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Abstract

Impact Noise Reduction in Cross Laminated Timber by Embedding Acoustic Black Holes

Temitope Akinpelu

The widespread adoption of cross-laminated timber (CLT) in building construction faces chal-
lenges, especially concerning low-frequency impact noise. Conventional methods for addressing
this issue requires thick floor assemblies. This study suggests embedding acoustic black holes
(ABH) into CLT floors as an alternative solution.

Functioning as a wave guide, the ABH concentrates energy in specific regions where it is ab-
sorbed by the damper. The finite-element method is used to analyze the vibro-acoustic response
of CLT plates embedded with a periodic grid of ABH indentations (ABH-CLT). The goal is to
evaluate the influence of the outer radius, number of indentations, and structural damping on the
vibro-acoustic response within 50-800 Hz and assess reduction in radiated sound power.

The structural response shows that including ABH in CLT floors leads to unintended resonance
frequencies. However, characterizing these changes is challenging due to other influential variables.
Likewise, varying the number of indentations does not show a clear trend in radiated sound power
at a loss factor of 0.03. However, with a higher loss factor (0.2), the trend favors maximizing the
indentations.

Increasing the outer radius shifts the structural response to lower frequencies, but the acoustic
response remains unpredictable at a loss factor of 0.03, suggesting that the amount of damping is
more influential this frequency range.

In the third-octave band, ABH-CLT consistently attenuates sound power levels at higher fre-
quencies above 400 Hz, which is equally achievable by damping a CLT without ABH. However, the

ABH is not effective in mitigating impact noise below 400 Hz.
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Chapter 1

Introduction

1.1 Performance of Cross-Laminated Timber

The growing demand for mass timber in building construction can be attributed to its reputation
as a more eco-friendly alternative to traditional building materials such as steel and concrete. No-
tably, the proportion of non-residential structures employing wood-framing has risen from 28% in
2016 to 34% in 2020 [35]. Recent updates to building codes have incorporated multi-story wooden
construction methods [29], [34].

Cross-laminated timber (CLT) is a type of engineered mass timber panel that is gaining strides
as the preferred option in building construction for residential and commercial usages [31]. It is
made by stacking multiple layers of timber panels in alternating directions and then bonding them
together using structural adhesives. The resultant composite panel is lightweight, yet structurally
robust and fire-resistant. However, the combination of its low mass and high stiffness results in poor
acoustic insulation performance, especially in the low-frequency regime. Studies have reported
building occupant dissatisfaction concerning low-frequency impact noise, despite these construc-
tions complying with present noise regulations [29], [40]. A contributing factor to this discrepancy
lies in the direct application of standardized impact sound assessments on wooden structures, which
were originally tailored for heavier constructions such as concrete. This results in a mismatch com-
pared to subjective ratings provided by occupants. Fortunately, the growing popularity of CLT has

brought motivation for and interest in understanding how to mitigate low-frequency impact noise in



these materials.

One research direction is to characterize the structural and acoustic properties of CLT. Obtaining
the material properties of wood presents a challenge due to variations in the macroscopic and micro-
scopic structure over several wood species, compounded by a lack of comprehensive databases and
uncertainties induced during manufacturing [29], [38]. As a result, experiments are used to calibrate
deterministic models developed using analytical expressions [28] or numerical methods like Finite
Element Analysis (FEA) [29], [38]. This process is typically carried out on a case-by-case basis.

Another research direction centers on exploring sound insulation treatments that can be imple-
mented during construction. Examples of such treatments include floating floors, resilient ceiling
mounts, and active or semi-active damping [40]. Nevertheless, these solutions prove insufficient in
mitigating impact noise within the low-frequency range, which can require a complex construction
assembly [40]. The challenge still lies in the fact that the effective stiffness or mass that CLT panels
possess at low frequencies cannot create enough resistance to be effective at long wavelengths.

In light of these challenges, recent advancements have explored treatments that can be integrated
into the manufacturing process of CLT panels to address low-frequency impact noise. Gibson et
al. [40] proposes the use of acoustic metamaterials which are engineered substructures designed
to absorb wave energy at specific frequencies. These substructures can then be tailored to address

frequencies of interest. This work proposes the use of Acoustic Black Holes (ABH) on CLT panels.

1.2 Acoustic Black Holes (ABH)

Originally proposed by Mironov in his seminal work [2], the principle of operation of an ABH is
rooted in the natural properties of retarding structures. Mironov showed the possibility of achieving
a nonreflecting or fully absorbed flexural wave traveling through a beam that is terminated by a
wedge with power-law decreasing thickness profile as illustrated in Figure 1.1. Ever since, the
subject has attracted growing interest in the structural dynamics and vibro-acoustics communities
as a potential measure for passive vibration control.

Assuming an ideally tapered wedge (one with the thickness vanishing at the end of the wedge),

the velocity of the incoming flexural waves gradually decreases, ultimately leading to a fully trapped,



Figure 1.1: Decreasing thickness profile in an (a) ABH beam ang (b-c) plate.

non-reflected wave. Equally, the particle displacement at the tip of the wedge grows unbounded,
creating a point of singularity. Nonetheless, achieving a wedge with zero thickness is not feasible
in practice, and a residual thickness will exist. Mironov [2] further showed that even a very thin
residual thickness has a detrimental effect on structural performance because it can significantly
increase the reflection coefficient. This challenge can be addressed by including a light dissipative
layer in the retarding region. Although a perfect zero reflection coefficient may not be achieved, the
inclusion of a dissipative layer can significantly reduce the reflection coefficient when compared to
a beam without an embedded ABH.

The ABH concept was extended to plates by Krylov [5]. By embedding axisymmetric circular
indentations with power-law decreasing thickness, similar responses as those observed in beams
led Krylov to coin the term “acoustic black holes”, drawing an analogy with optical black holes.
Subsequently, various configurations of the ABH have been studied to investigate their effectiveness
in reducing vibration and impact noise, with some proposals in acoustic metamaterials where the
material properties in a composite materials are varied according to the power law profile [10],
[36]. Figure 1.1b illustrates an ABH plate with an axisymmetric circular indentation in the middle.

Figure 1.1c illustrates the cross-section of the ABH plate highlighting the semblance in retardation



as found in ABH beams.

1.3 Sound Radiation in Structures

Sound radiation is a fluid-structure coupled problem governed by boundary interactions between
the surface vibration of the structure and surrounding air pressure. The fluid pressure creates surface
traction on the structure, while the acceleration in the structure creates pressure traction on the fluid
boundary [11]. In many cases, the structural response dominates in the coupled study and drives the
fluid to radiate sound. The fluid loading can also be strong enough in some cases so as to drive the
structural response as in the case of blast loading such as an explosion.

The flexural wave velocity of a beam is directly proportional to the thickness of the beam. Thus,
in an ABH beam where the thickness gradually decreases to zero, the corresponding wave velocities
also decrease to zero. Thus the sound radiated from the structure will decrease. Studies have shown

reduced sound radiation when ABHs are integrated into plates and beams. [12], [28], [36].

1.4 Scope of Study

This study explores the possibility of reducing low-frequency impact noise in CLT panels by
embedding ABH. It is expected that the vibro-acoustic properties of the modified CLT panel will
depend on several factors such as the size of the panel, the size of the ABH regions and number of
ABH indentations. Currently, there is no definitive guide on sizing the ABH indentations in a CLT
panel.

Using the Finite Element Method (FEM), this study conducts a parametric analysis to assess the
vibro-acoustic behavior of CLT panels within the frequency range of 50-800 Hz. The investigation
systematically varies the outer radius of the ABH region and the number of indentations. Under the
same loading conditions, the trends of mobility and radiated sound power level of panels with and
without ABH indentations are compared. The aim is to determine the frequencies at which sound

power reduction can be achieved by incorporating ABH.



1.5 Thesis Outline

The thesis report follows the following structure:

(1) Chapter 2 presents an integrated topical literature review, covering topics such as sound radi-

ation in plates, numerical modelling of CLT and the state of the art on ABH.

(2) Chapter 3 outlines details of the numerical model and procedure setup for the parametric

study.

(3) Chapter 4 offers an in-depth analysis of the vibro-acoustic performance of the CLT panel with

and without ABH and relates it the geometric variations.

(4) Chapter 5 concludes the thesis by summarizing the key contributions, main findings, and

recommended directions for future studies.



Chapter 2

Literature Review

2.1 Introduction

Mass timber panels are becoming increasingly popular in multistory construction thanks to ad-
vancements in timber engineering and updates to national building codes [31], [40]. These panels,
which are extensively prefabricated, offer environmentally friendly alternatives to conventional ma-
terials like steel and concrete. However, their low mass and high stiffness result in subpar acoustic
performance, especially when exposed to high-energy, low-frequency impact forces such as those
caused by human footsteps.

Cross Laminated Timber (CLT) is an engineered mass timber product created by stacking mul-
tiple layers of wood in alternating directions, bonded with structural adhesives. This layering tech-
nique results in a composite panel with adequate stiffness in all directions. However, despite the
additional layers, the overall mass-to-stiffness ratio remains relatively low, which presents a persis-
tent challenge for acoustic performance.

While existing building codes often classify timber buildings as having good acoustic perfor-
mance, research indicates significant discrepancies between standard ratings and dissatisfaction ex-
pressed by building occupants [40]. One contributing factor to this discrepancy is the direct appli-
cation of codes originally designed for traditional building materials to wooden structures.

Current impact sound insulation technologies include floating floors, mass toppings, resilient



ceiling mounts, and insulation fillings. Practical solutions involve a combination of these technolo-
gies to improve sound absorption by increasing the mass and isolating vibration within the floor
assembly. The National Research Council Canada (NRC) reports a 15 dBA improvement in Impact
Insulation Class (IIC) when a 38mm thick concrete layer floating on a 10mm tar board is added to a
5-ply, 175mm CLT floor [13]. Additional 18 dBA improvement can be achieved by further incorpo-
rating a suspended ceiling with rockwool fillings [13]. Nevertheless, these methods typically prove
ineffective at mitigating low-frequency impact noise. The challenge arises from the high mass and
stiffness required to resist high-energy low-frequency inputs or the lack of impedance discontinu-
ities to manipulate bending waves. A detailed discussion of the physics of impact noise is presented
in Section 2.3.

Challenges in achieving effective low-frequency attenuation have motivated research on changes
that can be integrated into the mass timber panel during the manufacturing process. One approach
involves the use of acoustic metamaterials, as proposed by Gibson et al. [40]. This project explores
the integration of embedded Acoustic Black Holes (ABH) within cross-laminated timber. Starting
with a comprehensive review of the physics of impact noise and literature pertaining to the impact
sound insulation performance of CLT, this chapter offers an integrated literature review covering
numerical modelling of CLT, the principle of operation of ABH, the state of the art on ABH tech-

nology, and numerical modelling of ABH.

2.2 Acoustics of a Floor Panel

2.2.1 Sound Transmission through Floors

Before delving into the various mechanisms through which sound travels within buildings, it
is crucial to establish the underlying physics governing the interaction between a vibrating panel
immersed in a fluid (with focus on air as the fluid medium). Sound propagation through panels
arises from the interaction between bending waves within the panel and acoustic waves within the
fluid medium. Bending waves are flexural waves caused by transverse displacement on the panel’s
surface while acoustic waves are longitudinal waves originating from the repetitive compression

and extension of fluid molecules originating from the movement of the panel’s surface. The bending
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Figure 2.1: Illustration of critical frequency [24]

wave speed, cp, of an isotropic panel can be expressed as:

cg = (Bw?/m)Y/* (1

where w is the angular frequency, m is the panel mass and B is the bending stiffness [24].

