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ABSTRACT 
 

 

Long standing in-service utility timber poles require careful health monitoring to 

prevent them from failure and extend their lifecycle. In this work, we are proposing the 

application of ultrasonic guided waves (GWs) for the assessment of the embedded length 

and the health state of western white pine timber pole. The work combined both 

experimental and numerical modeling using COMSOL Multiphysics. 

 

Macro Fiber Composites (MFCs), due to their flexibility and convenience to install 

on curved profiles, were used to actuate and sense guided waves along the tested structures. 

Based on the wave propagation characteristics in these types of structures, an MFC ring 

was designed and developed. The ring is to ensure the excitation of the wave modes of 

interest, i.e. with high sensitivity to the presence of defects, at an enhanced amplitude and 

to reduce the complexity of the captured signals. We have studied the effect of external 

boundary conditions, such as soil embedment, on GW propagation, as well as the 

assessment of the health state of the structure under study. 

 

According to our investigation, the soil had minimum impact on the wave 

propagation characteristics, given that the waves were confined in the timber pole with 

minimal leakage to the surrounding. The embedded length of the pole was determined 

accurately, using both experimental and numerical data, with an error less than 3 %. The 

deterioration in the timber, within the embedded region, was also evaluated and high 

accuracy was obtained in localizing the damage with a maximum error of 7 %.  

 

Based on the obtained results, guided waves have high potential to be used as a 

non-destructive tool for assessment and evaluation of timber utility poles. 
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Chapter 1 Introduction 

1.1. Background 

The use of timber has commenced thousands of years ago and is still being used 

today in numerous applications. Being easy to manufacture and customize, practices vary 

from construction work, transportation applications, equipment and infrastructure. When 

treated properly, timber can act as a substitute for many renowned materials such as steel 

and concrete. The cost of manufacturing, transportation and storage is low compared to 

other materials, in addition to the ability to withstand handling and surface damage due to 

the lightweight and tough properties [1]. However, there are concerns that must be 

considered when using timber. Besides being prone to structural damage from carrying 

loads and connections, wood is subjected to other serious natural decays and damages that 

require careful assessment. Long-standing in-service timber utility poles need further 

efforts to prevent them from failure and extend their lifecycle, which could also save 

millions of dollars on maintenance and replacement costs. Throughout history the 

evaluation of the interior conditions of timber has always been a challenge, where various 

have been considered that vary between destructive (D), semi-destructive (SD) and 

nondestructive (ND). Among all the non-destructive techniques, sonic/ultrasonic stress 

wave propagation is considered the most common where it can provide sufficient 

quantitative and qualitative assessment. 

The conventional non-destructive technique performed on timber utility poles 

corresponds of generating low-frequency stress waves. This technique is based on the 1-

dimensional wave theory where the waves propagate in bulk form and are independent on 
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the frequency of excitation. The condition assessment is mainly based on comparing the 

measured P-wave (bulk wave) velocity (VP) to a reference velocity value for each type of 

timber. On the other hand, guided stress waves which are based on the 3-dimentional wave 

theory, could provide more information about the propagation behavior of stress waves for 

the ND evaluation of timber poles. In this theory, the waves propagate along a certain 

guideline provided by the geometry of the structure, such as growth rings in timber poles, 

are dependent on the excitation frequency and are considered highly dispersive. One of the 

many advantages of guided wave propagation is the ability to control the desired output. 

For instance, when evaluating the health state of a certain structure, modifications to the 

experiment can allow the determination of desired defect sizes [2]. One of these 

modifications can be the wavelength, which is dependent on the excitation frequency and 

velocity of the propagating wave modes. Guided wave (GW) propagation is not yet 

common in structures that have complex shape and properties such as timber. Their 

orthotropic nature forces several challenges for the assessment, in addition to the geometry, 

where the actuation 3-D wave equation becomes difficult to solve and phenomena such as 

dispersion, attenuation and distortion appear to pose great difficulty when analyzing the 

results [2].  

