainability rating (per m
2
)

Database ecoinvent

OI3Kon 2.1

Calculated by IBO
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Compartment wall - twrxxo01-00
compartment wall, timber frame construction, without dry lining, single-layer, other surface

Performance rating

Fire protection

performance

REI 60

maximum ceiling height = 3 m; maximum load Ed,fi = 19,2 kN/m

Classified by MA39

U 0.25 W/(m
2
K)Thermal performance

Diffusion suitable

Calculated by HFA

Rw (C;Ctr) 60(-1;-6) dBAcoustic performance

Ln,w (Cl)

Assessed by TGM

Mass per unit area m 82.40 kg/m
2

Register of building materials used for this application, cross-section (from outside to inside, dimensions in mm)

Thermal performance Reaction to fireThickness Building material

λ µ min – max ρ c EN

A 15.0 plaster 0.700 10 1300 1.000 A1

B 50.0 Heraklith BM 0.090 2 - 5 370 2.000 B

C construction timber (60/100; e=625) 0.120 50 450 1.600 D

D 120.0 Heralan KP 0.040 1 28 1.030 A1

E 50.0 Heraklith BM 0.090 2 - 5 370 2.000 B

F 15.0 plaster 0.700 10 1300 1.000 A1

Sustainability rating (per m
2
)

Database ecoinvent

OI3Kon -10.5

Calculated by IBO

Details of sustainability rating

Database ecoinvent

GWP AP PEI ne PEI e EP POCP

[kg CO2-e.] [kg SO2-e.] [MJ] [MJ] [kg PO4-e.] [kg C2 H4-e.]

1.7 0.103 354.9 348.4 0.013 0.020
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Internal wall - iwrxxo01b-00
internal wall, timber frame construction, without dry lining, other surface

Performance rating

Fire protection

performance

REI 60

maximum ceiling height = 3 m; maximum load Ed,fi = 50,0 kN/m

Classified by MA39

Germany

F30/F60 (depending on the corresponding proof)

Load Ed,fi according to the German certification document

Corresponding proof: F30: DIN 4102-4:2016-05, Tabelle 10.5,Zeile 5; F60:

DIN 4102-4:2016-05, Tablle 10.5, Zeile 10 (if gypsum plaster board type DF or

gypsum fibre board 15 mm inside) or manufacturer-specific

Rw (C;Ctr) 43(-1;-5) dBAcoustic performance

Ln,w (Cl)

Assessed by Müller-BBM

Mass per unit area m 45.80 kg/m
2

Calculation based on gypsum plaster board type DF

Note: The fire resistance is only valid when wall is used as partition with only

one side exposed to fire.

(B=60/100); e=625

Register of building materials used for this application, cross-section (from outside to inside, dimensions in mm)

Thermal performance Reaction to fireThickness Building material

λ µ min – max ρ c EN

A 25.0 gypsum plaster board type DF (2x12,5 mm) or 0.250 10 800 1.050 A2

A 25.0 gypsum fibre board  (2x12,5 mm) 0.320 21 1000 1.100 A2

B 100.0 construction timber (60/100 or 60/160; e=*) 0.120 50 450 1.600 D

C 100.0 mineral wool [040; ≥16; <1000°C] 0.040 1 16 1.030 A1

D 25.0 gypsum plaster board type DF (2x12,5 mm) or 0.250 10 800 1.050 A2

D 25.0 gypsum fibre board  (2x12,5 mm) 0.320 21 1000 1.100 A2

Sustainability rating (per m
2
)

Database ecoinvent Database GaBi (ÖKOBAUDAT)

OI3Kon -17.7

Calculated by IBO

Built-in renewable materials kg 4.730

Biogenic carbon in kg CO2-e. kg CO2 6.910

Energy use of Primary Energy MJ 261.110

Share of renewable PE % 17.750

Calculated by TUM
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154 C. Boundary- and interface conditions

