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Abstract
In recent years, the construction industry has witnessed a significant shift towards sustainable materi-
als. Wood, being renewable and able to take up CO2 during its lifetime, offers a more environmentally
friendly alternative to concrete or steel. This trend coincides with increasing urbanization and popula-
tion growth, which leads to more buildings being built in close proximity to the railway tracks in the
Netherlands. In 2015, more than 845,000 residential addresses were already located within 300 meters
of a railway track and this number is only expected to increase.

This research examines the dynamic behaviour of residential timber buildings subjected to railway-
induced vibrations. At present, concrete buildings constitute the most common realized topology.
Therefore, the main purpose of this study is to determine if timber building structures can offer suf-
ficient comfort in railway-zones. This is done by analysing the impact of varying different structural
parameters on the vibration transmission in the building and comparing the resulting vibrations with
those observed in concrete buildings.

To achieve this goal, first a literature study was carried out. The first part of this study focused on the
railway-induced vibrations, while the second part investigated the construction of timber multi-storey
buildings and the possible building components. Afterwards, an analytical transfer function model is
outlined which accounts for foundation and soil-structure interaction (SSI), offering a low-computational
alternative to finite element models (FEM) which is an essential consideration for the preliminary de-
sign phase this research focuses on. Since this transfer function model is based on a shallow foundation,
additional research is carried out to be able to implement a pile foundation into the model. It was
found that the behaviour of a pile group is not simply equal to the sum of the stiffness and damping
of each of the individual piles and that the piles affect each other, a phenomenon referred to as the
‘group effect’. Both the pile dimensions, soil parameters and this group effect are added to the transfer
function model in this study. After integrating the pile foundations, the model was implemented in
Python and applied to two case studies with concrete buildings. Comparisons between the FEM models
provided for these case studies and the results from the transfer function model showed large discrepan-
cies between the results from the FEM models, highlighting the importance of soil-structure interaction.

A parameter study on timber buildings showed that coincidence between the soil-building resonance
with the natural frequency of the floors led to significant vibration peaks. Different strategies, such as
increasing the natural frequency of the floors and increasing the building mass to prevent this coinci-
dence effectively reduced these peaks. Moreover, it was found that that pile foundations mitigate the
railway-induced vibrations more effectively than shallow foundations.

Comparing the timber buildings optimised based on the structural requirements to an equivalent con-
crete building showed that the timber building exhibited between 108-461 % higher building vibrations.
However, increasing the floor thickness, although resulting in less economical floors, reduced this differ-
ence substantially to 55-60 %. Furthermore, using fully clamped supports showed a similar reduction.
Currently, achieving fully rigid supports between timber walls and floors is technically difficult. These
findings suggest that while challenges remain, the adapted transfer function model is able to analyse
and compare the behaviour of timber and concrete buildings. Future research into additional mitigation
strategies and the kinematic soil-structure effect, combined with pre- and post-building measurements
to evaluate the accuracy of the transfer function model could aid in further reducing railway-induced
vibrations in both timber and concrete apartment buildings.
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1
Introduction

In recent years, sustainability has become increasingly relevant. This has also become visible in the
building industry, amongst others by the rising interest in timber buildings: wood is both renewable
and has the ability to take up CO2 during its growth phase and storing it when used in structures,
making it a valuable option when taking into consideration sustainability. Additionally, the lightweight
properties of timber can result in lower transport costs and a reduction in the size of the foundation
needed, when compared with steel or concrete constructions [21].

At the same time, the growth of the population and increasing urbanisation, result in more buildings
being built in close proximity to railways. In 2015 in the Netherlands, more than 845,000 residential
addresses were located within 300 meters of a railway track [27], and this number is expected only to
rise more in the upcoming years. Besides that, the global goal of becoming more sustainable gives rise
to the expansion of the rail network. By 2030, the European Government has planned to double high-
speed railway traffic and by 2050, rail freight traffic is scheduled to follow [14]. Sadly, railway-induced
vibrations can be the cause of severe annoyance for the occupants of nearby buildings [27]. This stresses
the importance of taking into account these vibrations in the design process.

While more studies have been done on the effect of human-induced vibrations in timber buildings,
the specific consideration of timber apartment buildings in the context of railway-induced vibrations
remains relatively unexplored. Even for concrete buildings, there is still much to be discovered in this
area, although much more information is already available. Therefore, this thesis focuses on obtaining a
better understanding of the dynamic behaviour of timber structures when subjected to railway-induced
vibrations, to offer perspective on whether constructing timber apartments in railway zones is feasible
without causing severe annoyance for residents.

1.1. Research objective
The primary objective of this research is to investigate the influence of railway-induced vibrations
on timber apartment buildings and assess the likelihood that these vibrations will cause discomfort
for residents in the future. To achieve this the goal is to make a model that can be used in the
preliminary design phase, in which the structural parameters can be adjusted to study their effect on
the resulting vibrations. By using a case study as a reference project and comparing the values of the
residential timber building with those of a concrete building, the research aims to provide insights and
recommendations for whether it is feasible to build with timber in railway zones while maintaining the
livability of the apartment building.

1
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1.2. Research questions
To achieve the research objective, this thesis will strive to answer the following main research question:

How does a residential timber apartment building behave when subjected to railway-induced vibra-
tions and how is this influenced by different structural parameters?

To answer this main question, the research is divided into multiple subquestions.

1. Which timber building systems and components are currently available and could be used
for structural application in timber apartment buildings subjected to railway-induced vibrations?

2. Which factors influence the characteristics of the frequencies and amplitudes of railway-induced
vibrations and how do these vibrations impact the resident comfort?

3. How can the railway-induced vibrations be taken into account in the preliminary design of
apartment buildings to assess the dynamic response of the building, exploring how different
structural parameters, such as the building configuration, influence the building’s behaviour
under these vibrations?

4. In what way can a timber apartment building be designed such that it is both in compliance with
the requirements for the structural design and minimises the resulting vibrations in the
building caused by railway-induced vibrations?

5. How does the dynamic response of a timber apartment building differ from that of a concrete
reference building under similar conditions of railway-induced vibrations, and what insights
can be gained from comparing their structural performance and serviceability criteria in this
context?

1.3. Methodology
The research objective will be achieved through a process that can be divided into three phases:

Literature review
The literature review is conducted to gain insights into the characteristics of railway-induced vibrations
and how they propagate through buildings. This part of the thesis also focuses on how the comfort
of residents subjected to railway-induced vibrations is quantified in the Netherlands, by considering
the SBR guideline: Meet- en beoordelingsrichtlijn voor trillingen:2013 - Deel B - Hinder voor personen
in gebouwen [66]. This guideline focuses on the measurements and evaluation of the disturbance in
buildings caused by environmental vibrations, such as railway-induced vibrations. Methods of translat-
ing railway-induced vibrations are outlined and the model best suited for the preliminary design phase
is decided upon, based on computational efficiency and its ability to estimate the building vibration
levels. Furthermore, timber structures are studied, and the gained knowledge is used for the design of
the timber building that is later analysed.

Structural dynamics
In this chapter, the theory behind the transfer function model, resulting from the literature study, is
described and the underlying structural dynamics theory is outlined. The dynamics of shallow founda-
tions and rigid and flexible floors, columns and walls is explored, such that the method can be applied
to the concrete buildings from the case study and the timber buildings in the parameter study. Further-
more, this chapter will focus on the dynamics of pile foundations. The transfer function model in the
literature is applied to shallow foundations, but many buildings in the Netherlands make use of a pile
foundation. Therefore, this chapter also focusses on adapting the transfer function model to implement
pile foundations.

Case study
After expanding upon the theory behind the transfer function model, the model is applied to two case
studies: ENKA and HERO. For both projects, free-field measurements, specifications of the two con-
crete building structures and the results of the finite elements model used for the original analysis were
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provided. With this information, the building response to the railway-induced vibrations is calculated
and compared with the results found with the FEM models.

Parameter study
Finally, in the parameter study, the dynamic model is applied to four variants of a timber building,
each with a different type of floor, to study their effect on the vibrations in the building. The types of
floors that are analysed are a laminated veneer lumber hollow box floor and a cross-laminated timber
floor, each with either a wet or dry screed. Structural design checks are added to the model, to be
able to design a building that does not only minimise the railway-induced vibrations but one that is
also in compliance with the necessary design checks. The structural and geometrical parameters, such
as the thickness of the floors and the number of floors are varied, to analyse how they influence the
corresponding transfer functions. This chapter aims to find which parameters are the most efficient in
steering the response of the timber buildings.

Comparison
Finally, a comparison is made between timber buildings equivalent to the concrete reference building
from the HERO case study, so that a conclusion can be drawn on the differences in the dynamic
responses of the different materials.

1.4. Outline
This thesis is organised into distinct chapters, each addressing a different part of the research. Chapter
2 provides the literature review of railway-induced vibrations necessary to gain an understanding of the
different factors that may be of importance in the subsequent analysis. Chapter 3 focuses on the
literature review of timber components, such that a timber floor-, wall and building system can be
chosen that will be used as the basis for the analysis. Chapter 4 dives into the structural dynamics
model and its components used to calculate the resulting vibrations in the building caused by the passing
trains. In Chapter 5 two case study projects are evaluated and the model outlined in Chapter 4 is
applied, after which the results are compared to the provided results from the FEM models. Chapter
6 contains the parameter study itself, in which the effects of changing the building parameters on the
amplification or attenuation of the vibrations are studied. Finally in chapter 7, the resulting vibrations
in the concrete building from the HERO case study are compared to those in equivalent timber buildings.
After that, changes are made to the timber building design to analyse how this reduces the vibration
levels for this specific location. Chapter 8 discusses the obtained results and limitations of the research,
while chapter 9 contains the conclusion and recommendations for further research.



2
Railway induced vibrations

2.1. Introduction
Generally, the effect of railway-induced vibrations can be explained as the ”gentle shaking or trembling”
of a building, often specifically of the floor people stand on. Most of the time, a rumbling sound ac-
companies this movement [64]. The vibration is found to be too weak to cause actual damage to the
structures [47]. Still, it can cause serious annoyance and in some extreme cases, even disturbance of
sleep to nearby residents according to the extensive research of Kamp et al. [27].

2.2. Characteristics of railway-induced vibrations
To understand how these railway-induced vibrations can be a nuisance for occupants, it is important
to understand how they work. Railway-induced vibrations are defined as the vibrations generated by
passing trains. The vibrations are generated at the interface between the wheels and the rails of the
train: as the train moves along the track, forces are generated at the points of contact of the wheels
and rails, resulting in vibrations. These vibrations are then first transmitted through the track and
its supporting structure, after which they propagate through the ground into the foundation of nearby
buildings, where they propagate through the building structure as shown in Figure 2.1.

Figure 2.1: Railway-induced vibrations, Ouakka, Verlinden, and Kouroussis [47]

In addition to the vibrations that travel through the ground to nearby buildings, referred to as ground-
borne vibrations, the train-track interaction causes two other phenomena: airborne noise and ground-
borne noise. As illustrated in Figure 2.1, airborne noise propagates through the air and is then transmit-
ted through the facades of nearby buildings, resulting in audible sounds inside the building. Although

4
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both airborne noise and ground-borne noise can cause disturbances in nearby buildings, this research
will focus solely on the nuisance caused by the ground-borne vibrations and will disregard the acoustic
effects.

2.3. Wave propagation
From the moment railway-induced vibrations are generated to the moment they create vibrations in
nearby structures, many variables influence the resulting vibrations in the building. Often, the vibra-
tions are therefore subdivided based on their location: the source, the transmission path and the receiver
[9]. The source is the railway and the passing train itself, the transmission path encompasses the ground
through which the vibrations are transmitted, and the receiver is the building and its foundation.

2.3.1. Source
The first phase in the transmission of waves is the source, the point where the vibrations are generated.
The source includes the train, the tracks, the system below the rails and the ground immediately sur-
rounding it. The vibrations are generated by the interaction between the wheels of the train and the
track and are influenced by the properties of the underlying structure and the train itself.

Figure 2.2: Wave generation at the source [61]

At the source, several factors affect the magnitude and frequency of the vibrations. The most significant
factors are listed below [24], [64]:

• Irregularities in the wheels of the train increase the vibration levels.
• Irregularities in the track increase the vibration levels.
• Freight trains and high-speed trains generally increase vibration levels.
• Higher speeds in general correspond to higher vibration levels.
• Whether the train is travelling underground or above ground significantly influences the charac-

teristics of the vibrations and the frequencies of the peaks.
• The type of ballast, fasteners, and the material and distance between the sleepers are of influence

for the characteristics of the vibrations.

2.3.2. Transmission path
After the generation of the vibrations by the train-track interaction, the vibrations are transmitted to
the ground in the form of waves [15], as shown in Figure 2.3. Three main types of waves can be dis-
tinguished: compressional waves (P-waves), shear waves (S-waves) and Rayleigh waves. Each of these
wave types has different characteristics and propagates differently through the ground. In Figure 2.4,
the behaviour of these different wave types is illustrated.

Figure 2.4 shows that compressional waves propagate in the longitudinal direction. These waves are a
type of body wave that mainly propagates within the soil rather than at its surface. Shear waves, also
a type of body wave, travel transversely. Rayleigh waves, on the other hand, are waves that propagate
on the surface of the soil. This type of wave decays as the depth increases.

Compressional and shear waves decay more rapidly than Rayleigh waves, due to geometrical spreading
[15]. Geometrical spreading describes how the intensity or energy of a wave decreases as it spreads out
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Figure 2.3: Wave generation mechanism [15]

Figure 2.4: Types of waves, with a) Rayleigh waves, b) Compressional waves and c) Shear waves [64]

from its source in three-dimensional space. As a wave spreads out, the total energy remains constant
but becomes distributed over a larger area. Therefore, the energy density of the wave decreases. Body
waves have a spherical wavefront as shown in Figure 2.5, which means that they propagate in the shape
of a half sphere in the soil: both in vertical and horizontal directions. Because Rayleigh waves only prop-
agate over the surface of the soil, they have a circular wavefront on one plane and are two-dimensional
instead of three-dimensional. The energy of the waves is only distributed in two directions instead of
three, which means that the Rayleigh waves lose their energy less quickly than the body waves. The
distribution of the Rayleigh surface waves is also illustrated in Figure 2.5. Due to geometrical spread-
ing, in approximately the first 20 metres of the track, the body waves can be significant. However, for
buildings at greater distances, Rayleigh waves are governing [9], [39].

In addition to geometrical spreading, the speed of the waves and their damping are of importance in
determining how much energy the waves lose over a distance. This is influenced by the type of soil
through which the waves propagate. If the soil is very stiff, for example, the amplitude of waves at
lower frequencies is lower than those at higher frequencies. For softer soil, this is the other way around:
amplitudes at lower frequencies are higher than those at higher frequencies. Besides that, the overall
magnitude of the vibrations is higher for softer soils than for stiffer soils [49], as can be seen in Figure 2.6.
For common types of soil, their corresponding modulus of elasticity Es is summarised in Table 2.1. The
variety between values for the soil stiffness per type of soil can be quite large and is dependent on factors
such as the water content of the soil, the mass density and the stress history [11].
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Figure 2.5: The principal of geometrical spreading [49]

Figure 2.6: The influence of soil stiffness (E) on the frequencies and magnitudes of railway-induced vibrations [49]

2.3.3. Receiver
Lastly, the railway-induced vibrations arrive at the building structure, the receiver. The receiver in-
cludes the building itself, its foundation and the immediate surrounding soil. Here, they first reach the
foundation of the building, from where they are transmitted to the building itself. Depending on the
geometry of the building, the building materials, its superstructure, the type of foundation and the soil
properties, the vibrations are either attenuated or amplified.

2.3.4. Variability
One of the problems that arises when considering railway-induced vibrations is that there is a large
variability in the factors that influence the frequency range of the vibrations at the receiver, transmis-
sion path and source. The characteristics of the vibrations can therefore vary significantly between
different sites, tracks, and train types. Therefore, there are no typical railway-induced vibrations and
the characteristics of the vibrations have to be analysed locally for each situation [60].

2.4. Human perception
Although railway-induced vibrations are found to be too weak to cause structural damage [47], research
shows it is the cause of serious annoyance experienced by residents that live in proximity of the railway
tracks. A study, carried out in Sweden by Maclachlan et al. [37], found a positive association between
the annoyance experienced by residents and the distance of their homes to the railway track in question.
The closer their houses are to the track, the higher the vibration annoyance, up to 400 m. This is
in line with the theory behind the Rayleigh waves, which attenuate over distance. Especially freight
trains were found to result in severe annoyance. It is noteworthy that a high percentage of the houses
had wooden floors, in the living room (60.7 %) and in the bedroom (67.2 %). However, no mention
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Table 2.1: Range of values for Young’s modulus of different soils Es [11]

Soil Es [Mpa]
Clay

Very soft 2-15
Soft 5-25
Medium 15-50
Hard 50-100
Sandy 25-250

Sand
Silty 5-20
Loose 10-25
Dense 50-81

Sand and gravel
Loose 50-150
Dense 100-200

was made of a correlation between the floor type and the level of nuisance experienced by participants.
A similar study was carried out by Van Kamp et al. [63] in the Netherlands, with comparable results.
In Figure 2.7 the correlation between the distance of the housings of participants of the study and
the percentage of participants that experienced nuisance from the railway-induced vibrations is shown.
Again, freight trains were found to be of greater nuisance than passenger trains. Another conclusion
was that the experienced disturbance was lower for buildings founded on stiff sand soil, compared to
other soil types. 39 % of living room floors were wooden floors in this study, but it was not researched
whether residents with this floor type experienced greater levels of annoyance. However, a reference
is made to a Swedish study by Öhrström and Skånberg [46], in which it is mentioned that the level
of disturbance was higher for people living in wooden buildings as opposed to concrete buildings. No
further specifications about the type of wooden buildings are, however, provided.

Figure 2.7: Percentage of severely annoyed residents in relation to the distance of their building to the track in the
Netherlands[63]

The second problem that can occur when residents are subjected to railway-induced vibrations is sleep
disturbance. When looking at purely the effect of noise from traffic such as railway systems, a wide
range of research is available. A clear correlation has been found between this type of noise in the
nighttime and sleep disturbance of residents in high-traffic exposure areas [54]. Although traffic and
noise occur simultaneously, they individually affect the comfort levels of residents. A study carried out
by Smith et al. [54], on the influence of both noise and vibration impact of freight trains on people,
concludes that train-induced vibrations at night are likely to lead to sleep impairment, independent of
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the disturbance caused by noise. They found that this negative effect increases with higher vibration
amplitudes. Interestingly, this research is carried out by taking into account the vibrations in the
horizontal direction instead of the vertical direction. The reasoning behind this choice is that although
the highest vibrations are often found in the vertical direction at the mid-span of floors [62], beds are
usually placed alongside the edges of a room. At this location and especially at higher storeys of a
building, the horizontal vibrations are dominant instead when considering sleep disturbance. However,
for vibration analysis in buildings, it is almost always sufficient to only look at the vertical components
of the vibration and disregard the transverse vibrations. This is due to both the higher amplitude of
the vertical vibrations and the way these vibrations are transmitted more easily through the building
foundation than the horizontal ones [24], [52], [18]. Therefore, this research will focus on the propagation
of vertical railway-induced vibrations.

2.5. Prediction methods
To predict how railway-induced vibrations will affect nearby buildings such that annoyance for resi-
dents can be prevented, different prediction procedures exist. These methods differ in level of detail,
but also in which components from the source to the receiver they focus on. Some models start with
predicting the force generated by the train and include all the steps up to the building vibrations, but
there are also models that make use of free-field measurements instead. Free-field measurements are
measurements on the ground which can either be done at the future location of the building or near the
track, without any building yet present. These two distinctive approaches are shown in Figure 2.8. The
advantage of using measurements on site is that it takes away part of the uncertainty that comes with
the assumptions that have to be made at every prediction step, regarding the train, the track, and the
propagation through the soil. Although the advantage of models that include the entire system is that a
more extensive study can be done to find out how different buildings perform in various circumstances,
this research will focus on the building response and use available free-field measurements instead of
modelling the source and propagation path explicitly.

The procedures to calculate the building response can be classified into four categories:

• Empirical models
• Experimental methods
• Numerical models
• (Semi-)analytical methods

Empirical models, such as the model developed by the Federal Transit Administration [24], are efficient
in use: standardised values for the attenuation and amplification of vibrations travelling from the track
to the building have been established based on data from previous projects. However, the accuracy
of the predicted vibrations is often low [76]. Experimental methods like the method investigated by
With and Bodare [69] measure the ground signal and the vibration levels inside an existing building
near a railway track to derive functions that determine the ratio between the ground signal and the
vibrations inside the building. That information can then be used together with a recorded ground
signal at another site, where a similar building will be built, to predict the vibrations inside the new
building. The downside of this method is that the building and site of the measured situation have
to be very similar to the building that is to be constructed. Another option is to use a numerical
model such as a finite element model (FEM), which can include the vibration source, the transmission
path and the building structure itself or part of the system. However, to create the type of detailed
model required to accurately represent the behaviour of the building and subsoil results in models with
substantially high computation time [75]. Finally, multiple analytical models have been developed,
based on mechanics and closed-form equations. Those models make use of simplifications and are not
as detailed as a FEM model, but have been proven fast in terms of computation time and have been
shown to generate estimations of railway-induced building vibrations comparable to measured results
in various studies [76], [7], [6], [75], [2]. Due to the relatively low computational effort required for these
models, while still providing sufficiently accurate results for the initial design phases, they are often
used for studies into design alternatives [2].
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Figure 2.8: Block diagram prediction railway-induced vibrations, partially adapted from Hanson, Towers, and Meister
[24]

Impedance modelling is a method that is used in acoustics and mechanics to represent the dynamic
response of a system by looking at its impedance (resistance) to vibrations [19]. It is a way to couple
individual components to each other to calculate their combined response. It is therefore applicable to
many systems. When considering a building structure, the individual physical properties of walls or
columns, floors and the foundation can be incorporated into the analysis, and by considering boundary
conditions the total structure’s resistance can be found and related again to the individual elements.
Because this way of modelling allows the structure to be subdivided into elements of which the physical
behaviour is well-understood, it is a useful representation of a system when evaluating the effects of
modifications on the vibration behaviour. For impedance modelling, all the characteristic matrices of
individual elements are combined into one matrix, for which boundary conditions are then used to solve
the system. When there are no parallel elements in a system, and it thus only consists of elements
that are coupled in series, the impedance matrices can be rewritten as transfer matrices. Although the
transfer matrices contain the same information as the impedance matrices, their computation is more
straightforward and computationally efficient. For a building system in which the elements are con-
nected from end to end, this is therefore particularly useful, as shown by the research done by Auersch
[7]. This methodology simplifies the analysis of complex structures by enabling easier modification and
understanding of how changes affect the system’s dynamic response.

Furthermore, research from Zou et al. [75] in which an impedance model was used to estimate the build-
ing vibrations of two different over-track buildings, has shown good agreement between the measured
and estimated vibrations. It should be noted that the study used vibration measurements at the base
of the existing building instead of free-field measurements and did therefore not include the building
foundation and coupling with the soil. In Figure 2.9 the measured and predicted building vibrations
are shown. Both the one-dimensional and the more complicated two-dimensional models show accurate
results.
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Figure 2.9: Measured and predicted vibrations in a fourteen-storey building, left: on the seventh floor, right: on the
tenth floor, from Zou et al. [75]

The research that was carried out by Sanayei et al. [53] validated the analytical predictions of the
impedance model with a laboratory scale model building, and it was found that again the predictions
accurately represented the measured building response. In Figure 2.10 the measured and predicted
velocities on each floor of the building are shown.

Similar conclusions were drawn from the research by Anish et al. [2], who analysed railway-induced
vibrations in a four-story building in Boston. They concluded that impedance-based modelling was
computationally efficient and that the model predictions matched well with the measured building
responses. In this study also measurements on the base level of the building were used instead of
free-field measurements since an existing building was studied. In Figure 2.11 the resulting calculated
and measured vibration levels in terms of velocity are shown. Above 50 Hz, some deviations between
the measured and predicted vibration levels can be noted, which the authors discussed being due to
either a measurement error at the base of the building or a difference in the interpretation of the actual
behaviour of the composite columns. Although measurements at the base of the building are used and
an existing building is regarded, the possibility of including soil-structure interaction and using the
model together with free-field measurements for new buildings is recognised.

That is where the research by Auersch [7] expands on the impedance model theory. Whereas Zou et al.
[75], Sanayei et al. [53] and Anish et al. [2] use impedance matrices and measurements at the base of the
building to prevent having to model soil-structure interaction, Auersch [7] uses transfer matrices and
includes a shallow foundation into his model, taking into account soil-structure interaction. The results
were validated with three-dimensional finite element method models for multiple buildings. For one of
those buildings, the comparison between the transfer functions calculated with the transfer function
model and the transfer functions calculated with the finite element model are shown in Figure 2.12. Ad-
ditionally, for two office buildings, a four-storey concrete building and a six-storey steel frame building,
measurements were also carried out. Although a stronger reduction of the vibrations was found for the
measured results, the same trend and magnitude of the amplification factors and corresponding frequen-
cies were found, and the transfer function model was concluded to be sufficiently accurate to investigate
the building response to railway-induced vibrations, even when considering complex soil-structure inter-
action. Interestingly, in this study, the transfer function model is not only used to analyse the vibration
response of the buildings in proximity of the track but is also shown to be applicable to calculate how
the vibrations are transmitted from the train to the soil.

To summarise: the transfer function and impedance model have high computational efficiency, combined
with good agreement with both three-dimensional finite element models and measurements in existing
buildings. Thirdly, it provides the ability to investigate the influence of changing structural parameters
for each of the individual components in the building. Therefore, the transfer function model has shown
to be applicable to real-world scenarios and is chosen as the most appropriate model to investigate the
building response to railway-induced vibrations in the preliminary design stage.
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Figure 2.10: Measured and predicted vibrations in a laboratory scale building, from Sanayei et al. [53]

Figure 2.11: Measured and predicted vibrations in a four-storey building, left: on the second floor, right: on the third
floor, from Anish et al. [2]
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Figure 2.12: Measured and predicted vibrations in a four-storey building, left: calculated transfer functions, right:
results finite element model, from Auersch [7]

2.6. Serviceability criteria
Whether the vibrations can be perceived as a nuisance to residents can be estimated in different ways.
Although there is currently no legislation in the Netherlands regarding railway-induced vibrations in
residential buildings, there are guidelines that focus on preventing nuisance from these vibrations. The
most used guideline in the Netherlands to evaluate whether the vibration levels are within the service-
ability limits is the “SBR richtlijn, Deel-B”. It considers ground-borne vibrations caused by railway
traffic from 1 Hz to 80 Hz.

Depending on whether the measured free-field vibrations are provided in terms of acceleration or velocity,
a weighing function is applied. For free-field vibrations provided in velocity, Equation 2.1 can be applied.
In this equation, v0 is 1 mm/s, f0 = 5.6 Hz and f is the frequency considered.

|Hv(f)| =
1

v0
· 1√

1 + (f0/f)2
(2.1)

The weighing function over the frequency range of 1-80 Hz for railway-induced vibrations is shown in
Figure 2.13. The goal of this function is to reduce peaks in the lower frequency range between 1-16
Hz, that are less perceivable for humans. Because the weighing function divides the input velocity by
mm/s, the resulting value is dimensionless.

Figure 2.13: Weighing function |Hv(f)| for velocity

This SBR guideline focuses on translating vibration levels of railway-induced vibrations to an effective
vibration severity, veff (t), as shown in Equation 2.2. The maximum value of this effective vibration
severity is denoted as Vmax. This maximum vibration severity is tested against target values, to check
whether the vibration levels are below the levels considered undesirable. In the SBR guideline, limits
for the vibration levels are specified for different periods, as shown in Table 2.2.
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Table 2.2: Time periods as stated in SBR guideline

Period Timespan Duration [s]
Day 07:00 until 19:00 43200
Evening 19:00 until 23:00 14400
Night 23:00 until 07:00 28800

veff (t) =

√
1

τ
·
∫ t

0

g(ξ)v2(t− ξ)dξ (2.2)

g(ξ) = exp
{
−ξ
τ

}
τ = 0.125s

Besides the maximum vibration severity, the average vibration severity, Vper, has to be calculated. Vper
is the quadratic average of the largest effective value of veff (t) in an interval of 30 seconds. Vper is
dependent on both the effective vibration severity and the period in which it occurs. Vper is calculated
with Equation 2.3 and Equation 2.4.

vper,meet =

√√√√ 1

n
·
i=1∑
n

v2eff,max,30,i (2.3)

Vper = vper,meet ·
√
Tb
T0

(2.4)

In which Tb is equal to the duration of the vibration itself and T0 is equal to the duration of the timespan
of the considered period, as given in Table 2.2.

When Vper and Vmax have been determined, these vibration severity values have to be checked against
the target values. Depending on the function of the considered building and whether an existing building
or a new building is considered, different target values apply. For new buildings near railways, the target
values shown in Table 2.3 apply. In this table A1 is the lower target value for the maximum vibration
severity, A2 is the upper target value and A3 is the target value for the vibration severity over a specific
assessment period.

