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Abstract 
This paper presents an experimental study of the vibration variability of adhesive free multi-layered timber 

beams (AFLTB). AFLTB are obtained by stacking several oak layers assembled through normal wood 

dowels (NWD) or compressed wood dowels (CWD). The mechanical properties of these natural materials, 

namely the elasticity moduli and the density which drive the vibration behaviour, exhibit large variability. 

Moreover, the assembly process may induce an additional source of variability. Consequently, taking into 

account variability in the analysis and design of AFLTB seems relevant and necessary. All the vibration 

tests were done using an impact hammer, under free-free conditions. First of all, variability of mass, FRFs, 

damping and frequencies of individual layers were measured. Then, after assembly, the variability of 

vibration characteristics of three-layer AFLTB was assessed and analyzed. In addition, finite element 

models for AFLTB are developed to assess the vibration characteristics of such beams. 

1 Introduction 

Nowadays, environmentally-friendly options are fully integrated in the design process of products and 

structures, and gained more and more interest in the actual context of global warming. Even if timber as a 

natural material is becoming a more competitive building material due to its environmentally-friendly and 

aesthetic aspects, timber construction has some drawbacks related to the use of high degree of 

petrochemical (adhesives) within Engineered Wood Products (EWPs), such as glulam and Cross 

Laminated Timber (CLT). In the last ten years, environmental and economic issues are driving an 

increasing need for sustainability in the construction sector around the world. In this context, a consortium 

with partners from six European countries was formed throughout a joint research project supported by the 

Northwest European Interreg Programme, called Adhesive Free Timber Buildings (AFTB), to develop 

more environmentally-friendly joining method as a substitute for adhesives and metallic fasteners. As a 

part of the AFTB project, it was proposed to use compressed (densified) wood dowels (CWD) as a joint 

element to connect timber laminates to produce adhesive free multi-layered beams and CLT panels. 

The research work presented herein aims to assess the variability of dynamic properties of adhesive free 

laminated timber beams (AFLTB) assembled through wood dowels. The connection system proposed, to 

substitute the adhesive, is a set of wood dowels to connect timber laminates (without using adhesive). 

Such AFLTB are not covered by the Eurocode 5 and consequently an experimental investigation is 

required in order to use safely the design guidelines. 

In particular, the dynamic characteristics of adhesive free structural elements, such as beams and cross-

laminated panels, assembled through wood dowels are a key point for their vibrational comfort 

assessment. Moreover, both the variability involved in the timber material as well as the variability 
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induced by the construction of AFLTB are an important aspect and worthy of investigation for the 

vibrational comfort assessment of such new structural systems.  

The present study focusses on the experimental study of the variability involved in AFLTB assembled 

using wood dowels. The study includes variability involved in the timber material itself as well as the 

variability involved in the multi-layer beams. The variability study includes: frequencies, damping, elastic 

modulus, density as well as intra-variability induced by the environmental conditions, namely the moisture 

content. Finally, a finite element model, using ABAQUS software, to simulate the dynamic characteristics 

of AFLTBs is presented.   

2 State of the art 

The use of wood dowels as joint material is not new. Hardwood dowels have been successfully used to 

connect structural members in timber frames for thousands of years. Unfortunately, hardwood dowels (not 

densified) suffer from creepage and loss of stiffness over time. The use of CWD could overcome above 

problems, as compressed wood has much better mechanical properties by controlling its density and 

moisture content (MC) during the manufacturing process [1]. 

Even if compression (or densification) of wood does not show extensive research in recent years, it has 

attracted many researchers in the past. This technology has been initiated in Germany since 1930 under 

the trade name of Lignostone and in England it has been known as Jicwood and Jablo [2, 3]. 

In the last ten years, many attempts have been undertaken to demonstrate the benefits of CWD as a joint 

element for structural bearing uses [2, 4-7]. 

In timber construction, vibration serviceability of timber floors is a key performance issue, since light 

weight timber floors are more prone to annoying vibrations induced by human activities than heavy 

concrete floors [8]. In the EU, the design criteria and methodology for vibration of timber floors are 

generally performed based on the Eurocode 5 [9]. Several studies dealing with serviceability vibration 

performance of cross-laminated timber floors are available in the literature [10-17]. However, at our best 

knowledge vibration performance of timber structural elements assembled through CWD is not described 

by any standard and has not been published elsewhere. Thus, this study focusses on the modal analysis of 

adhesive free multi-layered beams (AFLTB). Vibration performance of AFLTB has been recently studied 

by the authors [18], where the results in terms of frequencies and damping were compared to the 

conventional similar glued beams showing good vibration performance of AFLTB. This paper deals 

mainly with the vibration variability of AFLTB. The AFLTB were connected either using 68% 

compressed spruce dowels or using uncompressed oak dowels for comparison purpose. 

