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Summary

Impact sound is one of the major concerns relating to the quality of indoor acoustic
environments. Sounds resulting from daily impact forces on floors can be a nuisance,
particularly in dwellings, affecting people’s rest, reducing study or work efficiency,
and contributing to health problems such as anxiety, increased blood pressure, and
psychological damage. The lightweight floors commonly built in residential dwellings
are very ineffective at insulating impact sounds, especially in the low-frequency range,
due to their low weight and low damping. Unfortunately, most impact forces caused
by human activities, such as walking and jumping, have significant energy at low
frequencies. With the increasing use of wood-framed multi-family buildings, this low-
frequency impact noise has led to an increasing number of complaints by the people
living in these dwellings. To address this problem, this PhD work has numerically
and experimentally investigated the dynamic and acoustic responses of lightweight
wooden joist floors in the low-frequency range (<200Hz).

The main objectives of this PhD project are i) to propose an improved experi-
mental method to characterize the low-frequency impact sound of a lightweight floor
using transfer functions, ii) to develop a fast prediction model allowing accurate eval-
uation of the vibro-acoustic performance of a joist floor, and iii) to examine the
efficiency of multiple dynamic vibration absorbers (DVAs) as a measure for reducing
the low-frequency vibration of a joist floor.

First, the vibration and impact sound of a lightweight wooden joist floor was
characterized using a person’s heel drop as the impact force via an impact force plate
(IFP). The device allows transmission and measurement of the impact force. The
study also tested the joist floor with a floating floor system on it and with a standing
person. The results of measurements with the heel drop and IFP showed a linear
response. Compared to the impact hammer test, the heel-drop test influenced the
spectra of the resulting impact–sound transfer function but did not significantly affect
the overall transmitted sound pressure level in the room. Below 63Hz, the higher
energy in the heel-drop excitation resulted in a better signal-to-noise ratio than the
impact hammer approach, which indicated the heel-drop method could characterize
the low-frequency impact sound of a joist floor with higher quality.

Second, an analytical model was further developed to predict the low-frequency vi-
bration field of the excited joist floor, with and without the floating floor and standing
person. The impact sound in the room radiated from the joist floor was modeled using
the boundary element method. The developed models were systematically validated
by calculations using the finite element method. A reasonable agreement was found
between the analytical and experimental results for the wooden joist floor. However,
uncertainties in material properties, connections, and boundary conditions caused
some deviations in the predictions of natural frequencies and vibration amplitudes.

Finally, the analytical model was further applied to evaluate the effectiveness of
DVAs in reducing the vibration of the joist floor. Experiments on a scaled wooden
joist floor were carried out, and the results successfully validated the prediction model.
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An optimization procedure based on genetic algorithm was proposed to maximize the
performance of DVAs with best-suited parameters, including the natural frequency,
damping value, and locations. The results showed that, compared to traditional
measures that improve the impact sound insulation of floors, the DVA method is
better at reducing the amplitude of the low-frequency natural modes of a floor with
little increase in the mass of the host floor. This feature makes the DVA method
unique in its potential to improve the impact sound of lightweight joist floors.

Joist floors consisting of wood-based plates and beams were used in this study.
However, some of the research outcomes, such as the measurement method, the appli-
cation of dynamic vibration absorbers, and the optimization method can be applicable
to other types of lightweight floors.
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1 Introduction

1.1 Problem overview

The sound quality in buildings is essential, as it affects the health, well-
being, and general quality of life of the occupants (S. H. Park et al.,
2018). It can be influenced by noise from outside the building (Muzet,
2007; S. H. Park et al., 2017), such as from traffic, building construction
work, industrial plants, and rainfall, and by the noises from inside the
building (S. H. Park et al., 2017), for example, building equipment and
human activities. One type of indoor noise, known as structure-borne
sound, is generated by mechanical excitation (Cremer & Heckl, 2005).
The impact sound caused by impulsive excitations on floor systems, such
as human footsteps and falling objects, is an important type of structure-
borne sound (Figure 1.1).

Floor systems are important building elements separating indoor spaces
and have specific requirements for impact sound insulation. Conventional
heavy floors, that is, those weighing approximately 500–800kg/m2, are
generally able to meet these requirements, and even if impact sound
problems occur, they tend to be at middle and high frequencies (Hopkins,
2012; Sipari, 2000).

To minimize material use and combine technical services within the
floor system, it has become popular to use lightweight floor systems,
which typically have weights approximately 50% of those of heavy con-
crete floors (Zegers, 2011). A wide range of building materials and
components with low unit mass are used for this type of floor, such
as lightweight concrete, steel tiles, and cross-laminated timber (CLT), to
achieve the structural strength for different floor spans (van Glabbeek,
2019; Zegers, 2011). The joist floor system, the subject of this research,
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1 Introduction

Figure 1.1: Concept of impact noise in a residential building due to human-induced vibra-
tions in a lightweight floor.

is a lightweight floor system commonly used in residential buildings,
which usually have one or two stories with small floor spans (Bazli et
al., 2022; Buchanan, 2007). Generally, lightweight floors have poor insu-
lation against low-frequency (<200Hz) impact sound. In particular, joist
floor systems may experience significant deflections and low-frequency vi-
bration due to thin elements and materials with low moduli of elasticity.

Most real-life impacts induced by occupant activities such as walking
have more energy at low frequencies than at other frequencies (Foschi
et al., 1995). However, different footwear may cause slight variations
(Amiryarahmadi et al., 2016). These low-frequency impacts may cause
not only unpleasant impact noise from lightweight floors but also per-
ceptible vibrations since humans are more sensitive to vibrations at low
frequencies compared to high frequencies (Larsson et al., 2008).

The impact sound measurement procedure in international ISO stan-
dards was originally proposed for heavy floors (ISO10140-3, 2021; ISO717-
2, 1996). In the procedure, a floor is excited by the ISO-standardized
tapping machine, and its impact sound is evaluated using a single-number
quantity, the normalized impact sound level. This method is suitable for
evaluating mid- and high-frequency impact sound for heavy floors. How-
ever, it has limitations for evaluating the low-frequency impact sound
of a lightweight floor. The light hammers in the ISO tapping machine
produce impacts that provide less excitation at low frequencies and thus
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cannot represent the heavy impacts caused by human activities (Hopkins,
2012). To improve measurement at low frequencies, the ISO international
standards have introduced a procedure with heavy impact sources, such
as the rubber ball and bang machine, and extended the frequency range
down to 50Hz (ISO717-2, 1996). Although the impact sound given by
the ISO rubber ball has a good correlation with real impact noise (Jeon
et al., 2006), this method is inevitably dependent on the input force, in
contrast with the evaluation of airborne sound insulation by measuring
sound level reduction (ISO717-1, 2020; Scholl et al., 2013). Furthermore,
as the input forces of heavy impacts are difficult to determine, there is
no simple prediction method for impact sound pressure level as there is
with the ISO tapping machine (Hopkins, 2012).

Prediction models were considered to be an efficient and cost-effective
tool for investigating impact sound and optimizing floor designs without
having to build numerous floors to obtain empirical test results (Chung
et al., 2005). An energy-based computation model originally derived for
a homogeneous floor and diffuse sound field was extended to lightweight
joist floors and recommended by ISO12354-2 (2017) for engineering pur-
poses. This model primarily uses the measured data of direct or flanking
transmission in the participating building elements to estimate the im-
pact sound insulation between rooms in a building (Gerretsen, 1986,
1994). Its results rely heavily on the selection of floor parameters and
how the connections between the building elements are modeled. This
model is capable of studying the frequency range above 250Hz but has
limitations in the non-diffuse vibration and acoustic fields at low fre-
quencies that are key for lightweight floors (Ingelaere, 2012).

Traditional measures to improve impact sound insulation of heavy
floor systems include resilient floor coverings, floating floor systems, and
suspended ceilings (Ingelaere, 2012). The first two methods reduce floor
vibrations transmitted from the floor surface to the base structure, while
the last measure reduces impact noise radiated by the floor. When these
measures are used for lightweight floors, their effects in the mid- and
high-frequency range are obvious, but they hardly reduce impact sound
in the low-frequency range, especially below 100Hz (Chung et al., 2005).
Furthermore, while increasing the stiffness and mass can be effective for
lightweight floors, such measures are limited by the construction con-
ditions and the self-weight requirements of the buildings, making them
difficult to implement (Chung et al., 2005).
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1 Introduction

To sum up, lightweight floor systems have more severe vibration and
impact sound problems in the low-frequency range. There are limitations
and deficiencies in the measurement, prediction, and solutions to these
problems. This dissertation will address the problems of low-frequency
(<200Hz) vibration and impact sound in lightweight joist floors in res-
idential dwellings and make improvements in the aspects mentioned
above.

1.2 State of the art

1.2.1 Measurement of floor vibration and impact sound
To accommodate the increasing popularity of lightweight floor construc-
tion and the associated need to measure at lower frequencies, the stan-
dardized measurement was extended to the frequency bands of 50Hz,
63Hz, and 80Hz (ISO10140-3, 2021; ISO717-2, 1996) and the rubber ball
and bang machine were proposed as alternative sources. Compared to
the ISO tapping machine, the rubber ball and bang machine provided a
higher impact sound level below 100Hz but a lower impact sound level
above that frequency (Homb, 2005; B. Park et al., 2010). Furthermore,
the impact sound caused by the rubber ball was proven to have more
similarity and higher correlation with real impact sounds caused by hu-
man activities such as jumping and walking (Jeon et al., 2006, 2009).
To correlate the technical analysis of low-frequency impact sound with
subjective annoyance levels, single number rating methods based on al-
tering the reference curve used in the standard ISO717 method have been
proposed (Kylliäinen et al., 2019; Ryu et al., 2011; Späh et al., 2013).

The low-frequency impact response of a lightweight floor has also be-
come a popular experimental research topic due to its close relationship
with impact sound. Experimental Modal Analysis (EMA) was a power-
ful technology for the study of floor dynamics in the past several decades
(Ewins, 2009; Ingelaere, 2012; Schwarz & Richardson, 1999; E. Reyn-
ders et al., 2016). It applies modal testing to establish the linear re-
lationship between the vibration response and excitation as a function
of the frequency, which is known as the Frequency Response Function
(FRF). Modal parameter identification then was used to determine the
dynamic characteristics of a floor system in the forms of natural frequen-
cies, damping factors, and mode shapes, and using them to formulate a
modal model for its dynamic behavior (Zhao, 2017).

For the sound field, the ratio of sound power radiated into the re-
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ceiving room to the mean-square force applied by a building machine
was used to evaluate sensitivity to structure-borne sound (Buhlert &
Feldmann, 1979; Ten, 1971; Vercammen & Heringa, 1989). Similarly,
the impact sound was also measured in terms of the transfer function of
sound pressure at a specific point in a room to force applied at one point
on a floor structure, which allowed easy comparison with the prediction
models without regard to the magnitude of the excitation forces (Arnold
& Kornadt, 2014; Chung et al., 2005; Sousa & Gibbs, 2011).

The measurement of impact forces has also been frequently carried out
to investigate the variability of the characteristics and excitation mecha-
nisms of standardized and practical impact sources (Hopkins, 2012; Jeon
et al., 2009; Racic et al., 2009). The outcomes can also be combined with
those of transfer function studies for assessing the magnitude of impact
sound for different floor systems (Schöpfer et al., 2017a). The charac-
teristics of the standardized impact sources have been broadly tested
and compared to each other (ISO10140-5, 2010; Jeon et al., 2009; KS-
F2810-2, 2012). Of the real impact sources typical in dwellings, human
footsteps have been the most widely studied. One method is to use
measurement equipment with force sensors, such as shoes with force
transducers (Adachi et al., 2011) and impact force plates (Hirakawa &
Hopkins, 2018; Robinson & Hopkins, 2015; Yeon et al., 2017). However,
this method affects the tester’s natural walking posture and leads to un-
realistic test results. In contrast, an indirect method allowing the tester
to walk free from these devices has been proposed by Amiryarahmadi
et al. (2016). The ground reaction forces due to walking on a wooden
joist floor were calculated using the floor’s responses to the walking and
the pre-measured transfer functions of the floor’s response to the force
of an impact hammer. A least mean square (LMS) adaptive algorithm
was used to minimize the error in the calculation of the force. The spec-
trum of the footstep force in the frequency domain has also been studied
(J. M. Brownjohn et al., 2004; Ebrahimpour et al., 1996). In addition,
other impact sources have also been studied, such as running, jumping,
and dropping objects (Ebrahimpour et al., 1996; Hopkins, 2012; Yeon et
al., 2017).

In this research, it is necessary to experimentally characterize the nat-
ural modes and low-frequency vibration of a lightweight joist floor system
and investigate the heavy impacts caused by occupants. In addition, the
experimental results of the floor vibration and impact sound are needed
for later experimental validation of the prediction models.
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1.2.2 Prediction of floor vibration and impact sound
Structural vibration in a floor is caused by impact sources. Numerical
studies have been carried out to investigate the vibration fields of floors.
The Kirchhoff–Love plate theory is applied to solve the pure bending
motion of thin homogeneous plates along their mid-planes (Timoshenko
& Woinowsky-Krieger, 1959). In contrast, the Mindlin theory is applied
to thick bending plates and also considers shear deformation (Mindlin,
1951). Navier analytically derived the bending modes of a simply-supported
rectangular plate, while Timoshenko and Woinowsky-Krieger computed
the bending modes of plates with various boundary conditions and shapes
(Timoshenko & Woinowsky-Krieger, 1959). Analogously, analytical so-
lutions were proposed for the bending motions of composite structures,
such as periodically stiffened plates (Chung & Emms, 2008; Mead, 1990)
and sandwich panels (Brunskog & Hammer, 2003; Guillaumie & Laurent,
2015; Renji et al., 1996).

The analytical models become challenging when dealing with floors
with complex shapes and boundary conditions. Instead, the vibration
problems can be solved using numerical methods, such as the finite ele-
ment method (FEM), which are powerful in addressing structural com-
plexities and gaining insight into the structural modes. In FEM, the
structure is discretized into small elements and the mode shapes and
natural frequencies of the structure are obtained by solving the eigen-
value problem with dynamic field variables in each element (Heylen et
al., 1997). FEM has been used to simulate complex structures such as
ribbed plates (Barrette et al., 2000; Mejdi & Atalla, 2010), sandwich
panels (D’Alessandro et al., 2013; Franco et al., 2007) and timber floors
(Kohrmann, 2017; Negreira et al., 2016).

The sound field radiated by a vibrating floor can be quantified us-
ing energy-based and wave-based approaches. Geometrical acoustics
methods, commonly used for predicting the sound field in a room, have
not been successfully applied in solving structure-borne sound problems.
Energy-based methods, such as statistical energy analysis (SEA), have
been combined with various floor models to predict the sound radiated
by both heavyweight (Cho, 2013; Kim et al., 2018) and lightweight floors
(Bard et al., 2017). The accuracy of SEA is largely dependent on the
overlap of the room modes in the target frequency range; thus, the
method is more suitable for middle and high frequencies (Hopkins, 2012;
Lyon et al., 1995a). Alternatively, the energy-based diffuse field model
has been applied to predict the sound field radiated by a floor (P. Wang
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et al., 2020). The method assumes the acoustic field is randomly diffuse
at medium and high frequencies, such that the sound energy in the room
can be approximated by the direct sound power radiated by the floor
(Lyon et al., 1995a).

The wave-based approaches describe the radiated sound field by solv-
ing the acoustic wave equation. The sound pressure of a rectangular
room responding to a point impact excitation on a floor has been deter-
mined analytically from the sum of the contributions of the room modes
(Sousa & Gibbs, 2011; e Sousa & Gibbs, 2014). For precisely analyzing
the modal behavior of rooms, the acoustic fields have been more com-
monly solved using numerical techniques such as the boundary element
method (BEM) (Bai, 1992; Hargreaves & Cox, 2008) and finite difference
method (FDM) (Hamilton, 2016; Murphy et al., 2014). These methods
can be extended to predict low-frequency impact sound by being com-
bined with floor models. FEM is useful for investigating the details of
the vibro-acoustic interactions between floor and room (Coguenanff et
al., 2017; Negreira et al., 2016). However, for a floor–room system with
complex geometry, a full FEM model can be computationally expensive
at medium and high frequencies (Bernhard, 1996). A coupling between
the finite element model of the floor and the diffusion model of the room
has been applied to more effectively approximate the impact sound field
above 125Hz, and the model has been prove to achieve nearly identical
results as the full finite element method model (E. P. Reynders et al.,
2019; P. Wang et al., 2020).

To provide a fast and accurate evaluation of floor vibration and radi-
ated sound at low frequencies, such that improvement measures can be
studied and optimized computationally, an improved prediction model is
needed.

1.2.3 Measures to reduce floor vibration and impact sound
Studies have been carried out to address the significant problem of low-
frequency impact sound for lightweight floors. Johansson (1995) has
carried out laboratory and field experiments to investigate how impact
sound transmission for frequencies below 100Hz is affected by changes in
the rigidity and weight of the base floor occurring due to measures such as
increasing the top floor layer, changing the type and distance of the joists,
and screwing the top floor layer to the joists. Similar research was carried
out in the Nordic R&D project, Multistory timber frame buildings, which
aimed to develop design recommendations for lightweight floor/ceiling
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systems that would meet the building code requirements. Systematic
summaries of the effects of acoustic measures applied to floors in real
buildings have been presented in research papers (Emms et al., 2006;
Hveem, 1998; Sipari, 2000). Work has also been done to investigate the
effect of vibration damping on floor performance (Sun & Richards, 1985;
Walk & Keller, 2002; Xu et al., 2005). The studies concluded that a
lightweight floor would not have enough mass to perform well without
damping, and that shear friction due to the fill placed in a floor’s air
cavities may contribute to damping of the floor (Xu et al., 2005).

In addition to the approaches of adding stiffness, mass, and damping
to the floor, studies also have investigated other improvement measures
such as soft floor coverings (Scholl & Maysenhölder, 1999), floating floor
systems (Hiramitsu, 2012; Hopkins & Hall, 2006; Masoumi et al., 2018),
raised floor systems (Hiramitsu, 2012; Ueda & Kakehashi, 2004) and re-
silient ceiling systems (Akishita et al., 2004; Davern, 1988). However,
findings indicated that floating floors do not perform well at low frequen-
cies due to weight limitations and that resilient suspended ceilings also
perform poorly at low frequencies due to their fundamental resonance
(Hveem, 1998). Sipari (2000) produced a figure (Figure 1.2) showing the
features of impact sound of lightweight floors and the frequency ranges
in which traditional measures can improve the acoustic performance of
the floors.

Figure 1.2: Impact sound insulation of a timber lightweight floor compared to a concrete
floor and areas where certain resilient aspects of the floor design will change its performance
(after Sipari, 2000).
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In 1909, Frahm found that a dynamic vibration absorber (DVA), also
called a tuned mass damper, was effective at reducing the vibrations of
a mechanical system (Frahm, 1911). By tuning the natural frequency
to be in resonance with the fundamental mode of the primary structure,
a DVA can absorb and dissipate a large amount of the vibration en-
ergy. For a continuous primary structure with multiple natural modes,
such as a beam or a plate, the use of multiple DVAs was found to be
more effective than a single DVA in achieving robust, broadband, and
considerable vibration reduction (Abé & Fujino, 1994; Hwang et al.,
2011; Jangid, 1995). The application of DVAs can be found in various
engineering areas, for example, aircraft cabin noise reduction (Elias &
Matsagar, 2017; Huang & Chen, 2000), vibration control for long-span
bridges (Alhassan et al., 2020; J. Wang et al., 2003), and vibration en-
ergy dissipation for machinery (W. Ma et al., 2022; Rashid & Nicolescu,
2008). In the building engineering field, the DVA method was first ap-
plied to dissipate wind- (J. M. W. Brownjohn et al., 2010; M.-Y. Liu et
al., 2008; Tanaka & Mak, 1983) and earthquake-induced vibrations in
buildings (Housner et al., 1997; Li & Liu, 2003; K. K. Wong & Johnson,
2009). Applications for reducing vibrations caused by people walking or
machinery have been increasingly studied to enhance the serviceability
of floor systems and meet the vibration requirements for the building
(Ebrahimpour & Sack, 2005; K. Liu et al., 2021; Rahimi et al., 2020).

Lightweight floors have a more severe impact sound problem at low
frequencies. Due to the low load-bearing capacity of such floors, heavy
improvement measures are impractical. Instead, the DVA approach has
the potential to be effective at reducing low-frequency vibration and
thus the impact sound performance of lightweight floors. Therefore, it
is desirable to explore a prediction method to investigate the effect of
DVAs on the vibration of floors and develop an optimization procedure to
obtain the optimal parameters of DVAs to maximize their performance.

1.3 Thesis objectives and main contributions
The subject of this research is the lightweight joist floor as applied in res-
idential buildings. The work centers on their vibration and impact sound
performance in the low-frequency range up to 200Hz. The study charac-
terizes the low-frequency impact sound insulation through experiments
and simulations to facilitate the quantification of acoustic improvement
measures for these floors. The objectives of this PhD project are as
follows:
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1. To propose an improved experimental method to characterize the im-
pact sound insulation of a lightweight joist floor below 200Hz (Chap-
ter 2),

2. To develop a fast prediction model allowing accurate evaluation of the
vibro-acoustic performance of a joist floor (Chapter 3),

3. To examine the effectiveness of multiple dynamic vibration absorbers
(DVAs) as a measure of reducing low-frequency vibration of a joist
floor (Chapter 4 and 5).

The main contributions of this dissertation are as follows.

(i) The vibration and impact sound performance of a lightweight joist
floor are measured using the impact force of a heel drop for the first
time. The acoustic performance of the joist floor is characterized by
transfer functions with respect to the impact forces. Measurements are
also done on the joist floor with a floating floor and with a standing
person to investigate their effects on the impact sound performance of
the lightweight joist floor.

(ii) Dickow’s analytical model (Dickow et al., 2013) is applied and de-
veloped in the study to predict the low-frequency vibration of a lightweight
wooden joist floor. The model is extended to simulate the vibration of
a joist floor with a floating floor system or with a standing person. For
analysis of the impact sound field in the room, a hybrid model combining
the BEM room model and the analytical floor model is used to quickly
and efficiently simulate the sound radiated from the vibrating joist floor.

(iii) The use of multiple DVAs to control the low-frequency vibration
of a lightweight joist structure is studied, and an optimization procedure
is proposed to optimize the DVAs. The performance of multiple DVAs is
evaluated by calculating the vibration energy of the joist floor using the
analytical model in Chapter 3. Unlike previous DVA research, the opti-
mization considered in this study does not focus on a single natural mode
but aims to reduce vibration over a wide frequency range. In addition to
the DVA parameters commonly addressed in optimization research (i.e.,
natural frequency, spring constant, and damping), the positions of the
DVAs are also considered in this study.

1.4 Outline of the thesis and related publications
In Chapter 2, the low-frequency vibration and impact sound of a lightweight
wooden joist floor are measured in the laboratory. Two types of impact
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sources (impact hammer and heel drop) are used in the measurement. To
characterize the low-frequency impact sound problem of the lightweight
joist floor, the natural modes of the floor are observed and the transfer
functions of the vibration and the impact sound to the impact force are
measured. In addition, an impact force plate (IFP) is constructed to
measure the input force of a heel-drop excitation. As a commonly used
measure to improve the impact sound insulation, a concrete floating floor
is built on the joist floor, and its low-frequency vibrations and impact
sound are also characterized with two types of impact sources. Addition-
ally, as body weight is an important factor in occupant-induced heavy
impacts, the effect of body weight on the low-frequency response of the
floor and room is also analyzed. The work presented in this chapter is
based on the following journal article:

• Qin, Y., Tan, J. J., and Hornikx, M. (2020). Experimental in-
vestigation of the low-frequency impact sound transfer function of
lightweight wooden floors via heel drops. Acta Acustica, 4 (6), 23.

In Chapter 3, an analytical model computing the bending motion of
a ribbed plate is applied in the research to predict the low-frequency
vibration of a lightweight joist floor. Extensions are made to the model
to adapt the prediction for a real wooden joist floor. The model is
then extended to calculate the vibration of the joist floor with a floating
floor system or with a standing person and combined with a BEM room
model to simulate the impact sound radiated from the joist floor. The
models are systematically validated with finite element models solving
different theories. Finally, the predicted results are compared with the
experimental results in Chapter 2. The following articles are based on
the work presented in this chapter:

• Qin, Y., Hornikx, M., Bron, S., and Koopman, A. (2017). Labo-
ratory experiments and modal model of impact sound transmission
through a lightweight wooden floor. In 24th International Congress
on Sound and Vibration (ICSV 2017), London, UK.

• Qin, Y., Tan, J. J., and Hornikx, M. A hybrid analytical/BEM
model for low-frequency impact sound through light-weight joist floors.
Journal article manuscript in preparation for submission.

