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• apeak: Peak acceleration response 
• arms: Root mean square acceleration 
• armq: Root mean quad acceleration 
• c: Damping coefficient 
• ke,1: Frequency factor in case of a double span floor on rigid supports. In case 

of a single span ke,1 = 1.0 
• ke,2: Frequency factor to consider the effect of the transverse floor stiffness. 

In case of a one-way spanning floor ke,2 = 1.0 
• (EI)L: Longitudinal bending stiffness of the floor per unit of length 
• (EI)T : Transverse bending stiffness of the floor span per unit of length 
• μ: Resonant buildup factor, which may be taken as μ = 0.4 
• ζ: Modal damping ratio 
• b: Floor width 
• bef : Effective width 
• cf : Fourier coefficient of the dynamic load factor, which can be assumed equal 

to cf = 0.0714 
• F : Force applied in the point with greatest deflection 
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• Fp: Person weight walking on the floor equal to Fp = 700 N according to EC5 
• Fdyn: Vertical dynamic force caused by a walking person, equal to Fdyn = 50  

N according to EC5 
• f1: Fundamental frequency in Hz 
• flim: Limit frequency between the resonant or a transient response in Hz 
• fw: Walking frequency in Hz 
• h: Cross-section height 
• Imod,mean: Mean modal impulse, in N·s 
• kblack: Reduction factor equal to kblack = 0.7 according to EC5 
• kres: Factor to account for higher modes of vibrations, according to EC5 
• l: Floor span (the longest span in case of double span floor) 
• m: Floor mass per unit of area 
• M ∗: Floor modal mass 
• v1,peak: Peak velocity response for the fundamental mode 
• w: Load deflection 
• Kp: Peak factor 
• bb: Width of the building 
• hb: Height of the building 
• qz,ref : Reference wind load 
• cfw: Force coefficient 
• K: Dimensionless coefficient 
• Φ1,x(z): First mode shape 
• M1: Modal mass of the first mode 
• R: Resonance response factor 
• SEL: Sound exposure level 
• VDV: Vibration dose value 
• w1kN : Load deflection under a concentrated 1kN load 
• B: Floor width 
• l2: Shorter span of a double-span floor 
• (EI)i: Bending stiffness of the i-th member of a composite floor per unit of 

length 
• (EA)i: Axial stiffness of the i-th member of a composite floor per unit of 

length 
• ai: i-th member center of mass distance from the composite section center of 

mass 
• γi: i-th member partial composite action factor 
• S: Percentage of decrease in structural rigidity 
• t: Elapsed time in years from timber bridge construction 

1 Introduction 

Timber floors are particularly susceptible to noise and vibration issues when 
compared to other construction methods, such as concrete floors. This is due to 
the relatively high stiffness-to-mass-density-ratio of timber floors, which enables
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so-called ‘lightweight’ floor constructions, in contrast to ‘heavyweight’ floor con-
structions consisting, for example, of concrete slabs and steel girders. Quantified, 
lightweight floors, as defined in ISO 10140-5:2021, are considered as floors whose 
area density is less than 150 kg/m2 [ 1]. A heavyweight reference floor is spec-
ified in Annex C of ISO 10140-5:2021 [ 1]. The heavyweight reference floor is 
specified to be of reinforced concrete and have a minimum thickness of 100 mm, 
but preferably a thickness of 140 mm, meaning a lower bound mass density of 
250 kg/m2 and a preferred reference mass density of 350 kg/m2. While timber 
floor constructions have the benefit of being relatively stiff and light, which is 
a positive from a static structural perspective, these lightweight structures are 
prone to higher vibration amplitude and noise transmission due to the reduced 
mass of the structure. 

The vibration and noise issues of timber floors may be divided into two 
parts based on the frequency range of consideration with some overlap between 
the two. Vibration-based serviceability of floors considers generally frequencies 
from  1Hz  to  80Hz  [  2, 3], while acoustics generally considers a frequency range 
from 50 Hz to nominally 5000 Hz [ 4– 14]. However, research has suggested that 
acoustic frequencies as low as 20 Hz should be a consideration for lightweight 
constructions [ 15– 17], indicating that a frequency range of 20 Hz to 5000 Hz 
should ideally be considered. Accordingly, this subsection is divided into two 
parts: 

1. Vibration-based serviceability of floors 
2. Acoustics of floors 

2 Human-Induced Vibrations Issues 

Timber floors are particularly susceptible to human-induced vibrations, which 
can give rise to various issues affecting their performance and occupant comfort. 
One significant issue is the potential discomfort experienced by occupants due to 
excessive vibrations. When timber floors are excited by walking or other human 
activities, floor vibration can be perceived by occupants, causing discomfort and 
even affecting the usability of the space. Excessive vibrations can lead to dis-
comfort while walking, using furniture, or performing tasks that require stability 
[ 18]. It is crucial to address this issue to ensure the satisfactory serviceability of 
timber floors [ 19– 24]. 

Human-induced vibrations in timber floors can also impact the functional-
ity and performance of sensitive equipment and installations. In spaces where 
delicate instruments, equipment, or machinery are present, excessive vibrations 
can cause operational issues, measurement inaccuracies, or even damage to the 
equipment. This issue is particularly relevant in environments such as labora-
tories, healthcare facilities, and industrial settings where precise measurements 
and stable conditions are necessary [ 25]. 

Another concern is the potential fatigue and degradation of timber ele-
ments caused by prolonged exposure to excessive vibrations. Over time, repeated
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dynamic loading can lead to fatigue failure, and reduced strength, and durability 
of the timber floor system. This issue can compromise the long-term structural 
integrity of the floor and may require maintenance or strengthening interven-
tions. 