Table C.1: Boundary- and interface conditions for rotational model

Node
Double leaf with
continuous floor

Double leaf with
single spanning floor

Single leaf with
continuous floor

Single leaf with single
spanning floor

A

W1 = 0

−E I ∂
2W1
∂x2 + rs,d

∂W1
∂x = 0

W1 = 0

−E I ∂
2W1
∂x2 + rs,d

∂W1
∂x = 0

W1 = 0

−E I ∂
2W1
∂x2 + rs,s

∂W1
∂x = 0

W1 = 0

−E I ∂
2W1
∂x2 + rs,s

∂W1
∂x = 0

B

W1 = 0

W2a = 0

∂W1
∂x − ∂W2a

∂x = 0

E I
(
∂2W1
∂x2 − ∂2W2a

∂x2

)
+

ri
∂W1
∂x = 0

W1 = 0

W2a = 0

E I ∂
2W1
∂x2 + ri

∂W1
∂x = 0

−E I ∂
2W2a
∂x2 + ri

∂W2a
∂x = 0

W1 = 0

W2a = 0

∂W1
∂x − ∂W2a

∂x = 0

E I
(
∂2W1
∂x2 − ∂2W2a

∂x2

)
+

ri
∂W1
∂x = 0

W1 = 0

W2a = 0

E I ∂
2W1
∂x2 + ri

∂W1
∂x = 0

−E I ∂
2W2a
∂x2 + ri

∂W2a
∂x = 0

P

W2a −W2b = 0

∂W2a
∂x − ∂W2b

∂x = 0

E I
(
∂2W2a
∂x2 − ∂2W2b

∂x2

)
= 0

E I
(
∂3W2a
∂x3 − ∂3W2b

∂x3

)
+

P = 0

W2a −W2b = 0

∂W2a
∂x − ∂W2b

∂x = 0

E I
(
∂2W2a
∂x2 − ∂2W2b

∂x2

)
= 0

E I
(
∂3W2a
∂x3 − ∂3W2b

∂x3

)
+

P = 0

W2a −W2b = 0

∂W2a
∂x − ∂W2b

∂x = 0

E I
(
∂2W2a
∂x2 − ∂2W2b

∂x2

)
= 0

E I
(
∂3W2a
∂x3 − ∂3W2b

∂x3

)
+

P = 0

W2a −W2b = 0

∂W2a
∂x − ∂W2b

∂x = 0

E I
(
∂2W2a
∂x2 − ∂2W2b

∂x2

)
= 0

E I
(
∂3W2a
∂x3 − ∂3W2b

∂x3

)
+

P = 0

C

W2b = 0

E I ∂
2W2a
∂x2 + rs,d

∂W2b
∂x = 0

W3 = 0

−E I ∂
2W3
∂x2 + rs,d

∂W3
∂x = 0

W2b = 0

E I ∂
2W2a
∂x2 + rs,d

∂W2b
∂x = 0

W3 = 0

−E I ∂
2W3
∂x2 + rs,d

∂W3
∂x = 0

W2b = 0

E I ∂
2W2a
∂x2 + rs,s

∂W2b
∂x = 0

W3 = 0

−E I ∂
2W3
∂x2 + rs,s

∂W3
∂x = 0

W2b = 0

E I ∂
2W2a
∂x2 + rs,s

∂W2b
∂x = 0

W3 = 0

−E I ∂
2W3
∂x2 + rs,s

∂W3
∂x = 0

D

W3 = 0

W4 = 0

∂W3
∂x − ∂W4

∂x = 0

E I
(
∂2W3
∂x2 − ∂2W4

∂x2

)
+

ri
∂W3
∂x = 0

W3 = 0

W4 = 0

E I ∂
2W3
∂x2 + ri

∂W3
∂x = 0

−E I ∂
2W4
∂x2 + ri

∂W4
∂x = 0

W3 = 0

W4 = 0

∂W3
∂x − ∂W4

∂x = 0

E I
(
∂2W3
∂x2 − ∂2W4

∂x2

)
+

ri
∂W3
∂x = 0

W3 = 0

W4 = 0

E I ∂
2W3
∂x2 + ri

∂W3
∂x = 0

−E I ∂
2W4
∂x2 + ri

∂W4
∂x = 0

E

W4 = 0

E I ∂
2W4
∂x2 + rs,d

∂W4
∂x = 0

W4 = 0

E I ∂
2W4
∂x2 + rs,d

∂W4
∂x = 0

W4 = 0

E I ∂
2W4
∂x2 + rs,s

∂W4
∂x = 0

W4 = 0

E I ∂
2W4
∂x2 + rs,s

∂W4
∂x = 0
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Table C.2: Boundary- and interface conditions for translational model

