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ARTICLE INFO ABSTRACT

Keywords: The increasing use of timber structures worldwide has brought attention to the challenges
Review posed by their lightweight nature, making them more prone to vibrations than more massive
State of the art

structures. Consequently, significant research efforts have been dedicated to understanding and

;r/l_lglbe,r engineering mitigating vibrations in timber structures, while scientific committees strive to establish suitable
Fllocr: o design regulations. This study aims to classify and identify the main research themes related to
Wood timber structure vibrations and highlight future research needs and directions. A bibliometric-
Timber buildings based selection process briefly introduces each research topic, presenting the latest findings and

proposals for vibration design in timber structures. The paper emphasizes the key outcomes and
significant contributions to understanding and addressing vibration issues in timber structures.
These findings serve as valuable guidance for researchers, designers, and regulatory bodies
involved in designing and assessing timber structures subjected to vibrations.

1. Introduction

Timber, widely appreciated for its sustainability, low cost, and satisfactory structural performance, is becoming an increasingly
attractive material in the field of civil engineering [1]. Its minimal carbon footprint, coupled with the speed and efficiency of timber
construction, presents a compelling response to environmental and economic pressures. However, the growth in the use of timber
structures has led to a greater awareness of the unique challenges associated with this material, notably vibration issues due to
its intrinsic lightweight nature. For instance, the rapid development of high-rise timber buildings introduces new complexities, as
engineers and designers are tasked with managing the effects of wind and corresponding vibration issues on a scale previously
unseen [2].

The principal objective of this manuscript is to conduct an in-depth exploration of these vibration issues in timber structures,
with an emphasis on identifying novel insights and articulating the significant research gaps that remain. Leveraging a bibliometric
analysis, the paper organizes an extensive array of studies, thereby offering a comprehensive perspective on this multifaceted
topic. The discussion revolves around two central domains: flooring systems and whole buildings, each with distinct challenges and
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List of symbols and notations

ANN Artificial Neural Network

AVT Ambient Vibration Test

a; ith member centre of mass distance from the composite section centre of mass

Apeak Peak acceleration response

Qs Root mean square acceleration

Qg Root mean quad acceleration

b Floor width

by Width of the building

by s Effective floor width

c Damping coefficient

Cruw Force coefficient

CFD Computational Fluid Dynamics

s Fourier coefficient of the dynamic load factor, which can be assumed equal to ¢, = 0.0714

CCP Closed Cellular Polyurethane

CLT Cross-Laminated Timber

EU European Union

(ED); Longitudinal bending stiffness of the floor per unit of length

(EDy Transverse bending stiffness of the floor per unit of length

EC5 Eurocode five

EOF Environmental and Operational Factor

EMA Experimental Modal Analysis

FVT Forced Vibration Test

FE Finite Element

F Force applied in the point with the greatest deflection

F, Force corresponding to a person walking on the floor F, =700 N

Fyyn Vertical dynamic force caused by a walking person, equal to F,,, = 50 N

fi Fundamental floor frequency in Hz

S1tim fundamental frequency limit

Slim Limit frequency between the resonant or a transient response in Hz

fw Walking frequency in Hz

D, (2) First mode shape of the building as a function of the height z

GLT Glued Laminated Timber

h Cross-section height

hy, Height of the building

Lod mean Mean modal impulse, in N s

K, Peak factor

ke Frequency factor in case of a double span floor on rigid supports. In case of a single span k,; = 1.0

ke Frequency factor to consider the effect of the transverse floor stiffness. In case of a one-way spanning
floor k,, = 1.0

Kreq Reduction factor

Kyos Factor to account for higher modes of vibrations

Iy Shorter span of a double-span floor

LVL Laminated Veneer Lumber

LCA Life Cycle Assessment

/ Floor span (the longest span in case of double span floor)

