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Abstract 

 
This thesis evaluates the possibility to detect natural defects, such as knots, in 
timber boards using dynamic excitation test and ABAQUS software. In the 
study the edgewise bending direction were compared with axial direction. 
Dynamic excitation and modal analysis were used to extract the natural 
frequencies of several sound and artificially defected boards with the help of 
Signalcalc. Mobylizer software. By using the first edgewise natural frequency, 
modulus of elasticity (MOE) was calculated. An ABAQUS 2D Finite Element 
model was utilized to model the board and to extract the frequencies for the six 
first mode shapes in both axial and edgewise directions. The extracted 
frequencies from the model were compared with the frequencies from the tests. 
The analytical and experimental results, from the homogeneous boards, in 
edgewise direction has similar frequency variations. The defects in the timber 
boards decreased the natural frequencies. The bending modes with more 
curvature at the location of the artificial defect displayed more frequency 
deviation in that mode. The variation in response frequencies for uniform and 
defected boards was more noticeable in edgewise bending modes than in 
longitudinal modes. 
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Notation 

 
β          Shear shape factor 
G         Modulus of rupture 
n          Mode number 
L          Length of the board (m) 

nBf −      Theoretical or measured natural bending frequency (HZ) 

nAf −      Theoretical or measured axial frequency (HZ) 

nBE −      MOE derived by bending natural frequency in Euler equation(Pa) 

nAE −      MOE derived by axial natural frequency in Euler equation(Pa) 

ρ           Density of the board (Kg/m3) 
m          Mass of board (kg/m) 
I             Moment of inertia 

T           Period (sec) 
m          Mass matrix 
c           Damping matrix 
ν           Nodal displacement vector 
ν&           The velocity vector 
ν&&           Acceleration vector 
k           Stiffness matrix 

bf          Boundary force 

lf          Body load 
G║        Shear modulus in longitudinal direction       
G┴        Shear modulus in perpendicular to grain direction 
ν           Poisson ratio 
E║        MOE in longitudinal direction 
E┴        MOE in perpendicular to grain direction 
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Abbreviations 
 

DOVE             Multi Degree Of Freedom model  

FEM                Finite Element Method 

MOE               Modulus Of Elasticity  

FFT                 Fast Fourier Transforming 

DFT                Discrete Fourier Transform  

DOF                Degree Of Freedom 
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1. Introduction 
1.1 Background 

Wood is an adaptable building material, because it is plentiful, easy to obtain and 
renewable. It has gained increased interest from engineers over the past decade as a feasible 
material to replace concrete or steel. 

“Basically wood is a material that is produced biologically in the growing tree, making it 
a non-homogeneous material that can contain growth defects in the form of knots, rupture, 
compression wood, slope of grain, bark pocket, wane and resin pocket”(Theandersson & 
Larsen 2003) (Fig. 1 & 2). 

Defects influence the service of structures in a negative way. A board that contains knots, 
holes or cracks has a significantly reduced bending stiffness and strength compared to a board 
without defects. 

 

 
 

Fig.1. Knots as a defect in wood [Anon 2009a] 

The possibility to determine modulus of elasticity (MOE) of timber by using modal 
analysis was being discussed in the early 1930s (Hoffmeyer 1995). A great deal of work has 
been performed about defect identification in different structures, especially timber 
structures, utilizing a variation of modal parameters, such as, frequency before and after 
damage in boards. Some characteristics in experimental modal analysis make it an 
appropriate non-destructive testing method to determine static parameters, e.g. stiffness and 
detecting defects as well. 
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      Fig.2. Natural hole in the wood [Anon 2009b] 

In recent years this method has lead to practical applications due to development of 
measurement techniques related to dynamic testing and the use of Fast Fourier Transforms 
(FFT). This experimental method can be used for different vibration modes and different 
structures that have been forced in a vibration test. This computer-based testing method has 
been proven to be a very successful tool for the study of a variety of dynamic structural 
problems during the last decade (Ewins 1984; Ohlsson 1992).  

In this study, dynamic methods will be used to evaluate the influence of defects on the 
natural frequencies of sawn timber. Two modes of vibration will be studied; longitudinal 
(axial) and bending (transversal). From the natural frequencies it is possible to evaluate the 
modulus of elasticity (MOE) using Euler theory. 

In experimental work, impulse hammer will be used as excitation device; accelerometer 
and FFT Mobilyzer will be used to register the natural frequencies of each board. ABAQUS 
software will be used to model sound boards and defected boards and the results will be 
compared to the experimental results. 

1.2 Purpose  

Comparing the results of these two methods for defected boards leads realizing whether 
dynamic methods are possible to use to detect defects and whether the bending mode is more 
appropriate than the longitudinal mode. 

1.3 Hypothesis and Limitations 

The hypothesis of this study is that it is possible to detect different defects in timber using 
dynamic excitation considering longitudinal and bending modes respectively.  

This research has as aim to prove that bending mode test is more efficient to detect the 
influence of the defects on determining MOE for structural timber than the longitudinal 
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mode. It is assumed that the natural frequency will decrease in defected wood in comparison 
with sound wood. Therefore defects can be detected. It is expected that the results from 
bending modal test and numerical method (ABAQUS software) are similar especially in 
some boards that are more homogeneous.  

Providing natural frequency to compare and evaluate two different modes (longitudinal 
and bending modes) is necessary. In this study, the modal analysis has employed impulse 
hammer to excite the boards in order to produce two different modes. 

Accelerometer was utilized to measure the beam deformation in two directions. In each 
beam an accelerometer will be connected to the beams on two sides, the top of the beams for 
edgewise deformation or at the end of the beam in order to obtain longitudinal deformation. 
The recorded time series data will be converted to frequency data by the Fast Fourier 
Transform Method. 

Ten solid timbers were examined in this study as non defected timber and experiment 
were performed a second time on some boards after drilling holes to produce defected boards. 
Beams dimensions were 45x145x3600 mm after cutting by machine and each beam were 
suspended in rubber bands to create free-free condition. 

Before testing, the boards were stored in a controlled environment (t = 20°C, RH = 65%).  
In this study ABAQUS software was utilized to model and simulate according to the Finite 
Element Method to find frequency in another way. 

Euler beam theory was also utilized to find longitudinal stiffness and bending stiffness 
according to the first frequency from experiment 
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2. Theories 
2.1 Introductory to the structural dynamic and modal analysis  

Structural dynamic is a subset of structural analysis which covers the behavior of 
structures subjected to dynamic loads such as wind, traffic, earthquakes. Dynamic in general 
term can be simply defined as time varying and a dynamic load is a kind of load which 
magnitude, direction and position vary with time. In a similar way, the structural response to 
a dynamic load is also varying with time (Clough et al.2003). Vibration as another term is a 
repetitive and periodic response of a mechanical system for which the rate of the vibration 
cycles leads to define “frequency”. 