Table 2.3: Target values SBR guideline

Target value Day and evening Night
A1 0.1 0.1
A2 0.4 0.2
A3 0.05 0.05

To check whether the vibration levels are undesirable or acceptable, Vmax first has to be checked against
A1. If Vmax turns out to be lower than A1, the situation is deemed acceptable. If Vmax turns out to
be higher than A1, it has to be checked against A2. When Vmax is between A1 and A2, the average
vibration severity Vper needs to be checked against A3. If Vper is lower than A3 the situation is again
deemed acceptable by the SBR guideline. However, in the case that either Vmax is higher than A2

or Vper is higher than A3, the situation is considered undesirable. In that case, the design has to be
adjusted to create an acceptable situation for residents. This study focusses on checking the resulting
vibrations in the analysed buildings against A1 and A2, but does not consider the Vper check.
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2.7. Mitigation strategies
When the railway-induced vibrations are estimated to be too high in new buildings, or when the
measured vibrations in existing buildings exceed the serviceability criteria, measures can be taken to
minimise these vibrations. These measures can be taken at either the source, where the vibrations are
created, at the transmission path, where the vibrations propagate through, or at the building, where
the vibrations are experienced. This research focuses on the building vibrations, but for completeness,
the measures at other locations are also briefly discussed.

• At the source:

– Vehicle-based measures
– Track-based measures, which can be either temporary or permanent. Temporary measures

focus on maintenance, which can for example be rail grinding, to create a smoother interface
between the rails and the wheels of the train [15].

• In the transmission path:

– Measures in the transmission path in general focus on interrupting the waves propagating
away from the source. This can be done by using trenches, for example, filled with low-
density materials to reflect part of the propagating waves. Another approach is to stiffen the
soil between the source and the receiver to dampen the propagation of the vibrations. The
effectiveness of these measures depends on the soil properties [15]. Lastly, an effective way to
mitigate railway-induced vibrations in buildings is to increase the length of the propagation
path by placing the building further away from the source [47].

When a new railway line is built in the vicinity of an existing neighbourhood, considerations can be
made in the design of the railway system itself. However, making changes to existing railway structures
and operating trains proves more challenging and is often costly. Measures in the transmission path are
therefore typically a more viable option for existing railway lines. Or, for buildings that still have to be
developed the third option can be considered, which is to take mitigation measures in the building itself.

Two main components dictate the behaviour of the building when subjected to railway-induced vibra-
tions: soil-structure interaction and the structural design of the building itself. Common measures that
can be taken during the design phase of a building are increasing the stiffness of structural elements,
increasing the floor thickness [53], and changing the foundation type [25]. Another more costly but
effective measure is to use base-isolation [58]. Furthermore, it is suggested by studies based on empiri-
cal research such as Hanson, Towers, and Meister [24] and Arnesson [4] that as a general rule, heavier
building constructions result in lower vibration levels: wooden structures are generally stated to result
in higher amplifications of the imposed railway-induced vibrations. However, measures in existing build-
ings such as stiffening the floors by adding beams can be efficient, whereas those kinds of adjustments
are more difficult for concrete floors [47].

2.8. Soil-structure interaction and building response
Soil-structure interaction (SSI) focuses on the dynamic interaction between the subsoil and the building
when subjected to vibrations. Before the building is constructed, vibrations from the track or any other
source can propagate freely. These vibrations are known as free-field ground motions. However, when
a structure is present, two factors influence these ground motions. Firstly, the presence of the structure
alters the free-field ground motions at the location of the structure and its surrounding area, as the
vibrations can no longer propagate freely. Secondly, it is important to remember that the ground is
a deformable medium and the foundation is not completely rigid. If both were completely rigid, then
the ground motions would be fully transmitted to the building: there would be no amplification or
attenuation. However, since this is not the case, the stiffness of the soil and the foundation influences
the force transferred from the soil to the foundation to the structure [71]. Soil-structure interaction
remains subject to significant variability and uncertainty, but nonetheless, an important element when
evaluating the effect of railway-induced vibrations [57], [4]. Both predictions and measurements indicate
neglecting it can lead to unnecessary conservative building designs [36]. To understand its influence
on the vibration behaviour of the building, this section will dive deeper into studies concerning soil-
structure interaction for railway-induced vibrations.
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2.8.1. The building influence on free-field vibrations
Research carried out by Huang et al. [25] looked amongst others into how the waves propagating from
two railway tunnels would influence a theoretical building for different foundations. First, they set up a
train-track model to estimate the dynamic loads exerted on the soil, which they then used to calculate
the free-field vibrations. They were able to check those vibrations with actual free-field measurements
and found they were in good agreement. After that, they modelled a building with different foundations
and analysed how that influenced the vibration transmission into the building. The foundations they
considered were a pile foundation, raft foundation and strip foundation. By creating a complete model
that included the propagation from the source to the receiver, they were not only able to analyse how the
vibrations were transmitted into the building but also how the building influenced the propagation of
the vibrations through the ground. The first conclusion drawn from their research is that the presence
of the building indeed influences the free-field vibrations. For the building with a pile foundation,
they discovered that the calculated vibrations in front of the building stay the same, but within the
building, the vibrations are already generally suppressed. Especially behind the building, the vibration
levels were found to be lowered. This conclusion is supported by the research carried out by Talbot,
Edirisinghe, and Sanitate [57], who found that piles stiffen the soil locally, attenuating the propagation
of the vibrations. Because of their stiffness, they are not able to follow the movements of the free-field
motions, resulting in a different motion at the pile head than in the free-field. Besides this stiffening
effect, the piles reflect and scatter the incoming waves. This filtering effect further changes the incoming
vibrations [32]. Similar effects are found for other types of foundations [55].

Figure 2.14: Velocity level of railway-induced vibrations on the ground surface of a building with pile foundation,
behind the building, adapted from [25]

2.8.2. Transmission through the foundation
Besides the influence of the presence of the building on the free-field vibrations, the interaction between
the foundation and the soil influences the transmission of the vibrations into the building. A Swedish
study by Arnesson [4] summarises generalized amplification factors used by the industry of 0.3 for pile
foundations and 0.6 for on-grade slab foundations, for the transmission of the free-field vibrations to
the foundation. Their research then focuses on measurements of 50 buildings with on-grade slab foun-
dations, and although they find a spread between 0.3 and 1.2, they report a mean amplification factor
between 0.8-1.1. This is also higher than the often used amplification factors reported by the Federal
Railroad Administration [24], who prescribe an attenuation in the range of 0.2-0.6 for masonry buildings
on pile foundations and spread footings.

Although using single amplification factors simplifies the estimation of railway-induced vibration levels
significantly, research by Kuo et al. [31], Huang et al. [25] and Moskovets and Kanev [42] have shown
that these values may be an overestimation of the reduction in transmission. All three studies carried
out measurements and found that the transmission is frequency-dependent. The results found by
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Huang et al. [25] for a building of four floors, with concrete columns and slabs, are translated1 to an
amplification ratio of the vertical free-field vibrations to the foundations and shown in Figure 2.15.
The highest vibration levels are found for the strip foundation, whereas the pile foundation is found
to reduce the vibrations the most. At the natural frequency of the structure, amplifications are found
instead of attenuation of the vibrations. For this specific site, the pile foundations show the highest
overall reduction of the vibrations.

Figure 2.15: Ratio of transmission loss of free-field vibrations for buildings with different foundations at the
foundation level, calculated from [25]

2.8.3. Influence of the soil on the building vibrations
Besides the foundation, the soil properties significantly influence the soil-structure interaction. The
previously discussed study by Kuo et al. [31] shows this as well. Zakeri, Esmaeili, and Mousavi-Rahimi
[72] specifically looked into how foundations and soils of different stiffness influenced not only the vi-
bration levels inside the building but also its effect on the frequency content of the building vibrations.
They studied a phenomenon that they refer to as EFRBM: eigenfrequency of rigid body motion. This
is the frequency at which the building moves up and down as a whole. This frequency depends on two
elements: the mass of the building and the stiffness of the soil. If the mass of the structure stays the
same, a soft soil will result in lower eigenfrequencies and stiffer soils will yield higher values. In the
study, a model was created that includes the source, the propagation path and a building structure of
four floors on a shallow foundation. Both the columns and the floors are made out of concrete.

As expected, the attenuation of the waves created by the train over the distance is the highest for the
stiff soil (Vs = 400 m/s), which results in lower vibration levels at the building foundation. Interestingly,
it was found that when the eigenfrequency of rigid body motion is below the natural frequency of the
floors, the soil acts as a damper, lowering the transmission of vibrations throughout the building: the
energy in the building can dissipate through the damping of the soil [22]. When the eigenfrequency
of rigid body motion is equal to or above the natural frequency of the floors, this dampening effect
does not occur, increasing the transmission of vibrations from the foundation into the building. All the
vibrations that reach the foundation are intensified instead. The calculated eigenfrequencies of rigid
body motion for the building in this study were 24-31 Hz for the stiff soil (Vs = 400 m/s), 16-20 Hz for
the medium stiff soil (Vs = 200 m/s) and 8-10 Hz for the soft soil (Vs = 100 m/s). The natural frequency
of the floors was between 14-16 Hz. Consequently, the dampening effect of the soil only occurred for the
softest soil. Therefore, the vibration levels in the building turned out to be of similar magnitude for the
medium stiff soil as for the soft soil, even though the vibrations that reached the building were lower
for the medium stiff soil due to the attenuation in the propagation path. In Figure 2.16 the transfer
ratios of the vibration levels at the foundation level to the fourth floor of the building are shown, which
are calculated based on the data presented in the paper. Although the transfer ratio is the highest for
the stiffest soil, the vibrations that reach the foundation are also substantially lower due to this higher

1ratio = 10
dB
20
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Figure 2.16: Ratio of transmission loss of vibration levels at the foundation for buildings on different types of soil,
calculated from [72]

soil stiffness. Therefore, the resulting vibrations in the building are still the lowest for this type of soil.

2.8.4. Quantification of kinematic and inertial effects
All the aforementioned effects of soil-structure interaction can be divided into two categories: kinematic
interaction and inertial interaction. Kinematic interaction describes how the free-field vibrations in the
soil are altered due to the presence of the building and its foundation. This effect is also referred to
as the ’wave scattering’ effect or ’wave passage’ effect [65] and results in modified vibrations called
the foundation input motion (FIM), as shown in Figure 2.17. Inertial interaction is how the building
responds to this input motion and how the inertial forces that develop in the structure are transmitted
to the soil [32]. It can be taken into account by calculating the stiffness and damping of a foundation
and then applying these as springs and dampers to the dynamic system representing the building, as
shown in Figure 2.17. This way, the inertial interaction effect can be accounted for analytically.

Taking into account the kinematic effect analytically is however less straightforward. Stewart et al. [55]
provides transfer functions for the kinematic interaction of shallow foundations subjected to shear waves,
but for the railway-induced vibrations for on-grade railway tracks considered in this research, surface
waves are mostly governing. The same focus on shear waves applies to research into the kinematic effect
of pile foundation [38], [43], [3]. Furthermore, studies often concentrate on the horizontal component of
the waves, since this is the governing direction for seismic analyses.

2.8.5. Building response
After the vibrations have been transmitted through the ground and foundation, they eventually reach
the building. Generally, the vibrations on the foundation are amplified over the building height for
low frequencies and are the highest mid-span of the floors. High frequencies are generally attenuated.
The earlier mentioned study into a four-storey concrete building by Huang et al. [25] also looked into
the transmission from the foundation to the top floors of the buildings. The results are translated
to an amplification ratio and shown in Figure 2.18. Most of the literature related to railway-induced
vibrations focuses on concrete buildings. Generally, two peaks can be distinguished in the building
response: one that relates to the EFRBM, also referred to as soil-building resonance frequency and a
peak that corresponds to the natural frequency of the floors [34].
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Figure 2.17: From free-field (uFF ) ground motion to foundation input motion (uFIM ) and building response (uB),
with kinematic and inertial effects

(a) Ratio at the columns (b) Ratio mid-span of the floors

Figure 2.18: Ratio of transmission loss of free-field vibrations for buildings with different foundations in the building,
calculated from [25]



3
Timber Multi-Storey buildings

3.1. Introduction
In the last years, timber construction has proven to be a viable option for the design of mid-rise
structures, especially when focusing on the reduction of the environmental footprint [23]. There has
been much focus on the serviceability criteria of timber buildings and the influence of walking-induced
vibrations on different timber structures and connections ([73], [67]), to solve acoustic and vibrational
problems that can occur due to human-induced excitation. There is a wide variety of building systems
and floor- and wall configurations available nowadays that can be used in the construction of timber
multi-storey apartment buildings. The goal of this chapter is to outline the commonly used components
and systems and to narrow this selection down to those that could be used for the structural application
in timber apartment buildings subjected to railway-induced vibrations.

3.2. Manufactured wood products
When wood was solely used as solid wood, its dimensions were constrained by the height and size of
the tree it was taken from. These days, many engineered wood products have been developed that
make it possible to use the beneficial properties of the wood while also making it possible for use when
larger dimensions are required. For structural applications, especially glued laminated timber (GLT),
cross-laminated timber (CLT) and laminated veneer lumber (LVL) have given a boost to the use of
timber in the construction industry.

Glued laminated timber
Glued laminated timber (glulam, GLT) is a product made up of multiple shorter timber boards. The
thickness of the individual timber boards is often between 30 and 50 mm. Defects in the timber boards
such as knots can be reduced before glueing them together with the use of finger joint connections to
create one long board. Then, the finger-jointed board is cut into individual lamellae, after which they
are planed and glued together to create a glulam beam of the necessary dimensions [20]. This concept
is illustrated in Figure 3.1. Due to its properties, GLT is often used for beam and column elements [28].
The material properties for GLT of strength class GL24h used in this research are shown in Table 3.1.

Figure 3.1: Glulam member with finger joints [41]

20
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Table 3.1: Material properties C24 for CLT cross sections

Property Symbol GL24 Unit
Bending strength fm,g,k 24 N/mm2

Tensile strength ft,0,g,k 14 N/mm2

ft,90,g,k 0.12 N/mm2

Compression strength fc,0,g,k 21 N/mm2

fc,90,g,k 2.5 N/mm2

Shear strength fv,g,k 4 N/mm2

Rolling shear strength fr,g,k 1.25 N/mm2

Shear modulus Gg,mean 690 N/mm2

Modulus of elasticity E0,g,mean 12000 N/mm2

Rolling shear modulus Gr,g,mean 50 N/mm2

Density ρg,mean 420 kg/m3

Cross laminated timber
Cross-laminated timber (CLT) is a solid wood-engineered panel product that is made by stacking and
glueing together layers of wooden boards referred to as lamellae. The lamellae are orthogonally layered:
in each layer, the boards are placed side by side and each lamella is then placed under a 90-degree angle
with respect to the adjacent lamellae and connected with an adhesive [41]. Similar to GLT, the number
of knots and other defects can be reduced during the production process of the lamellae. Furthermore,
the number of lamellae can be customised to achieve different structural requirements. CLT is often
used for both floors and walls due to its properties in both transverse and longitudinal directions. An
example of a CLT slab is shown in Figure 3.2 and the material properties of the strength class used in
this research are shown in Table 3.2.

Figure 3.2: Structural floor: cross-laminated timber [28]

Table 3.2: Material properties C24 for CLT cross sections

Property Symbol C24 Unit
Bending strength fm,g,k 24 N/mm2

Tensile strength ft,0,g,k 14.5 N/mm2

ft,90,g,k 0.4 N/mm2

Compression strength fc,0,g,k 21 N/mm2

fc,90,g,k 2.5 N/mm2

Shear strength fv,g,k 4 N/mm2

Shear modulus Gg,mean 690 N/mm2

Modulus of elasticity E0,g,mean 11000 N/mm2

Rolling shear modulus Gr,g,mean 50 N/mm2

Density ρg,mean 420 kg/m3
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Laminated veneer lumber
Whereas both CLT and GLT are produced from lamellae, LVL is produced from very thin sheets
of wood. These sheets are obtained by a peeling process, after which they can be layered to create
for example a beam member or a plate by using a resin to glue the individual components together.
Generally, the fibres are positioned in the longitudinal direction of the member, with deviations up to
25 % perpendicular to this main direction [10].

Table 3.3: Material properties LVL 32S and LVL 50S

Property Symbol LVL 32S LVL 50S Unit
Bending strength fm,0,edge,k 27 44 N/mm2

fm,0,flat,k 32 50 N/mm2

Tensile strength ft,0,k 24 35 N/mm2

ft,90,edge,k 0.5 0.8 N/mm2

Compression strength fc,0,k 26 35 N/mm2

fc,90,edge,k 4 6 N/mm2

fc,90,flat,k 1 1.8 N/mm2

Shear strength fv,0,edge,k 2.4 4.1 N/mm2

fv,0,flat,k 1.3 2.3 N/mm2

Shear modulus G0,edge,mean 400 500 N/mm2

G0,flat,mean 400 500 N/mm2

Modulus of elasticity E0,mean 10000 13800 N/mm2

Density ρmean 440 510 kg/m3

Rib floors
Besides the solid wood CLT, GLT and LVL elements, rib floors can be used in cases where large spans or
a high load-bearing capacity is needed. These types of floors consist of flat wood panels, with supporting
ribs in between, connected together with structural adhesives. The wood panels are often made from
CLT, GLT or LVL panels, whereas for the ribs either GLT or LVL is common, making use of the high
bending strength of these materials. The floors are either fully closed, as shown in Figure 3.3a and
referred to as hollow box floors, fully open, or partially open, as shown in Figure 3.3b.

(a) Hollow box rib floor, CLT and GLT (b) Partially open rib floor, LVL

Figure 3.3: Types of rib floors [56]

3.3. Timber building systems
There are many ways to build a timber apartment building. Different load-bearing systems exist, each
with its own benefits and disadvantages. Kolb [30] divides the building systems into two categories:

• Linear-supported structures,
• Point-supported structures.
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Figure 3.4: Linear-supported timber system (left) and point-supported timber system (right) [30]

Linear-supported structures are systems in which the loads are distributed along linear elements.
In this system, elements such as walls transfer the loads that act on the floors to the foundation of the
structure. This distribution of forces can be advantageous because it reduces the reaction forces on
the components. Besides that, in some cases, the linear elements can function as part of the building
envelope and as a bracing structure simultaneously. Contrarily, in Point-supported systems such as
the post-and-beam system, the loads are concentrated into the columns and beams that the system is
comprised of. An advantage of this system is that the load paths are clearly visible. On the downside,
to enable the transference of loads between the beams and columns sometimes additional measures are
needed due to these high load concentrations that occur there. In Figure 3.4 these two systems are
illustrated.

3.3.1. Solid timber structure
An example of a linear-supported structure is the Via Cenni complex in Milan, Italy. It is a social
housing apartment building located in one of Italy’s seismic zones. This building’s load-bearing system
is linear-supported and consists of CLT wall and floor elements, combined with CLT cores around the
stairs and elevator shaft. Since the vertical load-bearing elements are solid walls, they also determine
the layout of the building, which is often cellular for that reason [23]. The project is shown in Figure 3.5.

Figure 3.5: Via Cenni residential complex, Italy [28]

One of the advantages of a solid timber panel system is that openings for walls and windows can already
be included during the prefabrication process, making quick on-site assembly of the building possible
[30].



3.4. Floor systems 24

3.3.2. Post- and beam structure
An example of a post-and-beam timber building is the Wood Innovation and Design centre (WIDC).
It is made up out of GLT columns and beams for the load-bearing structure of the building. Both the
floor panels and the walls are made from CLT. The building has a CLT core in which the elevator and
staircase are located, providing lateral stability. Because the floor is made solely out of timber and no
concrete layover was used, additional measures such as an acoustically insulated subfloor system had
to be taken to comply with the building codes. The building steps of this building are demonstrated in
Figure 3.6. This figure shows that the facades are placed in front of the load-bearing structure so that
it is completely protected against the weather whilst creating an airtight structure (Kolb 2008).

The advantage of this structure is that relatively large spans can be achieved and that there is more
flexibility in the design of the interior layout. Lateral stability can sometimes be an issue, in which case
bracing or shear walls are applied, which was not necessary in this case [23].

Figure 3.6: The wood innovation and design centre in Canada [23]

3.4. Floor systems
Based on the wood-engineered products introduced in section 3.2 and the building systems discussed
in section 3.3, two different floor systems can be considered for the structural application in timber
apartment buildings subjected to railway-induced vibrations: hollow box floors and CLT floors.

A timber floor system generally consists of multiple layers to be able to provide sound insulation
properties and fire resistance. The layers can be subdivided into three parts: the structural floor, the
floor finish and the ceiling structure. The structural floor is the part of the floor system that has a
load-bearing function, in this case the hollow box or the CLT floor. In terms of floor finishes, either
wet or dry screed is often applied [30]. Since the floor finish influences the mass of the floor and thus
influences its dynamic behaviour, different finishes for each structural floor system are considered. The
floor configurations that will be used in this research and their corresponding properties that will be
used for the design of the timber floors are summarized in Table 3.4 and Table 3.4. For all floor types,
gypsum plasterboard is used for the ceiling. It is assumed that this is sufficient to comply with the fire
safety of the structure.
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Table 3.4: Floor systems for CLT slabs and LVL hollow box floors

CLT slab
Wet screed Dry screed

Layer mm kg/m2 Layer mm kg/m2

Cement screed 70 175 Plasterboard 12.5 10
Sound insulation 30 2 Underlayment (OSB) 25 20
Fill, sand 50 75 Sound insulation 30 2
Cross laminated timber variable variable Cross laminated timber variable variable
Plasterboard 12.5 10 Plasterboard 12.5 10
Total finishes 162.5 262 Total finishes 80 42
Hollow box floor
Wet screed, without infill Dry screed, with fill

Layer mm kg/m2 Layer mm kg/m2
Cement screed 70 175 Underlayment (OSB) 25 20
Sound insulation 30 2 Sound insulation 30 2
LVL-X variable variable Fill, sand 50 75
Mineral wool 100 2 LVL-X variable variable
LVL-S I-joist variable variable Mineral wool 100 2
LVL-X variable variable LVL-S I-joist variable variable
Plasterboard 25 20 LVL-X variable variable

Plasterboard 25 20
Total finishes 125 199 Total finishes 155 119

Damping ratio's
An important aspect of any structure subjected to vibrations is the damping ratio. This ratio causes
the imposed vibrations to reduce over time and eventually come to a halt. The higher the damping
ratio, the quicker the vibrations are dissipated. However, many different sources influence the total
damping ratio of a building, which makes estimating the damping ratio of entire structures difficult.
Furthermore, it is hard to measure the amount of energy that is being dissipated by the structure.
Luckily, for individual components, such as floors, research has been carried out that aims to determine
their damping ratio [26]. Therefore, in this research, it is chosen to use the values that are proposed
for the revised Eurocode 5 [45], which are presented in Table 3.5. These values are in agreeance with
the damping factors found by Abeysekera et al. [1].

Table 3.5: Damping ratio ξ for different timber floors [45]

ξ without floating floor ξ with floating floor
Timber joisted floors 0.02 0.03
Timber-concrete floors, rib-type floors
and slab type floors 0.25 0.04
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3.5. Connections
For the connection between the load-bearing walls and the floors, there are essentially two different
methods that can be considered: the suspended floor structure and the supported floor structure [28].
With the suspended floor structure, as the name suggests, the floor is hung between two load-bearing
walls. This principle is shown in Figure 3.7a. The advantage of this method is that there are no large
vertical loads imposed on the timber floor structure perpendicular to the grain. Loads perpendicular
to the grain can pose challenges in the structural design of the floors, since the mechanically properties
of timber are substantially lower in this direction [10]. A downside of this connection is that for high
vertical loads, it may be difficult to find transmission strips that have sufficient load-bearing capacity.
This can for example be the case in tall buildings. Also, an additional bending moment is imposed
on the walls due to the eccentricity created with this connection. With the second connection method,
the supported floor structure, the floors are clamped between the walls of two subsequent storeys, as
shown in Figure 3.7b. This connection is easier to construct and also avoids that the loads from the
floors are imposed eccentrically. However, the disadvantage of this connection is that the placement of
the wall on top of the floor results in high vertical loads perpendicular to the grain. Therefore, flanking
transmission strips are placed between the floors and the walls, to account for this pressure [59].

(a) Suspended floor (b) Supported floor

Figure 3.7: Types of connections [28]
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Structural dynamics

4.1. Introduction
To investigate the building response to railway-induced vibrations, this chapter will focus on the struc-
tural dynamics theory behind the transfer matrix model that is used. First, general dynamics concepts
are briefly outlined, after which the focus will shift to the framework for the transfer function method
discussed in chapter 2. The corresponding matrices for a shallow and pile foundation, walls and columns,
and floors are derived and elaborated on. Lastly, the boundary conditions needed to calculate the build-
ing response are presented. The dynamic formulations in this chapter are then implemented in a Python
script that is used to analyse the buildings from the case studies in chapter 5, the parameter study in
chapter 6 and the comparison of concrete and timber apartment buildings in chapter 7.

4.2. Single degree of freedom system
Buildings are complicated systems with many degrees of freedom, but to analyse the response of smaller
parts of the structure, a single-degree-of-freedom (SDOF) system can be used. The response of this sys-
tem subjected to an external force can be described by its displacement u, velocity u̇ and its acceleration
ü as shown in Figure 4.1.

Figure 4.1: (a) System; (b) stiffness component; (c) damping component; (d) mass component from [13]

The stiffness component of the system k results in the elastic resisting force fS , which is related to
the displacement u of the system, whereas the damping component c of the structure is related to its
velocity u̇ resulting in the damping resisting force fD. Lastly, the inertia force resulting from the mass
component m is associated with the acceleration ü, resulting in fI . In order for the system to be in
equilibrium, the externally applied force p(t) has to be equal to the sum of these resisting forces. This
results in Equation 4.1.

p(t) = fI + fS + fD (4.1)

27
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Substituting the components and their relationship to the displacement, velocity and acceleration results
in the well-known equation of motion (EOM) in Equation 4.2.

mü+ cu̇+ ku = p(t) (4.2)

However, in the case of railway-induced vibrations, the force is applied to the base of the structure and
is described by a displacement of the ground as illustrated in Figure 4.2. Both vertical and horizontal
vibrations have to be considered, but both systems are identical in terms of their equation of motion.
The absolute displacement of the mass ut(t) is now the summation of the displacement of the system
itself u(t) and the displacement of the ground ug(t). The relation between these displacements is shown
in Equation 4.3.

Figure 4.2: a) generalised SDOF vertical vibrations and b) horizontal vibrations

ut(t) = ug(t) + u(t) (4.3)

Since the elastic forces and damping forces are only caused by the relative displacement of the system,
fS and fD of equation Equation 4.1 do not change. The inertia force is however related to the absolute
acceleration, and by substituting Equation 4.3 thus becomes:

fI = müt = mü+müg (4.4)

Substituting this relation into Equation 4.1 together with the unchanged elastic and damping resisting
forces results in the equation of motion as shown in Equation 4.5.

mü+ cu̇+ ku = −müg = peff (t) (4.5)

4.3. Frequency and time domain
Vibrations are oscillating motions, which can be described by their amplitude and frequency. The higher
the amplitude, the higher the strength of the vibrations. Vibrations related to earthquakes and struc-
tural damage for example have substantially higher amplitudes than vibrations related to traffic-induced
vibrations. Besides their amplitude, vibrations are described by their frequency. When expressing the
frequency in Hertz (Hz), this is the number of times an oscillation occurs in one second. Every element
has their own natural frequency: if the element is excited by a force with the same frequency, it will
start to vibrate with increasing amplitudes. This phenomenon is called resonance. This effect can cause
the element to deflect much more than if the deflection had been caused by a static force of the same
magnitude [12]. To minimise vibrations in structures, it is therefore the goal to avoid resonance from
occurring.

To predict the response of a structure, there are two different approaches: the time domain method and
the frequency domain method [68]. Both methods are related to each other, but represent the vibrations
the system is subjected to and its response differently. Where the time domain approach shows the
vibrations as a function of time, the frequency domain method represents time series in terms of their
frequency content. The relationship between these two methods is shown in Figure 4.3. The graph that
represents the vibrations in the frequency domain is also referred to as the spectrum. The advantage of
considering vibrations in the frequency domain is that it can easily be seen which frequencies have the
highest energy content. This is important, because when the strongest frequency of the railway-induced
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Figure 4.3: Relationship between frequency and time domain, with a) time domain, b) frequency domain, and c) the
relationship between the frequencies, amplitudes and time, from [48]

vibrations coincides with the natural frequency of the structure or structural components, they will
amplify each other, resulting in high resonance.

4.4. Dynamic building response
As described in chapter 2, one of the ways to study the effect of imposed vibrations on a structure
is to use transfer matrices. Generally speaking, transfer matrices translate an input, such as free-field
measurements, to an output, in this case the building response. This principle is illustrated in Figure 4.4.

