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ABSTRACT 

Cross-laminated timber (CLT) is a recent engineered wood material produced in a variety 

of thicknesses and lengths and used in for floor systems. The design of CLT floors has 

specific support and connection details that require evaluation on the performance of these 

mass timber structures. The serviceability criterion is one of the primary considerations 

for the adequate design of timber floor construction. Proposed design procedures consider 

the first natural frequency and deflection parameters. Nevertheless, there are many 

uncertainties concerning the factors that influence these parameters in a CLT floor 

structure. 

The main focus of the research project was on the influence of end support condition on 

vibration performance of CLT floor. The support condition was characterized by the 

rotational stiffness at the supported edges of the CLT floors. A second interest was the 

performance of CLT floors when supported in a double-span configuration. Experimental 

work was conducted to evaluate these influences. In addition, finite element analysis 

(FEA) modelling was conducted to supplement the experimental work. To obtain material 

property input into the FEA models, laboratory experiment was conducted to characterize 

the rotational stiffness of CLT panels measured with vibration and CLT material 

properties determined under static tests by CLT strips cut from the CLT panels.  

The results demonstrated the influence of the rotational stiffness tested with double-span 

setup on the first natural frequency and static deflection of the CLT floors. Also, the FEA 

modeling proved to be effective in predicting natural frequencies and deflections of CLT 

floors, with accuracy improving with the use of orthotropic material properties compared 

with isotropic properties. The presence of panel-to-panel joints in CLT floor was found to 
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have a significant impact on the transverse system stiffness of CLT floor and should be 

properly accounted for in design if two-way orthotropic plate model is used. It is 

recommended that further research be pursued on floors supported on all four sides and 

by beams or columns, and multiple-span floors.  
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1. Introduction 

1.1. Problem overview 

Cross laminated timber (CLT) is a multilayer engineered wood product that can be 

produced in a wide range of thicknesses and lengths. European experience has shown that 

replacing heavy concrete floors with CLT slab is an efficient and cost-effective application 

of CLT.  The replacement can reduce the floor weight by approximately one-half.  In 

comparison with conventional joisted floor systems with a 15 – 18mm subfloor, CLT 

floors are not ribbed-plate structures. They are heavier and have different end support 

details from the conventional wood-joisted floors. When used in floor construction, proper 

design consideration must be applied in order to ensure satisfactory serviceability 

performance under human footstep impact. There has been limited research conducted on 

the vibrational performance of this new type of wood floor system. 

 

Cross-laminated timber is composed of three to nine layers of varying thickness glued 

perpendicular to each other, as in Figure 1.1a. Different configurations are designed with 

a double layer in the longitudinal direction to attain structural specifications. Initial lumber 

members are kiln dried, finger-jointed, and stress rated. The thickness of an individual 

panel varies depending on the manufacturer with a maximum width of 3m and length of 

up to 18m. The thickness is dependent on the number of layers, usually 3, 5, and 7 yielding 

panel thicknesses of 105mm, 175mm, and 245mm, Figure 1.1b, but panels can include up 

to 9 layers. The panel’s outer layer lumber runs parallel to the major span direction in 

floors and roofs, Figure 1.1c, and in walls it is oriented going up and down parallel to 

gravity loads (CLT Handbook 2019). 
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Figure 1.1. Cross-laminated timber panel a) CLT panel configuration b) CLT cross-

sections c) direction of the fibre of the top layer (CLT Handbook 2019). 

c 

a 
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Homb (2008) investigated the vibration performance of several laboratory and field CLT 

floors.  He measured natural frequencies and deflection under a 1 kN static load at floor 

centre and predicted these response values using isotropic and orthotropic plate theory. 

He found that the design criterion developed by FPInnovations (Hu et al 2001) for 

conventional wood joisted floors using a combination of fundamental natural frequency 

and 1 kN static deflection to control floor vibrations could well predict the field CLT floor 

vibration performance. However, his study was limited in terms of the number of 

replicates and system configurations. The frequencies predicted in Homb’s study varied 

in accuracy. For some floors the predictions were very close to the actual frequencies but 

for others the predictions showed a big difference. 

 

Natural frequencies can be predicted if the floor is considered to be a simply supported 

beam or plate. Research by Fitz (2008) and Hu and Gagnon (2011) showed that for CLT 

floors with simple support conditions, the current analytical methods of predicting first 

natural frequency, based on either simply supported beam or plate model, appeared to 

provide reasonably accurate solutions. Fitz’s work revealed that when the support 

conditions were more complex, e.g. multiple span with all edges supported, even relatively 

sophisticated methods, such as finite element analysis (FEA), produced predictions that 

could be very different from measured values. In addition, Jarnerö et al. (2010) concluded 

from field testing of CLT floors on an 8-storey building that damping and natural 

frequencies of CLT floors were affected by field conditions. Based on a laboratory study, 

Hu and Gagnon (2011) showed that current floor vibration design methods, which were 

developed for ribbed-plated floor construction (e.g., Hu et al. 2001, Eurocode 5), could be 

applied to single-span CLT floors with spans in the range of 4.5m – 8.0m. Another issue 
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that has arisen from the limited number of studies to date is that there seems to be 

contradicting conclusions regarding damping capacity of CLT floors, with values of 1% 

(Hu and Gagnon 2011) and over 5% (Fitz 2008, Jarnerö et al. 2010) being reported. 

 

Based on the above, it appears that future work should focus on addressing the influence 

of system effects, including the stiffness of end support and type of span, on dynamic 

characteristics of CLT floor systems. 

 

Vibrational performance of timber floors 

 

Studies on the vibration performance of timber floor systems were aimed at understanding 

the dynamic behaviour of the structure to formulate improvements that will minimize 

disturbing vibrations. The studies were mainly concentrated on traditional wood floor 

systems consisting of a thin plate reinforced with timber joists (Chui, 1987). Areas of 

interest include human perception to floor vibrations, dynamic behaviour, design methods, 

and structural improvement recommendations. An overview of the concerns on the 

vibration serviceability of timber floor has been presented by Thelandersson and Larsen 

(2003). 

 

A variety of normal human activities such as walking, running, dancing and the motion of 

domestic appliances can induce perceptible vibrations. The interest is on human 

perceptible floor vibrations considered annoying to people in the vicinity. One of the main 

problems behind disturbing floor vibrations is resonance, which is created when a 

dynamic load is applied on a floor at a specific frequency that coincides with one of the 
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floor’s natural frequencies. For timber floor systems, due to their light-weight nature, 

vibrations caused by impulsive loads such as footsteps are typically the source of 

disturbing vibration. 

 

Vibration testing of timber floors to evaluate the dynamic characteristics of the structure 

provide natural frequencies, damping ratio, and mode shapes. Modal testing is a method 

by which a system is excited by an external force that generates vibration of the system. 

The force and vibration signals were then analysed to identify the modal parameters of the 

system, such as damping, mode shape and natural frequencies. The modal testing 

equipment used in this study consists of an instrumented impact hammer, an 

accelerometer, a signal converter, and a modal analysis software package incorporated 

into a laptop computer, Figure 1.2a. 

 

The vibration equipment records the input excitation caused by the impact hammer, in 

Newton units of force, and the response, in acceleration units of gravity (gn), captured by 

an accelerometer placed on the test specimen, Figure 1.2a. A fast Fourier transform (FFT) 

analysis is performed on the data recorded by the vibration software to display the 

frequency response spectrum presenting the natural frequencies (Hz). The amplitude 

magnitude in (g/Newton) is directly related to the input force displayed in Figure 1.2b. To 

construct mode shapes, a number of points are excited on the specimen at various locations 

to capture the different amplitudes of the frequencies, Figure 1.3a. Once the natural 

frequencies are identified, their corresponding mode shapes are constructed with the data 

collected at different excitation points of the specimen, as in Figure 1.3b. 
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Figure 1.2. Modal test: a) equipment b) Software display of impact excitation, 

accelerometer response capture, and frequency spectrum display. 

 

 

 

 

a 
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Figure 1.3. Modal test: a) frequency spectrum display b) mode shapes. 

 

Damping is a measure of the rate of dissipation of vibration energy over time. The 

damping ratio is commonly calculated with the half-power point method displayed in 

Figure 1.4, where ωn is the natural frequency, ζ is the damping ratio, and the points Z1 and 

Z2 are associated to the frequencies ω1 and ω2. 

 

 
 

Figure 1.4. Half-power bandwidth method. 
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Research on timber floor vibrational behaviour has resulted in recommendations on 

acceptable floor vibration performance (Chui, 1987, Weckendorf, 2009, Hu and Gagnon 

2011). Recent studies on timber floor vibrations provided information on the natural 

frequency, damping ratio, deflection, acceleration, and velocity in timber floors built with 

different types of joist products (Hamm and Richter 2009, Zhang et al. 2010, and Jarnerö 

et al. 2010). These studies were helpful in understanding of the vibration performance of 

timber floors. Nevertheless, these studies revealed that further research is necessary to 

understand the vibrational behaviour of CLT floors, which is due to the variation in results 

obtained within the studies related to CLT floors. 

 

Footstep vibration and human perception 

 

In a walking motion, a footstep vibration consists of a heel impact producing peak 

amplitude and a decaying motion due to damping. Hu et al (2006) presented fundamental 

physics of footstep forces, the mechanism of footstep-induced vibrations, and the different 

approaches to control vibrations in light and heavy floors. These investigators concluded 

that transient vibration and resonance were two types of vibration in floors that could be 

initiated by walking excitation, depending on the inherent dynamic properties of the floor. 

A lightweight floor is likely dominated by a transient response with a fundamental natural 

frequency above 8-10 Hz. The transient vibrations take  place at the natural 

frequencies of the floor and disappear quickly. They noted that a heavy floor was likely 

to have a fundamental natural frequency below 8-10 Hz. At this frequency range the floor 

will resonate with one of the harmonics caused by the walking excitation. They concluded 

that floor responses were governed by the floor material, design and construction instead 
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of footstep forces. A standard impact caused by a heel-drop (Allen and Rainer, 1976) was 

used to model the impulse caused by one footstep of a walking motion, which consisted 

of a series of transient vibration response, each caused by a single footstep. The response 

of the heel-drop excitation highly depended on the type of floor construction, making it 

useful to understand the vibration behaviour of a floor structure. 

 

Human perception depends on the frequency, the amplitude of motion and the damping 

ratio of the floor system. The most sensitive frequency range for humans is between 4 to 

8 Hz (ISO 2631-1, 1997). Factors that influence the sensitivity and perception of people 

are position of the human body, excitation source characteristics, exposure time, floor 

system characteristics, level of expectancy, and type of activity engaged in. Due to the 

complexity involving human response to vibration, prediction methods do not always 

provide consistent solutions. There were a number of studies that attempted to categorize 

human perceptions. References that provided information on human sensitivity and 

perception to floor vibrations include Murray (1981), ISO 2631-2 (2003), Hu and Chui 

(2004), Toratti and Talja (2006) and Ljunggren et al. (2007).  Hu and Chui (2004) set out 

find a correlation between floor vibration parameters and human perception by initially 

testing 130 floors. They determined the fundamental natural frequency and the deflection 

under a 1kN load as the design parameters to control vibration in wood-based floors. A 

vibration design criterion is proposed for wood-based floor systems with joist and 

sheathing. Toratti and Talja (2006) gathered data from 10 years of research on timber, 

steel, and concrete floors and proposed a classification system based on five classes in 

residential and office buildings: class A for special apartment having usually 

imperceptible vibration, class B is apartment interior with perceptible but usually not 
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annoying vibration, class C is apartment interior with perceptible vibration that may feel 

annoying, D is a lower class for apartments having perceptible vibration and mostly 

feeling annoying, and E is a class without restrictions. The authors present tentative 

limiting values for the five classes on the parameters of the first natural frequency, the 

room mean square for weighted acceleration, peak vertical displacement and velocity, 

global displacement at 1kN point load, and local displacement at 1kN point load. They 

also performed subjective ratings based on body sensing and visual impression of objects 

vibrating. The fundamental frequency and point load deflection under 1kN in the center 

span of the floor are essential in their proposed design procedures and presented as best 

indicators for lightwood floor quality. Ljunggren et al. (2007) looked into the human 

perception of vertical vibrations in lightweight floors by performing a series of single-

frequency vibrations and dual vibrations. They noted that the annoyance ratings generated 

by their motion simulator was not as complex as in real buildings. Finally, they argue that 

natural frequencies other than the first need to be considered, since their findings show 

that higher frequencies with high amplitudes create perceived vibration and cause 

annoyance. The authors note that the complexity of floor vibrations in real buildings is 

greater compared to the motion sensor they used and quote ISO 2631- 2:2003 stating that 

‘‘it is not possible to give guidance on acceptable magnitudes of vibration until more 

information has been collected’’ and suggesting interpreting their findings as informative 

to develop new design criteria. 
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Floor vibration design criteria 

 

Several researchers have proposed design criteria to eliminate disturbing floor vibrations 

for timber, steel, and concrete floor structures. Floor vibration design methods are 

presented for steel and concrete floor structures. Allen and Rainer (1976) presented the 

application of guidelines to correct vibration problems of concrete floor structures. They 

proposed a walking vibration criterion for long-span floors of about 25 ft (8 m) and natural 

frequencies below 10Hz. These researchers employed a heel impact test to measure 

dynamic responses from which natural frequencies and damping ratios were extracted. 

The subjective evaluations of the heal impact tests were correlated with the measured 

vibration properties to derive a performance criterion. 

 

Hanagan and Kim (2001) proposed a simplified equation to assess office steel floor 

vibrations at the early stages of design for walking excitations. The equation was 

generated with statistical analysis of data from 200 tested floor systems. The proposed 

design was specifically intended for grade 50 steel floors. Hanagan (2003) presented an 

assessment of floor vibration serviceability and provided recommendations for adequate 

steel floor vibration design. His analysis focused on the difficulty of satisfying the 

serviceability criteria of floor vibrations by discussing a number of case studies involving 

rhythmic activities in. Hanagan provided an assessment procedure to approach a floor 

design based on the expected dynamic forces and the predicted vibration responses as a 

tool to meet the serviceability criteria. Naeim (1991) also provided a review of the criteria 

and methods available to prevent floor vibration problems for both concrete and steel 

floors. His study covered vibration exposure considerations, such as time duration and 
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environment (residential or workshop). An overview of computing a floor’s natural 

frequency was presented in combination with step-by-step calculation examples for 

various proposed design criteria. 

 

In Canada, many investigations have been conducted on timber floor vibrations. Most of 

the studies focused on traditional timber floor structures, and include results obtained from 

laboratory tests, on-site tests, and finite element modelling (Allen and Pernica 1998, Hu 

and Tardif 2000, and Hu et al. 2001, Chui et al. 2004). 

 

Hu et al. (2006) defined a lightweight floor as one having a fundamental natural frequency 

above 10 Hz, as observed in Onysko (1985) and Hu (2000). Furthermore, floors built with 

wood, with its low material density, were most likely lightweight structures with 

fundamental natural frequencies above 10 Hz on which walking could produce transient 

vibrations. These investigators also documented that human bodies were most sensitive to 

vibration with frequencies in the range of 4 to 8 Hz, and more tolerant to short than long 

duration vibrations. 

 

The design approach presented by Hu et al. (2006) for wood-frame floors included a 

control of both 1 kN load static deflection, which was governed by floor stiffness, and the 

fundamental natural frequency of the wood-frame floor, which was governed by floor 

stiffness and mass. Both of these performance parameters could be measured and 

predicted with relative ease. 
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Nevertheless, due to the complexity of timber floor systems, it has been difficult to 

generate a design method that would eliminate floor vibrations in any timber floor system. 

Various response parameters have been proposed as design criteria including natural 

frequency, damping, static deflection, and root-mean-square acceleration (Foschi and 

Gupta 1987, Smith and Chui 1988, Onysko et al. 2000, Dolan et al. 1999, National 

Building Code of Canada 1990 and Eurocode 5 2004). Doland et al. (1999) studied other 

published vibration criteria and research results of 180 tests of floors in-situ, of lumber, I-

joists, and parallel chord truss joist systems. The authors compose a criterion requiring a 

natural frequency greater than 14Hz for occupied conditions and 15Hz for noncoupled, as 

pertaining to furniture or other live loads associated with living on the structure.  Foschi 

and Gupta (1987) analyzed the floor vibrations by impacting the floor with a football and 

having a person rate the vibrations perceptibility. Their proposed design criterion is 

limiting the static deflection to 1mm for a concentrated load of 1kN at the midspan of a 

joist. Smith and Chui (1988) provide a criterion for rectangular lightweight wooden floors 

supported on all four sides that accounts for human sensitivity to the vibration’s amplitude, 

frequency components, and rate of decay by considering the root-means square 

acceleration of an applied heel drop impact. For a floor to be acceptable the frequency-

weighted root-means square acceleration has to be less than 0.45m/s2. It is specified that 

to avoid sensitive vibration within the 4Hz to 8Hz range, the fundamental natural 

frequency is to be above 8Hz. Onysko et al. (2000) studied the serviceability design for 

Canadian residential wood-framed floors and reviewed laboratory and field testing of 

floors as well as other design criteria. They point out to the progress made in the research 

of wood-based floors leading to the proposed criteria at the time with the adoption of 

limiting the deflection of the floor under a 1kN concentrated load in the in Canada. Woeste 
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and Dolan (2007) provide an analysis of light-frame wood floors with the purpose of 

proposing design approach to minimize annoying vibrations. Their research included 

testing 13 full scale wood joist and sheathing floors built in the laboratory by dropping a 

weight and recording the dynamic response and human detection of the vibrations. 

Another 73 floors, empty and furnished, were tested in-situ by means of a heal drop tests. 

Results show that occupants are very sensitive to vibrations between 7-10Hz. The 

proposed design criterion is to have a fundamental frequency greater than 15Hz for empty 

floors and larger than 14Hz for furnished rooms. Hu and Gagnon (2012) state that the 

vibrational behaviour of CLT floors is different from lightweight wood joisted floors and 

concrete slab floors and therefore the design methods were not applicable to CLT floors. 

The authors conducted a series of laboratory test that included subjective evaluation of 

person walking and siting on the floor while perceiving the movement of floor and nearby 

objects. They also measured the deflection at the panel’s center, floor edges, and joints 

with an applied 1kN concentrated load. Vibration test were performed to measure natural 

frequencies, mode shapes, and damping ratios and also conducted force vibration tests 

with a 5kg medicine ball to measure dynamic responses of acceleration, velocity, and 

displacement. Design criteria is proposed considering the fundamental natural frequency 

and deflection under a concentrated 1kN load and expressed as f1 / d0.7 > 13. Table 1.1 

summarizes the proposed design criteria to eliminate disturbing floor vibrations from the 

above studies and building codes. In conjunction with design criteria, these design 

methods provide equations to predict the response parameters. 
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Reference Criteria 

Foschi and Gupta (1987) 
- Deflection limit of 1 mm under a mid-span point load of 

1 kN  

Smith and Chui (1988) 

- Fundamental natural frequency > 8 Hz 

- Frequency-weighted root-mean-square acceleration < 

0.45 m/s2  

Dolan et al. (1999) - Fundamental natural frequency > 15 Hz 

Onysko et al. (2000) 
- Deflection limit of 8.0/L1.3 and < 2 mm under a 

concentrated load of 1kN 

Eurocode 5 (2004) 

- Natural frequency > 8 Hz 

- Maximum deflection (w) caused by concentrated static 

force (F); w/F ≤ a 

- Unit impulse velocity response (v); v ≤ b^(f1ζ - 1). 

Components above 40 Hz may be disregarded. 

- Recommends range of limiting values of a and b and the 

relationship between a and b. 

Woeste and Dolan 

(2007) 
- f1  > 14 Hz 

Hu and Gagnon (2012) - f1 / d0.7 > 13 

L = the span, m; f1 = fundamental natural frequency, Hz; ζ = modal damping ratio; d = 

deflection under 1 kN point load, mm 

Table 1.1. Proposed design criteria to eliminate disturbing floor vibrations. 

 

Vibration of cross laminated timber (CLT) floors  

 

Early research studies on CLT floor was conducted in Europe, where the product was first 

developed and commercially produced. Investigations by Fitz (2008) and Bogensperger 

et al. (2010) included vibration tests on CLT floor elements with different dimensions, 

bearing conditions, and construction methods used in practice. Their results were 

validated by simulating the vibrational behaviour with a finite element model. The tests 

were limited in the number of specimens, employing only two connected CLT panels. It 
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is of interest to observe the effect of additional CLT panels. Further tests must be carried 

out to understand the vibrational performance of large-scale CLT floors. 

 

Homb (2008) assessed a design criterion developed by Hu (2001) based on the 

fundamental natural frequency and the deflection under a 1 kN load.  The researcher 

concluded that the combined criterion was safe for design and recommended the 

fundamental natural frequency to be above 12.5 Hz. Homb (2008) also commented on the 

importance of accurately calculating natural frequencies under 40 Hz. The investigator 

employed a general calculation model for a rectangular orthotropic plate as presented in 

Leissa (1969), to calculate the fundamental natural frequency of a floor, presented in 

Appendix B. Homb also determined the static deflections. The researcher concluded that 

the general orthotropic model was reliable to calculate the fundamental natural frequency 

if all four sides are simply supported. Homb (2008) found that the orthotropic model, 

considering the elastic moduli (Ex and Ey) and modulus of rigidity (Gxy) with four simply 

supported edges, resulted in first natural frequency values being higher than the isotropic 

model predictions. The investigator observed differences between measured and predicted 

natural frequencies and deflections of the floor, which he believed were probably due to 

the lateral connection between panels.  

