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A B S T R A C T   

Due to the lightweight nature of timber, vibration serviceability is a crucial issue in the design of timber floors. 
The purpose of this study is to investigate how beam–panel connections affect the vibration serviceability of 
cross-laminated timber (CLT) floors subjected to multi-person loading. Cyclic tests were carried out to determine 
the mechanical behaviour of steel beam–CLT panel connections with various screws sizes (diameters and 
lengths). A numerical model of a CLT floor was developed to determine the response to human-induced vibra-
tions with different screw configurations (sizes and spacing). The results showed that the dynamic characteristics 
of the floor were slightly impacted by the screw size. However, as the spacing between screws reduced, the 
fundamental natural frequency increased by 4.3% and the vibration dose value (VDV) of the floor decreased by 
38.3%. A theoretical model was introduced to predict the fundamental natural frequency of a CLT floor system. 
In addition, a design method for predicting the vibration serviceability, in terms of VDV, of low-frequency CLT 
floors was proposed.   

1. Introduction 

The construction sector accounts for almost 40% of global CO2 
emissions [1]. Construction with renewable resources plays a significant 
role in achieving sustainable development goals [1,2]. Timber structures 
have been gaining popularity worldwide as an innovative solution to 
reduce CO2 emissions and sequester atmospheric carbon [3]. The de-
mand for timber constructions is steadily rising across the globe. Nearly 
1700 mass timber projects were in design or constructed in the US by 
December 2022 [4], and over 300,000 timber floors are constructed 
annually in the UK [5]. However, given the lightweight nature of timber, 
timber floors are vulnerable to excessive vibration, especially in modern 
buildings designed with open spaces for flexible use [6]. For lightweight 
floors, the design must consider the serviceability limit state, which 
typically entails deflection and vibration check to prevent discomfort 
instead of the ultimate limit states [7]. 

Vibration serviceability standards and guidelines include several 
authoritative sources, such as EN 1995–1-1 (Eurocode 5) [8], ISO 10137 
[9], BS 6472-1 [10], SCI P354 [11], JRC–ECCS Joint Report (JRC 
55118) [7], AISC Design Guide 11 [12], and CCIP 016 [13]. Researchers 
aim to improve the vibration serviceability of timber floors and have 

conducted extensive studies on evaluation criteria and design ap-
proaches for floors. To minimise floor vibrations, Ellingwood and Tallin 
[14] reviewed and proposed tentative serviceability criteria. Using 
design methods, Smith and Chui [15] predicted the dynamic behaviour 
of lightweight wood-joist floors covered with wood-based sheathings. 
Arshad et al. [16] presented dynamic-based design curves that related 
root-mean-square acceleration to floor fundamental frequency to eval-
uate timber floors exposed to normal human activities. Onysko et al. 
[17] reviewed the aspects of serviceability design of timber-framed 
residential floors in Canada. Hu et al. [18] chronologically reviewed 
the development of design approaches to minimise excessive vibrations 
in residential timber floors. Hu and Chui [19] developed a vibration- 
controlled criterion and a calculation method for determining crite-
rion parameters. Hamm et al. [20] developed rules and suggestions for 
the design and construction of timber floors without vibration problems 
based on measurements of real buildings and in the laboratory. Weck-
endorf et al. [21] contributed to the resolution of the debate regarding 
the control of floor response characteristics by design methods. Chang 
et al. [5] proposed a design method for timber floors not covered by 
Eurocode 5. 

Timber floor vibration is not only influenced by floor properties 

* Corresponding authors. 
E-mail addresses: wchang@lincoln.ac.uk (W.-S. Chang), haoyu.huang@newcastle.ac.uk (H. Huang).  

Contents lists available at ScienceDirect 

Engineering Structures 

journal homepage: www.elsevier.com/locate/engstruct 

https://doi.org/10.1016/j.engstruct.2023.116941 
Received 25 April 2023; Received in revised form 22 August 2023; Accepted 21 September 2023   

mailto:wchang@lincoln.ac.uk
mailto:haoyu.huang@newcastle.ac.uk
www.sciencedirect.com/science/journal/01410296
https://www.elsevier.com/locate/engstruct
https://doi.org/10.1016/j.engstruct.2023.116941
https://doi.org/10.1016/j.engstruct.2023.116941
https://doi.org/10.1016/j.engstruct.2023.116941
http://crossmark.crossref.org/dialog/?doi=10.1016/j.engstruct.2023.116941&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Engineering Structures 296 (2023) 116941

2

(such as aspect ratio [22]) but also boundary conditions. In study [23], it 
was observed that modifying the arrangement of supporting beams has a 
significant impact on the dynamic properties and vibration response of 
cross-laminated timber (CLT) floors. The connection between the floor 
and the support was also found to influence the frequency and damping 
ratio of timber floors. For instance, in study [24], by changing the 
floating floors to screwed floors, the fundamental natural frequency 
increased from 11.0 Hz to 12.8 Hz, and the damping ratios increased 
from 2.2% to 2.6% accordingly. In another study [25], researchers 
conducted shear tests on connections and vibration tests on full-scale 
floors to examine the vibration performance of CLT–glulam composite 
floors. However, they found limited variations in fundamental natural 
frequencies when altering the CLT–glulam connections. While literature 
has focused on the boundary conditions of CLT floors, no specific 
research has investigated the influence of steel beam–CLT panel con-
nections on floor vibration serviceability. The steel–timber hybrid con-
struction system, which combines a steel frame with timber panels, has 
gained attention as a promising structural form [26–29]. To further 
advance the use of CLT in the building industry, it is essential to 
investigate the influence of steel beam–CLT panel connections on the 
vibration serviceability of floors. 