In Chapter 4, the effect of multiple DVAs on the vibration of a lightweight
joist floor is investigated both numerically and experimentally. A wood-
based scaled joist structure carrying multiple steel spring–mass resonators
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is applied in the experiment. The analytical model of the joist floor in
Chapter 3 is combined with multiple single degree of freedom (SDOF) vi-
brating systems to predict the effects of the DVAs. The predicted results
are compared with the experimental results to evaluate the applicabil-
ity of the analytical model in predicting the effects of the DVAs. The
following articles are based on the work presented in this chapter:

• Qin, Y., Tan, J. J., and Hornikx, M. (2021). Reduction of low-
frequency vibration of joist floor structures by multiple dynamic vi-
bration absorbers: comparison of experimental and computational
results. In Euronoise 2021, Madeira, Portugal.

• Qin, Y., Tan, J. J., and Hornikx, M. Application of multiple dy-
namic vibration absorbers in reducing low-frequency vibration of a
lightweight joist floor structure: comparison of experimental and
computational results. Journal article manuscript in preparation for
submission.

In Chapter 5, an optimization procedure based on the genetic algorithm
is used to maximize the performance of DVAs with best-fit parameters,
including natural frequency, damping value, and locations. The ana-
lytical model of the joist floor with multiple SDOF vibration systems,
derived in Chapter 4, is applied to assess the performance of the DVAs.
A case study is used to present the implementation of the optimization
method and compare the performances of the DVAs and other tradi-
tional measures. In addition, some factors influencing the optimization
results are discussed in the chapter. The following articles are based on
the work presented in this chapter:

• Qin, Y., Tan, J. J., and Hornikx, M. (2021). Optimization of multi-
ple dynamic vibration absorbers for reduction of low frequency vibra-
tion of joist floor structures. In Euronoise 2021, Madeira, Portugal.

• Qin, Y., Tan, J. J., and Hornikx, M. Optimization of multiple dy-
namic vibration absorbers to reduce low-frequency impact sound of
lightweight joist floors. Journal article manuscript in preparation for
submission.

In Chapter 6, the results and conclusions drawn from each chapter are
briefly summarized and perspectives for further research are discussed.
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2 Measurements of the transfer function of
low-frequency vibration and impact sound of a
lightweight wooden joist floor

Abstract

The lightweight floor is a popular construction choice in buildings despite
its poor low-frequency impact sound performance. This is exacerbated by
common human activities, such as walking and jumping, that have high
input force levels at low frequencies. Therefore, experimental evaluations
of the low-frequency impact sound performance of a wooden lightweight
floor are of interest to designers and researchers. The aim of this chapter
is to explore the use of heel drop for impact sound transfer measurement.
An impact force plate has been built to accurately measure the heel-drop
forces up to 200 Hz and the performances on two types of floors are
evaluated. The heel drop has a higher energy level at low frequencies,
resulting in higher coherence and signal-to-noise ratio and hence superior
performance in characterizing the floors in the frequency range of below
63 Hz when compared to the impact hammer. Interestingly, in the case of
a heel-drop excitation, the first natural frequencies of the floor decrease.
It is in contrast to when a human is simply standing on it, which resulted
in an increase of the natural frequencies upon impact hammer excitation.

2.1 Introduction

Lightweight wooden floors (LWF) have poor sound insulation in the low-
frequency range (<200Hz) due to their light weight and low rigidity
(Johansson, 1995; Sipari, 2000). Unfortunately, most of the real-life im-
pacts induced by human activities, like walking and jumping, have a
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large amount of energy at such frequencies. This could lead to noise an-
noyance for occupants living in wooden-based houses (Amiryarahmadi et
al., 2016; Blazier & DuPree, 1994; Sipari, 2000) and the low-frequency
impact sound of LWFs remains a major concern for consumers and re-
searchers (Chung et al., 2005; Ingelaere, 2012; Hopkins, 2012).

In the low-frequency range, both the floor and the room have sev-
eral natural modes dominating their responses (Labonnote et al., 2015;
Sousa & Gibbs, 2011). One popular method to understand the low-
frequency behavior of LWFs is experimental modal analysis (Ingelaere,
2012; Schwarz & Richardson, 1999), i.e. the floor is excited by an im-
pact hammer or a shaker with known amplitude and is characterized
via transfer functions. The results of the transfer function provide the
magnitude and the phase of the floor’s responses over a frequency range
and indicates the natural modes that behave sensitively to excitations
(Ingelaere, 2012). Based on that, further studies on reducing the impact
disturbance or optimizing the floor design can be carried out, such as by
comparing prediction models and modal analysis method (Chung et al.,
2005; Sousa & Gibbs, 2011).

However, experimental modal analysis were not amply extended to the
impact sound field. Most of the studies on impact sound are based on
the measurement of sound pressure levels excited by the standard impact
sources, e.g. the ISO tapping machine and rubber ball (Hopkins, 2012;
Johansson, 1995). This provides a way to compare the performances of
various floors, but it does not intuitively reflect the ability of a structure
to radiate sound as the force level is included in this value (Hopkins,
2012; Johansson, 1995). In comparison, the transfer function allows
a evaluation on the behavior of a floor-room system, and provides a
convenient way to investigate the sensitivity of the floor-room system to
generate noise at low frequencies (Schöpfer et al., 2017b; Sousa & Gibbs,
2011).

The conventional impact sources for floor modal testing, e.g. impact
hammer and shaker, have been applied in the measurement of structure-
borne sound in buildings (Schöpfer et al., 2017b). The use of the latter
assures high-quality modal tests, while the former allows convenient in-
situ floor structure measurements (Reynolds & Pavic, 2000). However,
the sound generated by these sources tends to have a low signal-to-noise
ratio in the low-frequency range (Schöpfer et al., 2017b). Moreover,
they cannot provide an acoustical scenario close to those given by the
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human activities (Folz & Foschi, 1991; Sipari, 2000), as the floor responds
differently due to its interaction with humans.

On the other hand, human-induced impacts, such as the heel drop,
gives a higher excitation level at low frequencies and resembles the floor-
occupant situation in real life, as has been explored in researches on the
low-frequency response of floor structures (Folz & Foschi, 1991; Ingelaere,
2012; Schanda et al., 2018). With the assistance of a force plate mea-
surement device, the forces of heel-drop impacts can be measured during
response testing, which makes the calculation of transfer functions pos-
sible. Currently, this method has been explored in a measurement of
the floor mobility as an alternative method to evaluate the floor vibra-
tional performance for engineering purposes (Ingelaere, 2012). However,
the work failed to include the effects of heel drop in terms of transfer
function.

In this Chapter, the low-frequency modal behavior of a LWF-room
system is studied. As a commonly-used measure to improve the impact
sound insulation, a concrete floating floor (CFF) was built on the LWF
and the response function of the coupled structure was also investigated.
The two objectives of this Chapter are as follows: 1) to experimentally
investigate impact sound performance of LWF and LWF+CFF by means
of transfer function instead of sound pressure and 2) to investigate the
heel-drop test as an improved method, compared to traditional impact-
hammer excitation methods, for the impact-sound transfer-function mea-
surement on lightweight floors. To achieve these two objectives, two
types of impact sources, the impact hammer and the heel drop, were
used. Additionally, the effect of the human body weight on the natural
mode behavior of the floor and the room were also analyzed.

The Chapter is organized as follows. Section 2 describes the experi-
ment and the impact force plate device used for heel drop measurement.
Section 3 presents the results of transfer function measurements on the
floor. The results are discussed in section 4 and conclusions can be found
in section 5.

2.2 Experimental setup of the impact-sound
transfer function of wooden floor

2.2.1 Test floor construction
A 3.35 x 3.35m wooden floor was constructed and installed as the ceil-
ing of the acoustic transmission suite in the Eindhoven University of

Page 15



Measurement of the transfer function of lightweight wooden joist floor

Technology as shown in Figure 2.1.

(a) Experimental setup in the transmission room (b) Dimension of the transmission room

Figure 2.1: Transmission room (98m3) at Technology University of Eindhoven.

The lightweight wooden floor was built according to the reference
floor C2 as specified in ISO 10140-5. The top surface of the floor is made
up of six pieces of plywood plates, and they are mainly supported by 7
spruce joists with a height of 190 mm and a width of 45 mm along one
direction. The joists were spaced with an equal distance of 413 mm (see
Figure 2.2a). The top plates are joined by ‘tongue and groove’ connec-
tions and are secured to the joists with nails (25 nails/m). The whole
floor is supported on four edges by the joists with the same dimension as
the 7 joists in the middle. All edge joists are resting on a concrete floor
with a thickness of 340 mm.

The second investigated floor is a concrete floating floor that is built
on top of the aforementioned wooden floor. It is first made up of a 30
mm thick continuous rock wool resilient layer and on top of it a 60mm-
thick concrete layer, as shown in Figure 2.2b . These two layers cover the
surface area of the wooden floor completely. The floating floor is termi-
nated with elastic foam at its edges to minimize vibration transmission
from the concrete plate to the wooden floor. The material properties of
these two floors are summarized in Table 2.1. The material properties
of the wood and concrete were characterized via modal testing on the
materials with an impact hammer. The properties of the rock wool were
obtained from the product specification.

Page 16



Measurement of the transfer function of lightweight wooden joist floor

C
h

a
p

te
r

2

(a) LWF (b) LWF+CFF

Figure 2.2: Cross sections of the floor investigated. Dimensions in mm.

Table 2.1: Material properties of the floors.

Components
Wooden base floor Floating floor

Plate Joist Floating

plate

Resilient

layer

Material Plywood Spruce Concrete Rock wool
Average density (kg/m3) 520 430 2080 100

Modulus of elasticity (GPa) 4.6 9.3 27.9 -
Stiffness (MN/m3) - - - 11

2.2.2 Experimental devices

The measurement setup can be divided into two parts. First, the vibra-
tion of the floors is measured by 12 accelerometers (PCB 333B30); and
secondly, the sound pressure in the receiving chamber is measured by
4 microphones (PCB 378B02) with their positions shown in Figure 2.3.
The microphones 1 and 2 are placed close to the corners of the room at
the height of 1.25 and 1.5 meters; microphone 3 and microphone 4 are
placed under the floor at height of 1.75 and 2 meters. Two impact po-
sitions (one joist excitation and one inter-joist excitation) are chosen at
the place that can excite the modes at low frequencies. To complement
that, accelerometers are distributed along the x- and y-direction of the
impact position to not only measure the responses but at the same time
to identify the mode shapes of the floor along two directions. To observe
the behaviors of different floor modes, 4 accelerometer positions are cho-
sen alongside the impact position to present the floor response and their
positions are set more than 0.7 m apart from the impact position to
minimize the effect of the impact.

Two types of impact sources are used: an impact hammer (BK 8202)
with a rubber tip and the heel drop given by a human. The experimenter
who performs the heel drop excitation has a bodyweight of 80 kg, while
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(a)

(b)

Figure 2.3: Top view of the room (a) and the floor (b), and positions of the source and
receivers.

the measurement of the body load effect (section 2.4) was performed with
a standing experimenter of 72 kg. Careful considerations were given such
that impact point or the gravity center of the human lies either on the
joist or in the midpoint between 2 joists. To avoid that the accelerometer
and the impact are at the same locations (driving-point measurement
with hammer impacts in the sections 2.3.1 and 2.3.2, the receiver is
placed around 1cm away from the impact positions instead.

The signals were captured by a National-Instruments acquisition sys-
tem (NI 9234 and cDAQ-9178) for 7 seconds with a sampling frequency of
51200Hz, and then the fast Fourier transform (FFT) was used to process
the full signal with a rectangular window in Matlab up to 25.6 kHz.

Impact force plate (IFP)

To characterize and measure the forces exerted in a heel drop excitation,
an impact force plate was fabricated with the design shown in Figure 2.4.
The design and fabrication of the IFP are mainly due to the lack of exist-
ing devices capable of measuring the forces induced by a heel drop. The
device has three force sensors (PCB 201B03) sandwiched by two trian-
gular plates (2 mm aluminum + 26 mm PVC foam + 2 mm aluminum)
as shown in Figure 2.5.

It is constructed to provide rigidity, lightweight (7.4kg) and the de-
sired vibrational properties. Specific attention has been given in assuring
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that the IFP’s own first mode is higher than 250Hz, making it suitable
for measurements below 200 Hz. The size of the plate is assumed to be
much smaller than the bending wave length in the wood material in the
interested frequency range, such that the forces transmitted through the
device can properly represent the point impact forces inserted by the hu-
man body into the floor. The device can be operated by simply placing
it on top of the test floor. An illustration is given on the top plate to
assist the placement of the experimenter to minimize the variance in the
actual excitation position in repeating excitations.

Figure 2.4: Impact force plate and heel-drop measurement

Figure 2.5: Schematic and cross section of the impact force plate

The IFP is calibrated by exciting it for 12 times with an impact ham-
mer and comparing the input hammer force to the output force, i.e. the
summed forces for all 3 transducers. The ratios of the root-mean-square
values of the output forces (IFP) to that of the input forces (impact
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hammer) are calculated for the one-third-octave bands from 16 to 200
Hz, as shown in Figure 2.6. The IFP is placed on a 300 mm thick con-
crete floor during the calibration process to minimize the influence of
floor vibrations on the measured input force. A ratio of 1.72, determined
by comparing the energies of the output and input forces below 160Hz,
was used as the calibration factor of the IFP. For 200 Hz, the IFP still
responds linearly against hammer forces but with a higher output-input
ratio, as affected by its first mode at 315 Hz. However, to make the anal-
ysis simpler, the ratio of 1.72 is used and caution needs to be considered
when analyzing results close to 200 Hz. In that regard, the input force
would be underestimated and hence the transfer function overestimated.

The calibration exercise is further extended by exciting the IFP with
free-falling basketball of variable heights. The basketball was let free
from the heights of 20, 40, 60, 80 and 100 cm with reference to the IFP.
The average impact forces, Fpred were calculated via Equation 2.1 from
the impulse-momentum theorem, where m is the basketball mass, h0 is
the descending height, rb is the bounce height ratio and ∆t is the impact
time (around 0.0105 seconds) measured by IFP; then compared with
the RMS force measured by the IFP as shown in Figure 2.7. The IFP-
measured force displays linear proportionality to the calculated force,
showing that IFP responds linearly even when forces larger than the
hammer are applied.

Fpred =
m(1 +

√
rb)
√

2gh0

∆t
, (2.1)

2.2.3 Data processing method
For each measurement setup, the data are first collected as time signals
before they are transformed to the frequency domain values via FFT,
including the impact force Fe, acceleration a, and sound pressure p. In
the frequency domain, the velocity and displacement of the floor are
retrieved from the relationship that v = a/(jω)and w = a/(jω)2. The
floor mobility Y and the impact sound pressure transfer function HP are
performed by Equation 2.2, with each of v, p and F being averaged over
6 measurements and for all measurement points.

Y = v/Fe, (2.2a)

HP = p/Fe. (2.2b)
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The results of the impact-sound transfer function are also described
in term of one-third-octave band level. First, the sound pressure level
LPr,s,n are calculated for each measured output signals with a reference
pressure of 2× 10−5 Pa. The subscript r, s and n represent the receiver
position, impact position and the number of measurements, respectively.
Similarly, the impact force level LFs,n is calculated for the input signals
with a reference value of 1 N, and the transfer function levels of the
impact sound DPr,s,n are defined by:

DPr,s,n = LPr,s,n − LFs,n. (2.3)

Then, the receiver-average transfer function level, Dps,n, from R po-

Figure 2.6: Ratios between the forces measured by IFP and impact-hammer for one-third-
octave bands.
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Figure 2.7: Comparison between calculated and measured basketball-dropping impact forces.
Shaded area shows the confidential intervals of the measurements.
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sitions is given by:

DPs,n = 10log10

(∑R
r=1 100.1DPr,s,n

R

)
. (2.4)

Lastly, the transfer function levels are averaged over S excitation po-
sitions and N measurements:

DPavr = 20log10

(∑S
s=1

∑N
n=1 100.05DPs,n

S ×N

)
. (2.5)

2.3 Result: The vibration and impact sound of the
test floor structure

The vibration of the two types of floors presented in Section 2.2.1 is first
characterized by an impact hammer. The operational deflection shapes
of the lightweight wooden floor with and without the concrete floating
floor (abbreviated as LWF+CFF and LWF respectively) are inspected to
provide a baseline to subsequent more complex measurements. During
this measurement, the experimenter is not present on the test floor.

2.3.1 Lightweight wooden floor (LWF)

Figure 2.8 shows the displacement of the plate normalized to the force
measured (a) perpendicular to the joists over 17 points and (b) along the
joists over 9 points. The accelerometers are evenly spaced and placed
on the top surface along the lines (a) y = 0.84m and (b) x = 1.26m
respectively, and the impact position is at the intersection of the two
lines as shown in Figure 2.3. In Figure 2.8a, the first few modes are
clearly identified at 30, 34, 37, 46 and 52Hz respectively with an increas-
ing number of peaks along the x-direction. These modes are denoted as
the (1,1), (2,1), (3,1), (4,1) and (5,1) modes respectively, where (m,n)
indicates that the mode has a mode number m along x-direction and n
along y-direction. The numbering order of the modes follows the meth-
ods in (Gardonio & Elliott, 1998). The frequencies of the mode were
first identified by observing the amplitude and the phase shift of the
signals (Avitabile, 2017). The mode shape and the boundary conditions
were then determined visually. The first mode with two peaks in the y-
direction is identified at around 96 Hz as shown in Figure 2.8b. However,
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this would essentially be the (4,2) mode, which has a mode shape with 4
peaks in the x-direction. The other modes, namely (1,2), (2,2) and (3,2)
are likely to be obscured by the other aforementioned modes. Neverthe-
less, comparing the frequencies of (4,2) and (2,1) modes shows that the
mode number along the y direction increases slower than that along the
x direction. One can tell that the joists provide a large stiffness to the
lightweight floor along the y direction. Overall, all identified deflection
shapes indicate that the setup exhibits a simply-supported boundary
condition, as displacements approach zero at the boundaries.

(a) Direction perpendicular the joist

(b) Direction along the joist

Figure 2.8: Vibrations and deflection shapes of LWF.

2.3.2 Lightweight wooden floor with concrete floating floor
(LWF+CFF)

For the LWF+CFF, the accelerometers are directly attached on top of
the concrete floating floor as well as to the bottom surface. Due to the
configuration at the boundaries of the bottom surface, the two points at
both ends along x-direction cannot be measured from the bottom. For
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the accelerometer positions that would coincide with the joists, these
accelerometers are attached directly to the bottom flooring as close to
the joist as possible, instead of at the bottom of the joist. The amplitudes
of the displacements normalized to the force are shown in Figure 2.9.

Due to the mass added by the concrete plate onto the LWF, the new
coupled floor system has a first mode around 19Hz instead of 30Hz. The
five identified modes and their corresponding deflection shapes are sum-
marized in Table 2.2. One can see that the measurements at the concrete
floating layer exhibit mostly free boundary condition due to the presence
of the elastic layer. Additionally, the LWF follows the vibrational pat-
terns of the upper layer due to the heavy mass of the latter, especially
in the direction across the joists (x-direction in Figure 2.9a). In this
direction, the lightweight joist structure has a lower stiffness compared
to the other direction and as a result the vibrations of both layers have
similar amplitudes. In any case, the experimental results illustrate the
complexity of the coupled LWF+CFF system which can only be resolved
in future investigation.

Table 2.2: Deflection shapes of LWF+CFF.

Mode Frequency (Hz)
LWF+CFF

Wooden

base floor

Concrete

floating layer

1 19 (1s∗,1s) (1s,1s)
2 28 (0f ,1s) (0f ,1s)
3 40 (1s∗,2s) (1s,0f)
4 110 (1f ,1s) (1f ,1f)
5 200 (2f ,2s) (2f ,3f)

(m,n) indicates the modal number for simply-support or free boundary conditions (Gardonio &
Elliott, 1998). m represents the x direction and n represents the y direction. The suffixes s and f
are added to indicate the mode shape that corresponds to the simply supported and free boundary
conditions respectively. The asterisk ∗ indicates that the mode does not show a clear boundary
condition but was instead assigned the most probable boundary condition.

2.3.3 Joist and inter-joist excitation
On lightweight floor structures, a significant difference could be found in
the driving-point mobility between the measurements at joist and inter-
joist positions (Schöpfer et al., 2017b; Mayr & Gibbs, 2011). This is
also observed in current work, as shown in Figure 2.10a, affecting only
the LWF but hardly the LWF+CFF (see the impact positions in Fig-
ure 2.3). On the other hand, this discrepancy between the joist and
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(a) Direction perpendicular to the joists

(b) Direction along the joists

Figure 2.9: Vibrations and deflection shapes of LWF+CFF.
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inter-joist excitation is less pronounced in the transfer mobility and im-
pact sound transfer function as shown in Figure 2.10 and 2.11. For these
two parameters, obvious deviations are only observed from 160Hz on-
ward. In the following measurements, the results for the comparison are
averaged over both the joist and inter-joist excitations in order to give
the consideration on both types of excitation.
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(a) Driving-point mobility.
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(b) Transfer mobility. The impact and receiver positions are shown in Figure 2.3.

Figure 2.10: Floor mobilities for joist and inter-joist excitation. The driving point mobility
of infinite ribbed plate is calculated based on the method proposed in Section 3(g), Chapter
IV of (Cremer et al., n.d.).
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Figure 2.11: Sound pressure level normalized to impact force.

2.4 Result: The effect of body load on transfer
function

The LWF and LWF+CFF are excited by the modal hammer while a 72
kg experimenter is standing upright on them close to the impact position.
Figure 2.12 shows the transfer mobility when both types of flooring are
excited by the hammer with and without a human standing upright on
them. Two observations can be made on the effect of the body load on
the LWF. First, the body load acts as a source of attenuation, reducing
the mobility level by around 10 dB across the whole frequency range
of interest. Secondly, the first four modes of the LWF increase in their
frequencies by an average of 2Hz. This result is consistent with other
literature findings (Zhang et al., 2017; Ellis et al., 1997), indicating a
potential increase in the damping and stiffness of a coupled floor-human
system in the interested frequency range compared to the floor-only sys-
tem. On the LWF+CFF, due to the increased mass by the concrete
layer, neither attenuation nor a mode shift can be observed despite the
presence of a body load.

Similar results are also observed in the measured impact sound pres-
sure as shown in Figure 2.13. An attenuation around 10 dB and upwards
shifts of the natural frequencies are both observed in the LWF measure-
ment and expectedly, only the floor modes (and not the room modes)
are affected. As for the LWF+CFF, due to resonance between the floor
and room mode the impact sound level is high around 26 Hz. Otherwise,
the presence of the body load does not cause any changes on the coupled
floor.
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Figure 2.12: Transfer mobility of both LWF and LWF+CFF with and without human body
load. The impact and receiver positions are shown in Figure 2.3.
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Figure 2.13: Impact sound transfer function of both LWF and LWF+CFF with and without
human body load. The impact and receiver positions are shown in Figure 2.3.

2.5 Result: Measurement with heel drop
excitation and impact force plate

The frequency spectra of the heel drop on both floors, as measured by the
IFP, are shown in Figure 2.14 together with the spectra from the impact
hammer. Differences are observed for both excitation types on both types
of floorings, due to the different mobility ratios between the source and
the structure. More importantly, while the hammer expectedly yields
a rather flat response in the considered frequency range, the heel drop
displays a sloped response, with low frequencies reaching up to a 40dB
higher force than the hammer excitation.

Figure 2.15 shows the transfer mobility responses of both types of
floors as excited by both impact hammer and heel drop. Comparing
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the two methods, the excitation via heel drop results in an up-to 10
dB attenuation in the whole inspected frequency range and a decrease
of the natural frequencies for both types of floors. For instance, for
LWF, the modes at 30, 34 and 37 Hz have been shifted to 28, 32 and
36Hz respectively. The same effect is also observed for the modes of
LWF+CFF, for example, at 28 Hz and 40 Hz.
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Figure 2.14: Impact force given by impact hammer and heel drop on both LWF and
LWF+CFF.
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Figure 2.15: Transfer mobilities of both LWF and LWF+CFF when excited by impact
hammer and heel drop. The impact and receiver positions are shown in Figure 2.3.

Figure 2.16 shows the transmitted impact sound normalized by the
respective input forces of both excitations and floor types. While the
transfer mobility of the floor demonstrates attenuation when comparing
the heel drop to impact hammer excitation, the same attenuation is not
observed for transmitted sound into the room below the floor. The eigen
frequencies of the floors are still shifted but not for the room modes at
26, 36 and 49 Hz. These room modes were identified via COMSOL simu-
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Figure 2.16: Impact sound transfer function of both LWF and LWF+CFF when excited by
impact hammer and heel drop. The impact and receiver positions are shown in Figure 2.3.
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Figure 2.17: One-third-octave-band level of the impact sound normalized to force. The
impact and receiver positions are shown in Figure 2.3.

lations. The impact sound transfer function is also compared in terms of
one-third-octave band. The two excitation methods exhibit similar pat-
terns within the frequency range of interest. Nonetheless, a difference of
up-to 6 dB can be found in some bands due to the attenuation of vibra-
tion and the shifts of the natural frequencies, e.g. for the LWF+CFF
below 50 Hz.

Interestingly, the result of the heel-drop test is in contrast with that
when the floors are excited with the presence of a standing human (see
Figure 2.12 and 2.15). This difference might be attributed to the dy-
namic characteristics of the human body which vary depending on the
type of motion (Folz & Foschi, 1991). Nevertheless, both types of body
movements, standing and providing intensive heel drops, reduce the floor
vibration and shift the natural modes but do not change the acoustic re-
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(a) Coherence of the floor mobility measurements.
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(b) Signal-to-noise ratio of the impact sound measurements in the receiving room.