u Resonant buildup factor, which may be taken as y = 0.4

m Floor mass per unit of length

MCP Mixed Cellular Polyurethane

MCDA Multi-Criteria Decision Analysis

opportunities that influence the overall performance and applicability of timber structures. Through a meticulous examination of the
existing literature and by identifying current research gaps, this paper seeks to serve as a comprehensive reference for researchers,
designers, and regulatory bodies.
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M* Floor modal mass
M, Modal mass of the first mode
OMA Operational Modal Analysis
Dzrey Reference wind load
RMS Root Mean Square
R Resonance response factor
S Percentage of decrease in structural rigidity
SHM Structural Health Monitoring
SEL Sound Exposure Level
SMA Shape Memory Alloy
TMD Tuned Mass Damper
t Elapsed time in years from timber bridge construction
VDV Vibration Dose Value
U1 peak Peak velocity response for the fundamental mode
w Load deflection
W) kN Maximum deflection due to a vertical static point load of 1 kN
Wiim Limit of maximum deflection due to a vertical static point load of 1 kN
¢ Modal damping ratio
60 Timber AND Vibration
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Fig. 1. Total number of publications obtained by reviewing 572 papers.

The remainder of this paper embarks on an exploration of these two domains. Section 2 presents the bibliometric analysis that
forms the backbone of the review’s structure. Section 3 is dedicated to flooring systems, with an overview of general vibration issues
and their serviceability implications. The paper proceeds to investigate various modelling approaches, along with innovative design
and vibration mitigation techniques. This leads to examining specific flooring systems, such as Cross Laminated Timber (CLT) and
composite floors, before concluding with an analysis of timber bridges, herein assimilated to long-span floors.

Section 4 broadens the scope to encompass whole timber buildings, emphasizing high-rise structures. The importance of
construction solutions in managing the vibration performance of these buildings and the pivotal role of lateral resisting systems
are dissected. The apparent lack of specific serviceability criteria for whole buildings signals a significant research need, especially
in the context of wind-induced vibrations. This section culminates with a review of recent experimental investigations, highlighting
both their contributions and limitations and pinpointing areas ripe for innovative approaches. Finally, Section 5 synthesizes the key
findings from the previous sections and outlines future research directions.

2. Bibliometric analysis

A list of papers was created using the Scopus database, excluding the conference papers and book chapters to initiate the
exploration of timber structures. The Scopus list was obtained by employing specific keywords, namely “Timber” and “Vibration”,
resulting in 571 items. The analysis was carried out in October 2022. The authors conducted a bibliometric analysis of the compiled
list in the subsequent step. The analysis provided valuable insights into the trends and patterns within the field. Fig. 1 showcases
the total number of publications per year. Notably, the scientific production in timber structures is increasing over time.

Fig. 2 shows the pie charts of the main research objectives and methods referred to the selected last five-year research papers. In
detail, Fig. 2(a) shows that 42.5% contribution in the last five years focuses on floor vibration, while 36.9% and 20.6% on building
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Fig. 2. Pie charts of the main research (a) objectives and (b) methods referred to the selected last five-year research papers.
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Fig. 3. Pie charts of the (a) main research topics and (b) vibration sources referred to the selected last five-year research papers.

and wood vibration issues, respectively. This finding is also in line with past research trends. The topic of floor vibration is the
most studied and received more attention from the code-makers, as shown in Section 3. The papers referred to non-destructive
tests do not explicitly address the vibration issues of timber but exploit vibration to estimate mechanical parameters. Fig. 2(b)
confirms a peculiar aspect of timber engineering, showing the prevalent methods, namely experimental, analytical-numerical, or
a combination. The difficulty in accurately grasping the response of timber structures, characterized by all sorts of uncertainties,
generally persuades the researchers to prefer experimental rather than simulated investigations. Consequently, many selected papers
present experimental studies without model validation/calibration (43%).

Fig. 3 shows the pie charts of the leading research topics and vibration sources considered in the selected last five-year research
papers. Fig. 3(a) reveals the increasing research interests in CLT, both at the floor and building levels. Many papers are dedicated
to vibration tests for timber grading, showing the importance of vibration-based methods for timber grading next to those based on
visual inspections. Regarding excitation sources, 24% of the papers report results relevant to ambient vibration tests. Approximately
7% of the selected documents consider earthquake excitation.

Despite the great interest and the significant effort dedicated to studying the vibration of civil structures, the research on timber
buildings, and even more on tall timber buildings, is still limited in comparison with other building materials. To analyse this gap,
the Scopus database is used to create three lists of papers considering the following sets of keywords: (1) timber AND building AND
vibration; (2) steel AND building AND vibration; (3) concrete AND building AND vibration. The first set of keywords leads to 481
documents published between 1970 and 2023, while the second the third sets lead, respectively, to 2140 documents published
between 1925 and 2023, and 2909 documents published between 1957 and 2023. Fig. 4(a) shows the number of documents
published yearly, while Fig. 4(b) displays the cumulative number of documents over time. Before 2010, documents focused on
timber buildings were relatively rare. Also, the documents on timber buildings are generally lower than those on other structures.