 

In addition, Homb (2008) stated that the use of CLT in floor systems was recent, and 

technical documentation on human induced vibrations was fairly limited. Thus, it is of 

interest to assess if the criteria proposed for traditional timber floor systems can be applied 

to CLT floors. The researcher stated that the developed knowledge on the vibrational 
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behaviour of CLT floors can be summarized into measurement, calculation and 

assessment of vibration, and stiffness. He concluded that the results would provide the 

basis for developing a design criterion for determining the acceptable span for CLT floors. 

CLT has been researched in Canada in an effort to attain material properties and 

understand its behaviour in a structure. An outcome of these studies was the CLT 

Handbook (2011, 2019), which provides information for the design and construction of 

CLT structural systems. The goal of the CLT Handbook is to accelerate the development 

and introduction of CLT into North America. 

 

The CLT Handbook (2011) presents a floor vibration design method to obtain the 

appropriate floor span. Hu and Gagnon (2011) proposed a design method for CLT floors 

which was modified from a criterion originally developed for wood joisted floors. The 

parameters of the design method were 1 kN static deflection and fundamental natural 

frequency of bare CLT floor. The authors considered two existing design methods to 

potentially apply to CLT floors. They found that the method presented in the National 

Building Code of Canada (NBCC, 2005) is only appropriate for the design of lightweight 

lumber joisted floors without topping, with an area mass less than 30 kg/m2 and natural 

frequency greater than 15 Hz. The updated NBCC (2015) continues to address lightweight 

lumber joisted floors. They also studied a design method for steel-concrete floors 

proposed by Murray et al (1997) and found it useful for floors with an area mass greater 

than 150 kg/m2 and first natural frequency less than 9 Hz. CLT floors were between 30-

150 kg/m2 and natural frequencies above 9 Hz; therefore, neither of the two design 

methods were found to be appropriate for CLT floors and there was no existing design 

method found for such mass characteristics. Table 1.2 shows this comparison for mass per 
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area (kg/m2) and fundamental natural frequency (Hz) of the lightweight wood joist, steel-

concrete, and CLT floors (Hu and Gagnon, 2011). The investigators also compared the 

results of their design method with the CLTdesigner Software (Schickhofer, 2010), 

showing that the acceptable spans determined by both methods were almost identical. 

 

Floor construction 
Mass/Area 

(kg/m2) 

Natural Frequency 

(Hz) 

Conventional lightweight wood joists  15-30 >15 

CLT 50-150 >9 

Steel-concrete >150 <9 

Table 1.2. Comparison of CLT, conventional wood joisted and steel-concrete floors. 

 

The Canadian CLT Handbook (2019) is an updated version of the initial publication of 

2011. The section relating to the vibration performance of CLT floors includes several 

additions to consideration. Among the modifications is a simplified formula to determine 

the vibration-controlled spans of CLT floors, presented below in Equation 1.1. 

 

) ≤ 0.11
.(01)#$$ 10%3 4

&.()

5&.*( 																																																		(1.1) 

 

where:  

L = vibration-controlled span limit (m). 

m = linear mass of CLT for a 1-m wide panel (kg/m). 
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(EI)eff = effective bending stiffness in the major strength direction for a 1-m wide panel 

(N-mm2). 

 

The additions include the floors with toppings not bonded to the CLT structural such as a 

floating concrete topping. But it also provides guidelines for Timber Concrete Composite 

floors with connectors bonding the CLT and concrete slabs to create a two-layer 

composite cross-section. The document also focused on beam supporting systems in post-

and-beam construction and presents a requirement for supporting beam stiffness to avoid 

a significant lowering of natural frequencies or increase in deflections.  

 

Finite element modelling of wood floor systems 

 

The finite element (FE) method makes it possible to model different timber floor 

construction combinations and simulate the vibration behaviour under a variety of 

dynamic loadings (Jiang et al. 2004, Weckendorf et al. 2010, Glisovic and Stevanovic 

2010). Jiang et al. (2004) developed finite element models along with laboratory tests of 

timber floors with joist, plywood, and topping to study the effect of lateral reinforcements. 

There was an elaborated description of the finite element procedures including the types 

of beam elements and connector elements considered in the FE models. The elastic 

properties, Ex, Ey, Gxy, Gyx, Gzx and Poisson’s ratios, were considered along with floor’s 

details, such as span, width, boundary condition, and joist type. The outputs from the 

model include natural frequencies, mode shapes, and static deflection under a point load. 
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The authors found their finite element model to be reliable for static and natural frequency 

analysis by validating predictions with test results.  

 

Weckendorf et al. (2010) specified the usefulness of finite element method to model 

dynamic response of timber floors structures. Their study considered six flooring 

structures of wood I-joist and particleboard decking for testing and finite element 

modeling. The authors compared the measured results with the modeling results of natural 

frequencies, mode shapes, and deflection. Their findings showed minimal differences 

between experimental and modelled results, having an average difference of 1% for the 

first natural frequency and 7.63% for the point load deflection for six timber floors. 

Glisovic and Stevanovic (2010) presented a study that focused on the vibrational 

behaviour of timber floors with lumber joist and orthotropic sheathing. They accumulated 

findings on dynamic forces caused by humans while walking, running, and jumping 

including heel-drop testing results. In addition, the authors provided the results of a 

reference floor modeled with the finite element analysis method and gave its natural 

frequencies and mode shapes. The authors illustrated the interdisciplinary nature of timber 

floor vibrations due to excitation, responses, materials, support conditions, and the 

acceptability of resultant vibrations. FE modelling was a useful tool to understand and 

analyze the vibration characteristics of a floor system. 

 

Jarnerö et al. (2010) studied a floor under in-situ conditions and recorded results for the 

first five mode shapes, natural frequencies and damping ratios. The in-situ tests included 

uncoupled test, when the floor was fastened on the supporting walls, but not coupled to 

the adjacent floor elements. The in-situ floors were also tested when coupled. The 
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researchers also conducted laboratory tests and developed an FE program to analyze 

natural frequencies and mode shapes of each laboratory floor system tested. The 

laboratory tests included two support conditions, ungrounded and simply supported. The 

laboratory floors were placed on spring mattresses to accomplish the ungrounded 

conditions (Figure 1.5). For the simply supported condition, the CLT board was placed on 

a wooden beam placed on top of a steel beam; the steel beam was underpinned with 

concrete to the laboratory floor. A comparison of the test results from laboratory test with 

the ungrounded support condition with the FE analysis results revealed a 5.7% difference 

for the first natural frequency, and a 40.25% discrepancy for the second natural frequency. 

The authors stated that the differences were due to the incorrect stiffness properties used 

in the FE analysis. Laboratory tests of simple support conditions and the FE analysis 

produced results that were incongruent by 63.30% for the first natural frequency. Results 

for the other four sequential frequencies also indicated considerable dissimilarities among 

the FE analysis and the experimental results. The results for the in-situ test present a lack 

of correspondence in mode shapes. The natural frequencies of the in-situ uncoupled floor 

element were very similar to the simple support laboratory tests with a 1% difference for 

the first mode and a maximum difference of 10% for the fifth mode. The natural 

frequencies for in-situ uncoupled and coupled elements had differences ranging from 

16.7% for the first mode to 32.36% for the fourth mode. Furthermore, the authors observed 

that in-situ conditions had an important effect on damping, averaging 5.1%, stating a 

dependence of the damping characteristics on the support details. The results suggested 

that the wall stiffness and support characteristics had to be considered in the analysis of 

floor vibrations. 
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Figure 1.5. Simply supported and ungrounded test setup by Jarnerö et al. (2010). 

 

Summary of compiled information 

 

Synthesizing the assembled information concerning the focus of this thesis, the following 

summarizes the body of knowledge on the vibrational behaviour of timber floors: 

- Human response to the vibrational behaviour of timber floors. 
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- Principles and fundamental theories that describe both static deformations and 

dynamic behaviour of timber floors. 

- Properties of floor systems and their components determined experimentally and/or 

by numerical estimation. 

- Finite element modelling of traditional timber floors. 

- Design methods for vibrational performance of single-span timber floors. 

 

The compiled information suggests that future research on the vibration performance of 

CLT floors should be focused on: 

- Accurate determination of CLT panel elastic properties for FE and analytical 

modeling of floor systems. 

- Understanding the influence of panel-to-panel connections on floor vibration 

characteristics. 

- Prediction capability of analytical and FE model on natural frequencies of in-situ 

floor systems. 

- Influence of floor support stiffness on floor vibration characteristics. 

- Verifying the damping ratio for which discrepancies can be observed from the 

results of various researchers. 

- Multiple-span floor systems, since CLT floor systems tend not to be single span. 

- Modeling the floor as a plate having two-way action, instead of a beam having one-

way action. 
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1.2. Research problem: 

 

As discussed in 1.1, the fundamental natural frequency can be deemed as a key parameter 

to relate floor vibration performance to human acceptance. Therefore, any design method 

will need to consider this parameter.  Previous models predict natural frequencies of 

simple span traditional floor systems well. For CLT floors, since the construction and 

supporting details are quite different, there is a need to develop appropriate procedure to 

predict natural frequencies of CLT floors with a reasonable degree of accuracy. This is 

the ultimate goal of the proposed research. In order to achieve this goal, there is a need to 

understand the influence of support conditions on natural frequency measurement and 

prediction. This will be the key scientific contribution of this thesis project. 

 

Further experimentation and modeling will determine specific characteristics of the 

vibrational behaviour of CLT floors and achieve a scientific understanding of the 

influence of floor support condition on natural frequencies, deflection, and damping ratio 

of CLT floor systems. The goal is to use the results from these studies to generate 

recommendations or validate a present design method for properly designing CLT floors 

against excessive vibration. 

 

1.3. Objective 

 

This thesis work was aimed to examine the influence of various support conditions, e.g. 

direct support stiffness, span, and multiple-span systems, on the natural frequency, 

damping ratio, and deflection of CLT floor systems. With this main goal, 
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recommendations were made to calculation of the first natural frequency of CLT floors 

with various support characteristics. 

 

1.4. Scope of Research 

 

To achieve the above objective, it was necessary to perform testing of CLT floors in the 

laboratory, where support conditions can be carefully controlled. 

 

The methodology consisted of laboratory tests on a single-span system and a double-span 

configuration. The experimental results offered an understanding of how support 

conditions affected the first natural frequency, damping ratio, and deflection of a CLT 

floor. Impact modal testing was used to measure the natural frequencies and damping of 

the test floors. Load test with a 1kN load at the center of the CLT panels was designed to 

measure the deflection of the two side supported panels.  

 

The main purpose of the laboratory floor test program was to study the influence of 

support characteristics on floor dynamic properties. The rotational stiffness was studied 

by changing the floor-to-wall connection. The tests were performed on CLT floors with 

3-, 5-, and 7-layer CLT panels. Vibration tests helped determine the natural frequencies, 

the modal shapes, and the damping of the CLT floor structure. 

 

The CLT panel properties and connections were characterized for model input. FE and 

analytical modeling were considered. These models were employed to model and predict 

the natural frequencies and deflections of the laboratory floor structures with the different 
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support conditions. The FE analysis results were compared with analytical models and 

those obtained from the laboratory tests.  

 

A double-span test configuration was also constructed in the laboratory. In the double-

span configuration the intermediate support was shifted to various positions to test the 

effect of span ratio on the natural frequency of the system. The panel-to-panel joint was 

also evaluated to measure its connection stiffness and its effect on two-way CLT floor 

system performance. 

 

1.5. Contributions 

 

This thesis contributes to a fundamental understanding of the influence of support 

characteristics on natural frequencies, deflection, and damping ratio of CLT floors under 

different support conditions, such as rotational stiffness and double-span system, and 

helps explain the discrepancies between predicted natural frequencies using various 

calculation methods and test values. 

 

1.6. Organization of Thesis 

This thesis project consisted of an experimental program, and modelling work that 

included both analytical and finite element methods. In addition, the thesis generates the 

vibration and static properties for 3-, 5-, and 7-layer CLT panels. 

 

The thesis is organized in chapters with each being independent, but as a whole 

comprising a coherent thesis. The format of the chapter is that of an original research and 
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the structure is of a scientific article. The conceptual diagram of the thesis is presented in 

Figure 1.6. 

 

 

Figure 1.6. Conceptual diagram of the thesis. 

 

1     General Introduction 

2     Effect of support end conditions on the 

vibrational performance of CLT floors 
Experimental chapter 

3     Modeling performance of CLT floors 

under the effect of end support conditions  
Modeling chapter 

4     Effect of double-span support condition on 

the vibrational performance of CLT floors 

Experimental and modeling 

chapter 

5     Modulus of elasticity of Cross-laminated 

timber along the y-direction 
Experimental chapter 

6     General synthesis Synthesis chapter 
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2. Effect of end support conditions on vibrational performance of CLT 

floors 

 

ABSTRACT: This chapter describes an experimental study to evaluate the effects of end 

support condition on Cross-laminated timber (CLT) floor vibration performance. In the 

study the support condition was varied to measure its effect on the dynamic and static 

behaviour of CLT panels. The specimens of 3, 5, and 7-layers were tested while being 

supported along the width on two opposite sides. The edges were tested with three varying 

conditions of direct fastening, loading, and ledger support. The purpose was to capture the 

first natural frequency, mode shape, and deflection under a 1kN point load of CLT panels 

supported on two sides while the rotational stiffness at the supported ends was changed. 

The rotational stiffness varied as the direct fastening, loading, and ledger conditions were 

stiffened with additional self-tapping screws or load. Vibration and static tests were 

performed to evaluate the influence of rotational stiffness at the boundaries. It was found 

that the natural frequencies and deflections are sensitive to changes in rotational stiffness. 

The first natural frequency increased by 39% for the 3-layer CLT panel, 29% for the 5-

layer, and 7% for the 7-layer specimens. The static deflection at mid-span under a point 

load of 1 kN had changes of up to 32%, 34% and 10% for the 3-, 5-, and 7-layer panels 

respectively. Damping ratios were relatively constant at about 1% measured in the various 

test specimens.  

 

Keywords: Cross-laminated timber, floor vibration, boundary condition, rotational 

stiffness 
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2.1. Introduction 

 

To satisfy floor vibration serviceability design criteria, it is necessary to obtain accurate 

predictions of the first natural frequency and deflection of the floor. When comparing test 

results on CLT floors in laboratory and in-situ studies with predictions, Jarnerö et. al. 

(2010) found inconsistencies in frequencies and damping (Homb, 2008) and significant 

differences between predicted and measured natural frequencies. It was also observed that 

vibration characteristics of CLT floor systems were sensitive to changes in the support 

rotational stiffness occurring at the supports (Hernández-Maldonado and Chui, 2014). The 

rotational stiffness parameters had been proven to be of importance in the calculation of 

natural frequencies of beams by several researchers (Huang, 1961, Beglinger et al., 1976, 

Chui and Smith, 1990). Nevertheless, floor vibration design criteria for CLT floor systems 

generally assume a simple end support condition for calculating the fundamental natural 

frequency and static deflection (Hamm and Ritcher, 2009, Hu and Gagnon, 2011).  The 

above suggests that end support characteristics in practice should be reflected in design 

calculations of CLT floor systems. 

 

The damping ratio is presented in this study as a reference for CLT floor systems. The 

literature has suggested different values to be assumed in the design criteria for timber 

floors, for instance Eurocode 5 (2004) proposed it to be 1%. Weckendorf et al. (2008) 

conducted a study focusing on the damping characteristics of timber floors. The authors 

highlight the variation of proposed damping ratios based on a number of studies that 

focused on the presence of occupants and their locations, types of loads, weight, and floor 

span (Lenzen 1966, Ohlsson 1988, Smith and Chui 1988, Rainer and Pernica 1981). The 
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proposed damping ratios range from 0.8% to 3%. In the same study, Weckendorf tested 

24 two-side supported full-scale floors and presented their damping ratios varying from 

2.0% to 3.5% with a mean of 2.5%. The authors report that heavier floors had lower 

damping and that the effect of weight should be further examined. 

 

More recently, Opazo-Vega et al. (2019) researched the damping ratio of timber floors 

due to walking excitation in residential housing. The study was based on both laboratory 

and in-situ tests with results raging from 1.9% to 14.8%. The eight laboratory experiments 

had damping ratios between 1.9% and 4.9% with in-situ results within the range 4.3% - 

14.8%. Opazo-Vega et al.  attribute the higher damping ratios in the field tests due to non-

structural elements such as partition walls and ceilings. They noticed an increase in 

damping ratio with vibration excitation induced by their walking test method compared to 

ambient vibration or low-energy impact testing by other studies. Homb and Kolstad 

(2018) state that damping ratio is difficult to predict, since it is dependent on not only the 

material’s internal damping, but also on the boundary conditions and coupling elements, 

concluding that the damping ratio must be founded from experimental results. The authors 

proceed by presenting a series of laboratory and field tests with varied setups. The floors 

with simpler setups, with beams and sheathing, resulted in damping values between 1.5% 

and 4%. The damping ratios of more complex floors with additional couplings to load 

bearing walls and layers were between 4% to 15%, being very similar to those found by 

Opazo-Vega and colleagues. 

 

This chapter examines the influences that support conditions had on the vibrational 

performance of 3-, 5- and 7-layer CLT panels that were supported on two ends of these 
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panels. The rotational stiffness parameters at the connecting boundaries of the panels were 

characterized. This research concentrated on common support conditions and the 

influence of the rotational stiffness on the vibrational behaviour and static deflection 

response of CLT floor systems. 

 

2.2. Methods 

 

The methods employed in this study included a series of vibration and static laboratory 

tests on 3-, 5- and 7-layer CLT panels supported on two sides, as shown in Figure 2.1. The 

3-layer panel had a span of 4.5m, the 5-layer panel had a span of 6m, and the 7-layer panel 

had a span of 8.3m. The thicknesses were 79mm, 131mm and 220mm respectively for the 

3-, 5- and 7-layer panels. All panels had a width of 1m. The CLT panels were E1 grade in 

accordance with ANSI/APA PRG 320 (2019). Lamination consisted of Spruce-Pine-Fir 

(SPF) lumber without edge gluing. The panels were tested at a moisture content of 9% - 

11%. 

 

The panels were supported at the two ends on short CLT walls and tested under different 

boundary conditions. The supporting walls were 5-layer CLT panels fastened to the 

concrete floor with anchoring screws and fixed firmly with braces. For the purpose of the 

study, the floor panels were supported on only three out of the five layers of the supporting 

wall, this was to simulate the practice of having 3-layer CLT as supporting walls. The 

self-tapping screws used for the floor-to-wall connection were the double-threaded screws 

were made by SFS intec Inc. specifically for timber-to-timber joints with a diameter of 
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8.2mm. Three different lengths of 160mm, 245mm, and 300mm were used for the 3-, 5-, 

and 7-layer panels, respectively. 

 

 

 

 

 

 

 
 

 

 

 

Figure 2.1. Dimensions of CLT panels supported at two ends: 3-layer (a), 5-layer (b), and 

7-layer (c). 
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Figure 2.2. Modal testing equipment. 

 

The modal testing equipment consisted of an instrumented hammer, an accelerometer, and 

dynamic signal analyzer, presented in Figure 2.2. The dynamic signal analyzer is 

composed of Photon+, a data acquisition hardware, and the RT Pro 6.33 dynamic signal 

analysis software made by LDS-Dactron, which captures the analog signal and transforms 

it into the frequency domain spectrum with Fast Fourier Transform (FFT). 

 

For reference purposes, specimens were initially tested when simply supported on steel 

rods to allow for the panels to freely rotate at the supported ends, as shown in Figure 2.3a. 

Modal testing was used to identify natural frequencies, damping ratios and mode shapes. 

Static bending tests measured the deflection under a 1kN load at the centre of the CLT 

panels. 
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Figure 2.3. Reference (a) and end loading (b) test set-ups. 
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The specimens were then tested at three different support conditions. These support 

conditions were as follows: 1. the application of load over the two supported ends; 2. the 

use of self-tapping screws in direct fastening CLT floor panel to support, and 3. the use of 

ledgers to support the CLT floor panel with the ledgers fastened to the supporting wall 

using self-tapping screws. These test set-ups are illustrated in Figures 2.3 and 2.4. 

 

There were sequential increases in load and in number of screws at the supported ends in 

each of the three set-ups described. The end load was applied with an actuator, shown in 

Figure 2.3b, with an attached steel I-beam and a 5-layer CLT panel to distribute the load. 

The attached 5-layer panel had two 3-layer CLT panels attached to each end, which 

applied load the on the supported edges of the CLT panel being tested. The supported 

edges of the tested floor panel would be gradually clamped by the supporting wall and the 

top load, creating the intended rotational stiffness at the supported edges. Loading tests 

began with a load of 10 kN and sequentially increased to 20 kN, 40 kN and 60 kN, 

meaning that at each end there was a 5kN, 10kN, 20kN and 30kN load applied. 

