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ARTICLE INFO ABSTRACT

Keywords: Timber composite floors are vulnerable to human-induced vibrations due to their low weight and
Mass timber long spans used in office buildings. Introducing concrete into timber panels is a common
Vibration

approach to enhance the vibration performance of long-span timber floors. While the effects of
certain parameters on the vibration performance of timber composite floors have been exten-
sively studied in laboratory settings, and some numerical models have been proposed, predictions
are often sensitive to variations in input parameters. Many of these numerical models are “cali-
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brated” using test data from specific experiments (e.g., connection or 4-point bending tests)
conducted on specific laboratory floors and may not be applicable to real building floors. This
paper presents a comprehensive physics-based finite element (FE) modelling framework aimed at

Connector’s shear stiffness accurately predicting the vibration characteristics (i.e. frequency and acceleration) of long-span
Timber Concrete Composite (TCC) floors and understanding the vibration response of compos-
ite floors. The accuracy of the approach is examined by comparing modelling predictions against
test data for a 9 m (~30 ft) composite floor within a real office building. The application of
analytical equations for predicting floor static stiffness, and frequency, and limitations of simple
approaches suggested in some standards are discussed. The developed framework is shown to be a
valuable tool for benchmarking the impact of various boundary conditions and input parameters
recommended in design guides. Specifically, the effects of key parameters, including the dynamic
modulus of concrete, shear stiffness of glulam beam-to-CLT and CLT-to-concrete connectors, and
the stiffness of beam-to-beam connections are demonstrated and discussed.

1. Introduction

Adding a concrete topping to timber floors offers several advantages over traditional timber floors in new mass timber buildings.
This combination enhances floor’s stiffness, improves its acoustic performance, and increases thermal mass, which can help reduce
energy consumption for heating and cooling [1-3]. The enhanced properties of Timber Concrete Composite (TCC) floors, such as
higher flexural stiffness compared to solid timber floors, make them well-suited for buildings with large open spaces and long spans.
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However, the longer spans can still make the floor vulnerable to human-induced vibrations [4].

Researchers have extensively studied TCC floors in laboratory settings, focusing on the shear stiffness of the connections (e.g., see
Refs. [5-14]) and the applicability of the Gamma method in predicting the flexural stiffness of composite floors (e.g., see Refs.
[15-21]). From a dynamic perspective, numerous experimental studies have reported the dynamic characteristics of TCC beams and
floors with different type of connectors, focusing on frequency, mode shape, and damping ratio [22-27]. Research on TCC beams
reported natural frequencies ranging from 7 to 12 Hz, with damping ratios below 2 % [23-26]. Adding a concrete topping significantly
influenced frequency [25,26], while CLT-to-concrete connections had no significant impact on frequency of the composite beams
tested in laboratory settings [24,25]. Despite several experimental studies investigating the static and dynamic characteristics, only
few studies have explored the performance of TCC floors under human-induced vibrations and the relevance of existing standards and
vibration design guides in laboratory settings [26,28] and real buildings [29]. Due to the limited experimental data on real mass timber
composite floors with long spans, Malek et al. [29] conducted a comprehensive experimental investigation into the vibration
behaviour of two mass timber composite floor systems in two different office buildings. Vibration tests were performed to determine
the static and dynamic characteristics of the CLT composite floors. After identifying floor’s dynamic characteristics, human walking
tests at different pace rates were conducted to evaluate the influence of different parameters, such as walking paths, walking fre-
quency, and walker weights, on the vibration behaviour of the floors at different locations. The findings were presented in terms of
floor frequency and time history acceleration during walking, providing valuable data for validating numerical models in the current
study.

In addition to experiments, significant efforts have been made to develop numerical models in order to investigate vibrational
characteristics, i.e. frequency and mode shapes, of CLT and CLT composite floors (e.g. see Refs. [27,30,31]). For CLT floors, Asakura
etal. [32] used a simplified single-layer numerical model to predict low-frequency floor vibrations in CLT houses. An equivalent single
anisotropic shell element was calibrated based on modal analysis results of the multi-layer model for this purpose. Although the spline
connections between CLT panels were not considered in the modelling, validation against experimental data (for a 2 m span laboratory
CLT panel and a 5 m span real CLT floor) showed that the single-layer approach closely matched the vibration characteristics in terms
of Mobility-Frequency for both the CLT panel and the actual CLT floor in a CLT house. Similarly, the vibration performance of CLT floor
panels under footfall forces has been investigated using time history analysis in the literature. Jonasson et al. [33] explored the use of
hardwood species like beech and birch to improve the vibrational performance of CLT panels under foot-fall forces. Using FE models
calibrated through experimental modal analysis tests conducted on small (1 m x 1.5 m) CLT panels, Jonasson et al. [33] predicted
natural frequencies with an error of less than 1 %. The study found that hardwood (birch and beech) laminations reduced
footfall-induced vibrations (RMS acceleration) to 20 %-30 % compared to reference spruce laminations. However, using low-quality
beech could double the footfall-induced arms. These findings emphasize the role of material selection and input properties in CLT
design and demonstrate the effectiveness of numerical modelling in predicting vibration performance of CLT floors. As demonstrated
in this study, validation against only floor frequency is not sufficient to assess the relevance of a reliable numerical model. A
comprehensive validation procedure should involve examining both floor frequency and floor’s transient response under walking as
discussed in Ref. [34].

For modelling CLT floors with concrete topping (TCC), Casagrande et al. [35] used layered shell and link elements to represent CLT
panels and connectors, respectively. To determine fastener lateral stiffness in their model, an updating process was utilized, incor-
porating laboratory test results. In other words, the test data was used to calibrate the fastener’s stiffness. It should be noted that this
approach is not directly appliable for vibration design of floors in real buildings without testing the building after completion. Using
their calibration method, Casagrande et al. [35] showed matching values for fundamental frequency and VDV for CLT and TCC floors
in both numerical models and laboratory tests. However, onsite tests exhibited significantly higher values, leading to the conclusion
that numerical models should be improved in order to predict the real floor performance more accurately. It should be highlighted that
the authors claimed that discrepancies between numerical outcomes and real floor results were largely due to partitions. Ussher et al.
[36] investigated the effect of partition walls on the vibration serviceability of mass timber floors using numerical modelling alongside
experimental testing. A finite element model was developed to simulate the dynamic behaviour of floors with different partition wall
configurations. The results highlighted the importance of properly modelling wall-floor interactions to improve vibration service-
ability predictions in timber structures. Xie et al. [37] and Malek et al. [38] numerically studied the vibration performance of mass
timber composite floors and found that step frequency, number of walkers, CLT thickness, damping ratio, and CLT-to-CLT connections
could be important parameters affecting the peak acceleration of the floor during walking. These recent two studies reported good
agreement between numerical results and experimental data (in terms of floor frequency and peak acceleration under walking) for
laboratory-tested floors under controlled conditions.