3. Timber floor vibration

This section delves into the current research trends and perspectives that shape the understanding of timber floors, commencing
with general concepts and gradually narrowing the focus to specific, innovative applications. It begins with a discussion on general
vibration issues. The discourse then shifts to the serviceability criteria that dictate the practical use of timber floors. This leads to an
exploration of diverse modelling approaches employed in the field. The discussion continues with design and vibration mitigation
techniques, illustrating how theory moves into practical application. The focus then moves to specific floor typologies, including CLT
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Fig. 4. Results of literature analysis: (a) number of documents published per year; (b) cumulative number of documents in time.

floors and composite floors. These flooring systems have experienced increased popularity over the past two decades, making them
a pivotal part of this discussion. The section concludes with an examination of timber bridges. Despite timber’s known durability
limits as a construction material, there is significant interest in timber for pedestrian bridges, as highlighted by numerous recent

applications.

3.1. General vibration issues

The vibration issues of timber floors can be categorized based on the frequency range under investigation. The low-frequency
issues are related to the interaction with human activities (walking, running, e.g.), while the high-frequency ones mainly refer to
the audio-frequency spectrum. Accordingly, this subsection is divided into two parts: human-induced vibration issues and floor

acoustics.

3.1.1. Human-induced vibration issues
Timber floors are particularly susceptible to human-induced vibrations, which can give rise to various issues affecting their

performance and occupant comfort. One significant issue is the potential discomfort experienced by occupants due to excessive
vibrations. When timber floors resonate with the walking pace or other human activities, it can increase vibration amplitudes,
causing discomfort and even affecting the usability of the space. Excessive vibrations can lead to discomfort while walking, using
furniture, or performing tasks that require stability [3].

Dynamic amplification is another issue related to timber floor vibrations, particularly in long-span applications. Due to timber’s
lower density and stiffness than other construction materials, timber floors can exhibit greater flexibility, leading to potential
dynamic amplification of vibrations. This dynamic amplification can result in increased vibration amplitudes, reduced occupant
comfort, and even compromised functionality of sensitive equipment. It is crucial to address this issue to ensure the satisfactory
serviceability of timber floors [4-10].

Human-induced vibrations in timber floors can also impact the functionality and performance of sensitive equipment and
installations. In spaces where delicate instruments, equipment, or machinery are present, excessive vibrations can cause operational
issues, measurement inaccuracies, or even damage to the equipment. This issue is particularly relevant in environments such as
laboratories, healthcare facilities, and industrial settings where precise measurements and stable conditions are necessary [11].

Another concern is the potential fatigue and degradation of timber elements caused by prolonged exposure to excessive
vibrations [12]. Over time, repeated dynamic loading can lead to fatigue failure, and reduced strength, and durability of the timber
floor system [13-15]. This issue can compromise the long-term structural integrity of the floor and may require maintenance or
strengthening interventions [16,17].

Additionally, the perception of vibrations in timber floors can vary among individuals, and some occupants may be more sensitive
to vibrations than others. This issue highlights the importance of considering occupant comfort and well-being in the design and
assessment of timber floors, as individual sensitivity can influence the acceptability of vibrations in different contexts [18].

Addressing these issues requires a comprehensive understanding of the dynamic behaviour of timber floors and the factors
influencing human-induced vibrations. Experimental studies, such as impact tests and field measurements, play a crucial role in
assessing the vibrational performance of timber floors and identifying potential mitigation strategies.

By considering these specific issues related to human-induced vibrations in timber floors, researchers and designers can develop
effective design approaches, including appropriate damping measures, structural optimisation techniques, and user guidelines, to
ensure the satisfactory serviceability, occupant comfort, and long-term performance of timber floor systems [19-23].
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Fig. 5. Graphical representation of annoyance level (isolines) as a function of sound exposure level (SEL) and vibration dose value (VDV).