Figure 2.18: Coherence and Signal-to-noise ratio of the measurements.

sponse of the room modes.

2.6 Discussion

The suitability of the heel drop excitation as a source for impact sound
measurements can be discussed based on the transmitted sound to the
room below the floor systems. As shown in Figure 2.16 and 2.17 where
the response of heel drop is very similar to the impact hammer except
for the floor mode shift due to human presence.

To further demonstrate the capability of heel drop excitation, the
coherence and signal-to-noise ratio (SNR) are shown in Figure 18a and
18b respectively. Compared to impact hammer excitation, heel drop
appears to be disadvantageous only from 80 Hz onwards in terms of
coherence (Coherence values lower than 0.75 are commonly considered
poor for floor response tests (Ingelaere, 2012)), and 125 Hz onwards in
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terms of SNR for the LWF+CFF. However, it demonstrates superior
performance in the low frequency range (below 40 Hz). Taking both its
advantages and disadvantages into account, the gain in low frequency is
worth the trade-off for the slightly worse but still acceptable performance
at the higher frequency. This suggests that heel drop excitation can be
an excellent tool for the frequency range of below 40 Hz and is worth
consideration for future investigations that require high coherence and
SNR value at those frequency ranges.

On a side note, the use of the transfer function in the impact sound
analysis (as shown in Figure 2.16) also offers a view on how the LWF
experiencing the reduction of the mobility due to the floating layer. The
floating concrete panel shifts the LWF natural frequencies and reduces
the vibration up to 20 dB with the only exception at 26 Hz. At 26 Hz, a
strong resonance between the floor mode and the room mode happens,
remaining the same level of transferred impact sound for the LWF+CFF
as the LWF. This indicates avoiding the resonance between the floor and
the room is crucial when applying a floating system on a lightweight floor
to improve the low-frequency impact sound for a specific room.

2.7 Conclusions

The vibrational behaviors of LWF and LWF+CFF floors are measured
by means of transfer functions. The low-frequency vibration of the LWF
is dominated by the natural mode behaviors due to a simply-supported
boundary condition. When the CFF layer is added on top of the LWF,
both layers exhibit a mixture of the simply-supported and free conditions.

An impact force plate (IFP) has been constructed to measure the
input forces using a heel drop excitation. The device allows the use of the
transfer function technique to characterize the floors and demonstrates
linearity in the frequency range of interest (<200 Hz). Comparing the
impact hammer and heel drop excitation, the former has a flat frequency
response while the latter has higher energy in the low frequencies, which
gives a better SNR below 63 Hz. This suggests that the use of heel drop
excitation is comparable to using an impact hammer in identifying the
impact sound and thus evaluating the impact sound performance of the
floor via the transfer function.

When the LWF is under a load of a standing human, the vibration
of the floor is reduced and the natural frequencies increase. If a human
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performs a heel drop excitation, the LWF behaves differently such that
the damping increases, and the natural frequencies decrease. The two
scenarios show different floor responses due to the different interactions
between the human and the floor. However, in any case, the natural fre-
quencies of the room modes and the amplitude of impact-sound response
function at these room modes do not show obvious changes regardless
of the floor-human interactions. Comparing to the impact-hammer test,
the heel-drop test influences the spectra of the resulting impact-sound
transfer function but does not obviously affect the overall transmitted
sound pressure level in the room.
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3 Prediction of low-frequency vibration and
impact sound insulation of a lightweight joist
floor

Abstract

In this chapter, an analytical model solving the bending waves of a rect-
angular ribbed plate is used to predict the low-frequency vibration of
joist floor systems. The model is based on the modal superposition
method and allows rapid calculation of the low-frequency vibration of a
joist floor with necessary input parameters, such as stiffness, mass, and
dimensions. The model is further extended by including an elastically
supported floating floor system and a standing person to investigate their
effects on the vibration and impact sound performance of a lightweight
joist floor. A boundary element model solving the Helmholtz equation
is applied to model the impact sound radiated by the joist floor. The
predicted results are systematically compared with numerical and ex-
perimental results. The comparisons prove that the model can provide
satisfactory predictions at low frequencies and can be used for further
studies on lightweight joist floor vibration and impact sound.

3.1 Introduction

With the increasing use of lightweight floors in residential buildings, the
acoustic performance of this type of floor has become increasingly more
important (Chung et al., 2005; Ingelaere, 2012). Wooden floors, consist-
ing of floor plates supported by wooden joists, are lighter and less rigid
than concrete floors, leading to higher impact sound and vibration at
low frequencies (Cremer & Heckl, 2013; Hopkins, 2012).
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Prediction models have been developed to investigate the impact
sound performance of floors. The energy-based method of investigat-
ing the impact sound performance of floors (i.e., the statistical-energy-
analysis (SEA) approach), which was developed to approximate the air-
and structure-borne sound insulation of homogeneous heavy floors taking
into consideration the internal damping of the floor and flanking trans-
mission, was extended to wooden-framed lightweight structures (Olsson
& Bolmsvik, 2008; Zegers, 2011). However, this type of method requires
each subsystem to have high modal density and assumes them to be in
diffuse fields, meaning that its accuracy is limited in the low-frequency
range (Craik, 1996; Kropp et al., 1994; Lyon et al., 1995b).

For research in the low-frequency range, numerical methods such
as the finite element method solving the governing partial differential
equations have gained popularity due to the insight they provide into
wave fields and their flexibility in modeling complex structures (e.g.,
lightweight joist floors). Comparison of experimental results with nu-
merical models describing vibrations in building elements and sound ra-
diation indicate that the accuracy of the calculation is highly dependent
on the material properties and boundary conditions used in the models.
(Coguenanff et al., 2017; Negreira et al., 2016; Olsson & Bolmsvik, 2008;
P. Wang, 2019). Wave-based numerical models usually require detailed
three-dimensional meshes to achieve accurate predictions for complex
floor structures, leading to long computational time (Astley, 2007; Sihar
& Hornikx, 2019). Therefore, such models are more useful for inves-
tigating the details of a particular vibro-acoustic problem rather than
performing a large volume of repetitive computational work (Olsson &
Bolmsvik, 2008; P. Wang, 2019).

The vibrations of joist floors have also been computed analytically.
For an infinite ribbed plate, the equation to solve the bending waves
traveling through it has been proposed by simplifying the structure as
an orthotropic plate whose flexural rigidity varies with direction (Cremer
et al., n.d.; Gunda et al., 1998). In contrast, Brunskog’s model allows
the plate and the beams to be made of different materials and solves the
bending waves in the plate and beams using the spatial Fourier trans-
form method (Brunskog & Hammer, 2003). By coupling the bending
wave motions of the plate and the beams at the positions of the beams,
the vibration of the joist floor can be calculated as a summation of many
harmonic waves with different wavelengths. For finite rectangular joist
floors, the Fourier expansion method was developed based on the as-
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sumptions that both the plate and the beams have simply-supported
boundary conditions, and that their vibrations are represented by the
natural modes (Brunskog & Chung, 2011; Dickow et al., 2013). These
analytical models are simplified, but comparisons with measurement re-
sults show that they can capture essential features of the vibrations in
real joist floors (Brunskog & Hammer, 2003; Chung & Emms, 2008).

Sound fields radiated from floors have also been calculated analyt-
ically and numerically. The Rayleigh integral method has been used
frequently to estimate the free-field sound pressure radiated from a ran-
domly shaped panel (Mast & Yu, 2005). For a sound field in a rectangu-
lar room, equations and models were derived by Kihlman (1967) based
on the modal superposition method. The models have been applied in
combination with analytical models for rectangular floors to calculate
the impact sound generated by a point force e Sousa and Gibbs (2014);
Sousa and Gibbs (2011). Numerical methods applied to solve governing
partial differential equations, such as the finite element and boundary
element methods (Astley, 2007; Cipriano et al., 2015), provide in-depth
analysis into the influence of the geometries of the floor and the room
and their boundary conditions and, therefore, have gained popularity
in studies of impact sound problems at low frequencies (Kirkup, 2019;
Kopuz & Lalor, 1995).

This chapter aims to develop an efficient and accurate model to pre-
dict the vibration and impact sound performance of a joist floor in the
low-frequency range. An analytical model of the ribbed plate Dickow et
al. (2013) will be applied due to its capability for fast computation of
low-frequency bending wave vibrations of a ribbed plate, which will al-
low parameter studies for the joist floor to be undertaken in future work.
The model will also be developed to predict the vibration of the joist
floor coupled with a continuous elastically supported floating floor sys-
tem. A boundary element model will be built to calculate the sound field
radiated by the joist floor using the results computed by the analytical
floor model. The predicted results will be validated both numerically,
by the finite element method solving the appropriate partial differential
equations, and experimentally, by laboratory measurement results from
Chapter 2.

This chapter consists of 7 sections. Section 3.2 describes the pre-
diction of the vibration field of a joist floor. Section 3.3 presents the
prediction model extended to include a floating floor system, while Sec-
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tion 3.4 further develops the joist floor model by including a standing
person. The prediction of the radiated sound field is given in Section
3.5. Finally, discussions and conclusions are presented in Section 3.6
and Section 3.7, respectively.

3.2 Prediction of the vibration of a lightweight
joist floor

3.2.1 Prediction model

Three types of waves propagate in a vibrating floor: quasi-longitudinal
waves, transverse shear waves, and bending waves (Negreira et al., 2016).
Of these three types, bending waves, also called flexural waves, have
the lowest mechanical impedance and thus induce the largest lateral
deformations, dominating the sound radiation field at low frequencies.

This study applies an analytical model solving the bending wave vi-
brations of a rectangular ribbed plate Dickow et al. (2013). The model
is based on the modal superposition method and the Fourier sine series
mode shape functions.

Figure 3.1: Schematic diagram of the model of a rectangular plate with simply-supported
boundaries and ribs parallel to the y-axis.

The model of a lightweight joist floor, illustrated in Figure 3.1, consists
of a plate stiffened by a number of beams that are parallel to the y-axis.
The floor has a dimension of lx × ly and is simply supported along all
four edges.

The model includes the following main components: a. Bending wave
motion of the plate calculated by the Kirchhoff–Love theory. b. Bending
wave motions of the beams calculated by the Timoshenko theory. c.
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Torsional wave motions of the beams. d. Approximation of the moments
of inertia of the beams due to the plate–beam interface connections.

a. Bending wave motion of the plate calculated by the
Kirchhoff–Love theory

The current model uses the Kirchhoff–Love (thin plate) theory to cal-
culate the vibration of the plate of the joist floor. The theory neglects
shear deformation and assumes the cross-section remains flat and per-
pendicular to the neutral axis. Generally, thin plates with a thickness
less than 1/10 of any other of the plate dimensions can satisfy these
assumptions.

The vibration of the plate under a force perpendicular to the floor
plane can then be calculated by:[

Dp

(
∂2

∂x2
+

∂2

∂y2

)2

−mpω
2

]
wp (x, y) = Fe, (3.1)

where Dp = Eph
3
p/12/(1 − ν2) is the bending rigidity and mp = ρphp is

the mass of the plate. Ep is the Young’s modulus, νp is the Poisson ratio,
ρp is the density and hp is the thickness of the plate. ω is the angular
frequency and wp (x, y) are the vertical spatial displacements of the plate
responding to the excitation forces Fe.

According to the modal superposition method, the displacement of
the plate can be expressed in terms of the summation of different modes
as:

wp (x, y) =
N∑
n=1

M∑
m=1

up(m,n)ψm (x)ψn (y) , (3.2)

where up(m,n) is the modal displacement coefficient for mode (m,n). By
assuming a simply-supported boundary condition at all boundaries, the
mode shape functions of the plate, ψm in the x direction and ψn in the
y directions, are given by the Fourier sine series:

ψm (x) =

√
2

lx
sin kmx, ψn (y) =

√
2

ly
sin kny, (3.3)

where km = πm/lx and kn = πn/ly are the wave numbers in the two
directions.
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By applying Equations 3.2 and 3.3 to Equation 3.1, the vibration of
the plate excited by the point force Fe at position (xe, ye) can be written
in the modal form as:[

Dp

(
k2
m + k2

n

)2 − ρphpω2
]
up(m,n) = Feψm (xe)ψn (ye) . (3.4)

Equation 3.19 is then organized in matrix form as:(
Kp −Mpω

2
)
up = F, (3.5)

where the vector of the modal coefficient up and the matrices of stiffness
Kp and mass Mp are arranged as:

up =


up(1,1)

up(2,1)
...

up(M,N)

 , (3.6)

Kp =


. . . 0

Dp (k2
m + k2

n)
2

0
. . .


(MN×MN)

,

Mp =

. . . 0
ρphp

0
. . .


(MN×MN)

,

(3.7)

where M and N are the highest mode numbers truncated in the x and
y directions. The damping of the plate can be introduced by the loss
factor ηp. Hereby, in the stiffness matrix Kp, the bending rigidity Dp is
replaced by Dp (1 + jηp), where j=

√
−1. The coefficient vector of the

impact force F in Equation 3.5 is given by:

F = Fe


...

ψm (xe)ψn (ye)
...


(MN)

. (3.8)

b. Bending wave motions of the beams calculated by the
Timoshenko theory
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The ribbed-plate model from Ref. Dickow et al. (2013) applies the
Euler–Bernoulli beam theory, which employs similar assumptions as the
Kirchhoff–Love theory that the beams are slender and shear deformations
can be neglected (Ghannadiasl & Mortazavi, 2017).

In reality, a beam with a relatively high thickness-to-length ratio de-
forms in the manner shown in Figure 3.2. When subjected to shear
forces, the deformation of the beam’s cross-section does not have to be
perpendicular to the neutral axis. In such cases, the Timoshenko beam
theory should be applied.

Figure 3.2: Deformation of the Timoshenko beam (blue solid line) compared to that of the
Euler–Bernoulli beam (red dashed line).

According to the Timoshenko beam theory, the displacement variables
of a beam along the y direction of the plate, the transverse deflection
wb (y) and the rotation angle of cross-section φb (y) satisfy the coupled
partial differential equations (Weaver Jr et al., 1990):

k′GbAb
∂

∂y

(
∂wb (y)

∂y
− φb (y)

)
= ρbAbω

2wb (y) , (3.9)

EbIb
∂2φ (y)

∂y2
+ k′GbAb

(
∂wb (y)

∂y
− φb (y)

)
= ρbIbω

2φb (y) , (3.10)

where Eb, Ib, ρb, Ab, k
′ and Gb are the Young’s modulus, the second

moment of inertia, density, area of the cross-section, shear correction
factor (a value of 5/6) and shear modulus, respectively.

The general solutions for Equations 3.9 and 3.10 can be expressed as
(C. Wu, 2019; J. Wu, 2013):

wb (y) = A cosh δy +B sinh δy + C cos εy +D sin εy, (3.11)
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φb (y) = aA cosh δy + aB sinh δy − bC cos εy + bD sin εy, (3.12)

where A, B, C and D are the constants to be determined, and:

δ =

√
1

2

(
−α +

√
α2 + 4β4

)
, ε =

√
1

2

(
α +

√
α2 + 4β4

)
, (3.13)

α =
ρbIb

(
1 + Eb

k′Gb

)
ω2

EbIb
, β4 =

ρbAbω
2 − ρ2bIb

k′Gb
ω4

EbIb
, (3.14)

a =
k′GbAbδ

−EbIbδ2 − ρbIbω2 + k′GbAb
, b =

k′GbAbε

EbIbε2 − ρbIbω2 + k′GbAb
.

(3.15)

The simply-supported boundary conditions for the beams can be ex-
pressed by:

wb (0) = A+ C = 0

φ′b (0) = aδA− bδC = 0

wb (ly) = A cosh δly +B sinh δly + C cos εly +D sin εly = 0

φ′b (ly) = aδA cosh δly + aδB sinh δly − bεC cos εly − bεD sin εly = 0,
(3.16)

and organized into matrix form as:
1 0 1 0
aδ 0 −bδ 0

cosh δly sinh δly cos εly sin εly
aδly cosh δly aδ sinh δly −bε cos εly −bε sin εly



A
B
C
D

 = 0. (3.17)

The natural frequencies, ωb,n, are then calculated by solving the equation
of the coefficient matrix:∣∣∣∣∣∣∣∣

1 0 1 0
aδ 0 −bδ 0

cosh δly sinh δly cos εly sin εly
aδly cosh δly aδ sinh δly −bε cos εly −bε sin εly

∣∣∣∣∣∣∣∣ = 0. (3.18)

With the obtained natural frequencies, the modal displacements of the
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beams, ub, can be solved by

ρbAb
(
ω2
b,n − ω2

)
ub(n) = 0, (3.19)

where ub(n) is the nth modal displacement coefficient of the beam.

To couple the bending wave motions of the plate and the beams, the
modal displacements of the sth beam, ub(n,s), are assumed to be the
summation of the plate modal displacements at the beam’s location, xs,
which is expressed by:

ub(n,s) =
M∑
m=1

up(m,n)ψm (xs) . (3.20)

For a total of S beams, the equation can be organized in matrix form as:

ub = J · up, (3.21)

where ub is the vector of the beams’ modal displacement, organized as:

ub =


ub(1,1)

ub(2,1)
...

ub(N,S)

 . (3.22)

and J is a coupling matrix, introduced as:

J =

. . . 0
J0

0
. . .

 , J0 = [ψm (xs)](S×M) , n = 1, 2 · · ·N. (3.23)

Here, Equation 3.5 needs to be rewritten for the joist floor by changing
the subscript to floor:(

Kfloor −Mfloorω
2
)
ufloor = F. (3.24)

The stiffness and mass matrices of the joist floor are assembled as:

Kfloor = Kp + JTKbJ, (3.25)

Mfloor = Mp + JTMbJ, (3.26)
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where Kb and Mb are the diagonal matrices of the bending stiffness and
mass of the beams, respectively, defined by:

Kb =


. . . 0

ω2
b,nρbAb

0
. . .


(NS×NS)

, Mb =

. . . 0
ρbAb

0
. . .


(NS×NS)

.

(3.27)
The loss factor ηb is introduced to account for damping of the vibration of
the beams. The stiffness matrix Kb is hereby replaced by: Kb (1 + jηb).

c. Torsional wave motions of the beams

The torsional wave motions of the beams were considered in the Dickow’s
model (Dickow et al., 2013). When subjected to a torque, the cross-
section of the beam rotates around the beam’s central axis. All points
on the cross-section experience a torsional displacement, ϕb, as shown in
Figure 3.3, which increases with the distance from the beam’s axis.

Figure 3.3: Rotation of the beam’s cross–section by torsional waves.

This torsional displacement can be calculated by (Cremer & Heckl,
2005):

Tr
∂2

∂y2
ϕb (y)−Θrω

2ϕb (y) = 0, (3.28)

where Tr is the effective torsional stiffness and Θr is the mass moment of
inertia per unit length of the beam. ϕb can be expanded by the Fourier
sine series as:

ϕb (y) =
N∑
n=1

urb(n)ψn (y) , (3.29)
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where urb(n) is the nth torsional modal coefficient. The coupling of the
torsional waves between the plate and the sth beam is governed by the
fact that:

ϕb (y, s) =
∂

∂x
wp (xs, y) , (3.30)

which leads to:

urb(n,s) =
M∑
m=1

up(m,n)
∂

∂x
ψm (xs) . (3.31)

For a total of S beams, this equation can be organized into matrix form
as:

ur
b = L · up, (3.32)

where ur
b is the coefficient vector for the torsional modal displacements,

given by:

ur
b =


urb(1,1)

urb(2,1)
...

urb(N,S)

 , (3.33)

and L is a coupling matrix for the beams’ torsional motions, defined by:

L =

. . . 0
L0

0
. . .

 , L0 =

[
∂

∂x
ψm (xs)

]
(S×M)

, n = 1, 2 · · ·N.

(3.34)
After introducing the beams’ torsional motions, the Kfloor and Mfloor

are replaced by:

Kfloor = Kp + JTKbJ + LTKr
bL. (3.35)

Mfloor = Mp + JTMbJ + LTMr
bL. (3.36)

The stiffness and mass matrices for the torsional waves of the beams are
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organized as:

Kr
b =

. . . 0
Trk

2
n

0
. . .


(NS×NS)

, Mr
b =

. . . 0
θr

0
. . .


(NS×NS)

.

(3.37)

Similarly, the loss factor of the beam, assuming the damping of the
bending and torsional waves are the same, is given in the torsional wave
equation by replacing the torsional stiffness matrix with Kr

b (1 + jηb).

d. Approximation of a beam’s moment of inertia due to the
plate–beam interface connections

In the Dickow’s model, the second moment of inertia of the beam, Ib,
is calculated along the neutral plane of the beam. The equation is given
by:

Ib =

∫ h/2

−h/2

∫ b/2

−b/2
y2dxdy. (3.38)

This means that the beam is free to bend toward either side without any
restraint from the plate, as shown in Figure 3.4a. However, in a real joist
floor, the plate and beams are connected along their physical interfaces,
as shown in Figure 3.4b and the connections will restrict the bending of
the beams. The stresses on the beams’ cross-sections are not uniformly
distributed (Bedford & Liechti, 2002).

(a) Central-plane connection (b) Physical-interface connection

Figure 3.4: Plate–beam connections and the offset z′ of the beam’s bending axis from its
neutral plane.

To approximate the bending of a beam under this connection with
the plate, the beam’s bending axis is assumed to shift upwards by z′,
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and a revised second moment of inertia I ′b is applied to the beam based
on the parallel axis theorem (Kane & Levinson, 1985):

I ′b = Ib + Abz
′2, (3.39)

where Ab is the beam’s cross-sectional area. The bending axis value z′

is expected to be a number between 0 and hb/2, where hb is the depth
of the beam. By comparing the results from this model to the reference
calculations using the finite element model of the joist floor, the best
suited z′ values for different beam modes can be extracted and then
applied in the analytical model.

3.2.2 Numerical validation
The analytical model is validated in steps. According to steps a ∼ d
in Section 3.2.1, the models with increasing complexity are compared
with results from the finite element models solving the appropriate par-
tial differential equations and different boundary settings. The detailed
information of the different models are given in Table 3.1.

The finite element models were built with COMSOL Multiphysics v5.2
software. For the convenience of setting the connections with the beams,
a two-dimensional plate model was used in all finite element models.
The vibration of the plate was calculated by the Mindlin theory, which
is an extension of the Kirchhoff plate theory, thus accounting for shear
deformations through the thickness of a plate. The beams were modeled
in either two or three dimensions in the finite element models, considering
the wave types calculated for the beams and the connections between the
plate and the beams.

The floor model has a width lx of 2.5m and a length ly of 3m, as shown
in Figure 3.5. The thickness of the plate is 40mm. Five beams span
along the y direction of the floor and are distributed in the x direction
at a spacing of 0.5m. The cross-section dimensions are 50×200mm for
all beams. The material properties are summarized in Table 3.2.

The joist floor is excited at two positions, one above a joist and one
between two joists. The total excitation force is denoted by Fe. The
complex mobility, Y , of the floor at the rth position is calculated in the
frequency domain from the vibration displacement, w(r, f), where f is
the frequency. The equation is given by:

Y(r) = jω
w(r, f)

Fe
, (3.40)
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Table 3.1: Setups of the analytical and finite element models for validation.

Step Analytical model Finite element model
a 1. Plate bending wave motion using

Kirchhoff theory,

2. Simply-supported boundary condi-

tions.

1. 2D plate using Mindlin theory,

2. Simply-supported boundary condi-

tions on plate edges.

b 1. Plate bending wave motion using

Kirchhoff theory,

2. Beam bending wave motion using

Timoshenko theory,

3. Beam bending wave motion calcu-

lated with Ib,

4. Simply-supported boundary condi-

tions.

1. 2D plate using Mindlin theory,

2. 2D beams using Timoshenko theory,

3. Displacements of plate and beams in

z direction are equal,

4. Simply-supported boundary condi-

tions on plate edges.

c 1. Plate bending wave motion using

Kirchhoff theory,

2. Beam bending wave motion using

Timoshenko theory,

3. Beam bending wave motion calcu-

lated with Ib,

4. Beam torsional wave motion,

5. Simply-supported boundary condi-

tions.

1. 2D plate using Mindlin theory,

2.3 D beams using linear elasticity equa-

tions,

3. Displacements of plate and beams in

z direction are equal,

4. Plate bending and longitudinal dis-

placements are 0 on the edges.

5. Beam bending and longitudinal dis-

placements are 0 on the mid-line of both

ends.

6. Rotation angles of beams at both

ends are 0.
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Step Analytical model Finite element model
d 1. Plate bending wave motion using

Kirchhoff theory,

2. Beam bending wave motion using

Timoshenko theory,

3. Beam bending wave motion calcu-

lated with I ′b,

4. Beam torsional wave motion,

5. Simply-supported boundary condi-

tions.

1. 2D plate using Mindlin theory,

2. 3D beams using linear elasticity equa-

tions,

3. Displacements of plate and beams in z

direction are equal (Case 1),

4. Displacements of plate and beams in

all directions are equal (Case 2),

5. Plate bending and longitudinal dis-

placements are 0 on the edges.