 

Effects of direct fastening and ledger were studied by changing the number of screws, as 

illustrated in Figure 2.4. The direct fastening tests, in Figure 2.4a, involved the progressive 

addition of self-tapping screws at the floor-to-wall connection to gradually increase the 

rotational stiffness. 
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Figure 2.4. Direct fastening (a) and ledger (b) test set-ups. 
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Self-tapping Fastener Spacing 

 

Test Label Increasing sequence of fasteners 

S1 
 

S2 
 

S3 
 

S4 
 

S5 
 

Ledger-to-Wall Fastener Spacing 

 

Test Label Increasing sequence of fasteners 

L1 

 

L2 

 

L3 

 

L4 

 

L5 

 

Figure 2.5. Increments for number of screws in direct fastening and ledger supports. 
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In Figure 2.4b the ledger set-up consisted of a piece of lumber of dimensions 86mm 

x178mm x1000mm fastened to the supporting wall with 300mm long 8.2mm diameter 

self-tapping screws inserted at a 45° degree angle. There were three vertical fasteners 

connecting the floor to the ledger spaced at 400mm. For the ledger tests the self-tapping 

screws were only increased on the ledger-to-wall connections to stiffen the rotation. The 

sequence of increasing the number of screws is presented in Figure 2.5 for the direct 

fastening and ledger tests. In addition, to measure the influence of the length, the panels 

were cut to sequentially decrease the length. Modal and deflection tests were repeated for 

each of the support conditions at the different lengths, applied loads, and number of 

screws. 

 

 

Figure 2.6. Rotational stiffness (Kr) at the floor-to-wall connection. 

 

Tests were conducted to characterize the rotational stiffness of the three end support 

conditions: loading, direct fastening, and ledger. The rotational stiffness (Kr) of a 

connection is defined as the moment (kN-m) over the angle of rotation (rad), in Figure 

2.6. The specimens were 3-, 5-, and 7-layer CLT floor panels, which were supported and 

connected to a CLT wall on one edge. For the 3 and 5-layer CLT panels, tests were 

conducted for end load, direct fastening, and ledger conditions. For the 7-layer CLT panel 
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specimens only screwed connection was evaluated. The tests followed the sequence of 

incremental number of screws or load, as was done during the floor tests, Figure 2.5. 

 

 

Figure 2.7. Direct fastening floor-to-wall connection with self-tapping screws. 

 

The direct fastening connection test set-up with self-tapping screws is presented in Figure 

2.7.  The tests were conducted sequentially as the number of screws was increased, as in 

Figure 2.5a, with fasteners imbedded perpendicular to the panels surface. Figure 2.8 

presents the test setups for the top wall loading and ledger connection tests. The data 

recorded were the top wall load and deflection at the bottom of the CLT floor specimen. 

For the former, the wall load was applied to the ends of the panel specimen, a load was 

applied to the end of the specimen and the resulting deflections measured at two locations. 

The ledger connection tests were conducted with the CLT floor panel supported on a 

ledger at each end, as illustrated in Figure 2.7b. The sequential increase in number of 

screws on the ledger is shown in Figure 2.5b 
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Figure 2.8. a) Floor-to-wall connections with top wall loading effect and b) ledger 

configuration with ledger-to-wall effect. 

 

2.3. Results and Discussion 

 

2.3.1. Effect of span 

 

3-layer panel results 

 

The reference values for the 3-layer panel; natural frequency, damping ratio and static 

deflection under 1 kN load are presented in Table 2.1. These values are compared to the 

values measured with the other test setups. From these reference values, the effect of span 

on the first natural frequency and static deflection can be observed. The decrease of natural 

frequency as the span increases and the increase in static deflection as the span increases 

can be noted. Damping ratio remains around 1% and has no apparent influence from span. 

These reference values are of importance for at least two reasons. Primarily, they will 

serve as a reference to observe the effect of rotational stiffness and evaluate if the response 

of the CLT panel changes as rotational stiffness is increased through the laboratory tests. 

a b 
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Second, the values will be employed to calculate the modulus of elasticity in the 

longitudinal direction of the plate at the three different spans. 

 

Response 

Span (m) 

4.5 4.1 3.7 3.3 2.9 

f1 (Hz) 8.88 10.63 13.13 15.88 19.50 

Damping (%) 1.00 1.14 0.99 0.76 1.07 

Deflection under 1 kN (mm) 3.59 2.88 2.09 1.58 1.12 

Table 2.1. Reference results for simply supported 3-layer CLT panel. 

 

5-layer panel results 

 

The laboratory test results for the 5-layer CLT panels are presented in Table 2.2 below, 

including first natural frequency, damping ratio and deflection at three different spans of 

6.0m, 5.5m and 5.0m. 

 

Response 

Span (m) 

6.0 5.5 5.0 

f1 (Hz) 7.13 8.38 10.13 

Damping (%) 0.82 0.68 0.84 

Deflection under 1 kN (mm) 2.55 2.04 1.60 

Table 2.2. Reference results for 5-layer CLT panel at three different spans. 
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The reference results at different spans illustrate how the first natural frequency decreases 

as the span increases and how deflection increases as the span increases. The damping 

ratio remains on average below 1% for the tests. 

 

7-layer panel results 

 

Table 2.3 presents the experimental results gathered from the laboratory tests on a 7-layer 

CLT panel. The table shows first natural frequency, damping ratio and deflection for 

reference tests at 8.3m, 7.3m, and 6.26m spans.  

 

Response 

Span (m) 

8.30 7.30 6.26 

f1 (Hz) 6.38 8.13 10.75 

Damping (%) 1.44 0.62 0.83 

Deflection under 1 kN (mm) 1.35 0.93 0.58 

Table 2.3. Reference values for 7-layer CLT panel at three different spans. 

 

The trends of both the first natural frequency and the deflection as the span changes are 

similar to those for 3- and 5-layer panels. A consistent decrease in natural frequency as 

the span increases and deflection on the other hand increases as the span increases. The 

damping ratio is not sensitive to change in span, remaining near 1% as the span is altered. 

The damping ratio is within the ranges found by other researchers and continually falls 

near 1%. Smith and Chui (1988) and Weckendorf et al. (2008) found damping ratios of 

2.5% and 3% for light wood frame timber floors. The damping ratio found in this study is 
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within those suggested values for timber floors by Ohlsson (1988) 0.8% to 1% and 

Eurocode 5 (2008) of 1%. Weckendorf et al. (2008) and Ohlsson (1988) suggested that 

the weight of the floor may affect the damping ratio, meaning that a larger weight could 

cause the damping ratio to be lower, which might be the case with CLT floors and the 

reason of why the damping ratio fluctuates near 1%. 

 

2.3.2. Rotational Stiffness 

 

The rotational stiffnesses of the floor-to-wall connections were determined for all test 

configurations by employing static tests. The characterized rotational stiffness values are 

given in Figures 2.9, 2.10, and 2.11 for the end support loading, direct fastening, and 

ledger conditions for the 3, 5, and 7-layer panel connections. 

 

Rotational stiffness for 3-layer CLT 

 

Figure 2.9 presents the rotational stiffness (Kr) values for the 3-layer CLT panel 

connection for the three support conditions. The actual test values are presented in Table 

A1.1 in Appendix A. Figure 2.9a shows how the increase in rotational stiffness is 

consistent with the increase of load, with a maximum rotational stiffness of 78kN-m/rad. 

The direct fastening also has a significant effect on the rotational stiffness. It is observed 

that the direct fastening with an increase in the number of screws has a greater effect at 

the initial stages and diminishes as the number of fasteners is increased, Figure 2.9b. The 

maximum rotational stiffness is reached at 50kN-m/rad. 
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Figure 2.9. Rotational stiffness results for the test setups on a 3-layer CLT panel; a) 

loading on one end, b) direct fastening and c) ledger. 

 

The ledger configuration was first set up with the ledger connected to the wall. The CLT 

panel was then connected to the ledger with three self-tapping screws spaced 400mm 
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apart. The ledger experiments commenced from this initial ledger condition. The intent 

was to capture the effect of progressively adding fasteners to the ledger-to-wall 

connection. The rotational stiffness for ledger support configuration is relatively stable 

and does not differ much from its initial rotational stiffness, having changed from 17 to 

22 kN-m/rad, Figure 2.9c. This shows that the ledger effect is considerably less significant 

than end load and direct fastening. 

 

Rotational stiffness of 5-layer CLT 

 

The rotational stiffness values for the 5-layer specimen are presented in Figure 2.10. The 

applied end load values increase with every increase of load from 93 kN-m/rad to 350 kN-

m/rad. The direct fastening experiments with the gradual addition of screws produces a 

rise in the rotational stiffness as well. Direct fastening reaches the highest rotational 

stiffness at S5 with a value of 460 kN-m/rad. The different ledger fastening configurations 

change the rotational stiffness from 107 kN-m/rad to 192 kN-m/rad. The ledger 

configuration has the least effect on the rotational stiffness, compared to the application 

of load or direct fastening. 
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Figure 2.10. Rotational stiffness results for the test setups on a 5-layer CLT panel; a) 

loading, b) direct fastening and c) ledger. 

 

 

Rotational stiffness of 7-layer CLT 
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The rotational stiffness values for the 7-layer panel are presented in Figure 2.11 for the 

direct fastening tests. The rotational stiffness increases continuously as the number of 

screws is increased and reaches a maximum of 280 kN-m/rad. The rotational stiffness for 

the application of load is not presented since the loading tests were not possible for the 7-

layer specimens. This was due to its large dimensions and incompatibility with the 

laboratory equipment. It was noted that the ledger tests had minor influence as compared 

to the direct fastening and applied loading tests in both the 3- and 5-layer test. Due to its 

minimal increase, the ledger tests were not continued with the 7-layer specimen. 

 

 

  

Figure 2.11.  Rotational stiffness results for the test setups on a 7-layer CLT panel- direct 

fastening. 

 

2.4. Effect of rotational stiffness on the vibration and static behaviour 
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In this section, the effects of changing end support rotational stiffness, created as a result 

of end loading, direct fastening, and fastening at ledger support, on dynamic and static 

performance of CLT panels are presented and discussed.  

 

3-layer CLT panel 

 

The test results for loading are presented in Figure 2.12, and for direct fastening and ledger 

in Figure 2.13 for the 3-layer panels. Figure 2.12 shows the results for 3-layer CLT panel 

at different spans from 2.9m to 4.5m under direct loading. With a rotational stiffness of 

78 kN-m/rad the percent increase in first natural frequency ranges from 29% to 39% as 

the span changes within the range of 2.9m to 4.5m. At the rotational stiffness 78kN-m/rad the 

average reduction in deflection for all spans at the is of 34%. The damping ratios fluctuate between 0.6% 

and 1.4% and display no apparent tendency. 

 

 
 

 
 

 

Figure 2.12. Effect of rotational stiffness caused by end loading on first natural frequency 

(a), deflection (b), and damping ratio (c) for 3-layer panel at different spans. 

8.0
10.0
12.0
14.0
16.0
18.0
20.0
22.0
24.0
26.0
28.0

0 20 40 60 80 100

f1
 (H

z)

Kr (kN-m/rad)

2.9m span

3.3m span

3.7m span

4.1m span

4.5m span
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

0 20 40 60 80 100

De
fle

ct
io

n 
(m

m
)

Kr (kN-m/rad)

4.5m span

4.1m span

3.7m span

3.3m span

2.9m span

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

0 20 40 60 80 100

Da
m

pi
ng

 ra
tio

 (%
)

Kr (kN-m/rad)

4.5m span

4.1m span

3.7m span

3.3m span

2.9m span

c 

a b 



 

49 

The same is observed for the direct fastening connection, causing a 37% change at S5 = 

50 kN-m/rad in the first natural frequency, in Figure 2.13. At 50 kN-m/rad the deflection 

is decreased by 29% at a 4.5m length. Overall, the rotational stiffness of 50kN-m/rad 

causes an average reduction in deflection of 32%, considering all the spans. 

 

The change in natural frequency with the ledger support is compared to the first natural 

frequency recorded during this test configuration. This is because the CLT panel was 

fastened to the ledger with three screws. Thus, only the effect of adding fasteners to the 

ledger-to-wall connection is evaluated. This considers the change in rotational stiffness 

from L1 = 17kN-m/rad to L5 = 22kN-m/rad. As can be seen in Figure 2.13, at a rotational 

stiffness of 22kN-m/rad the changes for both natural frequency and deflection are about 

4% for the 3-layer panel at 4.5m. The increase of screws on the ledger-to-wall connection 

has a minimal effect on deflection, with a maximum change of 5% and an average of 3% 

for all tests, as presented in Appendix A. The damping ratio is observed to remain for the 

majority of tests within the range of 0.5% - 1.2%, only once reaching a value of 1.96%. 

Still the values are inside the ranges found and suggested by researchers and building 

codes (Ohlsson 1988, Smith and Chui 1988, Weckendorf et al. 2008, Eurocode 5, 2008). 
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Figure 2.13. Effect of rotational stiffness caused by direct fastening and ledger on first 

natural frequency (a), deflection (b), and damping ratio (c) for direct fastening and ledger 

results of 3-layer panel at a 4.5m span. 

 

5-layer CLT panel 

 

The results below reveal the change in the response of the 5-layer CLT panel tested at 

6.0m span as the loading, direct fastening, and ledger conditions were changed. The results 

for the 5.5m and 5.0m 5-layer CLT tests are presented in Appendix A. The data reveals 

that as load increases from 10kN to 60kN the first natural frequency increases and reaches 

a final value of 9 Hz, at a load of 60kN = 350 kN-m/rad, Figure 2.14a, which is a 26% 

increase from the reference value of 7.13Hz, seen in Table 2.2. The first natural frequency 

also increases from the reference value due to direct fastening by 10%, 17%, 24%, 28% 

and 29% for S1, S2, S3, S4, and S5 respectively. With a maximum rise of 29% caused by 

an amount of self-tapping screws at S5 equalling a rotational stiffness of 460 kN-m/rad. 

The ledger condition proves to be of less influence on the first natural frequency by only 
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increasing 7% with a Kr of 192 kN-m/rad at L5 having the maximum amount of self-

tapping screws at the ledger connection. 

 

  

  

Figure 2.14. Effect of rotational stiffness caused by end loading on first natural frequency 

(a), deflection (b), and damping ratio (c) for loading tests of 5-layer CLT plate at 6.0m 

length. 

 

The deflection is also significantly influenced by the application of load or change in 

number of screws. The reference deflection is 2.54mm and decreases to 1.80mm at P30 = 

350 kN-m/rad for a total of 29% change, Figure 2.14b. With direct fastening there was a 

34% decrease when at S5= 460 kN-m/rad, indicating that the rotational stiffness at S5 is 

greater than the rotational stiffness at P30.  Deflection only changes 5% in the ledger 

configuration from 2.11mm at L1 = 107 kN-m/rad to 2.00mm at L5 = 192 kN-m/rad, 

being of low significance when compared to the direct fastening or applied end loading. 

The damping ratio does not show any great tendency to change during experiment and 
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fluctuates between 0.65% and 1.49% as can be observed in Figure 2.14c for the loading 

tests at a 6m length.  Comparable results are observed for the 5.5m and 5.0m span 5-layer 

CLT tests for the first natural frequency, deflection and damping ratio and are presented 

in Appendix A. 

 

   

 

Figure 2.15. Effect of rotational stiffness caused by end loading on first natural frequency 

(a), deflection (b), and damping ratio (c) for direct fastening and ledger tests of 5-layer 

CLT plate at 6.0m length. 

 

7-layer CLT panel 

 

Testing on the 7-layer CLT panels was limited to only the influence of direct fastening 

and not loading or ledger settings. The top load test for the 7-layer panels was not possible 

due to its large dimensions and equipment compatibility. The ledger test was omitted due 
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to the observed diminished influence of the ledger condition on the performance of 3-layer 

and 5-layer panels. 

 

Figure 2.16 presents the experimental results gathered from the laboratory tests on a 7-

layer CLT panel at an 8.3m span. The figure shows natural frequency, damping ratio and 

deflection as tested with fasteners. The reference first natural frequency for the 8.3m panel 

is 6.37Hz. This natural frequency increases as the number of screws is increased by small 

percentages reaching a maximum of 6.75Hz at S5 = 280 kN-m/rad, with a 6% alteration.  

 

  

 

Figure 2.16. Effect of rotational stiffness caused by end loading on first natural frequency 

(a), deflection (b), and damping ratio (c) response for direct fastening tests of 7-layer CLT 

plate at 8.3m length. 

 

The static deflection under 1 kN load decreases by 10% from the reference value of 

1.35mm to 1.21mm at S5, appearing to be more sensitive to rotational stiffness than the 
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first natural frequency. Damping ratio shows minor fluctuations between 0.8% and 1.1%, 

Figure 2.14(c). 

 

2.5. Conclusions 

 

This study contributed to understanding the effects of end support conditions and span on 

the first natural frequency, damping ratio, and static deflection of 3-, 5- and 7-layer CLT 

panels. The rotational stiffness is characterized for loading, direct fastening, and ledger 

arrangements resulting in higher rotational stiffness. The evidence demonstrates that the 

rotational stiffness had a direct effect on both the first natural frequency and the deflection 

behaviour of the CLT plates. Tests confirm that an increase in rotational stiffness caused 

an increase on the first natural frequency of up to 39%, 29%, and 7% for the 3-, 5- and 7-

layer plates respectively. The deflection was seen to decrease as the rotational stiffness 

increases with similar percentages. The damping ratio seemed to be independent to the 

rotational stiffness, always remaining within a range nearing 1%. Experimentation 

measuring the effect of rotational stiffness on the vibrational behaviour and deflection of 

3-, 5-, and 7-layer CLT plates has demonstrated the importance of the boundary conditions 

of CLT floors. It is evident that support conditions are important in the response of CLT 

floors to vibration and static loads. These findings lend themselves and give way to a 

validation phase with numerical analysis employing the finite element method as a means 

to model and support the presented outcomes. 
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3. Modelling performance of CLT floors under the effect of end 

support conditions 

 

ABSTRACT: This chapter focuses on the use of finite element models to study the effect 

of the boundary condition on the dynamic and static behaviour of CLT floor panels. The 

CLT floors were modeled with varying rotational stiffness at the two supported ends. The 

rotational stiffness value for each end was obtained from tests conducted in Chapter 2 for 

loading over support, direct fastening, and ledgers. The predicted first natural frequency, 

mode shape, and deflection were compared to test results for 3-, 5-, and 7-layer CLT floors 

at different spans. An isotropic plate model was used to calculate the modulus of elasticity 

of the CLT panels from tests where the ends of the CLT panels were simply supported. It 

was found that the FEA results had differences ranging from 1% to 15% compared to 

those measured in the laboratory for the three CLT thicknesses. The FEA method is 

effective in predicting the first natural frequencies, mode shapes, and deflection of the 

CLT panels. 

 

Keywords: Finite element analysis, Cross-laminated timber, Floor vibration, Rotational 

stiffness 

 

3.1. Introduction 

 

The vibrational behaviour is of interest in the design of cross-laminated timber (CLT) 

floors to fulfill the serviceability criteria specified in Canadian timber design standard, 
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CSA O86-14 (CSA 2017). Studies have experimentally investigated the vibration 

performance of CLT floors under various support conditions and have found the 

laboratory and in-situ results to be inconsistent with prediction equations (Jarnerö et al. 

2010) and Homb (2008). Homb (2008) observed that the support condition had a major 

influence on the vibration performance of CLT floors and suggested further studies to 

improve the predictability of the vibration parameters of these structures. The finite 

element method is a numerical method that requires material properties and boundary 

conditions to calculate either static or dynamic behaviours. The rotational stiffness at the 

boundary has been characterized in Chapter 2 and were an input for the FEA models 

constructed in this study. The consideration of the boundary condition is an improvement 

in the representation of the timber floors, where it is predominately assumed to be a simply 

supported structure. 

 

Wood has been characterized as an orthotropic material by Hearmon (1948), Bodig and 

Goodman (1973) and Guitard and El Amri (1987), who presented elastic properties of 

several wood species demonstrating the anisotropy of the material. Even more, Guitard 

(1987) based on the data from Guitard and El Amri (1987) proposed prediction equations 

for the modulus of elasticity, shear modulus, and the Poisson’s ratios and presented these 

characteristics for 43 different wood species. Sotomayor Castellanos (1987) also proposed 

prediction models differentiating from angiosperms and gymnosperm species and 

documenting density, modulus of elasticity, shear modulus, and Poisson ratios. Presented 

in Hernández-Maldonado (2010) is a database of 238 species with their corresponding 

orthotropic elastic properties from which prediction models were formulated and 

proposed. The prediction models are based on the intrinsic value of wood density and are 
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differentiated by angiosperm and gymnosperm. The orthotropic elastic properties of 490 

Mexican wood species are presented employing the proposed models. Thus, it is well 

documented that the elastic properties of wood can be accurately represented assuming an 

orthotropic material. 

