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Abstract

:

The mechanical properties of fibre-managed Eucalyptus nitens (E. nitens) cross-laminated timber (CLT) have previously been extensively studied, proving the material to be structurally safe and reliable. However, the vibration performance of CLT manufactured from this relative new construction species is not yet fully understood, especially under different support conditions. In this study, three types of support conditions, including roller–roller, bearer–bearer and clamp–bearer support conditions, were examined under vibration impulse-response testing performed using a simple but effective and repeatable excitation method consisting of a basketball dropped from a known height and an accelerometer. Six three-ply E. nitens CLT panels considered to have different moduli of elasticity in different layers and one strength-class C24 spruce CLT as a controlled reference were included in this study. The results suggest that the fundamental frequency values can effectively reflect the inherent characteristics of CLT panels (bending stiffness and density); however, no obvious relationship was observed between damping ratios and these inherent properties. The values of frequency constant λ1 were determined to analyse the effect of different support conditions on the values of fundamental frequency. The average values of λ1 for the roller–roller (9.6) and bearer–bearer (10.1) supports align with the theoretical values (9.87) for simply support (S-S) conditions. However, when clamping loads were applied at one edge of the bearer support, the average values of λ1 increased up to 10.8 but remained far below the theoretical values for clamped–pinned (C-S) support (15.4).






Keywords:


hardwood cross-laminated timber; vibration; fibre-managed Eucalyptus nitens; serviceability performance












1. Introduction


According to Australian plantation statistics and the log availability report (ABARES) in 2021 [1], Tasmania accounts for approximately 35% of national hardwood availability, dominating the national supply of both pulp and sawlogs for Australia. The main hardwood species among this log availability in Tasmania is E. nitens, and most of these plantations are fibre-managed and used to produce woodchips. Nevertheless, the large quantities have raised a lot of interest in utilising these raw materials to produce wood products for the building industry. In order to achieve this, a number of challenges need to be overcome. One of the most important challenges is to accurately grade E. nitens feedstock for structural applications. Typical grading methods based on visual grading have proven to be inaccurate [2] due to the large number of strength-reducing features (SRFs) such as knots. Balasso et al. [3] and Ettelaei et al. [4] have conducted successful studies using machine-stress grading, acoustic wave velocity (AWV) and linear–elastic four-point bending tests to accurately determine and predict the grade of E. nitens sawn boards. This represents the first step in understanding the potential of utilising this material in mass-laminated timber manufacturing, such as cross-laminated timber (CLT).



Cross-laminated timber (CLT) is one option for utilising fibre-managed E. nitens feedstocks because the orthogonal layup can potentially offer more uniform physical and mechanical properties and reduce the effect of individual SPFs [5]. Pangh et al. [6] conducted pioneering research to determine the bending properties of CLT derived from Eucalyptus plantations. Their findings, including the modulus of elasticity (MOE) and modulus of rupture (MOR), suggested the potential utilisation of Eucalyptus plantations in CLT applications. Subsequently, Ettelaei et al. [5] investigated rolling shear properties on heterogeneous E. nitens CLT samples under the Planar Shear Test. The results demonstrated that the performance of heterogeneous E. nitens CLT was satisfactory. This suggests that there is potential for utilising locally sourced timber species in Tasmania for the production of highly structurally efficient CLT panels. The findings from these studies have laid the groundwork for the use of Australian plantation hardwood CLT in commercial structural applications. However, the serviceability performance of fibre-managed E. nitens CLT, particularly our knowledge of its vibration performance, still remains limited.



The strong in-plane and out-of-plane carrying capacities of CLT allow it to achieve longer spans of flooring in residential and commercial buildings. However, a large span of flooring can potentially result in vibrational issues, which will have a significant impact on human comfort, especially when the fundamental frequencies of the vibration fall within the range of 0–80 Hz [7,8]. Therefore, as the use of CLT in construction continues to increase, there is a compelling need to understand the vibration performance of CLT floors, and this knowledge can help explore methods to improve their serviceability performance and largely mitigate annoying vibrations for occupants. Hu et al. [9] carried out a vibration measurement and subjective evaluation on a CLT floor in laboratory conditions, and they found that the types of joints, the span, the edge supports, the topping and the ceiling have a significant influence on the vibration performance of CLT. The knowledge obtained from this literature source has played an important role in the CLT handbook [10] and standard [11]. Furthermore, Chúláin and Harte [12] investigated the vibration behaviour of CLT floors using methods similar to those of European Standard EN 16929 [13]. They found that the inclusion of support brackets can improve the vibration performance of the CLT floor, while adding mass to the CLT floor did not influence its deflection but significantly reduced the fundamental frequencies. Nevertheless, most of the research on this topic focuses on softwood CLT.