6. Beam bending and longitudinal dis-

placements are 0 on the top edge of both

ends.

7. Rotation angles of beams at both ends

are 0.

Case 1 Case 2

0 0.25 0.75 1.25 1.75 2.252.5
X (m)

0

3

Y
 (

m
)

Excitation position
Receiving position

Figure 3.5: Locations of the excitation and receiving points in the validation models.

where ω is the angular frequency and j =
√
−1. The amplitudes of

mobility are averaged over R=11×5 receiving positions (Figure 3.5) for
the comparison between the models. The averaged (root mean square)
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Table 3.2: Material properties used for the models

Plate Joist

Average density (kg/m3) 400 600
Modulus of elasticity (GPa) 4.0 10.0

Poisson’s ratio 0.4 0.2
Loss factor 0.01 0.01

value is calculated by:

|Yrms| =

√√√√ 1

R

R∑
r=1

|Y(r)|2. (3.41)

where the asterisk denotes a complex conjugate.

A convergence analysis was performed for the analytical model to
determine the truncation modal numbers M and N for the frequency
range of interest, 20∼200 Hz. As the floor modes along the direction of
the beams are much less than those along the direction perpendicular
to the beams, the modal number M is set larger than N . By applying
the approach in Dickow et al. (2013), M = 30 and N = 15 were proved
to be able to achieve acceptable results while avoiding time-consuming
calculations.

a. Bending wave motion of the plate using Kirchhoff–Love
theory

Figure 3.6 compares the mobility of the plate calculated by the an-
alytical model and the finite element model. The two models give very
similar results in terms of natural frequencies and amplitudes. A differ-
ence up to 3Hz was found in the plate’s natural frequencies above 100
Hz. This is due to the neglecting of the transverse shear deformation in
the calculation based on the thin plate theory, which leads to an over-
estimation of the natural frequencies of the plate as compared to the
Mindlin plate theory solved by the finite element method (Thai & Choi,
2013).

b. Coupling with the bending wave motions of the beams

Figure 3.7 compares the mobility of the plate after coupling with the
bending wave motions of the beams in the z direction. The analytical
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Figure 3.6: Averaged mobility of the plate (scenario of Table 3.1 a).

model gives similar results to the finite element model. However, as the
model applies the Timoshenko beam theory, there are minor differences
from the finite element model at natural frequencies above 100Hz com-
pared to the Dickow’s model. For example, the deviation for the natural
frequency of modes (1,2) is only around 1Hz, in contrast to the 4Hz
deviation in the Dickow’s model.

20 25 31.5 40 50 63 80 100 125 160 200

Frequency [Hz]

10-7

10-6

10-5

10-4

10-3

10-2

|Y
rm

s| [
m

/N
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FEM, 2D Mindlin plate and Timoshenko beams
Analytical, Euler theory
Analytical, Timoshenko theory

0 2.5
0

3

(1,1) (2,1) (3,1) (3,2)(1,2) (5,1)

Figure 3.7: Averaged mobility of the plate coupling with the bending wave motions of the
beams in the z direction (scenario of Table 3.1 b).

c. Coupling with the torsional waves of the beams

Figure 3.8 compares the mobility of the ribbed plate after including the
torsional waves of the beams. The natural frequencies of the joist floor in-
crease significantly after coupling with the torsional waves in the beams:
the modes (2,1) and (3,2) increased by 5Hz and 9Hz, respectively. Nev-
ertheless, the analytical model provides results in good agreement with
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the finite element model.

20 25 31.5 40 50 63 80 100 125 160 200

Frequency [Hz]

10-7

10-6

10-5

10-4

10-3

10-2

|Y
rm

s| [
m

/N
s]

FEM, 2D plate and 3D beams
Analytical, without beams' torsional waves
Analytical, with beams' torsional waves

0 2.5
0

3

(1,1) (2,1) (3,1) (1,2) (3,2)

Figure 3.8: Averaged mobility of the ribbed plate including the torsional wave motions of
the beams (scenario of Table 3.1 c).

d. Approximation of the beam’s moment of inertia due to the
plate–beam interface connections

Two cases were investigated, with different connections between the plate
and the beams given in the finite element models, as shown in Table 3.1.
In Case 1, only the vertical displacements of the plate and beam are set
equal at their interfaces. In Case 2, the displacements of the plate and
beam in all (x, y, z) directions are set equal at their interfaces. Case 1
represents the case in which the plate and beams are not firmly connected
horizontally, while Case 2 represents the case in which the components
are strongly connected. Different values of z′ were obtained for the an-
alytical model by comparing the calculated natural frequencies between
the analytical model and the finite element model and minimizing the
differences between them. For Case 1, the connection between the plate
and beam has a strong influence on the odd modes only, such as the first
and third modes, as shown in Figure 3.9a. The value of z′ for Case 1 is
given as:

z′ =

{
0.35hb/n for odd modes,

0 for even modes,
(3.42)

where hb is the height of the beam and n is the modal number for the y
direction. For Case 2, the effect of the connection is more consistent for
all floor modes at low frequencies, as shown in Figure 3.9b. The value
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Figure 3.9: The value of z′ determined by comparing the natural modes with finite element
models.

of z′ for Case 2 is given as:

z′ = 0.35hb for all modes. (3.43)

Figures 3.10a and 3.10b show the floor mobility for the two cases.
The interface connections between the plate and beams cause a signifi-
cant increase in the natural frequencies of the floor compared to those
associated with the neutral-plane connections. The application of z′ in-
creases the stiffness of the beams, thus allowing the analytical model to
approximate the effect of the connections. The value of z′ is related to
the increase in the natural frequencies of the joist floor: the larger the
value of z′, the greater the increase in the natural frequency of the floor.

3.2.3 Comparison with the measured vibration of a wooden
floor

The results predicted by the analytical model are compared with the
laboratory measurements of the wooden joist floor in Chapter 2.2.1. The
dimensions of the room and floor are shown in Figures 2.1 and 2.2.

Determination of the mechanical properties of the floor
components
The densities ρp and ρb of the plate and beams were measured by weigh-
ing them separately. The Young’s modulus, Ep, of the plate was mea-
sured by a static bending test. The measured Young’s moduli in the two
different directions of the plate were 6.0GPa and 3.2GPa.

As it is difficult to perform a static bending test on a beam about
its strong axis, the Young’s moduli Eb of the beams were determined by
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(a) Case 1 of Table 3.1 d; vibrations of the plate and beams coupled
in z direction only.
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(b) Case 2 of Table 3.1 d; vibrations of the plate and beams coupled
in x, y and z directions.

Figure 3.10: Averaged mobility of the interface-connected ribbed plate (scenario of Ta-
ble 3.1 d).

the dynamic bending test. During the test, each beam was suspended
from elastic hangers to achieve free boundary conditions. There were
two steps in the test procedure. First, impact responses were measured
for each beam. An impact hammer was used to apply the impact at a
position 5/16 along the length of the beam (marked by a red cross in
Figure 3.11b). The vertical displacements of the beam were measured
at nine equally-spaced receiving positions so that the mode shapes of
the beams could be obtained and thus the natural frequencies could be
identified (see Figure 3.12). The Young’s modulus of each beam was
then calibrated using a finite element model solving the linear elasticity
equations. Figure 3.13 shows that the Young’s moduli of the beams
varied from 5.1GPa to 11.9GPa when different modes of the beam were
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(a) Static bending test for the plate. (b) Dynamic test for the beams. The red-
cross sign denotes the position of the impact-
hammer excitation.

Figure 3.11: Experimental setups to evaluate material properties of the wood components
of the test floor.

used for the calibration.

Due to the inhomogeneity of the wood material, there is a wide range
of variability in the measured material properties. However, the predic-
tion model simplifies the materials of the elements of the joist floor to
be isotropic. To find the best-fit material properties for the analytical
model from the measured value ranges, The optimization method from
P. Wang (2019) by examining the difference function fdif was applied.
This difference function fdif is defined as:

fdif (Ep, Eb) =
M∑
m=1

N∑
n=1

(
|fn,pre(m,n)− fn,exp(m,n)|

max (fn,pre(m,n)− fn,exp(m,n))

+1−MAC(m,n)),

(3.44)

where fn(m,n) is the m,nth natural frequency of the joist floor, the
subscripts pre and exp denote the prediction and experiment, respec-
tively, and MAC is the modal assurance criterion used to evaluate the
correlation between the prediction and experiment. The MAC value is
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(e) Mode 5

Figure 3.12: Experimentally identified mode shapes and natural frequencies of the 7 wood
beams.

calculated by (Allemang & Brown, 1982):

MAC =
|φTexpφ∗pre|2

φTpreφ
∗
preφ

T
expφ

∗
exp

, (3.45)

where φpre and φexp are the predicted and experimental modal vectors,
respectively. T denotes the transpose and ∗ denotes the complex conju-
gate. The results of fdif are shown in Figure 3.14. The minimum value
was found when Ep and Eb were approximately 4.6GPa and 6GPa, re-
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Figure 3.13: Young’s moduli of the 7 wood beams, identified experimentally for different
modes. The vertical dash lines show the natural frequency ranges for different beam modes.

spectively. Therefore, those values were applied in the analytical model
as the Young’s moduli of the plate and beams.
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Figure 3.14: Difference function fdif in the determination of the Young’s moduli of plates
and beams (red dot).

The Poisson’s ratios of the plate and beams were both given as 0.4
according to Vigran (2014). The damping of each floor component was
considered to consist of material and structural loss factors Bucur (2006),

η = ηmat + ηstr. (3.46)

The material loss factors (approximately 0.02 and 0.013 for the plate
and beam, respectively) were identified from the impulse responses mea-
sured from the plate and beams by using the half-band power method
(Papagiannopoulos & Hatzigeorgiou, 2011). Primarily due to the friction
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Table 3.3: Properties of the test lightweight wooden floor

Wooden base floor

Plate Joist

Material Plywood Spruce
Average density (kg/m3) 522 452

Modulus of elasticity (GPa) 4.6 6.0
Poisson’s ratio 0.4 0.4

Loss factor 0.02+0.0003f 0.013+0.0003f

between components and the damping of connectors, the structural loss
factor tends to increase with the floor’s natural frequencies Schöpfer et
al. (2017a). Therefore, a frequency-dependent structural loss factor was
given as:

ηstr = 0.003f, (3.47)

where f is the frequency. The material properties of the floor components
applied in the analytical model are listed in Table 3.3.

Comparison of the results

Considering that the nail connection conditions of the experimental floor
did not provide tight horizontal fixity between the floor components,
the predictive model for the interface connection of Case 1 was used.
The MAC values were calculated to compare the modal behaviors of
the prediction and the measurement. The MAC value indicates a good
correlation if the value is close to 1.

Figure 3.15 shows the MAC values of floor modes 1∼10. MAC values
for modes 1, 3 and 4 are over 0.8. From mode 5, the values drop to
lower than 0.5. Figure 3.16 and 3.17 show the operational deflection
shapes and the natural frequencies of the predicted and the measured
floor modes. A reasonable agreement in the floor’s natural modes can
be found between two results.

Figure 3.18 shows the predicted and measured mobility of the wooden
joist floor. The two results show general agreement over the frequency
range of interest, but deviations still can be found in the natural frequen-
cies and amplitudes. Especially when the excitation is located between
joists (3.18b), the deviation between the predicted and measured driv-
ing mobility is more significant compared to the case of joist excitation
(3.18a). This could be due to the fact that the driving-point mobility at
the inter-joist position is contributed mainly by vibrations in the plate.
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Figure 3.15: MAC values between the measured and predicted deflection shapes of the joist
floor.

However, the properties of the physical wooden plate deviate more from
the model’s simplified isotropic properties than do those of the beams.
The inhomogeneity of the wooden plate can decompose its mode into
multiple modes, such that the vibrational energy is dispersed to sur-
rounding frequencies, resulting in deviations from the predicted mobility
results.

For a more compact comparison of the floor vibration amplitudes, the
mobility of the floor is translated to one-third-octave-band level by:

LY,j = 20log10

∫ fj,2

fj,1

|Yrms(f)| df, (3.48)

where fj,1 and fj,2 are the low and high frequency limits of the one-
third-octave band j, respectively. Figure 3.19 shows the predicted and
measured LY over seven receiving positions. The results are in general
agreement over most of the frequency range but they exhibit a difference
of more than 5dB in the range 80–125Hz. In addition to the inhomogene-
ity of the plate analyzed above, the difference could also be related to
the structural loss factor given in the prediction model. The computed
vibration amplitudes of the floor modes are higher than the measured
values in this frequency range, as shown in Figure 3.18a and 3.18d, which
indicates the damping in the physical floor could be greater and more
frequency-dependent than that applied in the prediction model.
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(a) Mode (1,1), 29.3Hz (b) Mode (2,1), 31.4Hz (c) Mode (3,1), 36.7Hz

(d) Mode (4,1), 46.3Hz (e) Mode (5,1), 60.2Hz (f) Mode (4,2), 91.7Hz

Figure 3.16: Predicted operational deflection shapes and natural frequencies of the joist
floor.

(a) Mode (1,1), 30Hz (b) Mode (2,1), 34Hz (c) Mode (3,1), 37Hz

(d) Mode (4,1), 46Hz (e) Mode (5,1), 52Hz (f) Mode (4,2), 96Hz

Figure 3.17: Measured operational deflection shapes and natural frequencies of the joist
floor.

In addition, the prediction model uses the simply-supported bound-
ary condition, which has achieved good comparisons with the experimen-
tal results in some studies (Sousa & Gibbs, 2011; Zhang et al., 2017).
However, the simply-supported condition cannot match exactly the con-
ditions in real floors. Studies have found that at the boundaries of real
joist floors there are more or less vibration displacements, which may lead
to the differences in the natural frequencies and mode shapes predicted
by the models (P. Wang et al., 2017; Schöpfer et al., 2017a).
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(a) Driving-point, joist excitation.
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(b) Driving-point, inter-joist excitation.
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(c) Transfer, joist excitation.
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(d) Transfer, inter-joist excitation.

Figure 3.18: Predicted and measured mobility of the joist floor. The small map shows the
locations of impacts (dots) and receivers (circles). Vertical lines show the predicted natural
frequencies of the joist floor corresponding to the mode shapes shown in Figures 3.16 and
3.17.
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Figure 3.19: One-third-octave-band level of the mobility of the joist floor. The small map
shows the positions of impacts (dots) and receivers (circles).

3.3 Prediction of the vibration of a joist floor with
a floating floor
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3.3.1 Prediction Model

The joist floor model of Section 3.2.1 has been extended to the prediction
of the effect of a resiliently supported floating floor system. The behavior
of the coupled floor, as shown in Figure 3.20, can be described as two
vibration systems characterized by two bending wave equations.

Figure 3.20: Schematic diagram of the joist floor with a floating system. Subscripts 2 and
1 denote the floating layer and the joist floor, respectively.

By introducing an elastic interlayer with stiffness s , the two layers are
coupled by the force s (w2(x, y)− w1(x, y)). The bending wave equations
of the two layers are:[

K2 −m2ω
2
]
w2(x, y) + s (w2(x, y)− w1(x, y)) = F (x, y), (3.49)

[
K1 −m1ω

2
]
w1(x, y) + s (w1(x, y)− w2(x, y)) = 0. (3.50)

The floating layer is assumed to have the same boundary conditions as
the joist floor, such that its spatial bending displacement can also be
expanded using the modal coefficient form of Equations 3.2 and 3.3.
Equations 3.49 and 3.49 can then be cast in matrix form as:([

K2 + s −s
−s K1 + s

]
− ω2

[
M2 0
0 M1

])[
u2

u1

]
=

[
F
0

]
. (3.51)

where K1, M1 and u1 are the stiffness matrix, mass matrix and modal
displacement coefficient vector, respectively, for the base joist floor, K2,
M2 and u2 are the stiffness matrix, mass matrix and modal displacement
coefficient vector, respectively, for the floating plate. F is the coefficient
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vector of the impact force. The matrices K2 and M2 are arranged as:

K2 =


. . . 0

D2 (k2
m + k2

n)
2

0
. . .


(MN×MN)

,

M2 =

. . . 0
ρ2h2

0
. . .


(MN×MN)

,

(3.52)

where D2, ρ2 and h2 are the bending rigidity, density and thickness,
respectively, of the floating plate. s is the diagonal stiffness matrix of
the elastic interlayer, defined as:

s =

. . . 0
s

0
. . .

 , (3.53)

3.3.2 Numerical validation

The floor model used for validation is based on the joist floor of Case 1
described in Table 3.1 d. The floating floor system has a 40mm float-
ing plate with a 30mm elastic material panel underneath. The material
of the floating plate is concrete with the following mechanical parame-
ters: Young’s modulus of 25GPa, Poisson’s ratio of 0.03, and density of
2300kg/m3. The elastic material is mineral wool with a dynamic stiffness
of 15MN/m3. The detailed configurations for the floating floor models
are given in Table 3.4.

Figure 3.21 shows the mobility of the joist floor coupled with the float-
ing system calculated by both the analytical and finite element models.
In the frequency range of interest, the results of the two models are
reasonably consistent. The natural frequencies and the vibration ampli-
tudes of the different layers are close. Some deviations in the natural
frequencies occur at frequencies above 100Hz, but they do not exceed
5Hz.
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Table 3.4: Setups of the analytical and finite element models for validation of the floating
floor system.

Analytical model Finite element model
1. Floating plate bending wave motion

using Kirchhoff theory,

2. Simply-supported boundary condi-

tions for the floating plate.

1. 3D floating plate and elastic material

panel using linear elasticity equations,

2. The joist floor and the elastic material

panel have equal displacements at their

interface,

3. Displacements of the floating plate on

the mid-lines of its edges are 0.
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Figure 3.21: Average mobility of the floating plate and the base joist floor. The small map
shows the locations of the excitation (red dots) and receiving points (blue circles).

3.3.3 Comparison of the measured vibration of a wooden
floor with a floating layer

The floor system used in the laboratory measurements is the wooden
joist floor in the previous section coupled with a concrete floating sys-
tem. Section 2.2.1 has a detailed description of the coupled floor and
the material parameters of the floating floor system are summarized in
Table 2.1.

The Young’s modulus and loss factor of the concrete were determined
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by a dynamic vibration test with the experimental setup shown in Figure
3.22. The value of the Poisson’s ratio was referenced from (Vigran, 2014).
The dynamic stiffness, s, of the mineral wool was obtained from the
manufacturer’s technical tables and the loss factor was selected with
reference to Dauchez et al. (2002).

Figure 3.22: Experimental setup to obtain the dynamic properties of the floating plate

Figure 3.23 compares the predicted and measured mode shapes of
the floating layer and base joist floor. The measured floor modes ex-
hibit mixed features of simply-supported and free boundary conditions
for both the joist floor and the floating floor. However, the analytical
model assumed simply-supported boundary conditions for both layers.
As a result, reasonable agreement between the predicted and measured
mode shapes was observed for the first few modes only (modes 1∼3). In
contrast, the other modes exhibit larger deviations in their mode shapes.

Figure 3.24 compares the predicted and measured mobility of the
base joist floor and the concrete floating layer. The analytical model
gives a good prediction for the first two modes, but less accurately pre-
dicts the subsequent natural frequencies. This is also attributable to the
assumptions made in the prediction model. In addition to the differences
between the assumptions and the test conditions for the joist floor, the
simply-supported boundary conditions for the floating floor and the uni-
form spring constant of the elastic material may also differ from reality
and lead to differing predictions of natural frequencies and amplitudes.

Figure 3.25 shows the difference of the one-third-octave-band mobility
level between the floating floor and the base joist floor. The figure shows
the two results to be consistent over the low-frequency range, and the
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Sections X and Y to observe the mode shapes.
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Figure 3.23: The measured and predicted mode shapes of the floating floor and joist floor
along both directions of the floor at Modes 1 to 6. The locations of the receivers are shown
in Figure 2.3b.
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(a) Driving point, joist excitation.
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(b) Driving point, inter-joist excitation.
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(c) Transfer, joist excitation.
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(d) Transfer, inter-joist excitation.

Figure 3.24: Predicted and measured mobility of the joist floor with a floating floor. The
small map shows the positions of impacts (dots) and receivers (circles). Vertical lines show
the predicted natural frequencies for the floor.

deviations are not more than 3dB. The apparent natural frequency of
the floating system is calculated by (9052-1, 1989):

fr =
1

2π

√
s

m2

(3.54)

is approximately 45Hz. Equation 3.54 was generally used for heavy base
floors that can be assumed to be motionless. However, for a lightweight
base floor, the mass is comparable to that of the floating floor. There-
fore, by taking into account the vibration of the base floor, the natural
frequency of the coupled floor can be calculated by Equation 3.55 (Sousa
& Gibbs, 2011) to give a result of approximately 115Hz.

fr =
1

2π

√
s(

1

m1

+
1

m2

). (3.55)

Figure 3.25 shows large mobility level differences at around 40Hz and
100Hz, which correspond to the natural frequencies of the floating system
calculated by Equations 3.54 and 3.55. However, due to the large mass
of the floating layer compared to the base floor, the floating system does
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Table 3.5: Parameter Values for 2-DOF Human Model (Folz & Foschi, 1991).

Mass(kg) Stiffness(kN/m) Damping ratio
1 mh,1=62.0 kh,1=62.0 ξh,1=0.37
2 mh,2=13.0 kh,2=80.0 ξh,2=0.46
Note: The total body mass is 75.0 kg.

not show a significant effect on floor vibration above the frequency fr.
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Figure 3.25: Level difference of the mobility between the floating plate and the base joist
floor. LY,floating and LY,base are the mobility levels of the floating floor and the base joist
floor in 1/3-octave bands, respectively. The small map shows the positions of impacts (dots)
and receivers (circles).

3.4 Prediction of the vibration of a joist floor with
an occupant

Due to its lower weight, a lightweight floor responds more sensitively than
a heavy floor to the presence of an occupant (Foschi et al., 1995). In this
study, the effect caused by an occupant on the dynamic response of the
joist floor was predicted by adapting the joist floor model to include a
standing human model.

3.4.1 Analytical prediction model

The ISO standing-human model proposed by Coermann (Folz & Foschi,
1991) is employed in this study. The human body is modeled as two
independent 2-DOF systems to represent the upper torso and the lower
body, and each part is characterized by a spring constant, kh, a mass,
mh, and a damping ratio, ξh. The values of the parameters are listed in
Table 3.5.
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To combine the human model with the joist floor model, the dis-
placements of the human body wh are coupled with that of the floor at
the human model’s standing position wfloor (xh, yh). The equations are
described thus:[

Dfloor

(
∂2

∂x2
+

∂2

∂y2

)2

−mfloorω
2

]
wfloor(x, y)+

R∑
r=1

kh,r (1 + jηh,r) (wh − wfloor (xh, yh)) = F (x, y) .

(3.56)

kh,r (1 + jηh,r) (wh − wfloor (xh, yh))−mh,rω
2wh = 0, (3.57)

where ηh,r is the loss factor for each part of the human body, calculated
by (Cremer et al., n.d.):

ηh,r = 2ξh,r. (3.58)

The properties and displacements of the human body are organized into
vector form:

Kh =
[
kh,1 (1 + jηh,1) , kh,2 (1 + jηh,2)

]
, Mh =

[
mh,1,mh,2

]
. (3.59)

wh =
[
wh,1, wh,2

]
. (3.60)

The floor displacements at the human standing position can be expanded
using a Fourier sine series:

wfloor(xh, yh) =
M∑
m=1

N∑
n=1

ψm (xh)ψn (yh)ufloor(m,n), (3.61)

where ufloor(m,n) is the coefficient for the modal displacement of the
floor. The floor’s modal displacements at the human standing position
are then organized in vector form:

Φh =
[
. . . , ψm (xh)ψn (yh) , . . .

]
, m = 1, 2 · · ·M, n = 1, 2 · · ·N.

(3.62)
Finally, the governing equation can be written in matrix form as:([

Kfloor −Φh
TKh

−Kh
TΦh diag(Kh)

]
− ω2

[
Mfloor 0

0 diag(Mh)

])[
ufloor

wh

]
=

[
F
0

]
,

(3.63)
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where diag represents the operator that turns a vector into a diagonal
matrix.

3.4.2 Comparison of the measured vibration of a wooden
floor with and without an occupant

In the experiment, a 72kg person stood on the floor at the impact posi-
tion. Figure 3.26 shows the mobility of the joist floor with and without an
occupant. The amplitudes of the floor’s low-frequency modes are mod-
erated by the presence of the occupant and there is also a corresponding
shift in the natural frequencies. These changes in the low-frequency
modes have been well simulated by the prediction model.
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Figure 3.26: Predicted and measured mobility of the joist floor with and without an occu-
pant. The small map shows the positions of impacts (dots) and receivers (circles).

Figure 3.27 shows the level reductions of floor vibration caused by
the standing occupant, in one-third-octave bands. Both the predicted
and measured results show a clear moderating effect on the floor modes
caused by the standing person; the joist floor has a maximum vibration
reduction of about 6 dB at its first mode, but the reductions decrease
as the frequency increases. On one hand, this could be because the
natural frequencies of the human model are in the range 5∼12Hz, and as
the frequencies move further away from this range, the floor vibrations
are less affected by the standing person. On the other hand, this may
also relate to the increase in damping of the joist floor as the frequency
increases.