 

Cross-laminated timber is also assumed as an orthotropic material by, Jarnerö et al. (2010) 

who modeled a CLT floor element with the finite element analysis method by entering 

modulus of elasticity, shear modulus, and Poisson’s ratios. Zhou (2018) focused on the 

determination of elastic constants of wood panels and also assumed the material to be 

orthotropic, while presenting findings of CLT elastic properties to validate his assumption. 

Homb and Kolstad (2018) tested 17 laboratory and four field wood joist floor structures 

and presented their vibration and static findings along with modeling approaches for 

natural frequency. The authors pointed out that the assumptions for a floor structure to be 

defined as isotropic or orthotropic and the support condition to be either two-side or four-

side in order to choose a predicting equation for the first natural frequency. In the 

researchers’ case, they defined their wood joist floor structures as orthotropic and decided 

to use a general orthotropic model to predict the first natural frequency. 

 

An analytical equation proposed by Leissa (1969) assuming an isotropic material simply 

supported on two sides provided accurate predictions of the first natural frequencies of 

CLT laboratory tested panels in Hernández-Maldonado and Chui (2012). The study 

included four 5-layer CLT panels tested individually and connected, to form a floor 

structure, while supported on two sides and four sides. The results reveal accurate 

predictions for all panels and floor structure when supported on two sides. This is the case, 
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since the major strength direction is along the length of the CLT panel and its stiffness 

governs the vibration behaviour. The stiffness along the major direction is evident to be 

fundamental in recent design criteria (Hamm and Richter 2009, Eurocode 5 2018, CLT 

Handbook 2019), where the longitudinal stiffness is required. Complexities were found, 

similar to Homb (2008), when the 5-layer panels and floor were supported on all four 

sides. Based on these studies, it was decided to continue with the assumption of an 

isotropic material, since all tested specimens were supported on two sides. Later in this 

research, additional elastic properties are determined and the CLT panels are assumed and 

modeled with the finite element method as an orthotropic material for comparison. 

 

This chapter was aimed at developing two finite element models to predict the natural 

frequencies of vibration of the CLT tested panels and static deflection under a 1kN load 

at the center of the supported specimens. The main interest is to propose a finite element 

modelling approach to predict the natural frequencies and static deflection under a point 

load of CLT floors with end support conditions that are not simple. 

 

3.2. Overview of Methods 

 

Finite element models were developed to predict first natural frequency, mode shapes, and 

static deflection under a point load of 3, 5 and 7-layer CLT panels previously tested in the 

laboratory at various spans and end support conditions. In addition, a plate model 

developed by Leissa (1969), presented in Appendix B, was used to calculate the modulus 

of elasticity of the 3, 5, and 7-layer CLT panels with simple support conditions at two 

sides. 
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The end support condition is represented by the rotational stiffness of the connection at 

the supported edge. These can be represented by rotational springs in the finite element 

model as shown in Figure 3.1. The rotational stiffness was measured in the laboratory tests 

presented in Chapter 2 for each of the loading, direct fastening, and ledger assemblies. 

This rotational stiffness and CLT material properties are entered into the FE model to 

predict the first natural frequency and static deflection of CLT panels tested in Chapter 2. 

The laboratory results are then compared to the FE mode prediction to evaluate the 

capability of the FE modelling approach. 

 

 

 

 

Figure 3.1. CLT panel support conditions characterized with rotational springs. 

 

3.3. Finite Element Analysis 

 

The software package employed for FEA modeling was Abaqus FEA 6.12 (SIMULIA 

Abaqus FEA, ABAQUS Inc.) to predict vibrational and static responses of the CLT 

structure. The boundary conditions and material properties required for finite element 

analysis were measured in the laboratory. The material properties, including density and 

modulus of elasticity are presented in section 3.4. In the analysis, the CLT is assumed to 

be a homogeneous and isotropic material and behave linear elastically. The initial theory 

of the material being isotropic is based on the fact that the CLT floor panel is only 
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supported on two sides and spanning along its major direction, causing the panel to be 

mostly dependent on the stiffness properties of this major direction. Wood itself is an 

orthotropic material and CLT has shown to also be orthotropic with major and minor 

directions. Nevertheless, it has been observed in (Hernández-Maldonado, Chui 2012) that 

an isotropic assumption and prediction model can result in accurate results for a two-side 

supported floor structure. 

 

The modeled CLT panel is under the same support conditions as in the laboratory, Figure 

2.1 illustrates the geometry of the CLT plates and supports on two opposite sides. The 

rotational stiffness values used in the FEA are those obtained from connection tests in the 

laboratory and are modeled with rotational connector type cardan elements, which are 

rotational connections between two nodes with characterized components, with the 

rotational values assigned to the y-axis on which the rotation occurs at the supported 

edges,  Figure 3.2. Shell elements were chosen to model the CLT panels, as in other studies 

(Zhou 2018, Lewis et al. 2016). The panels were modeled as simply supported with the 

rotational stiffness cardan elements assigned at the two supported edges. The rotational 

stiffness values were changed according to the CLT panel and the laboratory conditions. 

The model output includes first natural frequencies and their corresponding mode shapes 

for each of tests. For predicting the static deflection, a point load of 1 kN was applied at 

mid-span of each case.  
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Figure 3.2. CLT panel support conditions characterized with rotational springs. 

 

A limitation of the finite element method can be initial assumptions of the material being 

modelled as homogenous and continuous, which can present differences due to wood’s 

inherent variabilities and gaps between lumber pieces. The assumption of the material 

being isotropic can also present some differences, since wood has orthotropic material 

characteristics, which will be studied and modeled further in this work. Another 

consideration is the stiffness of the supporting CLT walls, which can have an influence on 

the overall behaviour of the system. Nevertheless, it is understood that these assumptions 

are acceptable and essential to simplify the modelling of materials and structures and that 

their influence can be considered minor in the overall assemblies. 

 

3.4. Input Properties  

 

Input properties such as density and modulus of elasticity, Ex, were obtained from 

laboratory testing. The density was determined after conditioning at 12% moisture content 
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resulting in 484, 515, and 542 kg/m3 for the 3-, 5-, and 7-layer respectively, as shown in 

Table 3.1. The differences in density can be due to the number of layers and their lumber 

grade, with the number of layers with a higher grade in the longitudinal direction 

increasing for the 5-, and 7-layer specimens. The density of the CLT panels was reported 

to be 515 kg/m3 by the manufacturer.  

 

CLT  Density (kg/m3) 

3-layer 484 

5-layer 515 

7-layer 542 

Table 3.1. Densities for the 3-, 5-, and 7-layer panels. 

 

The modulus of elasticity in the major direction, Ex, of each panel used as model input 

was obtained from testing the CLT panels using the simple support condition and applying 

the Leissa (1969) model to calculate Ex based on measured first natural frequency and 

density. The Leissa model is shown in Equation 3.1.  

 

7* =	
9
2	'( ∗ <

#!
% 																															(3.1) 

where: 

#! =	
E! ∙ ℎ+

12 ∙ (1 − (() 																						  (3.2) 

with: 

#! = plate flexural rigidity in the x-axis 
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E! = elastic modulus in the x direction 

% = mass density of the plate (kg/m2) 

ℎ = thickness of the plate  

' = length 

( = Poisson’s ratio 

 

The modulus of elasticity was calculated using the initial reference data for the first natural 

frequency employing Equation 3.1 to solving for Ex. The modulus of elasticity is 

calculated assuming Poisson’s ratio to be ν = 0.3 (Wood Handbook, 2010). The resulting 

modulus of elasticity at the different spans for the 3-, 5-, and 7-layer CLT panels are 

presented in Tables 3.2, 3.3, and 3.4 respectively. 

 

Span (m) f1 (Hz) Ex (MPa) 

4.5 8.88 11086 

4.1 10.63 10959 

3.7 13.13 11089 

3.3 15.88 10264 

2.9 19.50 9231 

Table 3.2. Modulus of elasticity for 3-layer CLT. 

Span (m) f1 (Hz) Ex (MPa) 

6.0 7.13 9,297 

5.5 8.38 9,070 

5.0 10.13 9,054 

Table 3.3. Modulus of elasticity for 5-layer CLT. 
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Span (m) f1 (Hz) Ex (MPa) 

8.30 6.38 10,081 

7.30 8.13 9,870 

6.26 10.75 9,261 

Table 3.4. Modulus of elasticity for 7-layer CLT. 

 

The calculated modulus of elasticity for the 3-layer panel is at five different lengths in the 

most part displays a decrease as the length decreases. The same tendency is observed for 

the 5- and 7-layer panels. This can be due to inherent material discontinuities and 

lamination gaps (Gülzow 2008, CLT handbook 2019). Other reasons are the consequence 

of change in the length-to-thickness ratio, which has been observed to be influential and 

have the same trend observed by Zhou et al. (2017).   

 

The rotational stiffness is also characterized; as was explained in Chapter 2, the floor-to-

wall connections were determined for all test configurations by static testing. The 

characterised rotational stiffness values are given in Tables 3.5, 3.6, and 3.7 for the 3-, 5- 

and 7-layer CLT respectively. 
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Configuration Kr (kN-m/rad) 

Loading 

P5 P10 P20 P30 - 

26 40 65 78 - 

Direct fastening 

S1 S2 S3 S4 S5 

5 22 30 44 50 

Ledger 

L1 L2 L3 L4 L5 

17 19 20 21 22 

Table 3.5. Rotational stiffness for the three test configurations; loading, direct fastening, 

and ledger of the 3-layer CLT panels. 

 

Configuration Kr (kN-m/rad) 

Loading 

P5 P10 P20 P30  

93 130 228 320  

Direct fastening 

S1 S2 S3 S4 S5 

80 130 260 380 460 

Ledger 

L1 L2 L3 L4 L5 

162 162 167 169 174 

Table 3.6. Rotational stiffness for the three test configurations; loading, direct fastening, 

and ledger of the 5-layer CLT panels. 

 

Configuration Kr (kN-m/rad) 

Direct fastening 

S1 S2 S3 S4 S5 

19 70 120 230 280 

Table 3.7. Rotational stiffness for the screws test configuration of the 7-layer CLT panels. 
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3.5. FEA on CLT panels with end fixity conditions 

 

For each of the FE models the appropriate geometry, material properties, and rotational 

stiffness characteristics were changed to duplicate the conditions in the laboratory test. 

The FE model was first set to evaluate the vibrational behaviour of the modeled panel. 

The outputs from the model were natural frequencies and mode shapes. A second model 

run was performed to predict the static deflection at mid-span under a 1kN load at the 

same location, as was done in the test. 

 

3-layer CLT panel 

 

The 3-layer CLT panel results from FEA modeling and laboratory experiments for the 

direct fastening end condition are shown in Table 3.8. The FEA results are in close 

agreement with those observed in the laboratory tests with differences between 1% to 7% 

for the first natural frequency and 1% to 10% difference for the deflection. In general, it 

can be noted that the predicted frequencies are slightly lower, and the predicted deflections 

are slightly higher than the corresponding FEA predictions. This indicates that the FE 

model tends to underestimate the stiffness properties of the system. This observation may 

be due to other factors not considered in the FE model, or the connection test procedure 

underestimated the rotational stiffness of the end support condition. Similar results are 

observed in Lewis et al. (2010) with FEA predicted natural frequencies of CLT floors 

being 0.5% to 3.5% lower than the experimental results. 

 

 



 

67 

Direct fastening S1 S2 S3 S4 S5 

Rotational stiffness 

(kN-m/rad) 
5 22 30 44 50 

Test: f1 (Hz) 9.38 10.38 11.00 11.75 12.25 

FEA: f1 (Hz) 9.25 10.31 10.68 11.21 11.40 

Test: Deflection under 

1 kN (mm) 
3.32 3.08 2.90 2.69 2.54 

FEA: Deflection under 

1 kN (mm) 
3.68 3.06 2.89 2.66 2.59 

Table 3.8. Direct fastening with screw results for 4.5m span, 3-layer CLT. 

 

Loading P5 P10 P20 P30 

Rotational stiffness 

(kN-m/rad) 
26 40 65 78 

Test: f1 (Hz) 10.50 11.00 11.75 12.13 

FEA: f1 (Hz) 10.51 11.07 11.80 12.08 

Test: Deflection under 

1 kN (mm) 
3.12 2.94 2.41 2.37 

FEA: Deflection under 

1 kN (mm) 
2.89 2.72 2.44 2.34 

Table 3.9. Loading results for 4.5m span, 3-layer CLT. 

 

Table 3.9 shows the comparison of predicted and test results for the direct end loading 

cases. The results show that the predicted and measured first natural frequency values are 

within 1% of each other for all the test cases. The predicted deflections are close to the 

measured values, within 1% - 7%.  The ledger support test results are shown in Table 3.10. 

It should be noted from testing that the rotational stiffness of ledger support changed from 
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17 to 22 kN-m/rad going from L1 to L5. Noting results from Table 3.10 it can be seen that 

the model predicted natural frequency is about 5% higher than the corresponding 

measured value for each case. Predicted deflection is on average about 3% - 4% smaller 

than the measured values. This shows that while the predictions appear accurate the FE 

models tend to over-estimate the stiffness of the system leading to slightly higher natural 

frequencies but lower static deflection. The results for the other lengths tested are 

presented in Appendix B. 

 

Ledger L1 L2 L3 L4 L5 

Rotational stiffness 

(kN-m/rad) 
17 19 20 21 22 

Test: f1 (Hz) 10.25 10.38 10.50 10.63 10.63 

FEA: f1 (Hz) 10.74 10.85 10.91 10.96 11.02 

Test: Deflection under 

1 kN (mm) 
2.99 2.99 2.94 2.87 2.87 

FEA: Deflection under 

1 kN (mm) 
2.90 2.85 2.82 2.80 2.78 

Table 3.10. Ledger results for 4.5m span, 3-layer CLT. 

 

5-layer CLT panel 

 

A comparison of the predicted and measured natural frequencies for the 5-layer panel at a 

span of 6m is presented in Table 3.11 for the varying number of screws in the direct 

fastening end support condition.  
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Direct fastening S1 S2 S3 S4 S5 

Rotational stiffness 

(kN-m/rad) 
80 130 260 380 460 

Test: f1 (Hz) 7.88 8.38 8.88 9.13 9.25 

FEA: f1 (Hz) 8.18 8.65 9.45 9.90 10.13 

Test: Deflection under 

1 kN (mm) 
2.21 2.01 1.87 1.75 1.67 

FEA: Deflection 

under 

1 kN (mm) 

1.96 1.77 1.52 1.40 1.34 

Table 3.11. Direct fastening with screw results for 6.0m span, 5-layer CLT. 

 

It can be noted in Table 3.11 that the predicted deflections are generally lower than the 

measured deflection with the difference being progressively greater at higher rotational 

stiffness cases (10% for S1 and 20% for S5). The differences between test and predicted 

for natural frequency are not as large, with the range being 3% for S1 and to a 9% for S5. 

These results again indicate that the FE models over-predict the stiffness properties of the 

CLT beams. It is also possible that the test method employed to measure rotational 

stiffness at support end tends to overestimate the rotational stiffness values. Nevertheless, 

the results for both FEA and laboratory display the same trend. 

 

Table 3.12 shows the test results for 5-layer CLT with end fixity caused by applied load 

to the end of the CLT panel with a span of 6m. The FEA produced very similar results as 

those seen with direct fastening with self-tapping screws for both natural frequency and 

static deflection, with FEA models over-estimating the stiffness of the CLT beams. For 

fundamental natural frequency the difference is 2% for loading of 93 kN-m/rad and 



 

70 

increasing to 6% for 350 kN-m/rad. Deflection is within 9% for 93 kN-m/rad and 14% for 

350 kN-m/rad. 

 

Loading P5 P10 P20 P30 

Rotational stiffness 

(kN-m/rad) 
93 139 220 350 

 Test: f1 (Hz) 8.00 8.38 8.75 9.00 

FEA: f1 (Hz) 8.14 8.65 9.12 9.51 

Test: Deflection under 

1 kN (mm) 
2.25 2.02 1.85 1.81 

FEA: Deflection 

under 

1 kN (mm) 

2.04 1.90 1.68 1.55 

Table 3.12. Loading results for 6.0m span, 5-layer CLT. 

 

Table 3.13 shows a comparison of measured and predicted results for the cases where the 

ends of CLT panel with a span of 6m are fastened to ledgers. The model results 

demonstrate minor influence on both the first natural frequency and the deflection of the 

test specimens. This is consistent with the laboratory test results. The differences between 

the FEA predicted first natural frequency and the test result are between 1% for L1 and 

7% for L5. For static deflection the difference is 10% for L1 and 13% for L5. The FEA 

results concur with the laboratory results showing slight changes in the first natural 

frequency and deflection as the rotational stiffness increased in the ledger support 

configuration. Overall, the rotational stiffness change with the edger support was not as 

significant as in the direct fastening and loading tests. 
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Ledger L1 L2 L3 L4 L5 

Rotational stiffness 

(kN-m/rad) 
107 107 130 155 192 

Test: f1 (Hz) 8.13 8.13 8.38 8.50 8.75 

FEA: f1 (Hz) 8.72 8.72 8.75 8.76 8.80 

Test: Deflection under 

1 kN (mm) 
2.11 2.11 2.05 2.01 2.00 

FEA: Deflection under 

1 kN (mm) 
1.82 1.82 1.79 1.78 1.78 

Table 3.13. Ledger results for 6.0m span, 5-layer CLT. 

 

7-layer CLT 

 

The comparison of FEA and test results for 7-layer CLT panel that was supported by direct 

fastening using self-tapping screws and with a span of 8.3m is shown in Table 3.14. The 

FEA model first natural frequency results show minor difference to the laboratory results. 

However, the trend differs from those for 3-layer and 5-layer CLT panel. In this case the 

predicted frequency was slightly lower than test value at low rotational stiffness (S1 and 

S2) but higher for S4 and S5 (7%). This indicates that the FEA model underestimates 

system stiffness property slightly at low rotational stiffness but overestimates system 

stiffness at high rotational stiffness. This observation is also reflected in the static 

deflection results, where at low rotational stiffness the predicted deflection is slightly 

larger than test deflection (1% for S1 although the values were very close) and 

significantly higher at high rotational stiffness (15% for S5).  Overall the agreement 
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between predictions and measured values are very close for both natural frequency and 

static deflection. 

 

Direct fastening S1 S2 S3 S4 S5 

Rotational stiffness 

(kN-m/rad) 
19 70 120 230 280 

Test: f1 (Hz) 6.50 6.63 6.63 6.75 6.75 

FEA: f1 (Hz) 6.27 6.49 6.69 7.05 7.20 

Test: Deflection under 

1 kN (mm) 
1.30 1.30 1.29 1.23 1.21 

FEA: Deflection 

under 

1 kN (mm) 

1.32 1.24 1.17 1.06 1.03 

Table 3.14. Direct fastening with screw results for 7-layer CLT plate at 8.3m span. 

 

3.6. Conclusions 

 

The FEA method was used to predict the deflection of the CLT panels under a 1 kN load 

and their first natural frequency with various end support conditions characterized by their 

rotational stiffness. A simplified analytical model for an isotropic material with two 

simple support ends was used to calculate the modulus of elasticity of the CLT panels that 

was required for the FEA models. In comparing predicted values with test measurements, 

it was noted that the FEA method tends to overestimate the CLT beam stiffness, leading 

to higher natural frequency and lower predicted deflection. In general, the majority of the 

differences were within the range of 1% and 10% for the 3-layer FEA model for natural 

frequency and deflection. The 5-layer model predictions are within 1% to 9% of test values 
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for first natural frequency and within 9% to 14% of test deflection, with one example 

having a 20% difference from the test value. A 4% to 7% difference for first natural 

frequency is observed for 7-layer CLT and 2% to 15% for deflection. The proximity of 

the model predictions to corresponding test values confirms that the FEA is a useful tool 

to calculate the first natural frequency and static deflection of CLT floor systems with end 

fixity conditions. Some of the limitations of the study can be related to the initial 

assumptions of a continuous, homogeneous, isotropic material and other structural 

considerations, such as the support stiffness. Nevertheless, these assumptions are 

necessary to simplify the problem and avoid the complexities that arise if variations are 

considered at the meso or micro level of wood and wood engineered products. 

 

 

 

 



 

74 

4. Effect of double-span support condition on the vibrational 

performance of CLT floors 

 

ABSTRACT: This chapter investigates double-span CLT floor system performance. The 

objective was to measure the first natural frequency, the damping ratio, and the deflection 

under a 1kN load. CLT floor plates supported in a double-span configuration were tested 

for natural frequencies and static deflection under a point load. The 5- and 7-layer CLT 

floor plates were supported at two ends, and an intermediate support. In each floor tested, 

all supports were connected to a short wall below with self-tapping screws. The location 

of the intermediate support was of interest to study its effect on the vibrational behaviour 

of CLT floor plates. In this chapter the intermediate support was placed at three different 

locations along the span of the CLT plate, i.e. at half span, at a third of the span, and at a 

quarter of the span. The vibration and deflection tests were then modelled with the finite 

element method to complement the laboratory results. It was found that the intermediate 

support location affected the first natural frequency and deflections of CLT. The finite 

element model results compared to experimental are predominately lower than 8% for the 

first natural and below 15% for static deflection with mode shapes coinciding for the first 

and second natural frequency. The FEA method and laboratory results validate the 

vibration and static behaviour of CLT panels in a double-span configuration. Further 

experimental and modeling research can be suggested with additional intermediate and 

edge supports on the floor structure.  