3 Wood dowels and beam construction 

3.1 Materials 

Oak timber has been used in this study to manufacture the timber layers. The density mean value of the 

oak layers was 623 kg/m3. The wood dowels used as connecting elements were made either from 

compressed spruce or uncompressed oak. CWD were obtained from compressed spruce timber blocks, 

having initial density of 437 kg/m3, in the radial direction up to compression level of about 68% (also 

known as compression ratio CR). The normal wood dowels (NWD) made of oak, with density of 633 

kg/m3, were used for comparison purpose. 
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3.2 Production of compressed dowels 

Free defects spruce timber blocks were conditioned at about 8% MC and 20°C prior to the densification 

process. The densification of the spruce timber blocks was done using a hot pressing machine with a 

maximum pressure force of 1500 kN (Figure 1). 

 

Figure 1: Hot pressing machine used for the wood densification 

The hot pressing machine as shown in Figure 1 consists of two main parts: two hot metallic pressing 

apparatus and pressure/temperature control system. 

The typical shape of spruce timber before and after densification process in the radial direction can be 

seen in Figure 2. Once the spruce timber blocks were densified in the radial direction at a level of 

compression of about 68%, they were cut and planned to obtain plates with a desired thickness of 16 mm 

(Figure 2a). 

The compression ratio (densification level) may be calculated, based on the initial thickness (t0) and the 

final thickness (t1), by means the following relation [8]: 

   1 0

0

% 100
t t

CR
t


   (1) 

From the obtained densified plates, rounded CWD with 16 mm diameter were produced (Figure 2b). 

 

 

 

 

 

 

 

Figure 2: (a) Typical thickness before and after densification, (b) Typical rounded 16 mm CWD 

It is worth noting that all spruce blocks were weighed before and after the densification process to obtain 

information on the increase of the density.  
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3.3 Construction of three-layer timber beams 

Different types of adhesive free beams were manufactured by stacking three layers having the following 

dimensions: 70 mm x 22.5 mm x 1450 mm. All the laminates were weighed and moisture content (MC) 

measured prior to testing to obtain information about the density. The dowels were either made of 68% 

compressed spruce or uncompressed oak timber with 16 mm diameter (d =16 mm). 

First, the laminates were drilled to obtain one row holes with 16 mm diameter. After that, they were 

stacked, pressed using clamping devices (Figure 3) and assembled by hammer insertion of the wood 

dowels. 

 

Figure 3: Assembly of three-layer timber beams by hammer insertion of the dowels 

4 Experimental modal analysis 

4.1 Hammer impact excitation 

The experimental data were recorded and analysed using the LMS Test Lab system. 

All beams were tested under free–free conditions. The free–free conditions were achieved thanks to the 

mineral wool system placed at the two end supports as shown in Figure 4. The stiffness of the mineral 

wool is very low, which ensures free–free conditions [10]. The beams were excited by hammer impact at 

11 points regularly spaced. One sensor was fixed at the beam end. Responses at these points were obtained 

using the reciprocity theorem. 

 

Figure 4: Experimental set-up under free – free conditions 
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4.2   Repeatability test 

Figure 5 shows an example of FRF for one beam which was subjected to two series of hammer impacts. 

Each series of test contains five hammer impacts.  Each curve displayed in Figure 5 represents the mean 

FRF for the five hammer impacts. It can be seen from this Figure that the mean FRF for the two series of 

impacts are close to each other, it can be therefore, concluded that the measurement uncertainty is 

negligible. It proves that results from experiments are stable and reliable. 
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Figure 5: FRFs from 1 beam - repeatability test 

5 Variability study  

There are many sources which may cause variability of AFLTB. On the one hand, the mechanical 

properties, namely the elasticity properties and the density of timber material, which govern the vibration 

behavior, exhibit high variability. Moreover, the manufacture imperfections between theoretically 

identical beams and the mode of construction of dowelled AFLTB may induce an additional source of 

variability. The variability derived from all these aspects is called “inter variability”. On the other hand, 

the environmental conditions (in particular the moisture content) can also greatly affect the elastic 

properties of the timber layer as well their density values, which in turn may induce large variability. This 

is referred to as “intra variability”.  

