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Abstract. Timber floors are prone to vibration due to the reduced modulus of elasticity of the 
material. Composite floors represent the most convenient solution to achieve acceptable 
performances and at the same time to save material and cost. In determining the natural frequency 
of a composite floor, the stiffness of the connection between the joined structural member is 
crucial. Inclined screws connections are characterized by the highest slip modulus among the 
mechanical fastener connections. However, the determination of the optimal inclination angle of 
the screws for vibration and deflection reduction remains an unexplored issue. The optimization 
problem is faced by means of an analytical model of beam on foundation.  
Keywords: composite floors, vibrations, connections, timber, inclined screws. 

1. Introduction 

Due to the lower density and stiffness, timber floors can exhibit greater flexibility than other 
construction materials leading to potential dynamic amplification of vibrations. 

The low-frequency issues are related to the interaction with human activities (walking, 
running, e.g.), while the high-frequency ones mainly refer to the audio-frequency spectrum. 

Excessive vibrations may cause a discomfort experienced by occupants, impact the 
performance of sensitive equipment and installations and even affect the usability of the space [1]. 

Composite floors might possess considerable advantages over traditional ones, including 
enhanced bending stiffness and dynamic response [2-4]. Often, a Cross-laminated-timber panel is 
added to existing joists and planking to retrofit existing floors. Cross-laminated timber panels are 
prefabricated solids slabs obtained by laminating together planks where adjacent layers are 
arranged at a right angle. 

2. Problem formulation 

Most of the serviceability verification proposed in literature are based on two sequential 
criteria. The first is stiffness based and the second is frequency-based [5].  

If the deformability criterion is satisfied, the designer must also check that the first natural 
frequency of the floor is above a certain threshold 𝑓, representing the limit between the resonant 
and the transient response. The human walking pace has a frequency of approximately 2 Hz. To 
account for the contribution of the higher harmonics, 𝑓 is typically prescribed by the standards 
as four times the walking frequency. 

In designing practice, the floors are studied as simply supported beams. Their natural 
frequency vibration of a is given by the following well known equation: 
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𝑓ଵ  =  𝜋 2 𝑙ଶ ඨ𝐸𝐼 𝑚 , (1)

where 𝑙 is the floor span and 𝑚 is the floor mass. For a composite floor, the flexural stiffness 𝐸𝐼 
is determined from the mechanical and geometrical parameters of the joined members and of the 
connection between them: 

(𝐸𝐼) =  (𝐸𝐼 + 𝛾𝐸𝐴𝑎ଶ)ୀଵ,ଶ , (2)

where 𝐸 is the elastic modulus and 𝐴 and 𝐼 are the component section area and the component 
section moment of inertia respectively: 

𝑎ଵ = 𝛾ଶ𝐸ଶ𝐴ଶ(ℎଵ + ℎଶ)/2𝛾ଵ𝐸ଵ𝐴ଵ + 𝛾ଶ𝐸ଶ𝐴ଶ , (3)𝑎ଶ = ℎଵ + ℎଶ2 − 𝑎ଵ, (4)𝛾ଵ = 11 + 𝜋ଶ𝐸ଵ𝐴ଵ𝑠𝐾𝑙ଶ  , (5)𝛾ଶ = 1, (6)

where ℎଵ and ℎଶ are the section heights of the members of the composite elements. As can be 
clearly seen from Eqs. (5) and (2), the effective flexural stiffness is strongly affected by the 
stiffness of the connection between members (𝐾) and by the fasteners spacing (𝑠). Inclined screws 
connections are characterized by the highest slip modulus among the mechanical fastener 
connections [6]. However, the determination of the optimal inclination angle of the screws in 
layered product such as Cross-Laminated-Timber for vibration and deflection reduction remains 
an unexplored issue. 

3. Connection stiffness model 

The behavior of the connection between component is reproduced via a model made of a beam 
on two layers of continuous elastic springs, one parallel and the other perpendicular to the sliding 
plane. The beam on elastic foundation model has been previously applied in [6] and is here 
extended to the case of screws inserted in layered products.  

The field equations for each 𝑖-th domain are: 𝐾௫௫(𝜃)𝑢(𝑥)  + 𝐾௫௬(𝜃)𝑣(𝑥)  −  𝐸𝐴𝑢ᇱᇱ(𝑥)  =  0, 𝐾௬௫(𝜃)𝑢(𝑥)  +  𝐾௬௬(𝜃) 𝑣(𝑥)  +  𝐸𝐼𝑣ᇱᇱᇱᇱ(𝑥)  =  0, (7)

where 𝑢 and 𝑣 are the axial and the transversal displacement of the 𝑖-th domain, 𝐸𝐴 and 𝐸𝐼 
represent the axial and flexural stiffness of the beam representing the screw. 𝐸 is the elastic 
modulus of the steel, 𝐴 is the section area and 𝐼 is the second moment of area: 𝐾௫௫(𝜃) =  cos𝜃 sin𝜃൫𝑘௧ cos𝜃 + 𝑘 sin𝜃൯, 𝐾௬௬(𝜃) =  𝑘 cosଷ 𝜃 + 𝑘௧ sinଷ 𝜃, 𝐾௫௬(𝜃) =  cos𝜃 sin𝜃 ൫−𝑘 cos𝜃 + 𝑘௧ sin𝜃൯, 𝐾௬௫(𝜃) =  𝐾௫௬(𝜃), (8)
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where 𝑘 and 𝑘௧ represent the stiffnesses of the two layers of springs. The stiffness of the springs 
parallel to the sliding plane can be determined starting from the experimental foundation modulus 
deriving from embedment tests carried out parallel to the grain [6]. 

