
Research Article
The Effect of the Environment on the Serviceability of the
Cross-Laminated Timber (CLT) Floor: Virtual Reality as a
Research Tool

Haoyu Huang ,1 Junhui Zhang ,2 Jim Uttley ,3 Wen-Shao Chang ,3

and Brad Jianhe Wang4

1School of Engineering, Newcastle University, Newcastle Upon Tyne NE1 7RU, UK
2Faculty of Architecture, Civil and Transportation Engineering, Beijing University of Technology, Beijing 100124, China
3School of Architecture, University of She­eld, She­eld S10 2TN, UK
4Ningbo Sino-Canada Low-Carbon Technology Research Institute, Ninghai 315600, China

Correspondence should be addressed to Haoyu Huang; haoyu.huang@newcastle.ac.uk

Received 17 March 2022; Revised 14 June 2022; Accepted 11 July 2022; Published 30 August 2022

Academic Editor: Jorge Branco

Copyright © 2022 Haoyu Huang et al.�is is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

�e environment is one of the factors that may in­uence occupants’ perception of ­oor vibration and the assessment of ­oor
serviceability. In this study, laboratory tests were conducted on a 3-ply CLT ­oor. Occupants’ assessment of the ­oor serviceability
under human-induced vibration was investigated. Virtual reality (VR) technique was used as a research method, simulating two
common environments in life. First, the correlation between the occupants’ annoyance rating and serviceability indicators
(response factor and vibration dose value (VDV)) was compared with existing standards.�e results show that the response factor
method in ISO 10137:2007 is conservative for timber ­oors in both bedroom and gym environments. �e VDV method in BS
6472-1:2008 can generally re­ect the vibration acceptability of timber ­oor vibration. �en, the e�ect of acceleration and
environment on the ­oor serviceability assessment was investigated through statistical methods, respectively. A weak positive
correlation between the annoyance rating and the acceleration was found. �e e�ect of the environment on ­oor vibration
assessment was found to be signi�cant.

1. Introduction

�e construction industry sector contributes a huge pro-
portion of greenhouse gas emissions globally [1]. Building
with timber is a competitive solution because timber is gen-
uinely a renewable material that can sequester carbon in the
atmosphere. Timber ­oor is a common structural element
with the advantage of prefabrication, and there are more than
300,000 timber­oors built each year in theUK[2].�edensity
of the timber is about 20%of concrete. According toNewton’s
Law, the same foot force excites larger acceleration in timber
­oors compared with concrete ­oors due to the lightweight
nature of timber. Furthermore, due to the development of
engineeredwood products like cross laminated timber (CLT),
timber structures are tending to be larger and taller.�e large-

span requirement makes the ­oor systems of modern timber
structures prone to vibration problems [3]. �us, a careful
design of timber ­oors with small vibration and high ser-
viceability is of great importance.

1.1. Floor Vibration. Among all the building components,
the ­oor is the one that interacts with occupants most.
Human activities such as walking, running, and jumping can
induce ­oors to vibrate. For humans, each bodymember and
organ has distinct natural frequencies within 0–80Hz [4].
�us, exposure to human-induced vibrations has an impact
on human’s comfort and health. It is said that more than 50
million Europeans are su�ering from structural vibration
[5]. �e discomfort from ­oor vibration is a universal issue.
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Research related to the serviceability of the floor is of great
necessity.

Studies have been conducted to investigate the prop-
erties of joist timber floors. It was found that timber floors
with a higher mass density showed a smaller vibration re-
sponse [6]. Reducing the joist spacing of joist timber floors
can increase the stiffness of the floor and improve the floor
performance [7].

Studies have been conducted on CLT floors. As for floor
dimension, it was found that the natural frequency of the
CLT floor reduced as the aspect ratio of the floor increased
[8]. With regard to boundary conditions, Uı́ Chúláin and
Harte [4] found that the natural frequency of the two-way
supported CLT floor was 90% higher than that of the one-
way supported CLT floor. Huang et al. [9] carried out re-
search on the dynamic behaviors of CLT floors, concerning
the spacing and size of the beam, and other supporting
conditions. Casagrande et al. [10] assessed the vibration
performance of the CLT floor by analytical, numerical, and
experimental methods and found that internal partitions
and nonstructural elements are important factors that
influenced the dynamic response of the floor. To predict
the human-induced vibration, Chang et al. [2] proposed the
peak acceleration method to predict VDV of CLT floors.(e
method was further developed by Wang et al. [8], con-
cerning factors such as the aspect ratio of the floor, the
number, and the walking speed of the occupants. To control
the vibration of the CLT floor, Huang et al. applied a
multituned mass damper to reduce the floor vibration re-
sponse [11, 12]. In summary, the previous research on CLT
floors have focused on the characteristics of the floors and
vibration control measures.