3.1.2. Floor acoustics

The EU Environmental Noise Directive of 2002 specifically addresses the prevention of environmental noise pollution. The
Directive focuses on noise to which humans are exposed, particularly in built-up areas. In 2008, the Directive was extended to
include vibration as a form of pollution [24]. The Directive considers the direct or indirect influence of vibration, heat, or noise
as pollution. However, despite the Directive, noise and vibration are often treated separately in the context of sustainable indoor
comfort. International and national standards typically address these factors individually. In the literature and relevant standards,
the perception of vibration in buildings has been extensively analysed and studied over the past decades [25,26]. However, many
authors suggest that the main discomfort experienced in buildings is related to a combined effect of noise and vibration. Noise and
vibration co-occur in buildings, and even if the acoustic or vibration thresholds meet legal or standard limits, occupants can still
report annoyance [27]. Nering et al. [28] proposed the evaluation of exposure to simultaneous events based on research by Howarth
and Griffin [29]. They presented a graphical representation of the annoyance level as a function of Sound Exposure Level (SEL)
and Vibration Dose Value (VDV) (Fig. 5). Acoustic problems are prevalent in lightweight constructions [30-32]. Typical annoying
sounds in buildings include people talking, television noise, and footsteps. Transmission between rooms can occur through airborne
or structure-borne paths. Sound can reach the listener’s room through various transmission paths, such as direct radiation from the
separating wall, transmission of vibrations to adjacent walls, or transmission of vibrations from side walls of the source room to the
partition or side walls of the listener room [33]. Flanking sounds refer to all sounds propagating through partition walls or floors,
and solving flanking transmission problems is crucial for effective sound insulation.

Olsson [34] recently investigated the impact sound transmission of lightweight timber floors. The study focused on transmission
and insulation without reverberation using fluid elements connected to reflection-free boundaries. The results showed that a floor
model with a hard screed surface exhibited higher impact force compared to a softer floor [35], although this effect was less
pronounced at the lowest frequencies.

Other scholars also developed structural models for predicting low-frequency vibration in light timber floors [36,37]. Reducing
flanking transmission involves limiting the vibrations transmitted to the walls and floors in the source room. The goal is to minimize
sound radiation from the walls and floors of the receiving room and reduce vibrations transmitted from the source room to the
receiving room [38]. Achieving this requires a complete separation of the structural and non-structural parts of the adjoining
apartments.

Separation is typically achieved with soft layers, such as floor coverings [39]. An elastic layer is generally used between
overlapping walls, floors, and bearing walls in the vertical direction. However, these layers are often subjected to static loads,
so stiff layers are recommended for load-bearing structures. One drawback is that stiff layers can increase coupling and reduce
the effectiveness of sound insulation [40,41]. Regarding the experimental investigations on floor coverings, Huang et al. [42]
investigated the performance of three kinds of elastic cushion materials for timber floors: Portuguese cork, foam, and polypropylene
plastic foam board. They found that foam boards exhibit the highest performance. More details about the studies on acoustic issues
are detailed when addressing specific aspects of different floor typologies in the following paragraphs. Soundproof steel angle
brackets can also prevent acoustic bridges, where interlayers separate rigid parts. Elastomers, such as Closed Cellular Polyurethane
(CCP) and Mixed Cellular Polyurethane (MCP), are frequently used to reduce low-frequency noise [43].

While separation is an effective solution for sound insulation, it can increase the overall deformability of the building, potentially
compromising its stability, as highlighted by Azinovi¢ et al. [43] and De Santis et al. [44]. Specifically, Azinovi¢ et al. [43] showed
that the bedding insulation layer under the wall negligibly affected the load-bearing capacity under lower vertical loads. However,
the stiffness of the wall decreased to less than 40% of the un-insulated wall due to additional lateral deformations caused by the
insulation. Experiments also indicated that a higher vertical load substantially increased the load-bearing capacity and stiffness
of the shear wall due to the associated increase in friction. The cyclic response of insulated steel angle brackets used for cross-
laminated timber connections was assessed by Krzan et al. [45]. The tests revealed that insulation under the angle bracket had a
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marginal influence on the load-bearing capacity but significantly affected the stiffness characteristics, resulting in a reduction of
effective stiffness by 22% and 45% in pure shear and tensile loading, respectively. Furthermore, the insulated specimens exhibited
lower relative energy dissipation and equivalent viscous damping coefficient compared to the un-insulated samples, although this
difference decreased with increasing displacements and repeated cycles.