Screw-type fasteners can be feasibly used to connect timber panels to 
the steel frame because they can transfer the interface shear and develop 
composite action between the timber and steel by bearing and mobi-
lising friction resistance [26,27,30]. Coach screws are commonly used in 
steel–timber connections [31]. Previous studies have conducted in-
vestigations, including bending tests, static push-out tests, and low-cycle 
high amplitude cyclic loading tests on steel–CLT connections [30,32–34] 
and static push-out tests on steel–laminated veneer lumber connections 
[35]. However, the above studies only focused on the performance of 
connections themselves and disregarded the vibration serviceability of 
floors. Recent studies have investigated the vibration behaviour of CLT 
floors using different types of connectors [25,36,37]. However, limited 
sizes of a few types of screws were involved, for example, only coach 
screws with the diameter of 12 and 16 mm were investigated. In addi-
tion, these studies evaluated the vibration serviceability using the 
maximum deflection and maximum velocity method, peak acceleration 
method, and OS-RMS90-value method. The vibration dose value (VDV) 
method was not used. As introduced in BS 6472-1 [10], the VDV method 
can take into account the factors that affect occupants’ acceptance of 
vibration such as distribution of vibration amplitude, how often the 
vibration of a particular level occurs, and how long the occupant is 
exposed to the vibration. Hence, it has been widely used to compre-
hensively assess different types of vibrations, such as continuous, 
intermittent, and impulsive vibrations. None have specifically investi-
gated the influence of coach screws on the vibration serviceability of 
CLT floors by VDV. 

This paper aims to investigate the effect of coach-screwed steel 
beam–CLT panel connections on the vibration serviceability of CLT 
floors. The key parameters are the size (diameter and length) of and 
spacing between coach screws. Cyclic tests were first conducted on 
specimens of beam–panel connections with various screw sizes. Then, 
the results were used to establish and verify a numerical model of a full- 
scale CLT floor, referring to the experimental results of the previous 
research [22]. The vibration performance of floors with different screw 
configurations was analysed, and a theoretical model that considered 
beam–panel connections was proposed to estimate the fundamental 
natural frequency of the CLT floor. Finally, a design method for pre-
dicting the vibration serviceability (in terms of VDV) of low-frequency 
CLT floors was proposed. 

2. Cyclic tests of steel beam–CLT panel connection 

Under human-induced excitation, the response of the steel 
beam–CLT panel floor system can be divided into the bending of the 
panel and rotation of the boundary. Specifically, the rotation of the 

boundary can be further subdivided into the torsion of the beam and the 
shear of the beam–panel connection. Fig. 1 illustrates the situation for a 
CLT panel supported by two steel beams. In this section, shear tests were 
conducted on connection specimens fastened by coach screws. The 
connections were subjected to cyclic loading under tension and 
compression, and their deformation modes and load–displacement re-
sponses were obtained. 

2.1. Experiment study 

2.1.1. Materials 
This study utilised three-ply CLT specimens with a total thickness of 

105 mm (layup: 35L-35T-35L) and 300 mm length and width. The 
specimens were manufactured by Ningbo Sino-Canada Low-Carbon 
Technology Research Institute Co. Ltd., using hemlock spruce with a 
density of approximately 500 kg/m3. The modulus of elasticity parallel 
to the grain was 10767 MPa, and that perpendicular to the grain was 
979 MPa. Meanwhile, the embedment strength was around 25 MPa. The 
mechanical properties were obtained from the manufacturer and 
documented in the product testing report. The report was based on 
laboratory tests using the exact same batch of CLT used in this study. The 
average moisture content during the tests was 12%. 

To facilitate the tests, steel plates were assembled to represent the 

Fig. 1. Deformation of steel beam–CLT floor.  

Fig. 2. Dimensions and details of steel–CLT connection.  

Fig. 3. Coach screws used in cyclic tests.  
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top flange and a part of the steel beam web (Fig. 2). The steel beam used 
was HN 450 × 200 (specified in GB/T 11263-2017 [38]), with a section 
depth of 450 mm, a 14 mm-thick and 200 mm-width flange and a 9 mm- 
thick web. The steel beam was 300 mm in length, equivalent to the CLT 
panel’s length. The steel used was Q235 steel, as specified in the GB/T 
700-2006 [39]. 

Hexagon head coach screws, also known as lag screws, were used in 
this study, as specified in DIN 571 [40]. Nine screw sizes, covering di-
ameters of 6, 8, and 10 mm and lengths of 60, 80, and 100 mm, were 
selected. In this paper, the screws sizes are presented in the format of ‘M 
screw diameter (nominal size) × screw length (mm)’ (Fig. 3). 

2.1.2. Test set-up 
In this section, a specimen was designed to simulate a three-ply CLT 

floor placed on the top flange of a steel beam. The CLT panel and the 
steel beam were connected using coach screws (Fig. 2). To facilitate the 
installation of coach screws, predrilled holes were fabricated on the steel 
beam with an additional 0.2 mm allowance to avoid tight-fitting of the 
screws with the steel plate [33]. According to Eurocode 5 [8], the 
diameter of predrilled holes on the CLT panels should not exceed the 
inner thread diameters of the coach screws. Therefore, the diameters of 
predrilled holes on the CLT panel for M6, M8, and M10 screws were set 
as 4, 6, and 8 mm, respectively, in this study. 

Fig. 4(a) and 4(b) show the left front and left rear views of the 
specimen, respectively, and Fig. 4(c) shows the specimen mounted on 
the testing machine. To ensure that the steel beam remained in place 
throughout the tests, the flange was connected to the steel base using 
steel supports and the base was firmly fixed to the testing machine with 
bolts. The CLT panel was fastened by tightly clamping the upper and 
lower steel plates through threaded rods and nuts. The testing machine 
applied a vertical load to the CLT panel by controlling the actuator 
connecting to the upper steel plate. Given that the steel beam had a fixed 

location during the tests, the relative displacement between the CLT 
panel and steel beam was determined from the recorded displacement of 
the actuator. Extra steel support was placed behind the CLT panel to 
restrict its horizontal movement. In addition, two sheets of oil packing 
paper were used to minimise friction between the CLT panel and the 
steel support. The loading direction was parallel to the grain of the outer 
layer of the CLT panel, same as previous research by Wang et al. [22]. A 
low-cycle fatigue loading machine was used for the cyclic tests. The 
machine had a maximum load capacity of ± 50 kN and an actuator 
stroke of 50 mm. The machine recorded the force at the beam–panel 
connection and the relative displacement between the beam and CLT 
panel. 