In the case of a panel vibrating within a fluid, there is a critical frequency at which the speed
of sound in the fluid matches the bending wave speed of the panel. This condition establishes
the prerequisite for sound to radiate efficiently into the surrounding fluid medium. The critical

frequency, as defined below [24]

C2 m

= 2

fczg B

Below the critical frequency, the bending and projected acoustic wavelengths are unequal, re-
sulting in weak fluid-structure coupling, hence no sound radiation. However, about the critical
frequency, the fluid-structure coupling becomes more pronounced, leading to strong sound radia-
tion from the panel. This phenomenon is commonly employed to assess the insulation capabilities

of a panel.



Radiation efficiency, o, is used to quantify how well structure-borne sound waves are radiated
to sound waves in the adjacent fluid. It is defined as the ratio of radiated power by the panel to
available power. The available power may be seen as the power radiated by a large baffled piston
with uniform mean-square velocity equal to the temporal and spatial average mean-square velocity

of the panel [7]

w
o= —-—— 3)
Spoco <Vvt?s>
where W is the radiated sound power, S is the panel surface area, p is the fluid density and ¢y is the

speed of sound in air. Assuming the panel is baffled on one side, the radiated sound power can be

expressed as [7]

W=l / Rlpv*]dS @)
2 /s

where p is the radiated sound pressure and v* is the complex component of the particle velocity that
is perpendicular to the panel surface.

In a continuum, the integral can be straightforward to accomplish, recognizing that the radiated
pressure and fluid particle velocity can be directly related to the lateral component of the bending
wave velocity in the panel at all points across the acoustic-structural interface. See Hopkins [7] for
an expanded discussion on the complete formulation. However, in a finite element model, extracting
the radiated power needs some adjustments, especially in the case of a non-uniform mesh, this
technique is further discussed in section 3

Sound fields radiated by the panel in the receiving room are contingent on the nature of the
excitation in the source room, which can either be an incident acoustic wave (as in the case of a
speaker in a room) or a mechanical force (as in the case of impact force on the floor). Both types of

excitation are elaborated in the following section.



2.2.2 Types of Sound Transmission
Airborne Sound Transmission

Airborne sound transmission within a building originates in the source room, in the form of
an incident acoustic wave generated by speakers or people talking. This sound propagates into
the receiving room, traversing through various pathways such as wall or floor partitions, air gaps,
and pipes. However, for the sake of standard calculations, our discussion will focus primarily on
transmission through partitions.

The Transmission Loss (TL) quantifies the fraction of sound energy that is transmitted through
a partition, considering that some of the sound is also reflected and absorbed by the wall. It is
determined by measuring and calculating the difference in the space-averaged sound pressure level
between the source room and the receiving room, which are separated by a partition. The following

equation is used to evaluate the TL.

TL=-10 loglo T (5)

where 7 is the transmission coefficient.

Single-number ratings are employed to characterize the air-borne sound transmission loss of
different partitions. The commonly used ASTM E413-16 defines the Sound Transmission Class
(STC) for a partition by applying curve fitting to measured Sound Pressure Level (SPL) data within
1/3-octave bands, a higher STC rating indicates better insulation properties of a partition [17]. Like-
wise, ISO 717-1 defines a Weighted Sound Reduction Index (R,,) for a partition, using similar curve

fitting techniques with slight variations in criteria [32].

Impact Sound Transmission

Impact sound arises when partitions are mechanically stimulated by forces such as footsteps.
Vibrations propagate through the panel until they excite the panel’s surface in direct contact with the
air of the receiving room. The conditions for sound radiation in the receiving room are determined
by the critical frequency, as discussed in section 2.2.2, which is also influenced by the physical

dimensions of the panel.

10



Impact noise isolation quantifies a partition’s ability to prevent noise transmission resulting from
impact forces. It is determined by measuring the space-averaged sound pressure level in a receiving
room due to the impact force generated by a standard tapping machine on the partition separating
the source and receiving rooms. The normalized impact sound level (L,,) is subsequently calculated

using Eq. 4.

L, = Lp + 1010g10(5a/10) (6)

Similar to airborne transmission loss, single-number ratings classify the impact isolation per-
formance of a partition. ASTM E989-06 defines the Impact Insulation Class (IIC) as a single
number rating [6], while ISO 717-2 defines a Weighted Normalized Impact Sound Pressure Level
(Lnw) [33]. A higher numerical value signifies better insulation performance. Both methods are cal-
culated in a manner similar to STC, involving a curve-fitting technique applied to Ln values obtained
during measurement. Detailed calculation procedures can be found in the respective standards, and
readers are encouraged to consult them.

The effectiveness of a partition in mitigating airborne or impact disturbances is influenced by a
multitude of factors, including but not limited to the material used, the nature of the noise source,
floor interconnections, soundproofing measures, and vibration isolation treatments. For example,
studies have shown that the energy transmitted to the floor can vary based on factors such as the
walker’s mass, footwear type, and the location of the impact [15]. With a specific focus on impact
noise disturbance, the following section delves into some of the contributing factors that influence

the performance of wooden structures when subjected to impact forces.

2.3 Impact Noise in Wooden Structures

Mass timber products are steadily gaining favor as the go-to construction material for both resi-
dential and commercial buildings. Cross Laminated Timber (CLT) is a type of engineered mass tim-
ber product that is made by stacking multiple wooden panels in alternating directions and bonding
them together with structural adhesives to form a composite wood structure that is both lightweight

and structurally robust. Despite being heavier than single layer timber floors, the resulting panel still
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exhibits the common acoustic performance issues associated with wooden structures, particularly at

low frequencies.

The National Building Code of Canada provides impact sound ratings for certain wooden floor

assemblies, serving as a reference for acousticians during the design process [34]. Many of these as-

semblies achieve an IIC rating ranging from 40 to 50, while some intricate assemblies can even reach

up to 70. However, it is important to note that standard impact sound tests, such as ASTM E989-06

and ISO 717-2 may not provide accurate assessments for the performance of timber floors, particu-

larly at low frequencies. Several reasons for this limitation are outlined.

ey

2

3)

The tapping machine, originally developed for concrete floors, has low mass and generates
low-energy impact disturbances in the source room. This fails to accurately replicate the
impact of heavy human footsteps on lightweight floors [15], [19]. The walking force spectra
in Figure 2.2 show high concentration of energy at low frequencies compared to the spectra
produced by a tapping machine. While the study does not investigate the corresponding
impact sound produced as a result of the force profile, it underscores the need to contemplate
using alternative impact sources. For example, the ISO-standardized rubber ball has shown
an improved correlation with human footsteps. Certain standards, such as JIS_A_1418-2 [26],

have adopted the use of rubber balls as impact sources.

Sound pressure levels are assessed in the room below over a broad frequency range, typically
spanning from around 100 Hz to 4000 Hz, although there are also low-frequency adaptations
ranging from 50 Hz to 2500 Hz. Weightings are subsequently applied to generate single-
number ratings that serve as benchmarks for the floor performance. However, this approach,
which optimizes over a wide frequency spectrum, may not effectively convey performance ex-
pectations at narrow frequency bands within the low-frequency range. This is why standards
like JIS_A_1418-2 [26], concentrate on 50 to 630 Hz range and introduce the single-number

rating index L .4, to address this frequency region.

The complex interaction between impact sources and the floor at varying frequencies creates
distinct acoustical responses across different materials. This nuanced behavior is not fully

captured by the broad-frequency evaluation employed in standard methods. For example, a
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Figure 2.2: Tapping machine vs. walking force spectra on (a) wooden floor, (b) cement-wood floor

[15]
cement floor experiences little difficulty in attenuating low-frequency noise regardless of the
impact source due to its high mass. In contrast, a wooden floor faces challenges in this low-
frequency range. However, both types of floors exhibit similar performance in the mid- to
high-frequency range. Consequently, when acoustic treatments are applied, they may yield
acceptable standard ratings, even though cement and wood demonstrate different behaviors
in the low-frequency range. Figure 2.3 illustrates the impact sound spectra within the 20 Hz
to 800 Hz range generated by a 70 kg person walking on both timber and concrete floors.
These spectra are compared against the human hearing threshold, which is also indicated.
The disparities between the timber spectrum and the hearing threshold offer insight into why

there is a mismatch with perceived satisfaction from building occupants.

2.3.1 Current Insulation Technologies

The fundamental challenge in attenuating impact noise in wood flooring stems from the lack
of inertial and stiffness resistance to impact forces at specific frequencies. Ideally, floor assem-

blies with lower natural frequencies or higher modal densities are sought after. Current insulation
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Figure 2.3: Impact sound spectra produced by 70kg man walking with socks with indicative hearing
thresholds and effective attenuation frequency ranges for different attenuation technologies [40]

treatments address this challenge by either increasing the mass of the floor assembly or utilizing
vibration isolation techniques. In most practical solutions, a combination of these strategies is em-
ployed. Figure 2.4 illustrates sound insulation assemblies applied to timber floors. In Figure 2.4a,
only floor finishes and acoustic products are directly applied to the timber floor, which could be in
the form of a rubber-type inter-layer between a rug and timber floor. In Figure 2.4b, a mass topping
such as concrete is added to increase the overall mass of the floor assembly. Zhao conducted an
extensive study on the influence of floating concrete toppings with elastic inter-layers on timber
floors, utilizing the standardized Impact Insulation Class (IIC) as defined by ASTM [31]. Higher
IIC ratings tended to be associated with thicker concrete toppings and elastic inter-layers with lower
dynamic stiffness. Despite these treatments, it remained challenging to achieve IIC benchmarks
of 55, supporting the NRC’s assertion regarding the limited insulation enhancement provided by
floating concrete [8]. It is worth noting that floor assemblies with concrete toppings did enhance
acoustic performance when compared to the timber floor without concrete toppings.

In Figure 2.4c, discrete floor block mounts are introduced to isolate vibrations, resulting in lower
natural frequency for the floor assembly. Discretely raised floors tend to achieve higher Impact In-

sulation Class (IIC) ratings more readily compared to the previous configurations [20], [31], and the
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reasons for this improvement are closely related to discontinuities introduced at discrete points, act-
ing as barriers to hinder the transmission of bending waves by reflecting them. Zhao demonstrated
that by incorporating raised floors with mass toppings, elastic inter-layers, and rockwool fillings,
IIC ratings of up to 65 were achievable [31]. However, there remains a concern regarding the path
of those reflected waves; they may contribute to flanking noises, especially in scenarios where walls
and floors are interconnected in real building structures. It is worth noting that standardized impact
tests typically prioritize the reduction of flanking noise in the setup, potentially deeming further
investigation into flaking noise unnecessary.

The mathematical model of a floor assembly can also affect analysis of the results. In Zhao, the
elastic inter-layers are evaluated using dynamic stiffness as a parameter [31]. However, the elastic
layers, concrete, and wood also possess inherent damping characteristics that allow them to dampen
out oscillations over time. Consequently, they can be equally modelled as spring-dampers, and the
damping factor can become a crucial parameter when designing floor assemblies that guides the
selection of appropriate inter-layers.

Integrating ABHs into CLT panels offers the possibility of incorporating particle dampers such

as sand, sawdust, and granulated rubber into the voids of the Cross-Laminated Timber (CLT) for
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enhanced damping [42]. In addition, given that the current combinations of insulation treatments
reduce the overall room clearance, the incorporation of ABHs can assist in achieving equivalent IIC

ratings while potentially requiring less space.

2.3.2 Standard Impact Noise Assessments and Occupant Satisfaction

When assessing performance in the low-frequency range, achieving satisfactory results with
current insulation treatments remains a complex challenge. For example, Zhao has conducted an
evaluation of low-frequency impact performance in accordance with JIS 1418-2 and reported L g4,
ratings for some assemblies that displayed significant distinctions in their IIC ratings [31]. However,
the precise implications of these L g4, ratings are not entirely clear.