1.2. Acceptability Criteria. (e evolution of design ap-
proaches to prevent annoying vibrations in timber floor was
reviewed chronologically by Hu et al. [13]; which made
important contributions to the development of standards in
floor serviceability. Weckendorf et al. [14] provided back-
ground knowledge for the serviceability of the timber floor,
including floors made of novel engineered wood products,
such as CLT. With respect to current standards, Eurocode 5
[15] is widely used by engineers to design the timber floor. In
terms of the serviceability limit of vibration, Eurocode 5
employs the criteria based on fundamental frequency.
Residential floors with fundamental frequency greater than
8Hz need to meet the requirements of vertical deflection and
a unit impulse velocity response, while those with funda-
mental frequency less than 8Hz need a special investigation.
Despite the requirements specified in Eurocode 5, indicators
to assess the floor vibration also include root-mean-square
acceleration (RMS acceleration, aRMS), response factor, and
VDV.

1.2.1. RMS Acceleration. Peak acceleration sometimes
cannot reflect the vibration over a period. Instead, RMS
acceleration puts the vibration over a period into consid-
eration. Chui [16, 17] proposed the limit of frequency-
weighted RMS acceleration of the timber floor to be

aRMS < 0.45m/s2 for domestic structures, but this proposal
has not been adopted into the standard. In ISO 2631-2:2003
[18], the standard for the evaluation of human exposure to
vibration in buildings, it is clearly stated that guidance values
in acceptance criteria are not provided because the possible
range of aRMS is too wide to be included in an International
Standard.

1.2.2. VDV. VDVmethod was developed byMichael Griffin
in 1980s. (is method is suitable for evaluating intermittent
vibration and can be applied in a range of different envi-
ronments including road or off-road vehicles, aircraft, sea
vessels, and building vibration [19–21]. Comprehensive
introduction about VDV is accessible in a book named
“Handbook of Human Vibration” [22]. BS 6472-1:2008 [23]
proposed VDV to assess building vibration. VDV is cal-
culated using the weighted acceleration which is filtered
using the frequency weighting curve specified in BS 6841
[24]. VDV in day time is calculated by equations (1) to (3):

VDV � 􏽚
T

0
a
4
w(t)dt􏼠 􏼡

0.25

, (1)

where VDV is the vibration dose value (in m∙s−1.75), a4
w(t) is

the frequency-weighted acceleration (in m/s2), and T is the
total period of the day (in s) during which vibration may
occur.

For constant or regularly repeated vibrations, we get

VDV �
tda y

tτ
􏼠 􏼡

0.25

× VDVτ , (2)

where VDVτ is the representative sample of τ seconds and
tda yis the duration of exposure per day (s).

For conditions when there are N vibration episodes of
different durations tn during the assessment period, each
with a vibration dose value of VDVtn

,

VDV � 􏽘
n�N

n�1
VDV

4
tn

⎛⎝ ⎞⎠

0.25

. (3)

Probabilities of adverse comment are classified into
three categories according to VDV values. Table 1 [23]
shows the referable VDV values for each adverse com-
ment category.

1.2.3. Response Factor. In ISO 10137:2007 [25], a series of
frequency-weighted base curves and multiplying factors are
applied to realize satisfactory vibration of the floors. Base
curves derived from base values and frequency weighting
curves which are specified in BS 6841 [24], and the z-axis
base curve is shown in Figure 1. Multiplying factors are the
limiting values of response factors, which are defined as
the ratio of the calculated weighted RMS acceleration to the
frequency-related RMS acceleration aRMS,frequency exhibited
in Figure 1, [26]. (e response factor is calculated by the
following:
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Response factor �
aw,RMS (m/s2􏼑

aRMS,frequency (m/s2􏼑
, (4)

(for z-axis vibration).
Table 2 exhibits the multiplying factors used in several

countries to specify satisfactory magnitudes of building
vibration with respect to the human response listed in ISO
10137 [25]. (e multiplying factors for continuous vibration
and intermittent vibration in residential buildings are 2 to 4.
(e reason that the limit is a range rather than a specific
value is that occupants exhibit wide variations of vibration
tolerance in residential areas.