A review of the literature reveals a gap in rigorous modelling of real-world mass timber composite (TCC) floors, particularly in
terms of predicting their vibration behaviour under human-induced activities. The influence of various parameters on the dynamic
response of these floors has not been thoroughly explored. This study builds upon the modelling approach introduced by Malek et al.
[38] and aims to develop a rigorous modelling approach to predict both the static and dynamic performance of long-span (9 m)
real-world TCC floors. It is worth mentioning that the AISC Design Guide 11 [40] suggests using 1.35E. as the dynamic modulus of
elasticity of concrete in steel-concrete composite systems. Similarly, the U.S. Mass Timber Floor Vibration [39] recommends increasing
the elastic modulus of concrete by a factor of 1.35 to account for dynamic effects in vibration analysis. However, the justification
behind applying this factor to timber composite floors is unclear to the research community and further investigation is needed to
determine the appropriate amplification factor for such floors. As 1.35E, has been suggested in U.S. Mass Timber Floor Vibration [39]
and AISC Design Guide [40]), this study aims to assess the relevance of this amplification factor on the frequency and acceleration of
TCC floors for the first time. Additionally, in most numerical models, measuring shear stiffness of connections through physical testing
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or model updating is typically required for calibration. Conducting testing is costly and not always feasible at the design stage. Hence,
this study uses a simple physics-based approach to estimate the shear stiffness of connections for use as the input in the numerical
model. Another research gap in the literature is related to the accuracy of simple equations for predicting the flexural stiffness and
frequency of actual mass timber composite floors, which has not been comprehensively investigated for long-span “office” buildings.
To address this gap, the Gamma method is employed to estimate the static stiffness of TCC floors utilizing Euler-Bernoulli beam
assumption (for the free vibration of a simply supported beam) along with an SDOF model to predict floor frequency.

The specific sub-objectives of this research are as follows: (i) to examine different analytical methods for predicting the flexural
stiffness and natural frequencies of real TCC floors, a topic that has not been extensively addressed in the literature, (ii) to assess the use
of the analytical equations presented in Eurocode 5 [41] for calculating the shear stiffness of connections (CLT-to-glulam and
CLT-to-concrete) within the numerical model, as an alternative to experimental testing or model calibration, (iii) to investigate the
impact of various boundary conditions (based on the typical connections used in mass timber buildings) on the vibration behaviour of
the modelled TCC floors, and (iv) to provide practical guidance for engineers in developing reliable modelling approaches for vibration
analysis of timber composite floors in real-world buildings.

This paper is organized into five sections. Section 2 briefly explains the experiments, including human-induced vibration tests used
for validation purposes. Section 3 describes the methodology for predicting the static and dynamic behaviour of TCC floors, including
modelling assumptions and input data. The verification strategy for the static stiffness of the modelled floor is also discussed in this
section. Section 4 presents the numerical results and their comparison with the test data. The impact of various boundary conditions on
the floor frequency and acceleration during walking are also illustrated in Section 4. The sensitivity of the modelling results to the
stiffness of connections and the presence of adjacent bays connected to the evaluated bay is examined in this section as well. Finally,
Section 5 provides insights for engineers on modelling TCC floors more rigorously in practice.

2. Experiments
2.1. Geometry and structural details

The TCC floor selected for validation purposes in this paper, is composed of CLT panels topped with 76.2 mm reinforced concrete.
This floor, which is shown in Fig. 1, is part of a multi-story mass timber building in California. The composite floor between G-F and
3-4 (Fig. 1) is the focus of this paper. The dimensions of the selected bay are approximately 9 m x 9 m (30’ x 30°).

In terms of floor configuration, the tested section of the floor featured 3-layer 105 mm (4 1/8") CLT panels supported by two large
glulam beams (girders). Three glulam purlins are placed between these two large beams and served as secondary beams as shown in
Fig. 1. CLT panels are grade V2M1.1, Glulam beams are 24F-V4/DF, and glulam columns are DF, as defined in Structurlam Mass
Timber Design Guide [42]. The concrete topping exhibited a 28-day strength of 35 MPa (5000 psi). Fig. 2 illustrates CLT-to-CLT,
CLT-to-glulam beams, glulam beam-to-column, and purlin-to-girder connections.

2.2. Human-induced vibration test

Vibration measurements were conducted according to the IEST Recommended Practice RP-CC-024.01 [43] using Wilcoxon 731A
accelerometers placed on the structural floor to collect time-domain acceleration data at a sampling frequency of 512 Hz.
Human-induced vibrations were measured with a walker walking along specified paths at controlled pace rates of 75, 85, 96, 111, and
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Fig. 1. Selected bay used to investigate the vibration performance of the CLT-Concrete composite floor. The arrangement of primary and secondary
beams, along with the walking paths (WP1-WP4) and accelerometer locations (1a-1c), are shown. The direction of the CLT panels is indicated by
the horizontal line. For this study, walking on WP1 (represented by the thick red dashed line) and measuring the floor response at 1a (in the middle)
were used. All dimensions are in mm.
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Fig. 2. Typical connections between different parts of the floor (a) Glulam girder (beam)-to-column connection, (b) CLT-to-Glulam beam and
Concrete-to-CLT connection, (¢) CLT-to-CLT connection, and (d) purlin-to-girder (beam-to-beam) connection. All dimensions are in mm.

126 paces per minute (ppm) to identify peak amplitudes. All measurements were taken in the vertical axis, which is most affected by
walker-induced vibrations. Walker 1 was 178 cm (5'10") tall, 91 kg (200 1bs), and wearing composite toe safety shoes. More infor-
mation could be found in Ref. [29].

3. Numerical modelling approach
A FE model of the TCC floor has been created as shown in Fig. 3. Pined connections and links were used to represent the glulam
beam-to-purlin and glulam beam-to-CLT connections, respectively. Similarly, links were considered to represent the connection be-

tween the concrete topping and CLT. Some general assumptions and the modelling approach limitations are discussed in the following
subsection.

3.1. Assumptions

Several considerations and simplifications have been made for modelling purposes. The electrowelded steel mesh was excluded as
discussed in Ref. [27]. In analysis design guides, some suggestions are often provided for modelling connections. Here, glulam

Concrete-Topping

Concrete-to-CLT
Connection

Connection

Fig. 3. FE model for the selected bay, including beams, CLT panels, concrete topping, and the connections (links) between the glulam beams and
CLT, as well as between the CLT and concrete topping. Some concrete elements were removed for clarity.
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beam-to-beam connections shown in Fig. 2(d), were modelled as pinned based on the connection details. Considering the fact that the
concrete layer placed on top of the CLT panels will restricts relative movement of the panels, fully bonded connections between two
adjacent CLT panels at their joints were assumed. A distributed superimposed dead load of 92.77 kg/m? (19 Ib/ft?) was applied as a
distributed load to the floor, accounting for both the floor finish and ceiling loads. No partition wall existed in the selected bay.