As interest in utilising hardwood CLT has been growing recently, it has become more necessary to investigate the vibration performance of hardwood CLT. Crovella and Kurzinski [14] carried out experimental tests to investigate the vibration performance of hardwood CLT (black locust). They found that hardwood species are easier to use in designing the serviceability of CLT flooring systems due to their more predictable natural frequency. Liang et al. [15] performed the first vibration test on fibre-managed E. nitens CLT and demonstrated its superior performance when compared to strength-class C24 [16] spruce CLT. Nevertheless, in order to gain a comprehensive understanding of the vibration performance of E. nitens CLT as a flooring system, it is necessary to consider various boundary conditions in further investigations. Accordingly, the primary focus of this study is to explore its vibration performance by examining these essential factors.



It has been shown that boundary conditions are crucial to understanding the vibration response of floors. Theoretically, the natural frequencies of a vibrating system vary based on the total restrained degrees of freedom (DOFs), and the restrained DOFs are related to the boundary conditions of the system [17]. Several works in the literature offer valuable insights into the effect of various boundary conditions on the vibration performance of CLT flooring systems. For example, Chúláin et al. [18] studied the influence of different support conditions on the serviceability response of CLT floors using finite element analysis. Their results revealed that under semi-rigid and fully fixed support conditions, the first-mode natural frequencies experienced notable increases when compared to floors under simply supported conditions. Therefore, only considering simply supported conditions at the design stage may lead to an overdesign of the floor. Nevertheless, the current design methods [10,11,19] for controlling the vibration of CLT floors still assume simply supported conditions for estimating fundamental frequency. This assumption will often lead to conservative floor design and unnecessary waste. In fact, the majority of CLT buildings employ platform construction, where each floor is constructed on top of the one below it, so the gravity loads from upper floors transmitted through the floor-to-wall connections will provide a certain level of resistance against rotation at the edge supports [18,20] and will eventually lead to increased natural frequencies.



Besides natural frequencies, the damping ratio is another variable that would be influenced by different boundary conditions. For example, Hamm et al. [21] performed vibration tests on timber floors considering various boundary conditions, including different types of bearings and support configurations (two-sided and four-sided support). Their findings revealed damping ratios ranging from 2.99% to 4.52% under different boundary conditions. Jarnerö et al. [22] considered different simply supported conditions in their vibration tests, and they found that the damping ratio of the floor increases when the floor is placed on an elastic interlayer between the support and the floor. Huang et al. [23] considered the effect of beam space, beam size and supporting conditions on the dynamic behaviours of CLT floors based on a novel model from OPENSEES. They found that the spacing between the supported beams and the supported beams’ stiffness have a significant influence on the values of the natural frequency of CLT floors.



Although the studies above highlight the importance of boundary conditions regarding the vibration design of CLT floors, our knowledge of the effect of partially restrained supports in design is still limited. Zhang et al. [20] developed an analytical formula considering end restraint coefficients for various support conditions. The direction of this research is pivotal, as it will provide significant insights for refining existing simplified formulas in current design methods in the future. Theoretically, the factors of frequency constant λn can be used to calculate frequencies [17] with different restrained support conditions such as cantilever (C-F), simply supported (S-S), clamped–pinned-supported (C-S) support and clamped–clamped support (C-C). While these factors may not be representative of the actual support conditions, new frequency factors can be extrapolated for various actual support conditions once the inherent properties and vibration frequencies of the tested panels are determined. This concept serves as the foundation of this study.



Therefore, the main objectives of this topic include the following:




	
To determine the experimental dynamic responses (fundamental frequency and damping ratio) of E. nitens CLT panels under different laboratory-designed support conditions.



	
To compare the experimental results of E. nitens CLT panels with spruce CLT panels under different laboratory-designed support conditions.



	
To determine the frequency constant (λ1) for different laboratory-designed support conditions based on the experimental results of fundamental frequency and compare them with the theoretical values.









2. Materials and Methods


In this study, cross-laminated timbers (CLTs) constructed from fibre-managed E. nitens were the main tested materials, and a controlled CLT made from strength-class C24 spruce [16] was also included for the purpose of comparison. The vibration tests, consisting of a basketball dropped from a known height and an accelerometer, were performed to determine the dynamic response of the CLT panels under three support conditions. The values of fundamental frequency and damping ratio were the main parameters in this study. Theoretical methods were used to determine the frequency constant for different support conditions.



