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Abstract. Timber is one of the most widely used structural material all over the world. 
Round timbers can be seen as a structural component in historical buildings, jetties, 
short span bridges and also as piles for foundation and poles for electrical and power 
distribution. To evaluate the current condition of these cylindrical type timber 
structures, guided wave has a great potential. However, the difficulties associated with 
the guided wave propagation in timber materials includes orthotropic behaviour of 
wood, moisture contents, temperature, grain direction, etc. In addition, the effect of 
fully or partially filled surrounding media, such as soil, water, etc. causes attenuation 
on the generated stress wave. In order to investigate the effects of these parameters on 
guided wave propagation, extensive numerical simulation is required to conduct 
parametric studies. Moreover, due to the presence of multi modes in guided wave 
propagation, dispersion curves are of great importance. Even though conventional 
finite element method (FEM) can determine dispersion curves along with wave 
propagation in time domain, it is highly computationally expensive. Furthermore, 
incorporating orthotropic behaviour and surrounding media to model a thick 
cylindrical wave (large diameter cylindrical structures) make conventional FEM 
inefficient for this purpose. In contrast, spectral finite element method (SFEM) is a 
semi analytical method to model the guided wave propagation which does not need 
fine meshes compared to the other methods, such as FEM or finite difference method 
(FDM). Also, even distribution of mass and stiffness of structures can be obtained 
with very few elements using SFEM. In this paper, the suitability of SFEM is 
investigated to model guided wave propagation through an orthotropic cylindrical 
waveguide with the presence of surrounding soil. Both the frequency domain analysis 
(dispersion curves) and time domain reconstruction for a multi-mode generated input 
signal are presented under different loading location. The dispersion curves obtained 
from SFEM are compared against analytical solution to verify its accuracy. Lastly, 
different numerical issues to solve for the dispersion curves and time domain results 
using SFEM are also discussed.  
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1 Introduction  

In order to use wave based techniques for the condition assessment of a structure requires the 
basic understanding of wave propagation. Thus the wave theories for plate or cylindrical 
structures are developed over the years to get insight of the wave propagation in a structure 
of different dimension and/or cross-section. Even though a good number of literature on the 
wave propagation in isotropic plate or cylindrical structures are available, theories related to 
guided wave (GW) propagation in anisotropic media is still inadequate.  
 The GW theory for anisotropic media was developed for plate like structures[1]. 
Using theory of elasticity to solve dynamic problems for thick walled members and thick 
cylindrical isotropic wave guide presents severe difficulties associated with complexities of 
the basic system of partial differential equations and the necessity of satisfying the boundary 
conditions [2]. These difficulties are even more complex when the structural members are 
made of an anisotropic material. Nevertheless, some research work have been undertaken on 
orthotropic cylinder. The theory of orthotropic cylinder can be found in [3, 4] which are 
mainly focuses on hollow cylindrical cross sections with orthotropic and transversely 
isotropic material model. Markus and Mead [3] used the Frobenius method for solving the 
wave motion in anisotropic hollow cylinder. Martin and Berger [5] used Neumann series for 
wave propagation in solid timber. However, only the free vibrations of a wooden pole are 
examined. Elmaimouni [6] employed a polynomial approach to elucidate the dispersion 
relation of a hollow cylinder. Grigorenko [2] proposed an efficient numerical-analytical 
approach for analysing stationary dynamic processes to study the propagation of elastic 
waves in anisotropic inhomogeneous hollow transversely isotropic cylinder.  

Pure analytical results of guided wave propagation are derived for the simplest cases, 
especially when the boundary conditions (traction free or fully embedded) are simplified. In 
GW theory, the equations are derived in the frequency domain. Constructing the signal in the 
time domain from the frequency domain solution is difficult due to the complexity involve 
with the boundary conditions. The solutions become very complicated when the end 
conditions need to be satisfied in conjunction with the side boundary conditions. As a result, 
some numerical methods have been developed over the years.  