3.2. Input parameters

The elastic material properties and density of the glulam beams, columns, and CLT panels were taken from the supplier document
as listed in Table 1. The material properties of the concrete have also been provided. In terms of damping, a damping of 2.3 % was
considered according to measurements reported in Ref. [29]. An exponential fit through the local maxima of the floor’s free vibration
response in the heel drop test has been used as suggested in Ref. [44] to determine this damping ratio.

The connections (through screws) between the glulam beam and CLT, and between the concrete and CLT, were modelled using
links as shown in Fig. 3. Since shear tests for specific connections are not always feasible, analytical equations may be used to estimate
shear stiffness with reasonable accuracy as discussed in Ref. [45]. According to the Eurocode 5 [41], knowing the mean density of
timber components and diameter of the vertical connector, the timber-timber connection shear stiffness can be determined as:

d
15
k=p, 23 (€5

here, pn, represents the mean density of the timber (kg/m3), and d is the screw diameter (mm). Vertical 7.94 mm @ 609.6 mm (5/
16”@2') screws were used to connect CLT panels to Glulam beams and CLT panels to concrete. The shear stiffness of the CLT-to-glulam
connection was estimated to be 3384 N/mm using Eq. (1), assuming the mean density of the timber obtained from Eq. (2), with values
of 499.8 kg/m3 for p; (Glulam) and 419.7 kg/m3 for po (CLT). According to Eurocode 5 [41], the shear stiffness of the CLT-to-concrete
connection can be calculated by multiplying the stiffness from Eq. (1) by 2, with py, being the density of GLT (419.7 kg/m®). Therefore,
the shear stiffness of the CLT-to-concrete connection was estimated to be 5936 N/mm.

Pm=VP1 P2 @
3.3. Element type

Frame elements were used to model beams and columns in ETABS [46]. These elements could be used in modelling axial, bending,
and shear forces (see Fig. 4(a)). To represent screws that connect CLT panels to concrete and glulam beams, link elements with six
degrees of freedom were used. The linear link elements were fixed in rotation and vertical displacement, allowing only translational
displacement in the horizontal plane, as discussed in Ref. [27]. Unlike most previous studies, layered shell elements which consider the
orthotropic material properties, thickness, and angle of each layer were used to model CLT panels. In layered shell used for modelling
CLT panels, straight normals remain straight, enforcing full composite behaviour between layers [46]. The concrete topping was
modelled using separate rectangular thin shell elements. A shell element is a four-node element that captures both membrane and
bending behaviour (see Fig. 4(b)).

3.4. Verification

To verify the accuracy of the presented modelling approach and key assumptions, first a simply supported composite floor was
studied carefully. The static (flexural) stiffness and dynamic (frequency) behaviour of this simply supported composite floor under
bending loads are predicted and compared with analytical estimates. The analytical equations and methods used to estimate the floor’s
characteristics are described in detail below.

3.4.1. Flexural stiffness

The most popular method for estimating the effective flexural stiffness of a two-component composite section is the Gamma method
outlined in Eurocode 5-Annex B [41] (Egs. (3)-(5)). Although this method is typically used for composite beams comprising timber
and concrete (i.e. a two-component member), it could be generalized and was adapted to estimate the effective flexural stiffness of a
three-component composite member comprising concrete, CLT, and glulam as explained in in Eurocode 5-Annex B [41]. To verify the
modelling approach for a three-component composite member with various connectors, a separate FE model with physical links
between different components (considering mean distance between purlins as the effective width) was generated. Pinned support was
used on both sides of the floor and deformations were predicted (see Fig. 5). Section 4.1.1 compares the predictions of this separate FE
model (with physical links) with the analytical estimates of flexural stiffness using the Gamma method and equations below:

3
Ely= > (Eli+yEAd}) 3)

i=1

vio=[1+2EAs/ (KP)] " @



Table 1

The material properties used for modelling the composite floor.

Concrete Glulam Beam Glulam column
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Fig. 4. Schematic of forces and moments in a (a) frame element and (b) shell element in ETABS [46].

Fig. 5. Deformed shape of simply supported floor under a 1 kN concentrated bending load.
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3.4.2. Frequency

For predicting the dynamic characteristics and examining the relevance of the modelling approach, three methods commonly used
by engineers and researchers for estimating the bending frequency of beams/floors are discussed in this section. The first procedure
assumes that the floor/beam behaves as a discrete Single-Degree-of-Freedom (SDOF) system of a concentrated mass connected to a
spring with stiffness constant of k (see Eq. (6)). For the analytical estimation of the frequency of beams/floors, both stiffness and mass
(total) are required according to Eq. (6). The stiffness itself could be calculated using (i) k = 384EI/5L® for a simply supported beam
under a distributed load (e.g., self-weight) (Method 1); or (ii) k = 48EI/L? for a simply supported beam under a 1 kN concentrated load
at the floor’s midpoint (Method 2).

As an alternative to the over-simplification in Eq. (6), Euler-Bernoulli beam theory (Method 3), for free vibration of a simply
supported beam, can be employed to estimate the floor frequency. This can be achieved using Eq. (7), as outlined in Eurocode 5
(Section 7.3.3) [41], where EI is derived from the Gamma method discussed previously. The results of the FE model verification
focusing on the floor frequency through three methods, are presented in Section 4.1.2. In fact, the frequency obtained from the FE
model will be compared with those derived from these three methods.

1 /k

fspor = o \/% (6)
n  |EI

f beam — E E (7)

4. Results and discussion
4.1. Verification

4.1.1. Flexural stiffness

The relevance of the modelling approach in predicting the static stiffness of the composite floor has been examined by applying a 1
kN concentrated load at the middle of the floor in the FE model (Fig. 5). The numerical static stiffness of the simply supported floor in
Fig. 5 could be predicted by dividing the applied load of 1000 N by the predicted deflection of 0.247 mm, which leads to kpym = 4.05 X
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10° N/m. This value matches well with the analytical value of kapa 118 = 4.07 x 10° N/m that could be estimated by employing the
Gamma method assuming the same material properties used in the numerical model and the shear stiffness of connectors. Note that the
Gamma factor was calculated for CLT to concrete (y1) and CLT to glulam beams (y3) using Eq. (4), while y is 1 according to Eurocode
[41]. The predicted flexural stiffness from the numerical model (Elyy, = 6.44 x 10’ N mZ) is less than 1 % different from the analytical
estimation using the gamma method (Elyp, 1xnv = 6.48 x 10”7 N m?) for this hypothetical simply supported floor as expected. The
analytical and numerical predictions of frequency are discussed separately in the next subsection.