Nowadays dynamic analysis is used extensively in various aspects such as quality 
control, leak detection and aircraft engine analyses. According to the dynamic analysis, 
displacement, time history and mode shapes can be derived. Modal analysis is commonly 
used for studying modal characteristic of structural material i.e. modal frequency and mode 
shape. Generally, the deflection pattern of all nodes of a structure can be shown by mode 
shape. 

The inherent dynamic behavior of the material in a particular range of frequency is 
determined by the means of different individual modes of vibration. In each mode several 
modal characteristic i.e. modal frequency, modal shape and damping ratio can be derived 
according to the applied method and instrument. 

Natural frequency and damping ratio are defined as ‘global parameters’. They do not 
change across the structure and can be gained from any frequency feedback measurement 
except measured location in nodal point with zero displacement of mode shape. 

The theory describes that each material has a natural frequency at which it vibrates. The 
significant deviation of natural frequencies indicates possibility of defects and damages in 
timber. 

According to the free vibration analysis and Multi-Degree-Of-Freedom model MDOF in 
order to obtain the dynamic response of structure the equation of motion of MDOF system 
can be shown as bellow: 

           )t(p)t(k)t(c)t(m =++ υυυ &&&                   Eq. (2.1) (Clough et al.2003) 

The solution of equation (2.1) will be derived by considering the homogeneous form with 
the right side set equal to zero that according to Euler transformation it can be shown in the 
equation (2.2). 

         tBtAt ωωυ sincos)( +=                             Eq. (2.2) (Clough et al.2003) 

Different frequency in each structure produces different mode shapes which the shapes of 
the first six bending mode shapes and the first four longitudinal mode shapes can be shown in 
(Fig.3). (Clough et al.2003)  
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Bending modes 

 

Mode 1                                                      Mode 2 

 

Mode 3                                                     Mode 4 

     

Mode 5                                                Mode 6 

Longitudinal modes 

 

Mode 1 Mode 2 

 

Mode 3                                                 Mode 4 

Fig.3. First six mode shapes in bending and the first four mode shapes in axial direction 
(Deformations exaggerated) 

2.2 Fast Fourier Transforming (FFT) 

The eigenfrequecy is an important factor to determine the MOE which leads to calculate 
the strength of the timber. In laboratory FFT analyzer is utilized as a powerful tool to derive 
these frequencies. 

The general frequency domain is the method to express the applied loading in term of 
harmonic components, the response to each component evaluating, and then superposing the 
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harmonic responses to obtain the total response. To do so Fourier series represented in form 
of the frequency –domain-analysis procedure. 

Thus, formulate this procedure in terms of a numerical-analysis to make it practical. 
Because limited cases are available for which the Fourier integral transform of the applying 
load functions, and the evaluation of these integrals are tedious .To evaluate these forms in 
efficient numerical techniques, direct Fourier transformation equations can be used, which 
are a more effective form for the numerical solution procedures. It is used to gain a sequence 
of discrete data in the frequency domain. It should be clear that Discrete Fourier Transform 
(DFT) is the procedure for analysis digital data, but again DFT is not recommended, because 
practically in real time applications and for large values of samples in the sequence. 

A Fast Fourier Transform (FFT) is an efficient algorithm to compute the Discrete Fourier 
Transform (DFT). It is an ingenious way of achieving rather than the DFT. 

Frequency-domain data are obtained by converting time-domain data using a 
mathematical technique referred to as a Fast Fourier Transform (FFT). This allows each 
vibration component of a complex machine-train spectrum to be shown as a discrete 
frequency peak. Cooley and Turkey published Fast Fourier Transform (FFT) algorithm. This 
developing in the field of data by degreasing number of calculations and mathematic 
operations required for the discrete Fourier transformation. Because of the fact of ’a realistic 
signal could have 1024 samples which requires over 20,000,000 complex multiplications and 
additions’ (Anon 2009c). Frequency components in various frequency bands of interest are 
extracted by using narrow-band analog filters. 

The first tow modes of extracted frequencies from these algorithm operations (FFT) are 
interested in our research to be used in the calculation of the modulus of elasticity (MOE) that 
is required to assign the properties of the board of our interest. Therefore FFT is economical 
method to perform the analysis by using software with microprocessor technology through 
dedicated analyzers as well as desktop computers (Thorby 2008) and (Clough et al.2003). 

2.3 Euler-Bernoulli and Timoshenko beam theories 

2.3.1 Euler-Bernoulli beam theory 

Euler-Bernoulli and Timoshenko beam theories provide differential equations that can be 
used to extract the modulus of elasticity MOE of timber specimens according to the 
eigenfrequencies which were derived from experiment in this research. 

For bending vibrations in the Euler beam theory two effects, shear deformation and 
rotary inertia, are neglected. However, the Timoshenko beam theory takes into account both 
of them. If a length to depth ratio is 20 or more in timer elements the difference in terms of 
estimated stiffness can be negligible for the fundamental mode but for higher modes or lower 
ratios the effects are substantial. 

The following two basic equations (2.3) and (2.5) for first frequency, long beam and free-
free condition were applied for two forms, axial and bending frequency to derive MOE 
respectively. The first equation (2.3) can be used to calculate the modulus of elasticity from 
the eigenfrequencies in the axial direction. In these equations n indicates mode number. 
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For pure bending there is another equation which can be showed as equation (2.5), where 
the influence of shear deformations and rotary inertia are neglected. nγ varies according to 
mode number. See equation (2.7). 
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There is also relationship between Timoshenko and Euler frequencies which is shown in 
the equation (2.8) 

 
T

f
f Euler

Timo =   or  TEE EulerTimo =                Eq. (2.8) (Perstorper.1993) 

2.3.2Timoshenko beam theory 

 The Ukrainian/Russian-born scientist Stephen Timoshenko developed what was called 
the Timoshenko beam theory in the beginning of the 20th century. 

Timoshenko's theory of beams is an improved theory compared to the Euler-Bernoulli 
theory equation (2.3) and equation (2.5), because Timoshenko equation takes into account 
shear deformation and rotational inertia effects, which makes it suitable for describing the 
behavior of short beams, beams subject to high-frequency excitation when the wavelength 
approaches the thickness of the beam. The differential equation which is showed in equation 
(2.9) is of the 4th order, but unlike the ordinary beam theory –the Euler theory - there is also 
a second order spatial derivative present. 

