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Abstract

Despite the rise in mass timber buildings globally, challenges remain with timber’s limitations in low-frequency sound
and vibration. This is due to timber’s lower density compared to concrete and steel, leading to natural frequencies
more susceptible to disturbances from footfall vibrations. This study identifies areas for further research in floor sound
and vibration through a combined analysis of practitioner consultations and systematic review. A total of 112 discus-
sions across 13 countries captured varying perspectives from producers of mass timber products through to design-
ers of mass timber structures, as well as researchers of these different approaches. Of those consulted, 75% of pro-
ducers noted increased mass timber product demand alongside a need for more design data, with 61% of designers
and builders facing challenges related to sound and vibration. In addition, 17% of builders reported receiving ten-

ant complaints over sound and vibration-related concerns, with 44% of practitioners noting concerns over sound

and vibration performance. Several standards/design guides were analysed and ranked through the systematic review
and practitioner consultation finding FprEN 1995-1-1, CCIP-016, and BS 6472-1 to be highly ranked from both analy-
sis approaches. However, there were several cases, where standards ranked highly through the literature analysis
approach were not highly ranked through the analysis of practitioner responses. Three under-researched areas were
identified: (1) long-span floor systems, (2) the influence of mass timber product material properties, and (3) the unde-
fined relationship between lab and in-situ performance. Furthermore, 71% of practitioners highlighted that the per-
ception of comfort by occupants is under-represented in current research.
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Introduction

In 2018, the United Nations Sustainable Development
Goals were created, identifying 17 areas having an ele-
vated influence on the changing climate conditions glob-
ally [1]. One of these 17 areas is the built environment
which contributes close to 40% of the global greenhouse
gas (GHG) emissions [2]. Methods to reduce the GHG
emissions generated by the built environment are of
high priority for governments and researchers globally
with timber or timber composite products considered a
potential solution [3]. Recent innovations in mass timber
products (MTPs) such as cross-laminated timber (CLT),
glued laminated timber (GLT or glulam), and compos-
ites present opportunities to compete with conventional
building materials such as concrete and steel on a low-to-
mid-rise scale [4-7]. MTPs offer comparable structural
performances to concrete and steel (based on a strength
to weight ratio), solutions for timbers’ material stabil-
ity concerns, cost-effective design, easy installation, and
often less trade on site [8—10]. MTPs are also a natural
carbon sink, allow for rapid installation, often require a
smaller building foundation/footprint, and a host of bio-
philic benefits that come with working/living in ‘green
spaces’ [4, 8, 10, 11].

An area that still generates significant interest for
MTPs is their performance against occupant induced
vibration and sound [12-16]. Due to timber’s low den-
sity (relative to concrete and steel), it often exhibits limi-
tations in resisting low-frequency vibration and sound
events, such as those commonly excited by footfall load-
ing (walking vibrations) and other impacts [17]. These
limitations can lead to design challenges, such as exces-
sive dynamic deflections, uncomfortable or continuous
structural motions, and transmission of low-frequency
impact sound between adjacent floors and rooms as well
as across various storeys [15, 17], which is perceived as
very annoying by building occupants [16]. Several arti-
cles have documented these limitations, and designers
and builders still seek additional information to confi-
dently use MTPs and overcome the noted challenges
with respect to low-frequency vibration and sound insu-
lation [18-20]. The desire for design information from
these practitioners comes from the lack of clarity that
exists globally on the use of MTPs in construction due
to limited research on their in-situ application [15, 21].
Researchers who have significantly contributed to this
through product-focused research, however, often do
not capture the specific challenges of today’s mass timber
industry and newer timber composite product options.
These challenges include (but are not limited to) design-
specific information for new material types, validated
parameters that can be measured that relate to human
perception and comfort, and the validated influence of
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each contributing stage of a floor’s development. In 2023,
literature related to vibration serviceability made up only
4.5% of available mass timber literature and sound insu-
lation research made up a smaller 1.5% worldwide [22];
however, practitioner concern over these themes contin-
ues to grow.

The authors of this article hold a positive view that the
concern is not for risk of ‘bouncy’ or non-conformant
floors, but an opportunity to increase material efficiency
and deliver future structures with enhanced vibration
and noise performance. This article presents a com-
bined literature analysis and practitioner consultation
to define challenges being faced by designers, produc-
ers, and researchers with respect to occupant induced
vibration and sound insulation of MTPs. The article has
consolidated global research to date through a compre-
hensive systematic review of 118 articles, standards,
design guides, and website publications that have been
summarised in the Background section. The outcomes of
112 conversations with mass timber practitioners from
13 different countries are presented in the Practitioner
Conversations section which identified priority areas on
the Product and System Design requirements, the Prod-
uct Performance Evaluation, and Regional Variations sec-
tions. The Theme Comparison section then compares the
general themes identified through the systematic review
with the priority areas raised by the consulted practition-
ers to define potential gaps or underdeveloped linkages
between ongoing research and industry concerns.

Background

This section contains the summarised key findings from
the review of 118 articles specific to vibration and sound
insulation in MTPs. The section first describes the lit-
erature selection, Systematic Review, process through an
analysis of the reviewed articles and breakdown of arti-
cle types. Following this, two main literature themes are
presented and summarised as (1) Product and Design
Requirements, and (2) Product Performance Evaluation.

Systematic review

Using keywords such as “vibration’, “sound insulation’,
“occupant induced’, “serviceability’, “comfort’, “mass
timber construction” and “mass timber floors,” sev-
eral targeted studies were reviewed and are discussed
below. The articles were selected with a focus on mass
timber construction challenges related to vibration
and noise caused by occupants. Additional terms such
as “perception’, “challenges’, and “barriers to increased
use” were combined with specific keywords to identify
relevant studies on mass timber floors and solutions
for excessive vibration or inadequate sound insulation.
Where publications were insufficient, online articles,
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technical reports, and international standards were
included. The search identified 118 articles, standards,
design guides, and website publications. Using a “key-
word co-occurrence’, Fig. 1 was generated to show the
linkages between co-occurring or paired keywords
across the selected articles. Figure 1 shows more con-
sistently paired keywords as larger bubbles and bigger
text compared to those that are less commonly linked.
The data from the 118 articles was also analysed
through a publication timeline (Fig. 2), showing an
increase in the use of keywords over time. Figure 2a
highlights the lack of research on MTPs before the early
2000’s, likely due to missing terms such as “mass timber
panels” or “cross laminated timber” along with phrases
such as “serviceability’, “comfort’, and “perception” as
related to human interactions with timber structures.
This aligns with CLT’s market introduction in the early
1990’s [4, 22, 23]. After CLT’s conception in the 1990’s
research grew, with significant expansion from 2010
onward, focusing on comfort-specific topics (Fig. 2b).
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This reflects both the increasing research in the field
and a shift toward in-situ product performance.
Reviewing 118 articles revealed that 42.2% of the lit-
erature focuses on floor vibration and serviceability
research, covering testing of bare materials composites,
and hybrid constructions. Vibration analysis and design
methods, linked with floor stiffness, are well-represented,
with 42.2% of the literature having this theme (Fig. 2b).
The rise of new products suggests a need for consist-
ent testing methods. The literature analysis identified 27
floor/building standards and design guides (16 on vibra-
tion, 11 on sound insulation) but only 35.3% have been
assessed against or mention MTPs, with limitations, such
as spans and fundamental natural frequency constraints
[24, 25]. These conservatisms, especially with long-span
floor systems (LSES—where the literature defines this as
greater than~8 m), often lead to over-designed floors,
limiting the use of MTPs and slowing research into LSES
(9.2% of the literature) [15, 26—28]. Sound insulation
research, though closely linked to vibration, represents
just 26.6% of the studies, focusing mostly on laboratory
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Fig. 2 aTimeline distribution of 118 articles reviewed, b proportion of keyword mentions against year ranges

testing with limited in-situ or perception-related works
[16, 29-32]. Given the anecdotal interest from industry
being more aligned to vibration, this study has focused
more so on vibration-related works and topics with some
sound insulation information still reported, but to a
lesser extent.