2.1. Materials


The sawn boards were finished to 33 mm × 100 mm (depth × width) before CLT manufacturing. Each CLT panel includes three layers: the outer layers consist of three adjacent sawn boards, and the inner layer consists of twenty adjacent sawn boards. It is important to note that only face-glueing was considered in this study. Seven three-layered CLT panels with nominal dimensions of 100 mm × 300 mm × 2000 mm (thickness × width × length) were fabricated by CUSP Building Solutions, Wynyard, Tasmania, Australia. Six of them were made from fibre-managed E. nitens sawn boards, which were graded by non-destructive four-point bending tests before CLT manufacturing. The E. nitens feedstocks were then divided into three groups by sorting them into high MOE (H), medium MOE (M) and low MOE (L). The ranges of MOE for each group are summarised in Table 1.



Two heterogeneous, three-layered CLT configurations using material from different MOE groups in different layers (EN-HLH and EN-MLM) and one homogeneous configuration (EN-MMM) were manufactured. The wood grain direction was aligned with the beam axis for the top and bottom layers and transversely for the middle layer. Each configuration had two replicates. The intent of the EN-HLH and EN-MLM configurations was to maximise the use of lower-grade material where it was not critical while still achieving good stiffness through the use of a higher MOE in the outer layers. In addition, one spruce CLT panel was included as a control reference, acting as a benchmark for comparing the experimental results.



All CLT panels were subjected to non-destructive four-point bending tests to measure their apparent MOE and bending stiffness (EI). The testing setup followed the procedures outlined in Australian Standard AS/NZS 4063.1 [24], and the MOE values are calculated by Equation (1). This setup included a span length equal to 18 times the thickness of the samples, supported by two roller supports. Then, an LVDT was employed to measure the mid-span deflection as the panels were subjected to loads applied by a loading frame with two-point loads. The loading process for each CLT panel was stopped before reaching the span limit of the deflection (6 mm in this case). These properties are important for the calculations in this study (Table 2) and were determined by a previous study [15].


  M O E =   23   L   3   ∆ F   108 b   d   3   ∆ e    



(1)




where MOE is the modulus of elasticity of the tested samples in MPa, L is the span length between two supports in mm, d is the thickness of the tested samples in mm and   ∆ F / ∆ e   is the slope of the load-deflection curve in the linear–elastic range.




2.2. Impact Response Tests


In residential buildings, vibrations and the consequent noise caused by footsteps are the major source of human discomfort and often manifest as short-term transient oscillations. Hence, several studies have conducted vibration tests of floors by employing real footfalls as the excitation source [23,25,26,27]. However, assuming that for small-amplitude vibrations the response is linear, the response of the floor to a footfall can be obtained by convolution of the temporal profile of a footfall with the impulse response of the floor. Thus, the essential information about the flooring system can be obtained through impulse-response testing, which affords more controlled experiments and yields cleaner responses in terms of both frequency and damping ratios. The typical techniques to test the dynamic responses of timber floors described in the literature include brushing the OSB floors [28], punching with the fist against the bottom of the timber floors [21] and dropping a basketball on nail-laminated timbers [29].



In this study, the vibration tests were conducted using a 600 g basketball and an accelerometer. Five impact locations were marked on the surface of each panel, and each location was spaced 300 mm apart. The supported regions of the CLT panels were vibration nodes (locations of zero motion); hence, they were not included as impact locations (Figure 1). Each impact location was subjected to 3 excitations by dropping a basketball from a consistent height of 300 mm, so a total of 15 measurements were included for each CLT sample under each support condition. In addition, the accelerometer was secured to the bottom mid-span of the panel. This position allowed for more impact locations and prevented any interference with the accelerometer caused by the basketball drops. In this study, only the fundamental frequencies (first-mode natural frequency) were considered. That is because the fundamental frequencies are usually the lowest compared to other bending mode shapes.



The data acquisition system included four main parts (Figure 1). A 600 g basketball (A) was used as an excitation source by dropping it from a consistent height of 300 mm. Then, a Crossbow CXL04LP3 accelerometer (B) with a sensitivity of 500 ± 25 mV/g was employed to measure the vertical acceleration-time data, sampled at a frequency of 6000 Hz. A signal processor (C) was included to interpret the output data from the accelerometer, and then the output data were recorded as a CSV file by National Instruments LabVIEW version 15.0.1 on a computer (D). The data were then analysed by Fast Fourier Transformation (FFT) in MATLAB R2021b. The impact response test used in this study was similar to the procedure mentioned in ISO 18324:2016 [30].