4.1.2. Frequency

For numerical estimation of frequency, modal analysis of the FE model (presented in Fig. 5) could be used which led to a natural
frequency of 4.83 Hz (Table 2). As an alternative to modal analysis, frequency could be estimated indirectly from static stiffness results
and floor’s mass. Three methods commonly used by engineers and researchers (as explained in section 3.4.2) were examined and
Table 2 presents the results of each method. Careful inspection of the results shows that using the SDOF system assumption leads to
significant discrepancies (Methods 1 and 2 in Table 2). In first method, where a distributed load (i.e. floor’s weight) was assumed for
calculating floor’s bending stiffness (k = 384 EI/5L%), a frequency of 4.23 Hz was predicted. This value deviates by approximately 12
% from the ETABS modal analysis prediction (Method 1 in Table 2). The second method, which uses the stiffness of a simply supported
beam under a 1 kN concentrated load at the midpoint of the beam (k = 48EI /L), resulted in a larger error of about 31 % (Method 2 in
Table 2). These errors highlight the limitations of SDOF assumption (a discrete system) for a continuous mass system to predict floor
frequency. In contrast, the third method, based on the Euler-Bernoulli beam theory, provided a closer approximation to the ETABS
model, around 1 % error (Method 3 in Table 2). The comparison indicates that this approach may offer a more accurate analytical
representation of the floor’s frequency.

Table 2 demonstrates that assuming the floor behaves as an SDOF system leads to higher errors in predicting floor frequency
compared to applying the Euler-Bernoulli beam theory equation. Among the three methods discussed, applying a 1 kN load at the
midpoint and measuring the resulting stiffness as suggested in some standards is the least accurate. This is because the floor has
different stiffness at different points, and this approach reflects the stiffness at a single point (the floor’s midpoint) rather than the
overall stiffness of the floor. In contrast, the Euler-Bernoulli beam theory equation offers a more precise method by assuming the
vibration of a beam, which closely resembles the floor presented in Fig. 5. Although this analytical equation was used to verify the FE
model in Fig. 5, it would be valuable to evaluate its accuracy on a real TCC floor with actual dimensions and section properties, as
shown in Fig. 1. This will be explored after assessing different boundary conditions to refine the FE model for closer alignment with
experimental data.

4.2. Validation

To investigate the accuracy of the developed modelling framework for a floor with complex boundary conditions, validation has
been done based on the frequency and acceleration of a recently tested CLT-concrete composite floor [29]. For this purpose, 7 models
(cases) with various boundary conditions as listed in Table 3 are created, and results are compared against the experimental data. As
there are uncertainties involved in the concrete modulus, both static and dynamic concrete moduli (proposed in AISC DG 11 for
modelling composite floors in general) are considered.

Fully-bonded connections between glulam beam and CLT and between concrete and CLT were assumed for the first three cases (1,
2, and 3) listed in Table 3. The remaining cases (4, 5, and 6) involve links between these components. The stiffness of each link element
has been determined analytically using Eq. (1). The effect of different floor supports, such as pinned and fixed supports, was examined
in cases 1, 2, 4, and 5. Additionally, the impact of adding half of the columns (4.7 m (15.5%)) at the top and bottom of the floor (as
recommended in AISC DG 11) was analyzed in cases 3 and 6. In those models, the column ends are pinned, and beam-to-column
connections are fixed.

Cases 1 to 6 considered only one bay of the floor in Table 3. According to AISC Design Guide 11 [40], adjacent bays can influence
the bay being evaluated by increasing its natural frequencies. Additionally, adjacent bays can move in conjunction with the evaluated
bay, adding to the mass in motion and reducing the acceleration response. Case 7 explores the impact of modelling adjacent bays. As

Table 2
Verification of the FE model based on floor’s frequency.
Floor Floor Frequency (Hz)
ETABS Single-Degree-of-Freedom (SDOF) system Euler-Bernoulli Beam Theory
Method 17 Method 2° Method 3°
fSDOF = %‘[ % fSDOF = % % fbeam = 2_2!2 \/E;I
TCC floor! 4.83 4.23 3.32 4.79

@ k represents the stiffness of the floor under the floor’s weight and m is the mass of the floor.

b k represents the stiffness of the floor under 1 kN concentrated load and m is the mass of the floor.
¢ EI is the flexural stiffness of the beam estimated by the Gamma method.

4 The floor presented in Fig. 5.
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Table 3
Case studies considered to examine the effect of various boundary conditions.
Case  Number Connection Beam-to Columns Beam-to- Floor Edges Glulam Beam-  Concrete-to- Mass”
of Bays Between CLT Beam Column to-CLT CLT (kg)
Layers Connection Connection Connection Connections
1 1 Fully-bonded Pinned No Column N/A Fixed at four ~ Fully-bonded Fully-bonded 30598
edges
2 1 Fully-bonded Pinned No Column N/A Pinned at Fully-bonded Fully-bonded 30598
four edges
3 1 Fully-bonded Pinned Horizontal Fixed Connected Fully-bonded Fully-bonded 36673
restraints at the to columns

top and pinned
restraint at the

bottom
4 1 Fully-bonded Pinned No Column N/A Fixed at four ~ Links (k = Links (k = 30598
edges 3383.7 N/ 5936.5 N/
mm) mm)
5 1 Fully-bonded Pinned No Column N/A Pinned at Links (k = Links (k = 30598
four edges 3383.7 N/ 5936.5 N/
mm) mm)
6 1 Fully-bonded Pinned Horizontal Fixed Connected Links (k = Links (k = 36673
restraints at the to columns 3383.7 N/ 5936.5 N/
top and pinned mm) mm)
restraint at the
bottom
7 9 Fully-bonded Pinned Horizontal Fixed Connected Links (k = Links (k = 330057
restraints at the to columns 3383.7 N/ 5936.5 N/
top and pinned mm) mm)
restraint at the
bottom

2 The floor mass includes the mass of the structure plus the superimposed dead load of 92.77 kg/m? (19 1b/ft?) from the floor finish, ceiling, and
MEP load.

shown in Fig. 6, pinned beam-to-beam connections were used in all cases. The mass of each case is shown in the last column of Table 3
considering the mass of the structure plus the superimposed dead load of 92.77 kg/m? (19 1b/ft) from the floor finish, ceiling, and MEP
load.