Notably, the reference VDV values in BS 6472-1:2008 (as
shown in Table 1) were available in the 1992 version of the
standard. Some of the multiplying factors in ISO 10137:2007
(as shown in Table 2) also appeared in BS 6472:1984 [27] and
only slight changes have beenmade. In otherwords, the values
specified in the current standard have not been fully updated
for more than 30 years, so it is essential to evaluate whether
they are still applicable now. Besides, the VDV and the re-
sponse factor do not fully harmonize with the current
Eurocode 5. In the next generation of Eurocode 5, which will
be published in 2025-2026, the response factor will be in-
troduced as an indicator to assess the residential timber floor
serviceability. Due to this complexity, for industry, it is dif-
ficult for engineers to understand how the serviceability of the
timber floor linkswith the response factor,whichmay confuse
engineers in the design stage. (ere are few relevant studies

regarding this issue.(us, it is of importance to test the timber
floorandconduct a survey, thereby linking the serviceabilityof
the floor and the response factor.

1.3. Factors Affecting Comfort Assessment. (e acceptable
vibration levels for each individual are influenced by many
factors. Intrinsic factors include population type (age, sex,
size, fitness, etc.), experience, expectation, arousal, moti-
vation, financial involvement, body posture, and activities
[24, 25, 28]. Extrinsic factors include the magnitude, fre-
quency, axis, input position, duration of vibration, and other
environmental influences [24, 29, 30].

(e surrounding environment or “atmosphere” affects
human perception. Many studies have shown that the en-
vironment affects the occupants’ mood and performance,
and even their physical and mental health [31–36]. Factors
that influence occupants’ perception of the environment
include light, color, temperature, noise, or smells
[24, 37, 38]. For example, in the field of thermal comfort, the
“hue-hypothesis” claims that the color of light influences
people’s temperature sensation [39–41]. Light of long
wavelengths makes people feel warmer, while light of short
wavelengths makes people feel cooler. Similarly, occupants
may feel differently in different environments even if they
are experiencing the same level of floor vibration.

However, sometimes it is not realistic to create an au-
thentic room for experimental tests. Zhou et al. [42] placed
furniture and other symbolic items on a testing floor to make
the test subjects feel like they were staying in a real living
environment. However, this method does not give the test
subjects a completely immersive feeling. With the develop-
ment of computer technology, VR has become an effective
research tool in industries includingarchitecture, engineering,
and construction. Studies have proved that VR could provide
peoplewith an adequate sense of presence and arouse affective
and emotional states similar to those in a real environment
[43–48]. (us, it is an ideal research tool to simulate envi-
ronments that arenot easily accessible in the laboratory soas to
obtain human perception and response to the environment.

(e objective of this paper is to examine if people have
different feelings on a level of vibration in different envi-
ronments. More importantly, in the draft of the new
Eurocode 5 (currently in revision), only two environmental
categories (residential and office) are selected. However, it is
impossible to classify all the environments into these two
categories. For example, the school can be classified as
neither residential nor office. (erefore, it is significant to
know the effect of the environment on the occupants’
evaluations to the floor vibration. Comprehensive floor
design should put this into consideration, so as to prevent
the timber floor from being designed conservatively and to

Table 1: VDV ranges which might result in various probabilities of adverse comment within residential buildings (BS 6472-1:2008) [23].

Time Low probability of adverse comment (m/s1.75) Adverse comment possible (m/s1.75) Adverse comment probable (m/s1.75)
16 h day 0.2∼0.4 0.4∼0.8 0.8∼1.6
8 h night 0.1∼0.2 0.2∼0.4 0.4∼0.8
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Figure 1: z-axis base curve [24].
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save more materials. For places where occupants hold high
tolerance to vibration, the requirements of the floor design
could be lowered appropriately.