Node
Double leaf with
continuous floor

Double leaf with
single spanning floor

Single leaf with
continuous floor

Single leaf with
single spanning floor

A
E I ∂

2W1
∂x2 = 0

−E I ∂
3W1
∂x3 −ksW1 = 0

E I ∂
2W1
∂x2 = 0

−E I ∂
3W1
∂x3 −ksW1 = 0

E I ∂
2W1
∂x2 = 0

−E I ∂
3W1
∂x3 −ksW1 = 0

E I ∂
2W1
∂x2 = 0

−E I ∂
3W1
∂x3 −ksW1 = 0

B

W1 −W2a = 0

∂W1
∂x − ∂W2a

∂x = 0

E I
(
∂2W1
∂x2 − ∂2W2a

∂x2

)
= 0

E I
(
∂3W1
∂x3 − ∂3W2a

∂x3

)
−

ki W1 = 0

W1 −W2a = 0

E I ∂
2W1
∂x2 = 0

E I ∂
2W2a
∂x2 = 0

E I
(
∂3W1
∂x3 − ∂3W2a

∂x3

)
−

ki W1 = 0

W1 −W2a = 0

∂W1
∂x − ∂W2a

∂x = 0

E I
(
∂2W1
∂x2 − ∂2W2a

∂x2

)
= 0

E I
(
∂3W1
∂x3 − ∂3W2a

∂x3

)
−

ki W1 = 0

W1 −W2a = 0

E I ∂
2W1
∂x2 = 0

E I ∂
2W2a
∂x2 = 0

E I
(
∂3W1
∂x3 − ∂3W2a

∂x3

)
−

ki W1 = 0

P

W2a −W2b = 0

∂W2a
∂x − ∂W2b

∂x = 0

E I
(
∂2W2a
∂x2 − ∂2W2b

∂x2

)
= 0

E I
(
∂3W2a
∂x3 − ∂3W2b

∂x3

)
+

P = 0

W2a −W2b = 0

∂W2a
∂x − ∂W2b

∂x = 0

E I
(
∂2W2a
∂x2 − ∂2W2b

∂x2

)
= 0

E I
(
∂3W2a
∂x3 − ∂3W2b

∂x3

)
+

P = 0

W2a −W2b = 0

∂W2a
∂x − ∂W2b

∂x = 0

E I
(
∂2W2a
∂x2 − ∂2W2b

∂x2

)
= 0

E I
(
∂3W2a
∂x3 − ∂3W2b

∂x3

)
+

P = 0

W2a −W2b = 0

∂W2a
∂x − ∂W2b

∂x = 0

E I
(
∂2W2a
∂x2 − ∂2W2b

∂x2

)
= 0

E I
(
∂3W2a
∂x3 − ∂3W2b

∂x3

)
+

P = 0

C

E I ∂
2W2b
∂x2 = 0

E I ∂
3W2b
∂x3 −ksW2b = 0

E I ∂
2W3
∂x2 = 0

−E I ∂
3W3
∂x3 −ksW3 = 0

E I ∂
2W2b
∂x2 = 0

E I ∂
3W2b
∂x3 −ksW2b = 0

E I ∂
2W3
∂x2 = 0

−E I ∂
3W3
∂x3 −ksW3 = 0

W2b −W3 = 0

E I ∂
2W2b
∂x2 = 0

E I ∂
2W3
∂x2 = 0

E I
(
∂3W2b
∂x3 − ∂3W3

∂x3

)
−

ksW2b = 0

W2b −W3 = 0

E I ∂
2W2b
∂x2 = 0

E I ∂
2W3
∂x2 = 0

E I
(
∂3W2b
∂x3 − ∂3W3

∂x3

)
−

ksW2b = 0

D

W3 −W4 = 0

∂W3
∂x − ∂W4

∂x = 0

E I
(
∂2W3
∂x2 − ∂2W4

∂x2

)
= 0

E I
(
∂3W3
∂x3 − ∂3W4

∂x3

)
−

ki W3 = 0

W3 −W4 = 0

E I ∂
2W3
∂x2 = 0

E I ∂
2W4
∂x2 = 0

E I
(
∂3W3
∂x3 − ∂3W4

∂x3

)
−

ki W3 = 0

W3 −W4 = 0

∂W3
∂x − ∂W4

∂x = 0

E I
(
∂2W3
∂x2 − ∂2W4

∂x2

)
= 0

E I
(
∂3W3
∂x3 − ∂3W4

∂x3

)
−

ki W3 = 0

W3 −W4 = 0

E I ∂
2W3
∂x2 = 0

E I ∂
2W4
∂x2 = 0

E I
(
∂3W3
∂x3 − ∂3W4

∂x3

)
−

ki W3 = 0

E
E I ∂

2W4
∂x2 = 0

E I ∂
3W4
∂x3 −ksW4 = 0

E I ∂
2W4
∂x2 = 0

E I ∂
3W4
∂x3 −ksW4 = 0

E I ∂
2W4
∂x2 = 0

E I ∂
3W4
∂x3 −ksW4 = 0

E I ∂
2W4
∂x2 = 0

E I ∂
3W4
∂x3 −ksW4 = 0
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