Three support conditions were considered in this study: roller–roller support (Figure 2a), bearer–bearer support (Figure 2b) and clamp–bearer support (Figure 2c). The clamp-and-bearer support conditions were intended to model supports that would replicate conditions in a real structure more realistically. The spans of the supports were 2 m for the roller–roller support and 1.93 m for the bearer–bearer and clamped–bearer supports (the thickness of the bearer was 70 mm).



At each end of the support, a ratchet strap was employed to secure the panels. The purpose of the ratchet straps was to prevent the panel from rebounding upward when subjected to the excitation of a dropping basketball, but the vertical force may also alter the effective stiffness of the bearer and roller supports, which were not necessarily ideal simple supports (this is discussed further later). For the clamped end condition, three different levels of loads were applied by the CALIBRE bending rig (4.91 kN, 7.36 kN and 9.81 kN). The loading process was stopped immediately by the LabView version 13.0f1 on the computer once the desired loads were achieved.




2.3. Data Analysis


2.3.1. Fundamental Frequency and Damping Ratio


The time-domain signal was transformed into frequency-domain data (Figure 3) for the purpose of determining the natural frequency using Fast Fourier Transformation (FFT), which is an effective method for calculating discrete Fourier transforms (DFTs) [31].



The damping ratio was determined from the time-domain signal. In the time domain, the damped vibration following the impulse can be approximated by the following general equation [17]:


  x = X   e   − ζ ω t     sin  ⁡     1 −   ζ   2    ω t + φ      



(2)




where   ζ   is the damping ratio (%),   ω   is the undamped circular frequency (rad/sec) (the undamped natural frequency and the damped natural frequency for a system with light damping can be assumed to be the same, e.g., if   ζ = 3 %  , then    1 −   ζ   2    ω = 0.9995   ω  ),   t   is time (s) and   X   and   φ   are the initial condition-defined arbitrary phase and amplitude constants.



The amplitude of the oscillations is controlled by the exponential term shown in Equation (3):


  y = X   e   − ζ ω t    



(3)







Then, the curve fitting function from MATLAB R2021b was used to match the maxima from the acceleration-time data with Equation (4) (Figure 4a).


  f   t   = a   e   b t    



(4)







The value of the damping ratio can be estimated by Equation (5):


  ζ =   b   ω   =   b   2 π f    



(5)




where a and b are constant parameters and   f   is the undamped natural frequency (Hz).



In addition, the logarithmic decrement method was also applied by differentiating and rearranging Equation (3):


  ζ = −   1   ω     d (   log  ⁡    y     )   d t   ≈   1   ω     l o g ⁡ (     y   1       y   2     )     t   2   −   t   1      



(6)




where     y   1     and     y   2     are the amplitudes determined at     t   1     and     t   2    , respectively, between which the relationship log(y) and t is linear.



Figure 4 shows the typical graphs for calculating the damping ratio.




2.3.2. Determination of Frequency Constant for Different Supported Conditions


The CLT panels in this study could be assumed to be uniform beams due to their narrow width. Hence, the values of the theoretical natural frequency can be determined by the following equation:


    f   n   =     λ   n     2 π      E I   m   l   4       



(7)




where     λ   n     are numerical values for end conditions for the nth mode (in this study, only first-mode was considered), EI is the bending stiffness (N·m2) as shown in Table 2, m is the mass (kg/m) and l is the span (m).



Then, the experimental values of     λ   1     were determined by extrapolating Equation (7), using the experimental results of fundamental frequency, bending stiffness and density (Table 1) and span length.






3. Results


3.1. Results of Fundamental Frequency


The experimental results of the fundamental frequency are summarised in Table 3.




3.2. Results of Damping Ratio


The experimental results of the damping ratio calculated by the logarithmic decrement method are summarised in Table 4, and the comparison of results between the exponential decay curve fitting and the logarithmic decrement method is included in Table 5.




3.3. Results of Frequency Constant for Different Support Conditions


The results of the frequency constant (    λ   1    ) determined by extrapolating Equation (7) are summarised in Table 6.