Figure 4.4: Principle of transfer functions

Now, delving into the specifics: a simple building in proximity to a railway is considered, for which
the building response to the railway-induced vibrations has to be calculated. An example building is
illustrated in Figure 4.5. First, the vibrations travel through the soil, until they reach the foundation of
the building. Here, they are influenced by the foundation of the building, through which they reach the
ground floor of the building. The vibrations are considered to be axially propagating waves, because
as explained in chapter 2, vertical vibrations are considered governing for railway-induced vibrations.
The waves propagate axially through the load-bearing structure and cause vertical displacements at the
connection of the walls with the floor elements. At this connection, they also radiate out into the floors
as transverse bending waves [76].

To be able to calculate the response of the building to the railway-induced vibrations with the transfer
function method, the building is simplified into a 1D structure. Because it is assumed that the excita-
tion of the foundation is uniform, a representative section of the building can be taken to calculate the
attenuation or amplification of the imposed vibrations. In Figure 4.5 two different building sections
are highlighted. Then, for each building element in each section, transfer matrices can be found that
translate the ground-borne vibrations to vibrations in the foundation, floors, and walls or columns.
The foundation can be simplified to one spring and damper element per section. Next, the walls or
columns can be simplified as rods, taking into account the area of the load-bearing walls or columns
in the investigated section. The same can be done for the floors, although in a slightly more complex
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way. The eigenfrequency of each floor is taken into account, using the entire floor span of that specific
floor. For the two highlighted sections in Figure 4.5, the span is the same. The difference between the
two highlighted sections is however the participating portion of the floor, which is factored into the
calculation of the floor mass.

Figure 4.5: Theoretical building structure subjected to railway-induced vibrations

4.4.1. Soil-structure interaction
As explained in chapter 2, an important factor to consider when assessing the response of the building
is the effect of the Soil-Structure Interaction (SSI). There are multiple ways to take into account soil-
structure interaction, but the more extensive methods often have high computational costs and need
large amounts of data. There will still be many uncertainties, because determining the soil profile and
corresponding properties is complex. There are also more simplified models, which can still capture
the most important features of the principle of soil-structure interaction [70]. Although soil-structure
interaction consists of both kinematic and inertial interaction, as described in chapter 2, only the in-
ertial interaction is considered for the transfer function model. The main reason is that the kinematic
interaction is not influenced by the building itself: it focusses on how the foundation influences incoming
waves without the building being present, as shown in Figure 2.17. Inertial interaction, which describes
the building response to this input motion and the reaction of the soil and foundation, is dependent
on the building parameters. Therefore, this section focusses on how to take this into account in the
transfer function model. For the vertical vibrations considered in this research, the simplified model
combines the foundation characteristics with the soil parameters, allowing the combined system to be
modelled as a spring and damper element as shown in Figure 4.6. This method is widely used [74] and
simplifies the soil-structure problem significantly.

The equations corresponding to the spring and dashpot system shown in Figure 4.6 can easily be derived:

p1 = k(u1 − u2) + c(u̇1 − u̇2)

p2 = −p1
(4.6)

By assuming harmonic excitation of the system, the external force p can be written as follows:
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Figure 4.6: Spring- damper element to take into account soil-structure interaction

p = P exp{iωt} (4.7)

The displacement response is then assumed to be of the same form:

u = U exp{iωt}
u̇ = iωU exp{iωt}

(4.8)

By substituting Equation 4.7 and Equation 4.8 in Equation 4.6 and dividing by exp{iωt}, the equations
can be written in matrix form: [

P1

P2

]
=

[
k + iωc −(k + iωc)

−(k + iωc) k + iωc

][
U1

U2

]
(4.9)

This matrix equation can also be written in a transfer matrix form, using the same relations described
in Equation 4.22, which results in the matrix TS used by Auersch [6]:[

U2

P2

]
=

[
1 1

k+iωc

0 1

][
U1

P1

]
(4.10)

The parameters k and c, respectively the stiffness and damping of the system, are determined by the
type of foundation and the soil parameters. In types of foundations, two distinctions will be made: a
shallow foundation and pile foundation will be considered.

Shallow foundation
For a shallow foundation as shown in Figure 4.7, the spring constant k and the damping factor c for
vertical vibrations can be chosen as follows [51]:

Figure 4.7: Representation of a shallow foundation with spring and damper

k =
4Gs

√
As

π

1− ν

c =
3.4

1− ν

As

π

√
ρsGs

(4.11)
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Poisson’s ratio ν is taken as 0.33, that results in the approximation of k ≈ 3.4 ·Gs

√
As and the damping

by c ≈ 1.6
√
GsρsAs = 1.6ρsνsAs as used by Auersch [5]. As represents the foundation area, Gs the

shear modulus of the soil, ρs the mass density and νS the shear wave velocity of the soil, which is equal
to νs =

√
Gs

ρs
.

Pile foundation
When considering a pile foundation instead of a shallow foundation, again the surrounding soil and the
piles can also be represented by springs and dampers as shown in Figure 4.8.

Figure 4.8: Representation of the individual piles of a pile foundation with springs and dampers

For a single pile, the vertical dynamic stiffness kSz can be calculated by taking into account its static
stiffness, KS

z , and αS
z , a dynamic modifier factor. This results in Equation 4.12 [55].

kSz = KS
z · αS

z (4.12)

The static stiffness KS
z can be calculated with the help of formulas that take into account both the pile

and the soil stiffness. The damping ratio βS
z can also be calculated. These equations can be found in

Appendix A. The soil in this model is assumed to be homogeneous. Alternatively, Equation 4.13 can
be written as: [

U2

P2

]
=

[
1 1

kS
z (1+2iβS

z )

0 1

][
U1

P1

]
(4.13)

However, a pile foundation for a building structure is rarely composed of just one pile. The problem
with pile foundations is that it is not possible to simply use superposition to calculate the dynamic
stiffness and damping of the entire group of piles. For the dynamic building response, one value for
the stiffness and damping of the foundation is necessary. Luckily, it is possible to calculate the group
stiffness kGz and damping βG

z as illustrated in Figure 4.9 using interaction factors [17]. This interaction
factor method has been shown to agree well with the more rigorous dynamic methods [29].
If a pile foundation is excited, the piles undergo oscillations, creating circular wavefronts as shown in
Figure 4.10a. These waves are assumed to propagate away from the piles horizontally, over the length
of the pile (Figure 4.10a). As the waves propagate away from the active piles, they reach nearby piles,
which are then influenced by these waves. With the interaction factors as presented by Dobry and
Gazetas [17], the influence of all the piles in the pile group can be calculated, to find one dynamic
stiffness and damping factor.
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Figure 4.9: Representation of a pile group foundation with spring and damper

(a) Effect of spreading waves in a pile group (b) Effect of oscillations of active pile on passive pile

Figure 4.10: Visualisation of pile group effects from Dobry and Gazetas [17]

The interaction factors are highly dependent on the geometry of the pile group: whether it is a row of
piles, a grid of piles or another geometry. In Appendix B, the equations for a two by two pile group
and a three by three pile group are derived.

4.4.2. Column- and wall elements
The vertical railway-induced vibrations are primarily transmitted axially through the walls, as illus-
trated in Figure 4.11. The contribution of bending effects is deemed negligible, considering their com-
paratively smaller magnitude. Therefore, the columns and wall segments are idealised as finite rod
elements as shown in Figure 4.12.
The governing differential equation needed to obtain the transfer matrix for such a rod element is as
follows [35]:

EA
d2U
dx2 + ρAω2U(x) = 0 (4.14)

In Equation 4.14, E is the modulus of elasticity of the column or wall element, ρ denotes its mass density,
A the cross-sectional area, ω the angular frequency and U(x) represents the amplitude of the resulting
vibrations. Furthermore, the differential equation for the longitudinal force acting on the element is as
shown in Equation 4.15:
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Figure 4.11: Displacements of walls or columns caused by vertical dynamic loads

Figure 4.12: Rod element representing wall or column elements

P (x) = EA
dU
dx (4.15)

Equation 4.16 can be obtained as the solution for Equation 4.15, with constants C1 and C2 and a =
√

E
ρ :

U(x) = C1 cos
(ω
a
x
)
+ C2 sin

(ω
a
x
)

(4.16)

The boundary conditions for the rod element shown in Figure 4.12 can be defined as well. As can be
seen, at x = 0, the displacement of the rod is equal to U1 and at x = L the displacement is equal to
U2. The same can be argued for the force F (x), resulting in the following boundary conditions:

U(0) = U1, U(L) = U2

F (0) = −P1, F (L) = P2

(4.17)

Substituting Equation 4.17 into Equation 4.16 and Equation 4.15 results in two systems of equations,
both written in terms of C1 and C2 with α = ωL

a :[
U1

U2

]
=

[
1 0

cosα sinα

][
C1

C2

]
(4.18)[

P1

P2

]
= EA

[
0 −ω

a
−ω

a sin(α) ω
a cos(α)

][
C1

C2

]
(4.19)

C1 and C2 can be eliminated from Equation 4.18 and by rewriting and combining these equations,
resulting in the following matrix equation:[

P1

P2

]
=
EAα

L

[
cot(α) − csc(α)
− csc(α) cot(α)

][
U1

U2

]
(4.20)
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Which is equal to P = KU. Because the problem is one-dimensional and the elements (soil and
foundation, walls or columns and floors) are all connected end to end, it is useful to use the transfer
matrix representation [19], which is also what is done by Auersch [6]. The general transfer matrix
formulation is as follows: [

U2

P2

]
=

[
T11 T12
T21 T22

][
U1

P1

]
(4.21)

Using the relations [19]:

T11 = −K−1
12 K11

T12 = −K−1
12

T21 = K21 −K22K
−
121K11

T22 = −K22K
−1
12

(4.22)

Results in the transfer matrix TW formulation for a rod:[
U2

P2

]
=

[
cos(α) L sin(α)

EAα

− sin(α)EAα
L cos(α)

][
U1

P1

]
(4.23)

Equation 4.23 is equivalent to the transfer matrix used by Auersch [6]. In this equation, A is the area
of the wall. In case columns are taken into account instead, A will be the total area of the columns
considered instead.

4.4.3. Floor elements
Through the columns, the railway-induced vibrations are transmitted to the floors. At the point where
the floors are connected to the walls, the displacement of the floor will be the same as the displacement
of the supporting walls or columns. Over the relatively short height of the wall compared to the height
of the walls or columns, the effect of extension is deemed negligible. The mass of the floor does however
influence the force that is being transmitted. This principle is illustrated by first considering a rigid
floor as shown in Figure 4.13.

Figure 4.13: Displacements and force transfer of a rigid floor caused by vertical dynamic loads

If the floor is rigid, the effect of bending is not taken into account. Therefore it could be modelled
as a simple lumped mass element as illustrated in Figure 4.14. Because any extension of the floor in
vertical direction is deemed negligible, u1 = u2 and is equal to the displacement of the supporting
walls or columns. The mass of the floor mF does however create an inertial force equal to the mass
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times the acceleration, which has to be taken into account in the equilibrium of the forces. These two
considerations result in the following two equations:

p2− p1 = mF ü1

u1 = u2
(4.24)

Figure 4.14: Lumped mass element representing rigid floor

By then assuming the same harmonic force excitation as in Equation 4.7, the displacement can be
found:

u = U exp{iωt}
ü = −ω2U exp{iωt}

(4.25)

Substituting Equation 4.25 in Equation 4.24, dividing by exp{iωt} and rearranging the terms, the
transfer matrix TF can again be found:[

U2

P2

]
=

[
1 0

−mFω
2 1

][
U1

P1

]
(4.26)

However, floors are rarely fully rigid and the waves that propagate through the columns or walls also
cause the floor to be subjected to bending, as shown in Figure 4.15.

Figure 4.15: Displacements mid-floor caused by vertical dynamic loads

This effect can be taken into account by adjusting T21 in the transfer matrix TF of Equation 4.26 and
by instead modelling the floor as an elastic plate. The term T21 for an elastic plate then becomes the
transfer function between the wall-column displacement and the force acting on the location where the
floor is supported. That way, the force P2 becomes the sum of the effect of the force resulting from the
floor PF,W and the initially imposed force (P1) from the supporting element.



4.4. Dynamic building response 37

[
U2

P2

]
=

[
1 0

PF,W

UF,W
1

][
U1

P1

]
(4.27)

The equation for the transfer function between the support force of the floor PF,W and the displacement
at this location UF,W is as follows [6]:

PF,W

UF,W
= −(2πf)2(mF + µ

f2

(1 + 2ci)f20,F − f2
)

µ =
(
∫
ϕn dm)2

mF

∫
ϕ2n dm

=
(
∫ t

0

∫ b

0

∫ a

0
ϕnρ dx dy dz)

2

ρbta
∫ t

0

∫ b

0

∫ a

0
ϕ2nρ dx dy dz

(4.28)

In this equation, f represents the forcing frequency, f0,F the eigenfrequency of the floor, c the damping,
mF the mass of the floor and µ a factor that takes into account the mode shape ϕ. In the equation for
µ, ρ represents the mass density of the floor and t is the corresponding thickness of the plate. When
analysing Equation 4.28, it can be seen that the equation takes into account rigid body movement in
the same manner as in Equation 4.26 (−mFω

2 = −mF (2πf)
2) but adds an extra term which takes into

account the effect of bending. The derivation of this term can be found in Appendix C .

After finding PF,W and UF,W , the effect of bending is the highest at mid-span. The displacement at
mid-span UF,M can be calculated by using the transfer function between the floor at mid-span at xF,M

and the floor support:

UF,M

UF,W
= 1 + α

f2

(1 + 2ci)f20,F − f2

α = ϕn(xF,M )

∫
ϕn dm∫
ϕ2n dm

= ϕn(xF,M )

∫ t

0

∫ b

0

∫ a

0
ϕnρ dx dy dz∫ t

0

∫ b

0

∫ a

0
ϕ2nρ dx dy dz

(4.29)

The way the slab reacts to the imposed vibrations depends on the stiffness, mass and damping, but
also on the boundary conditions, which can also be seen in Equation 4.28. The boundary conditions
determine how the floor element deforms and thus determine the mode shape ϕ, which can be explained
as the shape of the deformation. For the situation in which the slab is modelled as a one-way slab (see
Figure 4.16), the behaviour of the plate is similar to that of a simply supported beam.

(a) Simply supported edges (SFSF) (b) Clamped edges (CFCF)

Figure 4.16: Plates representing one-way slab floor

The eigenfrequency of the floor f0,F and mode shape can be calculated for each of the boundary condi-
tions shown in Figure 4.16 [33]. With the mode shapes, the values for α and µ can also be determined.
These values are only dependent on the mode shape and represent a ratio factor, independent of the
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actual values of the width, length, thickness and mass density of the plate. Table 4.1 summarises these
equations and values.

Table 4.1: Eigenfrequency f0,F , mode shape ϕ(x) and α, µ one-way slab

f0,F [Hz] ϕ(x) µ α

SFSF
√

π4D
a4ρt

1
2π sin πx

a
64
π4

16
π2

CFCF 2
√
3π
3

√
D

a4ρt cos 2πx
a − 1 2

3
4
3

In the equations from Table 4.1, D represents the flexural rigidity of the floor in which ν is its Poisson’s
ratio and E its modulus of elasticity:

D =
Et3

12(1− ν2)
(4.30)

4.4.4. Assembly of the system
When all the necessary values for each of the elements are found, the response of the building can be
found by multiplying the transfer matrices with each other. For example, a five-story building would
be represented by the matrix chain:

TB = TF · TW︸ ︷︷ ︸
Roof

TF · TW︸ ︷︷ ︸
5thfloor

·TF · TW︸ ︷︷ ︸
4thfloor

·TF · TW︸ ︷︷ ︸
3rdfloor

·TF · TW︸ ︷︷ ︸
2ndfloor

·TF · TW︸ ︷︷ ︸
1stfloor

· TF · TS︸ ︷︷ ︸
Ground floor

(4.31)

After multiplying all the element matrices with each other, the transfer matrix of the building TB can
be used to find the relation between the forces and displacements at the roof level and at the foundation:[

UR

PR

]
=

[
TB11 TB12

TB21 TB22

][
U0

P0

]
(4.32)

Then, by taking into account that the force acting on the roof of any building PR = 0 and that the
input displacement U0 at the foundation level is known, the force acting on the foundation P0 and the
displacement at the roof UR can be calculated:

P0 =
−TB21U0

TB22

UR = TB11U0 + TB12P0

(4.33)

With these values, all the transfer functions at the location where the floors are connected to the walls
can be calculated. By making use of Equation 4.29 the displacements at mid-span of the floor at each
storey can also be calculated. In Figure 4.17 the locations and denotation of both types of transfer
functions is shown.

Due to different mechanisms, resonance can occur at various frequencies. At these frequencies, the
transfer functions will show peaks Besides the natural frequencies of the floors, two other theoretical
resonance frequencies can be calculated. The first one is the soil-building resonance frequency, which is
related to the stiffness of the soil and foundation and the mass of the building. This is the frequency at
which the building behaves similar to a rigid body, therefore also referred to as EFRBM (eigenfrequency
of rigid body motion) [34]. The theoretical value can be calculated with Equation 4.34, with kS the
stiffness of the soil-foundation system and mB the total mass of the building. For shallow foundations,
a constant value can be found, because the stiffness of the foundation is independent of the frequency.
However, the stiffness of a pile foundation is frequency dependent, so in this case the soil-building fre-
quency is approximated. This is done by considering a shallow foundation and using the corresponding
equations for the stiffness of the soil.

fB =
1

2π

√
kS
mB

(4.34)
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Figure 4.17: Locations of the transfer functions, mid-span of the floors and at the wall-floor supports

The third theoretical resonance frequency is related to the walls. This theoretical value can be calculated
with Equation 4.35 [6]:

fW =
vL

4H
(4.35)

In which vL =
√
EW /ρW is the wavesp eed of the walls, with EW the corresponding Young’s modulus

of the walls and ρW the mass density of the walls. H denotes the total building height. As explained
for the soil-building resonance frequency and the natural frequency of the floors in subsection 2.8.3,
it is possible that two or more resonance frequencies coincide, amplifying each other. Also, coupling
between different mechanisms can result in lower frequencies than the theoretically calculated values
and due to this coincidence between frequencies, it is not always the case that distinct peaks in the
transfer functions can be found for each of the mechanisms [8]. Nevertheless, calculating the theoretical
resonance frequencies can give insight in which mechanisms are coupled in the building and is a useful
tool in estimating around which frequencies resonance will occur.



5
Case studies

5.1. Introduction
To be able to assess whether the transfer matrix model can be used for the preliminary design of
apartment buildings, the model is applied to two case studies. For both case studies, free-field vibration
measurements at the building locations are available. Furthermore, the vibration levels for the design
of a concrete apartment building were evaluated with a finite element method programme and checked
against the serviceability criteria of the SBR. Therefore, reference values for the vibration levels in the
original design are available. By also modelling the concrete building with the transfer method analysis
laid out in this report, the two methods can be compared, giving insight into the spread of the results of
these distinct methods. With this information, a conclusion can be drawn on how the transfer function
model can be used in the preliminary design of apartment buildings to assess the dynamic response of
the buildings. This will help interpret the results of the parameter study in chapter 6.

5.2. Case study - Hero
The first case study to be considered is the Hero project, for which two concrete apartment buildings
were designed in close proximity to the railway tracks. In Figure 5.1 the location of the two buildings
(DD and DAT) is shown. For the case study, apartment building DD will be considered.

Figure 5.1: Hero location overview and measurement locations 1, 2 and 3

5.2.1. Data railway-induced vibrations
Since the planned location of the apartments was close to the railway tracks, during one week, mea-
surements were carried out on locations 1, 2 and 3 shown in Figure 5.1, in x-, y- and z-direction. The
measurements were carried out in the ground, before the construction of the two buildings. As men-
tioned in chapter 2, in this research only the vertical vibrations in z-direction are taken into account.

40
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The spectra resulting from these measurements are shown in Figure 5.2. The weighing function Hf ,
from Equation 2.1 is already included in these spectra, therefore the amplitudes are dimensionless. Each
of the different measurements represents the passage of a different train at a different time. To find out
if the building of the case study satisfies the requirements of the SBR guideline, the buildings vibrations
will have to be checked for each of these passages. The spectra from locations 1 and 2 are used as input
for the calculation of the response of the DD apartment building.

(a) Data location 1, z-direction (b) Data location 2, z-direction

(c) Data location 3, z-direction

Figure 5.2: Vertical velocity vibration levels obtained from measurements for the case study Hero

The Vmax value in the frequency domain can be found with the following equation, which takes into
account the total energy per one-third octave-band:

Vmax =

√√√√ n∑
i=1

A2
i (5.1)

In which i denotes the one-third octave band that is considered and A signifies the corresponding
amplitude at that specific frequency. In Table 5.1 these values are calculated for each of the three
locations. Comparing these values with the serviceability criteria of Vmax ≤ 0.1, it can be seen that the
criteria are exceeded even without the presence of a building.
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Table 5.1: Vmax measurements location 1, 2 and 3 HERO project, with orange denoting the values that are below the
A2 limit but above A1 and red the values that are above A2

Location 1 Vmax Location 2 Vmax Location 3 Vmax

2022-06-14 07:14:00 0.35 2022-06-13 14:40:00 0.15 2022-06-13 18:33:00 0.28
2022-06-15 13:33:00 0.43 2022-06-13 17:24:00 0.13 2022-06-14 07:14:00 0.54
2022-06-16 06:30:00 0.41 2022-06-16 06:30:00 0.55 2022-06-14 20:45:00 0.25
2022-06-20 07:46:00 0.39 2022-06-16 12:09:00 0.16 2022-06-15 09:36:00 0.4
2022-06-20 12:14:00 0.35 2022-06-20 11:13:00 0.49 2022-06-16 06:30:00 0.65

5.2.2. Soil- and foundation structure
Based on the CPT values available for the Hero project, the subsoil is considered to be sandy. Although
the soil is not homogeneous, the transfer function model used in this research does assume homogeneity.
Therefore, one type of subsoil is determined and used throughout the case study. The corresponding
soil parameters are shown in Table 5.2.

Table 5.2: Subsoil characteristics

Subsoil
Shear wave velocity Vs 150 m/s
Modulus of Elasticity ES 50 · 106 N/m2

Mass density ρs 1800 kg/m3

Poisson modulus νs 0.25 [-]

As for the pile foundations, three different sizes are being used, which are indicated with the colours red,
green and blue in the building plans in the following chapters. The corresponding pile specifications
are shown in Table 5.3.

Table 5.3: Pile foundation specification HERO. The colours green, blue and red correspond to the colours of the piles
in the building layouts

Pile type 1 Pile type 2 Pile type 3
Pile length Ld 15.5 15.5 21 m
Diameter d 0.5 0.6 0.65 m
Modulus of Elasticity Ep 15 · 109 15 · 109 15 · 109 N/m2

Mass density ρp 2500 2500 2500 kg/m3

5.2.3. Apartment building DD
In Figure 5.3 the layout of the ground floor of apartment building DD is shown, including the pile
foundation. The sections that will be used as input for the case study are also named here from A to
D. In Figure 5.4 the south view of apartment building DD is portrayed. The sections differ from each
other in the number of storeys and in terms of building layout. The number of storeys varies from five
storeys for sections A and B, to seven storeys for section D, to eight storeys for section C. All the floors
are considered to be one way slabs with clamped edges. This is because the concrete floors are poured
in-situ and the connection between the floors and the walls is fully moment-resistant. Therefore, the
floors are schematized as one-way slabs that are clamped on two sides. These boundary conditions are
important for the calculation of the natural frequency of the floors, because clamped floors result in
higher natural frequencies than simply supported floors.

Section A
Section A consists of a foundation of 4 piles, as shown in Figure 5.5 with a pile length of 15 m. The
highlighted part of the building is translated to a 1D structure, as explained in chapter 4. In Figure 5.4
it is shown that this part of the building contains five storeys. The floors are designed as monolithic
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Figure 5.3: Building layout ground floor Hero, building DD

Figure 5.4: South view Hero, building DD

slabs with an anhydrite screed for which an equivalent mass density, height and modulus of elasticity
are determined. The upper floors of the other sections are designed similarly. A schematization of this
floor is shown in Figure 5.6. The ground floor of section A has a slightly different cross-section. Instead
of a monolithic slab, this floor is carried out as a hollow core slab. The ground floor also differs from the
other floors in terms of layout, as can be seen in Figure 5.5. This is taken into account in the transfer
function model by assigning a transfer matrix with different properties to the ground floor, for both the
walls and the floors. The concrete strength class used for all the walls in this section is C45/55. The
corresponding building parameters relevant to the dynamic analysis are summarised in Table 5.4.

(a) Ground floor (b) Upper floors

Figure 5.5: Building DD, Section A
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Table 5.4: Material properties apartment building DD, section A

Ground floor Floor Wall, ground
floor

Wall, upper
floors

Units

Mass density ρ 2750 3232 2500 2500 kg/m3

Modulus of elasticity E 28 · 109 28 · 109 36 · 109 36 · 109 N/m2

Thickness t 0.3 0.28 0.35 0.25 m
Area A 3 × 17.693 3 × 12.145 0.35 × 17.693 0.35 × 12.145 m2

Span L 6 6 - - m

Figure 5.6: Schematization of the concrete floors for the upper storeys of the HERO building

In Figure 5.7 the calculated transfer functions per storey are depicted. The first peak around 8 Hz
corresponds to soil-building resonance of the building. The next peak occurs around the natural fre-
quency of the upper floors, which is 24.5 Hz and the natural frequency of the ground floor, which is
equal to 28.4 Hz. At these two frequencies, it can be seen in Figure 5.7a that the amplitude of the
walls approaches zero. This signifies an anti-phase vibration between the walls and the floors, indicating
that the walls are moving in the opposite direction to the floors at these specific natural frequencies.
Although the overall amplification at different frequencies of this building section is relatively low, the
building resonance takes place at around the same frequency where the peaks in the spectrum of the
ground measurements are the highest. This observation is confirmed by the calculation of Vmax for each
storey. Each measurement of location 1 is multiplied by the transfer function of the mid-span of the
floor of each storey, after which Equation 5.1 is applied to find Vmax per measurement per storey. The
maximum resulting Vmax per storey is shown in Figure 5.8.

(a) Transfer functions walls (b) Transfer functions mid-span floors

Figure 5.7: Transfer functions section A, floor frequencies denoted with vertical lines

From Figure 5.8 it can be concluded that none of the storeys comply with the serviceability criteria
target values of A1 or A2 when using the transfer function method. The amplification of the initially
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measured free-field vibrations is still relatively low, less than a factor of 2. However, the measured
vibrations would have to be attenuated by a factor of 4, to be below the highest target value A2.

Figure 5.8: Vmax mid-span floors section A, with the serviceability A1 limit of 0.1 and the A2 limit of 0.2 [66] and the
highest found value of Vmax of the free-field measurements at this location

Section B
Section B consists of a foundation of 8 piles of a pile length of 21 m, as shown in Figure 5.9. As can
be seen from Figure 5.4, this part of the building contains four storeys. The highlighted part of the
building is translated to a 1D structure, as explained in chapter 4. The floors are again designed as
monolithic slabs with an anhydrite screed as shown in Figure 5.6. The floors of all storeys have the
same dimensions, but the ground floor has a slightly different cross-section. Instead of a monolithic
slab, this floor is carried out as a hollow core slab, similar to section A. Additionally, the ground
floor has a different layout from the upper floors, which is taken into account in the transfer function
model by assigning a distinct transfer matrix to the ground floor and walls at this level. The relevant
corresponding building parameters are summarised in Table 5.5.

(a) Ground floor (b) Upper floors

Figure 5.9: Building DD, Section B
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Table 5.5: Material properties apartment building DD, section B and D

Ground floor Floor Wall, ground
floor

Wall, upper
floors

Units

Mass density ρ 2750 3232 2500 2500 kg/m3

Modulus of elasticity E 28 · 109 28 · 109 36 · 109 36 · 109 N/m2

Thickness t 0.3 0.28 0.25 0.25 m
Area A 6 × 17.693 6 × 12.145 0.25 × 7.25 0.25 × 12.145 m2

Span L 6 6 - - m

Given that the floor spans and the number of storeys for section A and section B are the same, it is
consistent with the expectations that the transfer functions are also similar. In Figure 5.10 it can be
observed that compared to section A, the amplification between storeys is slightly higher for section B.
This can be explained by the column-like structure of the walls on the ground floor of section B and the
generally smaller area of the walls per storey, compared to section A. This results in more extension of
the walls, which in turn results in an amplification of the vibrations from one element to the next.