 
a) Subdivision into domains  

 
b) Initial and deformed configuration of the beam 

representing the screw 
Fig. 1. Analytical model representation 

The point and the head of the screw are free and corresponding boundary conditions are 
described by Eqs. (9) and (12). To reproduce the relative sliding between members an internal 
distortion is applied to the beam on the sliding plane Eq. (10). The continuity between adjacent 
domains purposely introduced to account for different layer properties are ensured by Eqs. (11): 𝐸𝐴 𝑢ଵᇱ (0)  =  0, 𝐸𝐼 𝑣ଵᇱᇱ(0)  =  0, −𝐸𝐼 𝑣ଵᇱᇱᇱ(0)  =  0, (9)𝐸𝐴 𝑢௦ᇱ(𝑙௦) = 𝐸𝐴 𝑢௦ାଵᇱ (𝑙௦), 𝐸𝐼 𝑣௦ᇱᇱ(𝑙௦) = 𝐸𝐼 𝑣௦ାଵᇱᇱ (𝑙௦), −𝐸𝐼 𝑣௦ᇱᇱᇱ(𝑙௦) = −𝐸𝐼 𝑣௦ାଵᇱᇱᇱ (𝑙௦), 𝑢௦(𝑙௦) − 𝛿 sin𝜃 = 𝑢௦ାଵ(𝑙௦), 𝑣௦(𝑙௦) + 𝛿 cos𝜃 = 𝑣௦ାଵ(𝑙௦), 𝑣௦ᇱ(ೞ) = 𝑣௦ାଵᇱ (𝑙௦), 

(10)

𝐸𝐴 𝑢ᇱ(𝑙) = 𝐸𝐴 𝑢ାଵᇱ (𝑙), 𝐸𝐼 𝑣ᇱᇱ(𝑙) = 𝐸𝐼 𝑣ାଵᇱᇱ (𝑙), −𝐸𝐼 𝑣ᇱᇱᇱ(𝑙) = −𝐸𝐼 𝑣ାଵᇱᇱᇱ (𝑙), 𝑢(𝑙) =  𝑢ାଵ(𝑙), 𝑣(𝑙) = 𝑣ାଵ(𝑙), 𝑣ᇱ() = 𝑣ାଵᇱ (𝑙), 
(11)

𝐸𝐴 𝑢ᇱ (𝑙) = 0, 𝐸𝐼 𝑣ᇱᇱ(𝑙) = 0, −𝐸𝐼 𝑣ᇱᇱᇱ(𝑙) = 0. (12)

The slip modulus of the connection is given by the ratio between the component parallel to the 
sliding plane of the axial and shear forces of the beam and the internal distortion 𝛿: 

𝑘௦  =  𝑁௦ (𝑙௦) sin(𝜃)𝛿 −  𝑇(𝑙௦) cos(𝜃)𝛿 =  𝐸𝐴 𝑢௦ᇱ(𝑙௦) sin(𝜃)𝛿 + 𝐸𝐼 𝑣௦ᇱᇱᇱ(𝑙௦) cos(𝜃)𝛿 . (13)

4. Validation 

The model is validated on the results of standard push-out tests performed on two different 
configurations. The first with cross-laminated timber panel with its strong direction aligned to the 
underlying beam (Fig. 2(a)) and the second with cross-laminated timber panel with its weak 
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direction aligned to the underlying beam (Fig. 2(b)). 
The model proved to be accurate considering the high level of uncertainty that affect timber 

mechanical properties (Table 1). 

 
a) CLT strong direction  

 
b) CLT weak direction 

Fig. 2. Test setup and dimensions 

Table 1. Comparison between experimental results and predicted values of the connection slip modulus 
Configuration Experimental slip modulus Predicted slip modulus Scatter 

CLT strong direction 9.8 kN/mm 10.8 kN/mm 10.2 % 
CLT weak direction 8.2 kN/mm 10.0 kN/mm 22.0 % 

Fig. 3 shows the internal forces of the screw in the two different configurations. Both shear 
and bending moment change sign into the cross laminated timber member due to the different 
stiffness properties of each layer. 

 
a) Shear  

 
b) Bending moment 

Fig. 3. Internal forces of the screw: CLT strong direction (black) and CLT weak direction (red) 

5. Optimization 

The validated model is used to perform parametric studies on four different configurations: 3 
layers CLT (orange circles), 5 layers CLT (blue squares), 7 layers CLT (red triangles) and 9 layers 
CLT (green diamons). First, the slip modulus of each of the four different configurations have 
been determined for varying inclination angle of the screw using the analytical model here 
presented (Eq. (13) and Fig. 4(a)). Then the bending stiffness of the resulting composite section 
has been determined according to Eq. (2). Finally, the natural frequency of the floor has been 
determined according to Eq. (1) and normalized with respect to the case with screw perpendicular 
to the sliding plane (Fig. 4(b)). 

In all configuration an increase of connection slip modulus of up to 8 times of the slip modulus 
of a connection with a fastener perpendicular to the sliding plane is obtained (Fig. 4(a)). 
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Corresponding increases in terms of composite floor natural frequency are shown in Fig. 4(b).  

 
a) Normalized slip modulus of the connection  

 
b) Normalized natural floor frequency 

Fig. 4. Slip modulus and natural floor frequency increase for varying screw inclination angle  
for the most common cross-laminated timber panel layouts 

6. Conclusions 

The dynamic behavior of composite floors made of cross-laminated-timber connected to other 
timber products via screws can be enhanced by inclining the fasteners. No study was found in 
literature dealing with the optimization of connections in layered product. In this paper an 
optimization is carried out using an analytical model of beam on foundation, capable of accounting 
for different layer orientation. A monotonic increase in natural frequency is observed. This is 
caused by the increased exploitation of the screw axial resisting contribution that lead to an 
increase in slip modulus and in effective stiffness. 
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