There are no closed expressions for the natural frequencies available. Numerical 
methods, e.g. Chui & Smith (1990) or finite element programs can be applied to determine 
solutions for the differential equations. 
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Timoshenko beam theory becomes ordinary, if the shear modulus of the beam material 
approaches infinity (the beam becomes rigid in shear), and if the effect of rotational inertia 
are neglected. 

Regarding to the length of the boards and considering the lowest Eigenfrequencies the 
Euler theory was utilized in this research to extract MOE. 

2.4 Finite Element Method 

FEM is a numerical approach for obtaining approximate solutions of partial differential 
equations. In FE models, it is possible to calculates as many modes as the number of degrees 
of freedom and depend on the mass and stiffness of the structure. The structure is divided into 
finite small enough elements that for each element specific boundary condition and material 
property are defined. These elements include some certain points that are called nodal points 
and have linear, quadratic, cubic, etc. variable changes within them. 

On each element calculations are done then element assembly is carried out and the 
variable are obtained. One of the important steps in modeling is finding a fine enough mesh. 
A fine mesh is a realistic mesh size that is not too coarse or too fine.  

Standard dynamic FEM formulation can be shown as following: 

lb fftktctm +=++ )()()( ννν &&&                Eq. (2.10) (Clough et al. 2003) 

For obtaining natural frequency and shape mode the unloaded structure is analyzed 
without considering vibration damping. 

Then equation (2.10) changes to equation (2.11). 

0)()( =+ tktm νν&&                 Eq. (2.11) (Clough et al. 2003) 

And the solution for motion ν  defines as equation (2.12). 

φων tAt cos)( =                   Eq. (2.12) (Clough et al. 2003) 

By substituting of equation (2.12) into equation (2.11) equation (2.13) is obtained  

φωφ MK 2=                         Eq. (2.13) (Clough et al. 2003) 

This can be rewritten as equation (2.14). 

 ( 0=− φλ )MK                   Eq. (2.14) (Clough et al. 2003) 

That λi are natural frequencies i (i=1, 2… n) and iφ  are related mode shapes.  The natural 

frequencies are ii λω =  and the eigen value problem has a nontrivial solution if 

     .)MKdet( 0=−λ   
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3. Literature review 
During last three decades crack identification in structure has been the subject of 

abundant researches. Many studies have been done to find non-destructive crack detection 
methods. 

Doubling and his group showed that one of the fast and in-expensive techniques which 
have been proved to find different detects in wood is vibration–based techniques (Doubling et 
al.1996). His group found that different cracks in a structure induce a local flexibility which 
affects the dynamic behavior of the structure. These result in reduction of natural frequencies 
and change in mode shape. Analysis of this deviation makes it possible to find the position of 
cracks and knots in wood and also they realized that crack damage can cause stiffness and 
frequency reduction and increase in modal damping (Doubling et al.1996).  

Identification of cracks and defects is not only used for timber structures, much research 
have been performed for other materials such as aluminum, steel and concrete. For instance 
Mazurek and his group used Timoshenko beam theory to analyze the damage effect on 
dynamic behavior of an aluminum beam. They mentioned that the location and damage 
severity were determined by comparing the frequency responses of both experimental and 
analytical methods (Mazurek et all.1992). 

Depth, size and the location of defects in timber is one important issue which many 
researches have been investigating. "The actual size of knots, numbers, distribution, and 
structure of knots must affect the MOE measurement to a considerable extent.” (Steffen et al. 
1997). Studies have been performed about the influence of location of crack on the 
frequency. One study showed that the frequency for two cracks on the top surface of the 
beam is greater than two cracks on the bottom surfaces while frequency is between 560-480 
Hz (Sadetin 2007). By determining the location and size of these defects strength grading of 
timber will be more accurate. 

The interest in studies on crack detection and dynamic response have gradually increased 
recently with different limitations such as different supports condition (cantilever beam, 
simple support, and free-free condition), different devices (accelerometer, laser and 
microphone) and different test method (longitudinal test or bending test). 

 



18 | P a g e  

4. Experiments 
In this study experiments have been performed to study the natural frequencies of both 

sound and defected boards. The natural frequencies in both axial and bending direction were 
studied. This chapter describes how the laboratory experiments were performed during the 
research. 

4.1 Material and specimen preparation 

For this study 10 boards of Norway spruce of the dimension 45 x 145 x 3600 mm were 
used. Before testing the boards had been stored in a climate room with a temperature of 20 
degree Celsius and relative humidity of 65%. The storage in the climate room with a 
temperature had given the boards a moisture content of approximately 12%. The dimensions 
and weight of each board was registered and density calculated, see table 1. 

Table 1. Material and geometric properties  

Board. Weight  
(kg) 

Length 
(mm) 

Height 
(mm) 

Width 
(mm) 

Density 
(kg/m3) 

MOE 
(GPa) 

1 10.60 3599.0 145.11 45.28 448.25 11.10 
2 12.24 3599.0 144.65 45 522.48 14.80 
3 12.80 3598.5 145 45 545.14 12.90 
4 11.50 3600.0 144 45 492.97 15.30 
5 10.76 3598.5 144.9 45.05 458.07 10.65 
6 10.66 3600.0 145 44.7 456.86 10.60 
7 10.02 3599.0 143.95 45 429.80 12.30 
8 11.44 3600.0 144.8 44.85 489.32 13.80 
9 12.38 3602.0 144.65 44.8 530.37 12.40 
10 11.04 3599.0 144.7 44.7 474.4.25 12.30 

As an aim in this research only knot is considered as the defect. In order to simulate knots 
seven specimens were drilled by an electrical drilling machine to create holes in various 
locations and sizes on each board. Holes with diameter 10 and 30 mm were similar to real 
knot size but small holes with 10 mm diameter does not influence the natural frequency 
therefore for obtaining more noticeable frequency variation 30 and 50 mm holes diameter 
were chosen. 

In boards 2 and 4 two holes were drilled and for the rest a single hole was created for 
obtaining eigenfrequency variation in sound and defected boards (Fig. 4). Nine holes 
configurations as shown in table 2 were prepared to find out how the holes influence natural 
frequency.  



19 | P a g e  

Table 2. Hole configuratuation 

Board 
No. Location of the knot(s) 

Hole diameter 
(mm) 
 

Number of holes 
 
 

6 

 
30 

 
1 
 

2 

 
30 

 
 

1 

8 

 

50 1 

4 

 
30 

 
1 
 

2 

 
30 2 

4 

 
30 

 
2 
 

7 

 

30 1 

3 

 
30 

 
 

1 

5 

 
30 

 
 

1 
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For estimating knots effect on natural frequency each hole was drilled where 
corresponding mode shape has more curvature. For instance in board 6, 2, 8 and 4 the holes 
were located at mid length where first bending mode shape has more curvature. Furthermore 
boards 3 and 7 were drilled at 1/4 of the length to study the influence of defect on different 
natural frequencies especially second bending mode. 