4. Discussion


4.1. Fundamental Frequency


For the results of fundamental frequency (Table 3), EN-HLH CLT exhibited the highest values across all supported conditions. In addition, EN-MLM and EN-MMM CLTs yielded comparable results to each other. Bending stiffness (EI) and mass (density) are important factors for determining the fundamental frequency of vibration. It should be noted that, due to the cross-lamination layup, the middle layer of CLT contributes only around 0.38% to the bending stiffness, due to the fact that the MOE in the radial and tangential directions is around 1/10th that of the longitudinal direction. Therefore, although the middle layer of EN-MLM has around 20% less MOE compared to EN-MMM, this difference does not significantly affect the bending stiffness of CLT and eventually influences the results of fundamental frequency, as the values of density of E. nitens CLT (Table 2) are also relatively similar.



The controlled spruce CLT panel exhibits around 7.7% lower fundamental frequency results than EN-HLH CLT panels across all support conditions, while showing comparable results to EN-MLM and EN-MMM CLT panels. The spruce CLT panel has the lowest bending stiffness and density (Table 2) among all CLT panels. According to Equation (7), lower bending stiffness would lead to lower values of fundamental frequency; however, lower mass (density) would result in higher values of fundamental frequency. In this study, spruce CLT has around 9.8% lower bending stiffness compared to EN-MLM and EN-MMM CLT panels, while it has around 19.4% lower density than EN-MLM and EN-MMM CLT panels. Based on the observations in this study, EN-MLM and EN-MMM CLT panels showed around 2% lower fundamental frequency results than spruce CLT under simply supported conditions (roller–roller and bearer–bearer), while they showed approximately 1.5% higher fundamental frequency results than spruce CLT under clamped–bearer conditions.



In this study, the roller–roller support condition was designed to simulate the theoretical simply supported condition, since this is a well-defined condition. However, this setup may not fully capture the situation in practical buildings, which include bearers and walls to contribute nominally rigid moment connections. Through the comparison of fundamental frequencies between the roller–roller and bearer–bearer support conditions, the latter condition shows 11.5% higher average results than the former one. The higher results may be attributed to a combination of factors, including the reduction in span and increased end restraint. Furthermore, a slightly increasing trend in the values of fundamental frequency was found when the applied load at the edge of the CLT panels was increased under clamp–bearer support conditions. Further information related to the values of the frequency constant (    λ   1    ) for different support conditions will be discussed in Section 4.3.




4.2. Damping Ratio


In this study, two methods were used to calculate the damping ratio. Generally, the logarithmic decrement method can be considered more reliable. That is because, firstly, the curve fitting method may be significantly influenced by the much larger values at earlier times, which are likely to be inaccurate because of the possibility of the presence of multiple modes being excited; and secondly, when the peaks are plotted on a log axis (Figure 4b), it is obvious whether the assumption of linearity has been met. However, there is excellent agreement between these two methods in this study, with maximum differences of about 10%, which is within the measurement uncertainty (Table 5), so both methods may be regarded as accurate. The results of the damping ratio (Table 4) did not reveal any obvious correlation with either the E. nitens CLT configurations or the feedstock species employed. However, the results of the damping ratio showed an obvious reducing trend when clamping loads were applied. Taking spruce CLT as an example, the damping ratios dropped by around 75% once clamping loads were applied. The phenomenon of decreasing damping ratio under clamped edge conditions was also observed in a previous study conducted by Weckendorf et al. [32]. In addition, the values of the damping ratio slightly decreased when the applied loads increased. This may suggest that increasing the applied loads at the edge support would decrease the structural damping because it provides a lower opportunity for slippage and friction.



It is worth noting that damping ratios measured in laboratory settings are often significantly lower than those determined in actual construction scenarios. The reason for this discrepancy may be the installation of the system in a real structure, which would lead to an increase in energy loss through various connections. The damping would also be significantly affected by different construction techniques and the quality of workmanship [33]. While the damping ratio values in this study may not precisely replicate real-world scenarios, understanding the evolving trend of damping ratio across different end restraint conditions may provide valuable insights into how CLT panels can effectively achieve the desired vibrational performance in practical situations.




4.3. Frequency Constant     λ   1    


For the CLT configurations and wood species, the variation in the frequency constant (    λ   1    ) was small (average CV of less than 3%) under the same support conditions (Table 6). This suggested that the experimental results of fundamental frequency reflected the properties (bending stiffness and density) of all CLT samples well. However, the values of     λ   1     varied based on different support conditions.



According to the theory of Euler Equation for Beams, the theoretical values of frequency constant     λ   1     for ideal simply supported (S-S) and clamped–pinned supported (C-S) supports can be summarised as the values in Table 7 [17].