The question of whether a reported rating implies “acoustic comfort” or not has been the subject
of numerous studies [3], [13], [21]. The correlation between sounds produced in the low-frequency
range and building occupant satisfaction is still in its nascent stages, with multiple subjective stud-
ies underway to establish links between numerical ratings and human perception. Moreover, these
studies face various challenges due to human individuality which fall within the domain of psychoa-
coustics, making it a scientifically complex area to explore.

One category of correlation studies aims to establish connections between measured sound pres-
sure levels and acoustic surveys based on subjective perception of sound disturbance. These studies
have revealed that impact sound is perceived as more annoying in timber buildings compared to
concrete buildings [40]. Examining mass psychology through the large surveys can provide a foun-
dation for defining what is considered acceptable in terms of noise levels. For instance, a socio-
acoustic survey conducted by Rindel [18] on 600 homes in Norway found that the percentage of
satisfied occupants decreased from 85% to 18% as the sound pressure level increased from 45 dB
to 65 dB, particularly around 50 Hz. However, it is important to note that cultural differences can
slightly affect the generalization of these results. A recent study by Mueller et al. reported variations
in perceived acoustic performance satisfaction of wood structures in different countries [41].

Another category focuses on establishing relationships between standardized impact tests and
acoustic surveys based on subjective perception of sound disturbance. For instance, Bodlund [1]

found that this correlation increased from 74% to 87% when the data at 50 Hz was included in
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the surveys. This improved correlation was achieved by modifying the curve weighting in the ISO
standard procedure. It is worth noting that altering the weighting curve detaches from the ISO
standard procedure for calculating single-number impact ratings. This argument is applicable to
other studies that have explored modifying the weighting curve to enhance correlation with human
perception. Above all, there is a consensus regarding the importance of including low frequencies
to more accurately reflect occupant satisfaction levels, emphasizing the need for standardized tests
in the low-frequency range [40].

In summary, it is evident that defining low-frequency impact noise performance criteria for
timber structures in terms of standardized impact ratings is a challenging task. This project does
not aim to quantify improvements in the acoustic properties of the wood structure solely based on
standardized impact evaluations. Instead, the results will investigate whether there is improvement
in the vibro-acoustic performance of CLT panels with acoustic black holes compared to CLT panels

without ABH indentations, with emphasis on the low-frequency range.

2.4 Numerical Modelling of Cross Laminated Timber

Predicting the dynamic behavior of wood is challenged by several factors. Firstly, wood is an
orthotropic material, which means that its elastic properties differ along perpendicular planes of
symmetry. This complexity introduces three parameters that need to be determined experimentally,
compared to homogeneous materials that require only one parameter (Young’s modulus). Further-
more, the variation in wood species across locations causes differences in microscopic structures
within the wood [29], [38]. As a result, vibro-acoustic studies conducted on wood often specify the
particular wood species under investigation.

The Finite Element Method (FEM) is a widely employed numerical approach for predicting
the dynamic behavior of structures especially in cases where the analytical solution is difficult to
obtain. It does this by discretizing an integral domain into finite elements through an interpolation
function [11]. The resulting system can be arranged into mass, stiffness and damping matrices
which are used to compute responses such as eigen frequencies and deflections, a summary of the

formulation is discussed in section 2.8
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The FEM allows for the reduction of experimental tests, leading to time and cost savings, and
facilitates parametric studies. However, when dealing with wood, predicting its response remains
a laborious and time-consuming process. The lack of developed material database for wood is a
contributing factor [29]. Consequently, a significant amount of effort is often dedicated to calibrat-
ing the numerical model to align with an existing experimental model before further investigations
can be conducted. Before calibration, material properties of the wood are typically gathered from
existing literature to establish a baseline for the numerical model, and then the dynamic responses
are compared with those of an experimental setup. Hence, the primary objective of calibration is to
achieve the highest possible correlation between the dynamic performance of the numerical model
and the experimental model. This correlation can be established through various methods. For
instance, Qian et al. [29] employed a stochastic approach to address uncertainties arising from ma-
terial properties in a specific CLT floor configuration. The aim of their simulation was to optimize
the shear moduli and Young moduli to minimize the Normalized Relative Frequency Difference
(NRFD) between the measured and simulated natural frequencies of the CLT floor. Their optimiza-
tion procedure was primarily focused on the low-frequency range and was able to achieve a strong
correlation up to 100 Hz. For additional details on the constraints injected into the optimization
process, the reader is referred to Qian et al. [29]. In contrast, Yang et al. [38] conducted a sensitivity
analysis using the diffuse field transmission loss of the CLT panel as a target to explore the uncer-
tainties related to Young’s and shear moduli. While this was not an optimization study, it provides
insights into how different optimal material property values can be achieved depending on the con-
straints used in optimization. Unlike the frequency response sensitivity analysis obtained by Qian
et al., Yang et al. found transmission loss to be more sensitive to Young’s modulus in one of the
longitudinal directions and to shear modulus in the vertical direction [29], [38].

CLT can be modeled in various ways, with certain limitations determined by factors such as
the domain size and available computational resources. Commercial finite element (FE) software
provide a range of elements tailored to specific needs. The recommended method for modeling CLT
involves using solid elements, orienting their material properties as they would be in a practical
CLT assembly, as illustrated in Figure 2.5. Solid elements offer the advantage of capturing through-

thickness modes, which contribute to structure-borne sound and might be missed when using shell
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Figure 2.5: Three-layer CLT FE model with layer thicknesses h1, h2 , length a, and width b, and
ply angles 90°/0° /90° [38]
elements or even single-layered equivalent solid elements.

In a study conducted by Yang et al. [38], a CLT panel modeled with single-layer solid elements,
multilayered solid elements, and single-layer plate elements showed similar structural responses at
low frequencies, exhibiting three wave branches: bending, shear, and in-plane waves. The computed
branches began to diverge at higher frequencies, primarily due to the contributions from through-
thickness modes, with shell elements showing the largest divergence due to the thinness assumption
in its formulation.

While using solid elements can be advantageous, it also introduces specific complexities to
the analysis. For instance, accurately modeling a pinned boundary condition can pose challenges.
Conversely, conducting experiments to achieve a fixed-fixed CLT panel can be both costly and time-
consuming. Yang et al. adopted a compromise by employing Wave and Finite Elements (WFE) [38].
This approach assumes an infinite domain, thus avoiding the necessity for boundary conditions.
While Qian et al. modeled a pinned boundary condition in their study, capturing frequencies that
were not observed during their experiment [29]. In summary, boundary conditions can impose

limitations on the study.
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Figure 2.6: Practical implementation of the ABH profile with truncated terminus and viscoelastic
damping layer [36].

Solid elements are chosen to model CLT panels in this work. The choice was primarily influ-
enced by the incorporation of acoustic black holes. The use of solid elements is prevalent in the
literature for this purpose. In addition to their ability to capture through-thickness modes in CLT,
solid elements offer flexibility in creating complex geometries. Although the boundary condition for
the numerical model will be left free, deviating from a realistic setup, this approach has been widely
used in the literature [12], [27]. It simplifies the analysis of the acoustic black hole effect. When
seeking correlation with experimental data, boundary conditions must be carefully considered for

both the experimental and numerical models.

2.5 Acoustic Black Holes

The Acoustic Black Hole (ABH) is a passive vibration control technique that has been devel-
oping in recent years. Unlike existing methods, the ABH brings a unique advantage by reducing
the total mass of the structure. This property can be beneficial in engineering applications aiming
to create structures that are both durable and lightweight. The operating principle of an ABH is
based on the natural properties of retarding structures. Using an analytical approach, Mironov [2]
demonstrated the possibility of achieving a non-reflecting or fully absorbed flexural wave traveling
through a beam that is terminated by a wedge with a power-law decreasing thickness profile, as

shown in Figure 2.6.
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Practical implementation of the ABH still involves the application of a damping material. How-
ever, the amount of damping material required is significantly reduced compared to what would be
needed in an equivalent structure without an ABH. The following section elaborates in detail the

operating principles of an ABH.

2.5.1 ABH Principle of Operation

Consider an inhomogeneous beam under the Euler-Bernoulli assumptions [4]. The free response

of the beam in the linear response regime is governed by:

O*w(z,t) Q*w(x,t)

B)=Fa  tr—pp

(N

where W (z) is the flexural displacement, p is the mass density, B(z) = E(z)h(z)3/12(1 — v?) is
the bending stiffness, F'(x) is the Young’s modulus, h(x) = ex™ is the varying thickness, v is the
poisson’s ratio, and m is a real-valued constant that defines the power-law profile.

The geometrical acoustics approximation assumes a propagating wave in a steady state is given

by:

IU(.CU, t) _ Wek‘x-i-iwt (8)

where £ is the flexural wave number (also k = %), w is the angular frequency of the wave, and c is

the flexural wave velocity. Substituting Eq. (8) into Eq. (7) gives

B(x)k4Wek‘CC+iwt _ pw2W€k$+iwt — 0 (9)

With some rearrangement, the flexural wave number, &k can be expressed as:

12p(1 — v?)w?
k() = | ————— 10
@ = (P (10)
Furthermore, the wave velocity wavelength and amplitude of the propagating wave can be expressed

as
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Eq. 11 shows that the phase velocity of the flexural wave is directly proportional to the thickness
of the beam. In the case of an ideal wedge where the thickness vanishes at the end of the wedge,
the velocity of incoming flexural waves gradually decreases, ultimately reaching zero. This phe-
nomenon results in a fully trapped, non-reflected wave. Equally, the inverse relationship between
the amplitude and beam thickness, as described in Eq. 13, indicates the particle displacement at
the wedge tip approaching infinity, essentially creating a point of singularity. This characteristic,
resembling the behavior of optical black holes, led Krylov to coin the term acoustic black holes”
in describing these structures [5].

However, in practical applications, achieving a beam with exactly zero thickness is not feasible
and there will always be some residual thickness. Studies have shown that even a very thin residual
thickness can have a detrimental influence on the reflection properties of the beam [36]. This issue
is typically resolved by including a light dissipative layer in the retarding region of the beam. The
role of this dissipative layer is to convert the strain energy of the flexural waves into heat, effec-
tively damping the vibrations and reducing the reflection coefficient. Figure 2.7 illustrates the effect
of including dissipative layers. The beam without these layers maintains a reflection coefficient
above 0.8 across the entire frequency range examined, whereas the beam with dissipative layers

experiences a gradual reduction in the reflection coefficient.
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Figure 2.7: Reflection coefficient predicted by the geometrical acoustics model without (solid line)
and with (dashed-dotted line) a damping layer, and by plane wave model with damping layer (dashed
line) [36]

2.5.2 Design and Performance of ABH Beams
Reflection Coefficient

The reflection coefficient is a quantity that describes the amount of wave reflected in the beam
after reaching the boundaries. Its calculation depends on the numerical approach used to solve the
governing equation 4. In Figure 2.7, the monotonic variations in the reflection coefficients over the
frequency range without (solid line) and with (dashed-dotted line) damping is derived from geomet-
rical acoustic solution further integrating the complex wave number; see Eq. 14. On the contrary,
the plane wave approximation reveals an oscillatory trend in the reflection coefficient, as shown in
Figure 2.7. Each minimum in the reflection coefficient corresponds to a resonant mode of the ABH
cell (an ABH cell only comprises the retarding region of the ABH beam); see Table 2.1. This ex-
planation aligns with findings of Hook et al. [27], using a wave decomposition approach to obtain
the reflection coefficient; see Figure 2.8. Therefore, modeling the ABH unit cell and determining its
natural frequency can be a valuable tool for predicting the beam reflection performance, especially

when optimizing the reflection coefficient in the design stage over a broad or narrow frequency
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Figure 2.8: Comparison of reflection coefficients using the decomposition method by experiments
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range.