In this study, an experiment on a full-scale 3-ply CLT
floor is carried out, and 30 test subjects are employed to
experience the human-induced vibration on the CLT floor.
During the tests, VR equipment is adopted to simulate the
different environments for the subjects. By giving a human-
induced vibration, test subjects should feedback their
comfort levels subjectively through questionnaires. (e vi-
bration acceleration of the floor in each test is recorded by
sensors simultaneously. It is aiming to build and understand
the relationship between the acceleration and the comfort
level of the CLT floor vibration. In addition, the effect of the
environments on the comfort level during the human-in-
duced vibration on the CLT floor is investigated, and this can
lay a foundation for the future accurate design. Notably,
“environments” in this study denote room environments.

2. Methods

2.1. CLT Floor and Its Dynamic Properties. Figure 2 presents
the CLT floor employed in this study. (is CLT floor is a 3-
ply CLTwith a total thickness of 105mm (layout: 35L-35 T-
35L).(e span of the floor in longitudinal direction is 4.20m
and the width is 2.35m. (e raw material for the CLT floor
was SPF (spruce-pine-fir) provided by Ningbo Sino-Canada
Low-Carbon Technology Research Institute Co. Ltd. (e
density of the timber material is 0.458g/cm3, the modulus of
elasticity is 9200MPa, and the bending strength is 31.3MPa.
(e moisture content of the timber was 13% tested in a
storage condition of 40% R. H. 10℃. As shown in Figure 2,
the CLT floor was supported by CLTwalls with a thickness of
105mm in four sides. (e CLT floor was connected to CLT
walls by drilling self-tapping screws (M7 in diameter and
140mm in length) from the top.

(ree accelerometers were installed on the CLT floor,
and the sampling rate was 1,000Hz, which complied with
the minimum sampling rate specified in BS EN 16929:2018
[49]. (e first accelerometer was located on the central point
of the floor, the second accelerometer was located in the

middle between the central point and the edge in the lon-
gitudinal direction, and the third accelerometer was located
in the middle between the second accelerometer and the
edge in the transverse direction.

(e technologies to excite a floor formodal testing include
shaker, impact hammer, heel-drop, and human excitation
[7, 49–51]. (is study followed the heel-drop method sug-
gested in BS EN 16929:2018 for the timber floor and the
procedure in this study has fulfilled the requirements. In this
study, a person weighing 60 kg stood on his toes and then
dropped his heels rapidly through a distance of about 65mm.
(e free vibration response of the CLT floor was recorded by
the abovementionedaccelerometers.(edynamicparameters
were obtained by a linear-prediction singular-value decom-
position-based matrix pencil (SVD-MP) method, which is
based on time-domain curve-fitting analysis.(ismethod can
be used to estimate the frequency and damping of structures
from measured data and is efficient in computation [52–54].
After analysis, the natural frequency of the CLT floor can be
determined to be 15.05Hz, and the damping ratio is 12.07%.
Figure 3 shows the time-domain response of the CLT floor in
the heel-drop test.

2.2. Assessment Environment Setup. (e study of Chamilo-
thori et al. [44] showed that therewas a high level of perceptual

Accelerometers

2350 mm
4200 mm

Figure 2: Schematic diagram of the floor tested.

Table 2: Multiplying factors used in several countries to specify satisfactory magnitudes of building vibration with respect to a human
response [25].

Place Time
Multiplying factors to a base curve

Continuous vibration and intermittent
vibration

Impulsive vibration excitation with several occurrences per
day

Critical working areas Day 1 1
Night 1 1

Residential Day 2 to 4 30 to 90
Night 1, 4 1, 4 to 20

Quiet office, open
plan

Day 2 60 to 128
Night 2 60 to 128

General office Day 4 60 to 128
Night 4 60 to 128

Workshop Day 8 90 to 128
Night 8 90 to 128
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accuracy between the real and virtual environments from the
aspects of subjective evaluations in virtual scenes, users’
physiological reactions, and their perceived presence in the
virtual environment. Bhagavathula et al. [43] found there was
no statistical significant differences in human behavior in a
virtual and real environment. Xu et al. [55] drew similar
conclusions and provided robust evidence for the validity of
VR as a tool for data acquisition.(e feasibility to use VR as a
research tool has also been proved in many research
[45–48, 56]. In this study, twoVRenvironmentswere set up to
simulate different places in real life. As shown in Figure 4, the
first environment was a bedroom, representing places where
occupants relax and enjoy their private time. (e second
environment was a rest area in a gym, representing places
where occupants may have interactions with others. (ese
modelswere visualized for use in theVRglasses usingKoolVR
software developed by Hangzhou Qunhe Information Tech-
nologyCo. Ltd.What people saw afterwearingVR glasses was
a 3D scene.When the test subjects turned their head, the scene
in their field of vision changed synchronously. In otherwords,
test subjects could look around the room,which couldprovide
them with a sense of presence. (e eye level was adjusted to
about 1.2mtoassumea scenario inwhich the test subject sat in
the virtual environment.