On the other hand by drilling holes in 1/2, 1/4 and 2/25 of the specimens' height the 
influence of defect distance from edge on natural frequency has been investigated (Fig. 4). 

 
 

 

Fig.4. Example of drilled boards  

 

4.2 Dynamic excitation test in longitudinal and bending direction 

The boards were suspended via two ties to simulate free-free condition as illustrated in 
(Fig.5). 
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Fig.5. Free-free boundary condition in experimental test 

By using the impulse hammer each sound and defected board was hit with an impulse 
hammer to start the vibrations that could be observed by the SignalCalc Mobilyzer software 
(Fig.7).This software was connected to the FFT analyzer (Fig.8). 

 
 

Fig.6. Experimental test configuration 
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Fig.7.Frequency results in SignalCalc mobilizer 

 

Fig.8 FFT analyzer 

First of all, vibrations in each board was excited in longitudinal direction and first six 
eigenfrequencies were read and recorded from software (Fig.7 and 8). Replicate experiments 
are needed to estimate the variability of the modal response due to testing and natural defect 
uncertainties therefore, the excitation test repeated 3 times and the mean value was obtained 
by average option of SignalCalc mobilyzer software.  

 

 



23 | P a g e  

 

Fig.9. Position of the accelerometer for excitation in the longitudinal direction. 

 

       

Fig.10. Inducing longitudinal modes by hammer (figure by Anders Olsson) 

The displacements of dynamic excitation were measured by a small accelerometer that 
was placed in the clip which is observed in (Fig.9). The connection between accelerometer 
and boards were provided with Mounting Wax which made the accelerometer adhere to the 
board. To derive more precise result in longitudinal direction the location of accelerometer 
must be at the end and at the center of the board (Fig.10). 

Second method concentrated on exciting the boards in edgewise direction to produce 
edgewise bending modes (Fig.11). The boundary condition and dimension of specimens were 
similar to previous method. The only difference was about direction of excitation and the 
location of accelerometer as shown in (Fig.12) the accelerometer is near the edge of each 
boards. 

According to the edgewise bending frequency in first mode and Euler equation, MOE 
was obtained for each board. This modulus of elasticity was later used in the model in 
ABAQUS. The artificial defected boards were excited with same procedure as for sound 
specimens and the results were recorded as well. (Appendix C) 
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Fig.11. Edgewise excitation 

 

     

Fig.12. Accelerometer location in edgewise excitation (figure by Anders Olsson) 

4.2.1 Accelerometer 

Accelerometers can be used to measure vibration responses in vibration testing and 
modal testing. 

Most accelerometers are based on the principle of a single-DOF system, spring, and 
mass, damper, excited via the base. Displacement of the spring is proportional to the 
acceleration at the base up to a certain frequency. This frequency is often indicated as 20% of 
the natural frequency when the damping is low, as in most accelerometers used in vibration 
testing, since the error is then limited to about 0.5 dB, or about 6%. 

There are usually two types of accelerometers used in vibration work: piezoresistive and 
piezoelectric. The inertia force produced by a small mass in the piezoelectric type, is more 
common and was utilized during these research. (Fig.13) 
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Fig.13. Accelerometer 

Accelerometers consist of a piezoelectric crystal and mass normally enclosed in a 
protective metal case. As the mass applies force to the crystal, the crystal generates an 
electric charge proportional to acceleration. The charge output is measured in Pico Coulombs 
per g (PC/g) terms where g is the force of gravity. Some sensors are used with an internal 
charge amplifier, but others have an external charge amplifier. The charge output of the 
crystal transfers to proportional voltage output in mV/g terms by the charge amplifier 
converts. 

The frequency response of piezoelectric accelerometers cannot extend down to ‘DC’, or 
constant acceleration. Charge amplifiers are better than voltage amplifiers in this respect, and 
can be used down to a fraction of 1 Hz. Generally characteristics of accelerometer in this 
study are described in table 3. 

Table 3. Accelerometer characteristics 
Type Measuring 

range 
sensitivity Transverse 

sensitivity 
Resonant 
frequency 

temperature 

8772A50T -50_+50 97.0 mv/g 5.0% 20.0kHz 0-65C 

4.2.2 Impulse hammer 

The impulse hammer was used to excite the board in order to generate eigenfrequency 
(Fig.14). 



26 | P a g e  

 
Fig.14. Impulse hammer 

There is some information about the impulse hammer which was used in this study, see 
table 4. 

Table 4. Impulse hammer characteristics 
TYPE Range for 

+5V 
out(Lbs 
Force) 

Sensitivity(mV/Lb 
Force) 

Max.Force(Lbs 
Force) 

Discharge TC 
(SEC) 

5800b2 50 100 1000 20 
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5 Numerical model  
In order to compare information and experimental results with numerical results, 

different timber boards have been modeled in ABAQUS/CAE software. ABAQUS is a 
software package for finite element modeling, programmed by SIMULIA and include 
different products i.e. ABAQUS/Standard, ABAQUS/Explicit and ABAQUS/CAE. 
ABAQUS/Standard is a product for solving static, dynamic and thermal FE problem. 

The ABAQUS/CAE provides modeling and visualization environment and also includes 
different modules and each module takes part in several aspect of the modeling process. The 
GUI interface defines material properties, geometries and meshing information that is stored 
as an input file to be analyzed by the solver, applying ABAQUS/Standard or 
ABAQUS/Explicit routines. After that post processing is carried out in ABAQUS/CAE. 

 

Fig.15. ABAQUS environment and meshing around hole 

In the ABAQUS software, the user can define properties of timber such as geometry, the 
boundary conditions and the material properties. In this study, different boards both artificial 
defected and sound were modeled. 

By applying the following steps it is possible to create a model of each board: 

• Create the part field, 

For this study a 2D model was chosen. In this first part the geometry of the boards were 
defined. The create part module was also used to change the geometry to include holes in the 
boards in the same locations as in the boards in the experimental test. 
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• Enter the property field, 

For our specimens (Norway spruce) the following properties were used in analytical 
modeling. See (table 5). 

Table.5 Material properties used in ABAQUS 2D model 
E║(MPa) 

 
E┴(MPa) 

 
G║(MPa) 

 
G┴(MPa) 

 ν 

Obtain from 
experimental tests 400 700 700 0.3 

LE  was obtained by substitution of corresponding natural frequency of boards in 
laboratory in eq. (2.6). 

• Create the steps field, 

In this part the range of maximum and minimum frequency were defined. 