3.5 Prediction of the impact sound performance of
lightweight floors

The boundary element model for the impact sound problem in the room
is based on Henriquez and Juhl (2010)’s Matlab code collection package
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Figure 3.27: Level reductions of floor vibrations caused by an occupant. LY,with and
LY,without are the averaged 1/3-octave-band velocity levels for the joist floor with and with-
out the occupant, respectively. The small map shows the positions of the impacts (dots)
and receivers (circles).

OpenBEM.

3.5.1 Prediction Model
Figure 3.28 shows a schematic geometry of the boundary element model
of the radiated sound from a joist floor. The model is based on the
Kirchhoff–Helmholtz integral equation, which combines the Helmholtz
equation with the Kirchhoff integral theorem.

Figure 3.28: Schematic geometry of the boundary model for the radiated sound field from
a joist floor into a room.

The governing equation is given as:

C(P )p(P ) =

∫
S

(
∂G(r)

∂n
p(Q) + ikZ0v(Q)G(r)

)
dS + 4πpI , (3.64)

where P is a point in the room and Q is any point on the surfaces of
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the room S. p(P ) and p(Q) are the pressures at P and Q, respectively,
and v(Q) is the normal velocity of the surface at Q. pI is the sound
pressure of an external incident wave, which can be omitted from the
sound radiation problem of the floor. The factor C(P ) is the geometrical
constant representing the solid angle between the points R and Q. In
the current model, the value of C for each point P in the room is 4π.
G(r) is the Green’s function between two points, Q and P , given as:

G =
e−ik|r|

|r|
, r = |Q− P |. (3.65)

n is the normal vector directed into the computational domain and Z0 is
the characteristic impedance of air. By discretizing the surfaces, S, into
elements, the integral in Equation 3.64 for the impact sound problem
can be expressed in matrix form as:

Cp = ApS + ikZ0BvS, (3.66)

where pS and vS are the pressure and normal velocities, respectively, at
the nodes on the surfaces. p and C are the sound pressure and the solid
angle for the receiving points in the room, respectively. The matrices A
and B contain integrals of the Green’s functions.

The model solves the sound radiation problem in two steps. First, by
assuming the vibrating floor is the only source in the room, the sound
pressure is calculated for each point on the room surfaces by using the
normal velocity of the floor. For this step, Equation 3.66 is rewritten
accordingly:

ApS + ikZ0BvS = 0. (3.67)

The velocity term is the combination of the floor velocity v0 and impedance
boundary conditions, given as

vS = YSpS + v0. (3.68)

where YS represents the admittance on the boundary surfaces. The
sound pressure on the surfaces, S, can then be calculated by:

pS = (A + ikZ0BYS)−1(−ikZ0Bv0). (3.69)

In the second step, receiving points in the room are chosen and the
pressures, p, are calculated for these points using the previous results.
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Equation 3.66 is rewritten for calculating p as:

p = C−1(A + ikZ0BYS)pS. (3.70)

3.5.2 Numerical validation

The boundary element model is validated by comparing it with a finite
element model solving the Helmholtz equation in COMSOL Multiphysics
v5.2 software. The dimensions of the room are 2.5×3.0×2.8m, as shown
in Figure 3.29. The top surface of the room is assumed to be the joist
floor, and the input floor vibrations for the boundary element and finite
element room models are calculated by the analytical and the finite ele-
ment floor models, respectively, described in Case 1 of Table 3.1 d. The
geometries and settings of the room models are described in Table 3.1
Four receiving positions at (1.25m, 1m, -1.8m), (1.25m, 1.5m, -1.8m),

Figure 3.29: Dimensions of the
room and receiver positions.

(2m, 1m, -1.8m), and (2m, 1.5m, -1.8m) are selected in the room to
calculate the sound pressure. The transfer function between the sound
pressure, p, and the excitation force, Fe, is calculated by:

Hp =
p

Fe
. (3.71)

The amplitudes of the transfer function are averaged over R = 4 receiving
positions for the comparison between two models. The averaged (root
mean square) value is calculated by:

|Hp,rms| =

√√√√ 1

R

R∑
r=1

|Hp(r)|2. (3.72)
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Table 3.6: Setups of the boundary element and finite element models for validating the
impact sound radiated by a joist floor into a room.

Boundary element model Finite element model
1. The joist floor is modeled as a plane,

2. Only the bending vibration of the

plate is used as input values,

3. The mesh size is set to be

0.015∼0.17m,

4. A 2e+5Pa/m3 wall impedance is given

to all boundaries of the room.

1. The vibrations of both the plate and

beams are used as input values,

2. The mesh size is set to 0.015∼0.17m,

3. A 2e+5Pa/m3 wall impedance is given

to all boundaries of the room,

4. The interactions between the floor vi-

brational field and the room acoustic field

are allowed.

Figure 3.30 shows the results of Hp,rms computed by two models. In gen-
eral, the amplitude of the transfer function and the natural frequencies of
the room calculated by the two models are consistent over the frequency
range of interest. Simplifications in calculating the floor vibration by the
analytical model, such as ignoring the vibrations of the beams and the
effect of the sound pressure on the floor vibration, do not cause signifi-
cant differences in the results of the impact sound between the boundary
element model and the finite element model. Above 100Hz, the devia-
tions in the natural frequencies of the floor predicted by the two models
are more evident, which corresponds with the results of the joist floor
model shown in Figure 3.10a.

The averaged transfer function of the impact sound is compared in
the one-third-octave-band level, LH . The equation is given by:

LH,j = 20log10

∫ fj,2

fj,1

Hp,rms(f) df, (3.73)

where fj,1 and fj,2 are the lower and upper frequency limits of the one-
third-octave band j, respectively. Figure 3.31 shows the results of LH
computed by the two models. The results show a differences of less than
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Figure 3.30: Transfer function between the sound pressure and the impact force averaged
from 4 receivers. The vertical center lines show the natural frequencies of the joist floor.
The black and red colors denote the floor modes (m,n) attributed to the first (n=1) and
second (n=2) beam modes, respectively.

3dB over the frequency range of 20∼200Hz, demonstrating the reliabil-
ity of the analytical boundary element model in computing the indoor
impact sound field of a joist floor.
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Figure 3.31: Transfer function level in one-third-octave band between the sound pressure
and the impact force.

3.5.3 Comparison with the measurements of the impact
sound field

The room used for the impact sound experiment is shown in Figure 2.1,
and the experimental setups are introduced in Section 2.2.2. Figure 3.32
shows the geometry and the mesh of the boundary element model for the
room. The sizes of the meshes are set to between 0.03m and 0.33m. The
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reverberation time of the room is measured to determine the random-
incident absorption coefficients, ᾱ, of the room surfaces. The acoustic
impedance, Zs, is then approximated by (Atak et al., 2010):

ᾱ =
8Zs(2 + Zs)/(1 + Zs)− 16log(1 + Zs)

Z2
s

(3.74)

and given to all the surfaces in the room model. The values of the
reverberation time and acoustic impedance are shown in Figures 3.33
and 3.34.

Impact sound performance of the joist floor
First, the values of predicted and measured impact sound from the
wooden joist floor applied in Section 3.2.3 were compared. Figure 3.35
shows the transfer functions between the sound pressure at a position in
the room to the impact force excitation on the wooden joist floor. The
prediction model shows good agreement with the measurements in the
frequency range below 80Hz, where the sound field is dominated by a few
modes of the floor–room system. Above 80Hz, the natural frequencies
and amplitudes of individual modes become difficult to compare because
the modes increase quickly and overlap each other, but the values of the
predicted results are still relatively close to the measured results.

Figure 3.36 compares the transfer function level in the one-third-
octave bands between the prediction and measurement. For most of
the frequency bands, the differences between the two results are no more
than 2dB. However, in the 80∼100Hz bands, the differences are more
than 8dB, in line with the results on the floor mobility in Figure 3.19,

Figure 3.32: Geometry and mesh of the boundary element model of the test floor–room
system.
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Figure 3.33: Reverberation time of the test
room.
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Figure 3.34: Acoustic impedance com-
puted from the averaged reverberation
time and applied in prediction model.

20 25 31.5 40 50 63 80 100 125 160 200

Frequency [Hz]

10-5

10-4

10-3

10-2

10-1

100

H
p
 [P

a/
N

]

Experiment
Prediction

0

2

(a) Receiver r1.
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(b) Receiver r3.

Figure 3.35: Transfer function of the sound pressure to the impact force on the test wooden
joist floor. In the small map, the red and black dots denote the positions of the impact and
receiver, respectively.

which show larger values of predicted floor vibration compared to the
measured values.
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Figure 3.36: Transfer function level of the sound pressure to the impact force in the one-
third-octave band. In the small map, the red and black dots denote the positions of the
impact and receivers, respectively.
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Impact sound performance of a joist floor with a floating floor
system

Next, the values of predicted and measured impact sound from the
wooden joist floor with a floating concrete floor applied in Section 3.3.3
were compared. Figure 3.37 shows the transfer functions between the
impact sound pressure in the room and the impact force on the coupled
floor system. The predicted results generally reflect the low-frequency
modes of the floor–room system and the impact sound under the effect of
the floating floor system. However, as mentioned in Section 3.3.3, there
are certain deviations in the predicted and measured natural frequencies
of the floor, leading to inaccuracy in the calculation of the impact sound
transfer function.
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(a) Receiver r1.
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(b) Receiver r3.

Figure 3.37: Transfer function of the sound pressure to the impact force on the test
lightweight floating floor system. In the small map, the red and black dots denote the
positions of the impact and receiver, respectively.

Figure 3.38 compares the one-third-octave-band level of the predicted
and measured transfer functions. The predicted results generally sit in a
value range around the measured results. However, in the 25Hz, 63Hz,
and 80Hz frequency bands, the differences between the predicted and
measured levels are up to 9dB. In contrast, Figure 3.38 shows that the
vibrations at the seven receiving positions on the joist floor do exhibit
such significant differences in many frequency bands. This is due to
the impact sound being generated by the overall vibration of the joist
floor. The floating floor brings more degrees of freedom and vibrations
to the floor boundaries, as shown in Figure 3.23. The vibrations at the
boundaries cannot be fully represented by the results in Figure 3.38, but
they still have a significant influence on the impact sound.
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Figure 3.38: Transfer function level of the sound pressure to the impact force on the
lightweight floating floor system in the one-third-octave band. In the small map, the red
and black dots denote the positions of the impact and receivers, respectively.

Impact sound performance of the joist floor with an occupant.
Finally, the predictions for the impact sound from the wooden joist floor
with a standing person were compared with the results measured under
the floor setups applied in Section 3.3.3.

Figure 3.39 shows the transfer functions of the impact sound from
the wooden joist floor with and without a standing person. The two-
dimensional standing human model effects reductions in the amplitudes
of the low-frequency floor modes, which is in good agreement with the
experimental results.
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(a) Experiment, receiver r1.
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(b) Prediction, receiver r1.

Figure 3.39: Transfer function of the sound pressure to the impact force on the test wooden
joist floor with and without an occupant. In the small map, the red and black dots denote
the positions of the impact and receiver, respectively.

Figure 3.40 shows the level reductions of impact sound caused by
the presence of the standing person. The predicted and experimental
results show a level reduction of at least 5dB in the 31.5Hz band in
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which the first and second modes of the joist floor occur. The results are
in good agreement up to 63Hz, but there are some differences at higher
frequencies. However, a trend emerges from the results: the effect of the
standing person on impact sound decreases as frequency increases.
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Figure 3.40: Impact sound level reductions of the wooden joist floor. In the small map, the
red and black dots denote the positions of the impact and receivers, respectively.

3.6 Discussion
The model presented in this chapter aims to predict the low-frequency
vibrations and acoustic radiations of joist floor systems. The prediction
model can be applied in fast evaluations of the vibration and impact
sound performance of lightweight floors. The model has been kept mod-
erately simple by assigning homogeneous material properties and main-
taining simply-supported boundaries. The highest mode numbers, M
and N , influence the speed of the calculation. By applying the approach
used by Dickow et al. (2013) to determine the highest mode numbers for
the frequency range of interest, prediction models can be used efficiently
and competently in future work, such as for acoustic optimizations of
floor designs.

In the analytical floor model, the application of z′ helps approximate
the coupling of the lateral displacements of the plate and beams at their
interfaces. The values of z′ were extracted for the joist floor in the low-
frequency range by comparing the finite element models for two specific
cases. For structures or frequencies outside the scope of this research,
the z′ value needs to be determined by further studies.

The current floor model gives a good prediction for the first mode
of the floating floor system but is prone to discrepancies in the subse-
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quent natural modes, such as modes 2, 3, and 4. The main problem
lies in the assumptions of the simply-supported boundary condition and
the assumption of homogeneous material in the analytical model. The
analytical model with the simply-supported boundary conditions can-
not simulate the free motions on the floor boundaries. Conversely, the
simplified isotropic properties for the components will strengthen the
floor modes, leading to more vibration energy occurring at these modes.
Therefore, to improve the accuracy of the analytical model, these as-
sumptions need to be refined.

The joist floor analytical model and the room boundary element model
have their strengths to be explored and weaknesses to be compensated
for when used to solve the impact sound problem. The analytical model’s
advantages include quick computation of a floor’s natural frequencies and
low-frequency vibrations. However, the applicable floor shapes and the
various assumptions required limit its wider application. The boundary
element model is suitable for solving the problem of the indoor sound
fields radiated by complex floor structures. However, more efficient com-
putational methods are needed, for instance, the fast multi-pole bound-
ary element method (FM-BEM), to catch up with the calculation speed
of the floor model during fast evaluation the impact sound performance
of wooden joist floors.

3.7 Conclusions

An analytical model solving the bending wave motions of a ribbed plate is
applied in this study to predict the low-frequency vibration of joist floor
systems. The model is based on Fourier-sine-series mode shapes and
the modal superposition method. The bending waves in the plate and
beams are calculated by the thin plate and Timoshenko beam theories,
respectively, and then coupled in the vertical direction. By introducing
the torsional motions and modifying the bending axes of the beams, the
model is able to approximate the coupling of in-plane motions between
the plate and the beams. A systematic comparison of the analytical
and numerical results shows good agreement between them. A compari-
son with experimental results also proves that the prediction model can
reasonably predict the low-frequency vibrations in a joist floor system.

In a further extension, the effect of an elastically supported floating
floor system on the vibration of a joist floor is considered in the analyti-
cal model. The floating plate is also assumed to be homogeneous and has
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simply-supported boundary conditions. The model can achieve a satis-
factory prediction for the fundamental frequency of a coupled floor sys-
tem but generates considerable deviations in the subsequent floor modes.
Application of a more flexible boundary condition, such as a free or mixed
boundary, may solve the current problem in the prediction model. The
effect of a standing person on the vibration of a lightweight joist floor is
also studied. The analytical floor model combined with a standardized
2-DOF standing human model gives a good prediction of reduced floor
vibration due to the presence of the person.

A boundary element model is combined with the analytical floor
model to calculate the impact sound radiated by the joist floor. Com-
parisons with the numerical and experimental results indicate that, even
when simplifying the joist floor as a 2D model, the current hybrid model
still gives a satisfactory prediction of the impact sound field in the low-
frequency range.
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4 Simulation and experimental analysis of
vibrations in lightweight joist floors with
dynamic vibration absorbers (DVAs)

Abstract

Typical solutions to reduce excessive floor vibration and its radiated
sound include increasing mass, stiffening the structure, and adding a
floating floor. However, these methods may not be effective for lightweight
floors at low frequencies. The use of dynamic vibration absorbers (DVAs)
to reduce low-frequency structural vibration has attracted the attention
of researchers in recent years. In this chapter, an analytical model based
on the modal superposition method is proposed to assist the study of the
effect of DVAs in reducing the vibration of a joist floor. The model as-
sumes the joist floor has free boundary conditions and considers both
bending waves and torsional waves in the beams. The effect of the
plate–beam connection conditions is also considered in the model. The
analytical model is systematically validated by comparing it to the re-
sults from finite element models. To test the applicability of the model in
predicting the effects of DVAs, measurements are carried out on a scaled
wooden joist floor structure with fabricated spring-mass-type absorbers.
Good agreement was observed between the predicted and measured re-
sults for the mobility of the joist floor and the reduction caused by the
DVAs, indicating that the analytical model is capable of predicting the
effect of DVAs on a joist floor.

4.1 Introduction

Annoyance due to impact sound from a floor is related to excessive vibra-
tion of the floor. For comfort and health, exposure to excessive impact
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Figure 4.1: Vibration of a SDOF host system reduced by a DVA.
w – Displacement, wmax – Maximum displacement, f – Frequency,

fr – Resonance frequency.

noise and floor vibration should be avoided (Bachmann et al., 2012; In-
gelaere, 2012; Zegers, 2011). Therefore, adequate controls are required
to minimize floor vibration.

Typical solutions to reduce floor vibrations include increasing the
mass or stiffness of a floor, introducing an elastic floor covering, and
adding a floating floor system (Hopkins, 2012; Johansson, 1995; Sipari,
2000). The first two methods alter the dynamic mechanical properties
of the floor, making it less sensitive to excitation. However, increasing
mass and stiffness are difficult to achieve on lightweight floors. The latter
two methods decouple the main part of the floor from its surface layer,
thus reducing the vibrations of the floor structure and the sound radi-
ated from the floor to the room below. However, the effective frequency
range of these two methods is limited by the weight of the material and
tends to be more effective at high frequencies (Hopkins, 2012; Johansson,
1995).

The dynamic vibration absorber (DVA) has been used in structural
engineering applications since the concept was introduced in 1911 (Frahm,
1911). A DVA is a single degree of freedom (SDOF) system whose nat-
ural frequency can be adjusted to match the mode of the host system
by tuning the spring constant, mass, and damping, thereby reducing the
vibration of the host system (Figure 4.1). A DVA can be installed on
the underside of a floor and is sometimes the only practical solution to
control vibration in existing floors (Webster & Vaicaitis, 1992). Over
the last two decades, numerical research into the use of DVAs to control
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structural vibrations has been a popular area of study. Early studies sim-
plified the host structure to an SDOF system, which was then coupled
with a DVA to form a two degree of freedom system (Baader & Fontana,
2017; W. O. Wong, 2016). This simplified approach can be used to ana-
lyze the effect of a DVA on the fundamental mode of the host structure.
For more complex host structures, finite element methods solving par-
tial differential equations were used to calculate the vibration of the host
structure and assess the effect of multiple DVAs (Hwang et al., 2011;
Salleh & Zaman, 2016). Analytical models based on thin-plate bending
vibrations and classical boundary conditions were used for rectangular
plate-like host structures. As analytical models can be combined easily
with SDOF DVA models, researchers applied them in parametric opti-
mization studies of DVAs (Hwang et al., 2011; Gardonio & Zilletti, 2015;
Shen et al., 2017; Zhu et al., 2018).

In contrast to numerical studies, only a few measurements have been
conducted with DVAs to compare them with the simulated results (Bonsel
et al., 2004; Ljunggren & Ågren, 2002), and even fewer experiments have
been targeted at floor structures (Webster & Vaicaitis, 1992). Further-
more, most such experiments were carried out with a single DVA rather
than multiple distributed absorbers.

This chapter aims to evaluate the applicability of the analytical model
in predicting the effect of multiple DVAs on the vibration fields of joist
floors. First, an experiment is conducted on a scaled joist structure with
DVAs made of steel springs and blocks. The experimental outcomes are
then compared with the results of an analytical model based on the modal
superposition method. The analytical model allows a rapid assessment of
the effect of DVAs on floor vibration and can be used for future work on
optimizing multiple DVAs to reduce vibration in lightweight joist floors.

The chapter is organized as follows. Section 4.2 presents the setup of
the experiment and test results. Section 4.3 presents the formulation and
validation of the analytical prediction model. Section 4.4 compares the
predicted and measured vibration results. Sections 4.5 and 4.6 provide
discussions and conclusions, respectively.
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4.2 Experimental analysis

4.2.1 Experimental setup

Setup of the host structure

The experiment took place in the acoustics laboratory of the Eindhoven
University of Technology. The host structure was a scaled joist floor
fabricated by a 1m×1m×9mm medium-density-fiberboard (MDF) plate
ribbed by 7 MDF beams, each with a cross-section of 22×70mm, as
shown in Figure 4.2. The beams were evenly spaced in the x direction at
approximately 135mm from center to center. Each beam was connected
to the plate with nine screws at approximately 135mm center-to-center
spacings.

The structure was suspended from elastic ropes to obtain free bound-
ary conditions. An impact hammer (BK 8202) was used to excite the
structure, and the normal vibrations in the plate were measured by ac-
celerometers (PCB 333B30). Figure 4.3 shows the positions of the four
excitations and the 17×9 receivers. A National Instruments acquisition
system (NI 9234 and cDAQ-9178) captured the force and acceleration
signals for 7 seconds with a sampling frequency of 51200Hz, then the
fast Fourier transform (FFT) was applied to the signals in MATLAB for
a frequency range up to 25.6kHz. Figure 4.4 shows the setup for the test
of the scaled joist floor.

Figure 4.2: Top and front view of the scaled
joist floor. The dimensions are in [mm].
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Figure 4.3: Locations of excitations and ac-
celerometers
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Figure 4.4: Setup for the test of the scaled joist floor.

Mechanical properties of the host structure components

The densities of the wooden components were determined by weighing
them separately. Both plate and beams were assumed to be homoge-
neous, and their Young’s moduli were found by performing dynamic vi-
bration tests. The plate and beams were placed separately on melamine
foam sheets to perform the test under free boundary conditions. Fig-
ures 4.5 and 4.6 show the setups for performing dynamic vibration tests
on the components. First, the natural frequencies of the plate and beams

Figure 4.5: Setup for measurement of
the dynamic properties of the MDF
plate

Figure 4.6: Setup for measurement of
the dynamic properties of the MDF
beams

were determined by observing the measured mobility (i.e., the ratio be-
tween the velocity v and excitation force Fe). As shown in Figures 4.7
and 4.8, the frequencies at which peaks in the mobility amplitude and
jumps in the phase angle occurred were identified as the natural fre-
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quency (Avitabile, 2017). Then, finite element models solving linear
elasticity equations were built in COMSOL Multiphysics v5.2 to com-
pute the natural modes for comparing with the experimental results. The
Young’s moduli were determined by minimizing the differences between
the simulated and measured natural frequencies. Figures 4.9 and 4.10
show the identified mode shapes and natural frequencies of the MDF
plate and beams. Poisson’s ratio for the MDF plate and beams was set

(a) Amplitude.

(b) Phase angle.

Figure 4.7: Mobility of the MDF plate.
The vertical dashed lines show the iden-
tified natural frequencies. The small map
shows the locations of the excitations
(dots) and receivers (circles).
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Figure 4.8: Mobility of the MDF beams.
The vertical dashed lines show the iden-
tified natural frequencies. The small map
shows the locations of the excitations (red
dots) and receivers (black circles)

at 0.25 following Bucur (2006). The loss factors of the components were
extracted from the measured mobility using the half-power bandwidth
method (Nashif et al., 1985; B. Wu, 2015). The material properties are
listed in Table 4.1.

4.2.2 Fabrication of the DVA

Eight DVAs were used in the measurement. Each absorber was fabricated
with three parts welded to each other: a steel mass block, a steel coil
spring, and a hex nut (Figure 4.11). The DVAs were connected to the
joist structure by screws.
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Mode 1, 22.3Hz Mode 2, 33.1Hz Mode 3, 51.7Hz Mode 4, 63.7Hz

Mode 5, 87.2Hz Mode 6, 98.1Hz Mode 7, 172Hz

Figure 4.9: Experimentally identified bending mode shapes and natural frequencies of the
MDF plate.
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(c) Mode 3
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(d) Mode 4
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Figure 4.10: Experimentally identified bending mode shapes (line graphs) and natural fre-
quencies (bar charts) of the 7 MDF beams.

First, the natural frequencies fa of the DVA were specified by the floor

Page 89



4 Joist floor with multiple vibration absorbers

Table 4.1: Mechanical properties of the MDF components

Components
Young’s modulus Density Loss factor

GPa kg/m3

Plate 3.1 669.6 0.050
Beam 1 1.9 583.2 0.045
Beam 2 2.1 565.2 0.039
Beam 3 2.1 559.2 0.038
Beam 4 2.1 571.2 0.081
Beam 5 2.1 577.2 0.078
Beam 6 2.4 589.2 0.088
Beam 7 2.1 577.2 0.055

Beam (average) 2.1 574.6 0.060

mode being targeted. In this study, the DVAs targeted the mode of the
joist structure at around 70Hz. Each DVA was characterized by three
parameters: spring constant, ka, mass, ma and loss factor, ηa. These
parameters were subject to the following relationship:

fa =
1

2π

√
ka
ma

. (4.1)

The ka of the coil springs can be estimated according to:

ka =
Gsd

4
s

8nsD3
s

, (4.2)

where Gs is the transverse elastic modulus of the spring material, ds is the
wire diameter, ns is the number of active coils, and Ds is the coil diameter
(outer diameter − wire diameter). By changing the ma of the steel block,
the fa of the DVAs can be tuned to the desired frequency. The loss factor,
ηa, of the DVAs can be extracted from the measured response functions
of the DVAs using the half-power bandwidth approach. Table 4.2 lists
the parameters and dimensions of the DVAs. A finite element model was
made in COMSOL Multiphysics v5.2 to simulate the natural modes of
the DVA. The model solves the linear elasticity equations and assumes
that the material is homogeneous. The upper surface of the hex nut is
set as fixed in the model.