(a) Transfer functions walls (b) Transfer functions mid-span floors

Figure 5.10: Transfer function section B, floor frequencies denoted with vertical lines

Similar to section A, the maximum resulting Vmax values are calculated for each storey with Equation 5.1
and the measurements from location 1. The results are of the same magnitude, but the slightly higher
amplification per storey can also be seen in the resulting Vmax values. Besides that, the Vmax of the
ground floor of section B is discernibly lower than the Vmax value of section A. This can be understood
through the higher damping of the more closely spaced pile group foundation of eight piles of section
B compared to the more sparsely spaced pile group foundation of similar piles for section A.
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Figure 5.11: Vmax mid-span floors section B, with the serviceability A1 limit of 0.1 and the A2 limit of 0.2 [66] and
the highest found value of Vmax of the free-field measurements at this location

Section C and D
Section C consists of a foundation of 8 piles with a pile length of 21 m, as shown in Figure 5.12a. This
section is chosen for the analysis because an expansion joint is placed at the edge of this section as
shown with the yellow dashed line in Figure 5.12a. That means that only half of the mass of the floor
is acting as effective mass, which will have an effect on the transfer functions of this section. Also, this
part of the building has the highest number of storeys. Section D is very similar to section C, except
that this part of the building consists of seven storeys instead of eight and the pile length is 15 m
instead of 21 m. Also, this part of the cross-section does not contain an expansion joint, meaning that
the effective width will be equal to the entire span of the floor multiplied with its width. Section D
is shown in Figure 5.12b. The floors for both sections are again designed as monolithic slabs with an
anhydrite screed for which an equivalent mass density, height and modulus of elasticity are determined.
The floors of all storeys have the same dimensions, but the ground floor has a slightly different cross-
section. Instead of a monolithic slab, this floor is carried out as a hollow core slab. The walls in this
section are concrete walls of C45/55 and have the same length and thickness, both on the ground floor
and the upper floors. The relevant corresponding building parameters are summarised in Table 5.6.

(a) Building DD, section C (b) Building DD, section D
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Table 5.6: Material properties apartment building DD, section C and D

Ground floor Floor Wall Units
Mass density ρ 2750 3232 2500 kg/m3

Modulus of elasticity E 28 · 109 28 · 109 36 · 109 N/m2

Thickness t 0.3 0.28 0.25 m
Area section C A 3 × 12.145 3 × 12.145 0.25 × 12.145 m2

Area section D A 6 × 12.145 6 × 12.145 0.25 × 12.145 m2

Span L 6 6 - m

In Figure 5.13 the calculated transfer functions for sections C and D are shown. The floors have the
same thickness, mass density, span and modulus of elasticity as the floors in section A and B, resulting
in the same natural frequency of 24.5 Hz for the upper floors and 28.4 Hz for the ground floor. However,
due to the lower effective mass of the floors of section C, the floors are more easily excited at their
natural frequency, resulting in higher peaks in the spectrum of the transfer functions. Furthermore,
although section C consists of one additional storey compared to section D, the total weight of this
section is lower, resulting in a slightly higher building resonance frequency. This is reflected in the first
peak of the transfer functions, which takes place around 5 Hz for section D and around 9 Hz for section
C.

(a) Section C: Transfer functions walls (b) Section C: Transfer functions mid-span floors

(c) Section D: Transfer functions walls (d) Section D: Transfer functions mid-span floors

Figure 5.13: Transfer functions walls and floors section C and D, apartment building DD, floor frequencies denoted
with vertical lines

To find the maximum values of Vmax, the transfer functions of section C are multiplied with the free-field
measurements of location 1 and the transfer functions of section D are multiplied with the measurements
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of location 2. Analogous to section A and B, Equation 5.1 is then used to calculate the values per storey
of Vmax. The maximum values for each of the storeys of each of the buildings are shown in Figure 5.14.
In Figure 5.14 it can be seen that the Vmax values for both sections are quite comparable, even though
the transfer functions for section C are less favourable. However, it is important to highlight that the
maximum value of Vmax is higher for the free-field measurements at location 2 compared to those of
location 1, which is the main cause for this difference. When comparing the values for Vmax for the
ground floors of both sections, the effect of the higher amplification factor of section C for this floor can
nevertheless be observed, since this peak takes place outside of the first peaks of the free-field spectra of
both locations 1 and 2. The maximum value for Vmax of the free-field spectra at the natural frequency
of the ground floor is around 0.1. Multiplication with the transfer functions of section C and D results
in a lower Vmax value for section D, consistent with the predictions.

(a) Section C (b) Section D

Figure 5.14: Vmax mid-span floors section C and D, with the serviceability A1 limit of 0.1 and the A2 limit of 0.2 [66]
and the highest found value of Vmax of the free-field measurements at this location

Serviceability criteria comparison
From the analysis of the sections A, B, C and D for the HERO apartment building, it can be concluded
that in all the sections and for every storey, the target values for Vmax, A1 and A2, are exceeded. The
highest Vmax values are found on the roof of sections D and B. However, the vibrations will be the most
perceivable on the floor below, since the roof is not used as living area. As a result, the sixth floor of
section D and the fourth floor of section B are the floors where the model estimates the highest nuisance.
However, the difference between the other sections in terms of maximum Vmax values is only ≈ 0.02.
For the actual case study, an initial estimation of the range within which the resulting vibrations would
fall was made, before the finite element model was set up. The first estimation only took into account
the free-field vibrations and common building amplification factors. This resulted in an expected value
of Vmax of 1.1 in the building at location 1 and a value of 1.2 at location 2. When taking into account
the building parameters, a more positive estimation was derived, indicating Vmax for location 1 to be
0.4 and for location 2 to be 0.5. Finally, the results from the finite element analysis showed even more
positive results: the target value of A2 was only exceeded at one location in the DD building, and
marginally. The highest calculated Vmax value was 0.26 at section A, at the edge of the building. All
these values are compared to the results from the application of the transfer function model and are
shown in Figure 5.15.

Although the results from the transfer function model are within the range of the original estimations
for the HERO building, there is still a large difference with the results from the Finite Element Model.
The transfer functions yield outcomes that are approximately 2.7 times higher. There can be multiple
explanations for this difference. Firstly, the building components of the different sections of the DD
apartment building are coupled. Stiffer areas of the building, such as the elevator and staircase shaft,
could have a positive effect on the vibrations in more vulnerable areas of the building. In the transfer
function model, this is not taken into account, since the building is simplified to a 1D structure. Sec-
ondly, the soil around the building is completely modelled in the FEM model. All the soil elements
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Figure 5.15: Comparison of Vmax at mid-span of the floors in section A, with the serviceability A1 limit of 0.1 and the
A2 limit of 0.2 [66] and the results from the FEM model provided by the case study. Worst-case and optimistic estimate

represent the initial estimations provided by the case study

are connected to the foundation and the building itself. Since there is a high dependency between the
foundation characteristics and the building response, this could have a significant effect on the results
[50].

A change in the soil parameters immediately affects the values that are found for Vmax. To illustrate
this effect, the Vmax values are recalculated with the transfer function model for section A and different
types of soils. The different types of subsoil are summarised in Table 5.7 and the calculated transfer
functions are shown in Figure 5.16. The corresponding values for Vmax per storey are displayed in
Figure 5.17. In line with the literature study, softer soils provide more damping compared to stiff soils.
Furthermore, the building response peak moves to a lower frequency when the soil is less stiff, causing
the soil-building resonance frequency to coincide less with the highest peaks in the railway-induced
vibration spectra, which results in lower vibrations.

Also, in the transfer function model, it is assumed that the building is uniformly excited with the same
free-field ground motion from the measurements. However, in reality, the surface waves that cause the
vibrations are partially absorbed, scattered or reflected. Especially in the case of the pile foundation,
this could reduce the vibrations that excite the building. This effect, which was also outlined in the
literature study in chapter 2, is the kinematic soil-structure effect that is not taken into account in the
calculations with the transfer function model. The FEM model provided in the case study used an
approach in which the free-field measurements were first translated back to the location of the track, in
a model which only contained the soil. Then, a model was created that included the building itself and
the load was applied at the location of the railway tracks. That way, the way the foundation influences
the propagation of the waves could be taken into account, which would lower the vibrations that are
transmitted through the building at the foundation level.

Even though the Vmax values were close to the limit value of A2, to comply with the serviceability
criteria for Vmax, it was decided to stiffen the foundation at section A by adding beams and additional
weight. Those adjustments were applied to the FEM model and turned out to be sufficient for lowering
the value of Vmax below the A2 limit. This adjustment is a relatively economical option compared to
other options such as applying base isolation.
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Table 5.7: Different subsoil parameters

Soil Es [Mpa] Gs [Mpa] Vs [m/s]
Soft clay 10 12 100
Medium clay 20 15 200
Loose sand 25 20 150
Dense, stiff sand 75 70 300

(a) Transfer functions soft soil (b) Transfer functions medium clay

(c) Transfer functions loose sand (d) Transfer functions dense, stiff sand

Figure 5.16: Variation in transfer functions for section A with changing subsoil parameters, floor frequencies denoted
with vertical lines
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(a) Vmax soft soil (b) Vmax Medium clay

(c) Vmax Loose sand (d) Vmax Dense, stiff sand

Figure 5.17: Variation in Vmax with changing subsoil parameters, with Vmax mid-span floors of section A, with the
serviceability A1 limit of 0.1 and the A2 limit of 0.2 [66] and the results from the FEM model provided by the case

study. Worst-case and optimistic estimate represent the initial estimations provided by the case study
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5.3. Case study - Enka
The second case study to be analysed is the ENKA project. This project is located near the railway
track from Ede to Arnhem, close to station Ede-Wageningen. The construction of the buildings is
planned at a distance of approximately 39 meters from the ground-level railway track. In Figure 5.18
the location of the two buildings in relation to the track is shown. For this case study, apartment
buildings H2A and H4F will be analysed.

Figure 5.18: Location ENKA buildings and measurements

5.3.1. Data railway-induced vibrations
The measurements for this case study differ from those carried out for the HERO project. Instead of
two extended-duration measurements at the planned location of the buildings, one extended-duration
measurement is carried out, and six additional short-duration measurements are taken at different
locations. The location of the extended-duration measurement is indicated in orange in Figure 5.18 and
the short-duration measurements are denoted in grey. The multiple short-duration measurements are
intended to assess the variation in soil composition and its effect on the distribution of the vibration
levels, whereas the extended-duration measurement is used to determine the characteristic spectrum
for the railway-induced vibrations. In Figure 5.19a this characteristic spectrum resulting from the
extended-duration measurement is shown. The same axes are used for the HERO case study, from
which can be seen that the vibrations for the ENKA project are generally lower. Whereas the main
peak for the HERO project takes place between 1-20 Hz, the main peak for ENKA is at a much higher
frequency, between 60-70 Hz.

(a) Data extended-duration measurement ENKA case study (b) Ratio measurements row 2 and 3
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To determine the transmission of the railway-induced vibrations over the distance and to obtain the
characteristic spectrum at the second and third rows as shown in Figure 5.18, the ratio between the
extended-duration measurements at row 1 and the short-duration measurements in row 2 and 3 is
calculated. This ratio is shown in Figure 5.19b. Subsequently, the spectrum of the railway-induced
vibrations at rows 2 and 3 can be calculated by multiplying this ratio with the spectrum of the extended-
duration meeting. The resulting spectra are shown in Figure 5.20a and Figure 5.20b. Although they
differ from the spectrum of the first row for the frequencies above 40 Hz, the vibrations barely change
in the range of 0-40 Hz.

(a) Calculated spectrum row 2 (b) Calculated spectrum row 3

5.3.2. Soil- and foundation structure
Based on the CPT values available for the ENKA project, the subsoil is considered to be medium stiff
and sandy. Similar to the HERO project, the soil is treated as homogeneous. The corresponding soil
parameters are shown in Table 5.8.

Table 5.8: Subsoil characteristics

Subsoil
Shear wave velocity Vs 200 m/s
Modulus of Elasticity ES 50 · 106 N/m2

Mass density ρs 1800 kg/m3

Poisson modulus νs 0.3 [-]

Both building H4E and H4F are founded on a pile foundation consisting of mortar screw piles. The
diameter of the piles varies between 500 and 550 mm and the length between 4.5 and 12.5 m. The
characteristics of the piles are summarised in Table 5.9 for the two buildings that are analysed in this
case study, H4E and H4F.

Table 5.9: Pile foundation specification ENKA

Pile type H4E Pile type H4F
Pile length Ld 5 8 m/s
Diameter d 0.5 0.5 N/m2

Modulus of Elasticity Ep 15 · 109 15 · 109 kg/m3

Mass density ρp 2500 2500 [-]
Center-to-center distance S 1500 1250 mm
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5.3.3. Building H4E
In Figure 5.21 the south view of the H4E and H4F building is shown. The section that will be analysed
for the case study is highlighted in blue. This section of the building contains five storeys and is founded
on a pile foundation.

Figure 5.21: South view building H4E and H4F

The load-bearing structure of this section consists of concrete walls of C30/37 combined with concrete
floors of C30/37 with an anhydrite finish of 60 mm. The ground floor differs from the upper floors and
is designed as a hollow core slab with a screed of 170 mm and the same anhydrite finish as used for
the floors on the upper storeys of 60 mm. An equivalent mass density is calculated for both the ground
floor and the upper floors. The main building parameters are summarised in Table 5.10.

Table 5.10: Material properties apartment H4E

Ground floor Floor Wall Units
Mass density ρ 2675 3172 2500 kg/m3

Modulus of elasticity E 32 · 109 32 · 109 32 · 109 N/m2

Thickness t 0.28 0.29 0.25 m
Area A 6.9 × 13.8 6.9 × 13.8 0.25 × 13.8 m2

Span L 6.9 6.9 - m

In Figure 5.22 the layout of one of the upper floors of the building section is shown. Each floor has
a span of 6.9 meters and the entire apartment spans a length of 13.8 meters. The building section is
founded on a group of eight piles, with an average centre-to-centre distance of 1.5 meters.

Figure 5.22: Section of building H4E

The calculated transfer functions are shown in Figure 5.23. The first peak is related to the soil-building
resonance and occurs around 5 Hz. At this frequency, the entire building vibrates in the same phase.
The second peak is related to the natural frequency of the floors, which is 20.68 Hz for the upper floors
and 21.74 Hz for the ground floor. At the natural frequency of the floors, the amplitudes of the transfer
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functions for the walls approach zero, indicating that the floors and walls move out of phase. Similar to
the HERO project, the amplification of the free-field vibrations is relatively low and stays below a factor
of two. Although the dimensions of the building are similar to the dimensions of HERO, the floors used
in the ENKA project are stiffer: C30/37 concrete is used instead of the C20/25 that was applied for
HERO. Therefore, the amplification between the different storeys is less for the ENKA project.

(a) Section H4E: Transfer functions walls (b) Section H4E: Transfer functions mid-span floors

Figure 5.23: Transfer function walls and floors section H4E, ENKA building, floor frequencies denoted with vertical
lines

5.3.4. Building H4F
In Figure 5.24 the east view of the H4F building is shown. Highlighted in blue is the section that will
be analysed for the case study. The main difference between this section and section H4E is the number
of storeys: building H4F consists of six storeys instead of five. Also, the pile lengths are longer than
those applied for section H4E. Lastly, the span of the floors is for this section also 6.9 meters, but the
width of the apartments is 9.87 m. In Figure 5.25 the layout of the section that is to be analysed is
shown. This section is founded on a group of eight piles, similar to the section of building H4F. The
parameters important for the calculation of the transfer function can be found in Table 5.11.

Figure 5.24: East view building H4F

Because the building geometry of building section H4F is similar to that of H4E, it is in line with the
expectations that the transfer functions are alike as well. Although the floors of both sections have the
same natural frequency of 20.68 Hz for the upper floors and 21.74 Hz for the ground floor, the floors
of section H4F are more easily excited due to their lower mass. Therefore, the peaks in the transfer
function at the natural frequency of the floors are higher for this section. Furthermore, the lower mass
causes a slightly higher amplification from storey to storey. Lastly, it shifts the resonance frequency of
the soil-building frequency of the building to a slightly higher frequency, since this is dependent on the
stiffness of the soil and the mass of the entire building.
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Table 5.11: Material properties apartment H4F

Ground floor Floor Wall Units
Mass density ρ 2675 3172 2500 kg/m3

Modulus of elasticity E 32 · 109 32 · 109 32 · 109 N/m2

Thickness t 0.28 0.29 0.25 m
Area A 6.9 × 9.87 6.9 × 9.87 0.25 × 9.87 m2

Span L 6.9 6.9 - m

Figure 5.25: Section of building H4F

Serviceability criteria comparison
Besides the difference in the execution of the measurements for ENKA when compared to HERO, the
modelling approach of this case study is also different. Whereas for the HERO project the entire building
including the surrounding soil was modelled, for ENKA only the building structure was modelled with
a finite element model. To calculate the transmittance of the measured free-field vibrations to the
building, a standardized function is used. This function is shown in Figure 5.27. All vibrations until
10 Hz are reduced with a factor of 0.72 and after 10 Hz this factor linearly decreases until it reaches a
plateau at 50 Hz of a factor of 0.35.

The assumptions on which this transmission function is based are not described in the case study. It is
not fully clear whether a distinction is made in the type of foundation or subsoil, or whether this is a
transmission function that is generally applied for all soil conditions and foundation types. However, the
ENKA case study also provides the transfer functions obtained from the finite element model. These
transfer functions show the transmission from the lowest floor to the upper floor of each building.
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(a) Transfer functions walls (b) Transfer functions mid-span floors

Figure 5.26: Transfer function walls and floors section H4F, ENKA building, floor frequencies denoted with vertical
lines

Figure 5.27: Transmission function foundation to building, ENKA

(a) Section H4E: provided transfer function FEM model (b) Section H4F: provided transfer function FEM model

Figure 5.28: Provided transfer functions FEM model, ENKA

By multiplying the transmission function shown in Figure 5.27 with these FEM transfer functions of
the building, the transfer functions including the soil-structure interaction are obtained, which can be
compared with the transfer functions calculated with the transfer function model for these sections.
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The comparison is shown in Figure 5.29. Please note that the scale used in Figure 5.28 differs from the
scale used in Figure 5.29.

(a) Section H4E: comparison transfer functions walls (b) Section H4F: Transfer functions mid-span floors

Figure 5.29: Comparison transfer functions FEM model ENKA and transfer function model, floor frequencies denoted
with vertical lines

Two interesting observations can be made from this comparison. The first one is that the transfer
functions from the FEM model do not contain the peak corresponding to the soil-building resonance
frequency of the entire building. This conforms however to the principles of the soil-structure interaction:
this resonance is a combination of the stiffness of the soil-foundation system and the mass of the building.
This is illustrated in Figure 5.30. In the case of the FEM transfer functions for ENKA, there is no spring
and damper system present and the vibrations are just applied to the base of the building. Although the
vibrations are reduced with the transmission function, the damping effect due to the inertial interaction
of the building with the soil does not take place, resulting in higher amplifications of the imposed
vibrations.

The second observation is the large discrepancy between the amplitudes of the transfer function model
and the transfer functions provided in the original case study. The peaks take place around the natural
frequency for both models, which implies that the same boundary conditions were used for the floors in
the FEM model. However, the amplitudes calculated with the FEM model are approximately four to
five times larger than those calculated with the transfer function method. This is particularly interesting
because when comparing the results from the transfer function model with the results of the HERO case
study, the conclusion was that the transfer function model seemed to overestimate the transmittance
of the vibrations when compared to the FEM model. In the FEM model of the HERO project, the
amplitude of the Vmax free field vibrations was reduced by a factor of approximately 0.5, whereas the
transfer functions for the HERO project suggest an amplification factor of 8 to 9 times the free-field
vibrations. The building geometry for both case studies is however very similar and the same type of
medium stiff soil is assumed. The most feasible explanation for this discrepancy is therefore again the
difference in the modelling of the soil-structure interaction.

Because the Vmax values calculated with the FEM model for ENKA did not comply with the target
values A1 or A2, different measures were researched to lower the vibrations in the building. The effects
of adding additional walls, lowering the number of storeys, changing the mass of the floors, adding mass
to the foundation and using base isolation were considered. Due to the high costs of base isolation,
the effect of the other measures was first analysed. According to the ENKA FEM model combined
with their transmission function, none of these measures could lower the values for Vmax sufficiently.
Therefore it was decided to use base isolation, which reduced the Vmax values sufficiently.
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Figure 5.30: Left: no soil-building resonance, right: soil-building resonance

5.3.5. Comparison ENKA, HERO and transfer function method
Based on the background of railway-induced vibrations and the highlighted importance of soil-structure
interaction, the decision for the most accurate model leans toward the HERO model: it takes into ac-
count both the inertial and kinematic soil-structure interaction. It is nonetheless difficult to determine
this with certainty, since there were no measurements carried out in the buildings after their construc-
tion to validate the accuracy of the models. Also, although the kinematic interaction effect does lower
the imposed vibrations, the main reductions are generally found for higher frequencies, whereas mainly
the peaks between 0-15 Hz contribute to the exceedance of the serviceability criteria for the Vmax values.
This first soil-building resonance peak in the transfer function model would have to be reduced by an
additional 70 % to obtain the same Vmax values as found by the FEM study, which is considerably high.

5.4. Conclusion
The results from the FEM models of both case studies differ significantly, although the building geom-
etry and soil conditions are comparable. The transfer function model results are in between those of
both case studies. The FEM model for the HERO project suggests that the relatively high free-field
vibrations will be more than halved by the combination of soil-structure interaction. Measures taken
for this project are solely the addition and stiffening of the foundation of specific areas of the building.
On the other hand, the calculations for the ENKA project suggest that the relatively low free-field
vibrations are instead amplified substantially and conclude that the only way to reduce these vibrations
is to use costly base isolation. Soil-structure interaction is modelled in the HERO project, but for
the ENKA project only a general transmission function is used. Additional damping by the inertial
interaction of the building with the soil is therefore not accounted for, which leads to conservative re-
sults, in line with the findings from the literature study in chapter 2. For the transfer function method,
the inertial soil-structure interaction is accounted for, but the kinematic interaction is not taken into
account. However, the peaks that correspond the most to the high Vmax values for the HERO project
are in the lower frequency range, whereas the literature study in chapter 2 shows that kinematic in-
teraction mainly reduces the higher frequencies substantially and the effect is lesser for lower frequencies.

The main difficulty when comparing the results of the case studies and the transfer function model is
that for both projects, no measurements after the construction of the building inside the building are
available for comparison. Therefore, no conclusion can be drawn on how the resulting railway-induced
vibrations in the building are best estimated. The peaks in the transfer function model are however
supported by theory and changes in the building parameters can clearly be distinguished in the transfer
function spectra. Therefore, the transfer function model is considered to be suitable for the preliminary
design of apartment buildings subjected to railway-induced vibrations to assess how different structural
parameters influence the building’s behaviour.
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Parameter study

6.1. Introduction
Now that the method for analysing the effect of different structural parameters on the building response
is established, this chapter will focus on varying these parameters to find a residential timber building
design in which the railway-induced vibrations are minimised. The resulting vibrations in the building
are highly dependent on the free-field vibrations the structure is subjected to. However, these vibrations
are location-specific and can vary greatly between different projects. Therefore, first, the influence of
the different structural parameters on the transfer functions of the building is analysed. The effect
of changes in the floor- and wall configuration, soil- and foundation characteristics and the number of
storeys in the building are investigated. This way, the necessary knowledge is gained to optimise the
building such that the peaks of the transfer function coincide minimally with the peaks in the free-field
ground vibration spectra.

6.2. Building section
For the basis of the parameter study, a simple apartment building of four storeys is used, as shown in
Figure 6.1. Since a section of the structure is simplified to a 1D structure for the transfer function model,
as explained in chapter 4, the number of apartments next to each other is arbitrary for the dynamic
analysis. The storey height throughout the parameter study is chosen to be 3.3 m. In Figure 6.2,
the floor plan of two apartments next to each other in the timber apartment building is shown. Each
floor has a span of 3.6 m and the initial width of the apartments is chosen to be 10.8 m, resulting in
apartments with an area of 78 m2. The soil- and foundation parameters, the wall configuration and the
floor configurations that are used for the initial design of the building are discussed subsequently.

6.2.1. Soil- and foundation parameters
Initially, the soil is chosen to be similar to the soil used in the HERO case study: a medium stiff sand
soil. The corresponding parameters are included in Table 6.1. The design of a pile foundation is outside
the scope of this research, but because the soil is chosen to be equal to the soil for the HERO case study,
it is assumed that the same pile foundation can be applied. Based on the total weight of the timber
apartment building compared to the concrete building of the HERO case study, it is assumed that the
pile dimensions can be reduced from a pile diameter d of 0.5 m to a pile diameter of 0.3 m. The chosen
pile foundation dimensions are given in Table 6.2. Because the design of the pile foundation is beyond
the scope of this thesis, the pile characteristics are derived from the pile foundation used for the HERO
case study. The diameter of the piles is however reduced, due to the much lower weight of timber when
compared to concrete. Equivalent to the case study, a pile group of eight piles is used for the parameter
study. The piles are spaced evenly over the width of the apartment.

61
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Figure 6.1: Timber building structure

Table 6.1: Subsoil characteristics

Subsoil
Shear wave velocity Vs 150 m/s
Modulus of Elasticity ES 50 · 106 N/m2

Mass density ρs 1800 kg/m3

Poisson modulus νs 0.3 [-]

Table 6.2: Pile characteristics

Pile type
Pile length Ld 15.5
Diameter d 0.3
Modulus of Elasticity Ep 15 · 109
Mass density ρp 2500

6.2.2. Initial wall configuration
The initial layup for the walls of the timber apartment building is CLT 100 L5S: the cross-section
consists of five layers, each with a thickness of 20 mm, resulting in a total thickness of 100 mm. For the
four-storey apartment building used as the basis for the parameter study, the checks for buckling and
axial stress as described in Appendix E are carried out for the CLT 100 L5S cross-section. The detailed
results can be found in Appendix G. The checks are performed for each of the four floor configurations
which are discussed in subsection 6.2.4, since all these floors have a different mass. The resulting unity
checks are summarised in Table 6.3.

Whereas the concrete walls in both case studies were isotropic, not all layers in the CLT wall have
the same stiffness in the axial direction. Only the layers with a fibre orientation in the axial direction
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Figure 6.2: Floor plan timber apartments

Table 6.3: Summary of unity checks walls, for each of the four floor configurations

Axial stress Buckling, compression Buckling, combined
CLT-W 0.13 0.43 0.33
CLT-D 0.09 0.29 0.26
HB-W 0.11 0.35 0.29
HB-D 0.1 0.32 0.27

participate in the axial stiffness. Therefore, to accommodate the CLT walls in the transfer function
model, an equivalent Young’s modulus is calculated. That way, the entire area of the walls is still
taken into account for the calculation of the mass of the building, but only the layers of the wall that
contribute to the axial stiffness are taken into account for the calculation of the transmission of the
vibrations. If a symmetric CLT layup is assumed, the equivalent Young’s modulus for the five-layer
CLT wall considered is calculated by taking the ratio of the thickness of the effective layers to the total
thickness of the wall panel and multiplying this with the Young’s modulus:

Eeffective = E0,g,mean · teffective
ttotal

= 6600N/mm2 (6.1)

6.2.3. Initial connection
For the initial connection between the floors and the walls, the suspended floor method outlined in
chapter 3 is implemented. It is assumed that for the mid-rise buildings considered in this parameter
study, the transmission strips will have sufficient load-bearing capacity to resist the vertical forces. By
using the suspended floor connection, high vertical forces perpendicular to the grain of the floor are
avoided. For this connection, the support conditions of the floors are assumed to be hinged. The
structural verification of the connection is considered beyond the scope of the study.

6.2.4. Initial floor configuration
As discussed in section 3.4, four different floor systems are considered for the parameter study. Each
floor configuration differs from the others in terms of mass and natural frequency, due to the type
of floor system and type of finish used. The structural verifications as specified in the NEN-EN
1995-1-1+C1+A1:2011 in terms of bending, shear force and deformations are used to determine the
cross-sectional properties of each of the floors. For the walking vibrations, the prEN 1995-1-1:2023 is
consulted. In Appendix E these structural verifications are outlined and the corresponding calculations
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Figure 6.3: Equivalent Young’s modulus Eeffective for wall system

can be found in Appendix G.

In Table 6.4, the unity checks for the CLT floors can be found. The same layup of 140 L5S1 is used
for both floor types. From Table 6.4 it can be seen that the deformations are governing in the design
of the CLT floor with a wet screed, with a unity check of 0.94 and the walking-induced vibrations in
terms of stiffness are the limiting factor of the CLT floor with a dry screed, with a value of 0.98. The
deformation check is higher for the CLT floor with a wet screed because the imposed permanent load
is higher due to the additional weight of the screed and floor finishes as described in section 3.4. Also,
the stiffness of the screed is only taken into account for the vibration checks, in accordance with the
prEN 1995-1-1:2023, but not included in the other cross-sectional checks, complying with the NEN-EN
1995-1-1+C1+A1:2011. This additional mass of the screed does however have a positive effect on the
walking induced vibrations. Here, the additional flexural rigidity is accounted for, both in longitudinal
direction EIL and transverse direction EIT . Those two factors combined result in a lower unity check
for the walking-induced vibrations when compared to the lighter and less stiff CLT floor with a dry
screed.