 

1.2. Timber Poles – Applications  

Wooden poles were one of the first primary tools used by ancient people. Being 

easy to manufacture and customize, practices started growing and varied between 

construction work, transportation applications, and equipment. There are important reasons 
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why wooden poles are still being used today in different applications. When treated 

properly, wood can act as a substitute for many renowned materials such as steel and 

concrete. The cost of transportation and storage nowadays is low compared to other 

materials, in addition to the ability to withstand handling and surface damage due to wood’s 

lightweight and tough properties. Also, the machinability of wood is flexible and can 

accommodate to various requirements which eventually widens its applications. 

One of the most famous current applications of timber is 

utility poles. These poles support overhead power lines, electrical 

cables and other utility equipment. The advantage of using wood 

instead of steel or aluminum poles is the electrical conductivity 

where wood is a perfect insulator. Embedding wooden poles into 

the ground is easier than other materials [3], in addition to higher 

efficiency when installing utility accessories and additions.  

Besides utility poles, the oldest and most common application of 

timber poles is in the construction industry. As mentioned earlier, 

wood is easy to manufacture and customize along with a long 

service life of 40 to 80 years depending on the climate conditions. The most important 

feature is that it can be removed and reused for other purposes with low treatment cost and 

time. 

To maintain the health of timber poles and ensure their safety and reliability in any 

application, evaluation practices must be conducted to determine whether damage has 

occurred during the life cycle. In addition to damages, natural defects and decays can occur 

which might affect the overall strength of the pole and must be appropriately treated. 

Figure 1.1 Timber utility poles. 



4 
 

1.3. Decays and Defects in Timber 

Damages can arise in timber during its life cycle in a certain application. However, 

during the process of converting timber from natural to commercial form, several defects 

might occur. The most common production defects are the following [4]: 

• Chip marks created by chip on finished surface of the timber. 

• Diagonal grain due to improper sawing of timber. 

• Torn grain created by tool along cross section. 

• Wane due to presence of additional rounded surface on manufactured timber. 

These defects vary according to the quality and accuracy of the machinery, where 

they can be reduced and manipulated carefully. On the other hand, natural decays present a 

more serious concern since they could greatly affect the overall health. One of the most 

common decays in wood are due to Fungi. The is initial process of decay due to living 

fungi starts by the deposition of spores. These spores can distribute rapidly by wind, water 

or insects, and are able to penetrate the timber in a short period of time [4]. Certain 

conditions must be present for the fungi to grow that include the presence of sufficient 

oxygen, a favorable temperature range, sufficient food supply (wood) and moisture which 

is the most important condition. All these requirements must meet in order for the fungi to 

grow. With respect to the type of fungi present, not all species cause decay in wood. Types 

like molds, stains, spots, patches and soft rot do not cause any damage. However, there are 

types of fungi that seriously damage and weaken wood such as brown and white rot. Brown 

rot degrades the cellulose leaving the lignin as framework which turns wood into brown 

and crumbly as shown in Figure 1.2 (a). On the other hand, white rot feeds on the cellulose, 
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hemi-cellulose and lignin which makes the wood white and stringy [4] as shown in Figure 

1.2 (b). 

 

 
(a) 

 
(b) 

Figure 1.2 (a) Brown and (b) white rots in wooden poles. 

 

Brown and white rots are the most common type of decays that cause structural 

damage to wood and must be treated carefully. The natural resistance to decay is quite 

vulnerable and depends on certain conditions that are variable most of the time. Another 

main type of decay that occurs in wood is due to insects. Insects are considered a major 

threat for wooden species since they can tunnel in and empty the inside of the members for 

food and shelter [4]. The most common types of insects that lead to decay are shown in 

include termites, carpenter ants, powder-post beetles (Lyctus) and caddis flies. Termites are 

pale-colored, soft insects that rapidly feed on food. The dangerous feature of termites is that 

they feed from the inside of the timber and thus the damage is not directly visible. The only 

visible marks are the white mud runways extending from the ground. Carpenter ants are 

large, black ants that eat off galleries in softwood. The ants do not use the wood for food; 

instead they build their galleries in the moist/soft areas of the decayed wood. An indicator 

for their presence is the accumulation sawdust on the ground at the base of the timber 
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structure. Another type of insects that hollow the timber structure are Powder-post  or 

Lyctues Beetles. These insects leave the outer surface pockmarked with small holes and a 

powdey dust as trace where they seek food and shelter from the inside of the timber. 