2.1.3. Test procedure 
A total of 27 specimens were subjected to displacement-controlled 

loading in accordance with the loading protocol illustrated in Fig. 5. 
Investigation was conducted on 9 different screw sizes, with 3 replicates 
performed for each screw size to ensure the reliability of results. All the 
27 specimens were produced using the same batch of CLT as used in 

Fig. 4. Schematic of a specimen from (a) left front view and (b) left rear view; and (c) a specimen mounted on the machine.  

Fig. 5. Loading protocol for cyclic test.  

Table 1 
Test protocol.  

Test No. Diameter of the screw (mm) Length of the screw (mm) 

1 6 60 
2 80 
3 100 
4 8 60 
5 80 
6 100 
7 10 60 
8 80 
9 100  
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previous research [22]. The test protocol is presented in Table 1. In a 
pilot study, a three-ply CLT panel placed on two steel beams without 
connectors was simulated in OpenSees and subjected to multi-person 
loading. The results showed that the relative displacement between 
the steel beam and the CLT panel along the longitudinal direction of the 
floor reached and remained stable at around 4 mm. Therefore, it is 
assumed that the maximum relative displacement between the steel 
beam and the CLT panel is 4 mm and the maximum displacement 
amplitude applied in this study was set to 4 mm. The amplitudes were 
set at 0.5, 1, 1.5, 2, and 4 mm in sequence, and ten cycles were per-
formed for each amplitude to investigate the damping decay of the 
connection, following the methodology of a previous study [41]. A 
loading frequency of 4 Hz was selected for the cyclic tests in this study. 
In previous research [22], it was found that the floor exhibited vibration 
that closely matched its fundamental natural frequency of approxi-
mately 5 Hz when a footfall excitation at a slow walking pace (around 1 
Hz) was applied. In addition, according to BS 6472–1:2008 [10], in-
dividuals are most sensitive to vertical vibration within the frequency 
range of 4 to 12.5 Hz. Considering the aforementioned factors and 
taking into account the limitations of the testing machine (with a 
maximum capacity of 4 Hz), the loading frequency of the tests was set to 
be 4 Hz. The test method outlined in EN 12512 [42] was not performed 
in this study, because it is typically used to determine the complete 
load–displacement envelop curve (i.e. the slip increases progressively 
until failure, or a slip of 30 mm is reached) or to obtain the main 
characteristics at pre-determined ductility. However, in this study, the 
floor under human-induced excitation did not reach failure, and no pre- 
determined ductility requirement was applied. 

2.2. Experimental results and discussion 

2.2.1. Deformation modes 
Although previous research has focused on the failure modes of 

steel–timber connections [8], this study aimed to investigate the 
deformation modes and serviceability performance of these connections. 
Fig. 6 presents the cross-sectional views of the beam–panel connections 
using various sizes of screws. 

No obvious deformation was observed at the flange of the steel beam 
after the cyclic tests. However, in all specimens, embedment failure of 
the outer layer of the CLT occurred in the vicinity of the screws, and this 
finding can be attributed to the low elastic modulus of CLT and localised 
strain near the penetrations [35]. This study focused on the vibration 
serviceability of floors, and as such, the cyclic loading applied during the 
tests was not intended to cause specimen failure. 

2.2.2. Load-displacement behaviour 
Fig. 7 displays the load–displacement behaviour of specimens with 

different screw sizes. The data presented in the figure represent the 
performance of one of the three replicates for each screw size. The 
selected specimens exhibited performances that were similar to the 
average of the replicates, and the following analysis was based on these 
specimens. As depicted in Fig. 7, the hysteretic curves exhibited 
‘pinching’, a typical phenomenon for timber connections with dowel- 
type fasteners [43]. Specifically, the load did not increase significantly 
until the displacement approached the maximum displacement achieved 
during previous load cycles [44]. The pinching phenomenon is attrib-
utable to the enlargement of the original hole in the CLT occupied by the 
screw [45]. During the cyclic test, the screw resisted the CLT, which 
caused irrecoverable embedment deformations. This pinching 

Fig. 6. Deformation modes of (a) M6 × 60, (b) M6 × 80, (c) M6 × 100, (d) M8 × 60, (e) M8 × 80, (f) M8 × 100, (g) M10 × 60, (h) M10 × 80, and (i) M10 × 100.  
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phenomenon was observed at all loading amplitudes, with more pro-
nounced effects observed as the amplitudes increased. 

2.2.3. Damping capacity 
The damping performance of connections is crucial for energy 

dissipation in timber structures [41]. One common way to quantify 
hysteresis damping properties is through the use of equivalent viscous 
damping ratio (EVDR). According to EN 12512:2001 [42], EVDR is 
given by Eq. (1): 

EVDR = Ed/(2πEp) (1)  

where Ed is the energy dissipated per half cycle of load–displacement 
response, and Ep is the available potential energy (Fig. 8(a)). In several 
cases in this study, an imbalance was observed between tension and 

compression. Thus, Eq. (1) was modified to Eq. (2): 

EVDR = Ed,c/(2πEp,c) (2)  

where Ed,c is the energy dissipated in a complete cycle of 
load–displacement response, and Ep,c is the available potential energy 
corresponding to a complete cycle. 