Below, the parameters used for the transfer function model are shown for both CLT floors. The finishes
as specified in section 3.4 are included in the mass of the floor mF . Furthermore, an additional mass
of 75 kg/m2 is added to account for the presence of furniture and partitional walls, equivalent to the
added weight to the floors in the case studies. In the flexural rigidity EIL, the stiffness of the wet screed
is also included. With these values, the natural frequency of the floors f0,F is calculated for a one-way
slab with a span of 3.6 meters, simply supported on both sides. The natural frequency ClT floor with
a wet screed is 10.18 Hz, 2.76 Hz lower than the natural frequency of the CLT floor with a dry screed.
This is due to the fact that the mass of the floor with a wet screed is almost twice as high in comparison
to the mass of the floor with a dry screed, which lowers the natural frequency more than the flexural
rigidity is increased due to the additional stiffness of the wet screed.

Table 6.4: Summary of unity checks CLT floors

Bending Shear Rolling shear Deformations Vibrations,
stiffness

Vibrations,
velocity

CLT-W 0.3 0.06 0.32 0.94 0.53 0.29
CLT-D 0.21 0.04 0.22 0.59 0.98 0.6

15 layers, symmetric and a total thickness of 140 mm
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CLT-W: CLT floor, wet screed

Layup: [40, 20, 20, 20, 40]

mF = 405.6 kg/m2

EIL = 2.86 · 106 Nm2/m

f0,F =
π2

2πL2
·
√
EIL
mF

= 10.18Hz

ζ = 0.04

CLT-D: CLT floor, dry screed

Layup: [40, 20, 20, 20, 40]

mF = 185.6 kg/m2

EIL = 2.12 · 106 Nm2/m

f0,F =
π2

2πL2
·
√
EIL
mF

= 12.94Hz

ζ = 0.04

Similar to the CLT floors, the LVL hollow box floors are designed such that they satisfy the structural
requirements outlined in Appendix G. For the design of the cross-sections, the standard dimensions
from Storaenso 2 are consulted. The provided tables used for the design can be found in Appendix F.
Both the upper and lower panel are designed as LVL-X panels, whereas the rib is designed with LVL-S.
It was again possible to use the same cross sectional properties for both the hollow box floor with a wet
screed and the hollow box floor with a dry screed, analogous to the CLT floors. Using the minimum
thicknesses prescribed in Appendix F for the flanges and height of the ribs, both floors satisfy the
structural requirements. The resulting unity checks are summarised in Table 6.5. For the hollow box
floor with a wet screed, it can be seen that the check on shear force is governing, with a value of 0.82,
whereas the check for walking-induced vibrations in terms of stiffness of 0.84 is governing for the hollow
box floor with a dry screed. The shear force check is higher for the hollow box floor with a wet screed
due to the higher permanent load, which in turn positively influences the response to walking-induced
vibrations. The difference in performance on the walking-induced vibration checks is in the case of the
hollow box sections mainly caused by the low transverse stiffness of the LVL cross-section. For the
velocity criteria check, this lower transverse stiffness results in a much higher multiplication factor3,
automatically resulting in a higher root mean square velocity vRMS and thus a higher unity check.
A similar effect occurs when considering the stiffness unity check for the walking-induced vibrations.
This unity check calculates the deformation of the slab when subjected to a load of 1 kN4. A higher
value of the effective width bef , which is incorporated in this calculation, results in a lower deformation
and thus a lower unity check. The transverse stiffness of the cross-section is an important parame-
ter in the calculation of this effective width, with a higher transverse stiffness resulting in a higher
effective width. This, combined with the higher longitudinal stiffness of the hollow box floor with a
wet screed results in a ≈3.23 times lower unity check compared to the hollow box floor with a dry screed.

Displayed below are the parameters used for the transfer function model for both LVL hollow box floors.
Again, the finishes as specified in section 3.4 are included in the mass of the floor mF and the additional
mass of 75 kg/m2 is added. Equivalent to the CLT floors, the stiffness of the wet screed is included in
the flexural rigidity EIL for the dynamic calculations, but excluded for the other cross-sectional checks.
Taking into account a simply supported one-way slab with a span of 3.6 m results in a natural frequency
for the LVL hollow box floor with wet screed f0,F of 20.42 Hz and a higher natural frequency of the
LVL hollow box floor with a dry screed of 22.69 Hz. This difference can be explained with the same
reasoning as for the CLT floor.

2Stoarenso, producer of amongst others LVL hollow box floors: https://www.storaenso.com/en/products/mass-timber-
construction/building-products/rib-panels

3kimp, see calculations in Appendix G
4See calculations for w1kN in ??
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HB-W: LVL hollow box floor, wet screed

Centre-to-centre ribs: 600 mm
Height rib: 200 mm
Thickness rib: 45 mm

Thickness upper flange: 27 mm
Thickness lower flange: 27 mm

mF = 309.19 kg/m2

EIL = 8.77 · 106 Nm2/m

f0,F =
π2

2πL2
·
√
EIL
mF

= 20.42Hz

ζ = 0.04

HB-D: LVL hollow box floor, dry screed

Centre-to-centre ribs: 600 mm
Height rib: 200 mm
Thickness rib: 45 mm

Thickness upper flange: 27 mm
Thickness lower flange: 27 mm

mF = 229.19 kg/m2

EIL = 8.03 · 106 Nm2/m

f0,F =
π2

2πL2
·
√
EIL
mF

= 19.53Hz

ζ = 0.04

Table 6.5: Summary of unity checks LVL hollow box floors

Bending,
middle

Bending,
edge

Shear,
middle

Shear,
edge Deformations Vibrations,

stiffness
Vibrations,
velocity

HB-W 0.08 0.08 0.82 0.75 0.26 0.26 0.19
HB-D 0.07 0.07 0.73 0.67 0.23 0.84 0.62

6.2.5. Evaluation initial building section
With the parameters described in the previous chapters, the first transfer functions are set up. A transfer
function at the connection of the floors with the walls and a transfer function mid-span of the
floors is calculated for each of the floor configurations. These locations are visualised in Figure 6.4.
For the initial evaluation, the function is shown for each of the storeys. The amplification between
floors can be visualised this way. For the remainder of the parameter study, only the transfer function
that displays the highest amplification factor per floor type will be presented, for the sake of clarity. In
practice, the maximum amplification often occurs at the highest storey of the building [40]. Lastly, it
should be noted that the scale of the graphs in this section differs from the scale used in the graphs for
the case study due to the generally higher amplitudes found for the timber buildings in this section.

CLT floor systems
In Figure 6.5 the transfer functions for the floor configuration of a CLT slab with a wet screed are
shown. The natural frequency of the floor of 10.18 Hz can clearly be distinguished and is annotated
with a dashed line in the graph. At this natural frequency, it can be seen that the transfer function of
the walls approaches zero, whereas there is a peak in the transfer functions at mid-span of the floors.
This means that the walls at this frequency move out of phase with the floors. The amplification factor
is relatively high, with a maximum factor of 12.5 at the natural frequency of the floors. This means
that the free-field vibrations at this frequency are amplified substantially. This is related to the effect
that was described in subsection 2.8.3: when the soil-building frequency is higher than the natural
frequency of the floors, the soil damping effect does not occur. The vibrations are intensified instead,
resulting in higher vibration transmission from the free-field vibrations to the building. For the concrete
buildings in the case study, the theoretical soil-building frequency took place around 10 Hz and the
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Figure 6.4: Positions for which the transfer functions are calculated. The connection with the walls ustorey,Wall and
mid-span of the floors ustorey,mid−span

clamped floors had a natural frequency of above 20 Hz. Due to its weight, the much lighter CLT timber
building considered now has a significantly higher theoretical soil-building resonance frequency of 23.5
Hz, whereas the natural frequency of the simply supported floors is much lower, at 10.18 Hz.

Because the high amplification factors found for the initial building due to the lack of soil damping, the
parameter study will also focus on ways to mitigate this effect. There are two measures that can aid in
this goal: increasing the mass of the building, which will lower the theoretical soil building resonance,
or increasing the natural frequency of the floors. Both can be achieved in different ways. The mass of
the building can for example be increased by increasing the area of the apartments, adding additional
storeys or considering carrying out the ground floor in concrete. The natural frequency of the floors
can be increased by increasing the stiffness of the floors, decreasing the span or if different boundary
conditions are applied. Lastly, softer soils will also result in lower soil-building resonance frequencies.
However, the soil stiffness is location dependent and can not be used as a measure to mitigate the
vibrations.

The second peak in the transfer functions of the CLT floors is related to the walls. Because the walls
have the same properties for all the four floor configurations, it results in the same natural frequency for
each of the floors, 69.5 Hz. However, as explained in chapter 4, the floors influence the transmittance of
forces between the storeys, influencing the natural frequency of the walls. Therefore, the second peak is
shifted to a lower frequency and is different for each of the floor types. Furthermore, it can be concluded
that at this frequency, the peaks in the transfer functions at the walls are higher than the peaks in the
transfer functions mid-span of the floors. This signifies that the floors dampen the vibrations imposed
by the walls and both the floors and walls move in-phase with each other.

The CLT floor with a dry screed displays similar behaviour to the CLT floor with a wet screed. The
transfer functions shown in Figure 6.6 show comparable interaction and amplification of the soil-building
resonance frequency with the natural frequency of the floors. Furthermore, the same out of phase
movement of the walls can be detected in the transfer functions at the location of the connection of
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the floors with the walls, at the natural frequency of 12.93 Hz. However, for the CLT floor with a dry
screed, the maximum amplification factor is 15, significantly higher than the 12.5 found for the CLT
floor with a wet screed. This occurs due to the lower mass of the building with the CLT floor with a dry
screed when compared to the Clt floor with a wet screed. Due to this lower mass, less energy is needed
to excite the system, which results in higher amplitudes at the resonance frequencies of the building.

(a) Transfer functions walls (b) Transfer functions mid-span floors

Figure 6.5: Transfer functions CLT slab, wet screed, for initial parameters. The vertical line highlights the natural
frequency of the floors

(a) Transfer functions walls (b) Transfer functions mid-span floors

Figure 6.6: Transfer functions CLT slab, dry screed, for initial parameters. The vertical line highlights the natural
frequency of the floors

Hollow box floor systems
When comparing the transfer functions of the LVL hollow box systems with those of the CLT floors,
there are shared characteristics. For both the transfer function of the hollow box slab with a wet
screed, shown in Figure 6.7 and the transfer function of the hollow box slab with a dry screed, shown
in Figure 6.8, the amplitudes in the transfer functions at the walls approach zero where the natural
frequency of the floors occurs. Again, the natural frequency of the hollow box slab with a wet screed
of 20.42 Hz and of the hollow box slab with a dry screed of 22.28 Hz can clearly be distinguished and
is annotated with the dashed line in the graphs. Furthermore, the walls move out of phase when the
natural frequency of the floors occurs. Since the natural frequencies of both hollow box floors are higher
than those of the CLT floors and, although still lower, closer to the theoretical soil-building frequency,
the peaks of those two different resonance phenomena do not coincide fully. Similar to the CLT floors,
the soil does not exhibit its full damping potential. The maximum amplitudes found for the transfer
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functions are 13 for the hollow box floor with a wet screed and 13.5 for the hollow box floor with a dry
screed. The theoretical wall resonance frequency is influenced and shifted to a lower frequency by the
natural frequency of the considered floors, in the same way as was explained for the CLT floors. For
the hollow box floor with a wet screed, wall resonance occurs at ≈ 58 Hz and for the hollow box with
a dry screed at ≈ 60Hz. At this frequency, the walls move in phase with the floors. From the lower
amplitude of the peak mid-span of the floors, it can be seen that the floors have a damping effect at
the wall resonance frequency.

(a) Transfer functions walls (b) Transfer functions mid-span floors

Figure 6.7: Transfer functions hollow box slab, wet screed, initial parameters. The vertical line highlights the natural
frequency of the floors

(a) Transfer functions walls (b) Transfer functions mid-span floors

Figure 6.8: Transfer functions hollow box slab, dry screed, initial parameters. The vertical line highlights the natural
frequency of the floors

6.3. Influence of soil-structure interaction
The first variable for which its effect on the transfer functions of the different floor configurations is
analysed is the soil-structure interaction. For the initial pile foundation, the effect of different types
of soils on the transfer functions is researched. These types of soils are equivalent to the types of soils
analysed in the case study and are repeated in Table 6.6. Additionally, the pile foundation is compared
to a shallow foundation. Subsequently, the influence of the area of the shallow foundation is mapped
out.
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Table 6.6: Different subsoil parameters

Soil Es [Mpa] Gs [Mpa] Vs [m/s]
Soft clay 10 12 100
Medium clay 20 15 200
Loose sand 25 20 150
Dense, stiff sand 75 70 300

6.3.1. Pile foundation
To analyse the effect of different soil types on the response of the timber apartment buildings, the trans-
fer functions at mid-span are examined for the four floor configurations. In line with the findings for
the concrete buildings in the case study, the softer soil dampens the overall building response whereas
higher amplifications are found for the response of buildings founded on stiffer soils. In Figure 6.9 the
transfer functions for the building with a CLT floor with a wet screed and for the CLT floor with a
dry screed are included and in Figure 6.9 the transfer functions for the building with respectively the
hollow box section with a wet screed and the hollow box section with a dry screed are shown.

In general, by changing the soil parameters, the soil-building frequency shifts to a lower or higher fre-
quency. Since this frequency is dominated by the natural frequency of the floors for all the four floor
configurations, this effect is not evident in Figure 6.9. In Table 6.7, the maximum found amplification
factors are summarised for each of the floors and each of the soil types analysed. For each of the floor
types, the highest amplification factor is found for the dense and stiff soil, which is in line with the
findings of chapter 2. The highest amplification factor is found for a CLT floor with a dry screed, of
15.39. This is consistent with the expectations, since for the initial evaluation the CLT floor with a dry
screed also yielded the highest amplification factor. From the initial observation of solely these transfer
functions, it may seem that a softer soil results in lower amplification of the free-field vibrations. Al-
though this trend is true for the transfer functions, with the softer soil providing a higher damping, it
should be taken into account that for these type of softer soils, the peaks found in the free-field response
spectrum are also generally higher. Hence, it can not be presumed that locations with softer soil types
automatically have a positive effect on the resulting building vibrations.

Table 6.7: Maximum amplification factors for different soil types

Soft clay Medium clay Loose sand Dense, stiff sand
CLT-W 9.7 11.2 11.49 14.05
CLT-D 11.82 12.47 13.54 15.39
HB-W 8.39 8.39 10.04 11.48
HB-D 9.36 9.36 10.88 12.21

6.3.2. Shallow foundation
Although pile foundations are most commonly applied in the Netherlands for apartment buildings, there
are areas in which shallow foundations can be applied as well. Therefore, the difference between these
two foundations is also analysed in the parameter study. Since shallow foundations are applicable for
stiffer soils such as the medium stiff sand soil used for the initial building section, the main parameter
that will be varied for this type of foundation is the foundation area. As elaborate calculations are typi-
cally carried out for the design of a building foundation, the results presented in this section are purely
exploratory. The variation in the area of the foundation solely focuses on investigating the impact of
this parameter on the transfer function of the building.

Three different situations are analysed for the shallow foundation. The area of the foundation is once
taken as equal to the floor area, meaning that the shallow foundation consists of one large slab equal
to the area of the building. Secondly, the transfer functions are calculated for a strip foundation, equal
to half of the area of the floor plan. Lastly, a strip foundation equal to a quarter of the ground floor is
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(a) CLT, wet screed (b) CLT, dry screed

(c) Hollow box section, wet screed (d) Hollow box section, dry screed

Figure 6.9: Transfer functions, different soil types and pile foundation, mid-span floors

applied. The resulting transfer functions for each of these three situations are shown in Figure 6.10 for
each of the floors. The maximum amplification factors are summarised in Table 6.8. Two different trends
can be spotted. For the CLT floors, a smaller area results in a higher maximum amplification factor,
whereas for the LVL hollow box floors, a smaller area results in a lower maximum amplification factor.
This effect can be explained by looking at the theoretical soil-building frequencies. The stiffness of the
shallow foundations is dependent on the area of the shallow foundation, with a smaller area resulting in
a lower stiffness. A lower stiffness of the foundation results in a lower soil-building frequency, which is
calculated with Equation 4.34. As explained in chapter 2, the highest amplification is found for when
the soil-building frequency is above the floor frequencies and the soil-building frequency is shifted to
lower values. Therefore, it is in line with the expectations that when the soil-building frequencies are
shifted to lower frequencies and the difference with the natural frequencies of the floor decreases, the
amplitudes also decrease, as is the case for the LVL hollow box floors. In Table 6.9 the theoretical
soil-building frequencies are shown for each of the shallow foundations and compared to the natural
frequencies for each of the floors. Conversely, for the CLT floor with a lower natural frequency, the
peaks continue to coincide. This occurs because the soil-building frequency can not be shifted to lower
frequencies, bounded by the area between 0-10 Hz, leading to higher amplification even with a smaller
difference between the soil-building frequency and the natural frequency of the floors. Therefore, it is
concluded that whether it is beneficial or disadvantageous to increase the foundation area is strongly
dependent on the theoretical soil-building frequency and the natural frequency of the regarded floor.
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(a) CLT, wet screed (b) CLT, dry screed

(c) Hollow box section, wet screed (d) Hollow box section, dry screed

Figure 6.10: Transfer functions mid-span floors, variation in shallow foundation area

Table 6.8: Maximum amplification factors for different shallow foundations

Floor area 0.5 x floor area 0.25 x floor area
CLT-W 14.8 15.09 16.63
CLT-D 16.67 16.81 16.72
HB-W 15.12 13.18 11.86
HB-D 15.53 13.24 11.91

Table 6.9: Building frequencies fB compared to fF for different shallow foundations

Floor area 0.5 x floor area 0.25 x floor area
fB [Hz] fB − fF [Hz] fB [Hz] fB − fF [Hz] fB [Hz] fB − fF [Hz]

CLT-W 23.51 13.33 19.77 9.59 16.62 6.44
CLT-D 33.19 20.25 27.91 14.97 23.47 10.53
HB-W 26.59 6.17 22.36 1.94 18.8 -1.62
HB-D 33.36 10.69 28.05 5.38 23.49 0.82
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6.4. Number of storeys
One of the parameters that has a significant influence on the transfer functions of the timber apartment
buildings is the number of storeys. The transfer functions at mid-span are shown for all four different
floor configurations in Figure 6.11. Since the natural frequency of the walls is partially determined by
the number of storeys, as can be seen in Equation 4.35, it is within the line of expectations that for
each of the floor configurations, the peak corresponding to the natural frequencies of the walls shifts to
lower frequencies with an increasing number of storeys. Furthermore, increasing the number of storeys
increases the mass of the building, which decreases the theoretical soil-building resonance frequency
calculated with Equation 4.34. The same trend can be seen as for the shallow foundations: for the
LVL hollow box sections, this results in smaller amplitudes in the transfer functions due to the smaller
difference between the natural frequencies of the floors compared to the higher theoretical soil-building
frequency. In Table 6.10 the maximum amplitudes per floor configuration per number of storeys is
summarised.

(a) CLT, wet screed (b) CLT, dry screed

(c) Hollow box section, wet screed (d) Hollow box section, dry screed

Figure 6.11: Transfer functions mid-span floors, variation in number of storeys

Table 6.10: Maximum amplification factors for different number of storeys

2 storeys 4 storeys 6 storeys 8 storeys
CLT-W 13.79 12.33 14.24 14.27
CLT-D 13.53 14.87 14.71 15.97
HB-W 13.03 13.42 12.68 11.87
HB-D 12.54 12.67 11.82 11.15



6.5. Floor configuration 74

6.5. Floor configuration
When considering the floor configuration, there are two variables that can be adjusted to change the
response of the building: the natural frequency of the floors can be adapted and the mass of the floor
can be varied. This can be done in multiple ways. To increase or decrease the natural frequency of the
floors, for example, different floor spans can be considered. Alternatively, the cross-section of the floors
can be modified. Because it will be necessary to change the cross-sectional properties of the floors when
increasing the span to make sure that the slab is still compliant with the structural requirements, in
this section the floor thickness will be altered to analyse the effect of changing the natural frequency
of the slabs. Likewise, to change the mass of the floor, the most significant variations can be made by
either modifying the span or the width of the floor. The difference between a heavier floor with a wet
screed and a floor with a dry screed is already taken into account by analysing the four different floor
configurations.

6.5.1. Floor thickness
In Figure 6.12, the effect of increasing the floor thickness is shown. For the CLT floors, the layup is
varied from 140 L5S to 200 L5S. Since the span of the floors is kept at the initial length of 3.6 meters
and the floor thickness is only increased, the floors will still meet the structural requirements. For the
LVL hollow box floors, the floor thickness is increased by increasing the height of the ribs from 200
mm to 360 mm. The highest maximum amplitudes for each of the variations for the CLT floors can be
found in Table 6.11 and for the LVL hollow box floors in Table 6.12.

When increasing the thickness of the CLT floors, Figure 6.12 shows that although the peak correspond-
ing to the natural frequency of the floor shifts to the higher natural frequency of the adjusted floors,
there is little attenuation of the peaks. The amplitude of the CLT floor with a wet screed is reduced
the least, by 1.36 %, when adding 60 mm to the layup of the floors, going from a 140 mm thickness to
a 200 mm thickness. The amplitude of the CLT floor with a dry screed is reduced a bit more with 6.7
%, but the maximum amplitude with a layup of 200 L5S is still higher for the CLT floor with a dry
screed when compared with the amplitude of the CLT floor with a wet screed and the same layup.

Increasing the rib height h2 of the LVL hollow box floors has a more pronounced effect on the transfer
functions, as can be seen in Figure 6.12. First of all, the increased height of the ribs visibly shifts the
peak to the higher corresponding natural frequencies, similar to the CLT floors. Secondly, since the
difference between the natural frequencies of the floors and the natural frequency of the walls is reduced
with increasing rib height, it can be seen that the peaks corresponding to the wall resonance are shifted
to a higher frequency as well. Thirdly, the earlier described effect of the natural frequency of the floors
approaching and eventually surpassing the theoretical soil-building frequency is again evident. Because
the additional height of the ribs barely increases the total weight of the building, the theoretical soil-
building frequency is not affected substantially. For the LVL hollow box floor with a dry screed, this
frequency occurs around ≈ 33 Hz and for the LVL hollow box floor with a wet screed this frequency
takes place around ≈ 29 Hz. In Table 6.13, the difference between the theoretical soil-building frequency
and the natural frequency of each of the floors with varying rib height is recorded. When considering
these aspects, it is in line with the expectations that the floor with the highest natural frequency and
a rib height of 360 mm yields the lowest amplification factor. Increasing the rib height from 200 mm
to 360 mm reduces the maximum amplification factor with 28.5 % for the hollow box floor with a wet
screed and with 22.2 % for the hollow box floor with a dry screed.

Table 6.11: Maximum amplification factors for different CLT floor layups

140 L5S 160 L5S 180 L5S 200 L5S
CLT-W 13.89 13.42 13.31 13.02
CLT-D 14.88 14.82 14.77 14.68
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(a) CLT, wet screed (b) CLT, dry screed

(c) Hollow box section, wet screed (d) Hollow box section, dry screed

Figure 6.12: Transfer functions mid-span floors, variation in floor thickness

Table 6.12: Maximum amplification factors for different LVL hollow box floor rib heights, h2

h2 = 200 mm h2 = 240 mm h2 = 300 mm h2 = 360 mm
HB-W 13.33 12.58 11.48 10.37
HB-D 13.81 13.35 12.4 11.3

Table 6.13: Difference between soil-building frequency fB and the natural frequencies fF of the floors for different rib
heights

h2 = 200 mm h2 = 240 mm h2 = 300 mm h2 = 300 mm
fB − fF [Hz] fB − fF [Hz] fB − fF [Hz] fB − fF [Hz]

HB-W 14.24 10.34 4.38 -1.74
HB-D 11.83 8.66 3.6 -1.44
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6.5.2. Floor area
In Figure 6.13 the effect of increasing the floor area on the transfer functions for each of the four floor
configurations is shown. Two observations can be made: increasing the area of the floor has the most
significant effect on the LVL hollow box sections, for which the peaks corresponding to the combined
floor and soil-building resonance are reduced. This effect is again less evident for both the CLT floors.
Secondly, the change in soil-building frequency also influences the peaks corresponding to the natural
frequency of the walls by shifting them to lower frequencies.

(a) CLT, wet screed (b) CLT, dry screed

(c) Hollow box section, wet screed (d) Hollow box section, dry screed

Figure 6.13: Transfer functions mid-span floors, variation in floor area
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6.6. Wall configuration
In Figure 6.14 the influence of the CLT wall layup on the response of the building is shown for each
of the four floor configurations. Presumably, an increase in the wall thickness would also decrease the
amplification between the storeys. From the transfer functions it can be seen that by increasing the
wall thickness from 100 mm to 200 mm, mainly the peaks corresponding to the wall resonance at higher
frequencies are reduced and shifted. Insightfully, doubling the wall thickness has only a marginal impact
on the highest peaks in the spectrum, which are attributed to the combined resonance of the floors and
the soil-building resonance. This is in line with the expectations, since altering the wall thickness does
not have an influence on the natural frequency of the floors and only a small impact on the total mass
of the building.

(a) CLT, wet screed (b) CLT, dry screed

(c) Hollow box section, wet screed (d) Hollow box section, dry screed

Figure 6.14: Transfer functions at mid-span floors, variation in wall layup

6.6.1. Support conditions
In the previous calculations, it is assumed that the connection of the floors with the walls is hinged.
However, it is also possible to design a more rigid connection. If the floor is clamped or partially
clamped, the natural frequency of the floor is increased, compared to the simply supported case. Gen-
erally, considering a slab that is clamped instead of hinged results in a higher natural frequency of
the floors, because the floor exhibits higher stiffness due to the restriction of the rotation at the sup-
ports. The increased natural frequencies of the floors are summarised in Table 6.14 for each of the
floor types. As established during the parameter study, shifting the natural frequency of the floors
closer to or to a higher frequency than the theoretical soil-building resonance generally results in lower
maximum amplitudes. In the calculated transfer function shown in Figure 6.15, it can be seen that
the maximum occurring amplitudes of the LVL hollow box floor with a wet screed and the dry screed
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are now below 10.5. The highest amplification factor found for the CLT floor with a wet screed is also
decreased when compared to the suspended floor connection, from 12.5 to 11. The CLT floor with a
dry screed still yields the highest maximum amplification, but also this value is reduced from 15 to 14.5.

In Figure 6.15, one of the other effects that can be distinguished clearly is that high amplification takes
place from floor to floor, which was much lower for the concrete buildings. The higher floor-to-floor
amplifications are likely related to the lower wall stiffness of the timber apartment buildings, resulting
in more transmission between storeys. chapter 7 will analyse and compare the two types of buildings
in more detail. Achieving fully clamped support conditions is however difficult. The supported floor
connection described in chapter 3 is more rigid than the suspended floor connection since the floor for
the supported floor connection is clamped between the walls of two subsequent storeys. Although the
supported floor connection will result in higher natural frequencies for the floors, the actual stiffness of
the connection is not known.

(a) CLT, wet screed (b) CLT, dry screed

(c) Hollow box section, wet screed (d) Hollow box section, dry screed

Figure 6.15: Transfer functions, for clamped-clamped connection (CFCF)

Table 6.14: Natural frequencies for clamped-clamped slabs (CFCF), supported floor connections

Natural frequency floor fF , CFCF
CLT-W 23.51 Hz
CLT-D 29.88 Hz
HB-W 47.14 Hz
HB-D 69.51 Hz
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6.7. Findings from the parameter study
The findings from the parameter study are as follows:

• The timber buildings have a relatively low mass, which results in higher soil-building frequencies.
The natural frequencies of the floors when simply supported on two sides are lower than this
soil-building resonance frequency. Therefore, the effect of soil damping is less prominent, which
is in line with the findings from the literature study in chapter 2.

• The timber buildings with pile foundations on medium stiff soil yield lower overall amplification
factors than the buildings on shallow foundations, which is in line with the results of the literature
study in chapter 2. The pile foundation on soft soil dampens the vibrations the most, although
it should be taken into account that for softer soils, the peaks found in the free-field response of
the railway-induced vibrations are also generally higher.

• It was found that when the natural frequencies of the floors is below the soil-building resonance
frequency, reducing this difference has a positive effect on the reduction of the transmission of the
vibrations. Shifting the natural frequency of the floors above the soil-building frequency yields
the lowest maximum amplifications for each of the floor types. The easiest way to achieve this
is to change the boundary conditions from simply supported to clamped; however, creating fully
clamped connections between CLT walls and timber floors is not feasible currently. Increasing the
stiffness of the connection could be achieved by using the suspended floor connection described in
chapter 3, but the exact stiffness of this connection is not known. Increasing the floor thickness also
shifts the combined soil-building resonance peak to higher frequencies and reduces the amplitudes,
especially for the LVL hollow box floors.

• Out of the four floor configurations, the LVL hollow box floors generally display lower maximum
amplitudes when compared to the CLT floors.

• Doubling the wall thickness influences the peaks corresponding to the natural frequency of the
walls by lowering them but does have less effect on the highest peaks in the transfer functions
mid-span of the floors. This is because these peaks are governed by the coupling between the
soil-building resonance and the natural frequency of the floors.