Bacterial and fungal decay attract another type of insects known as Caddis Flies that can 

also damage timber poles. These insects are aquatic and closely related to moths and 

butterflies. They can dig small holes in wood during the larva and pupa stages where they 

do not feed on timber, but they use it as a foundation for their shelters [4]. 

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 1.3 Various types of insects affecting wood: (a) Termites, (b) Carpenter ants, (c) Lyctus beetles and (d) Caddis flies. 

 

Figure 1.4 shows the decays formed from the different insects that might live on 

timber structures, where it is shown how severe the damages can get which could 

significantly affect the overall health of the structure. 
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Figure 1.4 Decays in wood caused by insects.  
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Chapter 2 Literature Review 

2.1. Overview 

Methods for the evaluation of wooden structures and poles have been frequently 

developing over the past years. Various non-destructive (ND) techniques were established 

to evaluate the conditions of wood while preserving the integrity of the structure. Among 

the various non-destructive techniques for the evaluation of timber (such as radioscopy, 

vibration methods, probing and sounding), sonic/ultrasonic stress wave propagation are 

considered the most common. They can provide sufficient quantitative and qualitative 

assessment of the health state of the structure. The conventional method for generating low 

frequency stress waves occurs by striking one end of the specimen by an instrumented 

hammer [5]. On the other end of the specimen another sensor is mounted that receives the 

propagating stress wave. From the known distance between the devices (input and output) 

the velocity of the stress wave can be calculated which is known as bulk wave. The timber 

specimen can be evaluated by studying the variation of bulk wave velocity compared to a 

reference velocity for sound specimens. This technique was discussed by Dackermann et al. 

where they explained the basic principles of the 1-dimensional (1-D) stress wave technique 

[5]. On the other hand, Subhani [2] mentioned that the 1-dimensional wave theory does not 

provide enough information about the actual propagation behavior of stress waves. For 

instance, the effect of surrounding medium on wave attenuation is not considered in the 1-

D theory, where the effect of soil embedment is important for analyzing the results. Also, 

the 1-D theory interprets the results obtained from impact echo/impulse response tests that 

are limited to low frequencies [6], which forces some constraints when detecting damages 
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in the structure. Additionally, embedded length estimation using 1-D stress waves requires 

the velocity to be known initially (bulk velocity), which is not the case as Subhani [2] 

mentioned where the velocity is actually unknown and dependent on the frequency of 

excitation (dispersive). Therefore, the use of the 3-dimension wave theory could provide 

more information about the propagation behavior of stress waves for the non-destructive 

evaluation of timber poles. Guided wave propagation is not yet common in structures that 

have complex nature and properties such as timber. The orthotropic behavior in timber 

forces several challenges for the assessment. In addition to the geometry, where the actual 

3-D wave equation becomes difficult to solve and phenomena such as dispersion, 

attenuation and distortion appear to pose great difficulty when analyzing results [2]. 

Guided wave propagation has been used for structural health monitoring (SHM) of 

various components with different geometries. Modeling the mechanical wave propagation 

in circular structures was first introduced by J. Pochhammer and C. Chree during the 1800s 

where they explained how to treat the basic wave equation in cylindrical components such 

as steel pipes [7]. After being able to identify the solution of the wave equation, the 

behavior of waves began to be understood widely and used for the assessment of the 

internal conditions. In 1959, Gazis [8] stated the first official/exact solutions to the 

Pochhammer-Chree frequency equation. Also, Seco and Jimenez [7] modeled, in 2012, the 

generation and propagation of ultrasonic signals in cylindrical guidelines and expanded the 

results obtained by Rose [9] in the year 2000. Seco and Jimenez [7] re-identified the 

different types of waves that are present in cylindrical components and created a computer 

program that can solve the wave equation and plot dispersion curves for any excitation 

frequency. 
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In orthotropic material, guided wave propagation exhibits different characteristics 

compared to isotropic material where the properties vary with orientation [7]. Timber has a 

very complicated internal structure and is considered highly dispersive. The solutions of the 

wave equation are not available yet for orthotropic cylinders. Therefore, simplifications to 

the model can be applied where wood can be considered as transversely isotropic. A 

comparison between modeling isotropic and transversely isotropic wood was conducted by 