 

Keywords: Double-span, Cross-laminated timber, Timber floors, Finite element modeling 
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4.1. Introduction 

 

The first natural frequency and deflection are of importance in the serviceability design of 

CLT floors (CLT handbook, 2019) and are influenced by the support condition of the floor 

system, such as having a middle support in a double-span design. Since CLT can be 

produced in long lengths, it is often used in multiple-span floor construction instead of 

single-span floor systems. Several researchers have previously studied the vibrational 

performance, such as natural frequencies and mode shapes, of double-span floors 

considering the effect of the intermediate supports. Among those are Hu et al. (1993) who 

modelled a light-wood frame floor as a ribbed plate with a rigid intermediate line support.  

The authors present a numerical model considering the dynamic behaviour of ribbed plates 

with a rigid intermediate support. The modeled system was that of a simulated floor 

structure, as defined by a rectangular rib plate simply supported on all four edges and an 

intermediate support at mid-length. The solutions are natural frequencies and acceleration 

responses, which are compared to experimental data from double-span floors. They 

concluded that ribbed plate models can provide reasonable predictions of responses of 

double-span floors. 

 

Others looking into the vibration over several supports are Kim and Dickinson (1986), 

who researched the flexural vibration of line supported rectangular plates.  The authors 

studied the flexural vibration of rectangular plates with intermediate supports employing 

the Rayleigh-Ritz method to calculate natural frequencies and coefficients for mode 

shapes. They apply the method to a variety of continuous plate problems including a triple-

span and six-span rectangular plate with boundary conditions being clamped and simply 
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supported. The authors validate the applicability of the Rayleigh-Ritz method to the study 

of rectangular plates. Gorman (1999, 2004) directly focused on the boundary condition of 

rectangular plates and studied rectangular plates with simply supported and clamped ends, 

employing the method of superposition. Gorman (2004) calculated the vibration 

frequencies and mode shapes by means of the superposition method. The author computed 

vibration values of rectangular plates with simply supported and clamped boundary 

conditions. He found the results to be accurate for natural frequencies and modes shapes 

of both support conditions. More recently, Winter et al (2010) modelled timber floor in a 

double-span configuration, presenting vibration properties such as natural frequencies and 

mode shapes. The study also considered varying support stiffness of end supports as well 

as the intermediate support, representing them as springs. The researchers propose a series 

of flow charts to approach vibration serviceability design of timber plate floors. Despite 

these studies, the vibrational performance of multiple-span CLT floors is not yet fully 

understood, and suitable approaches to calculate static deflection and first natural 

frequency of multiple-span floors have not yet been developed. 

 

The purpose of this project was to evaluate the first natural frequency and static deflection 

under a 1kN point load of double-span CLT floors. The middle support was shifted to 

three different locations to capture the effect of the span ratio of a double-span floor 

system. Finite element analysis method was employed to model the double-span floors 

and predict the first natural frequency and deflection under a 1kN point load. 
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4.2. Methods 

 

The methods consisted of experimental and modelling components. Modelling was 

conducted on tested floor systems, and comparison of the model predictions and test 

measurements was made to provide validation of the finite element modelling approach. 

 

The experimental component consisted of testing 5- and 7-layer panels in double-span 

configuration. The CLT floor panel was supported at the two ends and an additional 

support was placed between these supports. The intermediate support was placed at one 

of three locations: at mid-length, and at about 33% or 25% of the total CLT length from 

one end, as shown in Figure 4.1. At each support location the floor panel was connected 

to the supporting 5-layer CLT wall below with three 8mm wood screws spaced 400mm 

from each other and perpendicular to the surface of the panels. The width of the 

intermediate support was 0.079m.  The supporting walls were fastened to the concrete 

floor and braced to avoid any lateral movement during testing, Figure 4.2. 

 

The dimensions of the 5-layer CLT and 7-layer CLT specimen were 131mm x 1.0m x 

6.0m and 220mm x 1.0m x 8.3m, respectively. The CLT panels were of E1 grade and had 

parallel lumber layers made of machine stress rated (MSR) grade 1950f-1.7E and 

perpendicular layers made of No. 3 visual grade according to ANSI/APA 320 (ANSI/APA 

2017).  
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Figure 4.1. CLT floor panel in double-span configuration with the intermediate support 

positioned in three different locations of the a) 6.0m 5-layer and b) 8.3m 7-layer 

specimens. 

 

The laboratory experiments included modal and static deflection tests. In the modal test, 

an accelerometer was adhered to the panel while the panel was excited with an 

b 

a 
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instrumented impact hammer. A vibration analysis software captured the acceleration and 

force signals created after the hammer impact and provided the frequency response 

function (FRF) spectrum. The first natural frequency, damping ratio and mode shape 

amplitude were determined from the FRF.   

 

The static deflection test was conducted with a 1 kN point load placed on top of the CLT 

panel. For the case where the intermediate support was at mid-point of the panel, as in 

Figure 4.2, the point load was placed at either one of the spans. When the support was at 

a third or a fourth of the length, the point load was placed at the center of the side with the 

longer span. The deflection was measured immediately below the location of the point 

load 

 

 

Figure 4.2. A 7-layer CLT floor panel supported in a double-span configuration. 
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4.3. Finite element method 

 

The finite element method was employed to model the laboratory tests with the CLT floors 

in a double-span support condition. The models were constructed with the same 

dimensions of the CLT floors tested in the laboratory and experimental conditions. Other 

essential inputs were the CLT material properties and the rotational stiffness at the floor-

to-wall connection. The modulus of elasticity is presented in Table 4.1 for the 5- and 7-

layer specimens, which were previously determined in the laboratory. The rotational 

stiffness of the support connection at the floor-to-wall locations was obtained through 

laboratory testing and presented in Chapter 2 for direct fastening having three screws, 

identified as S2. The CLT material and connection properties were input in the FEA model 

to predict first natural frequency and static deflection under a point load of 1 kN. The 

material was initially assumed to be isotropic, since this assumption has resulted in 

accurate predictions in previous work with a single span (Hernández-Maldonado and 

Chui, 2014). The material was also modeled as an orthotropic material with collected 

elastic properties and compared to the isotropic model results. The predicted responses 

from the FEA models were compared to the laboratory results. 

 

5-layer 7-layer 

Length (m) Ex (MPa) Length (m) Ex (MPa) 

6.0 9,297 8.30 10,081 

5.5 9,070 7.30 9,870 

5.0 9,054 6.26 9,261 

Table 4.1. Modulus of elasticity for 5- and 7-layer CLT at different lengths. 
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The finite element modeling method considered the following assumptions: 

- CLT is a continuous homogenous material. 

- Material and connection behave linear-elastically. 

- Temperature and moisture content remain constant and are insignificant variables. 

 

The CLT density was determined in the laboratory by direct weighing and measurement 

of dimensions of representative blocks cut from the CLT panels. For 5-layer CLT the 

mean density at a 12% moisture content was 515 kg/m3 while for the 7-layer CLT the 

density was 542 kg/m3. The densities found in this study for the 5-layer specimens are 

among those published by industry and researchers. The density reported by the 

manufacturer of the CLT panels was 515kg/m3 in its technical guide, NS-GT6 (2020). The 

7-layer CLT panel measured density is about 5% larger than that published by the 

manufacturer. 

 

The CLT panels were fastened with 3 self-tapping screws at each supporting wall. The 

end fixity of the support over the CLT wall supports was accounted for in the model by 

modeling it as a rotational spring. The rotational stiffness of the support was measured in 

laboratory tests as was described and presented in Tables 2.5 and 2.6 (Chapter 2). The 

input values were 130 kN-m/rad for the 5-layer panel and 70 kN-m/rad for the 7-layer 

panel. 
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Figure 4.3. Schematic of a CLT plate. 

 

The assumption of an orthotropic material was also considered for the 5-layer CLT panel. 

A schematic of the CLT plate is presented in Figure 4.3 as a reference to the elastic 

properties, with thickness h, length a, and width b. The elastic properties used were those 

presented by Zhou (2018), Table 4.2, who tested similar CLT panels from the same source. 

The properties are the modulus of elasticity Ex and Ey in the x and y axis respectively. 

The shear modulus Gxy or in-plane modulus and both transverse shear modulus Gxz on the 

xz-plane and Gyz on the yz-plane and the major Poisson’s ratio νxy. 

 

Ex (MPa) Ey (MPa) Gxy (MPa) Gxz (MPa) Gyz (MPa) νxy 

9,657 2,290 542 458 512 0.02 

Table 4.2. Elastic and shear moduli and Poisson’s ratio presented for 5-layer CLT reported 

by Zhou (2018). 
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4.4. Experimental Results 

 

4.4.1. Effect of single-span and double-span conditions on first natural frequency 

and static deflection 

 

The double-span laboratory test results for the 5- and 7-layer CLT panels are presented in 

Tables 4.3 and 4.4 respectively for the intermediate support located at the half the length 

of the CLT panels. The presented information contains the first natural frequency, 

damping ratio, and static deflection under a 1 kN load. The reference natural frequency 

for the single-span supported 5-layer CLT panel at a 6.0-meter span was 7.13Hz, presented 

in Table 2.2 (Chapter 2). The first natural frequency was 29.13Hz with a double-span 

configuration, as seen in Table 4.3m, an increase of 22Hz compared with the single 6m 

span. The single span floor test data for deflection was presented in Chapter 2. The 

deflection was 2.55mm for the reference single-span of 6m and deflection with the double-

span configuration of the intermediate support at half the span 2.88m-2.88m is much less 

at 0.27mm. This was as expected since the span was basically halved. The same is 

observed for the shorter spans of 5.5m and 5m. The 5.5m tests with a 2.63m-2.63m 

double-span reveal a first natural frequency of 34.63Hz and deflection of 0.21mm, which 

are significantly apart from the reference values for single-span at 5.5m of 8.38Hz and 

2.04mm. For the 5m specimen at 2.38-2.38m double span the first natural frequency has 

a value of 40.5Hz and reference of 10.75Hz, thus being higher by 29.74Hz. And the 

deflection double-span is 0.19mm, which is 1.41mm smaller than the single-span 

reference value of 1.60mm. The damping results for the double-span test are 0.52%, 
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0.60%, and 1.44% and the reference values for single-span ranged from 0.68% and 0.84%, 

overall remaining near 1%. 

 

Spans (m) 2.88m - 2.88m 2.63m - 2.63m 2.38m - 2.38m 

f1 (Hz) 29.13 34.63 40.5 

Damping (%) 0.52 0.60 1.44 

Deflection under 1 kN 

(mm) 
0.27 0.21 0.19 

Table 4.3. Double-span results for 5-layer CLT panel at different double-spans with 

intermediate support at mid-length. 

 

The double-span 7-layer laboratory results at different spans are presented in Table 4.3. 

The 7-layer double-span results demonstrate that an intermediate support causes an 

increase in the first natural frequency for the total panel lengths tested. The first natural 

frequency is 25.38Hz in double-span floor with equal span. This is an increase from 

6.38Hz from 8.3m single-span specimen.  A major difference was also seen in static 

deflections i.e., 1.35mm in a single-span and 0.14mm in double-span. The results with a 

7.3m span and 6.26m span also have large differences in first natural frequency and 

deflection when comparing the single- and double-span tests. Damping ratio has values 

that are under 1% for the specimens of 8.3m and 7.3m, but it is noted that there is 1.48% 

value with the 6.26m specimen, which is larger than most damping values for single span 

tests. 
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Spans (m) 4.03m - 4.03m 3.53m - 3.53m 3.01m - 3.01m 

f1 (Hz) 25.38 31.63 41.25 

Damping (%) 0.77 0.63 1.48 

Deflection under 1 kN 

(mm) 
0.14 0.09 0.08 

Table 4.4. Double-span results for 7-layer CLT panel at different double-spans with 

intermediate support at mid-length. 

 

4.4.2. Effect of the intermediate support location on the first natural frequency and 

static deflection under a point load 

 

The intermediate support of the double-span configuration was located at a half, a third, 

and a fourth of the length of the panel. At every subsequent reposition there was a 

significant change in both the first natural frequency and deflection, as can be seen in 

Table 4.4 for the 6.0m 5-layer specimen. The natural frequency decreases from 29.13Hz 

to 21.88Hz as the intermediate support shifts from half to a third of the total panel length, 

with a difference of 25%. It then further decreases to 17Hz when tested with the 

intermediate support at one-fourth of the length, causing a 22% difference compared to 

the natural frequency at one third span, Figure 4.4a. A decrease of 42% when comparing 

the half span and the one fourth span results. Deflection increases as the intermediate 

support is moved closer to the side support with 96% change, from 0.27mm at half the 

length to 0.61mm at one-fourth of the length. There is a lesser increase of 15% between 

one third span and one fourth span. There is a total increase of 126% with deflection values 

at half span and one fourth span. Measured damping is within the range of 0.52% - 1.66%. 
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Intermediate support 

location 
Half One-third One-fourth 

Spans (m) 2.88 – 2.88  1.90 – 3.86 1.44 – 4.32 

f1 (Hz) 29.13 21.88 17.00 

Damping (%) 0.52 1.66 0.83 

Deflection under 1 kN 

(mm) 
0.27 0.53 0.61 

Table 4.5. Double-span floor test results for 5-layer CLT at 6.0m length. 

 

Similar results were observed with the 5-layer panel at the 5.5m and 5.0m spans, which 

are presented below among the 6.0m specimen findings in Figure 4.4. The natural 

frequency of the 5.5m specimen has a decrease of 29% between the half span and the one 

third tests, Figure 4.4a. The natural frequency value is reduced by 17% when the support 

is shifted from the one-third to the one-fourth location. Deflection increases by 29% as 

the support is shifted from half the span to one-third span and by a further 17% when 

support is moved one-fourth span, Figure 4.4b. The 5.0m specimen natural frequency also 

decreases as the middle support is move further out from the half span position, declining 

35% at the one-third span and a further 14% at the one-fourth location. The static 

deflection under 1 kN load increases by 84% when the middle support moves from mid-

point to one-third point, and a 137% decrease from middle to one-fourth point. The 

damping ratio results are mostly below 1% with top values of 1.44% and 1.66% for the 5-

layer panel tests. 
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Figure 4.4. Experiment natural frequency (a), deflection (b), and damping ratio (c) results 

for double span tests of 5-layer CLT plate at 6.0, 5.5, 5.0 m total lengths with middle 

support located at half, one-third, and one-fourth span. 

 

Intermediate support 

location 
Half One-third One-fourth 

Spans (m) 4.03 – 4.03  2.66 – 5.40 2.02 – 6.05 

f1 (Hz) 25.38 17.50 14.50 

Damping (%) 0.77 0.69 0.57 

Deflection under 1 kN 

(mm) 
0.14 0.26 0.35 

Table 4.6. Double-span floor test results for 7-layer CLT panel at 8.3m length. 

 

The 8.3m 7-layer first natural frequency results at each of the different intermediate 

support positions in the three different spans tested are presented in Table 4.6. The first 

natural frequency decreases from 25.38Hz to 17.5Hz (31%) as the intermediate support is 

shifted from half-length to one-third length location, and then to 14.5Hz (17%) for one-

b 

c

c 

a 
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fourth length location. The deflection at half-length of 0.14mm increases by 86% to 

0.26mm as the intermediate support is located further from center of the panel at one-third 

and there is another 35% rise to 0.35mm at one-fourth of the length. 

 

   

 

Figure 4.5. Experimental first natural frequency (a), deflection (b), and damping ratio (c) 

results for double span tests of 7-layer CLT plate at 8.3, 7.3, 6.26 m lengths with middle 

support located at half, one-third, and one-fourth length. 

 

The 7.3m specimen with half-length support has a 31.63Hz natural frequency decreases 

by 37% to 20Hz when the support is relocated at one-third length and further decreases 

by 10% to 18Hz with the support at one-fourth length, Figure 4.5a. Deflection increases 

by 167% and a further 17% respectively for the same changes in interior support location, 

Figure 4.5b. Similar significant changes in natural frequency and static deflection are 

observed for the 6.26m long specimen. Then damping ratios of the 7-layer tests, as 

observed in Figure 4.5c, appear to be near 1%. 

b 

c

c 
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For all double-span specimens the damping ratio fluctuates between 1.66% and 0.5% with 

most values below 1%. There are some large values of 1.44%, 1.48%, and 1.66%, which 

can be an indication of the contribution to damping by the middle support. Opazo-Vega 

et al. (2019) conducted laboratory and in-situ studies finding that the laboratory test had 

damping rations ranging from 1.9% to 4.9% and in-situ tests resulted in higher damping 

rations, 4.3% to 14.8%, that were attributed to partition walls as well as ceilings and other 

non-structural elements. Homb and Kolstad (2018) note the dependency of the damping 

ratio to coupling elements, boundary conditions, and the internal material damping. The 

authors found in their laboratory and in-situ tests that more complex floor structures, such 

as additional load bearing walls, possessed higher damping ratio between 4% and 15% 

compared to simpler structures having values between 1.5% and 4%. 

 

4.5. Finite element modeling results based on isotropic material behaviour 

In this section, FEA results based on isotropic material behaviour are presented. Each of 

the floor-to-wall connections had three fasteners being representative of the S2 condition 

in the direct fastening tests and equivalent to 130kN-m/rad for the 5-layer model and 

70kN-m/rad for the 7-layer. The modeling outputs include the first natural frequency and 

deflection under a 1kN load. 

 

The first natural frequencies of the 6.0m long 5-layer CLT panel are presented in Table 

4.7. The FEA model predictions differ from test results by 1% and 7% for the half- and 

one-third length locations and by a maximum difference of 8% for the one-fourth length 

specimen. The discrepancy between test and predicted static deflection is between 3% and 

15%. 
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Double-span Half One-third One-fourth 

Spans (m) 2.88 – 2.88  1.90 – 3.86 1.44 – 4.32 

Test: f1 (Hz) 29.13 21.88 17.00 

Test: Deflection under 1 kN (mm) 0.27 0.53 0.61 

FEA: f1 (Hz) 31.19 22.18 18.32 

FEA: Deflection under 1 kN (mm) 0.23 0.45 0.59 

Table 4.7. Laboratory and FEA double-span results for 5-layer CLT panels at 6.0m length. 

 

First natural frequencies of the 5.5m specimen FEA models have 5% and 6% 

discrepancies from the experimental results, Figure 4.6a. The FEA deflections are within 

4% to 8% measured deflections, Figure 4.6b. Finally, the 5.0m FEA natural frequency 

values differ by 9% to 20% from the experimental values, while deflection deviates by 

9% to 26% from the experimental values. Overall, FEA natural frequency values are larger 

than the experimental values, which can be due to the initial assumption of the material 

being homogenous, since the discontinuities of the material would cause a decrease in 

elastic properties. The FEA deflection values are generally lower than the experimental 

values, possibly due to the same reason.  
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Figure 4.6. Experimental and FEA first natural frequency (a), deflection (b) results for 

double span tests of 5-layer CLT plate at 6.0, 5.5, 5.0 m lengths with middle support 

located at half, one-third, and one-fourth length. 

 

The natural frequency and deflection results of the 8.3m 7-layer FEA are reported in Table 

4.8. The predicted first natural frequency results are within 3% to 8% of the laboratory 

results. The discrepancy between predicted and measured static deflection values is less 

than 10% for the half- and one-fourth length test, with a 23% difference in the one-third 

length test. 

 

Double-span Half One-third One-fourth 

Spans (m) 4.03 – 4.03  2.66 – 5.40 2.02 – 6.05 

Test: f1 (Hz) 25.38 17.50 14.50 

Test: Deflection under 1 kN (mm) 0.14 0.26 0.35 

FEA: f1 (Hz) 26.14 18.84 15.01 

FEA: Deflection under 1 kN (mm) 0.14 0.32 0.38 

Table 4.8. Laboratory and FEA double-span results for 7-layer CLT panels at 8.3m length. 

 

The FEA natural frequency results for the 7.3m tests are presented in Figure 4.8. It can be 

seen that they differ between 5% and 7% from experimental ones. The corresponding 

b a 



 

92 

differences for deflection are between 4% and 11%. Similar discrepancy values are 

observed for the 6.26m long specimen. 

 

  

Figure 4.7. Experimental and FEA first natural frequency (a), deflection (b) results for 

double span tests of 7-layer CLT plate at 8.3, 7.3, 6.26 m lengths with middle support 

located at half, one-third, and one-fourth length. 

 

Overall it can be concluded that the FE modelling approach is appropriate, and the model 

can be used in future work to model CLT floor performance to predict first natural 

frequency and static deflection of double-span CLT floors. 

 

The mode shapes for the 5- and 7-layer CLT panels are displayed below in Table 4.9. The 

mode shapes for the first and second natural frequencies are presented for the initial 

double-span laboratory tests. The laboratory mode shapes correspond to the ones observed 

in the FEA modeling results for the first and second natural frequencies.  