4.2.1. Floor frequency
Fig. 7 compares the floor frequencies of FE models in different cases according to Table 3. The AISC Design Guide 11 [40] suggests
using 1.35E, as the dynamic modulus of elasticity for concrete. Similarly, the U.S. Mass Timber Floor Vibration Design Guide [39]

Pinned Beam to
Beam Connection

Horizontally restraints
(two degrees of
freedom are restricted)
Fixed support 5 \,

(six degrees of
freedom are
restricted)

Pinned Beam to
Connection

Pinned restraint (three
Fixed Beam-to- degrees of freedom are
Pinned support Column Connection , | restricted)

N
(three degrees &

restricted)

D) (©

Fig. 6. Floor supports in (a) Cases 1 and 4 with fixed support at the four edges of the floor, (b) Cases 2 and 5 with pinned support at the four edges
of the floor, and (c) Cases 3, 6, and 7 with half-height columns and fixed beam-to-column connections. Pinned beam-to-beam connections were
used in all cases.
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recommends increasing the elastic modulus of concrete by a factor of 1.35 to account for dynamic effects in vibration analysis.
However, the justification for applying this factor to timber composite floors is unclear to the research community and further
investigation is needed to determine the appropriate value for such floors. As 1.35E, has been suggested in Refs. [39,40], this study
aims to assess the relevance of this amplification factor on the frequency and acceleration of TCC floors for the first time. To show the
effect of this parameter on the floor frequency, Fig. 7 compares the results of the FE models with both the static (E.) and dynamic
(1.35E.) modulus of elasticity for concrete. Fig. 7 shows that modal analysis in Cases 4, 6, and 7, with both static and dynamic moduli
of elasticity for the concrete, predicts the closest frequency to the measured floor frequency of 5.2 Hz [29], with an error of less than 4
%. It should be highlighted that Cases 6 and 7 includes columns and also links between glulam beams and CLT, as well as between CLT
and concrete, making this model more comprehensive and closer to a real floor. Furthermore, the shear stiffness of the connectors was
taken from Eurocode 5 [41], demonstrating that using these values can lead to acceptable results compared to the measured frequency.
In contrast, it should be noted that Case 1, with fixed supports at four edges and fully bonded connections between all components
(common assumptions used by some practitioners in industry), has the largest error among all cases and may overpredict floor’s
frequency significantly. To confirm that Cases 6 and 7 can also produce a floor response closer to the measured ones, the next section
examines the time-history acceleration and peak acceleration of the modelled floors under human footfall force (human-induced
vibration).

4.2.2. Floor acceleration under walking

Walker 1, with a walking frequency of approximately 1.7 Hz along path WP1, and a weight of 91 kg, was chosen to validate the
numerical model. Fig. 8 presents the recorded time history of floor acceleration during a walk at the walking frequency of 1.7 Hz,
which involved six rounds of back-and-forth walking. The walking test lasted for over 90 s, as shown in Fig. 8, with an interval of
approximately 14 s to traverse WP1 (see Fig. 1).

After conducting a model analysis and determining the frequencies, a transient modal analysis was conducted to simulate walking
on the floor. The footfall force functions, as provided in Xie et al. [37], were employed to apply the load on the floor while simulating
walking at a frequency of 1.7 Hz. Fig. 9 illustrates the footfall force functions used by Xie et al. [37]. Table 4 displays the footfall force
function estimated by Xie et al. [37] in their study regarding walking at 1.7 Hz.

In the previous section, it was observed that all cases with links between glulam beam and CLT, and between concrete and CLT
(cases 4, 5, 6, and 7), produced more realistic floor frequencies. Additionally, Cases 4, 6, and 7 presented the frequency closest to the
measured frequency of the floor. To further investigate which model can predict the floor response during walking, the predicted peak
acceleration of the floor is compared with the measured one in Fig. 10. This figure considers Walker 1, weighing 91 kg, walking at a
frequency of 1.70 Hz on path WP1. A comparison is conducted for the results of the FE models using both the static (E.) and dynamic
(1.35E.) modulus of elasticity for concrete. Although the use of dynamic and static moduli of concrete could be debatable, it resulted in
small differences in the floor frequency results (less than 5 %). However, a significant difference is observed in the peak acceleration of
the FE models if links between glulam beams and CLT, and between concrete and CLT are assumed (Cases 4, 6, and 7). Considering one-
bay models (Case 1 to 6), all FE models with 1.35E, predicted reasonable results in terms of peak acceleration. Interestingly, in Case 7
with nine bays, assuming E. and fixed beam-to-column connections, leads to very accurate modelling predictions in terms of both floor
frequency and peak acceleration. In other words, using the shear stiffness of floors predicted by Eurocode 5 [41] in Case 7, along with
other assumptions according to Table 3, resulted in reasonable predictions.

For further clarification on the assumption of dynamic modulus of concrete, the time history of the floor acceleration due to Walker
1 walking at a walking frequency of 1.7 Hz on WP1 in Cases 1 to 7 is presented in Figs. 11-14. Dynamic modulus of elasticity has been
considered for concrete in Figs. 11-13 as the peak acceleration shows less sensitivity.

Fig. 11 shows a comparison between the predicted and measured time-history acceleration of the TCC floor when Walker 1 walked
at a walking frequency of approximately 1.7 Hz in the third round of walking. The main assumption here is the fixed support of the TCC
floor at the four edges (see Fig. 6(a)) while other connections are altered. Overall, the acceleration of the floor has been overestimated.
However, considering the maximum acceleration, Case 1 predicted lower peak acceleration. According to Fig. 11(b), Case 4 (with links
between components) with a floor frequency of 5.41 Hz (close to the measured frequency of 5.2 Hz) produced much higher accel-
eration than the measured acceleration.

The other extreme boundary condition is using pinned supports at four edges of the floor (see Fig. 6(b)). Fig. 12 compares the

® FE models with Ec
® FE models with 1.35Ec

Floor Frequency (Hz)
o B B oW E

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Experiment

Fig. 7. Comparison of predicted floor frequencies from FE models with different boundary conditions and experimental data. Both the static (E.)
and dynamic (1.35E.) modulus of elasticity of concrete are assumed in each case to demonstrate the impact of concrete modulus. Table 3 lists the
details of each case.

10



N. Cheraghi-shirazi et al. Journal of Building Engineering 106 (2025) 112605

0.01
0.008
0.006
0.004
0.002

-0.002
-0.004
-0.006
-0.008

-0.01 : ‘ .

0 20 40 60 80
Time (s)

Acceleration (g)
1=}

Fig. 8. Measured time history acceleration of the floor during walking of Walker 1 with a pace rate of 100 ppm (1.7 Hz).
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Fig. 9. Footfall force functions utilized by Xie et al. [37]. The same function has been assumed in the models.

Table 4

Assumptions made by Xie et al. [37] in the context of simulating walking on the floor.
Walking type Walking frequency (Hz) ts” (s) te® (s) Stride length (m)
Slow 1.7 0.59 0.80 0.60

@ The period of human walking is ts = 1/fs and the duration of the single footfall is te.