The average values of     λ   1     (Table 6) for roller–roller and bearer–bearer supports align closely with the theoretical     λ   1     values (Table 7). To be more detailed, the values of     λ   1     for roller–roller support are 2.7% lower, while the values of     λ   1     for bearer–bearer support are 2.3% higher, when compared to the theoretical     λ   1     under the ideal simply supported end condition. It is crucial to note that some standards and handbooks, such as Eurocode 5 [34] and the Canadian CLT Handbook [10], have accepted the theoretical     λ   1     values for simply supported conditions to estimate the fundamental natural frequency of timber/CLT floors. The closely aligned results observed in this study may suggest that the existing method for determining the fundamental frequency of timber floors may be applicable for CLT floors made from fibre-managed E. nitens; however, further considerations would be required and will be discussed in Section 4.4.



In addition, the values of     λ   1     increased by 5.6% when one edge of the bearer–bearer support was subjected to edge loads (16.4 kN/m) by the bending rig (Figure 2c). When the edge loads increased, the values of     λ   1     increased slightly (this was not obvious when the edge loads increased from 16.4 kN/m to 24.5 kN/m, but the values increased by around 1% when the edge loads increased to 32.7 kN/m). This finding aligned closely with the previous study conducted by Zhang and Chui [35], who investigated the influence of end support restraints on the vibration performance of SPF CLT panels considering different top loads at the end supports.



Although the values of     λ   1     experienced an increasing trend when clamping loads were applied, the values were still far below the theoretical     λ   1     (Table 7) for ideal clamped–pinned (C-S) support. In practical situations, clamping conditions may be referred to as floor-to-wall connections. However, the results of this study indicated that the experimental clamped condition was not 100% effective in preventing rotation. Also, it is likely that real structures do not provide perfectly rigid end restraints on walls. Therefore, considering the partially restrained effect on the vibration performance of CLT panels is essential for design assessment. In addition, it is highly suggested that the approximate formula for the estimation of the natural frequency of CLT floors used in design methods [10,11,19] should accommodate different factors corresponding to various end restraint conditions. While the     λ   1     values in this study may not fully reflect the real-world support conditions in practice, the significance of the ongoing research on E. nitens CLT connections continues to grow. Therefore, investigating the vibration characteristics of E. nitens CLT under various actual end restraint conditions will emerge as a pivotal step in this research domain. This study laid the groundwork for future investigations in this direction.




4.4. Research Limitations


In this study, the CLT panels are beam-like samples, and the results obtained would be more representative of situations when the panels are used as beams or floors supported by two edges. However, when CLT floors exhibit plate-like behaviour and are supported on all four sides, the dynamic responses will be totally different. That is because, when side edges are restrained, additional stiffness in the whole system will be introduced, which will lead to an increase in the fundamental natural frequency. According to the research conducted by Ussher et al. [36], the first-mode natural frequency increases around four times when the boundary conditions of the five-ply single CLT plate transit from SFSF to SSSS. Therefore, the estimations of vibration for beam-like CLT may be conservative.





5. Conclusions


This study has investigated the influence of different support conditions on the vibration serviceability performance of hardwood CLT panels with a combination of different grades in panel laminations from fast-grown plantation E. nitens timber boards. The following are the key findings of this research:




	
The results of the fundamental frequency were mostly influenced by the grade of the E. nitens boards used in the outer layers (average of 13.2 GPa for high MOE and 10.6 GPa for medium MOE), while the grade of E. nitens in the inner layers (average of 10.6 GPa for medium MOE and 8.4 for low MOE) had a minor influence on the fundamental frequency due to the lesser generation of stiffness in the whole CLT panels.



	
Spruce CLT has around 9.8% lower bending stiffness compared to EN-MLM and EN-MMM CLT panels, while it has around 19.4% lower density than EN-MLM and EN-MMM CLT panels. Therefore, EN-MLM and EN-MMM CLT panels showed fundamental frequency results that were comparable to those of the controlled spruce CLT across all support condition setups. While spruce has been widely used in CLT production, the design criteria regarding frequency-domain analysis that have been used in spruce CLT may be applicable to E. nitens CLT.



	
No apparent relationship was observed in the damping ratio of vibration among CLT panels made from different configurations and species.



	
The values of frequency constant     λ   1     for the roller–roller (average of 9.6) and bearer–bearer (average of 10.1) support conditions are aligned with the theoretical values (9.87) for simply supported end conditions.