Additionally, the perception of vibrations in timber floors can vary among 
individuals, and some occupants may be more sensitive to vibrations than oth-
ers. This issue highlights the importance of considering occupant comfort and 
wellbeing in the design and assessment of timber floors, as individual sensitivity 
can influence the acceptability of vibrations in different contexts [ 26]. 

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

By considering these specific issues related to human-induced vibrations in 
timber floors, researchers and designers can develop effective design approaches, 
including appropriate damping measures, structural optimization techniques, 
and user guidelines, to ensure the satisfactory serviceability, occupant comfort, 
and long-term performance of timber floor systems [ 27– 31]. 

3 Acoustics of Floors 

The EU Environmental Noise Directive of 2002 specifically addresses the preven-
tion of environmental noise pollution. The Directive focuses on noise to which 
humans are exposed, particularly in built-up areas. In 2008, the Directive was 
extended to include vibration as a form of pollution [ 32]. The Directive considers 
the direct or indirect influence of vibration, heat, or noise as pollution. However, 
despite the Directive, noise and vibration are often treated separately in the 
context of sustainable indoor comfort. International and national standards typ-
ically address these factors individually. In the literature and relevant standards, 
the perception of vibration in buildings has been extensively analyzed and stud-
ied over the past decades [ 33, 34]. However, many authors suggest that the main 
discomfort experienced in buildings is related to a combined effect of noise and 
vibration. Noise and vibration co-occur in buildings, and even if the acoustic 
or vibration thresholds meet legal or standard limits, occupants can still report 
annoyance [ 35]. Nering et al. [ 36] proposed the evaluation of exposure to simul-
taneous events based on research by Howarth and Griffin [ 37]. They presented a 
graphical representation of the annoyance level as a function of sound exposure 
level (SEL) and vibration dose value (VDV). Physically, vibrations can be linked 
to the radiated sound power of a planar structure when expressed in terms of 
velocities. However, the sound power levels (W) emitted from a structure are 
linked to not just the structure’s vibration levels, but also the so-called radia-
tion efficiency of the structure. An expression for a planar element radiating into 
a fluid half-space is [ 38], 

W = σρcS|v|2 
2 

. (1)
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In the case of a floor radiating sound into the room above or below, S would 
be the surface area of the floor, ρ and c would respectively be the density and 
speed of sound in air, |v|2 would be the time- and spatially-averaged mean square 
velocity of the radiating surface, and σ would be the radiation efficiency of the 
floor. A noteworthy observation of Eq. 1, is that for  a given  floor,  W ∝ σ|v|2 . 
This implies that reducing vibration levels may not necessarily equate to reduced 
radiated sound power levels if the radiation efficiency of the structure is increased 
in the process. The radiation efficiency of a vibrating structure is related to 
its response frequency and the vibratory velocity distribution on its surface. 
Typically, an element radiates with low efficiency below its critical frequency, 
f <  fc, where the critical frequency may be calculated according to Eq. (2) [  38] 

fc = c2 

2π 
m 
B 

. (2) 

m is the mass density and B is the bending stiffness of the element per unit 
width. For orthotropic plate elements, such as timber, two critical frequencies are 
calculated for each planar direction, i.e. fc,x and fc,y. At the critical frequency, 
f = fc the radiation efficiency is at a maximum, and approaches a value of unity 
for f >  fc. A consequence of this, is that, while increasing the stiffness of a floor 
may shift problematic resonances from the human sensitive range of vibrations, 
this increase in stiffness can consequently increase the radiation efficiency of the 
floor, decreasing its acoustic performance. Care must also be given when treating 
undesirable noise and vibration levels by the addition of mass, that the vibration 
velocity distribution across the floor is not altered in such a way as to negate the 
effect of the additional mass on the radiated sound power levels of the structure. 

Acoustic problems are prevalent in lightweight constructions [ 39– 41]. Typi-
cal annoying sounds in buildings include people talking, television noise, foot-
steps. Transmission between rooms can occur through airborne or structure-
borne paths. The paths themselves may be either direct path or flanking paths. 
An illustration of some potential flanking paths is illustrated in Fig. 1 for one 
room situated directly above another. For the case of a structure-borne sound 
source, there are three primary transmission paths, while for the case of an 
airborne sound source, there are 7 primary transmission paths. However, this 
schematic is for illustrative purposes, with the number of possible transmission 
paths depending on the structure and configuration. For example, there is a simi-
lar case for rooms adjacent to each other, when considering Fig. 1 as a top-down 
perspective. Accordingly, sound can reach the listener’s room through various 
transmission paths, such as direct radiation from the separating wall, transmis-
sion of vibrations to adjacent walls, or transmission of vibrations from side walls 
of the source room to the partition or side walls of the listener room [ 42]. Flank-
ing sounds refer to all sounds propagating through partition walls or floors, and 
solving flanking transmission problems is crucial for effective sound insulation. 

Olsson [ 43] recently investigated the impact sound transmission of lightweight 
timber floors. The study focused on transmission and insulation without rever-
beration using fluid elements connected to reflection-free boundaries. The results
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Fig. 1. Sound transmission paths between two rooms (excluding indirect transmission) 
separated by a floor element. (a) Structure-borne sound transmission (b) Airborne 
sound transmission. 

showed that a floor model with a hard screed surface exhibited higher impact 
force compared to a softer floor, although this effect was less pronounced at the 
lowest frequencies. 

Reducing flanking transmission involves limiting the vibrations transmitted 
to the walls and floors in the source room. The goal is to minimize sound radi-
ation from the walls and floors of the receiving room and reduce vibrations 
transmitted from the source room to the receiving room [ 44]. Achieving this 
requires a complete separation of the structural and non-structural parts of the 
adjoining apartments. 