• Increasing the number of storeys is another way of increasing the mass of the building, but it should
be taken into account that this also shifts the peak corresponding to the natural frequencies of
the walls to a substantially lower frequency.



7
Comparative analysis

7.1. Introduction
At first glance, the differences in the transfer function between the timber buildings analysed in chapter 6
and the concrete buildings from chapter 5 are quite significant. This chapter will analyse what the
dissimilarities are between the two materials that explain these differences. To do so, a comparison will
be made between the transfer functions of the concrete building and a timber building with a LVL hollow
box floor and a dry screed. After this comparison, for each of the timber floor configurations a timber
building is designed. The first design is based on the structural unity checks. The free-field railway-
induced vibrations are imposed on the buildings, after which their building response is calculated and
compared. As mentioned in chapter 5 and chapter 2, railway-induced vibrations are highly location
dependent. For the measured free-field vibrations for the HERO project, the timber buildings will be
optimised based on the findings of the parameter study, to find out to what degree the resulting building
vibrations can be minimised.

7.2. Transfer functions: Concrete vs. timber
To analyse where the differences in transfer functions and thus the dynamic behaviour of the concrete
and the timber buildings stem from, one of the sections of the HERO building from the case study is
compared to an equivalent timber building. Only a building with an LVL hollow box floor and dry
screed is considered since the behaviour of all the four floor configurations is comparable. Although
the ground floor of the original HERO building has a ground floor with different properties, the same
properties are applied to each storey for this comparison. The floors both span 6 m, and the build-
ing has a width of 12.145 m, the same as in the case study and the considered section contains five
storeys. The LVL hollow box floor is optimised based on the structural unity checks, which are shown
in Table 7.1 and for the concrete floor it is assumed that a similarly optimised design was chosen for
the case study. As discussed in chapter 5, the monolithic moment resisting connection of the concrete
floor is a rigid connection, thus the supports are considered to be clamped. The corresponding transfer
functions are shown in Figure 7.2. Because of these boundary conditions, the soil-building frequency
is lower than the natural frequency of the floors for the concrete apartment building. Therefore, the
soil exhibits damping, which is one of the reasons for the lower amplification factors for the concrete
building. Due to the coupling between the soil-building frequency and the natural frequency of the
floors for the timber building, the higher damping factor that is assigned to the timber floors has little
effect.

In Figure 6.15, it was already shown that changing the boundary conditions of the timber floors reduces
the building amplifications, but not to the same level as the concrete floors. Although the monolithic
connection is rigid for the concrete building, for comparison, in Figure 7.1b the situation is shown in
case the connection would have been simply supported. Again, it can be seen that although this results
in a coupled mode between the soil-building frequency and the natural frequency of the floors, which
is now 10.59 Hz the amplification is still much lower. This can be explained by comparing the other
properties of the two building systems. One of the other dissimilarities is the effective thickness of the
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walls. The concrete walls of 250 mm have a much larger effective area than the effective 60 mm of the
CLT 100 L5S. Combined with the lower modulus of Elasticity of the CLT walls, this results in a lower
wall stiffness for the timber building, which in turn results in the higher storey-to-storey amplifications
that can be seen in Figure 7.1b. This is in line with the results found by Auersch [6] for column-type
buildings, which also have a lower effective area and higher amplification factors. To highlight this
effect, the transfer function model with the rigid instead of flexible floor is shown in Figure 7.1a.

HB-D: LVL hollow box floor, dry screed

Height floor: 407 mm
Modulus of Elasticity: 10.5 − 13.8 · 109 N/m2

Supports: SFSF1

mF = 236.45 kg/m2

EIL = 2.58 · 107 Nm2/m

f0,F =
π2

2πL2
·
√
EIL
mF

= 14.23Hz

ζ = 0.04

(Effective) thickness walls: 60 mm
Modulus of Elasticity: 11 · 109 N/m2

CON: Concrete floor HERO

Height floor: 280 mm
Modulus of Elasticity: 28 · 109 N/m2

Supports: CFCF2

mF = 904.96 kg/m2

EIL = 5.49 · 107 Nm2/m

f0,F =
2
√
3π

3L2

√
D

mF
= 24.5Hz

ζ = 0.03

(Effective) thickness walls: 250 mm
Modulus of Elasticity: 36 · 109 N/m2

(a) Rigid floor transfer function model for the concrete and
timber building

(b) Transfer functions for concrete building with simply
supported floors

Figure 7.1: Differences between concrete and timber building

1One-way slab, simply supported
2One-way slab, clamped edges
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(a) LVL hollow box floor, dry screed, mid-span floors (b) LVL hollow box floor, dry screed, walls

(c) Concrete floor, mid-span floors (d) Concrete floor, walls

Figure 7.2: Transfer functions for concrete and LVL hollow box floors, for comparison

7.3. HERO case study - structural optimisation
Although the transfer functions of the timber buildings show higher amplification factors than the
concrete building, the final response of the buildings to railway-induced vibrations depends on the
imposed vibrations. Therefore, the free-field vibrations of the HERO building are imposed on the
four timber buildings and compared to the equivalent concrete building discussed in section 7.2. In
Figure 7.3, the measured railway-induced vibrations for the HERO case study are repeated, that will
be further used in this chapter.

7.3.1. Building section
The same building section as described in section 7.2 is used for the comparison between the four timber
buildings, for each of the four floor configurations described in subsection 6.2.4. However, for the CLT
floors, a seven-layer layup would be needed to span the apartment length of 6 meters, which is not
customary. Therefore, a partition wall is added for this floor configuration. In Figure 7.4 an overview
is given of all the timber floor configurations, as well as the monolithic concrete floor.
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Figure 7.3: Input free-field vibrations HERO, location 1

Figure 7.4: Different floor configurations for the comparative analysis
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7.3.2. LVL hollow box floors
Based on the systems shown in Figure 7.4, a design is made for the LVL hollow box floors such that they
both satisfy the structural requirements. The corresponding unity checks are shown in Table 7.1. The
stiffness and mass of the LVL hollow box floor with a wet screed aids in satisfying the walking-induced
vibration requirements and could therefore be designed with a lower rib height. On the other hand, the
stiffness of the hollow box floor with a dry screed had to be increased to meet these requirements, result-
ing in a 50 mm higher rib height and a 3 mm higher thickness of the lower flange. The corresponding
unity checks are shown in Table 7.1.

HB-W: LVL hollow box floor, wet screed

Centre-to-centre ribs: 600 mm
Height rib: 300 mm
Thickness rib: 45 mm

Thickness upper flange: 27 mm
Thickness lower flange: 27 mm

mF = 313.02 kg/m2

EIL = 18.26 · 106 Nm2/m

f0,F =
π2

2πL2
·
√
EIL
mF

= 10.54Hz

ζ = 0.04

HB-D: LVL hollow box floor, dry screed

Centre-to-centre ribs: 600 mm
Height rib: 350 mm
Thickness rib: 45 mm

Thickness upper flange: 27 mm
Thickness lower flange: 30 mm

mF = 236.45 kg/m2

EIL = 25.14 · 106 Nm2/m

f0,F =
π2

2πL2
·
√
EIL
mF

= 14.23Hz

ζ = 0.04

Table 7.1: Summary of unity checks LVL hollow box floors

Bending,
middle

Bending,
edge

Shear,
middle

Shear,
edge Deformations Vibrations,

stiffness
Vibrations,
velocity

HB-W 0.15 0.13 0.93 0.82 0.46 0.38 0.22
HB-D 0.11 0.09 0.68 0.58 0.29 0.95 0.62

For both floors, the corresponding transfer functions for the seven-storey building of the case study
are calculated. Then, similar to the case study, the values of Vmax are calculated based on the input
free-field vibrations shown in Figure 7.3. When comparing the transfer functions, it can be seen that
the results are quite similar. However, the resulting Vmax values for the LVL hollow box floor with a dry
screed are significantly lower. This is due to the lower natural frequency of the LVL hollow box floors
with a wet screed, which causes the highest peaks in the railway-induced vibration spectra to coincide
with the highest peaks in the transfer functions. The higher natural frequency of the floors with a dry
screeds lowers this coincidence, resulting in lower building vibrations.
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(a) Transfer functions mid-span floors, HB-W (b) Vmax LVL hollow box floor, HB-W

(c) Transfer functions mid-span floors, HB-D (d) Vmax LVL hollow box floor, HB-D

Figure 7.5: Transfer function and Vmax values serviceability criteria for LVL hollow box floors, structurally optimised
design
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7.3.3. CLT floors
Similar to the LVL hollow box floors, the CLT floors are designed such that they meet the structural
requirements. The unity checks can be found in Table 7.2. Again, due to the walking-induced vibration
requirements, it was necessary to use a layup with a higher thickness for the CLT floor with a dry
screed. The layout, flexural stiffness, mass and natural frequency that corresponds to each of the floors
are shown below.

CLT-W: CLT floor, wet screed

Layup: [30, 20, 20, 20, 30]

mF = 395.8 kg/m2

EIL = 1.98 · 106 Nm2/m

f0,F =
π2

2πL2
·
√
EIL
mF

= 12.36Hz

ζ = 0.04

CLT-D: CLT floor, dry screed

Layup: [40, 20, 20, 20, 40]

mF = 185.6 kg/m2

EIL = 2.02 · 106 Nm2/m

f0,F =
π2

2πL2
·
√
EIL
mF

= 18.21Hz

ζ = 0.04

Table 7.2: Summary of unity checks CLT floors

Bending Shear Rolling shear Deformations Vibrations,
stiffness

Vibrations,
velocity

CLT-W 0.29 0.05 0.30 0.91 0.48 0.29
CLT-D 0.14 0.03 0.19 0.36 0.71 0.49

In Figure 7.6 the transfer functions and the resulting building vibrations in terms of Vmax are shown.
Similar to the LVL hollow box floors, the floor with a dry screed outperforms the floor with a wet screed.
Again, this is due to the higher natural frequency of the CLT floors with a dry screed, which shifts
the peak corresponding to the coincidence of the natural frequency of the floors and the soil-building
resonance to a higher frequency.

7.3.4. Comparison timber and concrete buildings
In Figure 7.7 the comparison between the resulting structurally optimised timber buildings with the
equivalent concrete building is shown. It can be seen that the concrete building yields lower building
vibrations for each of the storeys, compared to each of the timber buildings. This is in line with the
expectations, because the highest peaks of the free-field response of the railway-induced vibrations
takes place between ≈ 8-16 Hz. This is also the frequency range in which the highest amplifications are
found for the timber buildings, which are much higher than the maximum amplification factors found
for the concrete buildings due to the earlier described effects of coupling between modes and a higher
transmission between storeys. The second conclusion that can be drawn from this comparison is that the
higher natural frequency of the CLT floors with a dry screed results in the lowest building out of the four
floor configurations. This is because the highest peak in the transfer function is shifted away from the
highest peak in the spectra of the measured railway-induced vibrations. Still, the building vibrations
are 108 % higher for the building with a CLT floor with a dry screed, compared to the equivalent
concrete building. For the CLT floor with a wet screed this is 288 %. For the timber building with a
LVL floor with a wet screed, the building vibrations are 461 % higher and for the LVL floor with a dry
screed 293 %.
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(a) Transfer functions mid-span floors, CLT-W (b) Vmax CLT floor, CLT-W

(c) Transfer functions mid-span floors, CLT-D (d) Vmax CLT floor, CLT-D

Figure 7.6: Transfer function and Vmax values serviceability criteria for CLT floors, structurally optimised design

Figure 7.7: Comparison transfer functions concrete and timber buildings in terms of serviceability criteria Vmax,
mid-span of the floors



7.4. HERO case study - railway-induced vibration optimisation 88

Figure 7.8: Comparison transfer functions concrete and timber buildings in terms of serviceability criteria Vmax,
mid-span of the floors, for fully clamped supports (CFCF)

7.4. HERO case study - railway-induced vibration optimisation
To be able to design an optimised timber building, it is important to prevent coincidence between the
peaks in the free-field railway-induced vibrations and the peaks in the transfer functions of the timber
buildings. In Figure 7.3 it can be seen that the highest peaks of the measured free-field vibrations take
place between ≈ 8-16 Hz. The second peak takes place around 40 Hz. The effect of three different
measures on the building response is researched in this section.

7.4.1. Clamped supports
Another way to shift the peaks with the highest amplification factors in the transfer functions of the
timber building away from the peaks in the measured railway-induced vibrations is if the connections
of the floors with the walls were to be clamped. To show the effect stiffening the connections can
have, this section takes into account rigid connections of each of the timber floor configurations with
the walls. It should be noted however that it has been established that currently, a fully clamped
connection between the CLT walls and timber floor configurations is likely not feasible. However, it
may be possible to apply connections that are stiffer than the simply supported connections considered
so far. In Figure 7.9 the resulting transfer functions and the corresponding building vibrations in terms
of Vmax are shown.

Applying fully clamped supports increases the natural frequency of the floors significantly. The adjusted
natural frequencies of the floors are shown with a dashed line in Figure 7.9. Although the amplification
factors are still high, as expected they coincide less with the peaks found for the measured free-field
vibrations. Furthermore, the amplitudes in the transfer functions of each of the timber buildings is
lowered because there is less coincidence between the soil-building frequency and the floor resonance
frequency, an effect described in chapter 6. Therefore, the Vmax values found for the floors with clamped
supports are significantly lowered for each of the floors. In Figure 7.8 the resulting building frequencies
are again compared to those found for the equivalent concrete building. Now, the differences between
the concrete and timber buildings are much lower. The timber building with the CLT configuration
with a wet screed has the lowest Vmax values of the timber structures. Without the clamped support
optimisation, this floor yielded Vmax values which were 288 % higher than those found for the concrete
building. With the clamped supports, this is reduced to only 55 % higher building vibrations.
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(a) Transfer functions mid-span floors, CLT-W (b) Vmax CLT floor, CLT-W

(c) Transfer functions mid-span floors, CLT-D (d) Vmax CLT floor, CLT-D

(e) Transfer functions mid-span floors, LVL hollow box floor,
HB-W (f) Vmax LVL hollow box floor, HB-W

(g) Transfer functions mid-span floors, LVL hollow box floor,
HB-D (h) Vmax LVL hollow box floor, HB-D

Figure 7.9: Transfer function and Vmax values serviceability criteria for fully clamped supports (CFCF)
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7.4.2. Increasing the floor thickness
Increasing the thickness of the floors increases their natural frequency, due to their higher stiffness.
By increasing the natural frequency of the floors, the peaks with the highest amplification factors in
the transfer functions can be shifted away from the 8-16 Hz area where the railway-induced vibrations
display the highest amplification factors. The floor thickness of the CLT floors is increased to 200 mm
and the rib height of the LVL hollow box floors is increased to 600 mm. The new floor configurations
are shown below. The corresponding unity checks for the CLT floors are included in Table 7.3 and for
the LVL hollow box floors in Table 7.4. The resulting transfer functions and Vmax values per storey
are shown in Figure 7.10. In Figure 7.11 the results are compared with the Vmax values of the concrete
apartment building.

CLT-W: CLT floor, wet screed

Layup: [40, 40, 40, 40, 40]

mF = 435.0 kg/m2

EIL = 4.98 · 106 Nm2/m

f0,F =
π2

2πL2
·
√
EIL
mF

= 18.68Hz

ζ = 0.04

CLT-D: CLT floor, dry screed

Layup: [40, 40, 40, 40, 40]

mF = 215.0 kg/m2

EIL = 4.24 · 106 Nm2/m

f0,F =
π2

2πL2
·
√
EIL
mF

= 24.51Hz

ζ = 0.04

HB-W: LVL hollow box floor, wet screed

Centre-to-centre ribs: 600 mm
Height rib: 600 mm
Thickness rib: 45 mm

Thickness upper flange: 33 mm
Thickness lower flange: 33 mm

mF = 330.61 kg/m2

EIL = 88.86 · 106 Nm2/m

f0,F =
π2

2πL2
·
√
EIL
mF

= 22.62Hz

ζ = 0.04

HB-D: LVL hollow box floor, dry screed

Centre-to-centre ribs: 600 mm
Height rib: 600 mm
Thickness rib: 45 mm

Thickness upper flange: 33 mm
Thickness lower flange: 33 mm

mF = 250.61 kg/m2

EIL = 88.11 · 106 Nm2/m

f0,F =
π2

2πL2
·
√
EIL
mF

= 25.87Hz

ζ = 0.04
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Table 7.3: Summary of unity checks CLT floors, for increased floor thickness

Bending Shear Rolling shear Deformations Vibrations,
stiffness

Vibrations,
velocity

CLT-W 0.12 0.03 0.18 0.28 0.19 0.14
CLT-D 0.09 0.02 0.13 0.18 0.24 0.18

Table 7.4: Summary of unity checks LVL hollow box floors, for increased floor thickness

Bending,
middle

Bending,
edge

Shear,
middle

Shear,
edge Deformations Vibrations,

stiffness
Vibrations,
velocity

HB-W 0.06 0.05 0.45 0.37 0.14 0.12 0.09
HB-D 0.05 0.04 0.39 0.32 0.11 0.33 0.25

Figure 7.11: Comparison transfer functions concrete and timber buildings in terms of serviceability criteria Vmax,
mid-span of the floors, for increased floor thickness

By increasing the floor thickness and shifting up the natural frequencies of the floors, the building
vibrations are again lowered compared to the initial design based on the structural design checks. The
LVL hollow box floor with a dry screed yields the lowest vibration levels. The building vibrations are
now only 55% higher for this floor type compared to the vibrations in the equivalent concrete building.
However, in Table 7.3 and Table 7.4 it can be seen that the unity checks of the floors are now also
significantly lower. The highest unity check for the CLT floor with a wet screed is now only 0.28
compared to the initial 0.91 and for the CLT floor with a dry screed the initial check of 0.71 is lowered
to 0.24. Similar for the LVL hollow box floor, the unity check is lowered from 0.93 to 0.45 for the floor
with a wet screed and from 0.95 to 0.39 for the floor with a dry screed. In terms of the structural ULS
and SLS checks, the floors are overdimensioned and less efficient. When considering material efficiency,
this is important to consider. However, the highest vibration levels in each of the buildings are lowered
by 44.2 % for the CLT floor with a wet screed, by 22.3 % for the CLT floor with a dry screed, by 71.93
% for the LVL hollow box floor with a wet screed and 60.57 % for the LVL hollow box floor with a dry
screed. Especially for both the LVL hollow box floors these reductions are substantial.
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(a) Transfer functions mid-span floors, CLT-W (b) Vmax CLT floor, CLT-W

(c) Transfer functions mid-span floors, CLT-D (d) Vmax CLT floor, CLT-D

(e) Transfer functions mid-span floors, LVL hollow box floor,
HB-W (f) Vmax LVL hollow box floor, HB-W

(g) Transfer functions mid-span floors, LVL hollow box floor,
HB-D (h) Vmax LVL hollow box floor, HB-D

Figure 7.10: Transfer function and Vmax values serviceability criteria for increased floor thickness
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7.4.3. Changing the number of storeys
The third measure that was shown to be effective in lowering the first peak in the transfer functions of
the timber buildings is increasing the number of storeys. However, increasing the number of storeys also
shifts the peak corresponding to the resonance frequencies of the walls to a lower frequency. Also, the
peak corresponding to the combined soil-building resonance and natural frequency of the floors is shifted
to a lower frequency. In this case, that would shift the frequencies into the range where they coincide
with the highest peaks in the measured railway-induced vibrations. Therefore, it is more feasible to
reduce the number of storeys, to shift the frequency corresponding to the natural frequency of the walls
to a higher frequency instead. The highest number of storeys resulting in the lowest building response
for this specific situation is three storeys. The results are shown in Figure 7.13. In Figure 7.12 the
calculated Vmax values are again compared to the values found for the concrete building. Compared
to the initial building design, the vibration levels are reduced by 12.32 % for the CLT floor with a wet
screed, 25.68 % for the CLT floor with a dry screed, 8.52 % for the LVL hollow box floor with a wet
screed and lastly 28.67 % for the LVL hollow box floor with a dry screed. The lowest building vibrations
are found for the CLT floor with a dry screed, which are now 71 % higher than the building vibrations
for the equivalent concrete three storeys building.

Figure 7.12: Comparison transfer functions concrete and timber buildings in terms of serviceability criteria Vmax,
mid-span of the floors, for three storeys instead of five
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(a) Transfer functions mid-span floors, CLT-W (b) Vmax CLT floor, CLT-W

(c) Transfer functions mid-span floors, CLT-D (d) Vmax CLT floor, CLT-D

(e) Transfer functions mid-span floors, LVL hollow box floor,
HB-W (f) Vmax LVL hollow box floor, HB-W

(g) Transfer functions mid-span floors, LVL hollow box floor,
HB-D (h) Vmax LVL hollow box floor, HB-D

Figure 7.13: Transfer function and Vmax values serviceability criteria for three storeys instead of five
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Discussion

The outcomes of the research have provided insight into the behaviour of residential behaviour of
timber apartment buildings subjected to railway-induced vibrations and the effect of varying structural
parameters such as the building geometry, the foundation, floor configurations and the walls. However,
there are limitations that should be considered as well and the results should be interpreted carefully.
This chapter focuses on a reflection of the research carried out. Possible limitations and potential
consequences are outlined, followed by their corresponding implications on the interpretation of the
results. Recommendations for future research can be found in chapter 9.

8.1. Interpretation
By comparing the timber buildings optimised based on the structural unity checks, the building vibra-
tions are 108 % higher for the building with a CLT floor with a dry screed, 288 % for a CLT floor
with a wet screed, 461 % higher for the LVL hollow box floor with a wet screed and for the LVL floor
with a dry screed 293 %, compared to the equivalent concrete building. This difference is traced back
to the interaction between the natural frequencies of the floors with the soil-building resonance, which
results in high amplifications for the timber apartment buildings. Also, the effective area of the CLT
walls is much lower than that of the concrete walls, resulting in higher storey-to-storey amplifications.
The higher natural frequency of the concrete floors compared to the timber floors is also due to the
clamped boundary conditions. The comparative analysis in chapter 7 shows that when considering
fully rigid supports for the timber buildings, the difference between concrete and timber is reduced to
55-60%. However, creating fully rigid moment resisting connections between the timber CLT walls and
floor configurations is currently challenging. Considering the connections to be fully simply supported
may underestimate the connections, especially when considering supported floor connections instead
of suspended connections. Research into the actual stiffness of timber connections when subjected to
railway-induced vibrations may result in higher natural frequencies and will be beneficial for the overall
building response.

Furthermore, the parameter study indicates that it is possible to adjust the design of timber apartment
buildings to change their transfer functions. By doing so, it can be prevented that the peaks in the
railway-induced spectra align with those of the building, lowering the vibration levels in the building.
One of the options is to increase the natural frequency of the floors by increasing the floor thickness. The
research demonstrates that by optimising the timber apartment buildings to lower the vibration levels,
the cross-sections of the floors are overdimensioned; they have excessive capacity when considering the
structural unity checks. The design considerations are however effective: for the building with the CLT
floors, the vibrations are lowered by 44.2 % when a wet screed is applied and 22.3 % when a dry screed
is considered. For the building with the LVL hollow box floor with a wet screed the reduction is 71.93
% when compared to the more economical design for each of the floors. For the LVL hollow box floor
with a dry screed this is 60.56 %. Another measure that effectively reduces the building vibrations is
adjusting the number of storeys. When decreasing the number of storeys for the building considered
in chapter 7 from five to three, reductions in the building vibrations between 8.52-28.67 % are found.

95
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When comparing the resulting building vibrations for the most effective and feasible method, increasing
the floor thickness, the building vibrations are reduced from between 108-461 % higher to 55-65 %
higher than those found for the equivalent concrete building.

Additionally, studying the buildings and provided Finite Element models (FEM) of the case studies
indicates the way soil-structure interaction is taken into account makes a significant difference in the
estimation of vibration levels in the buildings. For the HERO project, the soil-structure interaction is
modelled extensively in the FEM model, whereas a linear transmission function is used for the ENKA
project. The comparison of the two projects shows that taking into account soil-structure interaction
by modelling the soil, as done for the HERO project, results in more attenuation of the vibrations. The
calculations of the transfer function model show higher amplifications for the concrete building than
those found in the HERO case study and lower amplifications for the ENKA case study.

8.2. Implications
This research highlights implications for constructing buildings near railway tracks, particularly em-
phasizing the critical role of soil-structure interaction (SSI) in determining vibration levels. The case
studies show how much the estimated building vibrations can vary when different methods are used to
take this soil-structure interaction into account. This conclusion is supported by the literature study,
in which the importance of taking into account soil-structure interaction is stressed due to its effect on
the building behaviour. It advocates for the necessity of real-world measurements within buildings in
areas near railway tracks to identify which methods yield the most accurate results for assessing the
building vibration levels. This does not only apply to residential timber apartment buildings, but is
also important for the concrete alternatives.

Moreover, in literature it is often advised against using timber as building material in areas exposed to
railway-induced vibrations. The results from this research partially fit with this theory, because when
comparing the results from the concrete building of the HERO case study with the optimised timber
buildings, the resulting vibration levels in the concrete building are lower for both cases. However,
the transfer function model demonstrates how changes in the structural parameters of the building
can influence the response of the building. Also, the spectra of the vibrations turn out to be very
location dependent. The research shows that using the location-specific spectra of the railway-induced
vibrations to design the timber apartment building, results in significant reductions in the resulting
building vibration levels. Therefore, implementing the transfer function model in the preliminary design
stages of a project is an easy way to optimise the structure and compare alternatives, such as a concrete
building and a timber building. It has demonstrated to be a useful tool for optimising the building
structure compared to computationally intensive alternative FEM models.

8.3. Limitations
One of the limitations of this research is that only the free-field measurements form the HERO case
study are used to analyse whether the timber residential building exceeds the serviceability criteria
Vmax. Even though two case studies were available, only the data from the HERO case study could
be reproduced. Calculating the values for Vmax for the ENKA building for the supplied data results
in much lower values of Vmax than those reported in the provided report. The spectra of the railway-
induced vibrations of this project could therefore not be used to analyse the response of the timber
building. Because the railway spectra for this second location shows less peaks and lower amplification
factors compared to the spectra of the railway-induced vibrations of HERO in the frequency range in
which the highest amplification factors are found for the residential timber apartment building, impos-
ing the vibrations corresponding to this spectrum is likely to lead to lower values of Vmax. Therefore,
although the building that was optimised to minimise the effect of the railway-induced vibrations does
not meet these criteria for the HERO project, this does not mean that building with timber should
automatically be disregarded in railway areas.

Furthermore, an important limitation of this research is that for neither of the case studies measure-
ments after construction of the building are available. This limits the interpretation of the comparison
with the transfer function model used in this research. Although the buildings considered for both the
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case studies are comparable and the soil conditions are also similar, the results from the provided FEM
models used to analyse the vibration levels in the building differ substantially. The main difference
can be found in the way the soil-structure interaction is taken into account in each of the FEM models.
However, with the lack of measurements in either of the completed buildings, it is difficult to estimate
which project is the most accurate representation of the real-world buildings. How the transfer function
model relates to reality for these two situations can therefore also not be determined within this research,
even though the model has been verified with both measurements and FEM models as described in the
literature study. Especially since none of the considered cases in literature includes a pile foundation,
which was added to the model in this study. Pre- and post-building measurements would aid in gaining
more clarity on these relationships.

Another limitation of the research is the simplifications made in the transfer function model. For the
application in the context of preliminary design, the transfer function model achieves its purpose. How-
ever, for more complex building geometry a more detailed FEM model can give additional insight into
the behaviour of the building. The effect of a stability system such as a core is in the current research
not taken into account, although this could potentially influence the building response positively. Also,
in a FEM model the coupling between the soil and the building could be taken into account more elabo-
rately, although again the need for measurements in a completed building are stressed to compare this
FEM model to. One of the effects that is considered in the FEM model but not in the transfer function
model is the kinematic soil-structure interaction. The literature study has however shown that this
can further reduce the building vibrations, particularly at frequencies above 10 Hz. Especially for the
optimised timber buildings, which have peaks in this higher frequency range, this could substantially
reduce the resulting vibrations. If the same foundation is applied for both the timber and concrete
building, the reduction of the free-field motions will have the same effect for both buildings. This is
because the kinematic effect is solely dependent on the foundation characteristics. However, in the
current study, a smaller pile diameter was used for the timber buildings based on the lower building
mass. For piles with a smaller pile diameter, the kinematic reduction is slightly lower.

Additionally, as mentioned, the connections of the floors to the walls are considered to be hinged for
the parameter study. This might be a conservative estimation, especially for the supported floor con-
nections. Furthermore, the timber building may exhibit more damping through the connections and
walls than currently taken into account for only the floors. However, more research into the propagation
of vertical railway-induced vibrations through the building would have to be carried out to be able to
determine these damping values.