• Enter the load field, 

Dynamic load as effective load was selected in this section 

• Enter the mesh field, 

One of the most important steps in modeling is finding the fine mesh. After trying 
different meshes and comparing the results fine triangular element with the global size 0.005 
was found as a reference size in sound board 1 to 10 and defected board 2 to 8. 

• Enter the job field, 

Creating the job and submitting were performed to extract the eigenfrequencies as 
result. 
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6. Experimental and numerical results and discussion 
6.1 Experimental results 

After performing experimental modal analysis on all ten boards in laboratory the results 
were presented as follows. Tables in Appendix C show the natural frequencies from axial 
excitation and this means that dynamic load applied in the longitudinal direction. Tables in 
appendix B shows the natural frequency on edgewise bending tests for each board, and this 
means the dynamic load applied on the edgewise direction of the boards. The tables include 
the first six natural frequencies of each board in both longitudinal and bending direction. 
Fig.16 and 17 show the frequencies peaks that are extracted from signal calc. mobilizer in 
sound and defected board 2. 
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Fig. 16. Magnitude of transfer acceleration and curve-fitted estimates 5 modes of axial 

vibration in sound board 2. 
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Fig. 17. Magnitude of transfer acceleration and curve-fitted estimates 5 modes of axial 

vibration in artificial defected board 2 (with one hole) 

6.1.1 Edgewise bending 

Result in appendix B shows the first six natural frequencies in edgewise bending 
directions for both sound and defected boards respectively. Natural frequencies of sound and 
defected boards were compared to each other in edgewise direction. The comparison is based 
on determining the difference between the frequencies of defected and non defected boards as 
percentage values (Table 6). 

Variation % = 100*(non-defected result – defected result) / non-defected result 
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Table 6. Experimental frequencies variations between sound and defected boards in 
edgewise test 

Variation % 
Board 
 

Location of the 
knot(s) 

Hole 
diameter 

(mm) Mode 
1 

mode 
2 

mode 
3 

mode 
4 

mode 
5 

mode 
6 

6 

 
 

30 
 

0.00 0.00 -0.26 0.28 0.10 0.33 

2 
 

30 1.04 0.00 0.21 0.12 0.22 0.25 

8 
  

50 
 

3.10 0.37 1.29 -1.54 1.50 1.14 

4 
 

 
30 3.96 0.00 2.31 0.56 1.33 0.00 

4 
 

30 4.97 1.16 0.00 0.98 1.63 -0.32 

2 
 

30 1.04 0.00 0.21 0.44 0.56 0.41 

7 
 

30 1.04 0.00 0.21 0.30 0.31 0.08 

3 
 

30 1.13 2.30 2.47 0.58 0.12 0.73 

5 
 

30 3.40 2.15 0.22 1.92 0.85 0.65 
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There are frequencies variations between defected and non-defected boards in bending 
test (table 6). The positive values in table 6 show frequency reduction in the defected boards. 
In some modes a progressive reduction in values of natural frequencies with respect to the 
increase in the number of the holes is observed. 
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Fig. 18. Magnitude of transfer acceleration and curve-fitted estimates 6 modes of edgewise 
bending vibration in sound and artificially defected board 4 with one hole and 2 holes.  
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Fig. 19. Magnitude of transfer acceleration and curve-fitted estimates 6 modes of edgewise 
bending vibration in sound and artificially defected board 2 with one hole and 2 holes 

Table 7. Assigned colour for frequency graphs 
colour corresponding board 
black Sound board 
red Defected board (one hole) 
blue Defected board (two holes) 

For instance in board 4 it is obvious that the frequency graph in defected boards with 2 
holes were decreased comparing with both sound timber and one hole defected board 
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(Fig.18). On the other hand in board 2 these frequency graphs remained almost similar for 1 
and 2 holes defected boards. 

6.1.2 Longitudinal direction  

For longitudinal frequencies the comparison was carried out in similar manner to 
edgewise bending excitation. Table 8 shows the frequencies variation between sound and 
defected boards in experimental axial test. 

Table8. Experimental frequencies variation between sound and defected boards in axial test 
Variation %  

Board 
 

Location of the 
knot(s) 

Hole 
diameter 
(mm) 

mode 
1 

mode 
2 

mode 
3 

mode 
4 

mode 
5 

mode 
6 

6 
 

30 
 0.54 0.23 0.41 -0.12 0.82 ----- 

2 
 

30 0.84 -0.27 0.76 0.23 1.60 -1.04 

8 
 

50 
 2.60 -0.34 3.84 -0.11 ----- ----- 

4 
 

30 
 1.51 -0.47 1.52 ----- ----- ------ 

4 
 

30 1.97 0.8 2.10 ----- ----- ----- 

2 
 

30 1.30 0.08 1.21 -1.67 1.60 1.39 

7 
 

30 0.51 0.71 0.09 0.12 1.18 2.10 

3 
 

30 
 0.69 1.46 0.50 0.00 0.87 0.96 

5 
 

30 
 0.97 0.37 0.00 1.00 0.29 0.65 

Peaks in the frequency curve represent natural frequency modes. For some boards the 
peaks for all the six first modes could not be distinguished and are shown by blank cells. 
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In the axial direction the frequency variations shows lower values compared to edgewise 
direction, c.f. table 6 and 8. 

6.1.3 Comparing experimental results 

The first eigenfrequency of the defected boards was used to compare edgewise bending 
frequencies variations with the corresponding axial frequency variations. The result from this 
comparison is illustrated in Fig.20. 

 
Fig. 20. The experimental frequencies variations in the first bending and axial mode for the 

different boards 

In general, if the results of the two methods were compared with each other, bending test 
describes high variation values and the bending frequency values are more sensitive to the 
hole location (Fig.20). 

6.2 Numerical results 

6.2.1 Edgewise bending 

Table 6 shows first six edgewise natural frequencies concerning the 10 sound boards 
which were modelled in ABAQUS software. 