It should be noted that standards on sound insulation
requirements and methods for sound insulation testing
are material independent. Furthermore, standards for
the control of excessive noise (such as ISO 12354 series
[33, 34]) are general in nature and targeted to the audi-
ble noise range for occupants (200-20,000 Hz) with
low-frequency noise (below 50 Hz) remaining underex-
plored. Further material characteristic data on the effect
various material layers and configurations can have on
the control of excessive noise is considered needed for
better solutions. Only 16.5% of studies address occu-
pant perception, and many rely on bench testing rather
than in-situ analysis [16, 24, 35—38]. Footfall experiments
reveal inconsistencies between measured vibration and
sound insulative floor performance and perception, sug-
gesting inconsistencies between conformant design and
favourable vibration and sound insulation perception.
From the literature analysed in this section, 18 topical
themes have been extracted and examined. Similar to
the connections developed in Fig. 1, linkages between
these themes have been analysed and proposed. Figure 3
maps research themes that are developed and underde-
veloped as measured through the amount of or lack of
literature related to these themes based on the keyword

co-occurrence analysis performed previously in this sec-
tion. From the literature analysis summarised, two broad
umbrella themes have been developed and discussed fur-
ther as key contributors to the successful development of
MTP floor systems; (1) Product and System Design, and
(2) Product Performance Evaluation. These two themes
have been selected due to their broad and all encapsulat-
ing definitions relating to the future focus of the study;
human induced sound and vibration events in mass tim-
ber structures. These have been explored below with
noteworthy findings discussed.

Product and system design

Understanding product properties, capabilities, and limi-
tations is crucial in floor design and product selection
[39-41]. Designers must consider how products may
perform under expected activities, in-service, and within
anticipated boundary conditions (enforced through floor
structural details) [39-43]. Through the consultation and
tours undertaken, the three most common construc-
tion approaches for mass timber structures are shown
in Fig. 4. Solid CLT walls provide advantages for lateral
loading and bracing but use more materials (Fig. 4a).
Open plan spaces, such as offices or schools, typically
use a ‘post-and-beam’ configuration with non-load bear-
ing partitioning walls and large spans allowing flexibil-
ity (Fig. 4b). More common in medium scale residential
design is the combination of CLT floors with light weight
framed walls (Fig. 4c).
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Fig. 4 Three common mass timber building construction methods viewed: a solid wall option, b post-and-beam design, and ¢ solid mass timber
(CLT) floor with light weight framing walls

Different floor plan configurations that use framing, and are difficult to replicate in the laboratory. Kaw-
solid mass timber walls, or posts and beams significantly  rza et al. [45] evaluated a CLT floor in three stages: (1)
affect overall floor vibration and sound insulation perfor-  bare CLT floor, (2) CLT floor with non-structural par-
mance due to the affected boundary conditions, whether titions, and (3) an added 175 mm thick screeded con-
load bearing or not [44—48]. These configurations can crete floor to (2). While the added mass decreased the
lead to misleading measurements during construction fundamental natural frequency [49-51], the damping
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ratios surprisingly yielded the following trend (1) =5.1%,
(2)=8.1%, and (3)=2.1%, respectively. Kawrza et al. [45]
attributed these irregular damping ratios to the light-
weight floor in (1) and the partitioning walls altering
the boundary conditions in (2). The screeded concrete
floor mass in (3) normalized the damping ratio. This and
other studies highlight the possibility to use damping
as a detection method for installation defects or poorly
jointed panels [44, 47, 52].

The Council on Tall Buildings and Urban Habitat
(CTBUH) reported that in 2022, there were 139 mass
timber buildings globally (greater than 8 storeys) with
45% all timber, 35% timber concrete composite (TCC),
12% concrete—steel—timber, and 8% steel-timber con-
struction [53]. Though 55% were constructed with
hybrid construction methods, most finished floors
are considered hybrid due to added layers for services
and aesthetics [31, 44, 50]. The most common hybrid
category according to the 2022 report was TCC struc-
tures and floors. The design of these composite floor
systems must account for their purpose, such as using
concrete to increase mass and damping ratios or rely-
ing on the composite action to improve stiffness; how-
ever, as shown above, it is clear this is not always the
case. An important theme of research for TCC floors is
ongoing to optimise performance versus environmen-
tal sustainability [31, 54-56]. Studies on TCC panel
thickness show that as concrete thickness increases,
damping ratios will decrease but fundamental natural
frequencies will increase. Damping ratios and the fun-
damental frequency were seen to fluctuate between 3.9
and 13.1%, respectively, as concrete thickness increases
when compared to bare MTPs of comparable thickness
[57-59]. Miiller et al. [31] and Zhou et al. [60] address
the challenges of designing for both sound insulation
and vibration comfort, with sound insulation solutions
often requiring disconnection and cavities, while vibra-
tion improvements require stiffening through compos-
ite action [31, 55, 60, 61]. Despite a 20% improvement
in sound insulation measured through reduced sound
transmission and increases in damping ratios from con-
crete screeds and cavities, low-frequency noise (below
50 Hz) remains a concern for designers. This is coupled
with the growing demand for sustainable construction
solutions, and relying on concrete to solve design chal-
lenges is not always the optimum approach. Based on
this, it could be said that sound insulation improve-
ment measures appear directly related to the overall
environmental impact depending on the materials used
[20, 31, 61-63]. The main difference between TCC and
concrete screeded solutions is the relationship between
mass, stiffness, and damping [54]. Mass, stiffness, and
damping are key parameters in predicting a building
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elements’ vibration performance, directly affecting
product performance and guiding design [52].

Hollow type mass panel constructions offer a potential
alternative to solid CLT allowing for longer clear spans,
minimising panel mass, and maintaining a relatively slen-
der cross section [32, 64]. Huang et al. [64] explored a
hollow-core CLT design, removing every second board
in the inner layers of three- and five-layer CLT panels
(105 mm and 175 mm thick, respectively), and tested
its response to footfall excitation. The hollow-core CLT
measured 3.1% (three-layer) and 10.4% (five-layer) lower
damping ratios, and fundamental natural frequencies
10.6% (three-layer) and 39.5% (five-layer) lower com-
pared to solid CLT panels. These frequency reductions
likely stem from more decreased stiffness than mass.
Interestingly, acceleration values for both solid and hol-
low-core CLT panels were similar. This highlights possi-
ble variations in acceptability depending on which design
standard is used with different standards prioritising dif-
ferent parameters.

Challenges in new product designs can often come
from a disconnect across disciplines. Research from a
holistic design approach shows greater success in achiev-
ing interdisciplinary exchange, relevant to this hollow
box system. Krtschil et al. [65] with the University of
Stuttgart (Stuttgart, Germany) have and continue to
investigate how the impact sound transmission can be
positively influenced by reducing the amount of mate-
rial used in design through hollow box panelised systems.
Not only does the design explored by Krtschil et al. [65]
allow for 24% less material to be used compared to a solid
CLT alternative, it also achieves structural decoupling
between layers, reducing impact sound transmission
by 12% when compared to a solid CLT alternative [32].
Structural decoupling is deliberately built into the hollow
box system targeting a change in stiffness [32, 64]. This
approach offers a viable alternative for concrete con-
structions and addresses the lack of integration of sound
insulation requirements in the design and construction
of timber buildings [32]. This balance between reduced
mechanical capacity (thus raising acceleration) and air
gaps (lowering it) highlights the potential for hollow-core
and hollow-box CLT and other variations to standard
design for both vibration and sound insulation benefits.