To depict the energy dissipation of each specimen, the EVDR of the 
1st and 10th cycles of the load–displacement response at each amplitude 
was calculated according to Eq. (2), and the results are shown in Fig. 9. 
The dissipation of energy in a steel beam–CLT panel connection is 
mainly influenced by three factors, including screw deformation, timber 
compression caused by the screw, and friction between the timber panel 
and beam flange [23,46]. Fig. 9 illustrates that there is no significant 
correlation between the EVDR and screw sizes. This lack of correlation 

Fig. 7. Hysteretic curves corresponding to (a) M6 × 60, (b) M6 × 80, (c) M6 × 100, (d) M8 × 60 mm, (e) M8 × 80, (f) M8 × 100, (g) M10 × 60, (h) M10 × 80, and (i) 
M10 × 100 screw. 
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can be explained by referring to the deformation mode depicted in 
Fig. 6, which exhibits several common characteristics observed in all 
specimens: 1) The screws did not display noticeable plastic deformation 
even after undergoing cyclic tests. 2) Triangle-shaped embedment fail-
ure of the timber was observed. Consequently, no distinct deformation 
mode was identified. The presence of these shared characteristics among 
the specimens resulted in minimal variation in the EVDR across 

specimens with different screw sizes. 
Comparing Fig. 9(a) and (b), the EVDR generally decreased as the 

number of cycles increased for all specimens. The average EVDRs of the 
nine analysed specimens in the 1st and 10th circles were 14.2% and 
9.6%, respectively. The main reason was that after vibration cycles the 
CLT around the screws was compressed and did not contribute much in 
energy dissipation. In addition, it can be found in Fig. 9(a) or (b) that the 
EVDR for specimens with M6 and M8 screws were slightly higher than 
that for M10 screws. This may be attributed to the fact that the screws 
were still slightly deformed, although not significantly. Screws with 
smaller diameter deformed more and therefore dissipated more energy. 
In addition, as shown in Fig. 9(a), the EVDR of the 1st cycle at the 4 mm 
amplitude was generally high, which is consistent with the more evident 
pinching phenomenon observed in Fig. 7. 

2.2.4. Secant stiffness 
Fig. 10(a) illustrates the maximum load of the beam–panel connec-

tion at the 4 mm displacement amplitude. The maximum load increased 
with the screw diameter, with a distinct linear correlation observed. 
However, the maximum load was not significantly affected by the screw 
length. In terms of characterising stiffness degeneration of connections, 
secant stiffness is a widely used parameter. Fig. 10 (b) shows the secant 
stiffness of the beam–panel connection. The secant stiffness of the 
connection increased as the screw diameter increased, and a linear 
correlation can be found between them. However, no evident relation-
ship was observed between the secant stiffness and screw length. 

3. Numerical simulation of the beam–panel connection 

In Section 2, the load–displacement behaviour of the screwed 
beam–panel connection under cyclic loading was obtained. In this sec-
tion, the load–displacement behaviour of the connection was modelled 
in OpenSees using zeroLength elements [47] associated with a Pinch-
ing4 hysteretic model (Fig. 11). The Pinching4 model can be presented 
as a piecewise linear curve that shows a pinching load–displacement 
response, and it can consider the degradation of stiffness and strength 
under cyclic loading [48]. The model was first proposed by Lowes et al. 
[44] to simulate the inelastic response of typical beam–column joints of 
reinforced concrete (RC) frames, and it has been used for bracket 
connection in CLT shear walls [49] and timber frame RC core hybrid 
systems [50]. 

The Pinching4 model uses 16 parameters (ePdi, ePfi, eNdi, eNfi, i =
1,2,3,4) to describe the positive and negative response envelope curves, 
and 6 parameters (rDispP, rForceP, uForceP, rDispN, rForceN and 
uForceN) to control the unloading and reloading paths and pinching 
behaviour. Other parameters control the degradation of unloading 
stiffness (gK1, gK2, gK3, gK4 and gKLim), reloading stiffness (gD1, gD2, 
gD3, gD4 and gDLim) and strength (gF1, gF2, gF3, gF4 and gFLim) 
under cyclic loading. The definition of the parameters can be found in 

Fig. 8. Hysteretic area for EVDR calculation in (a) EN 12512 and (b) this study.  

Fig. 9. EVDR of the (a) 1st and (b) 10th cycles at amplitudes of 0.5, 1, 1.5, 2 
and 4 mm. 
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[48]. 
The Pinching4 model parameters were obtained from the 

load–displacement hysteretic curves. Firstly, the points (ePdi, ePfi) (i =
1,2,3,4) were initially used as an approximation for the envelope of the 
cyclic test’s hysteretic curves for the preliminary fitting process. Spe-
cifically, (ePdi, ePfi) (i = 1,2) were identified as the turning points of the 
loading curve. (ePd3, ePf3) represented the peak load point achieved by 
monotonically pulling the specimen. As the tests conducted in this study 
focused on the serviceability state and did not involve failure, the value 
of (ePd4, ePf4) was estimated and referenced from literature [30]. 
Subsequently, in order to achieve a more accurate fit to the hysteretic 
curve (refer to Fig. 7), several modifications were applied to parameters 

such as (ePdi, ePfi), rDispP, rForceP, uForceP, rDispN, rForceN, uFor-
ceN, and gK. These adjustments were implemented to better model the 
unloading and reloading paths of the hysteretic curves. The Pinching4 
model parameters were then used to characterise the beam–panel 
connection in the numerical model of the full-scale CLT floor. Fig. 12 
presents the numerical modelled hysteretic responses for the 60 mm 
screw connection, demonstrating a good correlation with the experi-
mental curves obtained from cyclic tests. 

4. Numerical simulation of the CLT floor under multi-person 
loading 

In Sections 2 and 3, the Pinching4 parameters that characterise the 
load–displacement behaviour of beam–panel connection were deter-
mined. To investigate the influence of coach screw size and spacing on 
the serviceability of the CLT floor under multi-person loading, a nu-
merical model of the floor was developed in this section, which in-
corporates the behaviour of the screwed connection. 