35 | P a g e  

Table 9. Frequencies for sound boards in edgewise direction from the numerical model. 
Frequencies' modes in edgewise direction (Hz) Board 

 
MOE 
(GPa) 

1 2 3 4 5 6 

1 11.10 56.18 148.32 274.03 422.16 584.29 754.48 

2 14.80 59.75 155.88 283.79 430.68 587.96 750.27 

3 12.90 54.69 143.54 263.26 402.49 553.16 709.88 

4 15.30 62.47 162.71 295.67 447.88 610.43 777.88 

5 10.65 54.47 144.02 266.06 411.52 570.64 738.10 

6 10.60 
 54.35 143.73 266.10 410.86 569.85 737.21 

7 12.30 60.31 158.61 291.59 446.91 615.59 791.56 

8 13.80 59.70 156.24 285.54 434.99 595.87 762.57 

9 12.40 54.49 143.25 263.25 403.31 555.33 713.83 

10 12.30 57.39 150.92 277.46 425.25 585.76 753.20 

In chapter4 it was mentioned where the holes were located in the boards. In the ABAQUS 
models the same positions as in the experimental tests were used. Furthermore, in similar 
manner to experimental test, the frequencies values were extracted from ABAQUS for the 
defected boards. Those values are shown in table 10. 
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Table 10. Frequencies for defected boards in edgewise direction from the numerical model 
Frequencies' modes in edgewise direction (Hz) 

Board 
 

Location of the 
hole(s) 

Hole 
diameter 
(mm) 
 1 2 3 4 5 6 

2 
 

30 59.28 155.72 282.88 429.73 587.02 747.81 

2 
 

30 59.26 155.82 283.03 428.45 584.65 747.66 

3 
 

30 54.02 139.30 257.23 400.59 552.08 703.20 

4 
 

30 59.92 162.68 288.96 447.67 599.79 777.29 

4 
 

30 59.77 161.77 287.73 446.46 598.15 776.60 

5 
 

30 52.93 141.24 266.37 403.89 567.14 735.06 

6 
 

30 54.39 143.53 266.44 409.61 570.59 733.85 

7 
 

30 60.15 157.75 290.39 445.80 614.03 790.60 

8 
 

50 58.78 155.76 282.01 432.05 591.20 754.77 

The results from the numerical model of the sound and defected boards in bending were 
compared. The comparison is based on determining the variation between the frequencies of 
sound and defected boards. The results are summarised in table 11. 
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Table 11. Frequency variation between defected and non-defected boards in edgewise direction 
from the numerical model 

 

 

 

Variation % 
Board 
 Location of the hole(s) 

Hole 
diameter 
(mm) 

MOE 
(GPa) 1 2 3 4 5 6 

6 

 
30 

 
10.60 

 -0.08 0.14 -0.12 0.41 -0.13 0.46 

2 

 

30 14.80 0.78 0.10 0.32 0.22 0.16 0.33 

8 

 

50 13.80 
 1.54 0.31 1.24 0.68 0.78 1.02 

4 

 

30 15.30 4.10 0.02 2.26 0.05 1.74 0.08 

4 

 

30 15.30 4.33 0.58 2.69 0.32 2.01 0.16 

2 

 

30 14.80 0.82 0.03 0.27 0.52 0.56 0.35 

7 

 

30 12.31 0.27 0.55 0.41 0.25 0.25 0.12 

3 

 

30 12.91 1.22 2.95 2.29 0.47 0.19 0.94 

5 

 

30 10.65 2.82 1.93 -0.12 1.85 0.61 0.41 
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6.2.2 Longitudinal direction 

Table12 shows first four longitudinal natural frequencies concerning the 10 sound boards 
which were modelled in ABAQUS software. 

Table 12. Frequencies for sound boards in axial direction from the numerical model 
Frequencies' modes in longitudinal direction Board 

 
MOE 
(GPa) 1 2 3 4 

1 11.10 691.10 1381.90 2071.60 2755.30 

2 14.80 739.25 1478.10 2215.30 3008.10 

3 12.90 674.44 1348.50 2021.40 2683.10 

4 15.30 773.70 1547.00 2118.40 3096.70 

5 10.65 669.69 1339.00 2007.30 2670.60 

6 10.60 
 668.13 1336.00 2002.80 2664.60 

7 12.30 741.16 1486.00 2227.40 2958.30 

8 13.80 737.54 1474.70 2210.40 2926.90 

9 12.40 671.52 1342.70 2012.70 2673.70 

10 12.30 707.15 1414.00 2119.50 2815.90 

Table 13 shows first four axial natural frequencies concerning the seven sound boards 
which were modelled in ABAQUS software.  
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Table 13. Frequencies for defected boards in axial direction from the numerical model 

Frequencies' modes in  longitudinal direction Board 
 Location of the hole(s) Properties 

 
1 2 3 4 

2 

 
30 mm 

 731.85 1.4792 2.1922 2.9968 

2 

 

30 mm 729.02 1.4653 2.1827 2.9325 

3 
 

30mm 
 669.08 1322.20 2012.60 2685.90 

4 
 

30mm 
 762.27 1547.20 2301.8 3093.80 

4 
 

30mm 
 758.68 1532.30 2260.20 3033.40 

6 
 

30mm 
 662.65 1337.80 1985.60 2668.20 

7 
 

30mm 740.22 1472.40 2218.70 2963.10 

8 
 

50mm 716.66 1480.20 2144.50 2936.3 
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7 Discussion 
7.1 Comparison between numerical and experimental results 

For sound boards the comparison was carried out between numerical and experimental 
frequencies to edgewise bending excitation. The comparison is based on determining the 
variation between the numerical and experimental frequencies. The results are summarised in 
table 14.  

Variation % = 100*(experimental result – numerical result) /experimental result 

 Table14. Frequencies variations between experimental and numerical for sound boards in 
edgewise test 

Variation % Board 
 

MOE 
(GPa) 

mode1 mode 2 mode 3 mode 4 mode 5 mode 6 

1 11.10 1.23 -1.38 1.46 -0.20 -0.31 1.05 

2 14.80 1.45 1.84 1.08 0.72 2.72 3.04 

3 12.90 1.69 3.53 4.48 5.85 8.00 7.21 

4 15.30 1.04 1.03 1.05 -0.08 0.55 0.03 

5 10.65 0.96 0.26 0.54 2.46 3.18 4.45 

6 10.60 1.18 -0.44 2.56 3.33 3.42 3.48 

7 12.30 0.53 -1.48 3.00 -4.23 0.60 -2.22 

8 13.80 1.54 2.71 2.81 2.38 4.66 6.21 

9 12.40 0.93 1.21 2.97 4.27 5.17 4.90 

10 12.30 1.27 2.25 1.99 3.09 3.88 5.26 
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The result in the first mode shows small difference between the numerical and 
experimental frequencies (Fig. 21).  

 

Fig. 21. The numerical and experimental frequencies in the first bending mode for 10 sound 
boards 

For higher bending mode order the result shows more variation. As an example, in board 
10 the variations become higher as the mode order rises. The relative variation of natural 
frequencies has been progressive from 1.27% to 5.26% (Table 14). This increase can be 
explained by two reasons. Natural defects might influence variation between experimental 
and numerical for higher bending natural frequency. On the other hand MOE as an input for 
ABAQUS software was derived by substitution experimental first bending natural frequency 
into Euler equation. Shear effect in Euler equation is neglected for all modes. Higher modes 
are much sensitive on shear modulus. This can lead to more variation in higher modes. 