 

 

 

 

b a 
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5-layer panel – 6.0m length 7-layer panel – 8.3m length 

Laboratory FEA Laboratory FEA 

f1 29.13 Hz 

 

f1 31.19 Hz 

 

f1 25.38 Hz 

 

f1 26.14 Hz 

 

f2 38.50 Hz 

 

f2 46.57 Hz 

 

f2 32.63 Hz 

 

f2 40.68 Hz 

 

Table 4.9. First two natural frequencies and mode shapes of the 5- and 7-layer CLT 

double-span floors with intermediate support at center of panel length - laboratory vs FEA 

results assuming isotropic material. 

 

4.6 Finite element modeling results based on orthotropic material behaviour 

 

The CLT was also modelled as an orthotropic material to compare the FEA modeling 

results to those obtained in the laboratory and from FEA modelling assuming isotropic 

material behavior. The orthotropic material properties in Table 4.1 were only applied to 

the FEA model for the 6.5m long, 5-layer CLT panel with an intermediate support at mid-

length. It can be seen that the predicted natural frequencies are closer to the corresponding 

test values compared with the model results assuming isotropic material properties (see 

Table 4.10). The orthotropic model improves the first natural frequency prediction for the 

5-layer panel to a difference of 5%, which is a 2% improvement from the isotropic results. 
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Larger improvements are seen with the second natural frequency decreasing the disparity 

from 21% to 15% for the 5-layer panel. An improvement is also reflected in the deflection 

with the orthotropic FEA model as the difference decreases to 11% from an initial 

discrepancy of 15% as an isotropic material. While this limited comparison does confirm 

the validity of using orthotropic material properties in FE modelling, as was suggested by 

others (Jarnerö et al. 2010, Homb and Kolstad 2018), it has also domonstrated that the 

assumption of isotropic material behaviour only leads to small errors and may be justified 

due to its simplicity. 

 

Property Laboratory FEA-Isotropic FEA-Orthotropic 

f1 (Hz) 29.13 31.19 30.72 

f2 (Hz) 38.50 46.57 44.44 

Deflection under 1 kN (mm) 0.27 0.23 0.24 

Table 4.10. First two natural frequencies and mode shapes for 6m 5-layer in double-span, 

with an intermediate support located at half the length; laboratory tests, and modeling 

assuming an isotropic and orthotropic material. 

 

4.6. Conclusions 

 

The double-span effect on both 5- and 7-layer CLT panels was examined in the laboratory 

and modeled with the FEA method. Shifting the intermediate support location from half 

length to one-third and one-fourth length caused significant changes in both the first 

natural frequency and deflection. It was found that the FEA models could accurately 
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predict natural frequencies, deflections, and mode shapes when compared to laboratory 

results.  

 

It was also found that while the use of orthotropic material properties in FE modelling 

generally leads to more accurate predictions, the assumption of isotropic material 

behaviour only leads to small errors and may be justified due to its simplicity. 
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5. Bending stiffness of CLT floor system in the transverse direction 

ABSTRACT: The main objective of this study was to evaulate the influence of CLT panel-

to-panel joint on transverse bending stiffness of CLT floor systems. This was achieved by 

first testing for the actual modulus of elasticity of CLT in the minor strength (transverse) 

direction using narrow strip specimens. These strips were then connected using half-lap 

joints to form a longer beam specimen, that was tested to measure its equivalent modulus 

of elasticity. The ratio of the equivalent and actual modulus in the minor strength direction 

provides an indication of the influence of panle-to-panel joint on transverse CLT floor 

system bending stiffness. Strips of 3, 5, and 7-layer cross-laminated timber (CLT) panels 

were cut along the width of the panels and tested to determine the modulous of elasticity 

in the transverse direction (y-axis). Modal analysis was employed to test the strips in a 

free-free support condition. The modulus of elasticity in the y-direction, Ey, was 

determined for 3, 5, and 7-layer strips with a 2.44m length. The connected beams were 

made with 3- and 5-layer CLT panels only, which were then tested to measure their 

modulus of elasticity. Modal testing was completed with the single CLT strips and with 

joined speciments having two and three connected strips with a half-lap joint design. It 

was found that the equivalent Ey and Gyz of the connected specimens were considerably 

less than those for the unjointed CLT. This showed that CLT floor orthotropic design 

needed to account for the influence of the panel-to-panel joints on the bending stiffness in 

the transverse direction. 

 

Keywords: Cross-laminated timber, Modulus of elasticity, Modal analysis, Half-lap joint 
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5.1. Introduction 

 

The design of CLT floors is often governed by serviceability criteria, making elastic 

bending and shear moduli important design properties. The elastic properties of cross-

laminated timber (CLT) have been studied and determined by numerous researchers who 

have employed non-destructive modal analysis. Among them, Steiger et al. (2008) and 

Gülzow et al. (2007) have presented the elastic properties of symmetrical square-shaped 

3-layer CLT panels. They evaluated the panels with non-destructive modal analysis 

methodology in a suspended free-free condition to determine modulous of elasticity and 

shear moduli. They compared 3-layer panels built with different production technologies 

and two different layer compositions. They were able to correctly determine E11, E22, G12 

and G13. Steiger et al. (2008) additionally extended and verified their modal analysis 

methodology to CLT panels of different dimensions, layer sizes, and producers. 

 

Ido et al. (2016) researched CLT specimens of Japanese species sugi (Cryptomeria 

japonica), focusing on the modulus of elasticity and tensile strength. The authors 

performed static and dynamic tests while varying the width of their specimens. The 

authors found that the width had no effect on the modulus of elasticity of the specimens. 

Nevertheless, the modulus of elasticity in the minor direction increases by 8% with the 

logitudinal vibration method and 9% with static bending test as the layup changes from 3- 

to 5-layers and thickness increases from 90mm to 120mm respectively. It can be observed 

that as the number of layers increases, the modulus of elasticity in the y-direction also 

increases. Sikora et al. (2016) tested 3-layer and 5-layer CLT panels in bending 

perpendicular to the plane and in plane with different thicknesses. The CLT panels tested 
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in bending were 3-layer with thicknesses of 60mm, 72mm and 124mm and 5-layer 

specimens being 100mm thick. The authors find the highest stiffness among the thicker 

3-layer 124mm samples and lowest for the thinner 60mm 3-layer specimens. 

 

Pang and Jeong (2019) studied CLT specimens with varying thickness and layers of 90mm 

3-layer, 120mm 5-layer, and 150mm 5-layer with samples made of two species, larch and 

pine. Static bending tests showed that the thicker CLT specimens of 150mm had higher 

resistance than the 90mm thick CLT samples. The difference being 308% for larch and 

310% for pine. 

 

Note that in a CLT floor system, the modulus of elasticity in the minor strength direction, 

Ey, cannot be used directly to calculate the bending stiffness in the minor strength 

direction of the floor because of the presence of panel-to-panel joints, which are semi-

rigid and do not allow full transfer of bending moment from one panel to the other. 

 

The main objective of this study was to  evaluate the influence of panel-to-panel joints on 

the CLT floor system bending stiffness in the minor strength direction. The tests 

performed included modal testing of single transverse CLT strips in a free-free support 

condition of 3-, 5-, and 7-layer CLT panels to measure the modulus of elasticity in the 

minor strength direction of CLT, Ey. The experiments included modal testing of single 

specimen and connected two and three CLT strips with a half-lap joint. 
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5.2. Methods 

 

As stated above the main obejctive of this study was to evaluate the influence of panel-to-

panle joint on bending stiffness of CLT. The experimental modal analysis process was 

based on a method proposed by Chui (1991) for the determination of modulus of elasticiy 

and shear modulus of a beam specimen. The study employed softwood speciments to 

determine the elastic propeties and  assessed the effect of of knots. The natural frequencies 

corresponding to mode shapes of half-sine wave and a full sine of the test specimen are 

identified in the modal tests and used to calculate the modulus of elasticity and shear 

modulus of the test specimen. In the same manner the specimens in this study are tested 

in free-free condition to determine the natural frequencies and calculate the modulus of 

elasticity (Ey) and the shear modulous (Gyz) of the CLT panels. 

 

The free-free test specimens were 3-, 5-, and 7-layer CLT strips that were cut along the 

minor strength axis of the CLT panels. The width of the CLT specimens was 300mm, as 

shown in Figure 5.1a. Steiger et al. (2012) observed that the 300mm wide strip specimens 

could be assessed correctly and lead to acceptable modal analysis results. The thicknesses 

of the 3-, 5- and 7-layer CLT were 78mm, 131mm and 220mm, respectively. The strips 

had a half-lap connection profile already cut with the specific dimensions presented in 

Figure 5.1. The density was determined at a 12% moisture content for the three CLT 

specimens of 3-, 5-, and 7-layers by direct weighing and measurement of dimensions. The 

specimens were placed in a conditioning chamber set at 12% moisture content for months 

and measured with a moisture meter prior to density measurement.   
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In the jointed specimens, the half-laps from to adjacent CLT strips were connected by 

using 2 self-tapping screws spaced 75mm from the edges. The screws had a diameter of 

6mm and a length of 70mm for the 3-layer specimens and 120mm length for the 5-layer 

strips. The beam specimens were fabricated by connecting two or three of these transverse 

CLT strips and the modal tests were repeated on these beam specimens. The half-lap 

connection was used to join the CLT panels together. The modal test procedure followed 

that developed by Chui (1991). 

 

 

 
 

 

 
 

 
 

 
 

Figure 5.1. Dimensions of CLT transverse strip specimens with half-lap ends for (a) 3-

layer; (b) 5-layer and (c) 7-layer CLT. 

 

There were two length dimensions for each panel layup design, with the longer strips 

having a length of 2,440mm, Figure 5.1, and the shorter strips with a length of 790mm, 

b 

c 

d 

a 
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Figure 5.2. Only the longer 2440mm strips in Figure 5.1 were tested individually as in 

Figure 5.3, while the shorter strips of 790mm were first tested individually, then also 

tested with two connected strips, and with three connected strips, Figure 5.4. The 

speciemens were labelled and connected, such as 3AB and 5AB for two joined speciments 

and 3ABC and 5ABC for those with three connected strips. The connection tests in the 

free-free suspended condition were possible only with the 3- and 5-layer CLT strips. 

 

 

 

 
 

 
 
 

 
 

Figure 5.2. CLT dimensions in half-lap joint design of 3- and 5-layer beam specimens. 

 

5.3. Modal tests 

 

Modal testing was employed to measure the frequencies of a CLT transverse specimen 

that was suspended with springs to simulate a free-free boundary condition as shown in 

Figure 5.3. Each spring was located at a distance of 0.244 x length from the nearest 

support. A grid was drawn on the upper side of the specimens to be able to graph the mode 

b 

c 

a 

790 

790 
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shapes. The single strip tests were performed on both the longer (2,440mm) and shorter 

(790mm) specimens. The modal test equipment consisted of an accelerometer placed on 

the test specimen and an instrumented impact hammer to create the acceleration response.  

The accelerometer signal and load cell signal from instrumented hammer were captured 

by a data acquisition hardware, and these data were then analysed by a dynamic signal 

analyzer software. The acceleromenter was addhered to a fixed location on the CLT 

specimen. Hammer impacts were applied at the grid points on the surface of the specimen. 

This was done to allow the mode shape of each measured natural frequency to be drawn. 

A dynamic signal analysis software returned the frequency response function from which 

the natural frequencies and the associated mode shapes of the test specimen could be 

extracted. 

 

 

 
 

Figure 5.3. Free-free vibration test configuration. 

 

The CLT strips with the shorter dimension were connected and tested using the same 

modal testing apprach described above. Two 3-layer CLT strips were connected with a 

half-lap configuration and tested as shown in Figure 5.4a. The half-lap joint was achieved 

with self-tapping screws having a diamater of 6mm and length of 70mm. There were 2 

self-tapping screws per half-lap joint. The same was done for two of the 5-layer CLT strips 

with 2 screws having a 6mm diameter and 120mm length. After that another CLT 
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transverse strip was added to each of the two-piece connected specimen to produce 3-

piece connected specimens as shown in Figure 5.4b. Each of the two-piece and three-piece 

connected beam specimens was tested using the same modal testing approach described 

above. 

 

 

 
 

 
 

 
 

 
 

 
 

Figure 5.4. Modal test setup of a) two and b) three connected CLT specimens and c) half-

lap connection with two self-tapping screws. 

 

The natural frequencies identified, f1 and f2, were matched with the modal shapes 

corresponding to the first and second natural frequencies of a free-free beam, Figure 5.5. 

The two natural frequencies were necessary for the calculation of the elastic properties Ey 

and Gyz as proposed by Chui (1991). The relationship between E/G for clear specimens is 

found to be between a range of 7.9 and 46.7 with a mean ratio of 19.4. The elastic 
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properties of CLT panels have also been researched by Gülzow (2008), Steiger et al. 

(2012), and Zhou (2018). Gülzow (2008) conductued a thorough study on the elastic 

properties of CLT panels based on modal testing.  Gülzow tested specimens that included 

3-, 5-, and 7-layer panels and shows the results for the elastic properties Ey and Gyz, which 

are presented here and compared to the findings in this study. 

 

 
 

  

Figure 5.5. Modal test first and second frequencies modes of a free-free beam. 

 

5.4. Results 

 

The results presented in the following tables correspond to the long and short strip panels 

tested individually and connected. The individual results for the 2.44m long strips are 

presented in Table 5.1 for the 3-, 5-, and 7-layer CLT. The results form 790mm strips will 

be presented later in Table 5.5. Provided in Table 5.1 are the dimensions and density of 

the CLT and the first two natural frequencies and the calculated bending modulus and 

shear modulus of the CLT based on the method by Chui (1991). 

 

 

Mode 1 

Mode 2 
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3-layer CLT  

Specimen 
Length 

(m) 

Depth 

(m) 

Density 

(kg/m
3
) 

f1 

(Hz) 

f2 

(Hz) 

Ey 

(MPa) 

Gyz 
(MPa) 

Ey /Gyz 

3A 

2.44 

 

0.078 

 

506 

 

15.8 42.8 707 78 9 

3B 16.0 42.6 735 37 20 

3C 16.1 42.4 751 27 27 

3D 14.5 39.5 593 106 6 

3E 15.1 41.6 633 178 4 

3F 16.5 44.0 781 41 19 

Average    15.7 42.2 700 78 14 

Standard 

Deviation 
   0.7 1.5 81 57 9 

5-layer CLT 

5A 

2.44 0.131 490 

52.4 132.0 2,854 137 21 

5B 52.0 132.1 2,788 151 18 

5C 50.9 132.5 2,614 220 12 

5D 47.6 123.8 2,288 189 12 

5E 49.4 127.1 2,488 167 15 

5F 50.1 129.3 2,552 181 14 

Average    50.4 129.5 2,597 174 15 

Standard 

Deviation 
   1.8 3.5 206 29 4 

7-layer CLT 

7A 

2.44 0.22 485 

88.3 201.1 3,214 163 20 

7B 83.8 193.5 2,846 162 18 

7C 88.8 200.9 3,278 156 21 

7D 85.3 195.1 2,983 157 19 

7E 83.6 192.0 2,851 155 18 

7F 91.6 203.4 3,575 150 24 

Average    86.9 197.7 3,125 157 20 

Standard 

Deviation 
   3.2 4.7 285 5 2 

Table 5.1. Material and elastic properties for 3-, 5-, and 7-layer CLT with 2.44m length in 

the minor strength direction. 

 

The mean modulus of elasticity of 3-layer CLT in the minor strength direction, Ey = 700 

MPa and the mean modulus of rigidity, Gyz = 78 MPa. The corresponding results for 5-

layer CLT are: Ey = 2,597MPa and Gyz = 174MPa, and those for 7-layer CLT are: Ey = 

3,125 MPa and Gyz = 157MPa. Ey increases as the depth of the CLT specimens increase 
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due to increased number of parallel layers from 1, 2 to 3 for the 3-, 5- and 7-layer CLT 

respectively.  The shear modulous Gyz does not appear to have any clear relation to the 

thickness of the strip, although the 3-layer CLT has lower shear modulus than the thicker 

panels. 

 

The results of this study are compared to those in Gülzow (2008), who focused mainly on 

the 3-layer panels and the variation of the layup with varying layer thicknes. He found 

that the layup has a significant influence when the number of layers is increased while 

maintaining the same thickness, as seen in Table 5.2 when the depth is set at 80mm and 

the layers are increased from 3 to 5 layers. The material studied by Gülzow (2008) varied 

in thickness compared to the specimens used this study.  

 

Specimen 
Thickness 

(mm) 

Ey 

(MPa) 

Ey 

(MPa) 

Gyz 
(MPa) 

  Dynamic Static Dynamic 

3-layer 

70 794 - 93 

80 939 920 254 

80 977 922 254 

80 923 860 254 

5-layer 

80 2,938 2,675 170 

80 2,767 2,481 164 

80 2,707 2,636 166 

220 2,595 - 93 

7-layer 
320 3,816 - 53 

480 2,927 - 53 

Table 5.2. Measurements of Ey and Gyz on 3-, 5-, and 7-layer specimens by Gülzow 

(2008). 
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Table 5.3 compares results from this study and Gülzow (2008). The Ey for the 3-layer 

CLT specimens determined by Gülzow (2008) ranged from 794MPa to 923MPa, which 

differ from that found in this study (700MPa) by 12 to 24%. For 5-layer CLT, the 

measured Ey by Gülzow (2008) was between 2,595MPa and 2,938MPa. The CLT 

thicknesses (80mm and 220mm) tested by Gülzow (2008) varied significantly from the 

CLT used in this study (131mm). However the Ey measured in this study (2,597 MPa) 

was similar, differing by less than 12%. For 7-layer CLT specimens, Gülzow (2008) 

determined Ey of the 320mm and 480mm thick CLT to be 3,816 MPa and 2,927 MPa 

respectively. The 7-layer CLT in this study had a thickness of 220mm and an Ey of  3,125 

MPa, which differs from results from Gülzow (2008) by -7% to 18%. 

 

Specimen 
Average 

Ey 

Gülzow(2008) 
Ey 

Difference 
Average 

Gyz 
Gülzow(2008) 

Gyz 
Difference 

 (MPa) (MPa) % (MPa) (MPa) % 

3-layer 700 

794 12 

78 

93 16 

939 25 254 69 

977 28 254 69 

923 24 254 69 

5-layer 2,597 

2,938 12 

174 

170 -2 

2,767 6 164 -6 

2,707 4 166 -5 

2,595 0 93 -87 

7-layer 3,125 
3,816 18 

157 
53 -196 

2,927 -7 53 -196 

Table 5.3. Comparison of average Ey and Gyz results of 3-, 5-, and 7-layer CLT with 

Gülzow (2008). 
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On the other hand, the shear modulus measured in this study and Gülzow’s study (2008) 

differed significantly. The average shear modulus Gyz varies for all CLT strips tested here 

is 78 MPa, 174 MPa, and 157 MPa for 3-, 5-, and 7-layer respectively. For the 3-layer 

CLT, the shear modulus measured by Gülzow (2008) was about 3 times that measured in 

this study. While the shear modulus for the 5-layer CLT was similar between this and 

Gülzow’s study (2008), the 7-layer test results for the 7-layer CLT differed significantly 

between this study and Gülzow’s study (2008) with the difference of . The recorded 

densities are between 485 kg/m³ and 506 kg/m³, which are in the same range as those 

values in Gülzow (2008) within 440kg/m³ and 505.4kg/m³ for his CLT specimens. The 

differences in results could be explained by the differences in basic material properties or 

irregularities.  Gülzow (2008) observed irregularities in the specimens, such as gaps 

displaying a lack of bonding or delamination due to internal layer contracting, Figure 5.6. 

These irregularities can influence the material propeties and the affect the vibration 

responses. The wood species characteristics of Norway spruce (Picea abies) in Gülzow’s 

study can have some influence; even though the densities may be similar, it is possible 

that the anatomy and elastic characteristics of the wood species may differ from that of 

black spruce (Picea mariana), which was the predominant species in the CLT tested in 

this study. For instance, the rolling shear modulus for Norway spruce was found to be 100 

MPa by Ehrhart et al. (2015) in a project that focused on the influence of sawing pattern 

and board geometry on rolling shear of wood. Zhou et al. (2014) found that the rolling 

shear modulus of the transverse layer in CLT was 136 MPa. While, the rolling shear 

strength was found to be 1.4 MPa by Ehrhart et al. (2015) and 1.09 MPa by Zhou et al. 
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(2014). These findings show that species can have significant property differences, which 

can in turn be reflected in the differences observed in the comparizon of Gyz in this study. 

 

It is noted by Gülzow that the shear modulus Gyz is very difficult to determine and varies 

extremely from plate to plate.  As also noted by Gülzow the dynamic determination of Gyz 

has a high variation and must be examined more in detail. 

 

 

Figure 5.6. CLT panel board not glued in the middle layer (left); Middle layer with grooves 

(right), Gülzow (2008). 

 

Modal analysis allowed natural frequencies and mode shapes to be identified and 

constructed. The desired natural frequencies were those corresponding to a half-sine and 

a full-sine wave. The natural frequencies corresponding to those mode shapes were 

successfully identified and constructed for the 3-, 5-, and 7-layer specimens. The 

identified natural frequencies with their corresponding modes shapes are presented in 

Table 5.4 under a free-free support condition. 
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3D 5D 7A 

f1 14.5 Hz 

 
 

f1 47.6 Hz 

 
 

f1 88.3 Hz 

 
 

f2 39.5 Hz 

 
 

f2 123.8 Hz 

 
 

f2 201.1 Hz 

 
 

Table 5.4. Modes shapes and natural frequencies for 3-, 5-, and 7-layer CLT strips at 

2.44m. 