The majority of reviewed floor designs both in labora-
tories and in-situ have been restricted to a tested span
of ~6 m. This may not be representative as conventional
mass timber floor systems struggle to achieve compli-
ant measured values of fundamental natural frequency,
acceleration, response factors (RF) and damping ratios at
spans longer than 6 m. Methods to overcome restricted
spans include layered construction types, where the
added mass or air cavities improve damping ratios,
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natural frequency (if composite action is achieved), and
sound absorption. Limiting designed spans to~6 m
nominally has also become industry standard rather than
considering alternative long-span floor designs, which is
a missed opportunity. Designs exceeding this unenforced
limit often require additional data to justify the variation
from common practice.

Product performance evaluation

Three main approaches exist for evaluating the mass
timber floor vibration and sound insulation perfor-
mance: (1) laboratory testing, (2) in-situ testing, and (3)
subjective perception [54, 66]. The growing demand for
knowledge-based solutions in floor system design stems
from insufficient clarity in existing standards for MTPs
with respect to proven data sets outlining their perfor-
mance for the different product options that exist [37, 67,
68]. To refine standards efficiently, experimental testing
must mimic in-situ applications, emphasising labora-
tory tests that replicate spans in both orthogonal direc-
tions and floor build-ups for sound transmission [51, 54,
56, 66, 69—-72]. Studies have also highlighted significant
variation between laboratory and in-situ testing for both
vibration and sound insulation assessments [45, 54, 66,
73-75]. Given that CLT is an orthotropic material and
can span in two directions, research using orthogonal (or
dual) span test benches may enhance the understanding
of its vibration performance and strengthen the correla-
tion between laboratory and in-situ performance. Table 1
displays a selection of reviewed studies and details of the
tested floor systems. In most of the single and short span
cases, the natural frequencies are relatively high com-
pared to the longer span or dual spanning test benches
[51, 54, 66]. This is especially present in those studies
with a large span-to-depth ratio, leading to lower natural
frequencies and smaller differences between natural fre-
quencies [38]. It is important to consider that for a num-
ber of design standards (such as Eurocode 5 and FprEN
1995-1-1), the floors’ first natural frequency is limited to
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8 Hz minimum (below which a more rigorous analysis is
required), which as the select floor examples below indi-
cate, longer spanning and alternative material conditions
can influence this acceptance criteria. It should also be
noted that the floor results presented below were con-
ducted in a laboratory environment, using a simply sup-
ported boundary condition for all floor systems.

Hamm et al. [38] assessed a dual spanning test bench
12.5 (L)x12.5 (W) m with various floor configurations.
Comparisons between the bare CLT floor supported by
glulam beams condition and those with added layers
(sound insulation, screed, pavers) showed damping ratios
remain largely unchanged, while fundamental natural
frequencies were reduced by 32%. Although some stud-
ies note the natural frequency to be sensitive to added
mass, the authors suggest the mass increase is insufficient
to affect the damping ratio significantly. A substantial
increase in mass could lower the damping but can also
reduce frequency (unless a significant increase in stiff-
ness also occurs). Low damping ratios and low natural
frequencies can lead to resonance, potentially causing
discomfort to prolonged vibrations, which aligns with
standards focusing on properties other than the damping
ratio (such as the clear spanning length which has been
shown to reduce damping also [38]).

The literature identified prominently used standards in
a similar way to the co-occurrence analysis conducted on
keywords in the Background for both vibration analysis
and sound insulation properties in floor systems. While
the acoustic methods appeared to be more focused on
material testing and, therefore, somewhat consistent
in their approach, vibration assessments varied greatly.
To give some perspective on the many differences of
approach that exist for vibration evaluation and design,
the standards and design guides identified specific to
vibration are listed in Table 2. Here, 16 standards have
been tabulated, along with a description of the stand-
ard, its classification as either a design or evaluation type
standard, and its developer origin. It can be noted that

Table 1 Results of floor vibration assessments compiled on test bench investigations (data sourced from [38, 44, 50, 51, 54, 66]). The
thickness (T) is reported for the CLT only, not including the supporting beams

Material (plate and supports) Plate dimension (L, W, T) m 1st freq (Hz) 2nd freq (Hz) 3rd freq (Hz)
Uncovered CLT floor with steel beams 9.0%x6.6x0.12 79 14.6 320
Uncovered CLT floor with steel beams 6.0x5.6%0.11 5.2 79 144
Uncovered CLT floor with steel beams 6.0x24x0.11 182 230 268
Uncovered CLT with glulam beams 42%29x0.19 133 15.7 326
Uncovered CLT with glulam beams 55%x1.5%0.07 14.9 203 202
Uncovered CLT with glulam beams 12.5%125%x0.03 6.2 74 8.6
CLT floor with concrete screed topping 12.5%125x%0.19 4.2 50 5.1
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Table 2 Description of standards and design guides highlighted through regular occurrence in literature (data sourced from [24, 25,

27,35, 36, 77-89))

Standard Type Origin Standard Type Origin
FprEN 1995-1-1 Design Europe CCIP-016 Design UK
AISC DG11 Evaluation America ISO 10137 Evaluation Europe
1SO2631.1/AS2670.1 Evaluation Europe SCI-P354 Design UK
AS/NZ51170.0 Design Australia BS 6472-1 Evaluation UK
HIVOSS Evaluation Europe CSA 086:19 Design Canada
AS/1SO 2631.2 Evaluation Australia Canadian CLT DG Design Canada
1SO 18324 Evaluation Europe WS DG 49 Design Australia
ISO/TR 21136 Evaluation Europe AISC DG 37 Design America

the classification of standards shows a relatively even
split between the two types with 8 design and 8 evalua-
tion type standards/design guides. A general observation
of Table 2 is the suggestion that design and evaluation
type standards are not harmonised [76]. Chang et al. [76]
proposed a harmonised approach allowing the incorpo-
ration of multiple parameters to more accurately predict
floor performance. This harmonised method suggests a
staggered approach using response factors obtained as in
CCIP-016 [35] and vibration dose values (VDVs) calcu-
lated from ISO 10137 to then estimate the total number
of allowable events according to the SCI P354 [77].

The differences of approach for these 16 vibration
standards are separately discussed in the following sec-
tions: performance variables, vibration events, and per-
ception evaluation. It is worth highlighting that as noted
previously, design and evaluation type standards are not
material specific; rather, they are general in nature. The
challenge MTPs face comes from the lack of calibration
data available to validate the use of these design and
evaluation standards and design guides on timber struc-
tures. Therefore, it is important to analyse the various
approaches, their role in design or evaluation, and what
properties they consider most important.