R = exp <—2 / " Im(k(z)) dx) (14)

0

Cut-on frequency

The cut-on frequency of an ABH is another parameter that designers can optimize. Below
the cut-on frequency, the ABH does not effectively absorb or interact with incoming waves. To
enable interaction, the characteristic size of the ABH, such as the length of the retarding region in a
beam or the diameter of an axisymmetric taper in an indented plate, must be at least as large as the
wavelength of the incoming wave. An approximate analytical expression for the cut-on frequency

of a beam is given by [36]:

ho Eo [40 - 24V]
2r L%y | 12p(1 — v2)

5)

fcut—on =

where hy is the thickness of the uniform beam outside the ABH region, L 4 g is the length of the
ABH region and v is the poisson’s ratio
The relationship between the cut-on frequency and the length of the ABH region, given a uni-

form thickness, is described by Eq. 15. A parametric study carried out by Aklouche reveals that the
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Figure 2.9: Parametric study of cut-on frequency of an ABH beam defined by Eq. 15 [14]

cut-on frequency also depends on the height of the wedge tip [14]. Figure 2.9 illustrates how the
cut-on frequency can be improved by maximizing the length of the ABH region and minimizing the
height of the wedge tip.

From a structural perspective, concerns have followed regarding the performance of ABH beams
or plates under static loads and fatigue analysis. These concerns have motivated design modifica-
tions, such as the compound ABH, which has demonstrated improved static strength while preserv-

ing the ABH effect [23]. In this work, a compound ABH design is incorporated.

Smoothness Criterion

A smoothness criterion is also imposed to ensure that the flexural wave number does not vary
significantly to avoid producing reflected components along the thickness profile /(z) of the ABH
region. It states that the spatial variation of the flexural wave number must be smaller over a distance

of the wavelength order [12], [28], mathematically expressed as:

—— <k (16)
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This condition is naturally satisfied for power law values m > 2.

2.5.3 ABH in plates

The concept of ABH was initially extended to plates by Krylov [5]. This extension involved
embedding axisymmetric circular indentations in plates with a decreasing thickness according to
the power law. Ever since, numerous computational and experimental studies have contributed to a
deeper understanding of the ABH effect in plates, as a stepping stone towards more practical appli-
cations. In general, the response observed in plates aligns with what has been observed in beams.
Conlon et al. captures the distributed amplitude of an ABH plate around the cut-on frequency, as
shown in Figure 2.10b [12]. It shows that maximum amplitudes are concentrated in the ABH region,
which is consistent with the theories discussed in Section 2.5. While these amplitudes are indeed
concentrated in the ABH region, the overall vibration levels are reduced compared to a uniform
plate. Conlon et al reports that an ABH plate can achieve up to a 20 dB reduction in vibration
levels beyond the cut-on frequency [12]; see Figure 2.10c. For a more detailed description of the
numerical model and results, the reader is referred to [12].

Studies have delved into various aspects of ABH structures, going beyond the simple obser-
vation of physical deflection. For instance, Climente et al. [9] uses a line source to excite Lamb
waves in an ABH plate. This excitation method allowed for the visualization of wave trajectories
in a way that can be challenging to capture for a point source excitation. The focusing effect can
be analysed based on the thin plate formulation under geometrical acoustics assumptions [25]. As
shown in Figure 2.11, it is evident that the waves are progressively directed toward the center of the
plate, indicating an energy-focusing effect at the ABH center. In essence, the acoustic black hole
can be likened to a waveguide. This focusing effect has been explored in various applications of

ABH structures, including piezoelectric energy harvesting and optical lens focusing [10].

Design and Performance of ABH Plates

Modal analysis is another method used to describe the performance of ABH structures. As
mentioned in Section 2.5.2, ABH cell modes can be linked to the reflection coefficient in beams.

This observation is supported by Conlon et al. who have shown that the modal loss factor of a plate
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Figure 2.10: (a) Periodic grid layout of ABHs in plate (b) Distributed amplitude of ABH plate
around the cut-on frequency (c¢) Comparison of surface averaged acceleration of uniform plate vs
ABH plate [12]
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Figure 2.11: time snapshots showing the focusing effects of ABHs on incoming wavefield [25]
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indented with multiple ABH can be related to the modal loss factor of an individual ABH cell [12].
Additionally, Hook et al report an exponential increase in modal density as the ABH tip height is
decreased and a linear increase in modal density as the ABH length is increased [27]. Finally, Li
& Ding highlighted how the mode shape of an ABH beam interacts more effectively with the ABH
region when the length of the ABH region is increased [28]. All of these studies contribute to the
consensus that maximizing the ABH effect involves increasing the length of the retarding region

and reducing the thickness of the wedge tip as much as possible.

2.5.4 Design of ABHs in Structures

Implementation of the ABH in structural design can be bounded by constraints. In cases where
the length or terminating thickness of the ABH is fixed, the power law can be modified to improve
the ABH performance [27]. However, the boundaries of many structural members are not free,
which impedes practical realization of the ABHs in structures. This can be resolved through various
design proposals such as embedded ABH and surface-mounted ABH.

The embedded ABH consists of multiple indentations along a beam or plate. Research has
shown that having more indentations can collectively improve the absorption efficiency [22]. More-
over, larger ABH regions tend to lower the cut-on frequency, which means fewer indentations can
be accommodated on a structure. Ultimately, the performance of a multiply indented structure will
depend on a cell mode. The designer’s choice lies between optimizing the ABH size, number of
indentations, and overall stiffness which is compromised by the indentation. Figure 2.12a shows
how multiple ABH can be implemented in beams while Figure 2.12b shows how multiple ABH can
be implemented in plates

Rather than on the surface, the ABH can also be tunneled within a plate. Figure 2.12¢ shows
a tunneled ABH with and without a stud, correspondingly. A stud can be introduced to improve
the strength of the plate while introducing continuities that may be beneficial in the dynamic re-
sponse [30]. Indeed, a form of this application is implemented in this work, where indentations are
embedded between the plies of the CLT; See Section 3 for a detailed description of the numerical
model.

The ABH can also be implemented as a secondary structure as in the case of surface-mounted
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ABH. These are generally designed as resonators; therefore, the ABH must be carefully placed to
couple effectively with the primary structure. Figure 2.12d shows how the ABH acts as a resonant
damper for a beam and plate. Placement of the resonators takes into consideration the structural

response of the primary structure, its boundary conditions, and many more factors.

2.6 Numerical Modelling of ABH Structures

In addition to the analytical procedures discussed for evaluating the response of an inhomoge-
neous beam, the finite element method has also been employed in the study of acoustic black hole
(ABH) beams. This numerical method discretizes the governing equation, Eq. 4 over the domain,
allowing it to be implemented in a standard finite element code. Interestingly, the transfer matrix
method, generally considered analytical [28], [36], also discretizes the domain but has not kept up
with advances in the finite element method.

Hook et al. conducted a parametric study of ABH terminations in a beam using Timoshenko
beam elements in COMSOL and validated a specific ABH beam configuration experimentally [27].
Note that the use of beam elements in finite element modeling leads to ABH tapers that are sym-
metric about the beam axis, as illustrated in Figure 2.13. This may not align with many pictorial
representations of ABH beams in the literature, for example, see Figure 2.6. However, this approach
aligns with the formulation of the beam equation which is done about the neutral axis. It remains
unclear why the beam formulation agrees with experimental models, especially when the beam is
not symmetrically cut about its neutral axis. Additionally, it is uncertain under what geometrical size
and conditions this model ceases to agree with experimental results. These areas present potential
avenues for future investigations.

In the absence of an experimental setup, element verification tests can be used to assess the
consistency of numerical results. The FE model developed in [27] can be checked against 2D
elements by comparing the natural frequencies of an ABH cell that is symmetrically cut (ABH>p 1)
and another that is cut on one side (ABH>p »), to reflect the cell modes reported by hook, a fixed
boundary condition is applied at the end. Table 2.1 displays the first four modes of vibration for

the three configurations; Firstly, notice that the first four natural frequencies corresponds to the dips
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Figure 2.13: ABH beam modelled using Timoshenko beam elements (above) and the corresponding
2D representation (below) [27].

in reflection coefficient observed in Figure 2.8, this implies that the mode shapes create a standing
wave pattern preventing the propagation of transverse waves in the beam. However, while the
natural frequencies of the 2D elements agree with each other, they disagree with the beam element;
with a 30% error relative to the beam across all modes. Therefore, when modelling an ABH plate,
there is a lingering concern about the relative error of solid elements to shell elements.

Table 2.1: Comparison of Natural frequencies of an ABH cell modelled using Beam elements and
2D elements

Natural Frequencies ‘ Beam Elements (Hz) ABH:p ; (Hz) ABH;p » (Hz)
1 388.65 511.75 511.26
2 1628.1 2128.0 2119.0
3 3582.7 4662.7 4619.5
4 6140.2 7981.9 7898.4

However, using solid elements to model plates offers greater flexibility, especially when dealing
with complex geometries like multiple ABH indentations. In this project, solid elements are chosen
for modeling the CLT panels with ABH due to their flexibility, and because they can capture the

through-thickness mode contributions from each composite layer.
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Figure 2.14: Comparison of radiated sound power of Uniform plate vs ABH plate [12]
2.7 Acoustic Black Hole Effect in Low Frequency Noise Reduction

Impact noise is generated when a vibrating structure interacts with air, Section 2.2.1 discusses
this topic in detail. CLT floors, due to their low mass and high stiffness, typically exhibit poor
acoustic properties, particularly in the low frequency range. This project proposes the implementa-
tion of embedded ABH to mitigate low-frequency impact noise. In practical applications, ABH can
be integrated with existing noise insulation technologies discussed in Section 2.3.1.

Extensive research has been conducted to study the reduction in sound radiation achieved by in-
corporating acoustic black holes into structures. It is not surprising that beams or plates with acous-
tic black holes can reduce radiated sound because the acoustic pressure at the surface is strongly
coupled with the mobility at the structure’s surface. In Figure 2.14, comparison of the resulting
acoustic power radiated from the uniform plate and an ABH plate illustrates that the two plates
exhibit similar acoustic trends until the cut-on frequency near 2500 Hz where the ABH shows re-
duction in acoustic power up to 20 dB [12]. Therefore, the cut-on frequency, originally defined in
terms of the bending waves of the plate in Section 2.5.2, can indirectly capture the acoustic perfor-

mance of structures with ABH.
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2.8 Overview of the FE Formulation for Fluid-Structure Analysis

Only the formulation for the steady-state procedure will be summarized as it pertains to the
methodology used in this project. The reader is referred to [16] for more details on vibro-acoustic
analysis using the FEM. The formulation begins with the definition of the equilibrium equations for

small-amplitude motion of a compressible, adiabatic fluid.

op
X

+AU+pU=0 (17)
where U is the fluid particle acceleration vector, U is the fluid particle velocity vector, p is the
pressure in excess of static pressure, and X(z, y, z) is the spatial position of the fluid particle, ~ is
the volumetric drag and p is the fluid density. In addition, the constitutive behavior of an inviscid,
linear, compressible fluid is expressed as

0

p=—hog (18)

where k is the bulk modulus of the fluid. If the solutions are assumed to vary harmonically

U = Ue™!