 

5.5. Connected CLT specimens 

The results for the shorter strips and connected beam specimens are presented in Tables 

5.5 and 5.6 for 3-layer and 5-layer CLT respectively. From Table 5.5 for the 3-layer 

unjointed CLT, the average Ey and Gyz is  1,211 MPa and 197 MPa respectively, and the 

results are fairly consistent within the group. These are higher than the results for the 

2.44m length specimens reported in Table 5.1 (700 MPa and 78 MPa respectively). This 

shows that the elastic properties in the minor strength direction are influenced by the 

specimen length. A similar finding is observed for the 5-layer CLT, although the 

differences between the results for two lengths are smaller when comparing Table 5.1 and 

Table 5.6. For 5-layer CLT, the average Ey and Gyz is 2,974 MPa and 192 MPa, 

respectively for the shorter length and the corresponding values are 2,597 MPa and 174 
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MPa for the 2.44m length, respectively. A possible explanation of the differences may be 

the relation of the length and the cross section of the strips to their elastic properties as 

observed by Xavier et al. (2012). The authors point to the material heterogeneity as being 

an additional factor. Their modulus of elasticity results have the same tendency as the 

values found in this study and are seen to be higher at the shorter length and decrease at 

the larger length of the specimens. 

 

3-layer short CLT strips 

Strip layers 
Length 

(m) 

Dept

h 

(m) 

Density 

Kg/m
3
 

f1 

(Hz) 

f2 

(Hz) 

Ey 

(MPa) 

Gyz 
(MPa) 

Ey/Gyz 

3A 0.79 

0.078 506 

173 422 1,044 123 8 

3B 0.79 180 453 1,097 199 6 

3C 0.79 187 463 1,203 171 7 

3D 0.79 188 488 1,163 405 3 

3E 0.79 219 513 1,749 136 13 

3F 0.75   189 464 1,009 145 7 

Average     189 467 1,211 197 7 

Standard 

Deviation 
   16 31 273 106 3 

Connected 3-layer CLT strips 

3AB 1.54 
0.078 506 

19 126 172 8 21 

3ABC 2.26 9 23 177 4 42 

Table 5.5. Results of 3-layer short CLT strips tested individually and connected with half-

lap joint. 

 

For the connected beam specimens, the test results are also shown in Tables 5.5 and 5.6. 

Specimens denoted as 3AB or 5AB were those with two CLT pieces connected whereas 

for 3ABC and 5ABC, three CLT pieces were connected. In general, the presence of the 

panel-to-panel joint leads to a substantial reduction in both the modulus of elasticity and 

shear modulus in the transverse direction. 
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5-layer short CLT strips 

Strip layers 
Length 

(m) 

Depth 

(m) 

Density 

Kg/m
3
 

f1 

(Hz) 

f2 

(Hz) 

Ey 

(MPa) 

Gyz 
(MPa) 

Ey 

/Gyz 
5A 0.79 

0.131 490 

419 846 2,828 214 13 

5B 0.79 432 844 3,202 197 16 

5C 0.79 433 859 3,120 211 15 

5D 0.75 453 847 3,168 165 19 

5E 0.75 440 850 2,774 177 16 

5F 0.75 444 869 2,750 190 15 

Average     437 853 2,974 192 16 

Standard 

Deviation 
    12 10 211 19 2 

Connected 5-layer CLT strips 

5BC 1.54 
0.131 490 

39 262 276 15 19 

5ABC 2.26 34 79 964 23 41 

Table 5.6. Results of 5-layer short CLT strips tested individually and connected with half-

lap joint. 

 

The connected beam of 3AB consisted of specimens 3A and 3B connected, and its Ey is 

172 MPa and Gyz is 8 MPa. Similarly for the specimen 3ABC with 3C added to 3AB, its 

Ey is 177 MPa and Gyz is 4 MPa. This shows that the transverse CLT floor system bending 

stiffness would only be about 14% of that of the CLT panel itself. The corresponding ratio 

for shear modulus is even lower, between 2.2% for 3ABC and 4.4% for 3AB.  

 

A similar significant reduction is also observed for the 5-layer CLT connected specimens, 

based on Table 5.6 results. In that case, however, unlike the 3-layer CLT connected 

specimens, the two connected 5-layer CLT specimens of 5AB and 5ABC exhibit 

significantly different equivalent elasticity properties. For 5AB the equivalent Ey and Gyz 

are 276 MPa and 15 MPa respectively. These compare with 964 MPa and 23 MPa obtained 

for 5ABC. The values for unjointed CLT are 2,974 MPa and 192 MPa. The connected 
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beam specimen test results vary significantly, and despite the limited tests conducted, it 

could be concluded that the presence of the panel-to-panel joint leads to a substantial 

reduction in bending stiffness in the transverse direction. This is because these 

connections cannot transfer sufficient moment from one panel to another due to the low 

stiffness of the half-lap connection. This proves that if the use of orthotropic plate model, 

such as Leissa’s (1969) is to be used in design of CLT floors, the bending stiffness 

property in the transverse direction will need to account for the influence of the panel-to-

panel joints. 

 

3A 

Single 

3AB 

2-Connected 

3ABC 

3-Connected 

f1 189 Hz 

 
 

f1 19 Hz 

 
 

f1 9 Hz 

 
 

f2 464 Hz 

 
 

f2 126 Hz 

 
 

f2 23 Hz 

 
 

Table 5.7. Modes shapes and natural frequencies for 3-layer short CLT strips single and 

connected. 
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Table 5.7 and 5.8 show the mode shapes determined from the modal tests of the CLT and 

connected specimens, which proved the correct identification of first and second natural 

frequencies in this study. 

 

5A 

Single 

5BC 

2-Connected 

5ABC 

3-Connected 

f1 440 Hz 

 
 

f1 39 Hz 

 
 

f1 34 Hz 

 
 

f2 850 Hz 

 
 

f2 262 Hz 

 
 

f2 79 Hz 

 
 

Table 5.8. Modes shapes and natural frequencies for 5-layer short CLT strips single and 

connected. 

 

5.6. Conclusions 

 

Modal analysis was employed to determine natural frequencies and mode shapes of CLT 

strips oriented in the transverse direction to determine the elastic properties Ey and Gyz. 

The CLT strips were initially tested individually and later connected with a half-lap joint 

and retested. The mean modulus of elastic in the y-direction of 2.44m long specimens is 

found to be 700 MPa, 2,597 MPa, and 3,125 MPa for the 3-, 5-, and 7-layer strips. The 
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mean modulus of rigidity, Gyz, result to be 78 MPa, 174MPa, 157MPa for the 3-, 5-, and 

7-layer specimens respectively. 

 

It is found that the equivalent Ey and Gyz of the connected specimens are substantially less 

than those for the unjointed CLT. The Ey is 177 MPa and Gyz is 4 MPa for three connected 

pieces (3ABC) compared with 700MPa and 78 MPa respectively for single 3-layer strip. 

Similar conclusion can be drawn for the 5-layer CLT specimens. These findings suggest 

that if CLT floors are to be designed as two-way systems, the bending stiffness property 

in the transverse direction will need to account for the impact of the panel-to-panel joints. 
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6. Conclusions and Recommendations for Future Research 

 

6.1. General conclusions 

 

The presented research focused on the properties of CLT floor systems that affected their 

vibrational performance. An evaluation of the influences of the support conditions on the 

natural frequency, damping ratio, and static deflection under a point load of CLT floor 

systems was carried out. The key findings were synthesized in this concluding chapter. 

 

In Chapter 2 the supported edges of the CLT specimens were assumed to be influenced 

by the boundary condition varying in rotational stiffness. The effect of rotational stiffness 

was studied by characterizing the loading, direct fastening, and ledger conditions at the 

floor-to-wall connections. According to the experimental results, the following 

conclusions could be drawn: 

- Loading from wall above and direct fastening using self-tapping screws led to 

significant end fixity effects and therefore influence on the first natural frequency 

and static deflection of CLT floors. 

- The ledger support condition created a minor rotation stiffness and was thus an 

insignificant influence on the first natural frequency and deflection of CLT floors. 

- The damping ratio was unaffected by the modifications in rotational stiffness or 

length. 
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In Chapter 3 the finite element analysis (FEA) method was employed to model CLT floor 

specimens with the end fixity tested in Chapter 2. Based on a comparison of predicted 

with measured floor responses, the following conclusions could be drawn: 

- The FEA method tended to overestimate the CLT beam stiffness compared to 

experimental tests. The overestimation led to higher predicted values in the first 

natural frequency and lower predicted deflection. 

- The differences observed were mostly between 1% and 15%. The accuracy of the 

prediction confirmed FEA as a valid method to calculate the first natural frequency 

and static deflection of CLT floor systems with end fixity conditions.  

 

In Chapter 4 the double-span support condition of 5- and 7-layer CLT panels was analysed 

using experimental and FEA modeling results of vibration and deflection tests. The 

intermediate support was placed at three different locations. The FEA models were run 

with both isotropic and orthotropic material properties to compare the differences in 

prediction capability. It could be concluded that 

- Shifting location of the intermediate support caused significant changes in both 

the first natural frequency and static deflection. 

- The FEA models assuming an isotropic material for CLT could accurately predict 

the natural frequencies and deflections, when compared to laboratory results. 

- The use of orthotropic material properties for CLT in FEA model could slightly 

improve the accuracy of the prediction compared with the use of isotropic elastic 

properties. 
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In Chapter 5 the influence of a half-lap panel-to-panel CLT joint on transverse CLT floor 

system bending stiffness was evaluated on 3-layer and 5-layer CLT using a modal testing 

approach. Tests were limited in nature, but it can be concluded that 

- The equivalent modulus of elasticity and shear modulus in the minor strength 

direction of CLT panel were substantially lower than the corresponding elastic 

properties for the CLT itself. 

- These results showed that if an orthotropic plate model were to be used to account 

for the two-way action of CLT floors, appropriate equivalent system elastic 

properties would have to be developed to account for the presence of panel-to-

panel joints. 

- The method employed showed that the use of modal testing approach and a free-

free support condition appeared to be an effective means to measure transverse 

CLT elastic bending and shear properties. 

 

6.2. Recommendations for future research 

 

The results in this research project further confirmed the influence of support conditions 

on the vibrational performance of CLT floors. A number of technical issues could be 

further studied. 

1. This project focused on floors with two sides rigidly (i.e. no support flexibility) 

supported. CLT floors supported on all four sides, as are the floors that are supported on 

beams and columns that do not provide ‘rigid’ support, should also be studied in the future.  
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2. The use of multiple spans is common in CLT floor construction. The work 

performed in this project was limited to two-span floors.  The floor systems with a wider 

range of span ratio and with more spans should be investigated. 

3. The influence of CLT panel-to-panel joint should be investigated further on joints 

that are much stiffer and stronger than half-lap joint. 
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Appendix A Experimental data associated with Chapter 2 

Results for 3-layer CLT loading, direct fastening, and ledger tests at different spans. 

Configuration Kr (kN-m/rad) 

Applied end load 

P5 P10 P20 P30 - 

26 40 65 78 - 

Direct fastening 

S1 S2 S3 S4 S5 

5 22 30 44 50 

Ledger 

L1 L2 L3 L4 L5 

17 19 20 21 22 

Table A1.1. Rotational stiffness values for the 3-layer CLT panel connection. 

 

Loading P5 P10 P20 P30 

Rotational stiffness 

(kN-m/rad) 
26 40 65 78 

f1 (Hz) 10.50 11.00 11.75 12.13 

Damping (%) 0.77 0.82 1.10 0.90 

Deflection under 1 kN (mm) 3.12 2.94 2.41 2.37 

Table A1.2. Support end load results for 3-layer panel at a 4.5m span. 

 

Direct fastening S1 S2 S3 S4 S5 

Rotational stiffness 

(kN-m/rad) 
5 22 30 44 50 

f1 (Hz) 9.38 10.38 11.00 11.75 12.25 

Damping (%) 0.92 1.17 0.67 1.96 0.51 

Deflection under 1 kN (mm) 3.32 3.08 2.90 2.69 2.54 

Table A1.3. Direct fastening results for 3-layer panel at a 4.5m span. 
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Ledger L1 L2 L3 L4 L5 

Rotational stiffness 

(kN-m/rad) 
17 19 20 21 22 

f1 (Hz) 10.25 10.38 10.50 10.63 10.63 

Damping (%) 0.56 0.63 1.06 1.07 0.63 

Deflection under 1 kN (mm) 2.99 2.99 2.94 2.87 2.87 

Table A1.4. Ledger results for 3-layer panel at a 4.5m span. 

 

Loading P5 P10 P20 P30 

Rotational stiffness 

(kN-m/rad) 
26 40 65 78 

f1 (Hz) 12.00 12.63 13.63 14.13 

Damping (%) 1.32 1.30 1.41 1.24 

Deflection under 1 kN (mm) 2.38 2.19 1.96 1.83 

Table A1.5. Support end load results for 4.1m span. 

 

Direct fastening S1 S2 S3 S4 S5 

Rotational stiffness 

(kN-m/rad) 
5 22 30 44 50 

f1 (Hz) 11.63 12.13 12.75 13.38 13.75 

Damping (%) 1.03 0.51 0.90 0.68 0.88 

Deflection under 1 kN (mm) 2.48 2.34 2.18 1.99 1.82 

Table A1.6. Direct fastening with screw results for 4.1m span. 
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Ledger L1 L2 L3 L4 L5 

Rotational stiffness 

(kN-m/rad) 
17 19 20 21 22 

f1 (Hz) 12.13 12.25 12.38 12.38 12.38 

Damping (%) 0.57 0.71 0.64 0.57 0.86 

Deflection under 1 kN (mm) 2.34 2.33 2.30 2.30 2.28 

Table A1.7. Ledger results for 4.1m span. 

 

Loading P5 P10 P20 P30 

Rotational stiffness 

(kN-m/rad) 
26 40 65 78 

f1 (Hz) 14.50 15.25 16.38 17.00 

Damping (%) 0.58 0.82 0.87 0.83 

Deflection under 1 kN (mm) 1.85 1.70 1.51 1.44 

Table A1.8. Support end load results for 3.7m span. 

 

Direct fastening S1 S2 S3 S4 S5 

Rotational stiffness 

(kN-m/rad) 
5 22 30 44 50 

f1 (Hz) 13.50 14.38 15.38 16.38 16.75 

Damping (%) 0.64 0.69 0.90 0.73 0.82 

Deflection under 1 kN (mm) 1.99 1.81 1.68 1.48 1.45 

Table A1.9. Direct fastening with screw results for 3.7m. 
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Ledger L1 L2 L3 L4 L5 

Rotational stiffness 

(kN-m/rad) 
17 19 20 21 22 

f1 (Hz) 14.75 14.88 14.88 14.88 15.00 

Damping (%) 0.43 0.53 0.84 0.44 0.82 

Deflection under 1 kN (mm) 1.72 1.743 1.72 1.72 1.67 

Table A1.10. Ledger results for 3.7m span. 

 

Loading P5 P10 P20 P30 

Rotational stiffness 

(kN-m/rad) 
26 40 65 78 

f1 (Hz) 18.38 19.38 20.38 21.25 

Damping (%) 0.80 1.26 0.72 0.72 

Deflection under 1 kN (mm) 1.33 1.17 1.08 1.04 

Table A1.11. Support end load results for 3.3m span. 

 

Direct fastening S1 S2 S3 S4 S5 

Rotational stiffness 

(kN-m/rad) 
5 22 30 44 50 

f1 (Hz) 16.75 18.13 18.88 19.88 20.25 

Damping (%) 0.79 0.61 0.75 1.10 0.80 

Deflection under 1 kN (mm) 1.39 1.28 1.21 1.16 1.11 

Table A1.12. Direct fastening with screw results for 3.3m span. 
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Ledger L1 L2 L3 L4 L5 

Rotational stiffness 

(kN-m/rad) 
17 19 20 21 22 

f1 (Hz) 18.75 18.88 19.00 19.00 19.13 

Damping (%) 0.58 0.48 0.60 0.70 0.66 

Deflection under 1 kN (mm) 1.26 1.22 1.21 1.21 1.19 

Table A1.13. Ledger results for 3.3m span. 

 

Loading P5 P10 P20 P30 

Rotational stiffness 

(kN-m/rad) 
26 40 65 78 

f1 (Hz) 23.38 24.63 26.13 27.13 

Damping (%) 0.74 0.65 0.68 0.73 

Deflection under 1 kN (mm) 0.93 0.88 0.77 0.72 

Table A1.14. Support end load results for 2.9m span. 

 

Direct fastening S1 S2 S3 S4 S5 

Rotational stiffness 

(kN-m/rad) 
5 22 30 44 50 

f1 (Hz) 21.25 23.00 23.75 24.63 25.25 

Damping (%) 0.74 0.63 0.62 0.67 0.79 

Deflection under 1 kN (mm) 1.02 0.93 0.89 0.79 0.73 

Table A1.15. Direct fastening with screw results for 2.9m span. 
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Ledger L1 L2 L3 L4 L5 

Rotational stiffness 

(kN-m/rad) 
17 19 20 21 22 

f1 (Hz) 24.38 24.75 24.75 25.13 25.25 

Damping (%) 0.98 0.73 0.66 0.82 0.89 

Deflection under 1 kN (mm) 0.87 0.85 0.85 0.83 0.82 

Table A1.16. Ledger results for 2.9m span. 

 

5-layer 

 

Loading P5 P10 P20 P30 

Rotational stiffness 

(kN-m/rad) 
93 139 220 350 

f1 (Hz) 8.00 8.38 8.75 9.00 

Damping (%) 1.10 0.78 1.22 0.93 

Deflection under 1 kN (mm) 2.25 2.023 1.85 1.81 

Table A1.17. Support end load results for 6.0m span, 5-layer. 

 

Direct fastening S1 S2 S3 S4 S5 

Rotational stiffness 

(kN-m/rad) 
80 130 260 380 460 

f1 (Hz) 7.88 8.38 8.88 9.13 9.25 

Damping (%) 1.40 1.15 1.29 1.07 1.12 

Deflection under 1 kN (mm) 2.22 2.01 1.87 1.78 1.67 

Table A1.18. Direct fastening results for 6.0m span, 5-layer. 
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Ledger L1 L2 L3 L4 L5 

Rotational stiffness 

(kN-m/rad) 
107 107 130 155 192 

f1 (Hz) 8.13 8.13 8.38 8.50 8.75 

Damping (%) 0.78 0.70 1.49 1.29 1.41 

Deflection under 1 kN (mm) 2.11 2.11 2.05 2.01 2.00 

Table A1.19. Ledger results for 6.0m span, 5-layer. 

 

7-layer 

 

Direct fastening S1 S2 S3 S4 S5 

Rotational stiffness 

(kN-m/rad) 
19 70 120 230 280 

f1 (Hz) 6.5 6.63 6.63 6.75 6.75 

Damping (%) 0.90 1.09 0.80 1.10 0.77 

Deflection under 1 kN (mm) 1.30 1.30 1.26 1.23 1.21 

Table A1.20. Direct fastening results for 7-layer CLT plate at 8.3m span. 



 

 

1
4
1
 

Results for 5-layer CLT direct fastening tests at different spans. 

Length 

(m) 

S1 

f1 : ζ : ∆ 

S2 

f1 : ζ : ∆ 

S3 

f1 : ζ : ∆ 

S4 

f1 : ζ : ∆ 

S5 

f1 : ζ : ∆ 

6.0 7.875: 1.40: 2.215 8.375: 1.15: 2.011 8.875: 1.29: 1.870 9.125: 1.07: 1.755 9.25: 1.12: 1.666 

5.5 9.00: 0.61: 1.794 9.5: 1.20: 1.602 10.00: 1.25: 1.475 10.735: 0.63: 1.462 10.925: 0.62: 1.36 

5.0 10.375: 0.66: 1.526 10.875: 0.59: 1.411 11.25: 0.52: 1.347 11.75: 0.92: 1.296 12.375: 0.54: 1.156 

Table A1.21. First natural frequency, damping, and deflection for 5-Layer CLT panel at three different lengths as number of screws are 

increased. 

 

Results for 7-layer CLT direct fastening tests at different spans. 

Length 

(m) 

S1 

f1 : ζ : ∆ 

S2 

f1 : ζ : ∆ 

S3 

f1 : ζ : ∆ 

S4 

f1 : ζ : ∆ 

S5 

f1 : ζ : ∆ 

8.30 6.50: 0.78 : 1.296 6.625: 1.54: 1.283 6.625: .72: 1.232 6.75: 1.29: 1.245 6.75: 0.89 : 1.219 

7.30 8.375: 1.04: 0.875 8.50: 0.74: 0.875 8.50: 0.96: 0.849 8.625: 0.66: 0.837 8.625: 0.67: 0.837 

6.26 11.50: 0.84: 0.556 11.625: 0.81: 0.543 11.75: 1.05: 0.530 12.00: 1.17: 0.543 12.125: 0.66: 0.518 

Table A1.22. First natural frequency, damping, and deflection for 7-Layer CLT panel at three different lengths as number of screws are 

increased.