Performance variables

Acceleration is a key factor in floor vibration, with peak
limits outlined in various standards [82, 83, 87]: 0.5%g
for quiet spaces, 1.5%g for shopping malls, and 5.0%g for
outdoor areas [68, 87]. Peak Acceleration or RMS (root
mean squared) acceleration, vibration dose value (VDV),
and maximum transient vibration value (MTVV), are key
assessment parameters in a number of standards, linking
them to building classifications and perceived comfort.
Often, where these values are lower the perceived perfor-
mance from occupants is more positive. The fundamental
natural frequency is an indirect way of limiting vibration
response. The limits vary, with the 2004 version of EN

1995-1-1, and AS 1170.0 targeting 8 Hz, while the revised
FprEN 1995-1-1 suggests a threshold of 4.5 Hz. Frequen-
cies between 4 and 8 Hz are associated with negative per-
ceptions [35, 82]. AISC DG 37 [89] sets a lower limit of
3.0 Hz, and HIVOSS recommends avoiding 1.3-4.6 Hz,
respectively. Hamm [90] applied prEN 1995-2 to bridge
design, showing that spans up to 12 m typically maintain
frequencies of 4—5 Hz.

Prescribed damping ratios also vary, with Wood Solu-
tions Design Guide 49 (used in Australia) [27] consoli-
dating limits from various standards. FprEN 1995-1-1
suggests 1 to 3.5%, ISO 10137 indicates 2 to 3%, and
HIVOSS allows up to 6% for bare wooden floor systems
in open plan office spaces. Accurately measuring the
damping ratio is challenging at the best of times, particu-
larly if testing conditions differ from final in-situ condi-
tions. Consequently, various standards and design guides
propose different thresholds for frequency and damping
ratios, which can create confusion for designers trying to
determine which standards and/or design guides to fol-
low and when to apply them. Establishing a more consist-
ent, unified guide would help clarify these differences and
support more informed decision-making. Some prescrip-
tive standards such as ISO 10137 and BS EN 6472-1 have
not been revised or had more recent test information
introduced to them for some time (last revisions were
2007 and 2008, respectively). New information drawn
from recently published and ongoing research could be
integrated to revise such standards.

Vibration events

Response factors (RFs) predict a floor’s conformance
based on measured and perceived indicators [35]. RFs
can be estimated from predicted natural frequency values
for theoretical floor design modelling and are included in
the new FprEN 1995-1-1. However, since RF limits origi-
nate from work focused on concrete and composite floor
systems (dating back to the 1980s), its relevance to mass
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timber is unknown and yet to be fully explored. Similarly,
SCI-P534 [77] and the OS-RMS90 [85] methods assess
allowable excitation events before complaints arise, but
differing methods yield varying results. Muhammad et al.
[91] tested a multi-storey office with steel—concrete com-
posite floors and found discrepancies across several pre-
dictive methods for RFs when compared to actual values.
The type of excitation, especially from multiple walkers,
is another contributor which can significantly impact
assessment [92]. Wang et al. [93] showed that multiple
walkers could raise VDV by 30%. This factor is factored
into the standards for design of pedestrian bridges but
often neglected in standards for design of floors [35, 54,
94].

Perception evaluation

Quantitative interpretation of comfort from qualitative
data is complex, as many standards link perception to
measured values [37, 95]. Comfort is influenced by the
vibro-acoustic environment which is normally undefined.
Hence it is not surprising that Pavic [37] noted that com-
pliant structures often fail to satisfy floor users. Although
35% of the reviewed standards address occupant per-
ception, only 17% of studies reviewed in this paper
focus on it. Responses to vibration are highly subjective,
and perceived performance data are less readily avail-
able than measured value data for mass timber floors.
The response amplitude significantly influences vibra-
tion perception, with a baseline perceivable acceleration
limit of approximately 0.5%g according to ISO 10137 to
WoodWorks [94]. Both CCIP-016 [35] and WoodWorks
[94] indicate that small changes in acceleration are hard
to detect, with noticeable changes requiring double the
amplitude. Acceleration at 0.5%g within 4-8 Hz is often
perceived as particularly uncomfortable, while the same
acceleration within 3-15 Hz is considered ‘transitional’
and less predictable [35, 82, 94]. RFs are effective for
assessing perceived performance and occupant comfort
[35, 36]. FprEN 1995-1-1 defines eight floor classifica-
tions based on RFs, from low to unrestricted vibrations.
VDVs as detailed in SCI-P354 [77], take into account
both duration and magnitude of vibration exposure, and
can indicate the likelihood of adverse comments if lim-
its are exceeded, with high tolerances for evenings versus
daytime events. ISO 21136 includes a perception assess-
ment process, where occupants answer questions about
their personal vibration tolerances, walk across the floor,
and provide feedback. ISO 21136 acknowledges that per-
ception may vary across cultures and serves as a frame-
work for developing region-specific perception testing
standards. Environmental expectations also influence
perceived vibration and sound insulation [96]. Virtual
reality (VR) studies by Huang et al. [96] showed that
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occupants have lower vibration tolerances in private set-
tings by ‘removing’ them from the laboratory and simu-
lating different environments. These findings suggested
that VDV metrics may correlate better with comfort than
RFs. Finally, the interaction between occupants and floor
materials affects perception also [92, 97]. Considering the
linkage between vibration events and sound insulation,
Ljunggren et al. [16] found footfall noises particularly
annoying in lightweight timber and CLT structures, while
concrete was less problematic. Understanding loading
profiles and the influence of additional layers is crucial
for assessing perceived comfort, as some studies indi-
cate these materials may be ineffective at reducing noise
below certain frequencies [16, 17, 62, 63, 98—100]. Over-
all, this section attempts to highlight the limited percep-
tion data that exists in this field and for this material type
while also overlaying the importance refined perception
information introduces into design. From the some-
what outdated design criteria referenced in the previous
sub-sections, perception presents a clear path toward
refinement.

Practitioner conversations

The following sections summarise the insights gathered
from conversations with various experts in the process-
ing, manufacture, design, evaluation, and use of mass
timber products. The section first reviews the location
of the practitioners and their respective roles, Scoping
of Practitioner Concerns. The conversation informa-
tion has then been separated into the three main prod-
uct implementation groupings of Product and System
Design requirements, Product Performance Evaluation,
and Regional Variation. The aim of this component of the
study has been to consolidate the wider perceived con-
cerns for the industry.

Scoping of practitioner concerns
One hundred and twelve practitioners were engaged
across 13 countries (Fig. 5) over 2 years by the first
author. The map legend in Fig. 5 indicates regions, where
greater numbers of practitioners were selected. The con-
sultations were conducted in person and consisted of dis-
cussions specific to product and building design details
and challenges the practitioner(s) had faced regarding
vibration and sound insulation measurement, mitiga-
tion, and correction. The practitioners were selected due
to their position within the supply chain for the use of
MTPs in the built environment. The distribution of the
roles these practitioners held has been described further
in Fig. 6.

The consultations generally aimed at determining
perceived barriers to the increased use of MTPs in the
built environment, and design and mitigation methods
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Fig. 5 World map indicating the participating practitioner’s location of origin (produced with https://www.mapchart.net)

considered suitable for vibration and sound insulation
in MTPs. Responses to the perceived barriers (Fig. 7a)
indicated 27% of the practitioners believe confusion due
to the number of standards and their variations in detail
presents a major barrier for MTPs. Another consider-
able barrier identified is that of occupant vibration/sound
insulation comfort/perception with 26% of practitioners
concerned with struggling to ensure occupant comfort is

Government
12%
Researchers
23%
Consultants
17%

Fig. 6 Roles of consulted practitioners considered in this study

high and negative responses due to sound transmission
or floor vibration are low.

While vibration and sound insulation perception are
addressed in some standards and design guides, the sheer
number of practitioners concerned with it warranted its
separate inclusion (Fig. 7b). A shared component influ-
enced by both perception and standard complexity is the
poor design information specific to MTPs that received
19% of the responses. This reflects discussions regarding
a desire from builders/designers to have a greater level of
information available for new and evolving product types
as well as the performance of alternative structure design.
A common example is the use or ability to design for
longer spans while using MTPs, as this presents a num-
ber of perceived challenges regarding standard require-
ments, market perception, and performance limits.