2.3. Test Subjects. A total of 30 Chinese test subjects (17
males and 13 females) participated in the tests. Power
analysis suggested this sample size was sufficient to detect a
medium effect in terms of the difference in annoyance
ratings between the two different environments, assuming
an alpha of 0.05 and a power of 80%. (ere were no specific
criteria for sample selection, but it was ensured that all test
subjects had a basic knowledge of the chosen scenarios. In
other words, they knew what the rooms look like and how
they are used in real life. (e age distribution is shown in
Table 3. All of the test subjects have no disability, and they do
not have diseases related to bones or muscles, assuring all of
them can sense the vibration normally. In terms of living
conditions, 16 of the test subjects come from the city and 14
of them are from the suburbs. All of them are currently living
on concrete floors, and only one of them reported vibration
concerns in their own house. It is notable that all test subjects
claimed that they had not experienced the vibration of

timber floors, and this may have an influence on their
perception and assessment of the vibration of timber floor
because the perception on a timber floor is totally different
from that on a concrete floor.

2.4. Test Procedures. In this study, the effect of the accel-
eration and the environments on the serviceability of the
CLT floor was investigated. (e test subject sat in a chair on
the central point of the CLT floor, as shown in Figure 5. To
eliminate the potential influences of sitting postures on
vibration perception and evaluation in the tests, a chair of
common height was chosen so that all the test subjects could
have their feet touching the floor. (e chair was stiff enough
to ensure it could transmit the floor vibration to the test
subject, while it could stay still when the floor was not
induced by any vibration source. Besides, test subjects were
asked to sit in a posture that was the same with others. (e
test subjects wore the VR glasses and adapted to the first
virtual environment (bedroom) for 5 minutes. (e test did
not commence until the test subjects confirmed that they
had adapted to the VR scene without nausea or other
symptoms. (ey wore the earplugs for the whole test so as to
isolate external noise. During the test, a tester weighted 60 kg
and walked or ran randomly around the test subject for 15
seconds, and the test subject was asked to experience the
floor vibration carefully. After having a rest of 5 minutes, the
second virtual environment (rest area in a gym) was dis-
played in the VR glasses and the random walking or running
was conducted again on the CLT floor by the same tester.
After the vibration experience, the test subject was asked to
have a rest of 5 minutes and then answered a questionnaire.
(e CLT floor vibration behavior in each test was recorded
by the accelerometers aforementioned.

(e questionnaire contains three parts. (e first part is
basic information concerning their demographic, home
circumstances, and experience of building vibration, as
presented in Section 2.3.(e second part is regarding the test
subject’s engagement in the experiment. Test subjects
evaluated the reality of the VR environment using a 5-point
Likert questionnaire. Likert scale is a subjective evaluation
method. Due to its simplicity, it is commonly used at present
and has been applied in previous studies to assess the an-
noyance to the environments [57–59]. (e third part is the
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Figure 3: Acceleration-time response of the floor to the heel-drop test.

Advances in Civil Engineering 5



assessment of the annoyance rating of CLT floor vibration in
different virtual environments. All the test subjects were
asked to assess the serviceability of the floor in each virtual
environment using the 7-scale Likert scale (1: extremely
comfortable; 2: very comfortable; 3: comfortable; 4: mod-
erate; 5: uncomfortable; 6: very uncomfortable; 7: extremely
uncomfortable), and this assessment feedback was regarded
as “annoyance rating” in this paper. Notably, the ques-
tionnaire used in this study was not referred to the ques-
tionnaire template given in ISO/TR 21136:2017 [60]. (e
major reason is that the main variable of this study is the
room environment, and several variables (sound, rattling,
price of the floor, posture, and objects’ moving) in ISO/TR
21136:2017 could complicate the analysis and deflect from
the main theme.(irty people participated in the tests. All of
them experienced the floor vibration under relatively gentle
excitation, and 14 of them agreed to experience the floor
vibration under relatively intense excitation. So, totally 44
questionnaires were collected.