4.1. Effect of screw size on floor serviceability 

4.1.1. Set-up of the numerical model of the floor 
Fig. 13(a) shows the tested full-scale CLT floor to be simulated, 

whose vibration performance has been previously studied [22,51]. The 
floor dimensions were 6 m length, 5.6 m width and 105 mm thickness 
(layup: 35L-35 T-35L). Fig. 13(b) illustrates a schematic of the floor. The 
floor was supported by two HN 450 × 200 steel beams specified in GB/T 
11263–2017 [38] and four columns measuring 200 mm × 200 mm × 10 
mm that were connected at the bottom to ensure the stability of the 

Fig. 10. (a) Maximum load at amplitude of 4 mm; (b) Secant stiffness of the connection.  

Fig. 11. Load-displacement of Pinching4 model.  

Fig. 12. Comparison of modelled and measured hysteretic response of beam–panel connections for (a) M6 × 60; (b) M8 × 60; (c) M10 × 60.  
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entire floor system. The same CLT used in Section 2 was used for the 
floor. 

The numerical model of the floor was developed in OpenSees, 
following the authors’ previous studies. The validation of the model can 
be found in the literature [22,23]. Fig. 13(c) shows a schematic of the 
numerical model, where each layer of the three-ply CLT panel was 
modelled by a row of elasticBeamColumn elements [52]. The sum of 
widths of these elements was equal to the overall floor size. The elas-
ticBeamColumn elements in adjacent layers were oriented at 90◦ to 
simulate the orthogonal layout of each layer of the CLT panel, as 
depicted by different colours in Fig. 13(c). The glue connecting the 
adjacent layers of the CLT panel was simulated by elasticBeamColumn 
elements, whose stiffness was set to a super large value to prevent any 
slip between the layers. Compared with previous studies [22,23], the 
numerical model was improved by considering the load–displacement 
behaviour of the beam–panel connections, which was simulated by 
zeroLength elements [47] of the Pinching4 hysteretic model (as dis-
cussed in Section 3). 

4.1.2. Numerical simulation of human-induced excitation 
To perform modal analysis, a heel-drop force was modelled and 

applied to the central point of the floor. The peak value of this force was 
set to 70% of the weight of the individual conducting the heel-drop [53]. 
In this study, the peak value was 0.5 kN, which corresponded to 70% of 
the weight of a 70 kg person. 

As for waking-induced vibration, it’s worth noting that the structural 
responses to multi-person loading differ significantly from those expe-
rienced under single-person loading conditions [22]. In daily life, 
numerous scenarios involve multi-person loading, including situations 
with multiple family members or colleagues. Therefore, this paper in-
vestigates the floor vibration serviceability under multi-person loading. 
The simulation methodology outlined by Wang et al. [22] was followed. 
The applied footfall forces simulated the gait of five people crossing the 
floor in a longitudinal direction and the walking pace was set to be 

1.267 Hz, consistent with previous research [22,51,54]. The time his-
tory curve of the footfall force referred to the studies conducted by 
Galbraith and Barton [55] and Thelandersson and Larsen [56]. The 
footfall force curves were applied step by step chronologically along the 
walking path of each person, with the first peak indicating the heel strike 
and the second peak denoting the toe-off contact. Fig. 14 illustrates the 
pedestrian excitation. 

4.1.3. Numerical results 
In Section 4.1, the effect of screw size was investigated while keeping 

the screw spacing constant. To validate the numerical model, the same 
screw configuration (M8 × 100 @ 560 mm) as in a previous study [22] 
was initially used, and screws of different configurations were later used 

Fig. 13. (a) CLT floor used in laboratory tests [22]; (b) Schematic of the floor; (c) Schematic of the floor modelled in OpenSees [23].  

Fig. 14. Schematic of multi-person loading.  
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on the floor. 
The linear-prediction singular-value decomposition-based matrix 

pencil method [57–59] was used to obtain the fundamental natural 
frequencies and damping ratios of the floor. The results (Table 2) 
showed that the fundamental natural frequency of the floor obtained 
from the numerical simulation was 5.150 Hz, which is close to the 
experimentally tested value of 5.210 Hz. The fundamental natural fre-
quency of the floor only increased 0.1% as the screw diameter increased, 
which is practically negligible. The screw length had no obvious effect 
on the fundamental natural frequency of the floor. The damping ratio of 
the fundamental frequency mode showed no obvious difference, with an 
average value of 2.05%. Therefore, the size of screws had limited effect 
on the dynamic properties of the floor. 

The floor vibration serviceability can be evaluated by VDV [10], 
which can be calculated by Eq. (3): 

VDV = (

∫ T

0
aw

4(t)dt)
0.25

(3) 

where the unit of VDV is m/s1.75, aw(t) denotes the frequency- 
weighted acceleration (in m/s2), and T represents the total vibration 
period (in s). The frequency-weighted acceleration aw(t) in Eq. (3) was 
obtained by processing the measured acceleration response with a fre-
quency weighting curve (Fig. 15). 

The vertical acceleration responses at the central point of the floor 
under multi-person loading were obtained through numerical simula-
tion, and the VDV for each floor was calculated using Eq. (3) (Fig. 16). 
Increasing the screw diameter led to a slight decrease of about 1% in the 
VDV response of the floor. Similarly, the screw length did not show 
obvious effect on floor serviceability. These findings suggest the limited 
influence of screw size on the floor vibration serviceability and the 
minor role of screw size in the overall stiffness of the floor system. 

4.2. Effect of spacing between screws on floor serviceability 

4.2.1. Numerical model 
In Section 4.2, the effect of spacing between screws on floor 

serviceability was investigated while keeping the size of screws constant 
(M8 × 100). In this study, the CLT floor and each steel beam were 
connected by 32, 16, 11, 8, 6 and 5 pairs of screws, which corresponded 
to spacing of 181, 373, 560, 800, 1120 and 1400 mm between them, 
respectively. The spacing was determined based on the floor width and 
the number of screw pairs. It should be noted that the Austrian National 
Annex of Eurocode 5 - ÖNORM B 1995–1-1 [60] specifies a maximum 
screw spacing of 750 mm for CLT-to-steel member connections. How-
ever, current prevailing standards do not enforce specific constraints on 
the maximum screw spacing for CLT-to-steel connection [8,61–65]. 
Exploring larger screw spacing beyond 800 mm signifies a form of 
pioneering research. Thoughtfully increasing the screw spacing holds 
the promise of cost efficiencies in both materials and labour in the 
construction industry. In the numerical simulation, the same heel-drop 
and multi-person loading was used as in Section 4.1. 