Twenty-nine percent (29%) of practitioners suggested
that being able to comply with the prescribed stand-
ards and design guides for vibration and sound insula-
tion noted in Table 2 presents a means of overcoming
the perceived design information barrier. Scaled/labora-
tory (24%) and in-situ testing (19%) are considered useful
ways of mitigating challenges with perception, develop-
ing design information, reducing potential corrective
costs, and defining product limitations early. However,
staggered in-situ or scaled testing is not always possible.

From the practitioner responses, areas of concern were
classed as floor systems (63%), connections and junctions
(mainly linked with vibration and sound energy trans-
fer, i.e., flanking) (27%), building services (7%), and other
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(3%). As an area that consumed most of the concern and/
or demand for research focus from the majority of those
consulted, floor systems have been considered as the focal
point of the remainder of this review focusing on areas,
such as building and product design/application, evalu-
ation methods and approaches, and corrective measures.
Considering the range of practitioners included (Fig. 6)
and the focal areas highlighted in Fig. 7a, b, the analysis
of discussions has been separated into three key groups:
(i) product and system design, (ii) product performance
evaluation, and (iii) regional variations.

Product and system design

This section describes the summarised findings from dis-
cussions specific to those who are involved in the prod-
uct design process with MTPs. Within this section, there
are two subsections which detail these observations with
respect to the Production and Manufacturing, and the
Designers and Builders.

Production and manufacturing

From the regions visited during the consultation period
(Australasia, North America, Europe, Asia), all but one
(Asia, China) were actively producing MTPs, at the time
of writing/visiting. The lack of MTP production in China,
while anecdotal from the practitioners consulted, appears
to indicate the local industry is not yet ready to accept
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Fig. 7 Focal area responses indicating the a perceived barriers to increased use of MTPs, and b strategies for mitigating vibration and sound
insulation challenges

the substitution of common construction materials for
MTPs. To avoid challenges related to the scale of produc-
tion, a range of MTP producers were visited varying in
scale to capture and identify challenges that are inher-
ent to MTP production only. Challenges specific to those
that relate to vibration and sound insulation performance
have been reported in this section. Challenges have been
classed as either global or local with global challenges
being those that are echoed across regions, and local
challenges being ones that are isolated to a specific region
or country.
Several global challenges are summarised as follows:

+ Complexity of standards: Producers of MTPs are
facing growing calls to design for vibration service-
ability with builders seeking materials that can meet
an increasing demand for open plan office spaces,
school halls, and parking garages. Given the proven
capabilities of MTPs in regard to strength, durability,
and fire resistance, vibration serviceability contin-
ues to affect the increased use of MTPs in the built
environment with the challenges beginning with
product design. A continuing challenge related to
product design becomes the varying details between
regional standards and prescribed requirements for
different regions, making design challenging when
using regional guides with less detail than others. By
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expanding the data set available for a range of MTPs
and applications, the pressure on producers to pro-
vide advice on design and usage can be minimised.

o Added material influence: A part of MTP design
for vibration serviceability that complicates vibra-
tion performance prediction accuracy is the final
floor systems’ performance, as an uncovered CLT
panel will very rarely be the floors surface finish.
Each functional but non-structural layer added, for
example, carpet, screeded concrete, access ceilings,
will influence the performance of the finished floor
through either dissipating energy with air cavities,
or dampening of impact sound through added dead
load mass or interlayer materials to absorb foot fall
load responses. However, vibration serviceability and
floor design standards do not accurately capture and/
or distinguish the performance attributes of these
added materials.

Several local challenges are summarized as follows:

« Material properties: Different timber species and
access to them are the biggest cause for product per-
formance differences between regions. The growing
conditions, seasonal aspects, and rotation ages are
often the biggest variables (outside of species) that
contribute to varying material properties, such as
density and stiffness between Europe, North Amer-
ica, and Australasia. An added challenge is also in
access to these materials whether this be due to sea-
sonal weather challenges or government policy deci-
sions. These constraints are considered business spe-
cific, i.e., not addressed through research.

« Conditioning: Timber being hygroscopic, means its
performance differs with moisture content variation.
To overcome this introduced variability most Euro-
pean-based producers would condition their feed-
stock prior to manufacturing. However, this level of
control is not observed in most Australasian produc-
tion facilities. As a result, manufacturing tolerances
must allow for these anticipated changing environ-
mental effects.

Of the 20+ timber producers consulted, around 75%
noted a stronger demand for the supply of their ‘product’
to include design-related information, such as installation
details and product application details. This is a strong
contrast to the commodity-type format timber proces-
sors provide as ‘off the shelf’ raw materials. Comments
received from producers suggested the reasoning behind
the increased demand for information is partly due to
the global challenge defined above as “standard com-
plexity” meaning difficulty had in aligning performance
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requirements with the material. Some producers com-
mented that this demand for information is linked to a
lack of experience in working with MTPs coming from
designers and builders. Conversations continued to sug-
gest that consequently, performance targets are over-
conservative leading to overly thick panels, shorter clear
spans, and/or lower ceilings (due to excessive ceiling
cavities) to address concerns over occupant-induced
vibration and sound insulation. A challenge with both
global and local contexts is design standards, referred to
as “standard complexity” linked to the lack of validated
MTP data. While the reasoning behind each of these is
described above, broadly, the two classifications apply
limitations on the material, leading to the conservatism
prescribed in specifying MTPs. While these prescribed
limitations appear challenging to address, research
viewed during the consultation period on product devel-
opment appears focused on methods to overcome some
of the limited characteristics, such as stiffening floor pan-
els and improving timber’s poor sound insulation perfor-
mance at low frequencies.

The Institute for Health in the Built Environment
(IHBE), at the University of Oregon (Portland, Ore-
gon, USA) developed a micro-acoustic test chamber
to explore rapid sound insulation assessment of larger
material types at a reduced section size [101]. This tech-
nique allowed for the sound insulation characterisation
of unscaled materials or new floor/wall layering’s as a
screening alternative to costly large-scale testing. The
current system is limited to the mid-to-high audible
frequency range (1,000-5,000 Hz) with the low range
(below 1,000 Hz) still considered unattainable. This pre-
sents some of the limited research into addressing litera-
ture gaps noted in Fig. 3 on linking in-situ performance
to laboratory scale testing. Schoenwald et al. [102] and
the Swiss Federal Laboratories for Materials Science
and Technology (EMPA, Zurich, Switzerland) took an
alternative approach to addressing sound insulation per-
formance of conventional CLT constructions by intro-
ducing acoustic black holes (ABHs) (Fig. 8). Filling just
the ABH indentations with gravel as opposed to covering
the whole CLT surface, reduced the floor’s total mass by
50% and reduced measured impact sound by up to 10 dB
(measured at 100 Hz). However, noted challenges of this
study are the translation of these laboratory scale experi-
ments and specimens to their in-situ, large scale perfor-
mance [31, 63].

Product design and performance often begins at the
laboratory stage (conception stage). The challenges in
benchmarking product design in controlled experimen-
tal (laboratory) conditions are the difficulty in practically
developing the same test environment in the laboratory
that would be expected in the field (in-situ). While some
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Fig. 8 a laboratory images of (left) CLT panel with acoustic black holes (ABH) introduced, and (right) control panel, b schematic of theory for ABH,
where red line shows sound waves interacting with ABH indentation [102]

activities are ongoing with respect to linkages between
laboratory and in-situ performance, this challenge still
appeared to resonate with all the 25 researchers con-
sulted through this study specific to mimicking floor
boundary conditions, building loads (live loads, uni-
formly distributed loads, static deflection occurrences),
and experimental size/scale. A solution for this challenge
could allow for more specific laboratory experiments
and data to be fed into prescriptive standard design and
revision.