There are a number of numerical algorithms and techniques that have been developed 
for wave propagation analysis, which include both time domain and frequency domain 
approaches. Such as, the transfer function matrix method [7], the dynamic stiffness matrix 
method [8], the finite difference method (FDM) [9], the finite element method (FEM) [10, 
11], the mass spring lattice model (MSLM) [12], the local interaction simulation approach 
(LISA), the boundary element method (BEM) [13], the strip element method [14], the 
spectral finite element method (SFEM) [15],  etc. When it comes to using these methods for 
anisotropic materials, the research are limited to anisotropic plate and hollow cylinder. Such 
as, the strip element method for the stress wave propagation in a composite fibre sensor [16], 
MSLM for ultrasonic wave simulation in transversely isotropic media [17] and orthotropic 
plates [18], BEM for elastic wave propagation and scattering in laminated composite plates 
[19], hybrid BEM for scattering of Lamb waves due to different defects [20] etc. 

Scaled boundary finite element method (SBFEM) [21] was found to be a powerful 
tool for the determination of spectrum and dispersion relation of an orthotropic cylinder [22]. 
Even though the frequency domain results were reported, the time domain reconstruction of 
a signal propagating through an orthotropic cylinder simulating partial embedment of a 
timber pole has not been investigated. The time domain wave propagation in a timber pole 
was simulated using FEM were investigated in [23]. However, the use of FEM was 
computationally costly due to the fact that the accuracy of mass distribution/inertia can only 
be ensured by using fine mesh. In addition, for the propagation of high frequency signal, the 
meshes, again, need to be finer to capture the higher order modes. This is because of the 
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requirement that element size should be smaller than the wavelength; otherwise, the element 
edges will act as a free boundary and will reflect the initial response from the element edges. 

In this paper, spectral finite element method (SFEM) is used to obtain the spectrum 
relation of an orthotropic cylinder. Also, time domain is constructed using appropriate 
boundary condition of timber pole situation. SFEM was used previously for anisotropic plate 
type structure [24] and concluded to be effective to obtain an insight of wave propagation in 
term of both time and frequency domain. 

2 Theories and Modelling   

2.1 Theory of Anisotropic Material  

SFEM is based on domain transfer method where the governing equation is transformed into 
the frequency domain by Discrete Fourier Transform (DFT). As a result, the governing partial 
differential equation (PDE) is reduced to a set of ordinary differential equations (ODE) with 
constant coefficients, where the time coordinate gives way to the frequency, which is 
introduced as a parameter [25]. The resultant ODEs can be solved directly. The elements are 
formulated using the exact solution of the governing ODEs as interpolation function. 
Therefore, an exact mass distribution can be achieved which leads to the establishment of 
exact dynamic stiffness matrix. Accordingly, only one element is sufficient to handle a beam 
of any length if there is no discontinuity or irregularity. Additionally, the size of the global 
stiffness matrix reduces to a great extent. Furthermore, another advantage of SFEM is that 
the wave characteristics can be extracted directly from the formulation. Hence, the inside of 
wave propagation can be seen by SFEM. Eventually, both the dispersion curves and time 
domain results are possible to obtain by SFEM.  

There are mainly two theories available related to anisotropic material, namely, 
elementary theory and first order shear deformation theory (FSDT). The theory based on 
elementary theory considers only axial and transverse displacements. Therefore, the 
longitudinal wave has a constant velocity and the flexural wave’s velocity increases with the 
increase in frequency due to neglecting shear deformation and rotary inertia. In contrast, the 
FSDT considers additional two modes (contraction mode and shear mode) and illustrates 
accurate dispersion relations. Therefore, longitudinal-flexural-shear-contraction coupling is 
considered in this paper to simulate the wave propagation inside timber pole. The details of 
this theory can be found in [26], and the application of the theory related to timber pole 
situation are reported in [27]. 