For the tested boards the first natural frequencies from both the experiments and the 
numerical model were compared in Fig.21. The MOE for the ABAQUS model was derived 
from the first experimental edgewise natural frequency. 
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Fig. 22. The numerical and experimental frequencies variations in the first bending mode in 
defected board 

In Fig. 22 it is interesting to observe that some of the tested boards have smaller 
differences in variation values compared to other boards, showing that some of the boards are 
more homogeneous than others. For instance board 4 is the most homogeneous and uniform 
one among tested boards as illustrated in Fig.22 by comparing the frequencies values from 
numerical and experimental tests on sound case in all frequencies modes. It is evident that, 
this uniform property results in similar frequencies on corresponding modes in sound and 
defected board 4 as well (Fig.23 and 24). 

 

Fig. 23. Results from the numerical model and the experiments for sound board 4 for the 
first six modes in edge wise bending 
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Fig. 24. Results from the numerical model and the experiments for defected board 4 for the 
first six modes in edge wise bending 

On the other hand, board 8 shows more frequencies deviation between numerical and 
experimental tests in both sound and defected boards (Fig. 25 and 26). Natural defect might 
result in frequency deviation on corresponding modes in sound and defected board 8. 

 

Fig. 25. Results from the numerical model and the experiments for sound board 8 for the 
first six modes in edgewise bending 
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Fig. 26. Results from the numerical model and the experiments for defected board 8 for the 
first six modes in edgewise bending 

7.2 The effect of knot position in the frequency modes 

The hole positions and their effects on natural frequencies are presented in table 5 and 8 
and also Appendix B and C. It is worth remarking that the location of a hole in an anti-node 
influences the frequency more than a hole placed in a node. For instance board 8 with the 
hole location at mid-length and near the edge, the relative frequencies variation between 
sound and defected boards for the first mode is 3.10% while, the second mode is 0.37%. In 
fact, the frequency variation is quite sensitive to the location of defect regarding to the mode 
shape as shown in Fig.27. 
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Fig. 27. The effect of hole location in the frequency modes 

As another example, in board 6, the hole has been located at the mid length and height. 
Frequency variations between sound and defected board for the first six modes in two 
directions in experimental test and numerical analysis have been shown in Table 15. It is 
observed that in this position the defect can not be detected by applying these tests. 

Table 15. Numerical and experimental natural frequency variations in board 6 in edgewise 
and longitudinal direction  

Results of Hole location 
Hole 

diameter 
(mm) 

mode 
1 

mode 
2 

mode 
3 

mode 
4 

mode 
5 

mode 
6 

Experimental 
edgewise 

 
30 0.00 0.00 -0.26 0.28 0.10 0.33 

Experimental 
longitudinal 

 
30 0.54 0.23 0.41 -0.12 0.82 ---- 

Numerical 
edgewise  30 -0.08 0.14 -0.12 0.41 -0.13 0.46 

For another defect configuration, the hole location at different heights of the board were 
described in Table 16. By decreasing hole distance from the edge, frequency variations in 
first bending mode have been increased (Fig. 28).  
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Table 16. Holes configuration according to distance from bottom edge 
Board 6 2 8 4 4( two holes) 

Location of 
the knot(s) 

     

Hole 
diameter 
(mm) 

30 
 

30 
 

50 
 

30 
 

30 
 

  

Fig. 29. Experimental frequency variation in some boards for first bending mode 

By changing hole location from L/4 to L/2 frequency variation in first bending mode has 
been increased gradually (Fig.31). In fact the first bending mode with most curvature at the 
hole location in the mid length has displayed more frequency variation compared to other 
hole locations.  

Table 17. Hole locations along specimen in boards 3, 5 and 4 

Board  3 5 4 

hole location 
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Fig. 30 First bending mode with highest curvature at mid length 

 

Fig.  31. Experimental frequency variation for first bending mode in boards 3, 5 and 4 

In a similar manner, for the same boards as in table 17 the same concept of the mode 
shape can be applied for second bending mode. Since second bending mode has more 
curvature at L/4, in board 3 where hole located at L/4 maximum variation is obtained, see 
Fig. 33. 
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Fig. 32. Second bending mode with highest curvature at L/4  

 

Fig. 33. Experimental frequency variation for second bending mode in boards 3, 5 and 4 

In longitudinal test in first mode the effect of the hole location on frequency variation can 
be observed in Table 8, although this effect is more noticeable in edgewise direction. As an 
example in boards 6, 2 and 4 the frequency variation for first axial mode was 0.54, 0.84 and 
1.51 respectively. 
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8. Conclusion 
In this research, the results of dynamical experimental test and numerical modelling 

performed on sound and defected timber boards is described. Transversal and axial vibrations 
were utilized to obtain the frequencies for the first six modes in both directions 
experimentally. Artificial defects were made in different positions in the boards to study the 
influence of defects. MOE were calculated from the first natural frequency from the edgewise 
bending test. This value was used in a 2D model in ABAQUS software. This model was used 
to extract the frequencies for the first six edgewise bending modes and first four axial modes 
for both the sound boards and the defected boards. The frequencies variations between sound 
and defected boards were determined for each mode and test. 

The following conclusions can be obtained from modal tests and analyses: 

• It has been proved that the defects in timber boards decrease the eigenfrequencies, as 
expected, in most boards. 

• Experimental and modal results for sound boards in first mode indicate small 
differences between the numerical and experimental frequencies. However, the variations 
became higher as the mode order rised. Shear effect is neglected in the Euler equation for all 
modes. Higher modes are much sensitive on shear modulus. This leads to more variation in 
these modes. 

• The comparison between bending and longitudinal tests based on frequencies 
variation between sound and defected timbers shows that the bending frequencies variation 
are larger than the corresponding longitudinal ones. This leads to conclude that defects are 
more easily predicted by bending tests. Therefore, it can be estimated the ability of detecting 
defects in bending test is more efficient. 