4.2.2. Numerical results 
The vertical acceleration responses at the central point of the floor 

under heel-drop excitation and multi-person loading were obtained. 
Table 3 lists the fundamental natural frequency and damping ratio 
corresponding to different spacing between screws. When the spacing 
between screws reduced from 1400 mm to 181 mm, the fundamental 
natural frequency of the floor increased by 4.3%, which corresponded to 
an 8.8% increase in the effective stiffness of the floor system. It can be 
assumed that reducing the spacing between screws increased the stiff-
ness of the beam–panel connection and consequently the effective 

Table 2 
Natural frequencies and damping ratios of the floor.  

Size of screws 60 mm 80 mm 100 mm 

M6 M8 M10 M6 M8 M10 M6 M8 M10 

f1 (Hz)  5.148  5.150  5.151  5.149  5.150  5.151  5.149  5.150  5.152 
f2 (Hz)  7.847  7.853  7.856  7.849  7.853  7.857  7.850  7.853  7.859 
Damping ratio (%)  2.05  2.05  2.05  2.04  2.05  2.04  2.04  2.05  2.04  

Fig. 15. Frequency weighting curve [8].  

Fig. 16. Relationship between VDV of the floor and diameter of the screw.  

Table 3 
Natural frequencies and damping ratios of the floor.  

Spacing between screws 
(mm) 

181 373 560 800 1120 1400 

f1 (Hz)  5.173  5.167  5.150  5.130  5.094  4.960 
f2 (Hz)  7.943  7.916  7.853  7.715  7.739  6.633 
Damping ratio (%)  2.05  2.04  2.05  2.04  2.02  2.03  
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stiffness of the floor system. The damping ratio of the floor did not vary 
obviously as the spacing between screws decreased (Table 3). 

The VDV corresponding to each screw spacing was calculated by Eq. 
(3) and plotted in Fig. 17. The VDV decreased by 38.3% as the spacing 
between the screws reduced from 1400 mm to 181 mm, which indicates 
an improvement in the floor vibration serviceability. As discussed in 
Section 4.1, increasing the screw diameter resulted in a slight reduction 
in VDV (1%). Therefore, reduction of spacing between screws is an 
effective way to improve the floor vibration serviceability during the 
design process. As illustrated in Fig. 17, an exponential relationship was 
observed between VDV and screw spacing. An obvious reduction in VDV 
can be achieved when the screw spacing is large. When the screw 
spacing is small, its effect on VDV is minimal. 

5. Discussion 

5.1. Prediction of fundamental natural frequency 

To provide a reference for future CLT floor serviceability designs, a 
theoretical model is proposed to estimate the fundamental natural fre-
quency of a CLT floor system. The floor system investigated in this study 
consisted of a CLT panel supported on two steel beams connected by 
coach screws. Theoretically, the fundamental natural frequency of the 
floor can be calculated using Eq. (4): 

f =
1
2π

̅̅̅̅̅̅̅
keff

m

√

(4) 

where keff is the effective stiffness of the floor system. In previous 
study [23], a rigid connection between the floor and supporting beams 
was assumed. However, the panel was not actually rigidly connected to 
the beam, and the effect of boundary conditions should be considered to 
achieve a more accurate design. In this study, the effective stiffness of 
the floor system keff is proposed to be considered as a series of the 
effective bending stiffness of the CLT panel (kCLT panel,eff) and effective 
stiffness of the boundary condition (kboundary,eff) (Eq. (5)). Each compo-
nent in Eq. (5) can be calculated by formula, thereby establishing a 
theoretical framework for predicting the fundamental natural frequency 
of the floor. 

keff =
1

1
kCLT panel,eff

+ 2 × 1
kboundary,eff

(5) 

In Eq. (5) the coefficient 2 denotes that the panel is supported by two 
steel beams. The kCLTpanel,eff can be calculated by Eq. (6) [23]: 

kCLTpanel,eff =
Apanel⋅EICLTpanel,eff ⋅

(
π
ll

)4

lt
(6)  

where ll and lt are the longitudinal and transverse length of the CLT 
floor, respectively. Apanel is the area of the CLT panel. EICLTpanel,eff can be 
calculated by Eq. (7) using the shear analogy theory derived from 
Timoshenko beam theory [23,66]: 

EICLTpanel,eff =
∑3

i=1
Ei

bih3
i

12
+

∑3

i=1
EiAiz2

i (7)  

where Ei, bi, hi and Ai are the modulus of elasticity, width, height and 
sectional area of layer i, respectively. zi denotes the distance between the 
centroid of the floor section and the centroid of layer i section. 

The kboundary,eff can be regarded as a parallel of the effective torsional 
stiffness of the steel beam (kbeam,eff) and effective shear stiffness of the 
beam–panel connection (kconnection,eff) (Eq. (8)): 

kboundary,eff = kbeam,eff +

(
lt

s
+ 1

)

⋅kconnection,eff (8) 

The (lt
s +1) corresponds to the number of pairs of screws on each 

beam, where lt is the transverse length of the CLT floor and s is the 
spacing between pairs of screws. The kbeam,eff can be calculated by Eq. (9): 

kbeam,eff =
8⋅Gbeam⋅Ibeam

lt⋅ll⋅bbeam
(9)  

where Gbeam and bbeam denote the shear modulus and width of the beam, 
respectively. Ibeam is the torsional moment inertia of the steel beam that 
can be calculated by Eq. (10): 

Ibeam,eff =
2bbeamt3

f + (h − 2tf)t3
w

3
(10)  

where tf and tw denote the thickness of the flange and web of the steel 
beam, respectively. 