2.2 Boundary Condition  

In a finite length rod or beam, the wave reflection depends on the boundary conditions of the 
structure. For a finite length element, the energy is trapped in the element, and as a result, a 
wraparound problem is present in the FFT based SFEM. Hence, it is important to damp the 
energy or leakage of energy. An effective method is used to add damping in the waveguide 
using throw off element [15, 24]. However, the throw off element cannot be used in the 
timber pole situation due to the absence of rigid boundaries. Timber pole is partially 
embedded in soil and energy leaks due to damping in the soil. This partial embedment will 
be represented as spring and dashpot elements in this paper. Fig. 1 illustrates the simplified 
boundary conditions of partial embedment of soil. It is assumed that no spring at the soil level 
is required since the displacement is very small and no slipping or gaping occurs due to 
impact. As a result, by adding a dashpot at the top of the soil level, only energy leakage at 
the soil level is taken into account. 
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Details on applying boundary conditions as spring and dashpot elements in a rod and 
beam element are described in [15]. For a rod element (longitudinal and contraction modes), 
the boundary condition is related to axial forces, whereas for a beam element (flexural and 
shear modes), two boundary conditions related to shear forces and moments are considered.  

Different methods have been proposed to replace the soil by spring and dashpot [28-
31]. The spring which represents the stiffness of soil can be horizontal and/or vertical. 
Similarly, both horizontal and vertical dashpot elements have different values. According to 
the charts and tables shown in [29], both the horizontal damping and stiffness at the bottom 
of the soil is 1.5 times larger than the values in the vertical direction (for timber pole material 
properties). In this study, it is considered that the timber has a diameter of 300 mm and an 
embedded length of 2 m. To determine the stiffness and damping values, the density of soil 
is considered as 1,700 kg/m3 and the elastic modulus of soil as 0.25 GPa. It is further found 
that the vertical damping coefficient on the bottom of the pile is almost 20 times larger than 
the value on the surface. However, the aforementioned literatures consider the low frequency 
dynamic stiffness. Ding et al. also used the spring and dashpot system for soil [32] which is 
for the vertical spring (or stiffness). This value is 107 N/m3. The horizontal stiffness is 
considered to be 1.5 times of the vertical stiffness and taken as 1.5×107 N/m3. Similarly, the 
damping coefficient at the bottom of the pole is considered as 105 Ns/m3 and 1.5×105 N/m3 
for the vertical and horizontal directions, respectively. The damping coefficient at the soil 
level are taken as 5×103 Ns/m3 and 7.5×103 N/m3 for the vertical and horizontal directions, 
respectively.  

The pole is modelled with three noded elements. These three nodes are the top of the 
pole, bottom of the pole and the location of the soil level. where the vertical and/or horizontal 
dashpot is set up.  

2.3 Input Signal  

The first step related to the SFEM is to convert the time domain impact data to the frequency 
domain. In this study, the Gaussian signal is used as time domain signal. The Gaussian signal 
P(t) can be expressed as  

𝑃𝑃(𝑡𝑡) =
𝐴𝐴

𝜎𝜎√2𝜋𝜋
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(1) 
where 𝜎𝜎 = standard deviation; 1/𝜎𝜎 gives the frequency range of the spectrum; f = central 
frequency of the input signal; A = constant amplitude; 𝜇𝜇 = mean or the point in the time 
domain where the Gaussian distribution has a maximum value [33]. In this study, the input 
frequency f is taken as 20 kHz and the frequency range as 8 kHz, i.e. 𝜎𝜎 = 1/8000. Also, 𝜇𝜇 = 
4e-3 s and A = 0.004 are considered as values to determine P(t). Fig. 2 illustrates the time 
and frequency domain representation of the excitation signal. 

2.4 Material Properties  

In the cylindrical coordinate (r-θ-z) system, the three elastic moduli in three orthogonal 
directions are denoted as Er, Eθ and Ez, three shear modulus as Gzr, Gzθ and Grθ, and six 
Poisson’s ratios as νrθ, νr, νθz, νzθ, νzr and νrz. The material properties of timber, considering it 
as an orthotropic material, are given in Table 1. The data is selected based on the available 
literature [34]. 