• The study results indicate that the location of the defects influences the frequency 
values differently in different mode shape. The bending test is very efficient to detect defects 
in mid-length at the board edge. For example severe defects for floor joists can be identified 
with this technique. 
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Appendix 
Appendix A 

Material and geometric properties 

 

 

Board Weight 
(kg) 

Length 
(mm) 

Height 
(mm) 

Width 
(mm) 

Density 
(Kg/m3) 

Moment of 
inertia 
(m4e-5) 

MOE 
(GPa) 

1 10.60 3599.00 145.11 45.28 448.25 11.10 11.10 

2 12.24 3599.00 144.65 45.00 522.48 14.80 14.80 

3 12.80 3598.50 145.00 45.00 545.14 12.90 12.90 

4 11.50 3600.00 144.00 45.00 492.97 15.30 15.30 

5 10.76 3598.50 144.90 45.05 458.07 10.65 10.65 

6 10.66 3600.00 145.00 44.70 456.86 10.60 10.60 

7 10.02 3599.00 143.95 45.00 429.80 12.30 12.30 

8 11.44 3600.00 144.80 44.85 489.32 13.80 13.80 

9 12.38 3602.00 144.65 44.80 530.37 12.40 12.40 

10 11.04 3599.00 144.70 44.70 474.42 12.30 12.30 
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Appendix B 

Experimental vibration Test 

Natural frequencies in edgewise bending direction for sound boards: 
Frequencies' modes in  edgewise direction(Hz) Board 

 
MOE 
(GPa) 

1 2 3 4 5 6 

1 11.10 56.88 146.30 278.10 
 

421.30 582.50 762.50 

2 14.80 60.63 158.80 286.90 433.80 604.40 773.80 

3 12.90 55.63 148.80 275.60 427.50 601.30 765.00 

4 15.30 63.13 164.40 298.80 447.50 613.80 778.10 

5 10.65 55.00 144.40 267.50 421.90 589.40 772.50 

6 10.60 55.00 143.10 273.10 425.00 590.00 763.80 

7 12.30 60.63 156.30 283.10 428.80 611.90 774.40 

8 13.80 60.63 160.60 293.80 445.60 625.00 813.10 

9 12.40 55.00 145.00 271.30 421.30 585.60 750.60 

10 12.30 58.13 154.40 283.10 438.80 609.40 
double 795.00 

Double means double peak was observed by Signalcalc. mobilyzer graph. 
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Experimental vibration Test 

Natural frequencies in edgewise bending direction for defected boards 

   Double means double peak was observed by Signalcalc. mobilyzer graph. 

Frequencies' modes in edge wise direction(Hz) Board 
 

Location of the 
hole(s) 

Hole 
diameter 

(mm) 
1 2 3 4 5 6 

2 
 

30 60.00 158.80 286.30 433.10 603.10 771.90 

2 
 

30 60.00 158.80 286.30 431.90 600.60 770.60 

3 
 

30 55.00 144.40 268.80 425.00 600.60 759.40 

4 
 

30 60.63 164.40 291.90 445.00 605.60 778.10 
double 

4 
 

30 60.00 162.50 288.80 443.10 603.80 780.60 

5 
 

30 53.13 141.30 266.90 413.80 584.40 767.50 

6 
 

30 55.00 143.10 273.80 423.80 589.40 761.30 

7 
 

30 60.00 156.30 282.50 427.50 610.00 773.80 

8 
 

50 58.75 160.00 290.00 452.50 615.60 803.80 
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Experimental vibration Test 

Natural frequencies deviation between defected and sound Boards in edgewise direction: 
variation % 

Board 
 

Location of the 
hole(s) 

Hole 
diameter 

(mm) mode 
1 

mode 
2 

mode 
3 

mode 
4 

mode 
5 

mode 
6 

 
2 
 

 
30 1.04 0.00 0.21 0.12 0.22 0.25 

2 
 

30 1.04 0.00 0.21 0.44 0.56 0.41 

3 
  

30 
 

1.13 2.30 2.47 0.58 0.12 0.73 

4 
 

  
30 

 
3.96 0.00 2.31 0.56 1.33 0.00 

4 
 

30 4.97 1.16 0.00 0.98 1.63 -0.32 

5 
  

30 
 

3.40 2.15 0.22 1.92 0.85 0.65 

6 
  

30 
 

0.00 0.00 -0.26 0.28 0.10 0.33 

7 
 

30 1.04 0.00 0.21 0.30 0.31 0.08 

8 
 

50 
 3.10 0.37 1.29 -1.54 1.50 1.14 
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Appendix C 

Experimental vibration Test 

Natural frequencies in longitudinal direction for sound boards: 

Peaks in the frequency graph represent natural frequency modes. In the corresponding 
graph some peaks could not be distinguished that are shown by blank cells. Double means 
double peak was observed by Signalcalc. mobilyzer graph. 

Experimental vibration Test 

Natural frequencies in longitudinal direction for defected boards: 
Frequencies' modes in longitudinal direction 

Board 
 

Location of the 
hole(s) 

Hole 
diameter 

(mm) 
1 

(Hz) 
2 

(KHz) 
3 

(KHz) 
4  

(KHz) 
5 

(KHz) 
6 

(KHz) 

2 
  

30 
 

740.6 1.504 2.213 3.020 3.743 4.556 

2 
     

 
30 

 
737.1 1.488 2.203 3.063 3.743 4.446 

3 
  

30 
 

673.4 1.346 1.993 2.752 3.431 4.016 

4 
 

30 737.1 1.501 2.204 2.968 3.604 4.539 

4 
 

30 733.6 1.482 2.191 2.963 ----- ----- 

5 
  

30 
 

675.8 1.357 2.067 2.685 3.443 4.118 

6 
 

30 647.3 1.291 1.952 2.562 3.263 ------ 

7 
 

30 715.2 1.401 2.110 2.817 3.526 4.199 

8 
  

50 
 

713.3 1.466 2.102 2.860 ----- ----- 
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Experimental vibration Test 

Natural frequencies variation between defected and sound boards in longitudinal direction: 
variation % 

Board 
 

Location of the 
hole(s) 

Hole 
diameter 

(mm) mode 
1 

mode 
2 

mode 
3 

mode 
4 

mode 
5 

mode 
6 

 
 
2 
 
 

 

30 0.84 -0.27 0.76 0.23 1.60 -1.04 

2 
 

30 1.30 0.08 1.21 -1.67 1.60 1.39 

3 
 

30 
 0.69 1.46 0.50 0.00 0.87 0.96 

 
4 
 

  
30 

 
1.51 -0.47 1.52 ----- ----- ----- 

4 
 

30 1.97 0.8 2.10 ----- ----- ----- 

5 
  

30 
 

0.97 0.37 0.00 1.00 0.29 0.65 

6 
  

30 
 

0.54 0.23 0.41 -0.12 0.82 ----- 

7 
 

30 0.51 0.71 0.09 0.12 1.18 2.10 

8 
  

50 
 

2.60 -0.34 3.84 -0.11 ----- ----- 
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Appendix D 

Some figures from numerical analysis in ABAQUS software: 

 

First bending mode shape in board 4 with 2 holes 

 

Second bending mode shape in board 4 with 2 holes 
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Second bending mode shape in board 4 with 2 holes 

 

Second bending mode shape in board 4 with 2 holes 
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