= wt

p =pe
Equ 17 can be rewritten in terms of its assumed solution

op 2T
oy U =0 (19)

where p = p+ % is defined as the complex density. Furthermore, differentiate Equ 19 with respect
to X, divide by p and substitute Equ 18 and its derivatives to obtain the equilibrium in terms of

pressure

pls 0 <15P) —0 (20)
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Eq. 20 is transformed into its weak form by introducing the variational statement over the volume

of the fluid

2l 9 (1p _
/V(Sp[wkp ax \5ax dav =0 (21)

Integrating by parts and applying Green’s theorem results in

1 aap op

w?_ op
— —pdV + | =———=cdV + ———n dS = 22
/ op . pd d /(5 n dsS=0 (22)

the volume integrals satisfy equilibrium and the surface integrals describe the boundary traction. In
the absence of an intervening layer such as a rug or foam, the solid and fluid are in perfect contact,

and their displacements are tied [16]. This assumption can be written as [7]

nU=n1,

where U,,, is the solid displacement. Equ 19 then becomes

10p —

2 —
_ U,
5 X wn
Therefore, the final variational statement is
_ 1 0d6p Op 9 _=—
“pd - p P ~wnT,) dS = 2
/5p V/ 8X8XV+/55p(wnU)S 0 (23)

To complete the structural-acoustic formulation, the structural response U,, is governed by a similar

variational statement of the virtual work

/& dV+/V m(w )dv+/vp5Um(w)ﬁm(w)dv

+ / pSUm (™ dSsy — | SUp(@)tdS; =0 (24)
st St

where the volume integrals satisfy equilibrium, the surface integral | S describes the influence of
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the acoustic medium on the structure (this influence is very small because the structural response
dominates the system), and the surface integral |, s, describes the traction boundary on the solid. t is

the surface traction and the strain field de,, is compatible with the displacement field 6U,,.

2.8.1 Discretizing the Variational Field

The variational statements Equ 23 and 24 are discretized by introducing interpolation functions
p=HPpP P =1,2,3,... for all the pressure degrees of freedom, and U,,, = NVu¥, N =1,2,3, ...
for all the displacement degrees of freedom. The resulting equation is inverted to solve for pressures

and displacements

K —iwC — w’M]A =F

where K is the coupled stiffness matrix, C is the coupled damping matrix (although this term only
contains damping contributions from the structure as the volumetric drag in the fluid are negligible),
M is the coupled mass matrix, F is the traction from the solid medium and A is a vector of all

pressure and displacement degrees of freedom.

2.8.2 Addressing Acoustic Exterior Problems

The need may arise to study acoustic exterior problems such as a vibrating structure in a fluid
medium of infinite extent. In a more general term, such studies try to eliminate the influence of
reflected waves on the region of interest. For example, while a CLT floor is not realistically placed
in an infinite domain, reflected sound waves from walls and ceiling would introduce disturbances in
the pressure output readings. More so, those reflected components would depend on the size of the
room.

Exterior problems can be addressed in FEM by defining a radiating (non-reflecting impedance)
boundary condition on the traction surface [11], [16]. Consider the variational statement in Equ 22,
previously the solid fluid coupling was defined on the boundary traction, but the radiation boundary

can also be included. Let the surface be called S,..4:

35



10p
p——<n dS
/STad ’0 ax
the surface traction for an impedance boundary describes an imposed impedance or admittance

by a layer of material on the fluid. It is modelled as spring and dashpot in series, distributed between

the acoustic medium and a rigid wall

1 0p iw  w?\ _

however, in a radiating boundary these admittance values are mapped to the geometry of the
radiating surface using a Dirichelet-to-Neumann map [11], [16]. The reader is referred to [11], [16]
for detailed procedure of the mapping as well as sample admittance values for plane, circular and
spherical boundaries.

Another approach to modelling exterior problems in FEM involves the use of infinite acoustic
elements. Just like finite elements they have basis functions which are however formulated to satisfy
radiation conditions by mapping the element to an infinite domain. Infinite acoustic elements can
be defined directly on the terminating surface of the finite element mesh but unlike impedance
boundary they do not cause traction forces on the surface boundaries.

Perfectly matched layers can be equally employed in place of radiating boundaries or infinite
acoustic elements. They are acoustic finite elements with behaviours modified appropriately to
act as absorbing layers. They are attached directly to the bounded fluid domain just like infinite
elements, however, being a finite element introduces a new surface boundary. To complete the
formulation, zero pressure boundary conditions are exacted on the surface boundary which is an-
other key element that distinguishes them from finite elements in the bounded domain; their surface
boundaries cannot couple with the solid medium.

When modelling acoustic exterior problems, these various modelling practices that help to cap-
ture the unbounded domain can by verified against each other to establish confidence in results.
Usually, their formulations are robust enough and do not to cause significant differences. Eventu-

ally, the most computationally efficient domain can be chosen for further investigation
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2.9 Summary

This chapter presented the state of the art in CLT and ABH in a topical manner and discussed
the potential for combining the two technologies to achieve low-frequency vibration and noise re-
duction, an elusive problem in wooden building construction. The effectiveness of ABH structures
in achieving low-frequency impact noise reduction in CLT is not established yet.

To provide a solution for this problem, the objective is to achieve an ABH effect in the frequency
range of 50-800 Hz. The effectiveness of the solution can be quantified by its cut-on frequency and
its reduction in the magnitude of structural and acoustic response in the specified range. The cut-on
frequency of an ABH can be decreased by increasing the length of the retarding region or reducing
the thickness of the wedge tip. Therefore, it is possible to enhance the cut-on frequency of ABH
structures by increasing the length of the ABH region from 9 cm [12], [28] to higher values. For
example, Li & Ding observed a decrease in the cut-on frequency, from the third resonance at 453
Hz to the second resonance at 160 Hz when the length of the ABH region is increased from 9 cm to
15 cm [28].

It is important to recognize that a large number of ABH studies have focused on metals such
as aluminum or steel with low hysteresis damping, for example, structural damping ratios ranging
from 0.0001 [27] to 0.001 [12]. Wood has higher energy dissipation, with structural damping ratio
as high as 0.1 [38]. Since the damping in the ABH region can be further increased, it follows that
the overall damping of the structure can be improved. The ABH region can be seen as a pocket of
space provided to include material dampers to raise the aggregate damping of the structure.

This project investigates the reduction of low-frequency impact noise in a CLT floor with mul-
tiple ABH indentations. The following chapter provides a detailed description of the model used in
this study. A parametric study is employed to uncover trends related to the cut-on frequency and its

correlation with impact sound radiation from the floor.

37



Chapter 3

Methodology

The motivation to choose Cross Laminated Timber (CLT) as a construction material in res-
idential and commercial buildings has been extensively addressed in chapter 2. Acoustic Black
Holes (ABH) have been shown to attenuate vibration and consequently sound radiation in struc-
tures, mathematically speaking, due to the coupled fluid-structure interface, see Eq. 23. Various
designs to integrate ABH in structures have been proposed primarily due to boundary constraints
and concerns stemming from static structural integrity and fatigue; see Section 2.5.4. Indeed, some
configurations may also optimize dynamic responses such as reflection coefficient, transfer mobil-
ity, and sound radiation. However, many propositions in the literature have generally focused on
metals. This work extends the existing literature by integrating ABH in CLT to investigate the
vibro-acoustic response and determine whether there is an improvement in acoustic response when
compared to a CLT without ABH. Specifically, this project highlights a prominent drawback in
using CLT as a building construction material: its capacity to attenuate low frequency impact noise.

The literature has shown that ABH performance can be modified by altering geometrical prop-
erties such as taper length, tip height, and power law [27]. In the case of axisymmetric profile
indentations on a plate, the outer radius is used in place of taper length. Therefore, either opti-
mization or parametric study can be used to check the possibility of achieving the ABH effects in
the low-frequency region. In this work, a parametric study is carried out to provide a more de-
tailed insight into the intricate effects that each parameter has on the vibro-acoustic response in the

low-frequency range, ultimately informing decisions on optimizing geometrical parameters within
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practical constraints. The finite element method is used for this study because it can be easily
adapted to a variety of configurations to solve a variety of configurations easily; a summary of the
finite element procedure for a vibro-acoustic model is summarized in Section 2.8.

The numerical model consists of a 3-ply CLT floor in a half-baffled acoustic medium. The
flexural waves are then analyzed to obtain the surface-averaged acceleration of the plate and sound
radiation in the acoustic medium. The results highlight trends in the performance of the ABH
measured in terms of the cut-on frequency and band level attenuation of the acoustic response when
compared with a CLT floor without ABH indentations.

In this chapter, the geometrical and physical properties of the model are presented, followed
by a discussion of the finite element modeling procedure, highlighting key components such as the
boundary and traction conditions, discretization of the medium and convergence analyses. This part
explains the post-processing method to obtain the radiated sound power, which sets the foundation

for the acoustic response presented in the chapter 4.

3.1 Model description

The FE model has been implemented in Abaqus Standard [16]. A 3D model is chosen for
the parametric study because it allows more flexibility in defining geometrical properties compared
to a 2D model. Indeed, 2D models that utilize shell elements can also be used to define ABH
indentations; however, this procedure is not commonly used in the literature because it requires
cumbersome implementations that involve varying section properties [39]. More over shell elements
to not accurately account for contributions from thickness modes at increasing frequencies, see
Section 2.4.

Figure 3.1 highlights the geometry of the floor, the height of each ply, lay-up sequence, and
periodic indentation of the ABHs. Figure 3.2 shows the geometric profile of each ABH indentation
that is etched out in each ply. Only the geometrical properties of the ABH profile and the number
of indentations are considered for the parametric study. This is because the number of indentations
introduces a limiting factor in the maximum size of the achievable radii values. Table 3.1 shows

the range of parameters considered in this study. The height function of each ABH indentation is
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Figure 3.1: Geometric properties of 3 ply CLT floor indicating the length L, height of each ply
hmaz» and layup sequence 0°/90° /0°
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Table 3.1: Geometric properties of 1 ply CLT with ABH indentations

Varying Properties Fixed properties
No of indentations Range of outer ra- | Parameter Value
dius, R
25 100 - 150 mm [ — 35 mm
16 100 - 200 mm Romiin 10 mm
9 100 - 250 mm L 2m
4 100 - 450 mm L 2m
r 30 mm
I 2.5
F IN

In addition to the geometrical properties, Table 3.2 describes the material properties of the CLT
floor, where the subscripts ABH denote material properties in the ABH region for the floor. The
material properties obtained from the literature [38]. A separate structural damping value, n4 g of
0.03 is applied in the ABH region to reflect the additional damping introduced by a dissipating layer

placed in the region. An additional non-structural mass of 18 g is evenly distributed in the ABH
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Figure 3.2: ABH profile highlighting the geometrical features of each indentation in a ply

region. The additional mass is conservatively chosen to avoid the mass law effect. It is important
to note that the non-structural mass does not contribute to the stiffness matrix in the finite element
mathematical procedure. The boundary conditions of the plate are all set to free and a harmonic
excitation of amplitude 1 N is applied at the centre of the floor. In the case of an odd number of
indentations, the force is offset 0.2m from the floor centre for the 25-ABH and offset 0.66m from

the floor centre for the 9-ABH, this is done in order to apply the force at the uniform region.

Table 3.2: Material Properties and stacking sequence [38]

Property Value

E, 1.1 x 1010 Nm~2
E, 3.67 x 10° Nm™?
E. 3.67 x 108 Nm™?2
Gay 6.9 x 108 Nm~—2

Gyz 6.9 x 107 Nm—2

Gy 6.9 x 108 Nm™2

Ve 0.014

Vgy 0.030

Viz 0.014

p 450 kgm=3

i 0.02

Nabh 0.03

Layup sequence 0°/90°/0°

Four floor configurations are considered in this parametric study, shown in Figure 3.3: (a) a CLT
floor with 5 x 5 periodically spaced grid of embedded ABH (b) a CLT floor with 4 x 4 periodically
spaced grid of embedded ABH features (c) a CLT floor with 3 x 3 periodically spaced grid of

embedded ABH features (d) a CLT floor with 2 x 2 periodically spaced grid if embedded ABH
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Figure 3.3: ABH grid in one ply of CLT floor. (a) 25 grid, (b) 16 grid, (c) 9 grid and (d) 4 grid

features. A CLT floor without ABH indentations is also constructed for baseline comparison. Unlike
the CLT floor with ABH indentations, there is no additional damping applied to specific locations,
therefore the floor only contains the baseline structural damping, = 0.02.