Lastly, this research focused solely on the vertical railway-induced vibrations in the building. That
means that the effect of the horizontal vibrations which are also generated by the railway system are
not taken into account. Although the vertical vibrations were found to be governing for both the con-
crete buildings in the case studies, literature research showed that horizontal vibrations can also be the
cause of disturbance for residents. Due to the lower stiffness of the walls and connections, the timber
apartment buildings may be more prone to these horizontal vibrations than their concrete counterparts.
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Conclusion

9.1. Conclusions
This research aimed to investigate the response of a residential timber building when subjected to
railway-induced vibrations. A parameter study was carried out to analyse the influence of different
structural parameters and the results were compared to the response of a concrete reference building
from a case study. The following main research question was formulated:

How does a residential timber apartment building behave when subjected to railway-induced vibra-
tions and how is this influenced by different structural parameters?

Railway-induced vibration characteristics
• The transmission of the railway-induced vibrations can be divided into three phases, from the

point where the vibrations are generated (source), the medium through which it then propagates
(transmission path) to the building (receiver). At each of these stages, there is a large number of
variables that influences the transmission of the vibrations. Therefore, railway-induced vibrations
are highly location dependent. To analyse the effect of these vibrations on buildings in close
proximity to the railway track, the use of measurements carried out on the ground before the
construction of new buildings is often a recommended method.

• Especially the type of soil influences the attenuation or amplification of the railway-induced vi-
brations, with softer soils yielding higher overall free-field vibrations compared to stiffer soils.
Contrastingly, softer soils also yield more damping due to the inertial interaction of the buiding
with the soil.

• A positive correlation was found between the distance of residential buildings from the train track
and the perceived annoyance of residents. Additionally, the vibrations that can occur in residential
buildings near railways are shown to cause sleep disturbance in high traffic exposure areas.

• Although there is currently no legislation in the Netherlands regarding railway-induced vibrations,
the serviceability criteria can be checked with the guideline ”SBR richtlijn, Deel-B”. The vibrations
are translated to Vmax after which they are checked against limiting values A1 and A2.

Dynamic preliminary design response
• An analytical transfer function model is decided upon for the parameter study. This model has

low computational effort compared to numerical models such as a finite element model (FEM).
Furthermore, this model has been shown to provide sufficiently accurate results for the initial
design phases and it provides the possibility to closely monitor the effect of modifications in the
building parameters.

• An additional advantage of the transfer function model is that the foundation and soil-structure
interaction (SSI) can be taken into account, which has been recorded to influence the dynamic
response in buildings significantly.
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• By coupling the foundation, floors and walls, the transfer function model is able to take into
account interaction between the building components.

• The transfer function model used in other research uses a shallow foundation. This study has
shown that the transfer function model can be adjusted to take into account pile foundations as
well, by creating a transfer matrix that takes into account the stiffness and the damping of the
piles and soil.

• Research into pile foundations has shown that the behaviour of a pile group is not simply equal
to the sum of the stiffness and damping of each of the individual piles and that the piles affect
each other, a phenomenon referred to as ‘group effect’. This was also taken into account in the
adapted transfer function model.

Case studies for concrete buildings
• The two case studies that were provided to investigate railway-induced vibrations analyse two

similar buildings. However, there is a large difference in how the dynamic analyses were carried
out and also in the amplification and attenuation of the imposed vibrations. The FEM model that
was used for the HERO project, which extensively includes soil-structure interaction, concludes
that the designed building reduces the imposed railway-induced vibrations by ≈ 0.35 %. The
ENKA case study also used a FEM model for the building, but without modelling the soil. The
highest peak in the transfer function from the FEM model for the ENKA project increases the
vibrations from the foundation to the top of the building with a factor eight.

• Applying the transfer function model to the HERO project resulted in two times higher Vmax

values than those obtained by the provided FEM model.
• Contrarily, when applying the transfer function model to the ENKA project, the amplitudes of

the transfer functions model are around four times smaller compared to the values obtained by
the ENKA FEM model.

• For neither of the buildings, measurements after the construction of the building are available.
Therefore, it is difficult to draw conclusions on how the resulting railway-induced vibrations are
best estimated.

Parameter study
• The parameter study shows that the highest peaks in the transfer functions are found around the

natural frequencies of the considered floors. Interaction between the soil-building frequency and
the natural frequency of the floors results in increased amplification factors. The amplification
factors can be reduced by:

– Increasing the natural frequencies of the floors. This can be done by increasing the stiffness,
shortening the span, or by implementing a more rigid connection.

– Increasing the total mass of the building. Effective measures are increasing the number of
storeys or increasing the width of the floors.

– Using a pile foundation instead of a shallow foundation.

Building optimisation and comparison
• The optimisation of the timber apartment buildings with the conclusions drawn from the pa-

rameter study and the comparison with an equivalent concrete building results in the following
conclusions:

– One of the main differences between the concrete building and the timber apartment building
is that due to the lower mass of the timber building combined with lower natural frequencies
of the floors, the soil-building frequency coincides with the natural frequency of the floors,
resulting in higher building amplifications. This takes place because the soil does not exhibit
its full damping potential due to this effect, which is in line with the results from the literature
study.

– The response of the timber buildings is also distinct from the concrete equivalent building be-
cause the CLT walls have a significantly smaller effective area and lower modulus of elasticity
compared to the concrete walls. This results in higher storey-to-storey amplifications.



9.2. Recommendations 100

– The initial design of the timber buildings, optimised based on the structural design checks,
yield between 108-461 % higher building vibrations for the HERO free-field vibrations com-
pared to an equivalent concrete building.

– Considering stiffer support conditions for the timber buildings, such as fully clamped sup-
ports, increases the natural frequencies of the floors and reduces the building response sub-
stantially. However, creating fully rigid moment resisting connections between the timber
CLT walls and floor configurations is currently challenging. Considering the support to be
fully simply supported may be an underestimation of their natural frequency.

– When increasing the thickness of the floors, the imposed vibrations are reduced significantly.
The floors are then overdimensioned when considering the structural unity checks. However,
the difference with the equivalent concrete building is reduced to 55-60 % instead of the
initial 108-461 %.

– Adjusting the number of storeys from five to three for the timber buildings reduces the
building vibrations between 8.52-28.67 % for the HERO railway-induced vibrations.

– With the transfer function analysis, neither the concrete building nor the timber apartment
building yield building vibrations lower than the serviceability criteria of either A1 or A2.
However, considering the free-field vibrations and using the transfer function model to analyse
the effect of mitigation measures for railway-induced vibrations has shown to be an effective
and computationally efficient method for early design phases.

9.2. Recommendations
This section of the research presents recommendations for further research in the field of railway-induced
vibrations in timber apartment buildings:

1. Building measurements
The most important recommendation relates to the measurement of building vibrations. If both
free-field measurements are available before the construction of the building and measurements
are carried out in the building after its construction, the accuracy of the transfer function model,
but also of the FEM models can be analysed. Ideally, measurements in a timber apartment build-
ing would also be carried out, to find out amongst others if the system displays more damping in
the structural components than only the damping currently considered for the floors.

2. Base-isolation
For the concrete building of the ENKA project, base isolation was implemented to lower the re-
sulting building vibrations so that the serviceability criteria of the SBR guideline were satisfied.
Although these measures are costly, it may provide a solution for residential timber apartment
buildings and it is therefore recommended to further research how this effect can be accounted
for and what effects it yields on the building response. It can then be compared to the costs
of stiffening the floors by increasing their thickness, to analyse which method is more efficient in
mitigating building vibrations. Besides the costs of both methods, the environmental costs should
then also be considered.

3. Complex building geometry
The transfer function model simplifies the building geometry. There are however components that
could be used in the design of the building that may positively influence the building response to
railway-induced vibrations. For example, the presence of a stability system such as a core could
stiffen the building and lower the resulting building vibrations. Other factors that could alter the
building response positively are differentiating between floor spans, considering the placement of
the building relative to the railway track and adding a basement to the building structure. To
be able to take these factors into account it is recommended to set up a finite element model for
future research.

4. More elaborate research into soil-structure interaction
Currently, the inertial effect of the soil-structure interaction is taken into account in the transfer
function model. This accounts for the interaction between the building and the soil when the
building is excited by the railway-induced vibrations. However, the presence of the building also
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alters the free-field vibrations by reflection and refraction of the waves that propagate through
the ground. This kinematic interaction effect is taken into account for the HERO case study and
although it can not directly be derived from the provided data what this effect is, it is likely
to further reduce the free-field vibrations that are now used. The literature study has also ac-
knowledged this effect. Further research into implementing this in the transfer function model is
therefore recommended.

5. Horizontal vibrations
The last recommendation is to consider horizontal vibrations in future research. The focus in this
research was on the vertical building vibrations, which were shown to be governing for both the
considered case studies. It would however be interesting to further analyse the differences between
the response of concrete and timber buildings by also considering horizontal vibrations. Potentially,
the transfer function model can be adjusted so that it can be used for horizontal vibrations as
well. The focus should then also be on verifying this adjusted model with measurements.
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A
Dynamic stiffness and damping

single pile
To calculate the values for the transfer matrix of the soil-foundation element, Equation 4.10, the vertical
dynamic stiffness kpz and the damping ratio βp

z have to be calculated [55]. The dynamic stiffness is a
combination of the static stiffness Kp

z and a dynamic modification factor αp
z :

kpz = Kp
z · αp

z (A.1)

The static stiffness Kp
z can be calculated with the following formulas [55]:

Kp
z = χzEsd

χz =

√
πδz
2

√
Ep

Es

Ω+ tanh (λLp)

1 + Ω tanh (λLp)

Ω =
2

(
√
πδz)(1− ν2)

1√
Ep

Es

λLp =

√
4δz
π

1√
Ep

Es

Lp

d

δz = 0.6; (Lp/d > 10,
Ep

Es
> 100)

(A.2)

In Equation A.2, the subscripts p and s represent, respectively, whether the parameter belongs to the
pile or soil material. d is the pile diameter; Lp the pile length; Ej the Young’s modulus; ρj the mass
density; ν Poisson’s ratio of the soil; Vs the shear wave velocity of the soil and wpz, wsz and wbz are
weight factors.

The factor αp
z from Equation A.1 can also be calculated with formulas given in Stewart et al. [55]:

αp
z = 1− wsz

[(
π

8δx

)( ρp

ρs

1 + ν

)
(apo)

2 − 1

2

√
apo

]

wsz =
−2[(λLp)(Ω

2 − 1) + Ω] + 2Ω cosh (2λLp) + (1 + Ω2) sinh (2λLp)

4 cosh2 (λLp)[Ω + tanh (λLp)][1 + Ω tanh (λLp)]

δz = 2

(
Ep

Es

)−3
40

apo =
ωd

Vs

(A.3)

Lastly, the damping ratio βp
z can be calculated as follows [55], [44]:
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βp
z = wpzβp + (wsz + wpz)βs + βrzwpz = 1− (wsz + wbz)

wbz =
2Ω

2Ω cosh (λLp)+(1 + Ω2) sinh (λLp)

βrz =
1

αp
z

[
wsz

1.2π

4(1 + ν)δz
(apo)

3
4 + wbz0.21a

p
o

] (A.4)

In this equation, βp and βs are respectively the hysteretic damping ratios of the pile and soil.

The equations for the stiffness and damping of the single piles are checked with the results presented
by Stewart et al. [55], presented in Figure A.1.

(a) αp
z values, calculated (b) αp

z values [55]

(c) βp
z values, calculated (d) βp

z values [55]

Figure A.1: Verification damping and stiffness of single piles



B
Dynamic stiffness and damping pile

group

B.1. Verification two by two pile group
The stiffness and damping of a group of piles can be calculated using the impedance K G. For a pile
group of two by two, the results are verified against the results obtained by Dobry and Gazetast [16].

The piles are equally spaced with a distance S in the horizontal and vertical directions. Therefore, the
diagonal distance between the piles in the corners is S

√
2, as shown in Figure B.1.

Figure B.1: 2x2 pile group

The effect of the vibration of pile p on pile q can be calculated with the dynamic interaction factor αv,
which depends on the distance between the piles and the frequency, according to Dobry and Gazetast
[16]:

αv(S) =

(
S

r0

)−1/2

exp(−βsωS/Vs) · exp(−iωS/Vs) (B.1)

In which r0 = d/2 with d being the diameter of the piles, S the distance between the considered piles,
Vs the shear wave velocity of the soil, βs the damping factor of the soil and ω the frequency, equal to
2πf in which f is the frequency in Hz. Both piles with distance S and those with distance S

√
2 are

close enough to influence each other’s vibrations, so αv must be calculated for both distances, resulting
in αv(S) and αv(S

√
2).

The load applied to the pile group is in this case equally distributed due to symmetry. Therefore,
F1 = F2 = F3 = F4 = F . The displacement of pile 1 w1 can be described by the effect of the
displacement of the pile itself and the displacement of pile 1 caused by the other 3 piles:
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w1 = w11 + w12 + w13 + w14 (B.2)

Since the distance between pile 2 and 1 and pile 3 and 1 is the same, it can be derived that w12 = w13.
By taking into account the interaction factors, the unknowns can be removed from the equation:

w1 = w11(1 + 2αv(S) + αv(S
√
2)) (B.3)

The impedance of a single pile is defined as follows:

K S
z (ω) = K̄S

z (ω) + ia0C
S
z (ω) = F S/wS (B.4)

Therefore, w11 can be expressed in terms of the impedeance of a single pile, which in turn can be
calculated with the equations from Appendix A:

w1 =
F

K S
z

(1 + 2αv(S) + αv(S
√
2)) (B.5)

By definition, the group impedance K G is equal to Equation B.6.

K G
z = K̄G

z + ia0C
G
z = FG/wG (B.6)

Therefore, the group impedance for a pile group of two by two K G can be determined with Equation B.7.

K G
z =

4F

w1
=

4X s
z

1 + 2αv(S) + αv(S
√
2)

(B.7)

From this impedance function, the pile group stiffness is found taking the real part of the function,
while the damping is calculated taking the imaginary part.

K̄G
z = Re(K G

z )

CG
z =

Im(K G
z )

a0

(B.8)

For the pile group of two by two shown in Figure B.1, with Ep

Es
= 1000 and a ratio of L

d = 15, νs = 0.4,
βs = 0.05, using the equations for K S

z as described in Appendix A, the response of the pile groups
for different values of S

d is derived. In Figure B.2 the results from Dobry and Gazetast [16] and the
obtained results are compared. The stiffness and damping are normalised by dividing them by the sum
of the stiffnesses of the individual piles. The trend that can be seen in Figure B.2 is similar for both the
calculated values and the ones provided in the literature. However, there is a difference in the height
of the peaks, which has to do with the way the stiffness and damping of a single pile is calculated.
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(a) Normalised stiffness 2x2 pile group, calculated (b) Normalised stiffness 2x2 pile group, [16]

(c) Normalised damping factor 2x2 pile group, calculated (d) Normalised damping factor 2x2 pile group, [16]

Figure B.2: Verification damping and stiffness of a two by two pile group

B.2. Verification three by three pile group
The same method can be followed for a three by three pile group, or a pile group of any other configu-
ration. Due to symmetry, the edge piles and center piles can be grouped. Whereas for the two by two
group the forces on each pile were the same, in the case of a three by three pile group, the forces on
the piles are not equal to each other: the force that will be taken by the center pile will differ from the
edge or corner piles.

When considering the effect of piles where there are also intermediate piles, these intermediate piles
are considered ”transparent”; they are assumed not to influence the interaction between the two piles
considered. This principle is illustrated for the derivation of w1 in Figure B.3.
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(a) Neighbouring piles w1 (b) Transparent intermediate piles

Figure B.3: Interaction between piles, determination of w1

Based on the geometry of the pile group with a pile distance of S, the following equations can be set
up for the pile displacements:

w1 = w11 + w12 + w13

w2 = w22 + 4w21 + 4w23

w3 = w33 + w32 + w31

w11 =
F1(1 + 2av(S) + av(

√
8))

K S
z (ω)

w12 =
F2av(S

√
2)

K S
z (ω)

w13 =
F3(2av + 2av(S

√
5))

K S
z (ω)

w22 =
F2

K S
z (ω)

w21 =
F1av(S

√
2)

K S
z (ω)

w23 =
F3av

K S
z (ω)

w33 =
F3(1 + 2av(

√
) + av(S))

K S
z (ω)

w32 =
F2av

K S
z (ω)

w31 =
F1(2av + 2av(S

√
5))

K S
z (ω)

The distribution of the pile forces FGG is the sum of all the individual forces:

FG = 4F1 + 4F3 + F2 (B.9)

For each distance between two piles within the three by three pile group, the interaction factor αv can
again be calculated:
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Using the equations for the displacements and the equation for FG, the system can be solved (for
example in Maple) and the pile group impedance K G

z can again be found. With the pile group
impedance, the stiffness of the group and the damping factor can be calculated:

Then: K S
z (ω) = kpz · (1 + 2iβp

z )
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For the three by three pile group, with Ep

Es
= 1000 and a ratio of L

d = 15, νs = 0.4, βs = 0.05, using
the equations for K S

z as described in Appendix A, the response of the pile groups for different values
of S

d is derived. In Figure B.4 the results from Dobry and Gazetast [16] and the obtained results are
compared. The stiffness and damping are normalised by dividing them by the sum of the stiffnesses of
the individual piles. Again, there is a difference in the height of the peaks, which has to do with the
way the stiffness and damping of a single pile is calculated.
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(a) Normalised stiffness 3x3 pile group, calculated (b) Normalised stiffness 3x3 pile group, [16]

(c) Normalised damping factor 3x3 pile group, calculated (d) Normalised damping factor 3x3 pile group, [16]

Figure B.4: Verification damping and stiffness of a two by two pile group



C
Derivation of transfer functions floor

For a flexible plate, the equation for the transfer function between the support force of the floor PF,W

and the displacement at this location UF,W is as follows [6]:

PF,W

UF,W
= (2πf)2(mF + µ

f2

(1 + 2ci)f20,F − f2
) (C.1)

In this appendix, the derivation of this formula will be shown.

A floor system subjected to a harmonic base excitation at its support (the connecting wall or column)
UF,W can be described by the following differential equation [6]:

K(UR)−mω2UR = mω2UF,W (C.2)

With UR = U − U0, the mass density of the floor m, the forcing frequency ω and the dynamic stiff-
ness operator K = k + iωc. To solve the equation, the eigenfunctions ϕn and their corresponding
eigenfrequencies ωn have to be found that satisfy the homogeneous equation:

K(ϕn)−mω2
nϕn = 0 (C.3)

Assuming UR can be written as an expansion of the eigenfunctions, results in:

UR =

∞∑
n=1

cnϕn (C.4)

By inserting this in the original differential equation Equation C.2 and making use of the orthogonality
of the eigenfunctions, the expansion coëfficients can be found. To do so, the equation is multiplied with
the eigenfunction ϕn and then integrated, after substituting Equation C.4:∫

(K(cnϕn)−mω2cnϕn)ϕn dm =

∫
mω2UF,Wϕn dm (C.5)

By dividing by m and making use of ωn = K
m this equation can be rewritten:

cn

∫
(ω2

n − ω2)ϕ2n dm =

∫
mω2UF,Wϕn dm (C.6)

And then by dividing the terms, the following equation can be found:

cn
UF,W

=

∫
ω2ϕn dm∫

(ω2
n − ω2)ϕ2n dm

(C.7)

Remembering that UR = U − UF,W , the transfer function between the displacement at x and the
displacement of the support can be found as follows:
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U(x)

UF,W
=
UF,W + UR

UF,W
= 1 +

∞∑
n=1

cn
UF,W

ϕn

= 1 + ϕn

∫
ϕn dm∫
ϕ2n dm

ω2

(ω2
n − ω2)

(C.8)

In this equation, α is the highlighted blue part of the formula.

Then, to find PF,W

UF,W
, the transfer function between the support force PF,W and the support displacement,

the integral of the inertial forces is taken:

PF,W

UF,W
=

∫
−ω2UF,W + UR

UF,W
dm

=

∫
−ω2 dm−

∫
ω2

∞∑
n=1

cn
UF,W

ϕn dm

= −mFω
2 − ω2 (

∫
ϕn dm)2∫
ϕ2n dm

ω2

(ω2
n − ω2)

= −(ω2)(mF − µ
ω2

ω2
n − ω2

)

(C.9)

In this equation, µ is the highlighted blue part of the formula.



D
Verification transfer matrix model

The transfer matrix model has been used and verified with experimental results in different research
papers. To verify the Python model that was written for this thesis, two different cases discussed by
Auersch [7] are used to check if the results from the Python model are in agreeance with the results
from the paper.

D.1. Wall model
First, a four-storey building is considered. The building has masonry walls and concrete floors of 5
m x 5 m and is made up of four apartments next to each other, creating a total floor area of 20 m2.
The floors are one-way slabs and are assumed to be clamped at the connection with the walls. The
corresponding material properties are shown in Table D.1.

Table D.1: Material parameters four-storey building

Wall - masonry Floor - concrete Unity
Modulus of Elasticity E 5 · 109 30 · 109 N/m2

Mass density ρ 2500 2500 kg/m3

Thickness t 0.25 0.2 m
Area A 0.25 · 20 = 5 5 · 20 = 100 m2

Height hW 3 - m
Poisson’s ratio ν - 0.2 -
Damping ratio D - 0.05 -

The material properties of the soil can be found in Table D.2.

Table D.2: Soil parameters four-storey building

Soil Unity
Shear wave velocity νs 100 m/s
Foundation area As 1 · 20 = 20 m2

Shear modulus Gs 8.5 · 107 N/m

Using the transfer matrix method explained in chapter 4 results in the transfer matrices shown in
Figure D.1c and Figure D.1a. These are in agreeance with the transfer matrices found by Auersch [7]
shown in in Figure D.1d and Figure D.1b, although it can be seen that at the natural frequency of the
floor the peaks seam to differ in amplitude. The shape of the functions is however equal. Most likely
there is a small difference in input data, but this value can not specifically be found.
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(a) Transfer functions wall, Python model (b) Transfer functions wall from Auersch [7]

(c) Transfer functions floor, Python model (d) Transfer functions floor from Auersch [7]

Figure D.1: Transfer functions four-storey building

D.2. Column model
To accommodate for the columns, the Python model is slightly adjusted by calculating the equivalent
column area. To validate the column component, a twenty-storey building is considered. Every span
has four columns and there are three spans in a row. The floors are considered to be point supported.
Both the columns and the floors are constructed from concrete. The corresponding material properties
are shown in Table D.3.

Table D.3: Material parameters twenty-storey building

Columns - concrete Floor - concrete Unity
Modulus of Elasticity E 30 · 109 30 · 109 N/m2

Mass density ρ 2500 2500 kg/m3

Thickness t 0.6 0.2 m
Area A 0.6 · 0.6 · 4 = 1.44 6 · 18 = 108 m2

Height hW 3 - m
Poisson’s ratio ν - 0.2 -
Damping ratio D - 0.05 -

The material properties of the soil are shown in Table D.4.
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Table D.4: Soil parameters twenty-storey building

Soil Unity
Shear wave velocity νs 200 m/s
Foundation area As 1 · 18 = 18 m2

Stiffness soil ks 540 · 106 N/m

From Figure D.2a and Figure D.2b it can again be seen that these results are in agreeance with each
other for the most important values: the eigenfrequency of the total building around 4 Hz, where the
first and largest peak occurs; the second peak around 10 Hz, caused by the floor resonance; the small
peaks between 20 and 30 Hz. The exact parameters used by Auersch [7] are not given in the paper and
had to be partially assumed, which is assumed to be the explanation for small deviations between the
results of Figure D.2a and Figure D.2b.

(a) Transfer functions columns, Python model (b) Transfer functions columns from Auersch [7]

Figure D.2: Transfer functions twenty-storey building



E
Structural verifications

E.1. Floor system
Considering one of the floors of the building as shown in Figure E.1, the floor is checked on bending,
shear force, walking-induced vibration criteria and deflections.

Figure E.1: Representative floor structural calculations

Two forces are considered to act on the floor: its self-weight gk, including that of any floor finishes and
the live load qk for residential buildings of category A, equal to 1.75kN/m2 as prescribed in the EN
1991-1-1. Besides that, the self-weight of partitions has to be taken into account. In agreeance with the
NEN-EN 1991-1-1+C1+C11:2019, this value is taken as qk = 0.8kN/m2, resulting in a total variable
load on the floors of qf,k = 1.75 + 0.8 = 2.55kN/m2.

The design strength of a CLT or hollow box floor can be calculated with Equation E.1 conform 4.5.1 of
the EN 1995-1-1:2011. For a CLT floor, γM = 1.25 and kmod = 0.8 for the imposed floor load, with the
medium-term load duration class in the ULS. For a LVL hollow box floor, γM = 1.2 and kmod = 0.8.

fd =
kmod · fk
γM

(E.1)
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The design load combination for the floor in ULS is in agreeance with the NEN-EN 1990:2021 equal to
Equation E.2, with γG = 1.35 · 0.89 and γG = 1.5

qd = γG · gk + γQ · qk (E.2)

E.1.1. Bending
CLT floor
The floor is considered to be a simply supported single span, with a width bx = 1.0 m. The design
bending moment for a single span simply supported beam of length L is given in Equation E.3.

Md =
1

8
qdL

2 (E.3)

The design moment can be used to calculate the design bending stresses:

σd =
Md

Wx,net
(E.4)

In whichWx,net represents the net moment of resistance of the cross-section. This moment is calculated
differently for a CLT floor and a LVL hollow box floor.
The moment of resistance can be calculated after the net moment of inertia Ix,net is found. The net
moment resistance of a CLT floor is determined by considering the layers in which the fibres are oriented
parallel to the span, as shown in Figure E.2.

Figure E.2: Effective layers parallel to span for a CLT floor

Any floor finishes such as a screed are not taken into account in the flexural rigidity for the cross-
sectional checks. For a symmetrical CLT panel of either 3 or 5 layers in which the layers are of equal
thickness per direction, Inet is equal to:

Ix,net = bx

(
n
t31
12

+ 2t1a
2
1

)
Wx,net =

2Ix,net
hCLT

(E.5)

In which hCLT is equal to the total thickness of the CLT, a1 is the distance between the centre of
gravity z0 and the layers in the direction of the span, n is the number of layers in the direction of the
span and t1 is the thickness of the layers in the direction of the span.
For pure bending, the following needs to be satisfied:

kred ·
σd
fm,d

≤ 1.0 (E.6)

For CLT floors, kred = 1.0.

LVL hollow box floor
For hollow box sections, the design bending moment can be calculated with Equation E.7.

Md =
1

8
qd · bef,1L2 (E.7)

Furthermore, the cross-section can be divided into middle sections and edge sections, as shown in
Figure E.3.
For both sections, the effective width of the upper and lower flanges can be calculated. In Figure E.4,
the dimensions of the cross sections are shown that are used in the calculations.
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Figure E.3: Middle and edge sections LVL hollow box floor

Figure E.4: Dimensions LVL cross section

To calculate the effective width for the flexural rigidity for bending, the limits for the effective width
for the compression side bc,ef and the tension side bt,ef are calculated first:

bc,ef = min(0.1L; 20t1)
bt,ef = min(0.1L; 20t3)

(E.8)

For the middle sections, the following limits apply:

bef,1 = min(bc,ef + b2; b1)

bef,3 = min(bt,ef + b2; b3)
(E.9)

For the edge sections, the following limits apply:

bef,1 = min(0.5bc,ef + b2; b1)

bef,3 = min(0.5bt,ef + b2; b3)
(E.10)

Since it is a hollow core slab with the same width b for both flanges, bef,1 = bef,3. By taking into account
the effective width of the upper and lower slab, the effective areas can be calculated, after which the
centre of gravity z0 can be determined. Similar to the CLT floor, any floor finishes such as a screed are
not taken into account in the flexural rigidity for the cross-sectional checks. Now, the bending strength
can be checked with the following equation:

kh · σd
fm,d

≤ 1.0 (E.11)

In which kh is a factor that takes into account the deviation of the height of the rib h if this is not equal
to 300 mm:

kh = min(
(
300

h

)s

; 1.2) (E.12)

In which the factor s is a factor that takes into account the volume effect, and is determined for LVL
with the help of the EN 14374:

s = 2 · v − 0.05 (E.13)
For this research, the factor v which takes into account the variation of the test results of the LVL
element that is used in the design, is taken as 0.10, resulting in a value of s = 0.15.

The bending stress is calculated in four different points, as shown in Figure E.5.
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Figure E.5: Locations bending checks in LVL hollow box panel

E.1.2. Shear force
The design shear force for a simply supported single-span floor is equal to:

Vd =
1

2
qdL (E.14)

CLT floor
The design shear stress τd can be calculated for a CLT floor with Equation E.15.

τd =
Vd · Sx,net

Ix,net · bx
(E.15)

The net static moment of longitudinal shear Sx,net can be calculated as follows:

Sx,net = bxt1a1 + bx
t2c
8

(E.16)

In which tc is the thickness of the middle panel. For the cross-section to be able to resist the shear
force, the following has to be satisfied:

τd ≤ kcr · fv,d (E.17)
For CLT floors, kcr = 1.0.

Furthermore, in the case of CLT slabs, the rolling shear stress has to be checked. This has to be verified
because of the potential for shear forces to cause the layers of a CLT slab to slide over each other.
The rolling design shear stress τRv,d can be calculated in a similar manner as the shear stress, with
Equation E.18.