	
The values of frequency constant     λ   1     for clamp–bearer support remain far below the theoretical values for clamped–pinned support, even with an increase in clamping loads up to 32.7 kN/m. It should be noted that achieving absolute clamping conditions under laboratory conditions or through end restraints provided by walls in real structures may not be feasible. However, there is a slight increasing trend observed when edge loads increase. This may hint at the fact that the lower floors in a multi-level building, for example, would have slightly higher fundamental frequency values compared to the upper floors. This is likely due to higher loads applied at the floor edges, stemming from the cumulative load imposed by the upper floors and transmitted through the walls, which are sitting at the edge of the floors.
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Figure 1. Impact response tests and data acquisition system. 






Figure 1. Impact response tests and data acquisition system.



[image: Buildings 14 00831 g001]







[image: Buildings 14 00831 g002] 





Figure 2. Setups of support conditions: (a) roller–roller support; (b) bearer–bearer support; (c) clamped–bearer support with three different clamping loads. 
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Figure 3. (a) Typical acceleration-time graph; (b) frequency response spectrum. 
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Figure 4. (a) Exponential curve fitting; (b) logarithmic decrement. 
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Table 1. MOE ranges of sawn boards.






Table 1. MOE ranges of sawn boards.





	
Species

	
Groups

	
MOE Range (GPa)

	
Average MOE ± StdDev (GPa)

	
Average Density ± StdDev (kg/m3)






	
E. nitens (EN)

	
High MOE

	
11.9–14.8

	
13.2 ± 0.8

	
560.7 ± 49.0




	
Medium MOE

	
9.6–11.6

	
10.6 ± 0.7

	
513.0 ± 33.7




	
Low MOE

	
8.0–8.7

	
8.4 ± 0.2

	
491.6 ± 41.9




	
Spruce sawn boards

	
11.0 1

	
-

	
414.6 ± 18.0








1 The spruce sawn boards were graded by industry experts and classified as strength-class C24 based on standard EN 338 [16].













 





Table 2. Mean density, apparent MOE and bending stiffness of CLT panels.






Table 2. Mean density, apparent MOE and bending stiffness of CLT panels.





	CLT Configurations
	Mean Density (kg/m3)
	Apparent MOE (GPa)
	EI (N·m2 × 105)





	EN-HLH1
	519.1
	11.7
	3.0



	EN-HLH2
	545.5
	11.5
	3.0



	EN-MLM1
	519.1
	9.1
	2.3



	EN-MLM2
	521.0
	9.0
	2.3



	EN-MMM1
	498.4
	9.3
	2.4



	EN-MMM2
	515.8
	9.5
	2.5



	Spruce CLT
	413.7
	8.3
	2.0










 





Table 3. Results of fundamental frequency.






Table 3. Results of fundamental frequency.





	
Panel Code

	
Panel No.

	
Natural Frequency (Hz) ± StdDev




	
Roller–Roller

	
Bearer–Bearer

	
Clamp–Bearer




	
16.4 kN/m

	
24.5 kN/m

	
32.7 kN/m






	
EN-HLH

	
1

	
53.2 ± 0.08

	
59.1 ± 0.05

	
61.2 ± 0.04

	
62.1 ± 0.05

	
62.9 ± 0.05




	
2

	
52.4 ± 0.05

	
57.9 ± 0.05

	
60.4 ± 0.03

	
60.8 ± 0.03

	
61.1 ± 0.05




	
Average

	
52.8 ± 0.37

	
58.5 ± 0.59

	
60.8 ± 0.41

	
61.5 ± 0.67

	
62.0 ± 0.92




	
EN-MLM

	
1

	
48.2 ± 0.00

	
55.0 ± 0.05

	
58.6 ± 0.05

	
58.8 ± 0.05

	
59.0 ± 0.07




	
2

	
46.6 ± 0.07

	
52.3 ± 0.06

	
58.4 ± 0.04

	
58.5 ± 0.04

	
58.5 ± 0.04




	
Average

	
47.4 ± 0.83

	
53.7 ± 1.38

	
58.5 ± 0.11

	
58.7 ± 0.17

	
58.8 ± 0.26




	
EN-MMM

	
1

	
46.8 ± 0.06

	
54.4 ± 0.37

	
55.9 ± 0.03

	
56.9 ± 0.06

	
57.2 ± 0.04




	
2

	
47.3 ± 0.07

	
54.2 ± 0.00

	
57.3 ± 0.05

	
57.4 ± 0.04

	
58.0 ± 0.44




	
Average

	
47.1 ± 0.23

	
54.3 ± 0.28

	
56.6 ± 0.72

	
57.2 ± 0.27

	
57.6 ± 0.51




	
Spruce

	
1

	
48.4 ± 0.15

	
54.6 ± 0.05

	
56.8 ± 0.06

	
57.2 ± 0.04

	
57.2 ± 0.07











 





Table 4. Results of damping ratio using logarithmic decrement method.