For the acoustic coupling, the CLT floor is treated as baffled and radiating into half space,
thereby mimicking an exterior sound radiation problem. Modeling the traction boundary for exterior
acoustic problems can be achieved in a variety of ways, for example using perfectly matched layers
(PML), infinite acoustic elements, or non-reflecting impedance boundaries; an extended discussion
of these concepts can be found in section 2.8.2. The acoustic medium is modeled as a box spanning
2.2m x 2.2m x 0.025m with impedance boundary conditions applied to the sides and infinite acoustic
elements applied to the bottom face. Fluid-structure coupling is achieved through out-of-the-box tie
constraints available in Abaqus standard. The bottom surface of the acoustic box is tied to the
top surface of the plate, Figure 3.4 shows the interaction setup between the structural and acoustic
medium.

Other acoustic models were used to validate the accuracy of the chosen acoustic model, this was
done by checking the sensitivity in average sound radiated power at the fluid surface where the tie
constraints are applied. For example, the sensitivity was checked against an acoustic model with
PML and an acoustic medium with a non-reflecting radiation boundary. The size of the fluid domain

was varied to investigate the influence of far-field radiation boundaries on the output response at the
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Figure 3.4: Structure-fluid coupling highlighting the CLT floor in a half baffle

interface; section 3.2.2 provides a detailed explanation on the meshing of the acoustic medium.
The selection of the chosen acoustic model was primarily in favor of computational requirements.
Ideally, the optimal acoustic model for this parametric study has the smallest domain with the least
amount of elements both in the structural and acoustic medium. The following section describes the

discretization of the structural and acoustic mediums

3.2 Discretization and Sensitivity Analysis

It is important to note that the objective of this parametric study is to capture the ABH effect at
low frequency. Because the parametric study utilizes a 3D model, the discretization requirements
are somewhat relaxed in favor of the time required to perform a round of simulation. With the
chosen structural-fluid mesh, each round of simulation takes approximately one hour to complete

on a 32-core computer.

3.2.1 Meshing of the Structural Medium

The floor configurations are modeled using quadratic brick elements. A minimum of 6 finite
elements per wavelength for the maximum targeted frequency is recommended when constructing a
numerical model, but 10 elements and more were enforced for conservative purposes. An additional
constraint that accounts for the variation in height at the ABH region can be done by setting the
reference maximum frequency and corresponding wavelength from the tip where the wavelength is

shortest. The bending wave speed for a Kirchoff plate can be written as [12],
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Figure 3.5: Structural mesh of one ABH cell (a) isometric view (b) sectional view
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The reference bending wavelength A = 07’7 is taken at the tip of the ABH by replacing h(x) with

hmin .

2 1/4 :
- ()

(1—v?) f

The assumption is further complicated by orthotropic properties of CLT. In Eq. 26, £ = E, and
V = V4, it does not make much difference if v, is chosen because the strains are very small and v
is squared.

The maximum targeted frequency for the parametric study is 800 Hz. Thus, a 10 element per
wavelength requirement will give an element internodal size of 63 mm in the retarding region of
the ABH profile. However, in order to capture the gradient in the ABH region more accurately, 2
elements were chosen to discretize the inner radius r which results to an element internodal length
of 15 mm. Figure 3.5 shows how the ABH region in one cell is meshed. In the uniform region of the
cell (h(x) = hmaz), the discretization requirements are even more relaxed, resulting in an element
inter-nodal size of 117 mm.

To guarantee that the meshing procedure was sufficient for a full parameter sweep, a mesh
convergence study is conducted starting using the surface-averaged acceleration as the target. Con-
vergence is only checked for CLT floor with 4 x 4 grid ABH indentations with the largest outer
radius R of 450 mm. Starting with an element internodal length of 15 mm, Table 3.3 shows that a

maximum relative error of 0.4% is introduced as the internodal length is further refined to 5 mm.
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This error is accommodated considering the computational resources.

Table 3.3: Convergence: structural medium

Internodal lengthin ABHre- Internodal Length in Uni- Surface Averaged Accelera-

gion (m) form region tion @ 800 Hz (dB re 1 x
1073 ms™2)

0.015 0.030 22.597

0.010 0.025 22.698

0.005 0.010 22.698

3.2.2 Meshing of Acoustic Medium

The acoustic medium is modeled using quadratic brick elements with acoustic infinite elements
applied to the bottom of the acoustic medium. In addition to the impedance-type radiation bound-
aries, Abaqus also provides acoustic infinite elements for modeling exterior problems. In general,
they are defined on the terminating surface of a region of acoustic finite elements and can help reduce
the size of the acoustic domain required to accurately model an acoustic medium; see Section 2.8.2
for an extended discussion on modelling exterior problems.

The same requirements of 6 elements per wavelength apply when constructing acoustic elements
with a target frequency corresponding to the shortest wavelength. In this study, 10 elements per
wavelength have been enforced for conservative purposes. The wavelength of sound can be written

as

Ap = %f @7)

where ¢ = \/Ip(i]{ is the speed of sound, Ky is the bulk modulus and p; is the fluid density. At room
conditions, ¢ &~ 343m/ s, the required element internodal size L,,q, at 800 Hz is 43 mm.

The acoustic analysis also depends on the far-field properties of the radiation boundary. The ra-
diation boundary conditions converge in the limit as they become infinitely distant from the source.
While greater distances between the acoustic source and radiating boundary improve the accuracy
of the solution, the computation time increases in proportion with the number of elements. The re-

quired standoff thickness between the structure and the radiating boundary can be expressed as [16]
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Figure 3.6: Complete FE model for 25-ABH

crm
= (28)
where m is the number of wavelengths and f,,, describes the minimum frequency, i.e. the largest
wavelength expected. At room conditions, the required stand-off thickness at 50 Hz and m = 1/3
is 2.3 m.

These requirements ensure accurate prediction of all points in the acoustic field and are compu-
tationally cumbersome for the parametric study. The requirement in this study is relaxed to predict
the acoustic field only at the structural-acoustic interface. Using this criterion, the number of acous-
tic elements can be reduced as much as possible. Therefore, two convergence studies are used to
(1) select the desired number of elements and (2) select the stand-off thickness. Table 3.4 shows
that the least amount of elements which consists of an internodal length of 50 mm and a standoff
thickness of 200 mm is within 0.3% error of the largest mesh with an internodal length of 25 mm
and a stand off thickness of 2 m.

All the configurations in Table 3.4 can be regarded as acceptable because their outcomes are
all within 1 dB (this is generally regarded as threshold of audibility for power). However, the least
amount of elements was chosen to reduce the computation requirements. Figure 3.6 shows an FE
model of the structural and acoustic mesh for the 5 x 5 grid configuration, the same setup is applied

for various configurations.
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Table 3.4: Convergence: Acoustic medium

Internodal length (m) Standoff thickness (m) Surface Averaged Acoustic
Power @ 800 Hz (dBre 1 x
10712 Wm™2)

0.05 2 32.4851

0.04 2 32.5168

0.025 2 32.5870

0.05 0.2 32.4951

0.04 0.2 32.5266

0.025 0.2 32.5960

:90—0—0—©@

Figure 3.7: Discretization of 1/4 ABH cell using (a) swept mesh and (b) uniform square mesh

3.2.3 Obtaining Acoustic Power

Eq. 4 defines the continuous model of radiated sound power in a plate. When the domain
is discretized, it becomes difficult to determine an elemental area dS to compute R[pv*] for an
arbitrary element shape. For example, consider Figure 3.7 which is a more simplified discretization
of 1/4 ABH cell. The surface in Figure 3.7a is meshed with triangles and quadilaterals; and quadratic
elements 2 and 3 do not have the same areas. In this case, the nodes would need to be tracked
to determine the corresponding areas of elements 1, 2 and 3. However, obtaining the areas of the
surface in Figure 3.7b with square meshes is more straightforward, since one element area is known.
For this reason, an acoustic mesh similar to the Figure 3.7b was applied.

Many commercial FE codes provide the acoustic intensity as out of the box output quantity,
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while some go further to extract the acoustic power over a selected surface using procedures to
calculate areas of the elements. In this work, the acoustic power is manually computed from the
acoustic intensity output in Abaqus; therefore, it was more convenient to mesh the acoustic medium
with equal squares. Although the structural and acoustic meshes do not match geometrically, the
Abaqus tie constraint is robust enough to couple the domains suitably.

Additional element verification was carried out to verify the robustness of the Tie Constraint.
Specifically, the acoustic surface was meshed like the plate, and compared with an acoustic surface
meshed using uniform squares. Both elements reported the same surface averaged intensity within
the frequency range under study.

The acoustic intensity vector describes the rate of energy flow in an element obtained at the
integration points of the element [16]

1=

J
—-pV 2
5P (29)

where V' = -~ %2 The acoustic intensity I can be simplified

‘g\
Hs

~1 _0p
Pox

I=_—
2ip*w

Therefore, the acoustic power can be obtained by adding the real part of intensity (active intensity)

on the surface of the fluid panel:

S R{S; (30)
=1

Here, S; is the interacting surface area of each element. Eq. 30 shows that if the acoustic mesh con-
sists of uniform elements, at least at the plate-fluid boundary, then obtaining S; is straightforward.
However, if the acoustic mesh size is not consistent, a more complicated procedure is required to
obtain the area for each element.

Chapter 4 presents the results obtained using this methodology.
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Chapter 4

Results & Discussion

The results of the parametric study of the designs listed in Table 3.1 are presented in this chapter.
Analysis of surface-averaged acceleration and surface-averaged sound power level is conducted
for the CLT with acoustic black holes (ABH-CLT) and compared with the case of a CLT without
ABH indentations (UNIFORM-CLT). In addition, the acoustic response is reported in the third
octave band. A parametric study reveals the general trends when the number of indentations and
the outer radius. This can be complemented with an optimization study when considering a specific

applications.

4.1 Effect of the number of indentations

The structural response of the UNIFORM-CLT serves as a baseline for comparison against the
ABH-CLT. Notably, engineered wood like CLT exhibits higher material damping compared to met-
als, with a loss factor of 0.02 for wood compared to 0.001 for aluminum [12], [38]. While the
literature on ABH generally suggests their benefits when accompanied by a thin dissipative material
in the retarding region [12], [27], [36], these studies have predominantly focused on materials with
negligible material damping. Therefore, considering a material with inherent damping character-
istics, such as wood, requires a careful approach. Initially examining the effect of ABH without
added damping in the retarding region may be beneficial.

Altering the geometrical properties of a structure affects its structural frequency response. In
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this section the number of periodic ABH indentations are increased gradually in order to observe
trends in the structural response. Figures 4.1 - 4.4 illustrate how the steady-state surface averaged
acceleration of a UNIFORM-CLT floor compares with an ABH-CLT floor as the number of inden-
tations increases from 4 to 25 in each ply. The outer radius, R, has been fixed to 150 mm, and no
additional damping is applied in the retarding region. The cut-on frequency of a single-cell ABH is

used to estimate the cut-on frequency of the ABH-CLT floor [39]

7Th0 Ez
AR sy \ 3p(1 —12)

3D

fcutfon =

At R = 150 mm, the cut-on frequency is 640 Hz, with the corresponding regions highlighted
in green. Figure 4.1 compares the steady-state frequency response of the 4-ABH with the uniform
CLT, showing largely similar response curves. Above 640 Hz, the response of 4-ABH deviates from
that of the uniform CLT. While existing literature emphasizes the attenuation benefits that can be
gained after the cut-on frequency has been reached [12], [27], [36], these benefits are not apparent
in the absence of additional damping in the ABH region.