In order to assess the variability levels, the tests were performed on theoretically identical but physically 

different specimens. Inspired by a hierarchical approach, some measurements were made on AFLTB but 

also on the two main subsystems: individual layers and dowels. First of all, variability of mass, FRFs, 

damping and frequencies of individual layers, as well as variability of wood dowels density, were 

measured. Then, after assembly, vibration characteristics of AFLTB were extracted.   

5.1 Inter variability 

In order to have a better understanding of the inter variability, the first three vibration frequencies have 

been measured on the single layer beams and the three-layer dowelled beams. This also allows to compare 

the variability propagation mechanisms between the single layer beams and the three-layer beams.  

5.1.1 Single layer beams and dowels 

Sixteen oak single layer beams with dimensions of 70 mm  22.5 mm  1450 mm were, first, analyzed 

using the hammer impact excitation system. 
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The FRFs at an edge point of the sixteen single layer beams are depicted in Figure 6, where variability is 

clearly visible.  
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Figure 6: FRFs for 16 single layer oak beams 

The frequency values as well as their corresponding variability for the sixteen oak single layer beams, are 

summarized in Table 1. 

 

 
    Min Max Mean CoV 

 

Mode 1 
frequency (Hz) 41.6 49.6 46.5 4.80% 

damping (%) 2.5 4.5 3.7 8.10% 

Mode 2 
frequency (Hz) 111.2 138.3 127.8 5.20% 

damping (%) 1.7 2.1 1.9 7.20% 

Mode 3 
frequency (Hz) 217.7 270.9 250.4 5.10% 

damping (%) 1.5 2.2 1.8 10.30% 

Table 1: Dynamic properties and corresponding variability for the oak single layer beams 

All single layer beams were weighed to calculate the density. The longitudinal Young modulus of each 

single layer beam was extracted from the analytical expression of the frequencies according to the 

classical thin beam theory: 

 
22

n
n

a EI
f

L A 
  (2) 

where:  
2 2 2

1 2 3

3 5 7
; ;

2 2 2
a a a

       
       
     

 

I is the second moment of inertia,  is the mass density, A and L are the section area and the length of the 

specimen, respectively. The density values and their corresponding variability for the sixteen single layer 

beams as well as for the dowels are reported in Table 2. The values of the longitudinal elasticity modulus, 

calculated from frequency 1, are shown in Table 3 including the corresponding variability. From a 

theoretical point of view, the modulus can be calculated exploiting any mode. Equation (2) was also used 

for modes 2 and 3, the results obtained are consistent with those presented in Table 3. The variability level 

of the density of oak layers (and oak dowels) is moderate, while that of compressed dowels is high. It can 

be seen also that the variability level of the elastic modulus of layer is high.  
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Species  Min Max  Mean CoV 

Oak layer  (kg/m3) 543.8 671.3  623.9 6.5% 

Oak dowel  (kg/m3) 537.9 758.9  633.2  6.9% 

Compressed dowel  (kg/m3) 891.6 1525.2 1172.5 13.0% 

Table 2: Density and corresponding variability for single layer beams and dowels 

        Min           Max     Mean   CoV 

EL 7.94 GPa 13.97 GPa 11.38 GPa 13.60% 

Table 3: Elastic longitudinal modulus for single layer beams and corresponding variability 

5.1.2 Dowelled three-layer beams 

Figure 7 shows FRFs at an edge point for the five studied three-layer beams assembled using 27 NWD. As 

for single layer beams, the variability of FRF is significant for three-layer beams assembled with NWD. 
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Figure 7: FRFs of three-layer oak beams assembled through 27 NWD 

The variability of frequencies and damping ratios are summarized in Table 4. The variability of 

frequencies is close to that observed for the single layer beams. It can be observed that the variability of 

damping is much higher as compared to the variability of mass and frequencies. Also the variability of 

damping increases as the frequency increases.  

 

  

Min Max Mean CoV 

Mass (kg) 3.93 4.78 4.50 6.5% 

Mode 1 
freq (Hz) 102.0 122.4 115.4 6.3% 

damp (%) 4.1 6.3 5.1 14.9% 

Mode 2 
freq (Hz) 246.4 276.5 263.2 3.9% 

damp (%) 2.0 4.0 2.6 27.4% 

Mode 3 
freq (Hz) 406.3 461.6 432.8 4.8% 

damp (%) 1.4 3.3 2.0 36.8% 
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Table 4: Dynamic properties and corresponding variability for the three-layer beam assembled with 27 