The main research gaps are the combined effect of noise and vibration. Often treated independently in standards and regulations,
understanding the interplay between these factors and their joint contribution to occupant annoyance is crucial for enhancing indoor
comfort.

A related area requiring attention is flanking transmission, which describes sound propagation and vibration via indirect paths
in buildings, such as walls, floors, or ceilings. Research into effective strategies to mitigate flanking transmission and bolster sound
insulation in timber buildings is needed. Such studies should investigate the influence of varying structural configurations, materials,
and connection details on flanking transmission pathways.

The role of floor coverings in impact sound insulation offers another important research area. Evaluating the performance of
different floor coverings and their effect on the overall acoustic performance of timber floors is an essential step. As part of this,
the effectiveness of various elastic cushion materials in reducing impact noise transmission should be assessed.

Accurate and reliable modelling approaches for predicting the acoustic performance of timber buildings represent another crucial
research gap. Finally, experimental studies are vital for validating and refining acoustic design strategies for timber buildings.
Thus, there is a call for comprehensive experimental investigations into the acoustic behaviour of timber floors, walls, and other
structural elements, studying the impact of different construction details, materials, and connections on sound insulation and
vibration transmission.

3.2. Serviceability criteria

Serviceability requirements for timber floors specifically focus on the performance of lightweight floor systems. Standards and
guidelines in this regard consider parameters such as velocity and acceleration to assess floor response. The root mean square values
(s and a,,,) are commonly used as they provide an average measure of the response, accounting for the excitation duration.
Another metric, known as root-mean-quad (a,,,,), is employed for cumulative measurements, particularly in the analysis of the VDV
according to standards such as BS 6472 and ISO 2631 [46,47].

These serviceability requirements are defined by threshold values expressed using the response factor R. It serves as a multiplier
applied to the base curve value, indicating the level of vibration perceptible to an average human. Different multiples of R, such as
4, 8, and 48, establish various performance levels for the floor system [48].

In the assessment of timber floors, the literature proposes different approaches, considering these parameters individually or in
combination. Basaglia [49] distinguishes two main approaches for serviceability assessment based on the floor’s intended use:

+ Residential Timber Floors: These floors are typically characterized by smaller spans and lighter loads, resulting in higher
frequencies. Basaglia suggests employing a pass-fail criterion that considers various parameters such as static deflection, peak
velocity, root-mean-square acceleration, or a combination of these factors.

« Office Timber Floors: These floors generally have larger spans and heavier loads, leading to lower frequencies than residential
floors. For low-frequency office floors, more detailed procedures have been proposed.

Chang et al. [50] introduced an approach that combines the Response Factor and VDV methods to assess the performance of these
floors. Additionally, rules developed by Hamm et al. [51,52] and Abeysekera et al. [53], which are currently incorporated in the
draft of Eurocode 5 (EC5), provide further guidance. The synoptic table in Table 1, Fig. 6, and Table 2 summarize these criteria.

The verification is based on two sequential criteria, stiffness and frequency-based. The first step, see Fig. 6(a), is a stiffness-based
verification: the designer must verify the floor deflection under a concentrated 1 kN load (w5 ) positioned in the most unfavourable
position is below a given threshold. If this criterion is satisfied, the designer must also prove that the first natural frequency of the
floor is above a certain threshold f;,, representing the limit between the resonant and the transient response. The typical human
walking pace has a dominant frequency (f,,) ranging between 1.5 to 2.5 Hz. Still, to account for the contribution of the higher
harmonics, f;;, is typically set as four times the walking frequency [54].

Suppose the inequality in frequency is not satisfied. In that case, the designer must verify that the root mean square acceleration
and velocity are below the thresholds defined in terms of the response factor R (see Table 2). The verification can limit to a velocity
check if the inequality is satisfied. The first two verification steps, stiffness and frequency-based, are illustrated in the diagram
in Fig. 6(b) where the y and x-axes show the floor deflection and the first natural frequency, isolating three regions. If the first
natural frequency of the floor is below 4.5 Hz, the floor behaviour is not admissible (red). For low-frequency floors, with the first
natural frequency between 4.5 Hz and f;;,, (green region), the designer must satisfy both acceleration and velocity criteria. The sole
velocity criterion must be verified in the case of high-frequency floors (light blue region). In the lack of more accurate predictions,
EC5 provides simplified expressions of the main parameters (f, Wiy, @y and vy ) needed to verify the vibration performance
of a timber floor.