Table 4. Results of damping ratio using logarithmic decrement method.





	
Panel Code

	
Panel No.

	
Damping Ratio (%) ± StdDev




	
Roller–Roller

	
Bearer–Bearer

	
Clamp–Bearer




	
16.4 kN/m

	
24.5 kN/m

	
32.7 kN/m






	
EN-HLH

	
1

	
2.1 ± 0.12

	
1.8 ± 0.02

	
1.7 ± 0.04

	
1.6 ± 0.04

	
1.5 ± 0.05




	
2

	
1.9 ± 0.07

	
2.2 ± 0.11

	
1.2 ± 0.12

	
1.3 ± 0.03

	
1.2 ± 0.05




	
Average

	
2.0

	
2.0

	
1.4

	
1.4

	
1.3




	
EN-MLM

	
1

	
2.1 ± 0.06

	
1.7 ± 0.02

	
1.6 ± 0.11

	
1.5 ± 0.05

	
1.5 ± 0.05




	
2

	
2.5 ± 0.31

	
2.8 ± 0.18

	
2.3 ± 0.13

	
2.4 ± 0.15

	
2.3 ± 0.09




	
Average

	
2.3

	
2.2

	
2.0

	
1.9

	
1.9




	
EN-MMM

	
1

	
1.5 ± 0.02

	
2.6 ± 0.07

	
2.6 ± 0.13

	
2.3 ± 0.06

	
2.1 ± 0.10




	
2

	
2.2 ± 0.06

	
2.4 ± 0.07

	
1.9 ± 0.04

	
1.8 ± 0.05

	
1.9 ± 0.05




	
Average

	
1.9

	
2.5

	
2.2

	
2.1

	
2.0




	
Spruce

	
1

	
2.8 ± 0.15

	
3.0 ± 0.07

	
1.8 ± 0.05

	
1.6 ± 0.08

	
1.7 ± 0.11











 





Table 5. Comparison between exponential curve fitting and logarithmic decrement method.
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CLT Configurations

	
Damping Ratio (%)




	
Roller–Roller

	
Bearer–Bearer

	
Clamp–Bearer




	
16.4 kN/m

	
24.5 kN/m

	
32.7 kN/m




	
exp.

	
log.

	
exp.

	
log.

	
exp.

	
log.

	
exp.

	
log.

	
exp.

	
log.






	
EN-HLH

	
2.1

	
2.0

	
1.8

	
2.0

	
1.4

	
1.4

	
1.4

	
1.4

	
1.3

	
1.3




	
EN-MLM

	
2.2

	
2.3

	
2.2

	
2.2

	
1.8

	
2.0

	
1.8

	
1.9

	
1.8

	
1.9




	
EN-MMM

	
2.0

	
1.9

	
2.8

	
2.5

	
2.2

	
2.2

	
2.2

	
2.1

	
2.2

	
2.0




	
Spruce

	
2.7

	
2.8

	
3.0

	
3.0

	
1.7

	
1.8

	
1.7

	
1.6

	
1.8

	
1.7











 





Table 6. Results of frequency constant (    λ   1    ).
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Panel Code

	
Panel No.

	
   Frequency   Constant   (   λ   1     )




	
Roller–Roller

	
Bearer–Bearer

	
Clamp–Bearer




	
16.4 kN/m

	
24.5 kN/m

	
32.7 kN/m






	
EN-HLH

	
1

	
9.6

	
10.0

	
10.3

	
10.5

	
10.6




	
2

	
9.8

	
10.1

	
10.5

	
10.6

	
10.6




	
Average

	
9.7

	
10.0

	
10.4

	
10.5

	
10.6




	
EN-MLM

	
1

	
9.9

	
10.5

	
11.2

	
11.3

	
11.3




	
2

	
9.6

	
10.0

	
11.1

	
11.2

	
11.2




	
Average

	
9.7

	
10.3

	
11.2

	
11.2

	
11.2




	
EN-MMM

	
1

	
9.3

	
10.1

	
10.3

	
10.5

	
10.6