Designers and builders

The information in Table 3 presents data specific to the
visited practitioner geographic areas regarding their pop-
ulation [103], number of mass timber structures (8 + sto-
reys [53, 104]), and MTP production and import volume
at the time of writing [105-107]. The production and
import volumes have been restricted to CLT only and
are based on assumed full capacity operations. The accu-
racy of the building numbers tabulated is based on both
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the CTBUH report from 2022 [53], and the WoodWorks
mass timber mapping system [104]. While Table 3 shows
Europe/UK to have more volume of mass timber in con-
struction, the population per number of MTP buildings
suggests Australia/New Zealand are becoming more
progressive regarding the use of mass timber in the built
environment.

Of the developments witnessed during the consulta-
tion period across Australia and New Zealand, there
is a large emphasis on mid-scale commercial develop-
ments often used for office spaces with many from 10
stories and greater. Those visited include: 25 King St
(10 stories [108]), Brisbane, Queensland; T3 (14 stories
[109]), Collingwood, Victoria; WS2 (12 stories [110]),
Perth, Western Australia. These structures all presented
a different design approach and reason behind the use
of MTPs to meet structural and vibration serviceability
specific goals. This included reinforced glulam beams
with laminated veneer lumber (LVL) to increase stiffness
requirements around extrusions (25 King St, Brisbane,

Table 3 Statistics for the continents and regions highlighted through Fig. 1 (data sourced from [53, 103-107])

Continent Population Production and import Number of mass timber Ratio of population to
(millions) volumes of CLT (m?) projects (8 + Storeys) completed Proj. (buildings/
million)
Australia/New Zealand 31.12 200,000 8 0.26
United States/Canada 3722 300,500 37 0.10
Europe/UK 4492 1,200,000 60 0.13
Asia 1,412 Not available 3 <0.01
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Australia), extending existing building heights while
limited by current spans and loading limits (T3, Mel-
bourne, Australia), and reduced floor panel thickness
due to loading limits requiring alternative dampening
solutions (WS2, Perth, Australia). These structures and
their unique approaches show a willingness of the local
industry to pursue innovation in challenging applica-
tions. Conversely, the practitioner consultation showed
a greater emphasis on low-rise (1 to 3 stories) and mid-
rise (3 to 9 stories) mass timber structures across most
of the visited countries in Europe (Norway, Sweden,
Germany, Austria, Italy, Switzerland, France). This trend
continues when considering building levels below 8 sto-
ries using the WoodWorks mass timber mapping tool for
North America which notes 1,132 mass timber buildings
ranging from 1+ stories [104]. This suggests the ratio in
Table 3 may not be a strong indicator of a population’s
perception for the usage of MTPs. While the authors
acknowledge the vastly different construction techniques
often employed between low-rise and mid-rise struc-
tures, given the focus of this study has been the theme
of floor system performance, the two have been analysed
together rather than separating. Similar to observations
from Australia/New Zealand, these developments appear
to focus more on commercial office use with fewer resi-
dential applications. Figure 9 presents three example
buildings visited during the practitioner consultation,
where 9a) and 9b) were below eight stories.

While there may be a greater number of low-rise
and mid-rise structures across the visited countries in
Europe, of the large-scale structures that exist at the time
of writing, Europe is their home also. One such struc-
ture is Mjgstarnet (Brumunddal, Norway) often referred
to as “The Timber Hotel” The 18-storey timber hotel,
completed in 2019, was a focal point for the consultation
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period to understand hurdles that were overcome to pro-
duce the tallest timber building in the world (at the time
of writing). The majority of builders and designers con-
sulted suggested that through the incorporation of vibra-
tion and sound insulation design specialists, concerning
aspects of performance or perception can be (for the
most part) minimized or mitigated due to experiences
noted to date. An interesting anecdotal comment and
observation during practitioner conversations noted that
the large dimension timber (glulam) supporting columns
were able to “carry” small amounts of sound transmission
through them and into nearby floor levels. This is often
a phenomenon known as “flanking’, where noise reaches
an adjoining space through an indirect path [99, 111].

Analysing the responses from the 50 participants from
designers (17), builders (17), and consultants (16), some
of the more notable conversation topics included:

+ Floor vibration serviceability challenges: Of the 34
designers and builders consulted, approximately 61%
noted encountering challenges when designing floor
systems with MTPs at one point through their career.
This was often concentrated to the design stages
and assumptions made in appropriating standards
originally designed for steel/concrete sub-structures
for MTP floor design. Following this, 44% of the 16
consultants had raised observations about mass tim-
ber structures nearing completion suggesting vibra-
tion serviceability criteria were being consistently
exceeded.

o Vibration and sound insulation perception: 17% of
the builders and designers consulted, conceded to
receiving negative comments from occupants of
structures (irrespective of material type) in relation
to excessive vibration complaints. This is in struc-
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tures that met and/or exceeded the performance
requirements of the relative design standard for the
intended occupant application. This is contrary to the
former suggestion that floors may be over-designed.
Perception studies referenced through the Product
Performance Evaluation section have mostly been
isolated to laboratory testing, where the challenges
in mimicking performance in-situ have already been
raised. There is not sufficient data for mass timber
floor systems to confidently suggest that the build-
ings which received poor comments would be likely
to be MTPs. Considering the importance of occupant
comfort to vibrations, 71% of consulted practition-
ers suggested perception is under-represented in the
vibration serviceability criteria, often due to lack of
completed studies or reliable data sets.

The discussion results of “floor serviceability chal-
lenges” complement the findings of Pavic [37] from 2019
which reported ~30% of surveyed practitioners experi-
enced vibration serviceability problems for structures
while in use. While a worrying statistic, it highlights that
the need for knowledge regarding corrective or additive
solutions to rectify such cases still exists. Additional lay-
ers such as those discussed in the previous sections pro-
vide some improved performance; however, research has
highlighted the inability of these materials to significantly
impact perceived change [112-114].

Product performance evaluation

As highlighted through the practitioner consulta-
tion, defining the role that each of these 16 standards
and design guides (introduced in Table 2) can play in
designing mass timber floors is critical to support those
using them. Table 4 lists these standards and assigns
them two ranks, both from ‘1’ to ‘5, where ‘1’ is consid-
ered “highly useful” and ‘5’ is “lowest use”. The ranking
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is based on the frequency of use through the reviewed
articles in the Product Performance Evaluation sec-
tion (referred to as “Literature”), and the discussions
with practitioners regarding preferred standards to use
in design (referred to as “Practitioner”). Therefore, for
standards more frequently used through the reviewed
studies, their ranking approaches ‘1’; for standards ref-
erenced by practitioners during discussions as more
appropriate than others, these standards also approach
‘1’

The rankings show areas, where literature and prac-
titioner preferences align, such as FprEN 1995-1-1,
CSA 086, and ISO 10137. However, other such trends
observed from the consultations indicate standards such
as HIVOSS [84], ISO 21136, and CSA 086 experience a
significant (a change of 2 or more rank points) upward or
downward trend when compared to the literature. Sus-
pected reasons for this noted from the practitioners orig-
inated from the two main classes of standards in Table 4:
deterministic and probabilistic. While deterministic
approaches prescribe performance through calculated
values, probabilistic ones consider a range of perfor-
mances that can be achieved [85, 115]. Considering the
variability that comes with floor design, a probabilistic
approach appears more appropriate to some practition-
ers, where this proportion appears to be growing greater
than those of researchers, at the time of writing. The
standards listed in Table 4 present varying levels of detail,
with some prescribing several material properties to
either design for, or act as, a threshold for conformance.
Other standards, however, may only prescribe a single
design parameter. This suggestion alludes to the cause for
the design complexity noted by 27% of all practitioners
in selecting appropriate standards to design mass timber
floors. This challenge was not isolated to industry profes-
sionals with a number of researchers also sharing their
confusion in appropriate standard selection.