 

 142 

Mode Shapes 

3-layer panel 

Mode 
Shapes Reference 

1 
 

f1 = 8.88 Hz 
 

2 
 

f2 = 18.13 Hz 
 

3 

 
f3 = 32.63 Hz 

4 

 
f4 = 41.63 Hz 

Figure A1.1 First four natural frequencies and modes shapes of the 4.5m 3-layer CLT 

reference laboratory test. 
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5-layer panel 

 

Mode Shapes Reference 

1 

 
f1 = 7.13 

2 
 

f2 = 21.125 
 

3 

 
f3 = 43.75 

4 

 
f4 = 56.375 

Figure A1.2. First four natural frequencies and modes shapes of the 6.0m 5-layer CLT 

reference laboratory tests. 
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7-layer panel 

 

Mode Shapes Reference 

1 

 
f1 = 6.38 

2 

 
f2 = 19.38 

3 

 
f3 = 23.5 

4 

 
f4 = 42.13 

Figure A1.3. First four natural frequencies and modes shapes of the 8.3m 7-layer CLT 

reference laboratory tests. 
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Appendix B Experimental data associated with Chapter 3 

Results for 3-, 5-, and 7-layers FEA tests 

3-layer panel 

 
Direct fastening S1 S2 S3 S4 S5 

Rotational stiffness 
(kN-m/rad) 

5 22 30 44 50 

f1 (Hz) 11.63 12.13 12.75 13.38 13.75 

Damping (%) 1.03 0.51 0.90 0.68 0.88 

Deflection under 1 kN (mm) 2.48 2.34 2.18 1.99 1.82 

FEA: f1 (Hz) 11.18 12.37 12.79 13.39 13.61 

FEA: Deflection under 1 kN (mm) 2.77 2.34 2.21 2.04 1.99 

Table B3.1: Direct fastening with screw results for 4.1m span. 
 

Loading P5 P10 P20 P30 

Rotational stiffness 
(kN-m/rad) 

26 40 65 78 

f1 (Hz) 12.00 12.63 13.63 14.13 

Damping (%) 1.32 1.30 1.41 1.24 

Deflection under 1 kN (mm) 2.38 2.19 1.96 1.83 

FEA: f1 (Hz) 12.59 13.23 14.07 14.39 

FEA: Deflection under 1 kN (mm) 2.27 2.08 1.88 1.81 

Table B3.2: Support end load results for 4.1m span. 
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Ledger L1 L2 L3 L4 L5 

Rotational stiffness 
(kN-m/rad) 

17 19 20 21 22 

f1 (Hz) 12.13 12.25 12.38 12.38 12.38 

Damping (%) 0.57 0.71 0.64 0.57 0.86 

Deflection under 1 kN (mm) 2.34 2.33 2.30 2.30 2.28 

FEA: f1 (Hz) 12.99 13.12 13.18 13.25 13.31 

FEA: Deflection under 1 kN (mm) 2.18 2.15 2.13 2.11 2.10 

Table B3.3: Ledger results for 4.1m span. 
 

Direct fastening  S1 S2 S3 S4 S5 

Rotational stiffness 
(kN-m/rad) 

5 22 30 44 50 

f1 (Hz) 13.50 14.38 15.38 16.38 16.75 

Damping (%) 0.64 0.69 0.90 0.73 0.82 

Deflection under 1 kN (mm) 1.99 1.81 1.68 1.48 1.45 

FEA: f1 (Hz) 13.79 15.14 15.62 16.31 16.57 

FEA: Deflection under 1 kN (mm) 2.02 1.73 1.64 1.52 1.48 

Table B3.4: Direct fastening with screw results for 3.7m. 
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Loading P5 P10 P20 P30 

Rotational stiffness 
(kN-m/rad) 

26 40 65 78 

f1 (Hz) 14.50 15.25 16.38 17.00 

Damping (%) 0.58 0.82 0.87 0.83 

Deflection under 1 kN (mm) 1.85 1.70 1.51 1.44 

FEA: f1 (Hz) 15.39 16.13 17.10 17.49 

FEA: Deflection under 1 kN (mm) 1.68 1.55 1.40 1.35 

Table B3.5: Support end load results for 3.7m span. 
 
 

Ledger L1 L2 L3 L4 L5 

Rotational stiffness 
(kN-m/rad) 

17 19 20 21 22 

f1 (Hz) 14.75 14.88 14.88 14.88 15.00 

Damping (%) 0.43 0.53 0.84 0.44 0.82 

Deflection under 1 kN (mm) 1.72 1.743 1.72 1.72 1.67 

FEA: f1 (Hz) 16.07 16.22 16.28 16.36 16.43 

FEA: Deflection under 1 kN (mm) 1.59 1.56 1.55 1.54 1.53 

Table B3.6: Ledger results for 3.7m span. 
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Direct fastening S1 S2 S3 S4 S5 

Rotational stiffness 
(kN-m/rad) 

5 22 30 44 50 

f1 (Hz) 16.75 18.13 18.88 19.88 20.25 

Damping (%) 0.79 0.61 0.75 1.10 0.80 

Deflection under 1 kN (mm) 1.39 1.28 1.21 1.16 1.11 

FEA: f1 (Hz) 17.45 19.00 19.56 20.37 20.67 

FEA: Deflection under 1 kN (mm) 1.42 1.23 1.17 1.09 1.07 

Table B3.7: Direct fastening with screw results for 3.3m span. 
 
 

Loading P5 P10 P20 P30 

Rotational stiffness 
(kN-m/rad) 

26 40 65 78 

f1 (Hz) 18.38 19.38 20.38 21.25 

Damping (%) 0.80 1.26 0.72 0.72 

Deflection under 1 kN (mm) 1.33 1.17 1.08 1.04 

FEA: f1 (Hz) 19.29 20.16 21.31 21.77 

FEA: Deflection under 1 kN (mm) 1.20 1.11 1.01 0.98 

Table B3.8: Support end load results for 3.3m span. 
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Ledger L1 L2 L3 L4 L5 

Rotational stiffness 
(kN-m/rad) 

17 19 20 21 22 

f1 (Hz) 18.75 18.88 19.00 19.00 19.13 

Damping (%) 0.58 0.48 0.60 0.70 0.66 

Deflection under 1 kN (mm) 1.26 1.22 1.21 1.21 1.19 

FEA: f1 (Hz) 20.43 20.60 20.68 20.77 20.85 

FEA: Deflection under 1 kN (mm) 1.11 1.10 1.09 1.08 1.07 

Table B3.9: Ledger results for 3.3m span. 
 

Direct fastening S1 S2 S3 S4 S5 

Rotational stiffness 
(kN-m/rad) 

5 22 30 44 50 

f1 (Hz) 21.25 23.00 23.75 24.63 25.25 

Damping (%) 0.74 0.63 0.62 0.67 0.79 

Deflection under 1 kN (mm) 1.02 0.93 0.89 0.79 0.73 

FEA: f1 (Hz) 22.82 24.62 25.28 26.25 26.61 

FEA: Deflection under 1 kN (mm) 0.95 0.84 0.80 0.75 0.73 

Table B3.10: Direct fastening with screw results for 2.9m span. 
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Loading P5 P10 P20 P30 

Rotational stiffness 
(kN-m/rad) 

26 40 65 78 

f1 (Hz) 23.38 24.63 26.13 27.13 

Damping (%) 0.74 0.65 0.68 0.73 

Deflection under 1 kN (mm) 0.93 0.88 0.77 0.72 

FEA: f1 (Hz) 24.96 26.00 27.38 27.94 

FEA: Deflection under 1 kN (mm) 0.82 0.76 0.70 0.67 

Table B3. 11: Support end load results for 2.9m span. 
 

Ledger L1 L2 L3 L4 L5 

Rotational stiffness 
(kN-m/rad) 

17 19 20 21 22 

f1 (Hz) 24.38 24.75 24.75 25.13 25.25 

Damping (%) 0.98 0.73 0.66 0.82 0.89 

Deflection under 1 kN (mm) 0.87 0.85 0.85 0.83 0.82 

FEA: f1 (Hz) 26.91 27.12 27.22 27.32 27.41 

FEA: Deflection under 1 kN (mm) 0.73 0.72 0.72 0.72 0.71 

Table B3.12: Ledger results for 2.9m span. 
 

 

 

 

 



 

 151 

5-layer panel 

 

Direct fastening S1 S2 S3 S4 S5 

Rotational stiffness 
(kN-m/rad) 

80 130 260 380 460 

f1 (Hz) 9.00 9.5 10.00 10.735 10.925 

FEA_f1 (Hz) 9.534 10.062 10.965 11.482 11.735 

Deflection under 1 kN (mm) 1.794 1.602 1.475 1.462 1.36 

FEA: Deflection under 1 kN (mm) 1.566 1.422 1.223 1.129 1.087 

Table B3.13: Direct fastening with screw results for 5.5m span. 

 

Loading P5 P10 P20 P30 

Rotational stiffness 
(kN-m/rad) 

93 139 220 350 

f1 (Hz) 9.00 9.375 9.875 10.375 

Damping (%) 0.73 1.12 1.17 1.38 

Deflection under 1 kN (mm) 1.832 1.717 1.577 1.513 

FEA: f1 (Hz) 9.48 9.86 10.58 11.03 

FEA: Deflection under 1 kN (mm) 1.64 1.53 1.35 1.26 

Table B3.14: Support end load results for 5.5m span. 
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Ledger L1 L2 L3 L4 L5 

Rotational stiffness 
(kN-m/rad) 

107 107 130 155 192 

f1 (Hz) 9.375 9.50 9.625 9.625 9.625 

Damping (%) 0.61 0.58 0.79 0.63 1.07 

Deflection under 1 kN (mm) 1.641 1.635 1.615 1.589 1.589 

FEA: f1 (Hz) 10.139 10.139 10.177 10.192 10.23 

FEA: Deflection under 1 kN (mm) 1.46 1.46 1.45 1.44 1.43 

Table B3.15: Ledger results for 5.5m span. 
 

Direct fastening S1 S2 S3 S4 S5 

Rotational stiffness 
(kN-m/rad) 

80 130 260 380 460 

f1 (Hz) 10.375 10.875 11.25 11.75 12.375 

FEA_f1 (Hz) 11.405 12.003 13.037 13.636 13.931 

Deflection under 1 kN (mm) 1.526 1.411 1.347 1.296 1.156 

FEA: Deflection under 1 kN (mm) 1.202 1.096 0.947 0.876 0.844 

Table B3.16: Direct fastening with screw results for 5.0m span. 
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Loading P5 P10 P20 P30 

Rotational stiffness 
(kN-m/rad) 

93 139 220 350 

f1 (Hz) 10.75 11.125 11.75 12.5 

Damping (%) 0.83 0.61 0.60 0.96 

Deflection under 1 kN (mm) 1.48 1.39 1.32 1.15 

FEA: f1 (Hz) 11.33 11.76 12.58 13.11 

FEA: Deflection under 1 kN (mm) 1.26 1.18 1.05 0.97 

Table B3.17: Support end load results for 5.0m span, 5-layer. 
 

Ledger L1 L2 L3 L4 L5 

Rotational stiffness 
(kN-m/rad) 

107 107 130 155 192 

f1 (Hz) 11.125 11.125 1.25 11.25 11.25 

Damping (%) 0.56 0.77 0.73 0.61 0.55 

Deflection under 1 kN (mm) 1.28 1.27 1.27 1.25 1.25 

FEA: f1 (Hz) 12.74 12.74 12.11 12.13 12.17 

FEA: Deflection under 1 kN (mm) 1.13 1.13 1.12 1.11 1.10 

Table B3.18: Ledger results for 5.0m span, 5-layer. 
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7-layer CLT 

 

Direct fastening S1 S2 S3 S4 S5 

Rotational stiffness 
(kN-m/rad) 

19 70 120 230 280 

f1 (Hz) 8.50 8.50 8.625 8.625 8.625 

FEA f1 (Hz) 8.101 8.353 8.576 9.00 9.174 

Deflection under 1 kN (mm) 0.875 0.862 0.849 0.837 0.837 

FEA: Deflection under 1 kN (mm) 0.900 0.850 0.810 0.741 0.717 

Table B3.19: Direct fastening with screw results for 7 CLT plate at 7.3m span. 

 

Direct fastening S1 S2 S3 S4 S5 

Rotational stiffness 
(kN-m/rad) 

19 70 120 230 280 

f1 (Hz) 11.00 11.25 11.375 11.375 11.375 

FEA f1 (Hz) 10.996 11.289 11.553 12.064 12.270 

Deflection under 1 kN (mm) 0.569 0.569 0.569 0.556 0.556 

FEA: Deflection under 1 kN (mm) 0.570 0.542 0.517 0.480 0.466 

Table B3.20: Direct fastening with screw results for 7 CLT plate at 6.26m span. 
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Mode shapes 

 

Reference FEA 

 

f1 = 8.88 

 

f1 = 8.55 

Figure B3.1. First natural frequency and mode shape of the 4.5m 3-layer CLT laboratory 

tests and FEA model. 

 

Reference FEA 

 

f1 = 7.13 

 

f1 = 6.98 

Figure B3.2. First natural frequency and mode shape of the 6.0m 5-layer CLT laboratory 

tests and FEA model. 
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Reference FEA 

 

f1 = 6.38 

 

f1 = 6.23 

Figure B3.3. First natural frequency mode shape of the 8.3m 7-layer CLT laboratory tests 

and FEA model. 

 

Rectangular Orthotropic Plate Model 

Leissa (1969) presents a model to predict the fundamental natural frequency, f1, of an 

orthotropic rectangular plate simply supported on two, three and four sides, Equation B1.  
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*# =	
?# ∙ ℎ&

12 ∙ A1 − :% ∙ :#C
															   (B3) 

 

and, 

 

< =	:# ∙ *% + 	2 ∙ *%#																				 (B4) 

were: 

 

*%# =	
D%# ∙ ℎ&
12 																									 (B5) 

 

with: 

 

*% = plate flexural rigidity in the x-axis 

*# = plate flexural rigidity in the y-axis 

*%# = plate torsional rigidity 

?% = elastic modulus in the x direction 

?# = elastic modulus in the y direction 

Gxy = modulus of rigidity xy plane  

+ = weight of the plate (kg/m2) 

ℎ = thickness of the plate  

5 = length of the plate 

6 = width of the plate 

:% = major Poisson’s ratio 
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:# = minor Poisson’s ratio 

J, K, L = constants (See Table 3.2) 

 

Support condition* 3 9 ; 

SFSF 0 0 0 

SSSF 0 0 29.61 

SSSS 97.41 97.41 97.41 

*S = simply supported edge, F = free edge 

Table B3.21: Leissa (1969) constant values for plates supported on two, three or four 

sides. 

 

 



 

 159 

Appendix C Experimental data associated with Chapter 4 

 

Result of double-span tests and FEA modeling 

5-layer CLT 

 

Span f1 Ex, ν = 0.3 

(m) (Hz) MPa 

6.0 7.13 9,297 

5.5 8.38 9,070 

5.0 10.13 9,054 
Table C4.1. Experimental elastic modulus and first natural frequency for 5-layer CLT. 

 

Reference 
Span (m) 

6.0 5.5 5.0 

f1 (Hz) 7.13 8.38 10.13 

Damping (%) 0.82 0.68 0.84 

Deflection under 1 kN (mm) 2.54 2.03 1.58 

FEA: f1 (Hz) 7.68 9.14 11.07 

FEA: Deflection under 1 kN (mm) 2.29 1.77 1.33 
Table C4.2. Reference laboratory and FEA results for 5-layer CLT panel at three different 

spans, single-span. 
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Double-span Half One-third One-fourth 

Spans (m) 2.88 – 2.88  1.90 – 3.86 1.44 – 4.32 

f1 (Hz) 29.13 21.88 17.00 

Damping (%) 0.52 1.66 0.83 

Deflection under 1 kN (mm) 0.27 0.53 0.61 

FEA: f1 (Hz) 31.19 22.17 18.32 

FEA: Deflection under 1 kN (mm) 0.26 0.52 0.68 
Table C4.3. Double-span results laboratory and FEA models for 6.0m span 5-layer CLT 

panel. 

 

Double-span Half One-third One-fourth 

Spans (m) 2.63 – 2.63 1.74 – 3.53 1.32 – 3.95 

f1 (Hz) 34.62 24.50 20.25 

Damping (%) 0.60 0.52 0.50 

Deflection under 1 kN (mm) 0.21 0.38 0.51 

FEA: f1 (Hz) 36.55 26.00 21.52 

FEA: Deflection under 1 kN (mm) 0.20 0.41 0.54 
Table C4.4 Double-span results laboratory and FEA models for 5.5m span 5-layer CLT 

panel. 
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Double-span Half One-third One-fourth 

Spans (m) 2.38 – 2.38 1.57 – 3.19 1.19 – 3.57 

f1 (Hz) 40.50 26.13 22.5 

Damping (%) 1.44 0.64 0.84 

Deflection under 1 kN (mm) 0.19 0.35 0.45 

FEA: f1 (Hz) 43.98 31.26 25.89 

FEA: Deflection under 1 kN (mm) 0.14 0.31 0.41 
Table C4.5. Double-span results laboratory and FEA models for 5.0m span 5-layer CLT 

panel. 

 

7-layer CLT 

Span f1 Ex, ν = 0.3 

(m) (Hz) MPa 

8.30 6.38 10,081 

7.30 8.13 9,870 

6.26 10.75 9,261 
Table C4.6. Experimental elastic modulus and first natural frequency for 7-layer CLT. 

 

Reference Span (m) 
 8.3 7.30 6.26 

f1 (Hz) 6.38 8.13 10.75 

Damping (%) 1.44 0.62 0.83 

Deflection under 1 kN (mm) 1.35 0.93 0.58 

FEA: f1 (Hz) 6.23 7.95 10.39 

FEA: Deflection under 1 kN (mm) 1.41 0.99 0.67 
Table C4.7. Reference laboratory and FEA results for 7-layer CLT panel at three different 

spans, single-span. 
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Double-span Half One-third One-fourth 

Spans (m) 4.03 – 4.03  2.66 – 5.40 2.02 – 6.05 

f1 (Hz) 25.38 17.50 14.50 

Damping (%) 0.77 0.69 0.57 

Deflection under 1 kN (mm) 0.14 0.26 0.35 

FEA: f1 (Hz) 26.14 18.84 15.01 

FEA: Deflection under 1 kN (mm) 0.14 0.33 0.38 
Table C4.8. Double-span results laboratory and FEA models for 8.3m span 7-layer CLT 

panel. 

 

Double-span Half One-third One-fourth 

Spans (m) 3.53 – 3.53 2.33 – 4.73 1.77 – 5.30 

f1 (Hz) 31.63 20.00 18.00 

Damping (%) 0.63 0.57 0.78 

Deflection under 1 kN (mm) 0.09 0.24 0.28 

FEA: f1 (Hz) 33.28 21.33 19.18 

FEA: Deflection under 1 kN (mm) 0.10 0.23 0.27 
Table C4.9. Double-span results laboratory and FEA models for 7.3m span 7-layer CLT 

panel. 
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Double-span Half One-third One-fourth 

Spans (m) 3.01 – 3.01 1.99 – 4.04 1.51 – 4.52 

f1 (Hz) 41.25 25.25 22.38 

Damping (%) 1.48 0.69 0.68 

Deflection under 1 kN (mm) 0.08 0.15 0.17 

FEA: f1 (Hz) 43.54 27.93 25.04 

FEA: Deflection under 1 kN (mm) 0.07 0.16 0.18 
Table C4.10. Double-span results laboratory and FEA models for 6.26m span 7-layer CLT 

panel. 
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Appendix D Experimental data associated with Chapter 5 

 

CLT strips Mode Shapes 
 
The mode shape results are of the 3-, 5-, and 7-layer CLT strips at a length of 2.44m that 
were tested in free-free conditions while being held by springs, Table D5.1. The mode 
shapes correspond to a half-sine wave for the first natural frequency and a full-sine wave 
for the second natural frequency. 
 

3D 5D 7A 
f1 14.5 

 
 

f1 47.6 
 

 

f1 88.3 
 

 
f2 39.5 

 
 

f2 123.8 
 

 

f2 201.1 
 

 
Table D5.1. Modes shapes and natural frequencies for 3-, 5-, and 7-layer CLT strips at 
2.44m. 
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Connected CLT Strips 
 
The specimens are tested individually and then connected in half-lap configurations. 
 

Single 2-Connected 3-Connected 
f1 189 

 
 

f1 19 

 
 

f1 9 

 
f2 464 

 
 

f2 126 

 
 

f2 23 

 
Table D5.2. Modes shapes and natural frequencies for 3-layer short CLT strips single and 
connected. 
 

Single 2-Connected 3-Connected 
f1 440 

 
 

f1 39 

 
 

f1 34 

 
 

f2 850 

 
 

f2 262 

 
 

f2 79 

 
 

Table D5.3. Modes shapes and natural frequencies for 5-layer short CLT strips single and 
connected. 
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