Separation is typically achieved using a layer more compliant than the timber 
of the structural elements that are to be connected. In the vertical direction, a 
compliant interlayer is used between overlapping walls, floors, and bearing walls, 
floors, and bearing walls. However, these layers are often subjected to static 
loads, so stiff layers should be used in the load-bearing structure. One drawback 
is that stiff layers can increase coupling and reduce the effectiveness of sound 
insulation [ 45, 46]. Soundproof steel angle brackets can also be employed to pre-
vent acoustic bridges, where rigid parts are separated by interlayers. Elastomers, 
such as closed cellular polyurethane (CCP) and mixed cellular polyurethane 
(MCP), are frequently used to reduce low-frequency noise [ 47, 48]. 

A quantity known as the Vibration Reduction Index (Kij) is a standardised 
quantity used in acoustics to characterise junction attenuation and determine 
the contribution of flanking sound transmission to the overall sound transmis-
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sion into a space. The vibration reduction index is defined in the ISO 12354 series 
[ 13, 14]. Schoenwald et al. experimentally demonstrated the efficacy polyurethane 
interlayers with a design frequency of f0 = 20  Hz for improving the vibration 
reduction index and flanking sound transmission performance of a mass tim-
ber structure with CLT walls and glulam floors. A best-case scenario showed 
an improvement of the vibration reduction index up to 17 dB when considering 
structure-borne sound transmission across a T-junction between vertically adja-
cent rooms. The best-case scenario compared a reference configuration (a): no 
elastic interlayers and steel angle brackets; and a best-case scenario configura-
tion (b): no angle brackets and an elastic interlayer between the mass timber 
elements. The introduction of a third configuration (c), which contained an elas-
tic interlayer between the mass timber elements and decoupled angle brackets 
with elastic interlayers showed an improvement of up to 12 dB. The vibration 
reduction improvements of configurations (b) and (c) resulted in 13 dB and 10 dB 
improvements of the airborne sound insulation of the floor system (RW ), respec-
tively. The addition of decoupled angle brackets, required for structural supports, 
reduced the airborne sound insulation performance by 3 dB over the best-case 
scenario. This result indicates that further optimisation of the noise and vibra-
tion performance of the decoupled angle brackets for the investigated connection 
configuration is limited. However, this does not exclude the possibility of new 
decoupling techniques and technologies to further reduce flanking sound trans-
mission [ 49]. 

There are alternative measures to reducing flanking sound transmission, how-
ever, these measures come with their own drawbacks. [ 50] 

While separation is an effective solution for sound insulation, it can increase 
the overall deformability of the building, potentially compromising its stabil-
ity. The influence of flexible sound insulation layers on the seismic performance 
of Cross-Laminated Timber (CLT) walls has been studied by Azinović et al. 
[ 48]. The study showed that the bedding insulation layer under the wall negligi-
bly affected the load-bearing capacity under lower vertical loads. However, the 
stiffness of the wall decreased to less than 40% of the un-insulated wall due to 
additional lateral deformations caused by the insulation. Experiments also indi-
cated that a higher vertical load substantially increased the lateral load bearing 
capacity and stiffness of the shear wall due to the associated increase in friction. 
The cyclic response of insulated steel angle brackets used for Cross-Laminated 
Timber (CLT) connections was assessed by Kržan et al. [ 51]. The tests revealed 
that insulation under the angle bracket had a marginal influence on the load-
bearing capacity but significantly affected the stiffness characteristics, resulting 
in a reduction of effective stiffness by 22% and 45% in pure shear and tensile 
loading, respectively. Furthermore, the insulated specimens exhibited lower rel-
ative energy dissipation and equivalent viscous damping coefficient compared 
to the uninsulated samples, although this difference decreased with increasing 
displacements and repeated cycles. 

The mainstream research on sound insulation of timber buildings focuses on 
two aspects:
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• Modelling approaches. See the recent papers by Fox et al. [ 52], Paolini et al. 
[ 53], De Santis et al. [ 54], and Wang et al. [ 55], and Vallely et al. [ 56]. Fox et 
al. [ 52] developed a composite model structure for predicting low-frequency 
vibration in light timber floors, considering the coupling via air cavity. Paolini 
et al. [ 53] proposed a method for avoiding hexahedral meshing for the thin 
elastomer layer. De Santis et al. proposed an analytical model for the stiff-
ness prediction of screw connection with deformable interlayers [ 54]. Wang et 
al. [ 55] implemented state-of-the-art approaches for predicting impact forces, 
structural vibration and radiated sound power of timber joist floors. Vallely 
et al. [ 56] proposed a homogenisation method for Cross-Laminated Timber 
(CLT) elements. The method is based on first-order shear deformation theory 
and allows for determination of broadband frequency-independent bending, 
extensional, shear, and bending-extensional material stiffness matrices. From 
the material stiffness matrices, effective orthotropic engineering constants can 
be derived, however, with the assumption that the behaviour of the bending 
and extensional deformation of the elements remained uncoupled. This limi-
tation is generally not an issue, as Cross-Laminated Timber (CLT) elements 
are typically composed of symmetric stacking sequences and flexural vibra-
tions dominate the acoustic response of the structure [ 57]. In cases where the 
coupled bending-extensional behaviour of CLT elements would be considered 
non-negligible, the full material stiffness matrices should be implemented, as 
considered in Vallely et al. [ 58]. The homogenisation method has been vali-
dated against experimental measurements for both modal and forced-response 
models up to 5500 Hz [ 56, 58]. 

• Experimental investigations, especially on the role of the floor coverings, see 
Lietzen [ 59], who studied the effect of floor coverings on impact sound insu-
lation. 

Regarding the experimental investigations on floor coverings, Huang et al. 
[ 60] investigated the performance of three kinds of elastic cushion materials for 
timber floors: Portuguese cork, foam, and polypropylene plastic foam board. 
They found that foam boards exhibit the highest performance. More details 
about the studies on acoustic issues will be detailed when addressing specific 
aspects of different floor typologies in the following paragraphs. 