0.14

0.12 ® FE models with Ec
® FE models with 1.35Ec

0.1

0.08

0.06

Peak Acceleration (m/s?)

0.04

0.02

Case | Case2 Case3 Cased Case 5 Case 6 Case7  Experiment Experiment
(Round 3)  (Round 4)

Fig. 10. Comparison of predicted peak floor accelerations from FE models with different boundary conditions and experimental data when Walker 1
walked at a walking frequency of around 1.7 Hz on WP1. Both the static (E.) and dynamic (1.35E.) modulus of elasticity of concrete are assumed in
each case to demonstrate the impact of concrete modulus. Table 3 lists the details of each case.

predicted and measured time-history acceleration of the floor under the walking of a person weighing 91 kg at a walking frequency of
approximately 1.7 Hz with this pinned assumption. It is observed that both FE models, with frequencies of approximately 4.55 Hz in
Case 2 and 4.29 Hz in Case 5, produced similar peak accelerations, though a bit higher than the measured values.

In Cases 3 and 6, columns were added to the model (leading to higher mass of the model), and fixed beam-to-column connections
were used to connect the floor to the columns (see Fig. 6(c)). Half of the column height was modelled at the top and bottom of the floor,
with a height of 4.7 m (15.5 ft). Fig. 13 shows the comparison between the predicted and measured time-history acceleration of the

11
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Fig. 11. Prediction of the time history acceleration of the TCC floor when Walker 1 walked at a walking frequency of around 1.7 Hz on WP1, using
two FE models: (a) one with fully-bonded connections (Case 1) and (b) one with links between the glulam beam and CLT, as well as between the
concrete and CLT (Case 4). Both FE models include 1.35E, and fixed floor supports at the four edges (see Fig. 6(a)).
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Fig. 12. Prediction of the time history acceleration of the TCC floor when Walker 1 walked at a walking frequency of around 1.7 Hz on WP1, using
two FE models: (a) one with fully-bonded connections (Case 2) and (b) one with links between the glulam beam and CLT, as well as between the
concrete and CLT (Case 5). Both FE models include 1.35E, and pinned floor supports at the four edges (see Fig. 6(b)).
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Fig. 13. Prediction of the time history acceleration of the TCC floor when Walker 1 walked at a walking frequency of around 1.7 Hz on WP1, using
two FE models: (a) one with fully-bonded connections (Case 3) and (b) one with links between the glulam beam and CLT, as well as between the
concrete and CLT (Case 6). Both FE models include 1.35E,, pinned half heigh columns and fixed beam-to-column connections (see Fig. 6(c)).

floor when Walker 1 walked at a frequency of approximately 1.7 Hz on WP1. A similar trend to that in Fig. 11 is observed, with both
cases overestimating the measured floor acceleration. Case 6, with a frequency (f = 5.29 Hz) very close to the measured floor fre-
quency, predicts a higher floor acceleration.

In the last case, Case 7, all adjacent bays have been included in the model. Fig. 14 (a) and (b) show the floor deflection under 1 kN
concentrated load and the first-floor mode shape, respectively, for this case. Fig. 14 (c) represents the results of time history accel-
eration of the floor under walking when using static (E.) modulus of elasticity of concrete. Static and transient modal analyses showed
that including adjacent bays resulted in approximately 7 % increase in floor stiffness and less than a 3 % increase in frequency, while
decreasing peak acceleration due to walking by approximately 59 %. This significant effect on peak acceleration has not been reported
elsewhere to the authors’ knowledge. Comparing the results of Figs. 14(d) and 13(b) demonstrates that modelling only one panel might
overestimate the floor’s response, and incorporating adjacent bays provides a more accurate (and less conservative) representation of
the actual floor response. Fig. 14(d) illustrates that using 1.35E. when modelling adjacent bays underestimates the floor acceleration
induced by walking.

Table 5 summarize all results for all cases. Fully-bonded connections between glulam beams, CLT panels and concrete (as in Cases
1-3) simplify modelling but overestimate floor stiffness and frequency (e.g., 6.71 Hz in Case 1 vs. the measured 5.2 Hz), as they
represent a rigid connection between components. In contrast, unbonded connections (using link elements instead of rigid connec-
tions), which allow for some relative movement between the glulam, CLT, and concrete, more accurately reflect real-world conditions.
This leads to a frequency prediction closer to the measured value (5.26 Hz in Case 7 vs. the measured 5.2 Hz); While bonded models
simplify initial analyses, the unbonded assumption with link elements provides more accurate predictions of dynamic behaviour.

12
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Fig. 14. (a) Floor’s deflection under 1 kN concentrated load, (b) first mode shape, and time history acceleration of the TCC floor when Walker 1
walked at a walking frequency of around 1.7 Hz on WP1, using the FE model (Case 7) with nine bays: one with E. (c) and one with 1.35 E, (d). The
FE model has pinned half heigh columns and fixed beam-to-column connections as recommended in AISC Design Guide 11 [40], see
Fig. 6(c).

Hence, the full bonding assumption, made by some practitioners in the industry, should be used with caution when modelling timber
composite floors in practice. It should be noted that comparing Figs. 11-14 and considering the predicted frequency in Table 5, Case 7
(with E. and links between different components and half-height columns) provided more accurate results in terms of both frequency
and peak acceleration.

Regarding the static stiffness, the second column of Table 5 shows that the floor static stiffness in all cases is much higher than the
predicted static stiffness by the Gamma method (4.07 x 10® N/m obtained in section 4.1.1) for the simply supported floor presented in
Fig. 5. It is interesting to note that Case 1 (fixed edges with full bonding) overpredicts static stiffness (13.3 x 10° N/m) compared to
Case 4 (fixed edges with link elements) and Case 5 (pinned edges with link elements), where static stiffness is reduced to 7.69 and 6.25
x 10® N/m, respectively. This demonstrates the significance of rigid edge condition on enhancing the stiffness of floors and providing
insights for practitioners. Considering Case 7 as the most accurate model, the actual static stiffness of the TCC floor is nearly twice that
predicted by the Gamma method for a simply supported floor. In fact, simplified support condition for a beam is a fundamental
assumption of the Gamma method, which inherently considers idealized boundary conditions. However, in real-world floors, beam-to-
column and beam-to-beam connections, edge restraints, and interactions with adjacent structures can significantly affect stiffness and
vibration performance. If these effects are not properly accounted for, they may lead to inaccuracies in structural analysis. Further
investigation is needed to assess the applicability of the Gamma method for a real timber composite floor. Using EI from the FE model
for Case 7, Euler-Bernoulli beam theory for free vibration of a simply-supported beam (Eq. (7)) predicted the floor frequency (5.21 Hz)
with an error of less than 2 % compared to the measured frequency. Therefore, this theory can accurately predict the frequency of a real
floor if its flexural stiffness is estimated correctly.