3. Results and Discussion

3.1. Research against the Current Standard. (e fundamental
natural frequency of this floor is 15.05Hz. According to the
base curve shown in Figure 1, the frequency-related RMS
acceleration obtained by linear interpolation is
9.4 × 10−3m/s2. Figure 6(a) and 6(b) exhibit the response
factor of the bedroom as well as the rest area in a gym against
the annoyance rating, respectively. (e range of the ac-
ceptable response factors is boxed in red in Figure 6. It is to
be noted that the annoyance rating result of both the
bedroom and the gym environment in this test are incon-
sistent with the standard. According to ISO 10137:2007 [25],

the vibration is acceptable when the response factor is lower
than 4 (for residential) or 8 (for workshops), as shown in
Table 2.

As seen in Figure 6(a), for the bedroom environment,
occupants feel discomfort even when the response factor is
small, and it proves that people could have a low vibration
tolerance when they are in a private environment. In fol-
lowing discussion, annoyance ratings of 6 and 7 are col-
lectively called extra uncomfortable. From the results of this
test, response factor� 20 can be a limit value for the bed-
room environment. When the response factor is less than 20,
only 3% of the questionnaires reported extra uncomfortable.
When the response factor is equal to or higher than 20, the
percentage of extra uncomfortable raised drastically to 62%.
As seen in Figure 6(b), for the gym environment, the limit
value could be response factor� 22. When the response
factor is less than 22, 9% of the questionnaires gave an
annoyance rating of 5 or higher. When response factor is
equal to or higher than 22, the counterpart is 58%. For
timber floors in the bedroom area, the limit value of the
response factor can be appropriately increased to 20 instead
of 4 in ISO 10137:2007 because the comfort acceptability
actually remains the same in the range between 0 and 20, in
which it can avoid conservative designs and achieve the cost-
effectivity. (e limit value for gym can also be raised
according to the same findings. One thing to be noted is that
this study drew a preliminary conclusion for revising the
standard of timber floor vibration, and further study

Figure 5: (e test subject and the walking/running tester.

(a) (b)

Figure 4: View from VR glasses: (a) the bedroom; (b) the rest area in a gym.

Table 3: Age distribution of test subjects.

Age (years old) Number of test subjects
0–20 4
21–30 7
31–50 11
50+ 8
Averaged age 38.83 years old
Standard deviation 14.81
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involving a larger sample size should be conducted to obtain
a more accurate limit value.

Figure 7 shows the relationship between the annoyance
rating and VDV. VDV in Figure 7 is calculated according to
(1) [23]. (e VDV ranges, which might result in various
probabilities of adverse comment during daytime specified
in BS 6472-1:2008, are highlighted with boxes of different
colors in Figure 7. In following analysis in this paper, the
gym environment is categorized as the workshop. As seen in
Figure 7(a), for the bedroom environment, when VDV is
equal to or less than 0.6, only 3% of the questionnaires
reported extra uncomfortable. When VDV is higher than
0.6, the percentage of extra uncomfortable raised drastically
to 53%. For timber floors in the bedroom area, the current
standard is a little bit conservative.(emaximum limit value
of VDV of low probability of adverse comment can be
appropriately extended to 0.6, as the acceptability level
actually remains the same in the VDV range between 0 and
0.6. As seen in Figure 7(b), for the gym environment in this
test, when VDV is below 0.8, no one reported extra un-
comfortable. When VDV is higher than 0.8, the percentage
of extra uncomfortable is 36%. (is is consistent with the
limit values of VDV in the current standard. In summary,
the VDV method can generally reflect the vibration ac-
ceptability of timber floor vibration.

Another thing to be noted is that presently only resi-
dential buildings, office, and workshops are distinguished
in the VDV method in the standard. In reality, there are far

more kinds of environments. Hence, a more detailed
classification of the environment should be considered so
that different VDV ranges can be applied for different
conditions.