4 Serviceability Criteria 

Serviceability requirements for timber floors specifically focus on the perfor-
mance of lightweight floor systems. Standards and guidelines in this regard con-
sider parameters such as velocity and acceleration to assess floor response. The 
root mean square values (vrms and arms) are commonly used as they provide an 
average measure of the response, accounting for the excitation duration. Another 
metric, known as root-mean-quad (armq), is employed for cumulative measure-
ments, particularly in the analysis of vibration dose values (VDVs) according to 
standards like BS 6472 and ISO 2631 [ 3, 61].
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These serviceability requirements are defined by threshold values expressed 
using the response factor R. The response factor R serves as a multiplier applied 
to the base curve value, indicating the level of vibration perceptible to an aver-
age human. Different multiples of R, such as 4, 8, and 48, establish various 
performance levels for the floor system [ 2]. 

In the assessment of timber floors, the literature proposes different 
approaches, considering these parameters individually or in combination. 
Basaglia [ 62] distinguishes two main approaches for serviceability assessment 
based on the floor’s intended use: 

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

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

Chang et al.  [  63] introduced an approach that combines the Response Factor 
and Vibration Dose Value (VDV) methods to assess the performance of these 
floors. Additionally, rules developed by Hamm et al. [ 64, 65] and Abeysekera et al. 
[ 66], which are currently incorporated in the draft of Eurocode 5 (EC5), provide 
further guidance. The synoptic table in Table 1, Fig. 2, and Table 2 summarize 
these criteria. 

Fig. 2. (a) Pass/fail design approach for limiting vibration in timber floor according 
to Eurocode 5 draft; (b) Floor classification based on the serviceability criteria.
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The verification is based on two sequential criteria, stiffness-based and 
frequency-based. The first step, see Fig. 2a, is a stiffness-based verification: the 
designer must verify the floor deflection under a concentrated 1 kN load (w1kN ), 
is below a given threshold. If this criterion is satisfied, the designer must also 
prove that the first natural frequency of the floor is beyond a certain threshold 
flim, representing the limit between the resonant and the transient response. The 
typical human walking pace has a dominant frequency (fw) ranging between 1.5 
to 2.5 Hz. Still, to account for the contribution of the higher harmonics, flim is 
typically set as four times the walking frequency [ 67]. 

Suppose the inequality in frequency is not satisfied. In that case, the designer 
must verify that the root mean square acceleration and velocity are below the 
thresholds defined in terms of the response factor R (see Table 2). The verifica-
tion can be limited to a velocity check if the inequality is satisfied. The first two 
verification steps, stiffness and frequency-based, are illustrated in the diagram 
in Fig. 2(b) where the y and x-axes show the floor deflection and the first nat-
ural frequency and three regions are identified. If the first natural frequency of 
the floor is below 4.5 Hz, the floor behaviour is not admissible (red). For low-
frequency floors, with the first natural frequency between 4.5 Hz and flim (green 
region), the designer must satisfy both acceleration and velocity criteria. Only 
the velocity criterion must be verified in the case of high-frequency floors (light 
blue region). In the absence of more accurate predictions, EC5 provides simpli-
fied expressions of the main parameters (f1, w1kN , arms and v1,peak) needed to 
verify the vibration performance of a timber floor. 

The synoptic Table 1 summarises all the expressions provided by the current 
EC5 draft to verify the vibration performance of a timber floor. Equation (3) 
and Eq. (5) present the simplified formulations for estimating the first natural 
frequency and vertical deflection. Table 3 provides the values for the ke,1 factor 
used to calculate the fundamental frequency in case of a double-span floor on 
rigid supports. The remaining equations estimate the simplified acceleration and 
velocity responses in the absence of more accurate predictions. 

Empirical design criteria for lightweight floors, shown in Table 1 based on 
static displacement and the fundamental natural frequency, were not validated 
against the dynamic response of CLT floors [ 68]. So far, no specific serviceability 
criteria have been proposed with a particular reference to CLT floors under 
multiple occupancy classifications. While traditional lightweight timber floors 
are prevalent in one-way systems, CLT floors exhibit a plate-like behaviour, 
being supported on all four sides. The scientific literature highlights two relevant 
aspects. 

Some scholars affirm that using the current vibration criteria for the CLT 
floor design leads to conservative estimates; see Zhang et al. [ 69] and Hu et al. 
[ 70]. In this sense, Hu et al. [ 70] proposed a serviceability design criterion based 
on experimental tests on CLT strips behaving like simply-supported beams. 
According to Hu et al.  [  70], CLT strips can be considered the worst scenario 
since they neglect the effect of four-side support, see the recommendations of 
the CLT Handbook sponsored by the Canadian forest industry [ 71].
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On the other hand, the human-induced dynamic response of CLT panels is 
associated with a significant contribution of higher modes, neglected by the EC5 
formulation [ 72– 75]. If all sides of the panel are supported, the number of par-
ticipating modes can increase significantly up to 100 Hz [ 76]. This phenomenon 
is magnified by semi-rigid support conditions, intra-slab joints and a plan aspect 
ratio close to one. Recently, Milojevic et al. [ 77] numerically assessed the effect 
of connections, proving their stronger influence on high-frequency floors rather 
than low-frequency floors. Also, the effect of multiple people activities appears 
crucial for CLT floors. Wang [ 78] showed that the vibration amplitude of CLT 
floors under multi-person loadings was almost double that under single-person. 

Table 1. Synoptic table of the mathematical formulation enclosed in the Eurocode 5 
draft for assessing the serviceability of timber floors. 