Table 5
Predicted dynamic properties of the TCC floor by FE models and analytical equations in different cases with different boundary conditions.
Case FE Models with E. FE Models with 1.35E,
Static Stiffness ( x 10° Floor Frequency from Modal Peak Acceleration Floor Frequency from Modal Peak Acceleration
N/m) Analysis (Hz) (m/s?) Analysis (Hz) (m/s?)
1 13.30 6.71 0.085 7.09 0.043
2 7.87 4.35 0.043 4.55 0.048
3 11.50 5.92 0.056 6.17 0.046
4 7.69 5.21 0.122 5.41 0.071
5 6.25 4.26 0.042 4.29 0.044
6 7.58 5.13 0.126 5.29 0.079
7 8.13 5.26 0.052 5.41 0.037
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4.3. Parametric studies

In the literature, the effect of various parameters, such as walking characteristics the floor’s damping ratio, and CLT thickness has
been investigated [37,38]. This study aims to examine the influence of other critical parameters affecting the floor response, including
the shear stiffness of the glulam beam-to-CLT and CLT-to-concrete connectors, and the stiffness of the beam-to-beam connections
(whether fixed or pinned). Since Case 7 was identified as the most relevant model in terms of frequency and acceleration, this section
focuses on the effects of these two parameters in Case 7. In the following subsections, the focus is on evaluating results from Walker 1
walking at a frequency of around 1.7 Hz on WP1.

4.3.1. Shear stiffness of the glulam beam-to-CLT and CLT-to-concrete connectors (links in the FE model)

As the shear stiffness of the connectors estimated by Eurocode 5 [41] equations in this study (see Section 3.2.), it is of interest to
examine the sensitivity of the FE results to this parameter. Fig. 15 shows the effect of changing the shear stiffness of the glulam
beam-to-CLT and CLT-to-concrete connectors (links in the FE model) on the static stiffness of the TCC floor in Case 7. It illustrates that
changing the shear stiffness of the links (K) by around 50 % (either decrease or increase) can alter the static stiffness of the floor by
approximately 7 %. Table 6 also shows that although changing the shear stiffness of the links does not significantly affect the floor
frequency, it could change peak acceleration significantly (up to 38 %). Decreasing the shear stiffness of the links reduces the stiffness
of the floor, decreases the floor frequency, and increases floor acceleration. In the case of a 50 % decrease in K, using 1.35E, brings the
floor frequency and peak acceleration close to the measured value (see Table 6). Interestingly, according to Table 6, increasing the
stiffness of the links by 50 % and using 1.35E, yields the same results in terms of floor frequency and acceleration. These findings from
our current numerical study reinforce previous experimental studies [24,25], which show that the effect of screw connections on floor
frequency is negligible. Even with a minimal number of screw connections, an accurate prediction of floor frequency may be achieved.
However, connector stiffness has a significant impact on the floor’s vibration response (acceleration and velocity). This is crucial for
vibration serviceability, especially in timber and composite systems where human-induced vibrations are a key concern. Although the
Eurocode 5 [41] equation provided a stiffness value that resulted in the correct floor response, further investigation is needed to
determine whether this equation can accurately predict the shear stiffness of connections in other types of composite floors with
different types of connectors.

As shear stiffness of connectors has significant effect on the peak acceleration and VDV, structural engineers should pay more
attention to enhance the composite action in timber composite systems using more reliable approaches such as increasing the number
of connectors, using physical notches [9,47,48], or apply durable adhesives [49]. A larger screw diameter, reduced screw spacing, and
higher timber density contribute to increased shear stiffness of the connection according to Eurocode 5 [41] design equation.
Furthermore, inclined screws have demonstrated superior capacity, and a higher slip modulus compared to vertically inserted screws,
improving overall structural performance [13,50].

4.3.2. Beam-to-beam connections

This study has so far focused on pinned beam-to-beam connections in the FE models (see Figs. 2(d) and 6). This subsection examines
the effect of boundary conditions, changing from pinned to fixed beam-to-beam connections on the static and dynamic behaviour of
the TCC floor. Fig. 16 shows the effect of beam-to-beam connections (whether fixed or pinned) on the static stiffness of the TCC floor. It
is observed that these connections have a more significant effect on the static stiffness of the TCC floor in the FE models with links
between different components (Cases 4, 5, 6, and 7) compared to models with fully-bonded connections (cases 1, 2, and 3). Considering
both Fig. 16 and Table 7, it is evident that for Cases 4 and 6, although fixed beam-to-beam connections can decrease floor peak ac-
celeration, they significantly increase the floor’s frequency and static stiffness. As discussed in the previous section, even a 50 %
reduction in K cannot compensate for the increase in floor static stiffness and frequency. In other words, the increase in floor stiffness
and frequency due to the fixed beam-to-beam connections is so substantial that halving K does not adequately offset the effect. For Case
5, fixed beam-to-beam connections did not significantly affect the floor frequency, which remains lower than the measured frequency.
For Case 7, the fixed beam-to-beam connection causes both the floor frequency and peak acceleration to deviate significantly from the
measured values. Hence, fixed beam-to-beam connections are not a suitable choice for modelling the TCC floor.

Based on the results from Cases 1-7 and the parametric studies, the following recommendations are proposed for the modelling of
TCC floors under human-induced vibrations, considering the results of Cases 1-7:

i) Assuming fixed or pinned floor edges does not yield accurate static and dynamic behaviour; instead, modelling columns pro-

vides a more realistic response. Hence, columns should be included in FE modelling of office floors.

ii) Asrecommended in the US Mass Timber Floor Vibration Design Guide [39], column boundary conditions should include pinned
condition at the bottom and horizontal restraints at the top (see Fig. 6).

iii) Since CLT panels extend into adjacent bays, failing to model these bays necessitates appropriate edge boundary conditions to
ensure accuracy.

iv) Beam-to-beam and beam-to-column connections should be modelled according to actual design details and any general pre-
sumption should be avoided.

v) Although not commonly used by practitioners in industry, layered shell elements are highly encouraged in modelling CLT
panels. A layered shell element with orthotropic properties can effectively model CLT panels as an alternative to a convoluted
procedure which requires applying modification factors to adjust single shell element properties described in some white papers
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Fig. 15. Comparison of the predicted static stiffness of the floor under a 1 kN point load applied at its midpoint, based on FE models with various
shear stiffness of the glulam beam-to-CLT and CLT-to-concrete connectors. K is the shear stiffness of the connections in Case 7. For details on Case 7,
see Table 3.