3.2. Effect of Acceleration. (is section is to obtain the re-
lationship between response acceleration and serviceability
of the floor. In statistics, partial correlation analysis is used to
study the linear relationship between two variables after
excluding the effect of one or more independent factors. In
this section of the study, partial correlation analysis was
carried out to investigate the correlation between the an-
noyance rating and the response acceleration of the floor (in
terms of response factor and VDV), excluding the effect of
the environment. (e result is exhibited in Table 4, indi-
cating that there is a weak positive correlation between the
annoyance rating and the acceleration both in terms of the
response factor and VDV.
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Figure 6: Relationship between the annoyance rating and the response factor of (a) the bedroom and (b) the rest area in a gym.
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Figure 7: (e relationship between the annoyance rating and VDV of (a) the bedroom and (b) the rest area in a gym.

Table 4: Result of partial correlation analysis between the an-
noyance rating and acceleration (in terms of response factor and
VDV).

Correlation coefficient 2-tailed significance
(p value)

Response factor 0.493 <0.001
VDV 0.498 <0.001
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(ere is one thing to note that all of the test subjects had
not ever lived on timber floors, and their assessment and
judgment of CLT floor vibration is based on the comparison
with concrete floors of their own house. Literature reviews
have revealed that former living conditions, racial, country,
and other factors may affect the perception of floor vibration
[29, 42]. In future, test subjects from different countries and
with experience of living on timber floors should be
involved.

3.3. Effect of the Environment. Apart from acceleration, the
effect of the environment on the annoyance rating was also
considered. In this study, two environments were chosen as
variables: the bedroom and the rest area in a gym, repre-
senting private and public places, respectively. It can be
observed that occupants feel more uncomfortable in the
bedroom environment compared with in the gym
environment.

To verify the difference between different environments,
further statistical analysis was carried out. Firstly, a test of
normality was conducted on the annoyance ratings of the
test subjects in the two environments. A Shapiro–Wilk test
suggested that the data in this study were not normally
distributed.(e paired-samplesWilcoxon Signed Ranks Test
was therefore used, as this is a nonparametric test to
compare results between two conditions (the two different
environments) for the same set of participants. (e test
suggested a significant difference in annoyance ratings be-
tween the two environments (Z� −4.287 and p< .001). (e
bedroom environment produced a greater annoyance rating
(median� 5 and IQR� 1) than the gym environment
(median� 4 and IQR� 1).

In order to show the influence of the environment on the
CLT floor serviceability more directly, the median and the
interquartile range of the annoyance rating for each response
factor range are shown in Table 5. In Table 5, E1 represents
the “bedroom” environment and E2 represents the “rest area
in a gym” environment. (e median of annoyance rating of
the bedroom in almost each response factor range is higher
than that of the rest area in a gym.

In this paper, only two environments were simulated. In
future studies, more environments including more human
activities could be considered. As for VR technique, the
virtual environment in this study only consisted of static
images. For further study, sound and virtual characters may
be involved to make the virtual environment more realistic.

In terms of test subjects, studies have shown that vibration
perception and assessment vary across countries due to
differences in living styles and floor systems [29, 42]. In
future, occupants from different countries and occupants
with experience of living on timber floors could be invited so
that the vibration assessment could be more inclusive and
convincing.

4. Discussion

In practical application of CLT floors, some functional layers
are adopted for requirements such as sound insulation and
pipeline installation. (ere are variable functional layers,
including concrete screed, cement screed, dry screed, fine
sand/gravel screed, and rubber layer, and there are many
choices of thickness of these layers. As a pilot study, to
eliminate the influences of variables caused by the functional
layers, this study did not consider the influence of non-
structural components but focused on the vibration ser-
viceability of the bare CLT floor itself, to see the effect of the
room environment on the occupants’ evaluation of vibra-
tion. In future studies, functional layers will be considered to
furnish the relationship between the human annoyance
rating and the vibration level.

Occupants’ response and evaluation to the environment
involves both a psychological and a physiological aspect. In
this study, the Likert scale method is adopted to obtain the
effect of the environment on occupants’ perception. Likert
scale can quantify people’s subjective evaluation, and its
simplicity and feasibility makes it commonly used in studies
to assess the annoyance to the environments [57–59].
Measurement of physiological responses of test subjects can
provide a supplement to the subjective evaluation. Literature
[31, 45] measured the physiological responses, such as skin
reaction, heart rate, and blood pressure, to assess the impact
of the environment on occupants. For instance, electro-
myography (EMG) can be used to investigate the pattern of
the facial muscle to detect different emotions. Blood volume
pulse (BVP) can show the tension condition. Electroen-
cephalography (EEG) can be used to record bioelectrical
responses which denote the state of quietness or alertness.
Measuring occupants’ physiological responses can make up
for the subjectivity of the Likert scale method and can
achieve a more accurate assessment. In future studies, oc-
cupants’ physiological responses can be included in the
scope of experimental records.