As the number of indentations increases, the frequency response further deviates from that of the
UNIFORM-CLT, with unpredictable trends occurring both above and below the cut-on frequency.
Figure 4.2 compares the response of the 9-ABH configuration with that of the UNIFORM-CLT,
revealing more resonance peaks than observed in the 4-ABH case. Similarly, increased resonance
peaks are observed in the response curves of the 16-ABH and 25-ABH configurations, as shown in
Figures 4.3 and 4.4, respectively.

The deviation of the frequency response from a UNIFORM-CLT floor can be attributed to vari-
ous factors, including the reduced floor mass and the impact of the cut-on frequency, among others.
These factors collectively contribute to the challenge of capturing trends in the structural response
when the number of indentations is gradually varied.

The cut-on frequency can be visually verified by inspecting the deflection shapes. Figure 4.5
shows the deflection shapes of the UNIFORM-CLT, 4-ABH, 9-ABH, 16-ABH, and 25-ABH at

500 Hz, 640 Hz, and 857 Hz. Below the predicted cut-on frequency at 500 Hz, the deflection
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shapes exhibits a characteristic bending and twisting pattern similar to that found in the UNFIORM-
CLT. Beyond the cut-on frequency, at 857 Hz, the deflection shapes show maximum displacements
concentrated in the retarding regions. This observation confirms the contribution of the cut-on
frequency to structural response of the CLT floor.

500 Hz 690 Hz 857 Hz

UNIFORM

4-ABH

9-ABH

16-ABH

25-ABH

Figure 4.5: Operating deflection shapes of the UNIFORM-CLT and ABH-CLT at 500 Hz, 690 Hz
and 857 Hz, and R = 150mm. The single-cell cut-on frequency is 640 Hz

Higher amplitudes at the ABH centers are anticipated based on theories presented in the liter-
ature. This local amplification facilitates efficient energy transfer to the damping layer. However,
in this case where no additional damping is applied in the retarding region, energy is retained in
the structure as there is noe medium to dissipate it. For a fixed radius, increasing the number of
indentations offers the opportunity to activate more holes. However, it is not clear if the effects are
advantageous or detrimental to the acoustic response. The design question revolves around whether
the benefits of increasing the number of indentations outweigh those of increasing the outer radius.
For instance, the 4-ABH configuration allows for larger radii values that are unattainable by the 25-

ABH configuration due to geometric constraints, highlighting the trade-offs involved in choosing
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Figure 4.6: Surface averaged acceleration of the 25-ABH for radii values, R of 100 mm and 150 mm

between these two design parameters.

4.2 Effect of the outer Radius

The structural response can also be influenced by varying the outer radius, R. Figure 4.6 shows
the frequency response of the 25-ABH for R values of 100 mm and 150 mm. The cut-on frequen-
cies are 1433 Hz and 640 Hz, respectively. Although the response profiles of both configurations
are similar, increasing R from 100 mm to 150 mm shifts the overall response to lower frequencies.
This shift also verifies the fact that a lower cut-on frequency is achieved by increasing the radius.
However, shifting resonance points towards lower frequencies is generally not recommended be-
cause it is difficult to damp at low frequencies[4]. Figure 4.7 shows no displacement concentration
in the retarding region at 857 Hz when R is 100 mm, indicating that the cut-on frequency has not
been reached.

The outer radius is varied in multiple steps to observe the structural response. To facilitate
visual comparison, the response of the UNIFORM-CLT is extrapolated to a surface plot, illustrated

in Figure 4.8. Subsequently, Figures 4.9- 4.12 present surface plots showing the surface-averaged
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Figure 4.7: Operating deflection shape of the 25-ABH with R = 100mm at 857 Hz

acceleration for the 25-ABH, 16-ABH, 9-ABH, and 4-ABH respectively as a function of R.

In Figure 4.9, the response of the 25-ABH reveals a shift of resonance peaks towards lower fre-
quencies with increasing R. The highlighted red region at the top is intended for visual comparison
of the response above 640 Hz, previously identified as the cut-on frequency at 150 mm outer radius.

Figure 4.10 presents a similar surface plot for the 16-ABH, highlighting similar trends with
increasing radius: a shift of resonance peaks towards lower frequencies. However, reducing the
number of indentations further to 9-ABH and 4-ABH reveals a gradual convergence of the response
profile towards that of a UNIFORM-CLT. This convergence is marked by resonance peaks becom-
ing less sensitive to changes in radii values, resembling the response of the UNIFORM-CLT. The
response profile of 4-ABH in Figure 4.12 has the closest resemblance to the uniform CLT, equally
indicating that the influence of the ABH diminishes as the number of indentation decreases.

When the radii values of the 16-ABH, 9-ABH, and 4-ABH configurations are extended to 200
mm, 250 mm, and 400 mm, respectively, it reveals a more pronounced effect of increased radius.
See Figures ??

The highlighted red region at the top is intended to reflect the response above the cut-on fre-
quency at the maximum radii value of each configuration. At R of 200 mm the cut-on frequency
is 358 Hz and the modal behaviour of the 16-ABH shows resonance peaks shift towards lower fre-

quencies. The same occurs for the 9-ABH and 4-ABH with cut-on frequencies of 230 Hz and 90 Hz
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Figure 4.9: Surface averaged acceleration of the 25-ABH as a function of frequency and outer radius
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Figure 4.10: Surface averaged acceleration of the 16-ABH as a function of frequency and outer
radius
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Figure 4.11: Surface averaged acceleration of the 9-ABH as a function of frequency and outer radius
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Figure 4.12: Surface averaged acceleration of the 4-ABH as a function of frequency and outer radius

respectively. Additionally, the shift towards lower frequencies appears to be nonlinear

4.3 Effect of structural damping

Structural damping plays a crucial role in reducing the response amplitude of a structure. Con-
sequently, the performance of ABH can be enhanced by incorporating a damping layer into the
retarding region [36]. In an ABH-CLT floor, this conceptually involves filling the holes with mate-
rials such as sand, elastomer, or concrete. In this work, the additional damping layer is incorporated
in the finite-element model by increasing the structural loss factor in the ABH region. The main mo-
tivation for this approach is that it keeps the computational cost unchanged. However this approach
makes a larger R result in a larger damped volume. In addition, a non-structural mass is included in
the ABH region to represent the mass of a damping material with negligible stiffness.

Figure 4.16 compares the contribution of damping to the surface-averaged acceleration of the
25-ABH and UNIFORM-CLT, both damped in identical regions. The influence of damping appears
to be greater for the UNIFORM-CLT configuration compared to the 25-ABH configuration, with
the damped UNIFORM-CLT achieving up to 5 dB reduction in response amplitude at n = 0.03,
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Figure 4.13: Surface averaged acceleration of the 16-ABH as a function of frequency and outer
radius. The radii value is extended to the maximum outer radius that can be achieved by the 16-
ABH
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Figure 4.14: Surface averaged acceleration of the 9-ABH as a function of frequency and outer
radius. The radii value is extended to the maximum outer radius that can be achieved by the 9-ABH
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Figure 4.15: Surface averaged acceleration of the 4-ABH as a function of frequency and outer
radius. The radii value is extended to the maximum outer radius that can be achieved by the 4-ABH

suggesting that it is more effective to damp the UNIFORM-CLT than the 25-ABH.

Figure 4.17 presents surface plots of the 25-ABH, 16-ABH, 9-ABH, and 4-ABH configurations
with additional damping, illustrating the level of attenuation that can be achieved compared to the
cases without damping. A conservative loss factor of 0.03 is chosen with the aim of approximating
a thin dissipative layer. As expected, the largest changes are observed in the vicinity of resonances.
However, the overall effect of damping is not significant for any of the configurations, with a maxi-
mum of 1.4 dB observed in the 4-ABH configuration. It means that the amount of damping required
to attenuate the vibration within this frequency range is more important than the ABH geometry.

Thus far, the influence of damping appears to be proportional to the volume of damped elements
in the numerical model, explaining why the damped UNIFORM-CLT achieves higher attenuation
compared with the ABH-CLT. However, in practical scenarios, the addition of a damping material,
such as sand, may produce different effects in the ABH-CLT and UNFIFORM-CLT. This necessi-
tates further investigation into the influence of damping by separately modeling the damping layer
and applying to corresponding regions of the ABH-CLT and UNIFORM-CLT.

In summary, in the absence of damping, no trend can be identified in the structural response
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Figure 4.16: Surface averaged acceleration of the UNIFORM-CLT and 25-ABH with and without
added damping. The loss factor in the ABH region is increased from 0.02 to 0.03. In turn, the
UNIFORM-CLT is damped in similar region

when the number of indentations is increased. Meanwhile, a larger outer radius causes the frequency
response to shift towards lower frequencies. With negligible damping of = 0.03 only a maximum
of 1.4 dB attenuation in surface mobility is observed, indicating that the amount of damping applied
is more important than the ABH geometry if a reasonable amount of attenuation in vibration is

desired. The following section considers the acoustic response of the ABH-CLT.

4.4 Examining the acoustic response

This section explores three parameters for examining the acoustic response: (i) A fixed outer
radius which reveals the influence on the number of indentations (ii) Varied outer radius and (ii)
Equivalent weight/damping of the CLT floor. Finally, the acoustic response is examined in a broad

band.
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Figure 4.17: Attenuated surface averaged acceleration plotted as a function of frequency and outer
radius when loss factor in the ABH region is increased from 0.02 to 0.03. The positive value
indicates a reduction in surface averaged acceleration

4.4.1 Fixed outer radius

The influence of the number of indentations can be examined in the third octave band by fix-
ing the outer radius as shown in Figure 4.18. While the resonance modes generated by the ABH
appear problematic in the structural response, they adjust to generate lower sound power levels,
compared with the UNIFORM-CLT, at higher center frequencies of 400 Hz and above. The atten-
uation achieved at higher center frequencies can be attributed in part to the relatively longer band
bandwidth, highlighting the broadband efficiency of the ABH. Interestingly, the ABH-CLT can at-
tenuate vibrations before the cut-on frequency, as in the case of R at 150 mm, indicating that the
acoustic performance cannot be predicted solely by the cut-on frequency.

However, there is no identifiable trend in the acoustic response as the number of indentations
increases from 4 to 25. Therefore, maximizing the number of indentations might not improve the
acoustic performance of the floor. However, at higher damping values of = 0.2, the response
adjusts to favour maximizing the number of indentations, see Figure 4.19.

Below 400 Hz the sound power radiated from the ABH-CLT is not consistently below the sound
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Figure 4.18: Sound power level of the UNIFORM-CLT and ABH-CLT for fixed outer radius at
n = 0.03. The green area signifies the region above the cut-on frequency

power radiated from the UNIFORM-CLT, regardless of the amount of damping applied in the re-
tarding region. This implies that incorporating the ABH is not feasible for mitigating impact noise

at frequencies below 400 Hz.

4.4.2 Variable Outer Radius

Similarly, the outer radius is varied for a fixed number of indentation, as shown in Figure 4.20.
There is consistent attenuation in radiated sound power at higher centre frequencies of 400 Hz
and above, but no trend in the acoustic response as the outer radius is increased. However, when
the damping value is increased to 7 = 0.2 the response favours maximizing the outer radius, see
Figure 4.21.