Serviceability criteria according to the new Eurocode 5 draft 

Frequency 

f1 = ke,1ke,2 
π 
2l2 

(EI)L 

m (3) 

with 

ke,2 = 1 +  
l 
b 

4 
(EI)T 

(EI)L 

(4) 

Deflection 

w1kN = 
Fl3 

48 (EI)L bef 
(5) 

with: 

bef = min 0, 95 
(EI)T 
(EI)L 

0,25 

; b (6) 

Acceleration 
arms = 

kresμFdyn√
2 · 2ζM ∗

(7) 

with 

kres = max 0, 192 b 
l 

(EI)T 
(EI)L 

0,25 

; 1 (8) 

and 
Fdyn = cf Fp (9) 

Velocity 

v1,peak = kblack 
Imod,mean 

(M ∗ + 70kg) 
(10) 

with 
Imod,mean = 

42f 1,43 w 

f 1,3 1 

(11) 

and 
M ∗ = 

m · l · b 
4 

(12)
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Table 2. Floor vibration criteria according to the floor performance level. 

Floor performance level 
Criteria I II III IV V VI 
Response factor R 4 8 12 24 36 48 
Upper deflection limit w1kN ≤ wlim [mm] 0.250.5 1 1.5 2 
Stiffness criteria for all floors w1kN ≤ wlim [mm] 
Frequency criteria for all floors f1 ≥ 4.5 Hz 
Acceleration criteria for resonant vibration design situations (f1 < f1,lim) arms ≤ 0.005R m/s2 

Velocity criteria (for all floors) vrms ≤ 0.0001R m/s  

Table 3. Factor ke,1 to calculate the fundamental frequency in case of a double span 
floor on rigid supports. l is the longer span, l2 is the shorter span of a double span floor 
in m. 

l2/l 1 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 
ke,1 1 1.09 1.16 1.21 1.25 1.28 1.32 1.36 1.41 

Thus, multi-person activities are more likely to cause the occupants discom-
fort, although the serviceability criteria in Table 2 are satisfied. Kozar et al. [ 79] 
explored the vibrations caused by human action on five-layer Cross-Laminated 
Timber (CLT) panels with a height of 14 cm by considering different combina-
tions of thicknesses and spans. The authors discussed the serviceability require-
ments, highlighting that if the minimum required natural frequency of the CLT 
panel is 8 Hz, the spans could go up to 6 m. 

5 Conclusions 

Timber floors present unique challenges in the built environment due to their 
distinctive physical properties. With a high stiffness-to-mass-density ratio, these 
lightweight structures offer considerable structural advantages but simultane-
ously face significant performance issues related to vibration and sound trans-
mission when compared to heavyweight alternatives like concrete floors. 

Lightweight timber floors, whose area density is typically below 150 kg m−2 

[ 1], have become a key contributor to low-carbon construction. Their reduced 
mass, however, makes them more susceptible than heavyweight alternatives to 
both human-induced vibrations in the 1–80 Hz band [ 2, 3] and airborne or impact 
sound in the 20–5000 Hz band [ 4, 6]. A central theme of this chapter has been the 
relationship between these phenomena: increasing stiffness to push fundamental 
modes above the dominant walking range may simultaneously raise radiation 
efficiency, so that radiated sound power does not fall even as vibration amplitudes 
diminish, as implied by Eq. (1). Conversely, adding mass can lower both vibration 
and noise but may be impractical at floor–wall junctions or may compromise the 
carbon footprint advantage of timber. 



88 A. Aloisio et al. 

The sequential stiffness–frequency–vibration checks in the draft Eurocode 5 
(EC5) offer a pragmatic design route, yet experimental and numerical studies on 
plate-like Cross-Laminated Timber (CLT) panels indicate that these rules can 
be conservative because they neglect higher-order modes that contribute sig-
nificantly up to at least 100 Hz [ 73, 76]. Although some researchers report that 
current criteria over-predict occupant discomfort for CLT floors [ 69, 70], others 
show that multi-person activities can nearly double vibration amplitudes relative 
to single-person excitation and thus trigger complaints even when EC5 limits are 
met [ 78]. At the same time, field surveys confirm that occupants often perceive 
combined noise–vibration annoyance even when each parameter separately satis-
fies its guideline value [ 36], underscoring the need for unified metrics that merge 
sound-exposure level and vibration dose value. 

Modelling capabilities continue to advance: efficient CLT homogenisation 
[ 56], hybrid finite-element/statistical-energy-analysis schemes for joist floors [ 55] 
and contact-free air-cavity coupling techniques [ 52] now permit broadband pre-
dictions to 5 kHz within practical time frames, provided that connection stiffness 
and damping are characterised accurately. Mitigation solutions such as resilient 
interlayers, elastomeric angle brackets and floating screeds can trim flanking 
transmission by 6–12 dB, but they simultaneously reduce in-plane stiffness by 
up to 45 % and may affect seismic performance [ 48, 51]. Tuned floor coverings, 
for example foam-based boards, have demonstrated impact-sound improvements 
of up to 15 dB with negligible influence on global floor dynamics [ 60]. 

Looking ahead, research should converge on four priorities: first, the formu-
lation of a harmonised limit state that spans 20–5000 Hz and reflects combined 
noise–vibration perception; second, the development of stochastic multi-person 
and rhythmic load models suitable for assembly and educational buildings; third, 
standardised high-frequency characterisation of semi-rigid connections and inter-
panel gaps; and fourth, lifecycle-aware mitigation strategies that balance acoustic 
comfort with embodied-carbon targets. For practitioners, an integrated workflow 
that pairs rapid early-stage analytical models with detailed vibro-acoustic simu-
lations and prototype testing remains essential; response-factor limits can guide 
preliminary sizing, but plate-like floors should always be checked with modal 
superposition or time-history methods that capture higher modes. Combining 
modest mass additions with resilient detailing at floor–wall interfaces typically 
provides the best trade-off between vibration control, impact-sound insulation 
and structural efficiency, provided that long-term creep of isolators is considered 
and that floor performance is verified post-occupancy with wireless accelerome-
ters and sound-level meters. 