The kconnection,eff was calculated by Eq. (12). To calculate the elastic 
stiffness of a screwed connection for the serviceability limit state, 
Eurocode 5 [8] provides Eq. (11), in which Kser represents the elastic 
stiffness per shear plane per screw. 

Kser =
ρm

1.5⋅d
23

(11)  

where ρm (kg/m3) is the mean density of CLT, d (mm) is the diameter of 
the screw. 

In this paper, kconnection,eff is equivalent to Kser per shear plane for a 

Fig. 17. Relationship between VDV and spacing between screws.  

Table 4 
Theoretical and numerical modelled fundamental natural frequency of the floor 
(spacing between screws: 560 mm).  

Size of 
screws 

Numerical modelled 
fundamental natural 
frequencies (Hz) 

Predicted fundamental 
natural frequencies (Hz) 

Error 
(%) 

M6 × 60  5.148  5.144  − 0.1 
M8 × 60  5.150  5.169  0.4 
M10 ×

60  
5.151  5.184  0.6 

M6 × 80  5.149  5.144  − 0.1 
M8 × 80  5.150  5.169  0.4 
M10 ×

80  
5.151  5.184  0.6 

M6 ×
100  

5.149  5.144  − 0.1 

M8 ×
100  

5.150  5.169  0.4 

M10 ×
100  

5.152  5.184  0.6  
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steel-to-timber connection, as calculated by Eq. (12). In the case dis-
cussed in this paper, the connection consists of 2 screws (see Fig. 4), so 
Kser in Eq. (11) is multiplied by a factor of 2. Additionally, Eurocode 5 
[8] specifies that Kser should be multiplied by 2 for steel-to-timber 
connections. It should be noted that the length of the screw is not 
considered in this equation for predicting kconnection,eff because 

experimental test results in Section 2.2 indicate that it did not signifi-
cantly influence the connection stiffness. The calculation for kconnection,eff 

is as follows: 

kconnection,eff = 2⋅2⋅Kser = 2⋅2⋅
ρm

1.5⋅d
23

(12) 

Using the theoretical model proposed in this section, the theoretical 
fundamental natural frequencies of the floor can be estimated based on 
the dimension and property of the components in the floor system. Ta-
bles 4 and 5 show the results of floors with different sizes of screws at a 
spacing of 560 mm and floors with M8 × 100 screws at different spacing, 
respectively. The frequencies predicted by the proposed theoretical 
model correlate well with those obtained from numerical simulations, 
with an error less than 2.5%, thereby validating the theoretical model. 

To sum up, the proposed theoretical model (Eq. (5)) can provide a 
reference for targeted optimisation of two-side supported CLT floor 
serviceability design. The stiffness of each component (panel, beam and 
beam–panel connection) can be calculated, and the floor design can be 
optimised to improve the vibration serviceability by considering the 
contribution of each component to the whole floor system. For example, 
possible improvement methods include changing the tree species or 
grade of timber materials, changing the size of the supporting beams and 
modifying the configuration of the fasteners in beam–panel connections. 

5.2. Prediction of vibration response 

Predicting the response of a floor is crucial in the design process, 
ensuring a satisfactory vibration performance. In this section, a design 
method for predicting the vibration serviceability (in terms of VDV) of 
low-frequency CLT floors is proposed (Fig. 18). This study complements 
the existing literature [5], which primarily focuses on high-frequency 
floors, by addressing the case of low-frequency floors. Moreover, the 
design method proposed in this study takes into account the contribu-
tion of steel beam–CLT panel connection, considering the diameter of 
screws and the spacing between screws, in order to provide more ac-
curate predictions of the VDV for CLT floors. 

Specifically, when investigating the human-induced vibration of 
floors, it is necessary to categorise floors into low-frequency floors and 
high-frequency floors [11,67]. For low-frequency floors, resonance can 
lead to severe vibration amplification and steady-state response is pri-
marily investigated. On the other hand, high-frequency floors exhibit 
greater transient response and require investigation from that perspec-
tive. Based on the cut-off frequency defined in SCI P354 [11], the floor 
studied in this research falls under the category of low-frequency floors. 
Therefore, a detailed procedure for predicting the VDV of low-frequency 
floors is presented in this section. 

Firstly, the modal mass of the floor is estimated. Literature [68] can 
be referred to. For the case in this study where two-sided ends of the 
floor are screwed connected to the supporting beams, the modal mass is 
conservatively assumed to be 0.5 times of the total mass of the floor 
[68]. Next, the fundamental natural frequency of the floor is estimated. 
The method proposed in Section 5.1 can be used, considering the stiff-
ness of the floor panel, the steel beam and the beam–panel connection. 
Then, the excitation input is estimated. For low-frequency floors, the 
harmonic dynamic excitation force should be applied. The amplitude of 
the harmonic force for the h th harmonic, Fh, can be calculated by Eq. 
(13) according to SCI P354 [11]. 

Fh = αhG (13)  

where G is the person’s weight (N), h is the order number of the har-
monic, αh is the Fourier coefficient of the h th harmonic. Young [69] 
proposed the Fourier coefficients αh for the first four harmonics of 
footfall force as a function of walking pace which is assumed to be in the 
range of 1–2.8 Hz. The weighted root-mean-square (RMS) acceleration 
response can be estimated by Eq. (14), which is modified from SCI P354 

Table 5 
Theoretical and numerical modelled fundamental natural frequency of the floor 
(size of screw: M8 × 100).  

Spacing 
between 
screws (mm) 

Numerical modelled 
fundamental natural 
frequencies (Hz) 

Predicted fundamental 
natural frequencies 
(Hz) 

Error 
(%) 

181  5.173  5.218  0.9 
373  5.167  5.192  0.5 
560  5.150  5.169  0.4 
800  5.130  5.141  0.2 
1120  5.094  5.108  0.3 
1400  4.960  5.082  2.5  

Fig. 18. Proposed method for predicting the VDV of CLT floors.  
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[11]. 

aw,RMS,n,h =
Fh

Mn
̅̅̅
2

√ Dn,hWb (14) 

Fh Amplitude of the harmonic force for the h th harmonic (N), 
calculated by Eq. (13). 