The targeted mode in the vertical direction can be found by the model,
as shown by Mode 3 in Figure 4.12. However, in addition to the 70.4Hz
mode, a rotational mode can also be observed at 33.5Hz, and two rocking
modes, axial and diagonal, are found at 13.7Hz and 115Hz.
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Table 4.2: Averaged parameters of the absorbers obtained from measurement

Parameters
of

DVAs

Spring constant Mass Loss factor Natural frequency,

ka, N/m ma, kg ηa fa, Hz

2.55e4* 0.121 0.01 73

Dimensions
of

coil springs

Wire diameter Coil number Coil diameter

d, mm n D, mm

2 6 10

Dimensions
of

mass blocks

Length Width Height

mm mm mm

30 30 19

*The spring constant, ka, is estimated using Equation 4.2 with a shear modulus of 7.7GPa for steel
material.

Figure 4.11: Fabrication
of a DVA.

(a) Mode 1,
fr =13.7Hz

(b) Mode 2,
fr =33.5Hz

(c) Mode 3,
fr =70.4Hz

(d) Mode 4,
fr =115Hz

Figure 4.12: Modes of the DVA simulated by a finite element
model.

Figure 4.13: Setup to identify
the DVA’s natural frequencies.
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Figure 4.14: DVA’s response to normal excitation by
an impact hammer.

These modal patterns were also observed in experimental results with
the DVA. The hex nut in the DVA was fixed with a pressure clamp.
The vertical vibrations of the mass block after excitation by an impact
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hammer were measured by an accelerometer, as shown in Figure 4.13.
The measured displacement result showed a peak at approximately 70Hz,
representing the DVA’s mode in the normal direction (see Figure 4.14).
Two other peaks were found at 14Hz and 115Hz, corresponding to the
two rocking modes in the simulation. The rotational mode was not
evident in the test result, probably because the direction of motion was
perpendicular to the normal direction and could not be collected by the
sensor.

Figure 4.15b shows the positions where the DVAs were mounted on the
joist structure. To maximize the likelihood of their having a measurable
effect on floor vibrations, they were installed in the region exhibiting
high displacement at the 70Hz mode (i.e., on both sides of the beam in
the middle of the scaled floor).

(a) DVAs installed on the scaled joist floor.

(b) Measured 70Hz-mode vibration of the joist
floor and the positions of the DVAs.

Figure 4.15: Installation of the DVAs.

4.2.3 Measurement results with and without the DVAs

For each measurement setup, the excitation force and acceleration are
first obtained as time signals before they are transformed to the frequency
domain values Fe and a, respectively, via FFT. In the frequency domain,
the velocity is retrieved from the relationship v = a/(jω). The mobility,
Y , is obtained by:

Y =
v

Fe
. (4.3)

In some cases, the mobility is averaged over the excitation and receiving
positions to represent the general vibration over the whole floor surface.
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The equation is given by:

|Yrms| =

√√√√ 1

SR

S∑
s=1

R∑
r=1

|Y(s,r)|2, (4.4)

where S and R indicate the total number of excitations and receivers (in
this study, R=17×9), respectively.

Figure 4.16 compares the measured mobility of the scaled joist floor
with and without DVAs due to excitation at different locations. As seen
in Figures 4.16a and 4.16b, when the impact locations are near the center
of the floor and close to the DVAs, the DVAs cause a large variation in
vibration around 70Hz, while the variation in the other frequency ranges
is small. However, Figures 4.16c and 4.16d show that the variation
around 70Hz is relatively insignificant when the impact is located away
from the center of the floor and the DVAs.
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Figure 4.16: Averaged mobility of the scaled joist floor with and without DVAs. The small
maps show the excitation positions (black dots) and DVA positions (blue crosses).

Due to the low damping provided by the DVAs in this experiment, the
vibration energy of the 70Hz modes is not dissipated by the DVAs but
transferred to the surrounding frequency range. As a result, two newly
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generated peaks around 65Hz and 88Hz can be observed in Figure 4.16a.
In addition, the other modes of the DVAs, at 13.7Hz, 33.5Hz, and 115 Hz
(see Figure 4.12), do not cause significant changes in the floor vibration.

4.3 Numerical analysis

Figure 4.17 illustrates the analytical model of the joist floor with DVAs.
The model is based on the modal superposition method presented in
Section 3.2, which simplifies the joist floor as a two-dimensional thin
plate ribbed by parallel beams and represents each DVA as an SDOF
mass–spring–damper system.

Figure 4.17: Schematic diagram of the joist floor with DVAs.

4.3.1 Analytical model of the joist floor with free boundary
condition

The floor model includes the following main aspects:

a. Bending wave motions of the plate using the thin plate theory and
modal superposition method.

b. Coupling the bending wave motions of the plate with the bending
wave motions of the beams calculated by the Timoshenko beam theory.

c. Coupling the bending wave motions of the plate with the torsional-
wave motions of the beams.

d. Approximation of the moments of inertia of the beams due to the
plate–beam connections at their interfaces.

a. Bending wave motions of the plate
First, the modal displacement coefficients of the plate, up, are computed
up to the truncated mode number (M,N) by:(

Kp −Mpω
2
)
up = F, (4.5)
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where Kp and Mp are the stiffness and mass matrices of the plate,
respectively, and F is the coefficient vector of the excitation forces. Based
on the modal superposition method, the vibration displacement of the
plate is calculated by:

wp (x, y) =
N∑
n=1

M∑
m=1

up(m,n)ψm (x)ψn (y) , (4.6)

where ψm and ψn are the mode shape functions of the plate for mode
(m,n) along the x and y directions, respectively. For a freely supported
plate, the mode shape functions are given as Gardonio and Elliott (1998):

ψm (x) =

√
2

lx
ϕf,i(x), ψn (y) =

√
2

ly
ϕf,k(y), (4.7)

where ϕf represents the mode shape functions of a beam with free
boundary conditions. The subscripts i and k, following the relation-
ships i = m + 1 and k = n + 1, respectively, denote the mode numbers
of the beam. For a plate with free boundary conditions, mode numbers
m and n start from −1. The plate’s first two modes in each direction
(e.g., m=−1 and m=0) correspond to the beam’s two rigid-body-motion
modes: translational (i=0) and angular (i=1) oscillations. The functions
ϕf for mode i are described as:

ϕf,0 (x) =
√

1/2,

ϕf,1 (x) =
√

3/2

(
1− 2x

lx

)
,

ϕf,2,4,6... (x) = cos

[
γi

(
x

lx
− 1

2

)]
+ ai cosh

[
γi

(
x

lx
− 1

2

)]
,

ϕf,3,5,7... (x) = sin

[
γ′i

(
x

lx
− 1

2

)]
+ a′i sinh

[
γ′i

(
x

lx
− 1

2

)]
,

(4.8)

where

ai =
sin (γi/2)

sinh (γi/2)
, a′i =

sin (γ′i/2)

sinh (γ′i/2)
, (4.9)

and the constants γi and γ′i are given in Table 4.3. The bending-motion
stiffness matrix, Kp, and mass matrix, Mp, for a plate with free bound-
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Table 4.3: Constants γi and γ′
i for Equation 4.8, r=3,4,5...

γ2=4.7300 γ′3=7.8532
γ4=10.9956 γ′5=14.1372

γ6,8,10...=(4r − 1)π/2 γ′7,9,11...=(4r + 1)π/2

ary conditions are given by (Brunskog & Chung, 2011):

Kp =


. . . 0

Dp

(
π
lx

)4

q2
ik

0
. . .


(MN×MN)

, Mp =

. . . 0
ρphp

0
. . .


(MN×MN)

,

(4.10)

where Dp and ρphps are the bending rigidity and the mass of the plate,
respectively. Following Ref. Gardonio and Elliott (1998), the factor qik
is calculated by:

qik =

√
G4
x (i) +G4

y (k)
(
lx
ly

)4

+ 2
(
lx
ly

)
[νHx (i)Hy (k) + (1− ν) Jx (i) Jy (k)].

(4.11)

The values of the constants Gx, Gy, Hx, Hy, Jx, and Jy are listed in
Table 4.4.

Table 4.4: Constants Gx, Gy, Hx, Hy, Jx, and Jy for Equation 4.11

i or k Gx or Gy Hx or Hy Jx or Jy

0 0 0 0
1 0 0 12/π2

2 1.506 1.248 5.017

3,4,5... i− 1
2

(
i− 1

2

)2 (
1− 4

(2i−1)π

) (
i− 1

2

)2 (
1 + 12

(2i−1)π

)

b, Bending-motion parameter matrices of the beams

For a joist floor, the stiffness matrix, Kfloor, and mass matrix, Mfloor,
should consider both the plate and the beams. The modal displacement
coefficients of the floor, ufloor, can then be calculated using Equation 4.5.
Kfloor and Mfloor are given as:

Kfloor = Kp + Kb,1, (4.12)
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Mfloor = Mp + Mb,1, (4.13)

where Kb,1 and Mb,1 are the bending-motion stiffness and mass matrices
of the beams, respectively. For S parallel beams, Kb,1 and Mb,1 are
defined as (Brunskog & Chung, 2011):

Kb,1 = JTKbJ, (4.14)

Mb,1 = JTMbJ, (4.15)

where J is the coupling matrix for the bending motions of the beams,
defined as:

J =

. . . 0
Jn

0
. . .

 , Jn = [φm (xs)](S×M) , n = 1, 2 · · ·N. (4.16)

Kb and Mb are the bending-motion stiffness and mass matrices of the
beams, respectively, before coupling with the plate, given by:

Kb =


. . . 0

ω2
b,nρbAb

0
. . .


(NS×NS)

, Mb =

. . . 0
ρbAb

0
. . .


(NS×NS)

,

(4.17)
where ωb,n and ρbAb are the natural frequency and the mass per unit
length of the beam, respectively, and n denotes the mode number. To
calculate the ωb,n of a Timoshenko beam with free boundary conditions,
the general solution for the bending wave motions of the beam is consid-
ered first. The vertical displacement, wb, and angular displacement, φb,
of the beam can be calculated by:

wb (y) = A cosh δy +B sinh δy + C cos εy +D sin εy, (4.18)

φb (y) = aA cosh δy + aB sinh δy − bC cos εy + bD sin εy. (4.19)

where A, B, C and D are the constants to be determined. Constants a,
b, δ, and ε are given in Section 3.2.1 b. For a beam with free boundary
conditions, the bending motions of the beam ends should satisfy the
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following equations (C. Wu, 2019):

w′b (0)− φb (0) = cB + dD = 0

φ′b (0) = aδA− bδC = 0

w′b (ly)− φb (ly) = cA sinh δly + cB cosh δly − dC sin εly + dD cos εly = 0

φ′b (ly) = aδA cosh δly + aδB sinh δly − bεC cos εly − bεD sin εly = 0,
(4.20)

where
c = δ − a, d = ε− b. (4.21)

By extracting the coefficients of Equation 4.20, the coefficients of the
matrix equation can be established as:∣∣∣∣∣∣∣∣

0 c 0 d
aδ 0 −bδ 0

c sinh δly c cosh δly −d sin εly d cos εly
aδly cosh δly aδ sinh δly −bε cos εly −bε sin εly

∣∣∣∣∣∣∣∣ = 0. (4.22)

The natural frequencies ωb,n|n=2,3,4... of a Timoshenko beam with free
boundary conditions can be calculated by solving Equation 4.22. In
addition, two rigid-body-motion modes (translational and angular oscil-
lations of the beam) exist at very low frequencies approximately equal
to zero (i.e., ωb,0 = ωb,1 = 0Hz).

c. Torsional-motion parameter matrices of the beams

The torsional wave motions of the beams are taken into consideration
for the calculation by adding the torsional-motion stiffness matrix, Kb,2,
and mass matrix, Mb,2, to the floor’s parameter matrices:

Kfloor = Kp + Kb,1 + Kb,2, (4.23)

Mfloor = Mp + Mb,1 + Mb,2. (4.24)

For S parallel beams, Kb,2 and Mb,2 are defined as (Dickow et al., 2013):

Kb,2 = LTKr
bL, (4.25)

Mb,2 = LTMr
bL, (4.26)
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where L is the coupling matrix for the torsional motions of the beams,
given by:

L =

. . . 0
Ln

0
. . .

 , Ln = [φ′m (xs)](S×M) , n = 1, 2 · · ·N. (4.27)

Kr
b and Mr

b are the torsional-motion stiffness and mass matrices of the
beams, respectively, before coupling with the plate, given by:

Kr
b =

. . . 0
Trk

2
n

0
. . .


(NS×NS)

, Mr
b =

. . . 0
θr

0
. . .


(NS×NS)

,

(4.28)
where Tr and Θr are the effective torsional stiffness and mass moment of
inertia per unit length of the beam, respectively.

d. Interface connection between plate and beams

Figure 4.18 shows the shift of the bending axis of a beam from its neutral
axis when the beam is connected with a plate at the interface. The
connection restricts the bending of the beam, affecting the distribution
of stresses on the cross-section (Bedford & Liechti, 2002).

Figure 4.18: Plate–beam interface connections and the offset of the beam’s bending axis.

To simulate the effects of the plate–beam interface connections in
the model, an offset in the beam’s bending axis, z′, is applied to the
calculation of the bending wave motions of the beam. A revised second
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moment of inertia, I ′b, is given by:

I ′b = Ib + Abz
′2. (4.29)

The value of z′ is expected to be a number between 0 and hb/2, where
hb is the height of the beam. The study in Section 3.2.2 shows that a
stronger connection between plate and beam leads to a higher z′ value.
In the scaled joist structure, the plates and beams are firmly connected
with screws at a spacing of 12cm. In the analytical model, the bending
axis of the beam is offset to the interface between the beam and plate.
Thus z′ = hb/2 was given to the bending modes n=2,3. . .N . For the two
rigid-body-motion modes n = 0, 1, there are no stresses on the beam’s
cross-section. Therefore, the interface connection has no effect, and z′=0
for these modes.

4.3.2 Numerical validation by finite element models
The analytical model for the joist floor has been numerically validated in
steps by comparing it with the finite element models made in COMSOL
Multiphysics v5.2 using different geometries and theories. The valida-
tion followed the steps a ∼ d applied in Section 4.3.1. The theories
and boundary conditions set for the models in each step are listed in
Table 4.5. The dimensions of the floor models and the properties of
the materials are given in Section 4.2.1. To simplify the calculation,
the Young’s moduli, densities, and loss factors were averaged over the 7
beams used in the models. To improve the representation of the structure
vibrations in the comparison, the models calculate the mobility results
for 2 excitation positions (1 and 4 in Figure 4.4) and 17×9 receiving
positions, and all mobilities are then averaged for the comparison using
Equation 3.72.

a. Bending wave motion of the plate using Kirchhoff-Love
theory

Figure 4.19 compares the mobility of a plate calculated by the analyt-
ical model and the finite element model. The two models give relatively
consistent predictions of the spectrum of mobility. However, a small
difference in the natural frequencies is found between the two models,
possibly due to errors in the approximated natural frequencies using
Equation 4.11. Most of the natural frequencies calculated by the analyt-
ical model are slightly higher than those calculated by the finite element
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Table 4.5: Setups in the analytical and finite element models.

Step Analytical model Finite element model
a 1. Plate bending wave motion using

Kirchhoff theory.

1. 2D plate using Mindlin theory,

2. Plate edges are free.

b 1. Plate bending wave motion using

Kirchhoff theory,

2. Beam bending wave motion using

Timoshenko theory,

3. Beam bending wave motion calcu-

lated with Ib.

1. 2D plate using Mindlin theory,

2. 2D beams using Timoshenko theory,

3. Displacements of plate and beams in z

direction are set equal at beam positions,

4. Plate edges are free.

c 1. Plate bending wave motion using

Kirchhoff theory,

2. Beam bending wave motion using

Timoshenko theory,

3. Beam bending wave motion calcu-

lated with Ib,

4. Beam torsional wave motion.

1. 2D plate using Mindlin theory,

2. 3D beams using linear elasticity equa-

tions,

3. The neutral axis of the beam coin-

cides with the underside of the plate,

4. Displacements of plate and beam

in the z direction are set equal at the

beam’s neutral axis,

5. Plate edges are free.

6. Beam ends are free to rotate.
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d 1. Plate bending wave motion using

Kirchhoff theory,

2. Beam bending wave motions using

Timoshenko theory,

3. Beam bending wave motions calcu-

lated with z′ = 0.5hb,

4. Beam torsional wave motion.

1. 2D plate using Mindlin theory,

2. 3D beams using linear elasticity equa-

tions,

3. Beam upper surfaces are connected

with plate,

4. Displacements of plate and beams in z

direction are set equal on the plate–beam

interface,

5. Plate edges are free.

6. Beam ends are free to rotate.

model (especially at the higher frequencies) because the thin plate theory
neglects shear deformation and thus overestimates the natural frequen-
cies compared to the Mindlin plate theory.
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Figure 4.19: Averaged mobility of the plate with free boundary conditions (Step a). The
small map shows the locations of the excitations (red dots) and receiving points (black
circles).

b. Coupling with the bending wave motions of the beams
Figure 4.20 shows the mobility of the ribbed plate calculated from both
models. The two results show better agreement in the prediction of
natural frequencies than the thin plate simulation. The ribbed plate acts
as an anisotropic structure, and the beam modes dominate the vibrations
at low frequencies since the bending stiffness of a beam is greater than
that of the plate. The analytical model gives a good prediction of the
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beam’s natural frequencies, and to some extent, compensates for the
errors in the approximation solution of the plate.

10 12.5 16 20 25 31.5 40 50 63 80 100 125 160 200 250 315

Frequency [Hz]

10-6

10-5

10-4

10-3

10-2

10-1

|Y
rm

s| [
m

/N
s]

FEM, 2D plate + 2D beams
Analytical, plate only
Analytical, plate + beams (bending waves only)

0 1.1
0

1.1

Figure 4.20: Averaged mobility of the ribbed plate considering only the bending wave mo-
tions of the beams (Step b). The small map shows the locations of the excitations (red dots)
and receiving points (black circles).

c. Coupling with the torsional waves of the beams

Figure 4.21 shows the mobility of the ribbed plate calculated by the
models including the torsional wave motions of the beams. Application
of three-dimensional beams enables the finite element model to simulate
torsional wave vibrations. Changes in the modes of the ribbed plate
can be seen in the mobility results. The analysis model gives a good
prediction of the effect of torsional wave motions, although there is an
approximately 3% difference between its predictions of natural frequen-
cies and those of the finite element model.

d. Plate–beam connections at the interfaces

Figure 4.22 shows the mobility of the ribbed plate with interface con-
nections calculated by both models. Compared to the results in c, the
interface connections primarily cause variations in the modes of the struc-
ture above 80Hz. The analytical model, by applying the bending axis
shift value, z′, and the resulting second moment of inertia, I ′b, gives a
good prediction of this effect, and its results are in reasonable agreement
with those of the finite element model.

4.3.3 Modeling the DVAs

The DVAs are modeled as SDOF mass–spring–damper systems. The dis-
placement of each absorber, wa,r, is coupled with the motion of the joist
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Figure 4.21: Averaged mobility of the ribbed plate including the torsional wave motions of
the beams (Step c). The small map shows the locations of the excitations (red dots) and
receiving points (black circles).
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Figure 4.22: Averaged mobility of the ribbed plate considering the plate–beam interface
connections (Step d). The small map shows the locations of the excitations (red dots) and
receiving points (black circles).

structure, wfloor,r, at the attaching position, (xa,r,ya,r). The displace-
ment of the floor at the position of the absorber, r, can be represented
by:

wfloor,r =
N∑
n=1

M∑
m=1

ufloor,m,nψm (xa,r)ψn (ya,r) , (4.30)

where ufloor,m,n is the modal displacement coefficient for the floor mode
(m,n). The coupling of the motions between the floor and the DVAs can
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be expressed as:

N∑
n=1

M∑
m=1

(
Kfloor,m,n −Mfloor,m,nω

2
)
ufloor,m,n+

R∑
r=1

ka,r (1 + jηa,r) (wa,r − wfloor,r) = F,

(4.31)

ma,rω
2wa,r +ka,r (1 + jηa,r) (wfloor,r − wa,r) = 0, r = 1, 2...R, (4.32)

where Kfloor,m,n and Mfloor,m,n are the modal stiffness and modal mass of
the floor, respectively, ka,r, ma,r, and ηa,r are the spring constant, mass,
and loss factor, respectively, of the rth DVA, and R is the total number
of DVAs.

By organizing the stiffness and mass of the DVAs in matrix form as:

Ka =
[
ka,1 (1 + jηa,1) . . . ka,R (1 + jηa,R)

]
, Ma =

[
ma,1 . . .ma,R

]
,

(4.33)
and defining a coupling matrix:

Φa =
[
. . .Φa,n . . .

]
,Φa,n =

[
φm,f (xa,r)ψn,f (ya,r)

]
R×M

m = 1, 2 · · ·M, n = 1, 2 · · ·N,
(4.34)

the floor motions after coupling with the DVAs are solved by:([
Kfloor −Φa

TKa

−Ka
TΦa diag(Ka)

]
− ω2

[
Mfloor 0

0 diag(Ma)

])[
ufloor

wa

]
=

[
F
0

]
.

(4.35)

where wa =
[
wa,1 . . . wa,R

]T
and diag is the vector-to-diagonal matrix

operator.

4.4 Comparison between the experimental and
numerical results

First, the modal assurance criterion (MAC) was calculated using Equa-
tion 3.45 to evaluate the correlation of the operational deflection shapes
at natural modes. In Figure 4.23a, the MAC values were calculated
between the measured and predicted deflection shapes for the first 18
modes, up to about 200Hz. In the frequency range shown, 16 out of the
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18 modes have MAC values higher than 0.6. Among the first 12 modes
up to 160Hz, eight modes have MAC values higher than 0.75. This in-
dicates a good correlation between the measured and predicted results.
Furthermore, the graphs show that adjacent modes tend to have high
MAC values. For example, modes 1∼4 and modes 8∼11 all have MAC
values higher than 0.75. This indicates that these adjacent floor modes
exhibit high similarity under free boundary conditions. This similarity
is further demonstrated by the auto-MAC values for the experimental
deflection shapes shown in Figure 4.23b, in which high values are found
among the adjacent modes 1∼4, 8∼11 and 15∼18.

(a) Between the predicted and experimental re-
sults.

(b) Auto-MAC of the experimental deflection
shapes.

Figure 4.23: MAC values of operational deflection shapes of the joist floor

Figures 4.24 and 4.25 show the operational deflection shapes and nat-
ural frequencies of some experimentally identified and predicted floor
modes. The deflection shapes in the two results show good agreement.
The differences in natural frequencies are also below 8%.

Figures 4.26∼4.29 compare the point-to-point mobility of the joist
floor with and without DVAs. When the excitations are near the floor
center, the analytical model gives a good prediction of the vibration
of the joist structure and the reduction caused by the DVAs around
70Hz. In contrast, impact excitation close to the corners will trigger more
floor modes, and the deviation increases between the prediction and the
experimental results. In particular, the most significant deviation can
be found for the receiving positions at a corner. This deviation may be
related to the fact that, in this experiment, elastic ropes suspend the floor
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Mode 1, 14.0Hz Mode 4, 37.3Hz Mode 5, 56.7Hz Mode 6, 70.1Hz

Mode 7, 87.6Hz Mode 8, 114.4Hz Mode 12, 147.9Hz Mode1 6, 189.9Hz

Figure 4.24: Experimental deflection shapes and natural frequencies of the joist
floor.

Mode 1, 13.3Hz Mode 4, 36.2Hz Mode 5, 59.9Hz Mode 6, 69.8Hz

Mode 7, 92.2Hz Mode 8, 112.9Hz Mode 12, 159.5Hz Mode 16, 193.8Hz

Figure 4.25: Predicted deflection shapes and natural frequencies of the joist floor.

at its four corners. These ropes exert forces at the corners of the floor
that represent a departure from the assumed free boundary conditions,
thus changing the vibration performance in those local areas.

The model also gives an accurate prediction of the reduction of the
floor vibration around 70Hz caused by DVAs. However, compared to
the prediction, the experimental results show more fluctuations around
this frequency, as it is difficult to control the natural mode of the fab-
ricated absorbers to be precisely 70Hz. For frequencies far from 70Hz,
the vibration absorbers have little effect on the vibration of the host
structure.