NWD 

Figure 8 displays the FRFs for the five three-layer beams assembled through 27 CWD. The variability 

level of FRF is also significant for three-layer beams assembled with CWD and comparable with 

variability observed on three-layer beams assembled with NWD. 
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Figure 8: FRFs of three-layer oak beams assembled through 27 CWD 

Table 5 summarizes the dynamic properties and the corresponding variability. In general, three-layer 

beams assembled by CWD have higher frequencies but lower damping ratio than three-layer beams 

assembled by NWD. It can be seen that the variability for both mass and frequencies is quite similar to 

that observed for the three-layer beams assembled with NWD, while the variability of the damping ratios 

is greatly reduced. This phenomenon can be attributed to the moisture-dependent swelling of the 

compressed wood dowels providing a better tight fitting of the connections which in turn reduces the 

uncertainties involved in the connection system.  

  

Min Max Mean CoV 

Mass (kg) 4.20 5.13 4.64 6.7% 

Mode 1 
freq (Hz) 105.9 127.5 118.2 6.0% 

damp (%) 3.7 4.7 4.3 9.0% 

Mode 2 
freq (Hz) 261.7 307.4 281.0 5.3% 

damp (%) 2.0 2.3 2.1 4.6% 

Mode 3 
freq (Hz) 449.4 507.4 471.1 4.2% 

damp (%) 1.6 2.4 1.9 13.7% 

Table 5: Dynamic properties and corresponding variability for the three-layer beam assembled with 27 

CWD 

5.2 Intra variability 

As for the inter variability quantification and for the same reasons, the first three vibration frequencies 

have been measured on both the single layer beams and the three-layer dowelled beams. 
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5.2.1 Single layer beams 

To study the effect of the moisture variation on the vibration frequencies of beams, several moisture 

contents (MC) were considered: 9%, 12%, 15% and 18%. The first three frequencies for the single layer 

beam were measured for each MC level; results are displayed in Figure 9. In addition to experimental 

measurements, the theoretical relation (2) was used to calculate the frequencies as a function of the MC, 

where the elastic modulus and the mass were updated using equations (3) and (4), respectively.  

  
12

1.5 12
1

100H

HE

E

 
  
 

 (3) 

     
12

1

1 12%
H

H
M M





              (4) 

where E12 and M12 are the values of the modulus of elasticity and the mass at 12% MC, respectively. EH 

and MH are the values of the modulus of elasticity and the mass at MC level H%, respectively. It can be 

observed a fairly good agreement between the experimental measurements and the theoretically predicted 

frequencies. All the first three frequencies decrease linearly when the MC increases due to the decrease of 

the ratio E/M, which is the main source of variability (see equation (2)). It is worth noting that identical 

results were obtained in the case of similar conventional glued three-layer beams. 
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Figure 9: Effect of MC on frequencies for the single layer beam 

5.2.2 Dowelled three-layer beams 

Figure 10 shows the evolution of the first three frequencies of the three-layer beam assembled with NWD 

or CWD, as a function of MC.  

The beams were subjected to two cycles of humidity variation. As in the case of single layer beam, the 

MC varies between 9% and 18% for each cycle. A first observation is that intra variability of the dowelled 

three-layer beams is relatively high by comparison to that observed in the case of single layer beams.  

Both dowelled three-layer beams show nonlinear variation of the frequencies when subjected to an 

increase of the MC. 

USD – APPLICATIONS 4875



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: Effect of MC on the first three frequencies of the dowelled three-layer beam 

The first three frequencies of three-layer beams, assembled using NWD or CWD, exhibit an increase up to 

about 15% MC followed by a decrease between 15% and 18% MC. This phenomenon can be explained by 

the fact that in the case of dowelled AFLTB there are two main sources of variability acting concurrently 

during the moisture increase. The first source is the ratio E/M and the former one is the moisture-

dependent swelling of compressed wood dowels which improves the tight fitting of the connections when 

MC increases. Moreover another phenomenon is observed. The results for the three-layer beams 

assembled using NWD seem to be independent on the number of humidity cycles, while for the three-

layer beams assembled using CWD the first frequency significantly increases during the second cycle of 

humidity. In fact, in the case of virgin wood (uncompressed), the moisture-dependent swelling is 
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reversible during the dry process, while in the case of compressed wood the  moisture-dependent swelling 

presents reversible and irreversible parts [20], leading to a permanent swelling (also known as shape 

memory effect) which in turn leads to a better and permanent tight fitting of the assemblies. CWD 

improve the performance of connections but also reduce the intra variability. 