Mn Modal mass of the n th mode (kg). 
Dn,h Dynamic magnification factor for acceleration, calculated ac-

cording to SCI P354 [11]. 
Wb Frequency weighting factor for vertical vibration, see BS 6841 

[70] and BS 6472 [10]. 
When predicting the VDV of high-frequency timber floors, Chang 

et al. [5] identified a specific relationship between the VDV and 
weighted peak acceleration calculated by SCI P354 [11]. Referring to 
this, a method to predict the VDV for low-frequency CLT floors is pro-
posed, in which the first harmonic of the footfall force and the funda-
mental mode is considered (aw, RMS,n=1,h=1) for simplicity, as shown in 
Eq. (15). In Section 4, the VDV for various screw configurations is ob-
tained through numerical simulation. In this section, the weighted RMS 
acceleration for each screw configuration is computed using theoretical 
calculation. Consequently, the coefficient ’K’ which signifies the rela-
tionship between them is obtained. Then, curve fitting is performed 
based on the coefficient ‘K’ and the screw configurations (spacing and 
diameter), and the fitting formula is expressed as Eq. (16). Table 6 shows 
the VDV obtained by numerical simulation and theoretical prediction, 
indicating the accuracy of the Eq. (16). 

VDV ≅ K⋅aw, RMS,n=1,h=1 (15)  

K = ( − 0.001d + 1.01)⋅
(
6es/495 + 183

)
(16) 

To validate Eq. (15), the theoretical predicted VDV was compared to 
the experimental VDV in previous experimental study [22]. In [22], the 
VDV of a cohort of five individuals traversing a full-scale CLT floor at a 
slow walking pace was recorded as 0.880 m/s1.75. In this study, the 
theoretical prediction method yields a VDV of 0.949 m/s1.75. The minor 
difference between the experimental and theoretical predicted value can 
be explained by the dissimilarity in the individuals involved. In [22], the 
VDV was measured for five individuals with different weights, mainly 
below 70 kg, while in this study, the theoretical prediction is based on an 
individual weighing 70 kg for a conservative estimation. This distinction 
in individual characteristics contributes to the observed difference be-
tween the experimental and theoretical VDV. 

It is important to highlight that in Eq. (15), the weighted RMS ac-
celeration pertains to an individual, while the VDV corresponds to a 
scenario involving five individuals. Essentially, the coefficient ’K’ en-
capsulates the impact of the number of people involved, and this method 
has been employed in the study of Wang et al. [22]. In this study, the 
floor is specifically subjected to a loading condition with five in-
dividuals, and Eq. (15) exclusively characterises the VDV under this 
loading scenario. In other words, this study does not investigate the 
impact of varying the number of individuals on floor vibration. While it 
is recognised that there is potential for more intricate equations to 
predict VDV for different numbers of individuals in the future, exploring 
this aspect falls outside the scope of this present study. 

The idea of relating VDV with aw, RMS,n=1,h=1 can be used for walking 
pace in the range of 1–2.8 Hz as specified by Young [69]. It should be 
noted that various factors such as the dimension of the supporting beam 
[23], the floor type [54], and the aspect ratio [22] of the floor are 

beyond the scope of this study and have not been considered here. 
Future studies will incorporate more factors to provide a more accurate 
prediction method. It should also be noted that in this paper, the method 
of predicting VDV by weighted RMS acceleration is proposed for 
exploratory purposes. Further studies, especially more on-site vibration 
tests for low-frequency floors, are needed to further validate and 
improve the method. 

6. Conclusion 

This study investigated the effect of beam–panel connections on the 
serviceability of a CLT floor under multi-person loading. Cyclic tests 
were conducted to obtain the load–displacement behaviour of the 
beam–panel connections using different screws. A numerical model of a 
CLT floor was developed to obtain the vibration response of the floor for 
different screw configurations under multi-person loading. The 
following conclusions can be drawn:  

• The size of screws had limited influence on the fundamental natural 
frequency and damping ratio of the floor. Reducing the spacing be-
tween screws increased the fundamental natural frequency of the 
floor system by 4.3%, corresponding to an 8.8% increase in the 
effective stiffness. However, the damping ratio of the floor did not 
vary obviously.  

• Reducing the spacing between screws is an effective way to improve 
floor serviceability. By varying the screw size among M6/8/10 × 60/ 
80/100, the VDV of the floor only varied about 1%. By reducing the 
spacing between screws from 1400 mm to 181 mm, the VDV 
decreased by 38.3%.  

• A theoretical model that considered the effective stiffness of the 
panel, beam and beam–panel connection was proposed to accurately 
predict the fundamental natural frequency of the CLT floor system, 
with an error less than 2.5%.  

• A design method for predicting the vibration serviceability (in terms 
of VDV) of low-frequency CLT floors was proposed. The VDV was 
predicted based on the weighted RMS acceleration response. Various 
factors, such as the property and boundary conditions of floors, and 
the human-induced excitation were considered. 

The model for predicting the fundamental natural frequency and the 
design method for predicting the vibration serviceability of CLT floors 
can be further developed. More measurements, experiments or simula-
tions are needed to fully explore the effects of various factors on the floor 
vibration serviceability. 
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Table 6 
The VDV obtained by numerical simulation and prediction method.  

Spacing between screws (mm) 181 373 560 560 560 800 1120 1400 

Diameter of screw (mm) 8 8 6 8 10 8 8 8 
Numerical modelled VDV (m/s1.75) 0.891 0.905 0.950 0.947 0.944 1.014 1.148 1.445 
Predicted VDV (m/s1.75) 0.894 0.915 0.951 0.949 0.946 1.012 1.160 1.451  
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