Finally, the predicted and measured floor mobilities with and without
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(a) Receiver 1, without absorbers
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(b) Receiver 1, with absorbers
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(c) Receiver 2, without absorbers
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(d) Receiver 2, with absorbers
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(e) Receiver 3, without absorbers

10 12.5 16 20 25 31.5 40 50 63 80 100 125 160 200 250 315

Frequency [Hz]

10-6

10-5

10-4

10-3

10-2

10-1

|Y
| [

m
/N

s]

Experiment
Analytical model

0 1.1
0

1.1

(f) Receiver 3, with absorbers
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(g) Receiver 4, without absorbers
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(h) Receiver 4, with absorbers

Figure 4.26: Mobility of the scaled joist floor. Source position 1. The small maps show the
locations of the excitation (red dot), receiver (black circle) and vibration absorbers (blue
crosses).
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(a) Receiver 1, without absorbers
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(b) Receiver 1, with absorbers
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(c) Receiver 2, without absorbers
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(d) Receiver 2, with absorbers
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(e) Receiver 3, without absorbers
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(f) Receiver 3, with absorbers
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(g) Receiver 4, without absorbers
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(h) Receiver 4, with absorbers

Figure 4.27: Mobility of the scaled joist floor. Source position 2. The small maps show
the locations of excitation (red dot), receiver (black circle) and vibration absorbers (blue
crosses).
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(a) Receiver 1, without absorbers

10 12.5 16 20 25 31.5 40 50 63 80 100 125 160 200 250 315

Frequency [Hz]

10-6

10-5

10-4

10-3

10-2

10-1

|Y
| [

m
/N

s]

Experiment
Analytical model

0 1.1
0

1.1

(b) Receiver 1, with absorbers
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(c) Receiver 2, without absorbers
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(d) Receiver 2, with absorbers
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(e) Receiver 3, without absorbers
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(f) Receiver 3, with absorbers
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(g) Receiver 4, without absorbers
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(h) Receiver 4, with absorbers

Figure 4.28: Mobility of the scaled joist floor. Source position 3. The small maps show
the locations of excitation (red dot), receiver (black circle) and vibration absorbers (blue
crosses).
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(a) Receiver 1, without absorbers
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(b) Receiver 1, with absorbers
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(c) Receiver 2, without absorbers
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(d) Receiver 2, with absorbers
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(e) Receiver 3, without absorbers
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(f) Receiver 3, with absorbers
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Figure 4.29: Mobility of the scaled joist floor. Source position 4. The small maps show
the locations of excitation (red dot), receiver (black circle) and vibration absorbers (blue
crosses).
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DVAs are averaged over the four excitation positions using Equation 4.4.
The results are transformed into one-third-octave-band vibration levels
LY,DV A and LY and their level differences are shown in Figure 4.30 to
demonstrate the effect of DVAs on floor vibration levels. In the predicted
result, a significant fluctuation is found in the 40∼100Hz bands, and the
highest difference (around 4.5dB) occurs in the 63Hz band, which in-
cludes the 70Hz natural frequency of DVAs. Above this frequency range,
vibration levels are rarely affected by DVAs. The trend in the measured
results is similar to that observed in the predicted results. However, the
reduction in the 63Hz band (around 1.5dB) is not as significant as the
prediction due to the imperfection of the DVAs and the inhomogeneity of
the floor in the measurement. In addition, large differences around 2dB
are also found in the 12.5Hz and 16Hz bands. In these low-frequency
bands, the bandwidths are narrow. Thus, a slight shift of a single floor
mode due to the prediction error can significantly shift the predicted
vibration level away from the measured result.
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Figure 4.30: Reduction of the floor velocity level caused by DVAs. The small map shows
the location of excitations (red dots) and DVAs (blue crosses).

4.5 Discussion

The DVAs used in this study have a low loss factor of approximately 0.01.
Such low damping can transfer the vibration energy to other frequencies
without dissipating it. Therefore, to effectively reduce floor vibration and
impact sound, the DVAs need to have suitable damping ability. This is
one of the critical tasks for designing DVAs to solve the impact sound
problem of floor systems.

In the analytical model, the effect of the plate–beam interface connec-
tions is approximated by introducing a correction factor in the form of
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an upward shift of the beam’s bending axis, z′. Its value is dependent on
the boundary conditions of the floor and the plate–beam connection con-
ditions. For free boundary conditions, z′ = 0.5hb gives a good agreement
between predicted and experimental results. However, the study in Sec-
tion 3.2 suggests that, for a simply-supported joist floor, z′ = 0.35hb/n
(where n is beam modal number in the y-direction) for odd modes only
is more suitable to be applied in the model.

Laboratory experiments are conducted to verify the applicability of
the analytical model in predicting the effect of DVAs on the vibration
of lightweight joist floors. The free boundary condition is chosen be-
cause of its ease of implementation under existing laboratory conditions.
However, simply-supported, fixed, and some hybrid boundary conditions
correspond more closely to real floors. The applicability of the model as-
suming free boundary conditions for the floor suggests that the model
will be valid for other boundary conditions, as well.

4.6 Conclusions

This chapter investigates the effect of multiple DVAs on floor vibrations
using numerical models and laboratory experiments. The experiment is
carried out with DVAs made of steel blocks and coil springs to interfere
with the bending mode resonance frequency (approximately 70Hz) of
a scaled joist floor structure constructed with MDF components. A
significant change in the floor vibrations around 70Hz is observed from
the floor mobilities measured after installing the DVAs. In contrast, the
vibration is barely affected in the other frequency ranges. In addition
to the mode around 70Hz, the fabricated DVA is observed to have other
modes, one rotational mode at 14Hz and two rocking-oscillation modes at
34Hz and 115Hz. These modes have no significant effect on the measured
results of floor vibrations.

An analytical model of a rectangular ribbed plate, based on the modal
superposition method, is applied to calculate the vibration of a joist
floor. The DVAs are modeled as multiple SDOF mass–spring systems
and adapted to the floor model. The model assumes the structure has
free boundary conditions and includes the bending and the torsional
waves in the beams. The second moment of inertia of the beams is
amended to approximate the effect of the plate–beam connections on
the bending wave motions of the joist floor. The analytical results are
compared with numerical results in different steps with increasing consid-
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erations to validate the analytical model. Good agreement is obtained in
the comparisons between the computed mobilities. The analytical model
is also used to predict the vibrations of the scaled joist floor with DVAs.
The mode shapes and the low-frequency mobilities in the predicted and
measured results are in good agreement. The comparisons suggest that
the model is capable of predicting the effect of DVAs on low-frequency
vibrations of joist floors.
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5 Optimization of low-frequency floor vibration
reduction by dynamic vibration absorbers

Abstract

Dynamic vibration absorbers (DVAs) can be used to reduce the vibration
of floor systems. By tuning the natural frequencies of the DVAs to
match the natural frequencies of the host structure, a large amount of
vibration energy in the host structure can be transferred to and then
dissipated by the DVAs. To achieve this effect, the parameters of the
DVAs, such as mass, damping, stiffness, and location, need to be designed
and optimized. In this chapter, a procedure is proposed to optimize the
performance of the DVAs on a vibrating joist floor and determine the
best-fit parameters of the DVAs. The optimization method is based on
the genetic algorithm approach. An analytical model is used to evaluate
the effect of the DVAs on reducing the vibration energy of the host
system. The effect of the DVAs is compared with those of traditional
improvement measures. The result shows that, with the same increase in
floor weight, DVAs can be more effective than conventional improvement
measures at reducing floor vibration in the target low-frequency bands.
In addition, the effect of furniture on the performance of the DVAs is
analyzed using the analytical model.

5.1 Introduction

Excessive vibration of a lightweight joist floor can create low-frequency
impact noise that annoys residents in a dwelling. Typical solutions
for reducing structural vibrations such as adding weight, stiffening the
structure, and adding elastic supports or coverings, are often difficult
to target in the low-frequency range (Hopkins, 2012; Johansson, 1995;
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Sipari, 2000). A dynamic vibration absorber (DVA), consisting of a mass,
damper, and spring, can effectively control the vibration in a system by
suppressing undesirable vibrations. By tuning the natural frequency of a
DVA to the dominant mode of the host structure, a significant amount of
energy of structural vibration can be transferred from the host structure
to the DVA where it can then be dissipated through damping.

The basic concept of a DVA is simple, but the design needs to be
optimized to maximize its performance. The fixed-point theory was the
first theory for optimizing the damping and tuning of a DVA on an
undamped single degree of freedom (SDOF) system (Hahnkamm, 1932).
Its approach, known as the H∞ optimization, minimizes the amplitude of
the system resonance and has been applied primarily to DVAs attached
to a multi-degree-of-freedom (MDOF) damped linear system (Hua et al.,
2018; Kalehsar & Khodaie, 2018; Vu et al., 2018; Zhu et al., 2018). The
H2 method is an alternative approach that seeks to minimize the total
vibration energy of the host system (Asami & Baz, 2001). In this method,
transfer functions are often used to calculate the vibration energy of
the host system with the DVA when subjected to random excitations
(Crandall & Mark, 2014; Jacquot, 2001). Recent research based on this
optimization approach can be found in W. O. Wong et al. (2007) and
Cheung and Wong (2009).

Research on DVAs has been carried out for various engineering pur-
poses, such as aircraft cabin noise reduction (Huang & Chen, 2000;
Thomas et al., 1993), the control of bridge construction vibrations (R. Jones
& Pretlove, 1979; Patten et al., 1996), and railway track noise control
(C. Jones et al., 2006; Thompson, 2008). In the building engineering
field, popular areas of study for applications of DVAs have included re-
ducing vibration of building elements induced by wind (Lee et al., 2006),
machinery (Chang et al., 2010; Jin et al., 2018), and human activities
(Ebrahimpour & Sack, 2005; Webster & Vaicaitis, 1992).

Early studies on single DVAs focused on determining the parameters
of the DVA, such as mass, damping, and stiffness, to maximize its effi-
ciency in reducing low-frequency vibrations in concrete floors. However,
the performance of a single DVA depends on the appropriateness of the
parameters of the DVA. A small deviation in the parameters can lead
to a significant reduction in performance (Asami & Baz, 2001; Jacquot,
2001). Therefore, researchers have turned to studies of multiple dis-
tributed DVAs (Asami & Baz, 2001; Cheng et al., 2011; Jacquot, 2001)
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and have concluded that multiple DVAs are more effective than a single
DVA in achieving significant, robust, broadband vibration reduction in
continuous structures with multiple natural modes, such as plates and
beams (Cheng et al., 2011). However, due to the complexity of a vibrat-
ing system consisting of continuous structures and multiple DVAs, there
are very few easy-to-use optimization theories. Different optimization al-
gorithms, such as linear quadratic regulator-based optimization methods
(Michielsen et al., 2016) and genetic algorithms (Kamran et al., 2015)
have been applied to obtain the best-suited parameters for the DVAs. A
numerical model for a homogeneous floor coupled with DVAs was for-
mulated and used in an optimization to evaluate the effect of DVAs on
reducing vibration and noise (Hwang et al., 2011).

This chapter proposes a method of optimizing the performance of mul-
tiple DVAs to minimize the vibration of joist floors in the low-frequency
range. This study uses a genetic algorithm to optimize the parameters of
the DVAs, including their natural frequencies, damping, and positions.
The performance of the DVAs is evaluated using an analytical model of a
joist floor combined with multiple SDOF spring–mass–damper systems,
which calculates the reduction in floor vibration energy caused by mul-
tiple point excitations. The results of floor vibration controlled by the
optimum DVAs are compared with some conventional measures.

The chapter is organized as follows. Section 5.2 presents the method-
ology of the optimization procedure. Section 5.3 introduces a case study
and the results. Discussions are provided in Section 5.4, and conclusions
are drawn in Section 5.5.

5.2 Optimization methodology

In this study, an upper-frequency limit ft was set and the parameters
of multiple DVAs were obtained by optimizing the performance of the
DVAs in the range 0 to ft Hz.

5.2.1 Optimization strategy

The optimization strategy for DVAs used in this study was developed as
follows:

1. The DVAs were divided into p groups so that each group could
target a specific mode of the host floor. Each group consisted of four
SDOF mass–spring–damper type absorbers with the same parameters.
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As the low-frequency mode shapes of rectangular floors tend to be (anti-
)symmetrical, the four absorbers were mounted symmetrically on the
host floor.

2. So that the DVAs would not add too much weight to the host floor,
the total mass of the DVAs was specified to not exceed 10% of the mass
of the host floor. In addition, all individual absorbers were specified to
have equal mass. Thus, the mass of an individual absorber depends on
the mass of the host floor and the number of DVAs. For example, if the
mass of the floor is 200kg, the total mass of the DVAs can be 20kg; if
there are five DVA groups, p = 5, the mass of each individual absorber
is 20/5/4=1kg.

3. The DVA optimization process used a genetic algorithm to eval-
uate, select and evolve the available solutions to determine the best-fit
solution for the given problem (Whitley, 1994; Mallawaarachchi, 2017).
The flowchart of the optimization strategy for the DVAs is shown in Fig-
ure 5.1. 1© The optimization process starts from an initial population of
randomly generated candidate solutions with a set of genes (constraint
variables) for the problem. The optimization then goes to an iterative
evolution process, with the population in each iteration called a ‘gener-
ation’. 2© The appropriateness of every individual (candidate solution)
in each generation is evaluated by the objective function, fobj. 3© Ac-
cording to the genetic algorithm, the individuals with the potential to
be developed are selected to be the ’parents’. 4© Their genes partially
evolve according to a series of crossover and mutation patterns, and
then, 5© the genes evolve into a new generation, which will go through
the next iteration. 6© Finally, when the calculated objective function
undergoes a relative change (local gradient) less than the given ‘function
tolerance’, the optimization process terminates and the best-fit solution
in that generation becomes the optimal result.

The optimization process is implemented with the ‘ga’ function in
the global optimization toolbox of the software MATLAB R2019a. The
main properties of the genetic algorithm used in this research are listed
in Table 5.1.

5.2.2 Objective function

The objective function is based on an analytical model for a simply-
supported rectangular joist floor combined with multiple SDOF DVA
systems. The floor model’s formulations are described in Section 3.2,
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Input/Output Optimization process

Start

Input

Target frequency range to 
optimize, 0<f<ft.

Floor parameters
1. Properties of floor materials: 
Young'smodulus. Poisson's ratio, 
loss factor,
2. Dimensions of floor,
3. Boundary condition and mode 
shapes,

DVA parameters
1. Number of groups, p,

2. Mass of each absorber, ma,

6. output

Optimal solution of the DVAs 

End

Genetic Algorithm in MATLAB   

Constraint Variables of DVAs
1. Natural frequencies, fa,1 ... fa,p

    (Spring constants, ka,1 ... ka,p),

2. Damping factors, ca,1 ... ca,p,
3. X locations, xa,1 ... xa,p,
4. Y locations, ya,1 ... ya,p. 

Meet 
termination criteria?

Relative change is less than the 
Function tolerrance.

5. New generation

1.  Initial population with all 
constraint variables

4. Crossover and mutation

3. Select parents

2. Evaluate objective function, fobj

No

Yes

Figure 5.1: Flowchart of the optimization strategy.

and the formulations for the floor–DVAs combination can be found in
Section 4.3.3. In the model, the rth absorber is characterized by the
spring constant, ka,r, mass, ma,r, and damping factor, ca,r. The loss
factor, ηa,r, of the absorber can be calculated by:

ηa,r = ca,r/
√
ka,rma,r. (5.1)

The objective function, fobj, is defined as the reduction of the floor’s
vibration energy level by the DVAs, which can be calculated by (Cheng
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Table 5.1: Property values applied in the genetic algorithm.

Properties Values
Population size 200
Maximum generations 100
Crossover fraction 0.8
Constraint tolerance 0.1
Function tolerance 0.1

et al., 2011):

fobj = 10log10(
E0

E1

), (5.2)

where E1 and E0 are the spatial averaged kinetic energy of the floor
with and without DVAs, respectively, in the given frequency range. For
a frequency range from 0 to ft, E1 and E0 are approximated by:

E =

∫ ft

0

1

2
Mfloor〈vfloor(f)〉2 df (5.3)

where Mfloor is the mass of the floor in kg and f is the frequency.
〈vfloor(f)〉 is the averaged frequency-dependent amplitude of the floor
velocity over impact source and receiving positions. The 〈vfloor(f)〉 is
computed by:

〈vfloor(f)〉 =

√√√√(2πf)2

SR

S∑
s=1

R∑
r=1

wfloor,s,r(f)w∗floor,s,r(f), (5.4)

where S and R are the total numbers of the impacts and receivers, re-
spectively, and the asterisk denotes a complex conjugate. wfloor,s,r is
the vibration displacement of the joist floor for impact position s and
receiving position r calculated by the analytical model.

In addition to the objective function, the reduction of the averaged
floor velocity by the DVAs is also calculated and presented in one-third-
octave bands. The Lv,DV A and Lv represent the one-third-octave-band
floor velocity levels with and without the DVAs, respectively, calculated
by:

Lv,j = 20log10

∫ fj,2

fj,1

〈vfloor(f)〉
v0

df, (5.5)

where fj,1 and fj,2 are the lower and upper frequency limits of the one-

Page 120



5 Optimization of low-frequency floor vibration reduction by dynamic vibration absorbers

C
h

a
p

te
r

5

third-octave band j and v0 is the reference velocity of 10−6m/s. The
velocity level reduction ∆Lv is calculated as

∆Lv = Lv − Lv,DV A. (5.6)

5.2.3 Constraint variables

Each group of DVAs has four constraint variables to be optimized, namely
the natural frequency, damping factor, and the x- and y-axis coordinates
of the mounting positions. The more groups into which the DVAs are
divided, the more constraint variables there are in the optimization. The
constraint variables in each DVA group are described as follows:

1. Natural frequency, fa.

The natural frequency of the absorber is limited to between 0 and
ft. As the mass of the absorber, ma, has been determined in advance
based on the mass of the host floor and the number of DVA groups (see
Section 5.2.1), by assuming that the host structure acts as a rigid body
with respect to the absorber, the spring constant, ka, of the absorber can
be calculated by:

ka = ma(2πfa)
2. (5.7)

2. Damping factor, ca.

Suitable damping in a DVA can improve the dissipation of the host
floor vibration energy and increase the bandwidth of frequencies it acts
upon. Figure 5.2 shows the calculated effect of an absorber with different
loss factors to reduce the vibration of the host system. In this study, the
damping factor, ca, of each DVA is constrained to narrow the searching
range for the optimal solution.

3. Installation position, (xa, ya). The principles for the installation
position of the DVAs are as follows:

◦ Since the modal shape of rectangular floors tends to be (anti-)symmetrical,
the 4 DVAs in each group are symmetrically distributed on the floor.
The installation location of DVA1, which lies within the 1/4 region of
the floor, is selected at (xa, ya), while DVA2∼4 can be determined by
mirroring the location of DVA1, as shown in Figure 5.3.1.

◦ To restrict the number of possible installation positions, as well as
increase the feasibility of practical mounting on a real floor, a set of
discrete positions are predetermined for DVA1 within the 1/4 region of
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Figure 5.2: Vibration of a SDOF host system reduced by a DVA with different damping.
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Figure 5.3: Determination of the location of the absorbers for each DVA group

the floor; thus, (xa, ya) represents the numbers of the selected positions.
These optional positions are at least 0.15m away from the beams and
the floor edges. In addition, any two DVAs should be installed at least
0.1m apart from each other.

5.3 Case study

5.3.1 Setup

In this case study, the 3.3m×3.3m wooden joist floor described in Sec-
tion 3.2.3 was used as the host system whose vibration was to be con-
trolled. The floor was composed of a plate and seven beams equally
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spaced in the x-direction. The specific floor dimensions and material
properties are shown in Figure 2.1 and Table 3.3.

The floor was excited one by one at 16 point locations, as shown
in Figure 5.4, while the floor vibrations were calculated for 15×7 evenly
distributed receiver locations. Figure 5.5 shows the averaged velocity am-
plitude of the joist floor without the DVAs, calculated by Equation 5.4.
The floor modes at low frequencies lie primarily in the one-third-octave
bands of 31.5H and 80Hz. The mode shapes of these dominant floor
modes are shown in Figure 5.6. The total mass of the DVAs was set to

0 3.35
X (m)

0

3.35

Y
 (

m
)

Excitation position
receiver position

Figure 5.4: Impact and receiver positions on the joist floor

10 12.5 16 20 25 31.5 40 50 63 80 100 125 160 200 250

Frequency[Hz]

10-6

10-5

10-4

10-3

v flo
or

 [m
/s

]

Figure 5.5: Averaged velocity amplitude of
the host joist floor.

(a) Mode 29.3Hz. (b) Mode 33.0Hz.

(c) Mode 78.7Hz. (d) Mode 82.1Hz.

Figure 5.6: Mode shapes of some
dominant modes of the host joist
floor.
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16kg, smaller than 10% of the floor mass. The damping factor, ca, was
constrained within the range 10−3Ns/m to 103Ns/m (according to Equa-
tion 5.1, the loss factor, ηa, was around 10−5 ∼101). The predetermined
optional mounting positions for DVA1 are shown in Figure .

To demonstrate their effect on the optimization results, the DVAs
were divided into different numbers of groups as follows:

• 4 groups of DVAs with an individual mass of 1 kg.

• 2 groups of DVAs with an individual mass of 2 kg.

• 1 group of DVAs with an individual mass of 4 kg.

The upper frequency limit, ft, was set to 50Hz and 100Hz to compare
the effect of those two different limits on the optimization results.

5.3.2 Results

Figure 5.7 shows the effect of different DVA solutions on reducing the
vibration of the joist floor for ft=50Hz. The objective functions cal-
culated by the three solutions are relatively close, with only a 0.4dB
difference. The 2-group DVA solution has the highest objective function
value of fobj=6.25dB. There are two floor modes close to each other in
the 31.5Hz band. All solutions have at least one of the DVAs’ natural
frequencies around this frequency. Therefore, the floor velocity level can
be reduced by 10dB for this band. The figure also shows the positions
of the DVAs in different solutions. The DVAs are all distributed close
to the maxima of the floor’s first and second modes (see Figure 5.6b).
Table 5.2 shows the optimized parameters of the DVAs for the solutions
with different group number, p.

Figure 5.8 shows the floor vibration level reduced by the DVAs for
ft=100Hz. The results of the objective function, fobj, vary more greatly
(1.17dB) among the three DVA solutions compared to the 0.4dB differ-
ence among the DVA solutions for ft=50Hz. The solution of the 4-group
DVAs has the highest objective function value (fobj=4.79dB), indicating
the best control over this frequency among all the solutions. In the one-
third-octave band results, the 1-group DVA solution reduced the floor
vibration in the 31.5Hz band by 10dB yet was only able to affect the
80Hz band to a limited extent. In contrast, the 2-group DVA solution
could deal with the two modes in the 31.5hz band and also affected vi-
brations in the 80Hz band, although this solution did not significantly
reduce the floor vibration in the higher frequency range. The reductions
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Figure 5.7: Floor vibration level with and without the DVAs for ft=50Hz. The small maps
in the figures show the locations of the DVAs (black dots).

Table 5.2: Optimal parameters of the DVAs for ft=50Hz.

DVA
group,
p

Natual
frequency,

fa

Damping,
ca

Mass,
ma

DVA1
Location,
(xa, ya)

Objective
function, fobj

Hz N·s/m kg m dB

4-group DVAs

1 28.3 55.3 1 (1.15,1.63)

5.99
2 28.5 83.1 1 (0.73,1.63)
3 34.7 120.3 1 (0.95,1.43)
4 43.7 306.8 1 (1.05,1.43)

2-group DVAs

1 28.2 157.4 2 (1.15,1.63)
6.25

2 31.1 242.3 2 (0.73,1.63)
1-group DVAs

1 29.3 517.7 4 (0.95,1.63) 5.88

in the 31.5 and 80Hz bands were only 7dB and 3dB, respectively. Among
all DVA solutions, the 4-group DVAs provided the greatest reductions in
vibration over the entire frequency range of interest (0∼100Hz) as well as
for the one-third-octave bands that include the main floor modes, 10dB
in the 31.5Hz band and 5dB in the 80Hz band.

Table 5.3 shows the parameters of the optimized DVA solutions for
ft=100Hz. The 4-group DVA solution has one group of DVAs with a nat-
ural frequency of 81.2Hz. Therefore, the performance of this group can
be balanced between the two bands of 31.5Hz and 80Hz. in contrast, the
DVAs in the 1-group and 2-group solutions only have natural frequencies
near the first and second floor modes, making it harder to exert good con-
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Figure 5.8: Floor vibration level with and without the DVAs for ft=100Hz. The small maps
in the figures show the locations of the DVAs (black dots).

Table 5.3: Optimal parameters of the DVAs for ft=100Hz.

DVA
group,
p

Natual
frequency,

fa

Damping,
ca

Mass,
ma

DVA1
Location,
(xa, ya)

Objective
function,
fobj

Hz N·s/m kg m dB

4-group DVAs

1 27.0 84.2 1 (0.95,0.83)

4.79
2 28.0 82.2 1 (1.05,1.53)
3 36.2 100.3 1 (0.73,1.63)
4 81.2 214.6 1 (1.15,1.63)

2-group DVAs

1 28.8 199.6 2 (1.15,0.83)
3.62

2 41.0 499.8 2 (0.95,0.83)
1-group DVAs

1 30.3 591.7 4 (0.95,1.63) 4.22

trol over the higher-frequency vibrations of the floor. Compared to the
solutions for ft=50Hz, the mounting locations of the DVAs for ft=100Hz
are more spread out in the y-direction, located at approximately 1/4 of
the beam length, at the maxima of the second mode of the joists. Such
locations help the DVAs to exert control over the 78.7Hz and 82.1Hz
modes of the floor.
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5.4 Discussion

5.4.1 Effectiveness of DVA solutions compared to other
improvement measures

The vibration and impact sound of a floor can be reduced by traditional
measures, such as increasing its mass and adding a floating floor. How-
ever, their performances depend on the amount of mass added to the
original floor system.