As sustainable building practices continue to drive increased adoption of 
timber construction, these serviceability and acoustic considerations will remain 
crucial for ensuring acceptable levels of occupant comfort, particularly as regu-
lations and standards evolve to better address the complex interaction between 
vibration and acoustic performance in lightweight floor systems. 



Vibration-Based Serviceability and Acoustic Assessment 89 

Acknowledgments. The CA20139 - Holistic design of taller timber buildings 
(HELEN) is gratefully acknowledged for networking support. 

References 

1. ISO 10140-5:2021, “Acoustics – Laboratory measurement of sound insulation of 
building elements – Part 5: Requirements for test facilities and equipment,” stan-
dard, International Organization for Standardization, Geneva, CH (2021) 

2. ISO 10137:2007, “Bases for design of structures — serviceability of buildings and 
walkways against vibrations,” standard, ISO, Geneve, CH (2007) 

3. BS 6472:2008, “Guide to evaluation of human exposure to vibration in buildings,” 
standard, BS - BRITISH STANDARD, London, UK (2008) 

4. ISO 717-1:2020, “Acoustics – Rating of sound insulation in buildings and of building 
elements – Part 1: Airborne sound insulation,” standard, International Organiza-
tion for Standardization, Geneva, CH (2020) 

5. ISO 717-2:2020, “Acoustics – Rating of sound insulation in buildings and of building 
elements – Part 2: Impact sound insulation,” standard, International Organization 
for Standardization, Geneva, CH (2020) 

6. ISO 10140-2:2021, “Acoustics – Laboratory measurement of sound insulation of 
building elements – Part 2: Measurement of airborne sound insulation,” standard, 
International Organization for Standardization, Geneva, CH (2021) 

7. ISO 10140-3:2021, “Acoustics – Laboratory measurement of sound insulation of 
building elements – Part 3: Measurement of impact sound insulation,” standard, 
International Organization for Standardization, Geneva, CH (2021) 

8. ISO 15186-1:2000, “Acoustics – Measurement of sound insulation in buildings and 
of building elements using sound intensity – Part 1: Laboratory measurements,” 
standard, International Organization for Standardization, Geneva, CH (2000) 

9. ISO 15186-2:2003, “Acoustics – Measurement of sound insulation in buildings and 
of building elements using sound intensity – Part 2: Field measurements,” standard, 
International Organization for Standardization, Geneva, CH (2003) 

10. ISO 15186-3:2002, “Acoustics – Measurement of sound insulation in buildings and of 
building elements using sound intensity – Part 2: Laboratory measurements at low 
frequencies,” standard, International Organization for Standardization, Geneva, 
CH (2002) 

11. ISO 16283-1:2014/Amd 1:2017, “Acoustics – Field measurement of sound insula-
tion in buildings and of building elements – Part 1: Airborne sound insulation,” 
standard, International Organization for Standardization, Geneva, CH (2017) 

12. ISO 16283-2:2020, “Acoustics – Field measurement of sound insulation in buildings 
and of building elements – Part 2: Impact sound insulation,” standard, Interna-
tional Organization for Standardization, Geneva, CH (2020) 

13. ISO 12354-1:2017, “Building Acoustics – Estimation of acoustic performance of 
buildings from the performance of elements – Part 1: Airborne sound insula-
tion between rooms,” standard, International Organization for Standardization, 
Geneva, CH (2017) 

14. ISO 12354-2:2017, “Building Acoustics – Estimation of acoustic performance of 
buildings from the performance of elements – Part 2: Impact sound insula-
tion between rooms,” standard, International Organization for Standardization, 
Geneva, CH (2017) 



90 A. Aloisio et al. 

15. Ljunggren, F., Simmons, C., Hagberg, K.: Correlation between sound insulation 
and occupants’ perception-proposal of alternative single number rating of impact 
sound. Appl. Acoust. 85, 57–68 (2014) 

16. Ljunggren, F., Simmons, C., Öqvist, R.: Correlation between sound insulation 
and occupants’ perception-proposal of alternative single number rating of impact 
sound, part ii. Appl. Acoust. 123, 143–151 (2017) 

17. Ljunggren, F., Simmons, C.: Correlation between sound insulation and occupants’ 
perception-proposal of alternative single number rating of impact sound, part iii. 
Appl. Acoust. 197, 108955 (2022) 

18. Opazo-Vega, A., MuÃoz-Valdebenito, F., Oyarzo-Vera, C.: Damping assessment of 
lightweight timber floors under human walking excitations. Appl. Sci. (Switzerland) 
9(18), 3759 (2019) 

19. Homb, A., Kolstad, S.: Evaluation of floor vibration properties using measurements 
and calculations. Eng. Struct. 175, 168–176 (2018) 

20. Zhang, Z., Wang, S., Zhou, H.: Effects of stud partitions on the vertical vibration 
performances of metal plate connected timber. J. Forest. Eng. 7(2), 167–173 (2022) 

21. Zhao, X., Zhang, B., Kilpatrick, T., Sanderson, I.: Numerical analysis on global 
serviceability behaviours of tall clt buildings to the Eurocodes and UK national 
annexes. Buildings 11(3), 124 (2021) 

22. Ebadi, M., Doudak, G., Smith, I.: Evaluation of floor vibration caused by human 
walking in a large glulam beam and deck floor. Eng. Struct. 196, 109349 (2019) 

23. Ebadi, M., Doudak, G., Smith, I.: Vibration responses of glulam beam-and-deck 
floors. Eng. Struct. 156, 235–242 (2018) 

24. Robertson, M., Holloway, D., Taoum, A.: Vibration of suspended solid-timber slabs 
without intermediate support: assessment for human comfort. Aust. J. Struct. Eng. 
19(4), 266–278 (2018) 