The synoptic Table 1 resumes all the expressions provided by the current EC5 draft to verify the vibration performance of a timber
floor. Egs. (1) and (3) present the simplified formulations for estimating the first natural frequency and vertical deflection. Table 3
provides the values for the k,; factor used to calculate the fundamental frequency in case of a double-span floor on rigid supports.
The remaining equations estimate the simplified acceleration and velocity responses in the lack of more accurate predictions.
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Table 1

Synoptic table of the mathematical formulation enclosed in the Eurocode 5 draft for assessing the serviceability of timber floors.

Serviceability criteria according to the new Eurocode 5 draft
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Table 2

Floor vibration criteria according to the floor performance level.
Criteria Floor performance level

I I 111 v \% VI

Response factor R 4 8 12 24 36 48
Upper deflection limit w,,y < wy, [mm] 0.25 0.5 1 1.5 2
Frequency criteria for all floors f1 =45 Hz
Acceleration criteria for resonant vibration design situations (f, < £, ;,) a,,s < 0.005R m/s’
Velocity criteria (for all floors) Ups < 0.0001R m/s

Table 3
Factor k,, to calculate the fundamental frequency in case of a double span floor on rigid supports. / is the longer span, /, is the
shorter span of a double span floor in m.

1/l 1 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2
k 1 1.09 1.16 1.21 1.25 1.28 1.32 1.36 1.41

el

3.3. Modelling approaches

Predicting the dynamic effects caused by moving people is still a significant challenge. The human-floor dynamic interaction
model requires the separate modelling of the floor and the individuals. Therefore, this subsection is divided into two parts, the first
on the floor modelling and the second on the more complex interaction models. The highest source of uncertainty and greatest
challenge stands in the human-floor interaction models.

3.3.1. Floor modelling

A timber floor can be, at first approximation, viewed as a single-degree-of-freedom system: a mass-less simple supported beam
with a lumped mass at the mid-span. The main dynamic parameters are the natural frequency and damping. More complex multiple-
degree-of-freedom models involve the determination of the contribution of each mode to the floor response. While simply-supported
beams and plate models can provide a reliable and rapid estimation of dynamic parameters, more accurate modelling is often
necessary for actual structures. In design practice, the finite element models should be used to obtain the modal properties of
the floor rather than simplified mechanics-based models, thus avoiding over-design or excessive simplification of the phenomena.
Several aspects of actual structures (e.g., support conditions, orthotropic behaviour, physical damping etc.) have been investigated
by various authors through experimental and numerical modelling. Typical timber floors are mainly one-way systems. However, in
some cases, the construction details can significantly influence the traversal bending stiffness, leading to a more effective two-way
system. Jaaranen et al. [55] investigated the two-way LVL-concrete composite floors with various support conditions. The results
show that the two-way action can be achieved in some cases, thanks to the performance of the transversal connection joining the
adjacent LVL panels.

The assumptions of the simplified models described in the standards, like the pinned connection, are not valid for buildings where
moment-resistant joints and the clamping effect of supporting walls in platform systems are present. For example, Akter et al. [56]
studied the wall-to-floor connections in the platform CLT system. They assessed the clamping effect due to the vertical load,
significantly reducing the floor vibration. Some studies highlighted that the flexural stiffness estimation for vibration assessments
should be measured in a reduced portion of the conventional initial load phase that lasts until the reaching of 40% of the maximum
force since the vibration occurred under a much smaller loading [57]. The damping also plays a crucial role in these structures.
Therefore an accurate characterization is needed. According to Labonotte [58], there are two types of damping: material damping
(e.g. internal friction inside the materials) and structural damping, arising from other sources such as friction between components
and friction due to connectors. Multiple experimental tests based on the impact method were carried out in the past years to
estimate structural damping in timber floors. For timber floors, the correct damping ratio values were indicated by various authors
for standard implementation, for example, see [53,59,60]. There is no general research on floor modelling based on classical FE
approaches. The dedicated paragraph will give a detailed note on the modelling of the composite floors.

3.3.2. Modelling approaches for individuals

A reliable prediction of floor vibration responses under human activities must rely on accurate walking load models. This
approach has been assumed in different vibration design guides for floors [61-64]. In