Table 1 Material properties used in the analyses of orthotropic material 
Properties Ez [GPa] Eθ [GPa] Er [GPa] Gzr [GPa] Gzθ [GPa] Grθ [GPa] 

Values 23 1.177 2.665 2.047 1.403 0.483 
Properties νzr νzθ νrθ νθr νrz νθz 

Values 0.35 0.43 0.7 0.309 0.041 0.022 
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Fig. 1. Simplified boundary condition and impact location Fig. 2. Excitation signal 

3 Result and Discussion  

3.1 Frequency Domain  

Fig. 3 displays the phase velocity curves of the anisotropic cylinder using the FSDT and 
compared against the same of the actual orthotropic cylinder obtained using SBFEM. The 
latter part was obtained from a previous study [35]. While the longitudinal mode of the FSDT 
is non-dispersive up to 3.4 kHz, this range drops to 2.5 kHz for the orthotropic material 
modelling. Small dissimilarities can be seen between the flexural mode and the F(1,1) mode. 
Also, the cut-off frequency of the contraction mode is the almost same as the L(0,2) mode; 
and it has the same velocity for both cases until 9 kHz. The cut-off frequency of the 
contraction mode of the FSDT has the same value as its counterpart of the orthotropic 
material which is the L(0,2) mode. Again, the similarities between the L(0,2) mode and the 
contraction mode can be observed up to 9 kHz beyond which the contraction mode becomes 
constant while the L(0,2) mode’s velocity reduces.  

The FSDT cannot interpret the F(1,2) mode of the orthotropic material. Further, the 
shear mode matches well with the F(1,3) mode although the similarity is not very satisfactory. 
The cut-off frequency of the F(1,3) and the shear mode is similar; however, the shear mode 
cannot represent the actual behaviour after 6 kHz. Even though there are minor dissimilarities 
except the shear mode, the FSDT can reflect anisotropic behaviour and therefore can be used 
for the time domain reconstruction. For further information, the group velocity curves for the 
anisotropic cylinder based on the FSDT is presented in Fig. 4. Since the wave packet will be 
propagating with group velocity in the time domain, the group velocity curve is of special 
importance. 

3.2 Time Domain Reconstruction 

For the selected input frequency, the time domain signal is constructed for considering the 
partial embedment of soil. Vertical and horizontal spring and dashpot are used to represent 
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the soil. The time-velocity at four locations are selected to represent the wave propagation 
inside the timber pole, which are at x = 0 m (the bottom of the pole), x = 2 m (the soil level), 
x = 6 m (at mid-point of the pole) and at x =12 m which is the top of the pole where the 
impact is imparted.  

 
Fig. 3. Comparison of phase velocity curve of orthotropic cylinder 

 
Fig. 4. Group velocity curve of orthotropic cylinder based on first order deformation theory 

 Fig. 5 depicts the propagation of wave at the selected locations. From Fig. 4, it is clear 
that the wave velocity of contraction and shear mode at 20 kHz is 5000 m/s while the group 
velocity of longitudinal and flexural wave velocity is approximately 1600 m/s. Due to the 
inclined impact, both flexural and longitudinal modes are present in the excitation. In the 
beginning of the signal, all four modes starts propagating simultaneously. However, due to 
the difference in velocity of different modes, more peaks start to appear. The arrows in Fig. 
5 represents the propagation of wave. And the wave velocity is determined by calculating the 
slope of the arrow which is found to be 5000 m/s. It is observed that the first down-going 
wave (from the impact location to the bottom of the pole) is easy to determine, and hence the 
velocity of the wave group. Nevertheless, after the first reflection, the distortion of the wave 
group can be seen which are possibly due to the mode conversion at the end boundary of the 
pole. The circles illustrates the appearance of multiple peaks, and when second down-going 
wave reach the bottom of the pole, two distinct peaks are seen. The attenuation of the wave 
in the soil can be observed as the reduction of the amplitude.   
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Fig. 5. Time domain reconstruction of wave propagation in orthotropic timber pole  

The distortion of the excitation with respect to time can be further analyse by 
separating the contribution of all four modes to the ultimate output that can be easily obtain 
from SFEM. Fig. 6 to 9 denote the contribution of longitudinal, contraction, flexural and 
shear modes, respectively. From these figures, the wave velocity of different modes can be 
determined along with the mode conversion, if present. 