25. Yokoyama, Y., Koyama, Y., Nishitani, S., Fukuda, S.: Effect of deflection on eval-
uation of walking vibration of long-span timber floor from the viewpoint of habit-
ability. J. Environ. Eng. (Japan) 87(797), 379–390 (2022) 

26. Nesheim, S., Malo, K., Labonnote, N.: Competitiveness of timber floor elements: 
an assessment of structural properties, production, costs, and carbon emissions. 
For. Prod. J. 71(2), 111–123 (2021) 

27. Shahnewaz, M., Dickof, C., Zhou, J., Tannert, T.: Vibration and flexural perfor-
mance of cross-laminated timber - glulam composite floors. Compos. Struct. 292, 
115682 (2022) 

28. Xin, Z., et al.: Determining elastic constants of full-size cross laminated timber 
panel supported on four nodes using a vibration method. Constr. Build. Mater. 
323, 126513 (2022) 

29. Arnold, M., Dietsch, P., Maderebner, R., Winter, S.: Diagonal laminated timber– 
experimental, analytical, and numerical studies on the torsional stiffness. Constr. 
Build. Mater. 322, 126455 (2022) 

30. Huang, H., Gao, Y., Chang, W.-S.: Human-induced vibration of cross-laminated 
timber (clt) floor under different boundary conditions. Eng. Struct. 204, 110016 
(2020) 

31. Sun, J., Niederwestberg, J., Cheng, F., Chui, Y.: Frequencies prediction of lami-
nated timber plates using ann approach. J. Renew. Mater. 8(3), 319–328 (2020) 

32. European Committee for Standardization. Guide to the application of the euro-
pean directive relating to the assessment and management of environmental noise. 
Technical report (2008) 

33. British Standards Institution. Guide to Measurement and Evaluation of Human 
Exposure to Whole-Body Mechanical Vibration and Repeated Shock (1987) 



Vibration-Based Serviceability and Acoustic Assessment 91 

34. International Organization for Standardization. Mechanical vibration and shock– 
evaluation of human exposure to whole-body vibration (1997) 

35. Nering, W., Jabben, J.: Annoyance caused by environmental noise and vibrations: 
a systematic review and meta-analysis. Environ. Impact Assess. Rev. 83, 106425 
(2020) 

36. Nering, K., Kowalska-Koczwara, A.: Determination of vibroacoustic parameters of 
polyurethane mats for residential building purposes. Polymers 14(2), 314 (2022) 

37. Howarth, H.V., Griffin, M.J.: Annoyance caused by vibration and noise from con-
struction sites. J. Sound Vib. 145(3), 411–422 (1991) 

38. Vigran, T.E.: Building Acoustics. CRC Press, Boca Raton (2014) 
39. Fossen, K., Björn, E.: Acoustics in timber buildings-a design guide. J. Build. 

Apprais. 4(4), 323–336 (2008) 
40. Olsson, A.: Acoustic performance of timber-framed multi-storey residential build-

ings: a literature review. Build. Environ. 149, 216–226 (2019) 
41. Caniato, M., Machimbarrena, M., Schelfhout, S., Torfs, D.: Design for acoustic 

performance of lightweight buildings: a state-of-the-art review. Build. Environ. 
205, 108395 (2022) 

42. International Organization for Standardization. Building acoustics–estimation of 
acoustic performance of buildings from the performance of elements–part 12: Lab-
oratory measurement of the impact sound insulation of floors (2017) 

43. Olsson, J., Linderholt, A.: Low-frequency impact sound of timber floors: a finite 
element-based study of conceptual designs. Build. Acoust. 28(1), 17–34 (2021) 

44. Ljunggren, F., Ågren, A.: Elastic layers to reduce sound transmission in lightweight 
buildings. Build. Acoust. 20(1), 25–42 (2013) 

45. Negreira, J., Irusta, R., Astigarraga, H., Alday, F., Garcia, A.: Characterisation of 
elastic insulating layers for the reduction of impact sound insulation of lightweight 
timber floors. Appl. Acoust. 86, 112–119 (2014) 

46. Reichelt, F., Strecker, P., Winter, S.: Characteristics of the acoustic performance 
of elastic wood wool cement boards. Appl. Acoust. 104, 105–114 (2016) 

47. Medved’, J., Ingeleare, B., De Geetere, L.: Impact sound insulation concept for 
lightweight timber floor. Adv. Mater. Res. 855, 245–251 (2014) 

48. Azinović, B., Dolšek, M., Planinc, I., Klančar, G.: Influence of flexible insulation 
layers on seismic performance of cross-laminated timber walls. Eng. Struct. 243, 
112876 (2021) 

49. Gibson, B., Nguyen, T., Sinaie, S., Heath, D., Ngo, T.: The low frequency structure-
borne sound problem in multi-storey timber buildings and potential of acoustic 
metamaterials: A review. Build. Environ. 224, 109531 (2022) 

50. Homb, A., Guigou-Carter, C., Rabold, A.: Impact sound insulation of cross-
laminated timber/massive wood floor constructions: Collection of laboratory mea-
surements and result evaluation. Build. Acoust. 24(1), 35–52 (2017) 

51. Kržan, M., Govekar, E., Turk, G.: Cyclic response of insulated steel angle brackets 
for clt connections. Eng. Struct. 242, 112507 (2021) 

52. Fox, C., Nakamura, M.: Vibration prediction in light timber floors with air cavity 
using a composite model structure. Build. Environ. 157, 831–839 (2019) 

53. Paolini, R., Perillo, G., Masoero, M., Bignozzi, V.: Prediction of airborne sound 
transmission through multi-layered thin elastic components by using a computa-
tional mesh-free method. Build. Environ. 153, 23–36 (2019) 

54. De Santis, S., Boscato, G., Cigana, D., Fragiacomo, M.: Timber screwed connec-
tions with elastic interlayer: analytical model for stiffness prediction. Eng. Struct. 
244, 112869 (2021) 