The effect of DVAs (for ft=100Hz) on reducing the floor vibration
was compared with the two traditional measures mentioned above. As
the DVA solution increased the floor mass by approximately 10% , the
other two measures were also limited to the same increase in mass. In
Measure 1, the thickness of the floor plate was increased by 5mm. In
Measure 2, the floating floor system had a 5mm floating panel of the same
material as the plate in the joist floor. The apparent natural frequency
of the floating floor system is tuned to the floor’s first natural frequency,
approximately 29.3Hz, according to Equation 3.54. Thus, the stiffness
of the elastic layer is around 7.5×104MN/m3. The vibration of the joist
floor with the floating floor system is calculated using the analytical
model in Section 3.3.1.

Figure 5.9 shows the results of the floor velocity level reduction due
to different improvement measures. The fobj were also calculated for the
two traditional measures for ft=100Hz based on Equation 5.2. In the
figure, Measure 1 did not change the floor vibration level significantly,
as it added little mass to the original floor. Measure 2 also had little
effect below its apparent natural frequency due to the light weight of the
floating floor. However, above 50Hz, the reduction of the floor veloc-
ity level increased quickly, indicating the floating floor method is more
effective at high frequencies. Although the low stiffness of the elastic
layer can achieve a reduction in floor vibration at low frequencies, the
selection and application of such elastic material for a real floor can be
very challenging. In contrast, the DVA measure had the highest fobj and
significant improvement in the floor vibration in the frequency bands
where the floor modes exist. Therefore, it is more effective at reducing
the low-frequency vibration of a lightweight joist floor.

5.4.2 Non-uniqueness of the optimized DVA solution

Finding the optimal solution to complex multi-modal problems often re-
quires costly best-fit evaluations. In this study, the best-fit of the floor’s

Page 127



5 Optimization of low-frequency floor vibration reduction by dynamic vibration absorbers

10 12.5 16 20 25 31.5 40 50 63 80 100 125 160 200 250

Frequency [Hz]

-5

0

5

10

15

20

25

30

35

L v [d
B

]

4-group DVA solution for ft=100, fobj=4.8dB

Measure 1, increasing floor mass by 10%, fobj=0.5dB

Measure 2, floating floor system (10% floor mass), fobj=1.8dB

Figure 5.9: Reductions of floor velocity level due to different measures.

low-frequency vibration problem was approximated by a single-value ob-
jective function to keep the optimization computationally efficient. How-
ever, the large number of variables due to multiple DVA groups increases
the search space for solutions, and the genetic algorithm tends to con-
verge towards a local optimum rather than the global maxima for the
entire problem. Therefore, the current optimization process does not
converge to a unique optimal solution but will result in DVA solutions
with different parameters but similar performance.

The differences between the optimized DVA solutions were studied by
performing ten runs of the 4-group-DVA optimization for ft=100Hz and
then comparing their results. Figure 5.11 shows the floor velocity level
reductions due to the DVA solutions from the 10 runs of optimizations.
The objective functions of the 10 DVA solutions are also shown in the fig-
ure. All DVA solutions can achieve a general vibration energy reduction
fobj > 4.3dB. The largest difference between the solutions is only about
0.48dB. However, in one-third-octave bands close to the floor’s first and
second modes, the DVA solutions have a level difference of up to 4dB
(31.5Hz band). This suggests that the adaptation of the single-value
evaluation for the floor vibration optimization problem can still lead to
significant differences in the performance of the DVA over the frequency
band of interest.

Figure 5.12 shows the trend in the natural frequency and damping
factor of the optimal DVA solutions. Most solutions result in a group,
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Figure 5.10: Optimizations for 0∼50Hz.

Figure 5.11: Floor velocity level reductions in one-third-octave bands for all 4-group-DVA
solutions from 10 runs of the optimization. The darker dot represents the result from the
run returning a higher fobj .
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Figure 5.12: Natural frequencies vs. damping factors
for all 4-group-DVA solutions from 10 runs of opti-
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the run returning a higher fobj .

0 3.35

X (m)

0

3.35

Y
 (

m
)

5 6 71 2 3 4

Figure 5.13: DVA mounting po-
sitions for all 4-group-DVA solu-
tions from 10 runs of optimiza-
tion. The darker dots represent
the result from the run returning
a higher fobj .

or groups, of DVAs with natural frequencies around the first and second
modes of the floor and with a damping factor generally below 100Ns/m3.
For the higher bands, some promising solutions applied at least one group
of DVAs whose fa was around the 78.7Hz and 82.1Hz bottom modes, and
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their ca is between 200∼300Ns/m3.

Figure 5.13 shows mounting positions of the DVAs for all optimized
solutions. The DVAs are densely distributed along the second and sixth
joists, between one-quarter and three-quarters of the joist’s length. This
represents the area where none of the first four modes have a line of
0-valued velocities.

5.4.3 Impact of furniture loads on DVA performance

Furniture loads may lead to variations in the low-frequency vibration of
lightweight floors (Zhang et al., 2017). As a result, the performance of the
DVAs will also be affected. The analytical model is used to investigate
the effect of furniture loads on the performance of DVAs. In the model, a
piece of furniture with an area of 1m×1m weighing 100kg is represented
by 11×11 mass points, as shown in Figure 5.14.

Figure 5.15 shows the effect of the furniture loads on the one-third-
octave-band floor velocity level and the effect of the 4-group DVAs (for
ft=100Hz). When the furniture is located in the corner far from the
excitation (Case 1 in 5.15a), the average floor vibration level and the
performance of the DVAs are barely affected. When the furniture is lo-
cated in the middle of the floor (Case 2 in 5.15b), the floor’s averaged
vibration amplitude and the effect of the DVAs are reduced by the mass
of the furniture. However, the fundamental frequency of the floor shifts
downwards, causing larger floor vibrations at a lower frequency (approx-
imately 20Hz) that are difficult for the existing DVAs to reduce. When
the furniture and the excitation are located on the same beams (Case 3
in 5.15c), a reduction in the vibration levels and a shift in the first mode
are more evident. The existing DVA solution has some positive effects,
but it cannot target the new floor mode to suppress its vibrations.

Figure 5.16 shows the changes in the floor vibration at the floor’s
natural frequencies due to the furniture loads and the 4-group DVAs. The
forced floor vibration patterns correspond to the floor’s natural modes
at 29.3Hz, 33.0Hz, 78.7Hz and 82.1Hz in Figure 5.6.

Figure 5.16(a) clearly shows that the DVAs provide attenuation to
these modes. When the furniture is put on the floor far away from
the excitations, it does not significantly change the vibration pattern
of the floor; therefore, the DVAs still performance well. However, as
the location of the furniture moves toward the impact positions, the
changes in the vibration pattern of the floor become increasingly larger.
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Figure 5.14: Modeling a piece of 100kg furni-
ture using 11×11 discrete mass points.
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(a) Case 1, furniture on far beams.
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(b) Case 2, furniture in the middle of the floor.

10 12.5 16 20 25 31.5 40 50 63 80 100 125 160 200 250

Frequency [Hz]

20

25

30

35

40

45

50

55

60
L v,

D
V

A
 [d

B
]

No furniture
No furniture, 4-group DVAs
100kg furniture
100kg furniture, 4-group DVAs

0 3.35
0

3.35

10 12.5 16 20 25 31.5 40 50 63 80 100 125 160 200 250
Frequency [Hz]

-4
-2
0
2
4
6
8

10
12

L v [d
B

]

No furniture
100kg furniture

(c) Case 3, furniture on near beams.

Figure 5.15: Effect of furniture loads on the one-third-octave-band floor vibration level and
the performance of the 4-group DVA solution. The small maps in the figures show the
locations of excitations (red dots) and furniture positions (red squares).

Eventually, when the furniture and the excitations are located across
the same beams, the floor’s natural frequencies are decreased and the
floor vibration patterns at the original natural frequencies have been
significantly changed by the furniture. Thus, the effect of the DVAs at
these frequencies becomes minor.

The above analysis shows that furniture loads can reduce the perfor-
mance of DVAs. However, the floor vibration was also reduced to some
extent by the presence of the furniture. In addition, the furniture loads
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Figure 5.16: Effect of the furniture loads on the floor vibration and the performance of the
4-group DVAs at the floor’s natural frequencies. The black dots denote the positions of the
DVAs and the red squares denote the positions of the furniture. The impact source positions
are shown in Figure 5.4.
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appear to shift the floor’s natural frequencies downwards, leading to the
vibration energy in the floor being transferred to the lower frequencies.
These new floor modes at lower frequencies are difficult to suppress us-
ing existing DVAs. To solve this vibration problem, instead of using the
current optimization method, changing the floor into a locally resonant
structure using periodic DVAs can be a potentially effective way (Xiao
et al., 2012). The floor structure can use its local resonance created by
the DVAs to absorb and dissipate the input energy caused by impacts
occurring anywhere.

5.5 Conclusions

In this chapter, the multiple-DVA method is applied to reduce the vi-
bration of lightweight floors. An optimization process based on genetic
algorithm is proposed to optimize the parameters of the DVAs, includ-
ing natural frequencies, damping values, and locations, to maximize their
performance in reducing the vibrations in a joist floor. The analytical
model of the joist floor described in Chapter 3 is applied and developed
to assess the performance of the DVAs.

In the case study of a wooden joist floor, the optimized DVAs effec-
tively suppress the floor modes, thereby reducing the vibrations in the
dominant bands of the low-frequency range (approximately 10dB in the
31.5Hz band and 5dB in the 80Hz band). When DVAs are divided into
several groups with different natural frequencies, they can target more
floor modes and thus be effective over a broader range of frequencies.
However, having more DVA groups means more variables in the opti-
mization, which leads to non-unique optimization results.

Compared to other measures for reducing floor vibrations, such as
increasing floor thickness and adding floating floor systems, the DVA
approach is more effective at low frequencies with less mass. However,
the performance of DVAs is affected by the presence of furniture loads.
The furniture loads affect the floor modes, especially when the furniture
is close to the impact locations. The DVAs still have some effect, but
their performance is largely reduced, and a more general optimization
strategy should be developed.
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6 Conclusions and future work

The objectives of this PhD project are:(i) to propose an improved ex-
perimental method to characterize the impact sound insulation of a
lightweight joist floor below 200Hz; (ii) to develop a fast prediction model
allowing accurate evaluation of the vibro-acoustic performance of a joist
floor; and (iii) to examine the effectiveness of multiple dynamic vibration
absorbers (DVAs) as a measure for reducing the low-frequency vibration
of a joist floor. These objectives are achieved by:

1. Applying heel drops as the impact source combined with an impact
force plate (IFP) to experimentally characterize the low-frequency vi-
bration of a lightweight wooden joist floor and the impact sound in a
room by laboratory experiments (Chapter 2),

2. Developing a hybrid model for a joist floor–room system in which the
low-frequency vibrations of the joist floor are calculated analytically
and the radiated sound into the room is computed by the boundary
element method (Chapter 3),

3. Numerically and experimentally investigating the effect of multiple
dynamic vibration absorbers (DVAs) on reducing the low-frequency
vibrations of the joist floor structure (Chapter 4),

4. Proposing a design and optimization approach to obtain the DVA solu-
tion that most effectively reduces the vibrations of a joist floor (Chap-
ter 5).

The conclusions drawn from each chapter are written in Sections 6.1–6.4.
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6.1 Conclusions from Chapter 2

The low-frequency vibration and impact sound of a lightweight wooden
joist floor (LWF) with and without a concrete floating floor system (CFF)
is measured in the laboratory using transfer functions. A heel drop made
by a person is used as an alternative impact source. The effects of the heel
drop on two types of floor are evaluated by comparing the results with
those obtained using impact-hammer excitation. The main conclusions
achieved from this chapter are summarized below.

• The vibration of the LWF is dominated by natural mode behavior with
a simply-supported boundary condition. When the CFF layer is added
on top of the LWF, both layers exhibit a mixture of simply-supported
and free conditions.

• An impact force plate (IFP) is constructed to measure the input force
from a heel-drop excitation, which allows the calculation of the trans-
fer function to characterize the impact sound insulation. The IFP
demonstrates linearity in the frequency range of interest (<200 Hz).
A comparison of the impact hammer and heel-drop excitations shows
that the former exhibits a flat frequency response while the latter has
more energy in the lower frequencies, which gives a better SNR be-
low 63Hz. This suggests that heel-drop excitation is more effective at
overcoming low-frequency background noise in evaluating the impact
sound performance of the floor via the transfer function.

• When an impact hammer is used to excite the LWF with a standing
person, the floor vibration amplitude decreases, but the natural fre-
quency increases compared to the same situation without the standing
person. In contrast, both vibration amplitude and natural frequency
decrease when a heel drop is performed on the LWF. The presence
of the person in these two situations leads to different floor responses.
However, in neither case does the presence of a person produce a signif-
icant change in the natural frequency of the room or the amplitude of
the impact sound transfer function. Compared to the impact hammer
test conducted without a standing person, the impact sound transfer
function for the heel-drop test on the LWF is significantly different
in the spectrum below 40Hz, but the difference in their impact sound
transfer function levels is no more than 3dB.

Page 136



6 Conclusions and future work

C
h

a
p

te
r

6

6.2 Conclusions from Chapter 3

In this chapter, an analytical model based on the modal superposition
method is applied to predict the low-frequency vibration of a rectangular
joist floor system. The model is further extended to include the effects
of a floating floor system made of an elastic layer and a floating plate.
Furthermore, a boundary element method is applied to calculate the
radiated sound field using the vibration results from the analytical joist
floor model. The conclusions drawn from this chapter are summarized
as follows:

• An analytical model based on the modal superposition method is ap-
plied and further developed to predict the low-frequency vibration of
a rectangular joist floor system. The analytical model is systemati-
cally validated by comparing its results with those of finite element
models for various configurations. Comparison with the measured re-
sults shows a reasonable correlation for the natural modes of the floor,
as well as floor mobility in the frequency range of interest. However,
small natural-frequency shifts and higher-level amplitudes were found
in the predicted results, indicating there is uncertainty in the pre-
diction model regarding assumptions of homogeneous materials and
simply-supported boundary conditions.

• The analytical model is extended to include a floating floor by as-
suming the floating plate has the same simply-supported boundary
conditions and mode shapes as the joist floor. The model is numeri-
cally validated against the FEM results. The predicted vibration result
for the wooden joist floor coupled with a concrete floating floor used
in Chapter 2 shows reasonable agreement with the measured results
in terms of the amplitude and fundamental frequency of the coupled
floor system. However, deviations are found for the other natural fre-
quencies. These deviations are partly caused by the adopted boundary
conditions since the boundary conditions of a real floor do not fully
match those that are modeled. An analytical model of a joist floor
combined with a model for the human body is also established in the
study, and its prediction of the effect of a standing person on the
wooden joist floor used in Chapter 2 shows a good agreement with the
measured results.

• The impact sound in the room is calculated by solving the Helmholtz
equation by the boundary element method, using the vertical velocity
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from the joist floor model as input, and adopting acoustic impedance
at the surfaces of the room. Validation against results from a finite el-
ement model where a full fluid–structure interaction problem is solved
shows that the difference in the one-third-octave-band sound pressure
level between the two models is no more than 3dB, thus indicating
that the beams’ vibrations and the vibro-acoustic interaction between
the floor and the room does not influence the radiated sound field
strongly. Also, neglecting the geometry of the beams in the analyti-
cal model does not cause a big difference in the low-frequency impact
sound. Lastly, the analytical results are compared with the experi-
mental results. Good agreement between the two results proves that
the hybrid model gives a satisfactory prediction of the impact sound
field in the low-frequency range.

6.3 Conclusions from Chapter 4

Dynamic vibration absorbers (DVAs) are studied as a means of reducing
the low-frequency vibration of joist floor systems. The study is carried
out both experimentally on a scaled joist floor structure and numerically
with an analytical prediction model based on the model described in
Chapter 3. The conclusions drawn from this chapter are summarized as
follows:

• An experiment is performed on a scaled joist floor made of medium
density fiberboards. The effect of 8 DVAs fabricated with steel blocks
and coil springs on the low-frequency vibration of the floor is inves-
tigated. The measured results show that the DVAs have the largest
effect around their natural frequency of 70Hz. A significant drop in
floor vibration is recorded in the range 70∼85Hz, especially when the
impact excitations are close to the center of the floor and near the loca-
tions of the DVAs. In contrast, the floor vibrations are barely affected
in the remaining frequency ranges.

• An analytical model based on the joist floor model used in Chapter 3
combined with free boundary conditions is applied to predict the effect
of DVAs on the vibrating joist structure. The DVAs are modeled as
multiple SDOF mass–spring–damper systems interacting with the floor
at their installation positions. The material properties of the fabricated
joist floor and DVAs are applied in the model and general agreement
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is obtained between the numerical and experimental results in the low-
frequency range, demonstrating that the prediction model is capable
of quantifying the impact of DVAs on the floor.

6.4 Conclusions from Chapter 5

In this chapter, the application of multiple DVAs to reduce the low-
frequency vibrations of joist floor systems is investigated, and an ap-
proach to optimize their parameters to reduce vibrations is proposed.
The conclusions drawn from this chapter are summarized as follows:

• Genetic algorithm is used as an optimization procedure to find the best
solution for multiple DVAs to reduce the vibration of the joist floor.
The solution divides the DVAs into several groups and then computes
a series of parameters for each group, including natural frequency,
damping value, and location. The analytical model of the joist floor
in Chapter 3 is applied and further combined with the DVA model
in Chapter 4 to assess the performance of the DVAs in reducing the
vibration energy of the joist floor.

• The case study on the wooden joist floor shows that optimized DVAs
are effective at suppressing the responses of the joist floor’s modes
to impact forces, thereby significantly reducing vibration in the low-
frequency range. If the DVAs are divided into several groups with
different parameters, they can suppress the vibration modes of the
floor over a wider range of frequencies, resulting in higher vibration
level reduction, compared to the installation of DVAs with a single
set of parameters. However, if the number of DVA groups increases,
the additional variables increase the pool of candidate solutions. Op-
timization may obtain different results with different parameters but
similar effects.

• Compared to measures such as increasing floor thickness and adding
floating floor systems, the multiple DVA approach is more effective at
low frequencies since less mass is added to the original floor. However,
the performance of DVAs will be affected by the presence of furniture,
especially when the furniture is close to the impact locations. Furni-
ture can significantly change a floor’s natural modes and influence the
performance of DVAs. Numerical analyses for such cases show that
DVAs still have a positive effect but their performance is significantly
reduced.
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6.5 Future work

The work presented in this dissertation contributes an alternative mea-
surement method, an effective prediction model, and an exploration of
the use of multiple DVAs to control the low-frequency vibration and im-
pact sound of lightweight joist floor systems. Some proposals for future
work are presented below.

• Due to the larger input force at low frequencies from a heel drop on
an IFP compared to the use of an impact hammer, the IFP can be
an excellent tool for experimentally evaluating the impact sound of
lightweight floors in the low-frequency range. Future investigations
could be carried out for cases that require high SNR values at those
frequency ranges, such as in-situ experiments on various floor systems.

• The measured spectra of the ground reaction forces induced by human
activities such as walking and jumping can be combined with the char-
acterized transfer functions of the floor to estimate the daily impact
sound in buildings. An IFP can be applied in future work to measure
the spectra of these human-induced impact forces.

• For simplicity, the current analytical model of the joist floor uses the
thin plate theory, which assumes the plate is thin enough such that
shear deformation can be neglected. This contrasts with the Mindlin
plate theory for thick plates, which considers the angle of the cross-
section due to shear deformation. As the thin plate theory could over-
estimate the high-order natural frequencies of the plate, future work
could be done to modify the analytical model with the Mindlin plate
theory to provide prediction ability for joist floors with thicker plates.

• The analytical model has the potential to be extended to predict the
vibrations of more complex structures, for example, a joist floor with
an additional bottom plate or suspended ceiling. Future work could
implement these extensions to compare the results obtained with ex-
perimental measurements.

• An optimized multiple-DVA solution should provide a robust improve-
ment to floor vibrations irrespective of the locations and weights of the
loadings on the floor. However, the current study shows that the DVAs’
performance will vary depending on where the furniture is placed on
the floor. To improve the efficiency of the DVAs, the current optimiza-
tion approach needs to be refined so that the DVAs can have an effect
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over the entire low-frequency range rather than for specific frequen-
cies only. In addition, studies of different types of vibration resonators
have provided many options for DVAs with different features and per-
formance, such as beam-like (Xiao et al., 2013) and membrane-type
(G. Ma & Sheng, 2016) resonators. However, to be applied practically
in floor engineering, the DVAs need low natural frequencies that can
reach the natural modes of a lightweight floor and suitable (and prefer-
ably adjustable) damping that can dissipate the vibration energy with
little added weight. To achieve this goal, future studies of the advan-
tages and disadvantages of different types of DVA and materials are
required.
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gorithm. Cumhuriyet Üniversitesi Fen-Edebiyat Fakültesi Fen Bilimleri
Dergisi , 36 (3), 765–779.

Kane, T. R., & Levinson, D. A. (1985). Dynamics, theory and applica-
tions. McGraw Hill.

Kihlman, T. (1967). Sound radiation into a rectangular room. applica-
tions to airborne sound transmission in buildings. Acta Acustica united
with Acustica, 18 (1), 11–20.

Kim, T.-M., Kim, J.-T., & Kim, J.-S. (2018). Sea-fem hybrid analysis
for predicting inter-floor impact noise. Applied Acoustics , 129 , 397–407.

Kirkup, S. (2019). The boundary element method in acoustics: a survey.
Applied Sciences , 9 (8), 1642.

Kohrmann, M. (2017). Numerical methods for the vibro-acoustic assess-
ment of timber floor constructions (Unpublished doctoral dissertation).
Technische Universität München.

Page 151



Kopuz, S., & Lalor, N. (1995). Analysis of interior acoustic fields using
the finite element method and the boundary element method. Applied
Acoustics , 45 (3), 193–210.

Kropp, W., Pietrzyk, A., & Kihlman, T. (1994). On the meaning of
the sound reduction index at cow frequencies. Acta acustica (Les Ulis),
2 (5), 379–392.

KS-F2810-2. (2012). Field measurements of floor impact sound insu-
lation of floors. part 2: Method using standard heavy impact sources.
Korean Standard Committee.
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K. T., Olsson, V., et al. (2008). Acoustics in wooden buildings–state of
the art 2008 summary of a swedish cooperation project. Proceedings of
BNAM , 8 , 1111–1122.

Lee, C.-L., Chen, Y.-T., Chung, L.-L., & Wang, Y.-P. (2006). Optimal
design theories and applications of tuned mass dampers. Engineering
structures , 28 (1), 43–53.

Li, C., & Liu, Y. (2003). Optimum multiple tuned mass dampers
for structures under the ground acceleration based on the uniform dis-
tribution of system parameters. Earthquake engineering & structural
dynamics , 32 (5), 671–690.

Liu, K., Liu, L., Zhu, Q., Liu, Y., & Zhou, F. (2021). Dynamic testing
and numerical simulation of human-induced vibration of cantilevered
floor with tuned mass dampers. In Structures (Vol. 34, pp. 1475–1488).

Liu, M.-Y., Chiang, W.-L., Hwang, J.-H., & Chu, C.-R. (2008). Wind-
induced vibration of high-rise building with tuned mass damper in-
cluding soil–structure interaction. Journal of Wind Engineering and
Industrial Aerodynamics , 96 (6-7), 1092–1102.

Page 152
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Impact sound is one of the major concerns relating to the 
quality of indoor acoustic environments. The lightweight floors 
commonly built in residential dwellings are very ineffective at 
insulating impact sounds, especially in the low-frequency range, 
due to their low weight and low damping. Unfortunately, most 
impact forces caused by human activities, such as walking and 
jumping, have significant energy at low frequencies. With the 
increasing use of wood-framed multi-family buildings, this 
low-frequency impact noise has led to an increasing number of 
complaints by the people living in these dwellings.

This PhD work has numerically and experimentally investigated 
the dynamic and acoustic responses of lightweight joist floors in 
the low-frequency range (<200Hz). The main objectives of this 
PhD project are i) to propose an improved experimental method 
to characterize the low-frequency impact sound of a lightweight 
floor using transfer functions, ii) to develop a fast prediction 
model allowing accurate evaluation of the vibro-acoustic 
performance of a joist floor, and iii) to examine the efficiency of 
multiple dynamic vibration absorbers (DVAs) as a measure for 
reducing the low-frequency vibration of a joist floor. Joist floors 
consisting of wood-based plates and beams were used in this 
study. Some of the research outcomes, such as the 
measurement method, the application of dynamic vibration 
absorbers, and the optimization method can be applicable to 
other types of lightweight floors.

Characterization of im
pact sound from

 lightw
eight joist floors
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