6 Finite element model 

A finite element (FE) model to simulate the dowelled three-layer beams was built using Abaqus Standard 

[16]. The objective is to develop a numerical and predictive approach for multilayered timber beams 

assembled through wood dowels. Once FE models are verified against typical tests covering extreme cases 

and possibly an intermediate case, systematically-designed parametric studies can be undertaken using 

validated numerical models, avoiding extensive experimental campaigns. These studies should be capable 

of identifying the influence of materials properties, moisture content, stacking sequences, dowel patterns 

and boundary conditions on the serviceability vibration performance of the dowelled AFLTB. As a result, 

the identification of optimum dowelled beam systems can be carried out efficiently and cost-effectively. In 

addition, variability aspects can be taken into account in the finite element model, the Modal Stability 

Procedure (MSP) [21] will be tested in this context.   

Hexahedral solid elements were used to mesh both the timber layers and dowels. The longitudinal 

modulus of elasticity of layers was taken from the results gathered from the experimental modal analysis 

carried out on the single layer beams. The other elastic properties have been taken from the literature [18, 

19]. Verification and Validation methodology [17] was applied to evaluate the performance of the FE 

model. 

6.1 Model verification 

 

 

 

 

 

 

 

Figure 11: Convergence study of the first three frequencies 

Figure 11 shows the mesh-size dependency of the first three frequencies. It can be observed that the higher 

order frequencies require much more elements for the convergence by comparison to the first frequency. 

By using about 23000 elements, the first three frequencies become stable. 
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6.2 Model validation 

For one given three-layer oak beam the comparison between the experimental measurements and the 

numerically predicted results is presented hereafter. 

Table 6 depicts the error values on the vibration frequency from the FE model when compared to the 

experimental values. It can be seen a fairly good agreement. 

Further, the mode shapes predicted numerically are displayed in Figure 12. The experimental mode shapes 

for the three-layer beam are similar to that observed experimentally (Figure 12). The correlation between 

the numerically predicted mode shapes and the experimental ones was evaluated using the modal 

assurance criterion (MAC) values which are given in Table 6. The MAC values are close to 1, so a very 

good agreement exists between numerical and experimental mode shapes.  

 

 Simulation Experiment Difference MAC 

f1 125.5 Hz 122.4 Hz 2.5% 0.997 

f2 268.3 Hz 276.5 Hz -3.0% 0.986 

f3 427.1 Hz 449.3 Hz -4.9% 0.963 

Table 6: Comparison between simulation and experimental results for a three-layer beam  

 

        

 

 

     a) Mode 1              b) Mode 2         c) Mode 3 

Figure 12: The first three mode shapes: (a) experimental and (b) numerical 

7 Conclusion 

The aim of this paper is to assess the variability of vibration performance of adhesive free three-layer 

beams assembled using wood dowels to substitute the traditional adhesive (conventional glulam). Several 

adhesive free three-layer beams, made from oak timber and assembled using either normal oak dowels or 

68% compressed spruce dowels, have been tested. Natural frequencies, mode shapes, and damping ratios 

were measured thanks to an experimental modal analysis under free-free conditions, using the impact 

hammer technique. Variability of these quantities of interest has been quantified. 

First of all, single layer beams have been weighed to obtain information on the density and related 

variability. Then they were tested using a hammer impact under free-free conditions. Variability of 

frequencies and damping has been assessed. The variability of frequencies is moderate (about 5%), while 

(a) 

(b) 

4878 PROCEEDINGS OF ISMA2018 AND USD2018



the variability of the damping ratio is relatively high (about 10%). The variability of frequencies for the 

three-layer beams assembled using NWD or CWD is close to that measured for the single layer beams. 

For the three-layer beams assembled with NWD, the variability of damping ratio is significantly higher 

compared to that observed for the single layer beams. It is worth noting that the variability of the damping 

ratio for the three-layer beams assembled using CWD is close to that observed for the single layer beams.  

In addition to the inter-variability, intra-variability was also assessed. The frequencies of the single layer 

beams decrease monotonically as the moisture content increases. However, the tendency is significantly 

different in the case of three-layer beams assembled using wood dowels (NWD or CWD). In this case 

evolution of frequencies according to the moisture content is much more complicated and leads to high 

intra variability levels.  

The comparison between results observed on single layer beams and three-layer beams highlight the fact 

that connections using wood dowels play an important role in the mechanical behavior of multilayered 

beams and in the variability quantification of their dynamic behavior.  

Numerical modelling using the finite element method will be developed further to study numerically the 

variability of AFLTB. In particular the Modal Stability Procedure (MSP) will be exploited for the 

numerical study of variability of AFLTB. 
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