τRv,d =
Vd · SRx,net

Ix,net · bx
(E.18)

The net static moment of rolling shear SR,x,net is found with Equation E.19.

SR,x,net = bx · t1 · a1 (E.19)
For the panel to be able to resist the rolling shear force, the following equation has to be satisfied:

τRv,d ≤ kr,pu · fRv,d (E.20)
In which kr,pu = 1.60 for CLT fully made of timber layers.

LVL hollow box floor
According to the NEN-EN 1995-1-1+C1+A1:2011, the shear force for a LVL hollow box cross-section
should be comply to the following limits:

Vd ≤

b2h2
(
1 + 0.5(t1+t3)

h2

)
fv,0,d, if h2 ≤ 35b2

35b22

(
1 + 0.5(t1+t3)

h2

)
fv,0,d, if 35b2 ≤ h2 ≤ 70b2

(E.21)
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Figure E.6: Locations shear checks LVL hollow box panel

For a hollow box section, the design shear force is equal to:

Vd =
1

2
qd · bef,1 · L (E.22)

Besides that, it needs to be checked that the shear stress τd does not exceed the shear resistance at the
interface of the LVL rib with the flanges and at the center of gravity of the cross-section as shown in
Figure E.6. The checks are carried out for both the middle section and the edge section. Similar to the
CLT panel, kcr = 1.0:

τd ≤ kcr · fv,d (E.23)

At each position shown in Figure E.6, the occuring shear force can be calculated with Equation E.24.

τd(z) = Ei
Vd · Sy(z)

EIy,ef · bi
(E.24)

In this equation, i denotes which element is checked (the upper flange, rib or lower flange) and Sy(z) is
the net static moment at that location of the cross section.

E.1.3. Deformations
To calculate the deformations of the floor, the initial deflection and the effect of creep have to be taken
into account. The initial deflection due to the variable and permanent forces for a single-span simply
supported system can be calculated with Equation E.25.

winst =
5 · q · L4

384 · Ex,mean · Ix,ef
(E.25)

To take into account the effect of creep, the initial deflection due to the permanent load is multiplied
with a factor kdef . For floors, service class 1 is used, resulting in a value of kdef = 0.85.

wcreep,G = kdef · winst,G (E.26)

Since the creep is dependent on the time that the load is present, the factor kdef is multiplied with ψ2

for the variable load.

wcreep,Q = kdef · ψ2 · winst,Q (E.27)

The total deformation wtot of the creep and the initial deflections can then be calculated as follows:

wtot = winst,G · (1 + kdef ) + winst,Q · (1 + ψ2kdef ) (E.28)

The design criteria for the floor structure according to the EN 1995-1-1:2011 is a maximum deflection
wtot of L/300.
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E.1.4. Vibration criteria
Timber floors that fall into the category of residential floors, have to be checked against human-induced
vibrations caused by footfall. If the natural frequency of the floor is above f1,lim = 8Hz, no resonant
response will take place according to the prEN 1995-1-1:2023. The following criteria still need to be
checked:

• stiffness criteria
• velocity criteria

If the natural frequency is however below f1,lim = 8Hz, then the acceleration criterium also has to be
taken into account. Besides that, the natural frequency has to be higher than 4.5Hz. If a screed is
present, the bending stiffness of this screed can be considered to contribute to the total floor stiffness
due to the prEN 1995-1-1:2023. In the cross-sectional calculations, the screed is disregarded.

Stiffness criteria
The maximum deflection w1,kN due to a point load of 1 kN, for a simply supported single-span floor
placed in the middle, should be lower than wlim,max. For floors in residential buildings, wlim,max =
0.25mm.

w1,kN =
FL3

48 · EIL · bef
≤ wlim,max (E.29)

In this equation, the effective width bef can be determined as follows:

bef = min(0.95 · L ·
(
EIT
EIL

)0.25

; b) (E.30)

In which L is the span of the floor, EIL and EIT are for CLT the net bending stiffness in respectively
the longitudinal and transverse direction and b represents the width of the floor.

Velocity criteria
To check the velocity criteria, first the modal impulse Imod,mean needs to be calculated:

Imod,mean =
42 · f1.43w

f1.31

(E.31)

With a walking frequency of fw = 1.5Hz for residential buildings and f1 the natural frequency of the
considered floor. The peak velocity v1,peak equals:

v1,peak = kred
Imod,mean

M∗ + 70
(E.32)

In which kred = 0.7 and M∗ represents the modal mass in kg, The modal mass for a single span floor
according to the prEN 1995-1-1:2023 is:

M∗ =
m · L · b

4
(E.33)

In which b is the width of the floor and m is the mass per unit area. This value should include any
permanent loads, the self-weight of the floor and any partition walls. Besides that, it should include an
additional mass, which should be taken as 10% of the imposed loads.

Then, to take into account other vibration modes apart from the natural frequency of the floor, kimp

can be calculated, after which it is multiplied with v1,peak to find the total peak response vtot,peak:

kimp = max(0.48 · b
L

(
EIL
EIT

)0.25

; 1.0)

vtot,peak = kimp · v1,peak
(E.34)

Finally, the root mean square velocity vrms can be calculated:
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vrms = vtot,peak · (0.65− 0.01f1) · (1.22− 11.0ξ) · η (E.35)

In Equation E.35 ξ is the damping ratio, which is 0.04 for a CLT floor with floating floor layer. η for a
CLT floor is calculated with Equation E.36, as long as 1.0 ≤ kimp ≤ 1.7, otherwise η = 0.67.

η = 1.35− 0.4 · kimp (E.36)

Lastly, vrms can be tested for the criteria that need to be satisfied:

vrms < 0.0001Rm/s (E.37)

Acceleration criteria
For floors for which the natural frequency is lower than f1,lim = 8Hz, the acceleration criteria also need
to be checked. Besides that, the criteria f1 ≥ 4.5Hz also need to be met.

The root mean square value of acceleration arms can be calculated as follows:

arms =
kresµresFdyn√

2 · 2ξM∗
(E.38)

In which Fdyn is taken as 50 N in agreeance with the prEN 1995-1-1:2023, representing the assumed
weight of a walking person. µres is a resonant build-up factor and taken as 0.4. ξ and M∗ are again
respectively the damping ratio and the modal mass. Lastly, kres is calculated with Equation E.39.

kres = max(0.19 · b
L

(
EIL
EIT

)0.25

; 1.0) (E.39)

The criteria that need to be satisfied:

arms < 0.005Rm/s2 (E.40)

E.1.5. Fire safety
Although the importance of fire safety calculations should be stressed, in this research it is assumed
that the fire safety requirements can be obtained by covering the upper part of the floor with a screed
and the ceiling with gypsum plates.

E.2. CLT wall system
When assuming all cross-sections of all walls are the same when checking the walls on compressive
forces, an inner wall as shown in Figure E.7 will be governing for the compressive stresses.

The forces that are taken into account are the variable loads on the floors above the column Qf,k, the
self-weight of these floors including their finishes Gf,k, the self-weight of the roof Gr,k and the self-weight
of all the columns above the considered column Gc,k. Like in section E.1 live load Qk for residential
buildings of category A is equal to 1.75kN/m2 as prescribed in the EN 1991-1-1.

Furthermore, the self-weight of partitions has to be taken into account. In agreeance with the NEN-EN
1991-1-1+C1+C11:2019, this value is taken as qk = 0.8kN/m2. The NEN-EN 1991-1-1:2002+C11:2019+NB:2019
prescribes that when a force is considered on two or more floors, for two floors the extreme value of
the variable load has to be considered. In this case, that means that on the two upper floors, the
applied load will be equal to qf,k = 1.75 + 0.8 = 2.55kN/m2. On the other floors including the roof,
the reduction factor ψ0 can be taken into account.

Furthermore, floors are again considered to be simply supported, resulting in a load transfer per floor
to the governing wall of 1

2qL. The total characteristic variable and permanent loads in kN/m will then
be:
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Figure E.7: Representative wall structural calculations

Qk = [(n− 2) · qf,k · L+ qr,k · L]ψ0 + 2 · qf,k · L
Gk = n · gf,k · L+ gr,k · L+ n ·Gw,k

(E.41)

In which n is the number of storeys above the considered wall, L the span of the floors, h the height of
each wall, and ρwall the mass density of each wall. The design load combination for the wall in kN/m
in ULS is in agreement with the NEN-EN 1990:2021 equal to Equation E.42, with γG = 1.35 · 0.89 and
γG = 1.5.

Fd = γG ·Gk + γQ ·Qk (E.42)

The design strength of a CLT floor can be calculated with Equation E.43 conform 4.5.1 of the prEN 1995-
1-1:2023. For a CLT wall, γM = 1.25 and kmod = 0.8 for the imposed floor load, with the medium-term
load duration class in the ULS.

fd =
kmod · fk
γM

(E.43)

E.2.1. Axial stress
The walls are subjected to compression, for which the design check for the axial strength of the wall
has to be satisfied:

σc,0,d ≤ fc,0,d (E.44)

In which:

σc,0,d =
Nd

Ax,net
(E.45)

E.2.2. Buckling, pure compression
First, the cross-sectional properties of the wall, such as the net cross-section area Ax,net, the net and
effective moment of inertia Ix,net and Ix,ef , the net moment of resistance Wx,net and the gamma values
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γ should be calculated. With those values, the effective radius of gyration ix,ef and the slenderness
factor λy can be determined:

Ax,net = n · bx · t1

Ix,net = bx

(
n
t31
12

+ 2t1a
2
1

)
Wx,net =

2Ix,net
tCLT

ix,ef =
Ix,ef
Ax,net

λy =
h

ix,ef

(E.46)

In which tCLT is equal to the total thickness of the CLT wall, a1 is the distance between the centre of
gravity z0 and the layers in the direction of the span, n is the number of layers in the direction of the
span and t1 is the thickness of the layers in the direction of the span.

The factor ky that takes into account the second-order effect for flexural buckling on the compressive
stresses can be calculated as follows, in agreeance with the NEN-EN 1995-1-1:2011:

λy,rel =
λy
π

√
fc,0,k
E0.05

ky = 0.5 · (1 + βc(λy,rel − 0.3) + λ2y,rel)

kc,y =
1

ky +
√
k2y − λ2y,rel

(E.47)

In which βc is equal to 0.1 for CLT. The vertical load Nd is calculated over the width of a strip bx = 1m,
after which the compressive stresses σc,0,d can be determined:

Nd = bx · Fd

σc,0,d =
Nd

Ax,net

(E.48)

Eventually, the following unity check needs to be satisfied:
σc,0,d
kc,y

≤ 1.0 (E.49)

E.2.3. Wind load
When considering an outer wall such as shown in Figure E.8, the effect of the wind load also has to be
taken into account, creating a combined effect between the bending moment caused by the wind load
and the compressive force caused by the self-weight and variable loads of the elements above.

To calculate the wind load, it is assumed that the building will be build in a scarcely populated area,
placing it in terrain category II according to the NEN-EN 1991-1-4+A1+C2/NB+C2. Furthermore, it
is assumed the building is built in wind district II.

In the NEN-EN 1991-1-4+A1+C2:2011, it is taken into account that the wind exerts a different load
on every part of the building. The facade can be divided into parts and each different load for each
part can be calculated. The combined effect of these loads can then be calculated in a computational
model. Because no computational model is being used in this research, only the dominant loads on the
structure are calculated for the sake of simplifcation.

The wind pressure has to be calculated on both the outside and the inside walls. The wind pressure on
the outside walls we is calculated with the external pressure coefficient cpe,10 and the extreme pressure
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Figure E.8: Representative outer wall structural calculations

qp(z). The wind pressure on the inside walls wi is calculated by taking into account the internal pressure
coefficient cpi and the extreme pressure qp(z):

we = qp(ze) · cpe,10
wi = qp(zi) · cpi

(E.50)

For a rectangular building, the values for cpe,10 are shown in Table E.1, in agreement with the NEN-
EN 1991-1-4+A1+C2/NB+C2. The zones represent the areas of the facade on which the specific
external pressure coefficient has to be taken into account. In Figure E.9 it is shown when the values
are interpreted as positive or negative for both the internal and external coefficients. The value for cpi
is taken as the most unfavourable value of +0.2 or −0.3

Figure E.9: Internal and external pressure on facades

Table E.1: Values of cpe,10 for rectangular facades of buildings with rectangular floor plans

Zone A B C D E
h/d ≤ 1.0 -1.2 -0.8 -0.5 0.8 -0.5

In Figure E.10 the building is divided in zones as described in the NEN-EN 1991-1-4+A1+C2:2011
and the external pressure coefficients are applied corresponding to Table E.1. For the internal pressure
coefficients the most unfavourable combination in chosen. As mentioned, only the dominant wind load
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is taken into account, meaning the side of the building with the highest resulting force, marked in blue
in Figure E.10. That means that on zone D, the internal pressure coefficient cpi = −0.3 and on zone E
cpi = +0.2.

Figure E.10: Internal and external pressure on facades

The value for the extreme pressure qp(z) can be found with the help of Table E.2, as given in NEN-EN
1991-1-4+A1+C2/NB+C2. Depending on the height of the building, to find the corresponding qp(z)
value, linear interpolation may be applied.

Table E.2: Values of qp(z) for terrain category II and wind district II

h (m) 1 2 3 4 5 6 7 8 9
qp(z) 0.6 0.6 0.6 0.6 0.66 0.71 0.75 0.79 0.82
h (m) 10 15 20 25 30 35 40 45
qp(z) 0.85 0.98 1.07 1.14 1.2 1.25 1.3 1.34

Finally, the governing resulting force qwind per kN/m2 can be calculated by combining the pressure on
wind zone D with the pressure on wind zone E:

qwind = (0.8 + 0.3) · qp(z) + (0.5 + 0.2) · qp(z) (E.51)

E.2.4. Buckling, combined effect
To calculate the combined effect of bending and compression on the outer wall, a representative part of
the wall is taken with a width of bx = 1.0m and the loads in ULS are applied as shown in Figure E.11.
The wind load qwind is applied as a variable load as shown in Figure E.11. The load Fd is now half of
the load used in Equation E.42 as can be seen from Figure E.8. Equation E.48 can be used again to
calculate the compressive stresses occurring in the wall.
Additionally, for the outer wall, the moment caused by the windMy,d from Figure E.11 and the bending
stresses σm,d are calculated for the same 1m strip

My,d =
1

8
· qwind · L2

σm,d =
My,d

Wx,net

(E.52)

For the verification of the compressive and bending stresses in the cross-section, the following should
be satisfied:

σc,0,d
kc,y · fc,0,d

+
σm,d

fm,d
≤ 1.0 (E.53)
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Figure E.11: Wall panel, buckling calculations

E.2.5. Fire safety
Similar to the floor system, in this research it is assumed that the fire safety requirements can be met
by covering the CLT walls with gypsum plates.



F
Standard dimensions LVL hollow box

floor

Table F.1: Standard dimensions LVL-S ribs, taken from [56]

Thickness
[mm]

Height/Width

45 200 240 300 350 400 450 500 600
51 200 240 300 350 400 450 500 600
57 - 240 300 350 400 - - -
63 - 240 300 350 400 450 500 600
69 - 240 300 350 400 - - -
75 200 240 300 350 400 450 500 600

Table F.2: Standard dimensions LVL-X top- and bottom panels, taken from [56]

Thickness
[mm]

Height/Width

27 200 240 300 350 400 450 500 600
30 200 240 300 350 400 450 500 600
33 200 240 300 350 400 450 500 600
39 200 240 300 350 400 450 500 600
45 200 240 300 350 400 450 500 600
51 200 240 300 350 400 450 500 600
57 - 240 300 350 400 - - -
63 - 240 300 350 400 450 500 600
69 - 240 300 350 400 - - -
75 200 240 300 350 400 450 500 600
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G
Results structural verifications

This appendix contains the results of the structural verifications of the timber floors of the initial design
for the parameter study.

G.1. CLT floor, dry screed
G.1.1. Parameters
CLT floor
Span: 3.6 [m]
Width floor: 5 [m]
Layup: [40, 20, 20, 20, 40] [mm]
Mass density: 490 [kg/m3]
Modulus of elasticity, mean, 0: 11000000000 [N/m2]

Screed and finishes
Thickness screed: 0.0 [mm]
Modulus of Elasticity screed: 26000 [N/m2]
Mass density screed: 2500 [kg/m3]
Other additional weight finishes: 117 [kg/m2]

G.1.2. Loads

qk = 2.55[kN/m2]

gk = 1.86[kN/m2]

qd = γG · gk + γQ · qk = 6.05[kN/m2]

G.1.3. Bending

Md =
1

8
qdL

2 = 9.81[kNm]

Ix,net = bx

(
n
t31
12

+ 2t1a
2
1

)
= 216666666.67[mm4]

Wx,net =
2Ix,net
hCLT

= 3095238.1[mm3]
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σd =
Md

Wx,net
= 3.17[Mpa]

ULS: 0.206 [-]

G.1.4. Shear force

Vd =
1

2
qdL = 10.9[kN ]

Sx,net = bxt1a1 + bx
t2c
8

= 2050000.0[mm3]

τd =
Vd · Sx,net

Ix,net · bx
= 0.1[Mpa]

ULS: 0.04 [-]

G.1.5. Rolling shear force

Vd =
1

2
qdL = 10.9[kN ]

SR,x,net = bx · t1 · a1 = 2000000.0[mm3]

τRv,d =
Vd · SRx,net

Ix,net · bx
= 0.1[Mpa]

ULS: 0.225 [-]

G.1.6. Deformations

winst =
5 · q · L4

384 · Ex,mean · Ix,ef
= 4.67[mm]

wtot = winst,G · (1 + kdef ) + winst,Q · (1 + ψ2kdef ) = 8.63[mm]

SLS: 0.586 [-]

G.1.7. Human-induced vibration criteria
Stiffness criteria

f1 = 12.94[Hz]

EIL = 2115981103234.94[Nmm2]

EIT = 190666666666.67[Nmm2]

bef = min(0.95 · L ·
(
EIT
EIL

)0.25

; b) = 1.87[m]

w1,kN =
FL3

48 · EIL · bef
= 0.2452[mm]

SLS: 0.981 [-]
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Velocity criteria

Imod,mean =
42 · f1.43w

f1.31

= 2.69[−]

v1,peak = kred
Imod,mean

M∗ + 70
= 0.00208[mm/s]

kimp = max(0.48 · b
L

(
EIL
EIT

)0.25

; 1.0) = 1.22[−]

vtot,peak = kimp · v1,peak = 0.00253[mm/s]

vrms = vtot,peak · (0.65− 0.01f1) · (1.22− 11.0ξ) · η = 0.00089[mm/s]

SLS: 0.739 [-]

Acceleration criteria, only if f1 < 4.5 Hz

kres = max(0.19 · b
L

(
EIL
EIT

)0.25

; 1.0) = 1[−]

arms =
kresµresFdyn√

2 · 2ξM∗
= 0.21166[mm/s2]

SLS: 3.528 [-]

G.2. CLT floor, wet screed
G.2.1. Parameters
CLT floor
Span: 3.6 [m]
Width floor: 5 [m]
Layup: [40, 20, 20, 20, 40] [mm]
Mass density: 490 [kg/m3]
Modulus of elasticity, mean, 0: 11000000000 [N/m2]

Screed and finishes
Thickness screed: 70 [mm]
Modulus of Elasticity screed: 26000 [N/m2]
Mass density screed: 2500 [kg/m3]
Other additional weight finishes: 162 [kg/m2]

G.2.2. Loads

qk = 2.55[kN/m2]

gk = 4.06[kN/m2]

qd = γG · gk + γQ · qk = 8.7[kN/m2]
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G.2.3. Bending

Md =
1

8
qdL

2 = 14.09[kNm]

Ix,net = bx

(
n
t31
12

+ 2t1a
2
1

)
= 216666666.67[mm4]

Wx,net =
2Ix,net
hCLT

= 3095238.1[mm3]

σd =
Md

Wx,net
= 4.55[Mpa]

ULS: 0.296 [-]

G.2.4. Shear force

Vd =
1

2
qdL = 15.66[kN ]

Sx,net = bxt1a1 + bx
t2c
8

= 2050000.0[mm3]

τd =
Vd · Sx,net

Ix,net · bx
= 0.15[Mpa]

ULS: 0.058 [-]

G.2.5. Rolling shear force

Vd =
1

2
qdL = 15.66[kN ]

SR,x,net = bx · t1 · a1 = 2000000.0[mm3]

τRv,d =
Vd · SRx,net

Ix,net · bx
= 0.14[Mpa]

ULS: 0.323 [-]

G.2.6. Deformations

winst =
5 · q · L4

384 · Ex,mean · Ix,ef
= 7.0[mm]

wtot = winst,G · (1 + kdef ) + winst,Q · (1 + ψ2kdef ) = 12.95[mm]

SLS: 0.945 [-]
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G.2.7. Human-induced vibration criteria
Stiffness criteria

f1 = 10.18[Hz]

EIL = 2859147769901.61[Nmm2]

EIT = 933833333333.33[Nmm2]

bef = min(0.95 · L ·
(
EIT
EIL

)0.25

; b) = 2.59[m]

w1,kN =
FL3

48 · EIL · bef
= 0.1315[mm]

SLS: 0.526 [-]

Velocity criteria

Imod,mean =
42 · f1.43w

f1.31

= 3.67[−]

v1,peak = kred
Imod,mean

M∗ + 70
= 0.00136[mm/s]

kimp = max(0.48 · b
L

(
EIL
EIT

)0.25

; 1.0) = 1[−]

vtot,peak = kimp · v1,peak = 0.00136[mm/s]

vrms = vtot,peak · (0.65− 0.01f1) · (1.22− 11.0ξ) · η = 0.00055[mm/s]

SLS: 0.459 [-]

Acceleration criteria, only if f1 < 4.5 Hz

kres = max(0.19 · b
L

(
EIL
EIT

)0.25

; 1.0) = 1[−]

arms =
kresµresFdyn√

2 · 2ξM∗
= 0.09685[mm/s2]

SLS: 1.614 [-]
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G.3. Hollow box floor, dry screed
G.3.1. Parameters
Hollow box floor
Span: 3.6 [m]
Width floor: 5 [m]
b1: 600.0 [mm]
t1: 27.0 [mm]
b2: 45.0 [mm]
h2: 200.0 [mm]
b3: 600.0 [mm]
t3: 27.0 [mm]
Mass density: 510 [kg/m3]
Modulus of elasticity, E1: 10500000000.0 [N/m2]
Modulus of elasticity, E2: 13800000000.0 [N/m2]
Modulus of elasticity, E3: 10500000000.0 [N/m2]

Screed and finishes
Thickness screed: 0 [mm]
Modulus of Elasticity screed: 26000000000 [N/m2]
Mass density screed: 2500 [kg/m3]
Other additional weight finishes: 194 [kg/m2]

G.3.2. Loads
qd,middle = γG · gk + γQ · qk = 3.95[kN/m2]

qd,edge = γG · gk + γQ · qk = 1.97[kN/m2]

G.3.3. Shear force, middle
τ1 = 0.63[Mpa]

τ2 = 0.73[Mpa]

τ3 = 0.63[Mpa]

ULS: 0.73 [-]

G.3.4. Shear force, edge
τ1 = 0.58[Mpa]

τ2 = 0.77[Mpa]

τ3 = 0.58[Mpa]

ULS: 0.67 [-]

G.3.5. Normal stress, middle
Md = 6.39451375[kNm]

σ1,1 = −1.77[Mpa]

σ1,2 = −1.39[Mpa]

σ2,2 = −1.83[Mpa]

σ2,3 = 1.83[Mpa]

σ3,3 = 1.39[Mpa]

σ3,4 = 1.77[Mpa]

ULS: 0.074 [-]
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G.3.6. Normal stress, edge

Md = 3.19725688[kNm]

σ1,1 = −1.62[Mpa]

σ1,2 = −1.28[Mpa]

σ2,2 = −1.68[Mpa]

σ2,3 = 1.68[Mpa]

σ3,3 = 1.28[Mpa]

σ3,4 = 1.62[Mpa]

ULS: 0.068 [-]

G.3.7. Deformations

winst =
5 · q · L4

384 · Ex,mean · Ix,ef
= 2.36[mm]

wtot = winst,G · (1 + kdef ) + winst,Q · (1 + ψ2kdef ) = 3.26[mm]

SLS: 0.226 [-]

G.3.8. Human-induced vibration criteria
Stiffness criteria

f1 = 22.69[Hz]

EIL = 8028681000000.0[Nmm2]

EIT = 6561000000.0[Nmm2]

bef = min(0.95 · L ·
(
EIT
EIL

)0.25

; b) = 0.58[m]

w1,kN =
FL3

48 · EIL · bef
= 0.2094[mm]

SLS: 0.837 [-]

Velocity criteria

Imod,mean =
42 · f1.43w

f1.31

= 1.3[−]

v1,peak = kred
Imod,mean

M∗ + 70
= 0.00082[mm/s]

kimp = max(0.48 · b
L

(
EIL
EIT

)0.25

; 1.0) = 3.94[−]

vtot,peak = kimp · v1,peak = 0.00325[mm/s]

vrms = vtot,peak · (0.65− 0.01f1) · (1.22− 11.0ξ) · η = 0.00072[mm/s]

SLS: 0.599 [-]
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Acceleration criteria, only if f1 < 4.5 Hz

kres = max(0.19 · b
L

(
EIL
EIT

)0.25

; 1.0) = 1.56[−]

arms =
kresµresFdyn√

2 · 2ξM∗
= 0.26752[mm/s2]

SLS: 4.459 [-]

G.4. Hollow box floor, wet screed
G.4.1. Parameters
Hollow box floor
Span: 3.6 [m]
Width floor: 5 [m]
b1: 600.0 [mm]
t1: 27.0 [mm]
b2: 45.0 [mm]
h2: 200.0 [mm]
b3: 600.0 [mm]
t3: 27.0 [mm]
Mass density: 510 [kg/m3]
Modulus of elasticity, E1: 10500000000.0 [N/m2]
Modulus of elasticity, E2: 13800000000.0 [N/m2]
Modulus of elasticity, E3: 10500000000.0 [N/m2]

Screed and finishes
Thickness screed: 70 [mm]
Modulus of Elasticity screed: 26000000000 [N/m2]
Mass density screed: 2500 [kg/m3]
Other additional weight finishes: 99 [kg/m2]

G.4.2. Loads

qd,middle = γG · gk + γQ · qk = 4.52[kN/m2]

qd,edge = γG · gk + γQ · qk = 2.26[kN/m2]

G.4.3. Shear force, middle

τ1 = 0.73[Mpa]

τ2 = 0.84[Mpa]

τ3 = 0.73[Mpa]

ULS: 0.837 [-]

G.4.4. Shear force, edge

τ1 = 0.67[Mpa]

τ2 = 0.88[Mpa]

τ3 = 0.67[Mpa]

ULS: 0.768 [-]
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G.4.5. Normal stress, middle

Md = 7.32880015[kNm]

σ1,1 = −2.03[Mpa]

σ1,2 = −1.6[Mpa]

σ2,2 = −2.1[Mpa]

σ2,3 = 2.1[Mpa]

σ3,3 = 1.6[Mpa]

σ3,4 = 2.03[Mpa]

ULS: 0.085 [-]

G.4.6. Normal stress, edge

Md = 3.66440008[kNm]

σ1,1 = −1.86[Mpa]

σ1,2 = −1.47[Mpa]

σ2,2 = −1.93[Mpa]

σ2,3 = 1.93[Mpa]

σ3,3 = 1.47[Mpa]

σ3,4 = 1.86[Mpa]

ULS: 0.078 [-]

G.4.7. Deformations

winst =
5 · q · L4

384 · Ex,mean · Ix,ef
= 2.76[mm]

wtot = winst,G · (1 + kdef ) + winst,Q · (1 + ψ2kdef ) = 3.89[mm]

SLS: 0.27 [-]

G.4.8. Human-induced vibration criteria
Stiffness criteria

f1 = 20.41[Hz]

EIL = 8771847666666.67[Nmm2]

EIT = 749727666666.67[Nmm2]

bef = min(0.95 · L ·
(
EIT
EIL

)0.25

; b) = 1.85[m]

w1,kN =
FL3

48 · EIL · bef
= 0.0599[mm]

SLS: 0.24 [-]
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Velocity criteria

Imod,mean =
42 · f1.43w

f1.31

= 1.49[−]

v1,peak = kred
Imod,mean

M∗ + 70
= 0.00071[mm/s]

kimp = max(0.48 · b
L

(
EIL
EIT

)0.25

; 1.0) = 1.23[−]

vtot,peak = kimp · v1,peak = 0.00088[mm/s]

vrms = vtot,peak · (0.65− 0.01f1) · (1.22− 11.0ξ) · η = 0.00026[mm/s]

SLS: 0.218 [-]

Acceleration criteria, only if f1 < 4.5 Hz

kres = max(0.19 · b
L

(
EIL
EIT

)0.25

; 1.0) = 1[−]

arms =
kresµresFdyn√

2 · 2ξM∗
= 0.12705[mm/s2]

SLS: 2.118 [-]
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