By comparing Fig. 6 and 7, the wave velocity of both modes are found to be 5000 
m/s. However, according to Fig. 4, the wave velocity of the longitudinal and contraction 
modes are 5000 and 1600 m/s, respectively. It can be assumed by analysing these two modes 
separately that longitudinal to contraction conversion not only occurs at the end boundary 
but from the beginning of the input. From the group velocity curve, the longitudinal wave 
mode velocity is 5000 m/s till 3.4 kHz, after which it drops down to 1600 m/s. Nevertheless, 
the contraction mode start propagating at the same velocity of 5000 m/s from 5 kHz onwards. 
Accordingly, it is possible that the longitudinal mode is propagating constantly at 5000 m/s 
irrespective of the modes related to the longitudinal wave. Therefore, given that higher order 
longitudinal modes (L(0,3), L(0,4)…) are present, the velocity of the longitudinal wave may 
be constant at any frequency with most energy (related to longitudinal wave) concentrated at 
the first longitudinal mode since the amplitude of the contraction mode is much lower (i.e. 
less energy) compared to the same of longitudinal mode. 

From Fig. 8 and 9, similar values of amplitude are observed in flexural and shear 
modes. And wave velocity related to these modes are 1600 and 5000 m/s which match 
accurately with the group velocity curve. Also, mode conversion can be seen in the flexural 
mode upon reflection, and the flexural mode is converted to shear and flexural modes. From 
the slope of the reflected wave, two velocities related to these reflected modes are calculated 
as 5000 and 1600 m/s which are the velocity of the shear and flexural modes, respectively. 
The wave propagation in the shear mode is more complicated than the flexural mode as 
multiple peaks can be observed upon reflection. Again, these peaks are possibly the converted 
shear modes occurred due to the end reflection of the flexural modes. This can be further 
verified by comparing Fig. 8 and 9. The flexural wave reach the end boundary (x = 0) at 
approximately 0.012 s (Fig. 8) where it converted to shear mode which can be seen exactly 
at the same time in Fig. 9. And from that point (0.012 s) the converted shear mode (from 
flexure) and the reflected shear mode propagate simultaneously with the velocity of shear 
mode. Therefore, it can be seen that SFEM can be used to obtain the insight of the wave 
propagation inside timber pole. 

1st down-
going wave 

1st reflected 
wave 

2nd down-
going wave 
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Fig. 6. Contribution of longitudinal mode in the time domain 

 
Fig. 7. Contribution of contraction mode in the time domain 

4. Conclusion  

In this study, the actual condition of timber pole is simulated by considering the partial 
embedment of the pole and the orthotropic behaviour of timber material using SFEM. The 
partial embedment in soil is modelled by spring dashpot system which is seen to be 
representing the soil behaviour for the case of wave propagation in timber pole. An insight 
of the wave propagation within the timber material is investigated and two major phenomena 
are concluded. The first one is that the longitudinal wave propagates with a constant velocity 
within the timber pole irrespective of the presence of higher longitudinal modes. Secondly, 
the flexural wave propagation is more complex due to the mode conversion of flexural mode 
into shear and flexural mode upon reflection at the end boundary. Moreover, the spectrum 
relation of orthotropic material can also be determined using SFEM where notable 
similarities are obverted with the analytical solution. Subsequently, it can be deduced that 
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the SFEM has the potential to represent the analysis of wave propagation within the timber 
pole considering the actual condition. Experimental studies will be conducted in future to 
validate the numerical results attained using SFEM. 

 
Fig. 8. Contribution of flexure mode in the time domain 

 
Fig. 9. Contribution of shear mode in the time domain 
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