Table 6
Comparison of the predicted floor frequency and peak acceleration under walking, based on FE models with various shear stiffness of the glulam
beam-to-CLT and CLT-to-concrete connectors. For details on Case 7, see Table 3.

Case FE models with E. FE models with 1.35E,
Frequency (Hz) Peak Acceleration (m/s%) Frequency (Hz) Peak Acceleration (m/s?)
Case 7 (K)" 5.26 0.052 5.41 0.037
Case 7 (+50 %K)" 5.41 0.039
Case 7 (—50 %K)* 5.10 0.072 5.26 0.049

@ K is the shear stiffness of the glulam beam-to-CLT and CLT-to-concrete connectors in Case 7.
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Fig. 16. Comparison of the predicted static stiffness of the floor under a 1 kN point load applied at the floor’s midpoint, based on FE models for
different cases using fixed and pinned beam-to-beam connections. Static (E.) modulus of elasticity of concrete is assumed in each case. Table 3 lists
the details of each case.

Table 7
Comparison of the predicted floor frequency and acceleration due to walking, based on FE models for different cases when using fixed and pinned
beam-to-beam connections. Table 3 lists the details of each case.

Case FE models with E.
Pinned beam-to-beam connections Fixed beam-to-beam connections
Frequency (Hz) Peak Acceleration (m/s?) Frequency (Hz) Peak Acceleration (m/s2)
Case 4 5.21 0.122 6.25 0.048
Case 5 4.26 0.042 4.29 0.054
Case 6 5.13 0.126 6.10 0.048
Case 7 5.26 0.052 5.99 0.034
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and design guides (e.g., recommended in Ref. [39]). More peer-reviewed studies are required to compare the accuracy of the
two procedures.

vi) Introducing link elements to represent the actual behaviour of CLT-to-glulam beam and CLT-to-concrete connections, instead of
rigid connection assumption, allow for some relative movement between the glulam, CLT, and concrete, and ultimately lead to a
more accurate analysis reflecting real-world conditions.

vii) Using the concrete’s actual modulus of elasticity (instead of amplified dynamic modulus) can accurately predict the floor
frequency and peak acceleration due to normal walking paces.

viii) To mitigate undesired vibration response during walking, rigid beam-to-beam connections and stiffer connections between
timber and concrete are recommended. For this purpose, strategies such as using screws with reduced spacing, inclined screws,
adhesives, and optimized notched connections are worth investigating. Using denser (e.g. hardwood species) or thicker timber
sections may also increase stiffness and mitigate the vibration response subsequently.

ix) In addition to above strategies, enhancing damping in structural floors should be considered to mitigate excessive vibrations (if
possible), as the damping ratio significantly influences floor response during walking. This has been demonstrated in the
previous work of the authors [38].

5. Conclusions

This paper presented a rigorous modelling framework to predict the static and dynamic behaviour of mass timber composite floors.
The modelling framework was validated using experimental data from walking tests conducted on a real office building. Parametric
studies were conducted using the validated model to examine the effect of various parameters on floor’s fundamental frequency and
peak induced acceleration via time-history analysis. The following conclusions could be drawn from the results:

1) The results indicated that simplified SDOF models could underestimate the frequency of a simply-supported floor by approximately

31 %, highlighting the need for more accurate FE-based methods. Furthermore, this study demonstrated that the actual static

stiffness of a TCC floor in real buildings may be nearly twice that predicted by the Gamma method for a simply supported floor.

Using flexural stiffness value estimated from the FE model, the Euler-Bernoulli beam theory predicted floor frequency with an error

of less than 2 %. This finding suggests that Euler-Bernoulli theory can accurately estimate floor’s frequency “if” the flexural stiffness

is correctly determined from other reliable approaches or through testing. These results emphasize the importance of developing an
accurate FE model representing the behaviour of real floors for predicting both frequency and static stiffness in the lack of
experimental data.

Modelling columns, adjacent bays, and connections between glulam beams and CLT, as well as between CLT and concrete, made

the FE model more realistic leading to closer match of numerical results with measurements. The FE model with the static modulus

of elasticity for the concrete, had the closest floor frequency and peak acceleration to the measured values, with an error of less than

2 %.

3) Although the use of dynamic and static moduli of concrete resulted in small differences in the floor frequency results, a significant

difference was observed in the peak acceleration of the FE models with links between glulam beams and CLT, and between concrete

and CLT. The exact role of reinforcing bars in concrete and their contribution to dynamic response of composite floors need further
numerical and experimental investigations.

Including the adjacent bays in the modelling led to an increase in floor stiffness and frequency by less than 7 % and 3 %,

respectively, but a much more significant decrease of approximately 59 % in floor peak acceleration. Similar to the influence of the

dynamic modulus of elasticity, the impact of including adjacent bays in the model is more pronounced on floor acceleration than on
floor stiffness and frequency. The impact of different configurations of adjacent bays (e.g., with different spans, different loading
conditions) could be an area for further investigation to gain a better understanding of TCC floor behaviour in practice.

For the first time, we demonstrated that using dynamic modulus of concrete (1.35E.) could slightly underpredict the floor ac-

celeration due to walking. Further studies are needed to explore whether dynamic modulus should be used in modelling timber

composite floors under footfall forces.

6) Changing the shear stiffness of the links by 50 % did not significantly affect the floor’s static stiffness (less than 7 %) and frequency
(less than 3 %). However, it affected peak acceleration by approximately 38 %.

7) Fixed beam-to-beam connections can significantly underestimate floor acceleration and overestimate the floor’s frequency and
static stiffness, making them far from the measured values. Hence, pinned beam-to-beam connections are recommended in
modelling connections in mass timber composite floors.

8) The increase in floor stiffness and frequency caused by the fixed beam-to-beam connections is so significant that even reducing the
stiffness of glulam beam-to-CLT and CLT-to-concrete by half does not sufficiently counteract the large increase of stiffness due to
fixed beam-to-beam assumption.

2

—

4

—

5

-

The recently developed FE modelling framework presented in this paper can predict the static stiffness, frequency, and floor ac-
celeration of timber composite floors under footfall force with reasonable accuracy. Notably, it requires minimal computational time
within engineering software. Modelling results could be used as benchmark to assess the role of various parameters quantitatively and
come up with strategies to mitigate undesirable human-induced floor vibrations in the future. Examining the long-term performance of
TCC floors under cyclic loading, exploring the effects of various loading scenarios such as crowd loading and mechanical vibrations, or
investigating the influence of environmental factors such as temperature and humidity on vibration performance and damping ratio of
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composite floors should be studied in the future. Additionally, the modelling framework could be refined by incorporating aging effects
such as creep and shrinkage to enhance accuracy and reflect realistic in-service conditions.
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