92 A. Aloisio et al. 

55. Wang, D., et al.: Predicting impact forces, structural vibration and radiated sound 
power of timber joist floors. Build. Environ. 186, 107307 (2020) 

56. Vallely, S., Schoenwald, S.: An efficient analytical method to obtain the 
homogenised frequency-independent elastic material properties of cross-laminated 
timber elements. J. Sound Vib. 546, 117424 (2023) 

57. Cremer, L., Heckl, M.: Structure-borne sound: structural vibrations and sound 
radiation at audio frequencies. Springer, Heidelberg (2005) 

58. Vallely, S., Schoenwald, S.: Higher-order modal parameter estimation and verifica-
tion of cross-laminated timber plates for structural-acoustic analyses. Acta Acus-
tica 8, 52 (2024) 

59. Lietzen, M.: Effect of floor coverings on impact sound insulation. Build. Environ. 
198, 122221 (2022) 

60. Huang, X., He, X., Fan, H., Lv, Y., Zhou, T., Ren, P.: Performance of elastic 
cushion materials for impact sound insulation of timber floors. Build. Environ. 
202, 108329 (2021) 

61. ISO 2631-1:1997. Mechanical vibration and shock—evaluation of human exposure 
to whole-body vibration—part 1: General requirements. Standard, ISO, Geneve, 
CH (1997) 

62. Basaglia, B.M.: Dynamic Behaviour of Long-Span Timber Ribbed-Deck Floors. 
PhD thesis (2019) 

63. Chang, W., Goldsmith, T., Harris, R.: new design method for timber floors—peak 
acceleration approach. In: INTER - International Network on Timber Engineering 
Research, vol. 51-20-1 (2018) 

64. Hamm, P., Richter, A., Winter, S.: Floor vibrations – new results. In: WCTE -
World Conference of Timber Engineering, vol. Riva del Garda (2010) 

65. Hamm, P., Marcroft, J., Toratti, T.: Vibrations of floors – comparison of mea-
sured data and suggested design. In: INTER - International Network on Timber 
Engineering Research, vol. 53-20-1 (2020) 

66. Abeysekera, I., Hamm, P., Toratti, T., Lawrence, A.: Development of a floor vibra-
tion design method for eurocode 5. In: INTER - International Network on Timber 
Engineering Research, vol. 51-20-2 (2018) 

67. EN12512. Timber structures. test methods. cyclic testing of joints made with 
mechanical fasteners (2022) 

68. Ussher, E., Arjomandi, K., Weckendorf, J., Smith, I.: Predicting effects of design 
variables on modal responses of clt floors. Structures 11, 40–48 (2017) 

69. Zhang, S., Zhou, J., Niederwestberg, J., Chui, Y.: Effect of end support restraints 
on vibration performance of cross laminated timber floors: an analytical approach. 
Eng. Struct. 189, 186–194 (2019) 

70. Hu, L.: Serviceability of next generation wood buildings: laboratory study of vibra-
tion performance of cross-laminated-timber (clt) floors. Project 301006159: report 
2012/13 (2013) 

71. Gagnon, S., Pirvu, C.: Clt handbook, special pub. sp-528e (2011) 
72. Weckendorf, J., Smith, I.: Dynamic characteristics of shallow floors with cross-

laminated-timber spines, vol. 1, pp. 176–185 (2012) 
73. Maldonado, S., Chui, Y.: Effect of end support conditions on the vibrational perfor-

mance of cross-laminated-timber slabs. In: Proceedings of 13th World Conference 
on Timber Engineering (2014) 

74. Ussher, E., Aloisio, A., Pasca, D.P., Hansen, S.L., Tomasi, R.: Effect of partition 
walls on the vibration serviceability of cross-laminated timber floors. J. Build. Eng. 
95, 110001 (2024) 



Vibration-Based Serviceability and Acoustic Assessment 93 

75. Aloisio, A., Pasca, D.P., Owolabi, D., Loss, C.: Vibration serviceability of hybrid 
clt-steel composite floors based on experimental and numerical investigations using 
random walk models. Eng. Struct. 304, 117600 (2024) 

76. Weckendorf, J., Toratti, T., Smith, I., Tannert, T.: Vibration serviceability perfor-
mance of timber floors. Eur. J. Wood Wood Prod. 74(3), 353–367 (2016) 

77. Milojević, M., Racic, V., Marjanović, M., Nefovska-Danilović, M.: Influence of 
inter-panel connections on vibration response of clt floors due to pedestrian-induced 
loading. Eng. Struct. 277, 115432 (2023) 

78. Wang, C., Chang, W.-S., Yan, W., Huang, H.: Predicting the human-induced vibra-
tion of cross laminated timber floor under multi-person loadings. Structures 29, 
65–78 (2021) 

79. Kozaric, L., Purcar, M., Zivkovic, S.: Vibrations of cross-laminated timber floors 
[vibracije križno lameliranih drvenih medukatnih panela]. Drvna Industrija 70(3), 
307–312 (2019) 

Open Access This chapter is licensed under the terms of the Creative Com-
mons Attribution-NonCommercial-NoDerivatives 4.0 International License (http:// 
creativecommons.org/licenses/by-nc-nd/4.0/), which permits any noncommercial use, 
sharing, distribution and reproduction in any medium or format, as long as you give 
appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons license and indicate if you modified the licensed material. You do 
not have permission under this license to share adapted material derived from this 
chapter or parts of it. 

The images or other third party material in this chapter are included in the 
chapter’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the chapter’s Creative Commons license and 
your intended use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright holder. 

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

	Vibration-Based Serviceability and Acoustic Assessment of Timber Floors
	1 Introduction
	2 Human-Induced Vibrations Issues
	3 Acoustics of Floors
	4 Serviceability Criteria
	5 Conclusions
	References