Table 5: Median value of the annoyance rating in each response factor range.

Annoyance rating
Response factor

0.00–10.00 10.01–20.00 20.01–30.00 30.01–40.00
E1 E2 E1 E2 E1 E2 E1 E2

Median 4 4 4.5 3.5 5.5 5 6 4.5
IQR 1 1 1.25 1 1.75 2 0.5 1
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CLT is a lightweight material and CLT floors can be
excited to larger vibration compared with reinforced con-
crete floors. (e peak acceleration obtained in this test is
around 0.69 m/s2. All of the test subjects in this study live on
reinforced concrete floors in China where vibration in daily
life is negligible (as per the Chinese standard JGJ/T 441-2019
[61], the limit value of vertical acceleration for reinforced
concrete floors is around 0.05 to 0.2 m/s2, which is far less
than the peak acceleration of this study). So, even a tiny
vibration on the timber floor could lead to a negative
comment from these subjects. (ese series of tests in this
paper are essential to replicated in countries where most
people have the experiences of living on timber floors. (e
upcoming research outcomes will expand a new scope to
discuss whether the living experience will influence occu-
pants’ evaluation of vibration.

5. Conclusion

In this study, laboratory tests were conducted on a CLT
floor, and occupants’ assessment of the floor service-
ability under human-induced vibration was investigated.
Virtual reality was used as a research method, simulating
two common environments in life. First, the correlation
between the occupants’ annoyance rating and service-
ability indicators (response factor and VDV) was com-
pared with existing standards. (en, the effect of
acceleration and the environment on floor serviceability
assessment was investigated through statistical methods,
respectively. (e following can be drawn as follows:

(1) Occupants have lower vibration tolerance in the
bedroom than in the gym. (is indicates that the
room environment has an effect on occupants’
evaluation of floor vibration.

(2) (e current limit values of the response factor in ISO
10137:2007 are conservative for timber floors in both
the bedroom and gym environments. (e limit
values can be appropriately increased to avoid
conservative designs and achieve the cost-effectivity.

(3) VDV method can generally reflect the vibration
acceptability of timber floor vibration. (e results of
the gym environment are consistent with BS 6472-1:
2008. However, for the bedroom environment,
values in the current standard are a little bit con-
servative. A slight adjustment is needed. Besides,

more detailed classification of the environment
should be considered in BS 6472-1:2008.

(4) (e annoyance rating of floor vibration increases as
the response acceleration gets larger, but in a weak
manner.

Factors such as the environment and the type of floors
may influence the floor serviceability. Due to the complexity,
it is recommended that a database for timber floor vibration
could be created so as to provide reference and guidance to
the revision of standards concerning the serviceability of the
timber floor in.

Appendix

Questionnaire for CLT Floor Serviceability

Part One: Basic Information
Name:
Gender:
Age:
Telephone:

(1) Your weight kg
(2) Do you have any bone or muscle related diseases? (.)

A. No B. Yes
(3) (e house you are living in is (.)

A. New residential district B. Old neighbourhood
C. Self-built one-storey house D. Self-built multi-
storey house

(4) (e floor in your house is made of (.)
A. Concrete B. Timber C. Other

(5) Are you troubled by floor vibration problems in your
life? (.)
A. Yes B. No

(6) Can you accept the floor vibration of your house?
Part Two: Engagement in the Experiment

(1) When you wear the VR glasses, do you feel like you
fit in the setting?
Part (ree: Assessment of CLT Floor Vibration

(1) How would you rate the serviceability of the floor
(annoyance rating)?
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C. Llinares Millán, “Psychological and physiological human
responses to simulated and real environments: a comparison
between Photographs, 360° Panoramas, and Virtual Reality,”
Applied Ergonomics, vol. 65, pp. 398–409, 2017.

[46] S. F. Kuliga, T. (rash, R. C. Dalton, and C. HöLSCHER,
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