Table 4 Vibration serviceability and material property standards and relevant design guides (data sourced from [24, 25, 27, 35, 36,

77-89])
Standard name Type Ranking (1 to 5) Standard name Type Ranking (1 to 5)
Literature Practitioner Literature Practitioner

FprEN 1995-1-1 Design 1 1 CCIP-016 Design 1 1
AISC DGT11 Evaluation 4 4 ISO 10137 Evaluation 2 2
1502631.1/AS2670.1 Evaluation 3 3 SCI-P354 Design 2 3
AS/NZS 1170.0 Design 4 4 BS 6472-1 Evaluation 1 1
HIVOSS:2007 Evaluation 4 2 CSA 086:19 Design 1 3
AS/ISO 2631.2 Evaluation 3 3 Canadian CLT DG Design 4 4
1SO 18324 Evaluation 2 2 WS DG 49 Design 3 3
ISO/TR 21136 Evaluation 3 1 AISC DG 37 Design 3 4
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A light rapid transit (LRT) system in Chonggqing,
China that passes through the centre of a mixed use
(residential and commercial) building generates a sig-
nificant amount of public interest. The surrounding lev-
els to the station as well as buildings in close proximity
are predominantly residential [95]. Xie et al. [95] con-
ducted a survey of residents who occupy this building
for their perception of the vibration and sound com-
ing from the LRT system. Sound insulation measure-
ments exceeded the limits in the national regulations
by>15 dB, while resident complaints highlighted that
less than 20% have mitigating solutions such as double-
glazed windows installed. Researchers consulted in the
region were aware of the structure and many others like
it across the vastly densified city. Due to rapid expan-
sion, the buildings were constructed around the LRT
system to make use of what available space existed. This
exemplar structure highlights the extreme importance
of considering both the use of the structure as well as
the perceived comfort. The structure also touches on
the importance of optimised and refined design guides
that incorporate both vibration performance and per-
ceived comfort measurements. A critical challenge with
vibration and sound insulation perception assessments
from most studies reviewed in the Product Perfor-
mance Evaluation section was the difficulty in ensuring
it resembles the actual floor system in situ. This is, as
expected, challenging to achieve from a measurement
point of view and equally difficult from a perceived
environment point of view with participants often per-
ceiving the test environment differently to how they
would perceive an actual office or residential space.

Several researchers from the 25 consulted are actively
looking at novel methods to capture perceived comfort
of floor systems by either (i) addressing the environment
that occupant views through VR and AR alternatives
(H. Karampour, et al., Griffith University, Australia), (ii)
monitoring neural activity (X. Zhang, et al., Chongging
University, China), or (iii) considering the affected range
across a long span floor (P. Hamm et al., Biberach Uni-
versitdt, Germany). However, ensuring the floor space
is performing as intended still remains challenging. The
VSimulator experimental facility at Exeter University
(Fig. 10) can physically simulate measured and most
complex floor dynamic responses allowing researchers to
mimic floor response factors, accelerations, and damp-
ing ratios from either intended design calculations or
from real measurements taken from other test facilities.
The VSimulator testing facility, co-founded by Professor
Aleksandar Pavic is currently conducting tests measur-
ing objectively cognitive deterioration of test participants
subjected to realistic floor vibration levels [100]. This
research is expected to contribute significant linkages
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between perceived and measured responses of floor
vibrations.

A team led by Professor Aleksandar Pavic in 2024
performed, to the knowledge of the reviewers, the first
experiment on the effects vertical vibrations can have on
human cognition [100]. A total of 12 test subjects (two
groups of 6) participated in the experiments with the par-
ticipants asked to complete a standard visual search (VS)
task while seated at a desk for 112 min. Pavic et al. [100]
observed a strong relationship between the time taken for
the test subjects to complete the VS and the level of floor
vibration with no vibration (RF=0) taking an average of
3.68 s up to 7.36 s for a RF of 8. This study highlights the
challenge in assigning a binary pass—fail criterion to floor
systems with even a moderately acceptable RF level of 8,
causing significant differences in task completion.

Regional variations

As addressed in the Product and System Design section,
the use of MTPs continues to increase across most of
the visited regions other than Asia (China). Comments
received from practitioners consulted in China suggested
that local industry perceives MTPs to be not yet suitable
in displacing current construction materials, such as con-
crete and steel. A comment which should not be taken
out of context is that while perception of the materials’
performance is one key reason, the construction land-
scape in China differs greatly from other regions that
were visited, emphasising regional variation as previously
mentioned. This appears in part due to the differing con-
struction landscape in China compared to other coun-
tries, such as Australia and New Zealand. With varying
populations, resources, and historic construction meth-
ods, the construction landscape in Australia and New
Zealand was founded through light weight framed devel-
opments since colonisation. China, however, as a result
of a largely expanding population crowds its sky with tall
skyscrapers for residential and commercial use; a scale
MTPs have not yet been tested for. Analysing the discus-
sions with practitioners noted several consistent themes
that were discussed and appeared heavily influenced
due to the regional variation. Application of the various
design standards from Table 4 (1), regional weighting
of perception (2), and local industry capacity and inno-
vation (3) are some of the themes that were discussed.
Table 5 summarises the regional responses for the previ-
ously mentioned discussion topics.

Theme comparison

For such a paper with the intention to draw specific con-
clusions on focal fields of research, it is important to
highlight the limitations of the study. The first of which is
related to the sample size of the practitioners consulted.
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Fig. 10 Exeter University, UK. VSimulator experimental floor facility: a view of the floor system, b under-view of the floor system. Images ¢ and d
show the experimental setup for the cognitive assessments described in the text (all images supplied by A. Pavic [100])

While efforts have been made to ensure primary experts
have been targeted, regions and some experts were not
part of the study due to travel limitations. This study,
however, presents a suitable cross section of participants
from a range of regions, where MTPs are being used or
considered actively, and therefore, challenges are being
identified, considered, and addressed. Another limita-
tion of the study has been the selected articles used to
define the flowchart literature themes presented in Fig. 3.
While more literature exists, specifically articles target-
ing more detailed understandings of sound insulation
in MTP systems, the reviewed studies appear to show
more relevance to the concerns and desires of the con-
sulted practitioners. This suggests the background lit-
erature provides a suitable foundation for considering
the state of knowledge with respect to challenges the
MTP industry is facing and those of which academia
is working on. While some important topics such as

environmental influence or sustainability have not been
specifically addressed through this study, it is not to sug-
gest that this is not a priority for the industry; however,
the practitioner consultation was focused on the specific
challenges related to vibration and/or sound insulation
performance of MTPs in the built environment.
Comparing the identified key themes in the back-
ground literature to the practitioner conversations,
some strong relationships appear between those areas
considered critical from the wider industry to the
research being conducted as depicted in Fig. 3. These
include research topics such as composite systems,
effects of connections, and boundary conditions and
how these contribute to vibration and sound insulation
performance in MTPs. However, some areas became
apparent that show little or no focus from researchers
yet ranked highly by the practitioners. These research
topics include long spanning floor systems, linkages
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Table 5 Regionally sensitive practitioner responses
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Region Responses