Generally, the acoustic response is dictated by the amount of damping applied. At a structural
loss factor of 0.03, there is no marginal improvement in acoustic response by maximizing the outer
radius even though this helps to decrease the cut-on frequency. However, when the structural loss
factor is increased to 0.2, then the response favours maximizing the outer radius. Nevertheless,

it can be demonstrated that this trend is attributed to an increase in the volume of the damped
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Figure 4.19: Sound power level of the UNIFORM-CLT and ABH-CLT for fixed outer radius at
n = 0.2. The green area signifies the region above the cut-on frequency

region. Consider the following section where the 25-ABH, 16-ABH, 9-ABH and 4-ABH are equally

damped

4.4.3 Equivalent Weight

In this section, the 25-ABH at 150 mm serves as a baseline for this acoustic analysis. The
objective ensure an equivalent weight in the 16-ABH, 9-ABH, and 4-ABH configurations, resulting
in radii values of 180 mm, 240 mm and 340 mm respectively. This design naturally ensures that
the volume of damped elements across the configuration stays the same. The UNIFORM-CLT is
damped in identical regions for a fair comparison. For example, in the case of the 25-ABH at
150 mm, the UNIFORM-CLT is damped in 25 regions at the same radius.

Figure 4.22 provides a comparison of the acoustic response between the damped 25-ABH, 16-
ABH, 9-ABH, 4-ABH and the UNIFORM-CLT, both with and without added damping, all reported
in the third-octave band. The structural loss factor is set to 0.03 which has previously been estab-

lished to be negligible.
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Figure 4.20: Sound power level of the UNIFORM-CLT and ABH-CLT for various radii values, in
the third octave band at 7 = 0.03
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Figure 4.21: Sound power level of the UNIFORM-CLT and ABH-CLT for various radii values, in
the third octave band at p = 0.2
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Figure 4.22: Sound power level of the UNIFORM-CLT (UNIFORM), damped UNIFORM-
CLT (UNIFORM-CLT+D) and damped ABH; 25-ABH-+D(Topleft), 16-ABH+D(Topright), 9-
ABH-+D(Bottomleft), 4-ABH+D (Bottomright). A damping value of 0.03 is applied to the retarding
regions and corresponding regions in UNIFORM-CLT+D. The green areas signify the region above
the cut-on frequency

The damped UNIFORM-CLT achieves similar attenuation above 400 Hz as the damped 25-
ABH. The same response characteristics are observed in the 16-ABH, 9-ABH, 4-ABH and damped
UNIFORM-CLT. Therefore it is shown that there is no added advantage in incorporating ABH
because the important factor is the amount of damping added to the CLT floor to attenuate the
vibrations, hence the radiated sound. Interestingly, the response of the damped UNIFORM-CLT
remains unaffected by the specific areas where damping is applied; as long as the volume of the
damped element is the same. When, the structural loss factor is increased to 0.2,see Figure 4.23 they

all show similar performance above 400 Hz, despite having different radius or cut-on frequencies.

4.4.4 Broadband Analysis

In the third-octave band, the effect of varying the radius or number of indentations may not be
apparent. It has already been shown that the acoustic performance of the ABH improves at higher

centre frequencies which have longer band lengths, this motivates the case to examine a broadband.
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Figure 4.23: Sound power level of the UNIFORM-CLT (UNIFORM), damped UNIFORM-
CLT (UNIFORM-CLT+D) and damped ABH; 25-ABH-+D(Topleft), 16-ABH+D(Topright), 9-
ABH+D(Bottomleft), 4-ABH+D (Bottomright). A damping value of 0.2 is applied to the retarding
regions and corresponding regions in UNIFORM-CLT+D

Figure 4.24 shows the attenuation of the unweighted sound power level compared to UNIFORM-
CLT, as a function of radius, reported in two broadbands: L; 50600 and L; 50—goo. The positive
value indicates that the UNIFORM-CLT has a higher sound power level within the band. The results
show all values being positive. More importantly, it also shows that the acoustic broadband reponse
of the ABH-CLT floor does not follow a trend that supports maximizing the number of indentations
or the outer radius, rather it shows that the number of indentations or outer radius can be optimized.
Meanwhile, when the damping value is increased to n = 0.2, the response now follows a trend
that favours maximizing the number of indentations as well as the outer radius. More importantly,
it reveals that the attenuation favors maximizing the volume of the damped region, as depicted in

Figure 4.25.

67



Li,50-600 Li,50-800
T T

6 T 6
—25-ABH+D (1,5, = 0.03) ) —25-ABH+D (1, = 0.03)
55F ki 55- .
5 - - 16-ABH+D (1,5, = 0.03) { - - 16-ABH+D (1, = 0.03) iR
= A A
§ 5 9-ABHHD (1), = 0.03) N 5 9-ABHYD (1, = 0.03) At
S . no = i - P
2 a5t T HABD (147009 I 45 [T HABHD (1,5, = 0.03) [y
f 2 -""'v‘ti’ !
o = i i
I | 4 |
a E A i i
oY 35¢ v / - 35- San i 4
5o RN i / - f
. i Pr RGP v i
& % 3t . L R i 3F N o
L. p /
- PO N Al e AP
o = e / S ! N 1
S m 25¢ e, /' v \‘J/ 1 e e
$3 WO L T /
: Z/Vf/JJ 2 e
[
o
£ 15 . 15- .
>
»
1 1
05 ‘ ‘ ‘ b 05 ‘ ‘ b
0.1 0.15 0.2 0.25 03 035 04 0.1 0.15 0.2 0.25 03 035 04

Radius (m)

Figure 4.24: Surface averaged sound power attenuation as a function of radius at n = 0.03. The
positive value indicates that the UNIFORM-CLT has a higher sound power level than the ABH-CLT
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Figure 4.25: Surface averaged sound power attenuation as a function of radius at = 0.2. The
positive value indicates that the UNIFORM-CLT has a higher sound power level than the ABH-

CLT
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Chapter 5

Conclusion & Future Directions

5.1 Summary of Findings

This study primarily explores the potential of reducing impact noise in cross-laminated timber
(CLT) within the 50-800 Hz range by embedding periodic grids of acoustic black holes (ABH) into
CLT panels. The study examines the trends in vibro-acoustic response of the ABH-CLT when the
number of indentations, outer radius, and structural damping is varied. Additionally, it evaluates the
extent of sound attenuation that is achieved through the incorporation of ABH in CLT panels. The

key findings are summarized as follows.

(1) Introduction of periodic grids of ABH alters the structural response of the uniform floor by
creating resonant frequencies in the plate, as expected when the geometry of a structure
changes. However these changes do not produce an identifiable trend due to the presence
of other influential variables. This suggests that an optimization study may offer a more apt
approach than a parametric study. Furthermore, the radiated sound power level is not reduced
by maximizing the number of indentations, particularly when the retarding region exhibits
negligible damping, characterized by a structural loss factor if 0.03. Conversely, when the
damping value is increased to 0.2, the response favours maximizing the number of inden-
tations. Nevertheless, this effect can be equally ascribed to the concurrent increase in the

volume of damped regions.
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The cut-on frequency of the single-cell ABH plate provides a reliable estimate of the cut-
on frequency of the ABH-CLT floor, evidenced by visually examining the deflection shapes.
However, its utility to predict any improvement in acoustic performance is limited. For in-
stance, reducing the cut-on frequency by enlarging the outer radius does not guarantee a
reduction in radiated sound power, particularly when a loss factor of 0.03 was applied in
the retarding region. Conversely, when the loss factor was increased to 0.2, the acoustic re-
sponse favours maximizing the outer radius. Nevertheless, this observed behaviour can also

be attributed to an increase in volume of the damped region.

Consistent attenuation in sound power level in the ABH-CLT is observed at higher center
frequencies beyound 400 Hz, motivating the case for a broadband analysis in the range:
L; 50—600 and L; 50—goo. Examination within these frequency bands suggests that for sce-
narios with negligible damping of 0.03, the number of indentations can be optimized for a
[articular outer radius. Equally an increase in outer radius does not guarantee improvement
in attenuation. However, with an increase in the loss factor to 0.2, the broadband response
now indicates a preference for maximizing both the number of indentations and the outer ra-
dius. Crucially, it now emphasizes the importance of maximizing the volume of the damped
region. Hence, it appears that the vibro-acoustic response of the ABH-CLT within the 50-800
Hz range is predominantly influenced by the level of damping present in the floor rather than

the geometric characteristics of the ABH.

Below the center frequency of 400 Hz, there is a lack of consistent attenuation in the sound
power level of the ABH-CLT, irrespective of the configuration of the ABH and the damping
applied in the ABH region. This observation underscores the limited effectiveness of ABH in

mitigating impact noise within these frequency ranges

The study acknowledges the following limitations:

ey

The numerical model assumes the mass of the dissipative layer in the ABH region to be negli-
gible, aligning with existing literature directives that emphasize the inclusion of a lightweight

damping material in the ABH region for analytical focus on ABH geometry rather than mass
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considerations [36]. However, it is important to note that the definition of what constitutes

’light” damping material remains somewhat ambiguous.

The application of the force disturbance is not consistent across the various ABH-CLT con-
figurations. For instance, while the force disturbance was centered in the case of UNIFORM-
CLT, 4-ABH, and 16-ABH configurations, it was offset by 0.2m and 0.66m in the cases of
25-ABH and 9-ABH configurations, respectively. Such discrepancies can lead to an unfair

comparison in the response curves

The numerical model does not represent a detailed setup of standardised impact noise tests
such as ASTM E989-06 [6] and ISO 717-2(2020) [33]. Rather, the aim is to compare the
performance of a CLT floor with and without ABH indentations to observe attenuation in the
vibro-acoustic response, with the intention of motivating future experimental investigations.
This approach simplifies the model, facilitating a parametric study. The methodology for
the numerical model and solution procedure draws inspiration from similar methodologies

outlined by Hook et al. [27] and Conlon et al. [12].

As the numerical model does not replicate a standardized impact noise test, the focus is not
solely on the absolute sound power level, but rather on the trends in sound power level as the
parameters are varied, and the extent of sound power level attenuation achievable when ABH

indentations are integrated into the CLT floor.

This work does not seek to calibrate the mechanical properties of CLT using an experimental
model. Instead, the mechanical properties of the CLT have been derived directly from Yang et
al. [38]. It is acknowledged that, in practice, validating these mechanical properties through
experiments is necessary given the properties of wood which are dependent on diverse factors
such as the region where the tree was harvested and uncertainties induced during manufactur-

ing.
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5.2

Future Directions

This study motivates several directions for future studies exploring the potential for integrating

ABH indentations within CLT to mitigate impact noise. Some of the suggestions include:

ey

2

3)

“

)

Modeling the dissipative layer: In the current numerical model, additional damping was in-
corporated by adjusting the material properties of the ABH region. Similarly, the UNIFORM-
CLT was damped in corresponding areas to ensure a fair comparison. This approach, while
efficient computationally, may benefit from further refinement in future studies. One poten-
tial direction involves developing a separate model specifically dedicated to simulating the

behavior of the lossy material, thus enhancing the damping model.

Footstep spectra: In this study, the input force is modeled as a steady state harmonic force.
This approach is chosen to highlight the steady-state sound power attenuation derived by
incorporating ABH; this can be converted into the effective transfer function of the floor.
However, to enhance the direct relevance of the simulations, future work could involve incor-
porating a realistic spectrum of footstep impact on wooden floors in the time domain. This
approach would also provide insights into other aspects of the response, such as the settling

time.

CLT modeling: The analysis can be extended to encompass more resilient scenarios, such as
implementing compliant boundary conditions as opposed to free boundaries considered in this
study. This extension would enable an examination of the influence of practical construction

aspects on the ABH

ABH location: This study focuses on the periodic placement of ABH on a plate. However,
there may be potential for optimization in the placement of ABH, which could be explored in

future investigations.

Room acoustic simulation: To offer a more comprehensive insight into the effectiveness of
ABH in mitigating impact noise, modeling the acoustics in the receiving room and validat-

ing them through impact noise assessments could be beneficial. By coupling this approach
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with a realistic frequency spectrum of footstep noise, as mentioned earlier, room acoustic
simulations can facilitate the auralization of footstep noise within the receiving room. This
would provide a more detailed understanding of how ABH influences the overall impact noise

environment.
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