(Australasia)
Australia/New Zealand

(1) Table 4 shows that 24% of the standards were developed in Australia/New Zealand. However, the national vibra-
tion serviceability standard was last reviewed in 2000. As a result, 53% of practitioners reported using international

standards and/or design guides in their designs

(2) Practitioner consultations highlighted several perception studies conducted across the region, focusing on extract-
ing meaningful data from subjective measurements rather than adhering to standardized layouts. In addition, 71%

of practitioners felt that perception was undervalued in the design process

(3) Excluding the standards and design guides, literature from this region accounted for 19% of the reviewed works
mentioned in the Background section. Industry consultations also revealed a strong local interest in solutions

for long-span floors

(North America)
America/Canada

(1) This region contributed to 16% of the standards listed in Table 4, spanning from 1951 to 2024. Serviceability related
to vibration was the primary focus, with sound insulation being a slightly lower priority. This trend has also been

observed in other regions, as vibration events are often linked to sound insulation discomfort

(2) While most practitioners considered perception important, some believed that current design standards
adequately capture occupants’ perceived comfort. However, this view conflicted with the majority, who felt

that the standards only target the performance of the bare system. With additional material layers added during fin-
ishing, performance is generally expected to exceed the design target

(3) Of the reviewed articles in the Background section, 22% were published from this region. Practitioners expressed
a strong interest in exploring alternatives to current design standards to support the growing mass timber sector

and its increasing number of projects

(Europe)
UK/Norway/Sweden/Germany/
Austria/Italy/Switzerland/

(1) Since 1996, Europe has led the development of international standards, particularly with the revision of FpreN
1995-1-1, focusing on floor vibration serviceability, perception frameworks, and probabilistic design approaches.
Europe has been responsible for 60% of the standards listed in Table 4. However, for mass timber design standards,

(2) Perception is highly emphasized across the region, with many countries encouraging, or even requiring, the inclu-
sion of vibration and sound insulation expertise in structural design and planning to ensure appropriate measures
are taken. Despite this, challenges persist, particularly in defining the relationship between laboratory and in-situ

(3) Of the regionally produced background literature, 51% of the total papers originated from European countries. This
reflects strong industry support, significant research efforts, and a unified approach to performance criteria

(1) As mentioned earlier, mass timber is not widely used in China at the time of writing. Therefore, discussions

France the primary references remain FprEN 1995-1-1 and HIVOSS [84]
performance

(Asia)

China

with local practitioners focused on comfort design protocols for all building materials. In terms of design standards,

practitioners rely on locally developed regulations, though these were not accessible for review

(2) While perception was considered important by local practitioners, it was difficult to confirm this through local
publications. Relevant studies on vibration and sound insulation comfort often reported discrepancies

between expected and measured performance

(3) Despite mass timber’s limited use and production in China, local research efforts are increasing, highlighting
the material’s effectiveness in various structural applications. These efforts aim to encourage greater investment
from local industry and government by showcasing the benefits of mass timber. As a result, 8% of the background
literature originated from studies conducted in this region

between laboratory and in-situ performance, and influ-
ence of material properties. To accurately visualise
these different themes and the varying levels of atten-
tion they receive, the 18 themes from the flow chart in
Fig. 3 have been plotted on the below Venn diagram in
Fig. 11. The figure should be interpreted by consider-
ing perfect alignment between the “Practitioner Areas
of Concern” extracted from the Practitioner Conversa-
tions section, and “Literature Linkages” from the Back-
ground section as examples of good collaboration and
interaction between industry and academia. Following
this, points that land further to the left on the diagram
into the “Literature Linkages” section are considered
saturated research fields, where this is less of a prior-
ity for industry based on the practitioners consulted.
Finally, for the points that land to the right of the fig-
ure in “Practitioner Areas of Concern’, these are themes
that appear of greater interest and concern for the

practitioners consulted and appear to be less focused
on by the published or ongoing research efforts.

Figure 11 shows research topics such as "composite
action", "boundary conditions" of floor systems, "perfor-
mance criteria”, and floor "damping systems" align with
the concerns raised by consulted practitioners. Areas
like "damping systems" (meaning layered materials and
damping tools) are positioned near the overlap boundary,
suggesting that existing literature may not fully address
practitioners’ concerns. This is reinforced by studies on
additive floor layering materials that often conclude these
systems fail to address the relevant frequency ranges [16,
17, 98, 116]. Other topics like the "link between testing
approaches” are just outside the overlap boundary, indi-
cating that while research is being conducted in this area,
it remains a significant concern for practitioners, as pre-
viously mentioned. Topics such as the research into long
spanning floors ("long-span floor solutions"), the link
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Fig. 11 Venn diagram of literature linkages and practitioner focal areas with highlighted key themes

between perception and experimental data ("experimen-
tal linked to perception") and the importance of research
on floor scale floors ("dual-span test bench research") are
further from the overlap boundary, indicating that while
research may be ongoing, they are areas of growing con-
cern and/or interest for practitioners.

Another area of specific interest identified by prac-
titioners, but inadequately covered in the literature, is
the "material properties and characteristics." This refers
to the discrete performance of mass timber products
(MTPs), including the effects of layering, the influence
of hybrid material stages, and variations in adhesives and
board properties. Practitioners are particularly interested
in more defined prediction methods for MTP perfor-
mance, with a focus on understanding how each stage
contributes to overall performance.

Conclusion

The purpose of this study has been to update the cur-
rent state of knowledge on aspects that contribute to the
performance of, or criteria to measure conformance of,
MTPs with respect to vibration and sound insulation.
The study consists of a systematic review of 118 articles,
standards, design guides, and website publications com-
pared against analysis of discussions had with 112 prac-
titioners located across 13 countries. The findings have
been summarised based on the following themes:

+ Specific concerns for producers: Manufacturers and
producers of MTPs noted standard complexity as
one of the leading concerns for them with a greater
demand being felt from designers for specific mate-
rial property information on MTP performance. Of
the manufacturers and producers consulted, 75%
noted demand increase for MTPs globally with local
challenges appearing more nuanced such as feed-
stock conditioning capabilities.

« Specific concerns from developers: 61% of designers
and builders conceded to encountering challenges
in the design stage for mass timber builds with 17%
of them expressing receiving complaints regarding
occupant comfort related to vibration and sound
insulation in finished structures. 44% of the consult-
ants noted raising detected issues part way through
construction specific to vibration and/or sound insu-
lation.

+ Regional variations: The practitioner analysis for the
various regions showed variation based on design
standard quality with regions lacking specifics in
local design protocols adopting international alter-
natives. A large proportion of the practitioners high-
lighted FprEN 1995-1-1, HIVOSS, and CCIP-016
as the top standards recommended for mass timber
floor vibration and sound insulation serviceability
design. However, 71% of the consulted practitioners
noted vibration perception to be the least understood
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criteria for floor vibration and sound insulation ser-
viceability with a strong contribution toward occu-
pant comfort and cognitive performance.

o Literature and practitioners: The study defined a
number of literature linkages through the review and
also specified some linkages which appeared under-
developed due to minimal or lack of research in these
fields. From the practitioner conversations several
complimentary areas between published literature
and concerns from practitioners were defined, sug-
gesting the research is both impactful and focused on
practitioner concerns. However, several topics were
identified as still having strong practitioner concern
and lack of focus. These included focused research
on long spanning mass timber floor systems, dual
spanning test benches, developed linkages between
experimental and perceived performance, and dis-
crete material properties.
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