Subhani and Li [10] that highlight the importance of considering timber as an anisotropic 

medium for guided wave propagation. In addition, Subhani et al. [11] conducted several 

studies on the dispersive nature and behavior of guided waves in timber poles. The authors 

depicted analytically the effect of modulus and Poisson’s ratio on guided waves dispersion 

in transversely isotropic timber. In 2014, Subhani et al. [2] presented a complete study on 

guided wave propagation in cylindrical structures and particularly in utility poles where the 

authors emphasized once again on the importance of modeling timber as a transversely 

isotropic material and compared them to isotropic models. The authors noted that the 

isotropic analysis on timber is important for examining some parametric studies such as the 

effect of temperature and humidity on the dispersion behavior. Subhani et al. [12] also 

demonstrated methods for reducing dispersion effects by analyzing energy velocity curves, 

normalized displacement and the input signal. For instance, the effect of the input signal on 

the dispersive behavior of both flexural and longitudinal wave modes was studied, where 

several cycles were tested and compared. Also, Subhani et al. [12] discussed how 

dispersion and multi-modes can be reduced by creating certain actuator/sensor array 

configurations around the circumference of the pole.  
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Numerical investigations on guided waves in timber poles have been conducted by 

Subhani et al. [13] using the spectral finite element method to determine the embedment 

length of the pile which was also conducted experimentally. The system was modelled 

considering partial embedment of the pole in soil, where the timber exhibits an orthotropic 

behavior. The embedded condition was modeled by a spring-dashpot system where it 

represented the soil behavior in such conditions. Subhani et al. [14] discussed the effect of 

soil in energy leakage, wave attenuation and wave velocity. The authors mentioned that the 

GW theory has not yet been developed for partial embedment, but rather for traction free or 

fully embedded conditions, which makes understanding the effect of soil challenging. 

However, they stated that the velocity of the waves is only affected at low frequencies 

(below 2 kHz), and that attenuation becomes the main feature affected by the soil 

embedment. Additionally, numerical investigations on guided wave propagation in 

embedded timber utility poles using finite element method (FEM) and parametric 

sensitivity analysis were investigated by Yu [15]. Two different finite element methods to 

simulate the timber – soil interaction and the effects they have on guided wave propagation 

were presented. The parametric sensitivity analysis was performed to study the relationship 

between guided wave behavior, excitation location and material properties of the timber 

specimen. Further, Yan et. al. depicted numerically and experimentally the influence of soil 

on stress wave propagation in timber utility poles [16]. 
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2.2. Condition Assessment Using Guided Waves 

When evaluating the integrity of timber utility poles, two parameters are mainly 

examined and correspond of the embedded length of the pole and the presence (position) of 

a damage or decay in the embedded section [8]. Currently, surface non-destructive 

techniques are the most common in timber structures where longitudinal (compressional) 

and flexural (bending) stress waves are used for the evaluation process. These techniques 

include sonic echo (SE) and impulse response (IR) tests, where the embedded length and 

health state of the timber can be evaluated. The main concept behind the sonic echo method 

is the travel time measurement of propagating stress waves. In the impulse response 

method, spectral analysis is performed in the frequency domain for the evaluation process. 

In both methods, longitudinal and flexural waves are induced by an impact hammer and 

measured at a specific location along the timber pole. The time of flight of the wave in SE, 

and the distance between the peaks in the velocity-frequency function in IR, can be used to 

estimate the embedment depth of the pole. The variation in acoustic impedance can also 

provide information about the presence of a decay in the structure [8]. 

Numerical investigations on guided waves in timber poles has been conducted by 

Subhani et al. using the spectral finite element method to determine the embedment length 

of the pile which was also validated experimentally [11]. The system was modelled 

considering partial embedment of the pole in soil, where the timber exhibits an orthotropic 

behavior. The embedded condition was modeled by a spring-dashpot system to account for 

the presence of soil. The determination of embedment length experimentally was also 

performed by Li et al. using wavelet transform [12]. The method applied – Continuous 
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Wavelet Transform CWT – was proven to work efficiently in processing acquired signals 

and identifying reflected wave packets considering complex situations such as impact 

location and the presence of abnormalities in the structure. CWT was also used for 

embedded length determination using flexural waves in [13], where it was compared to the 

SKM (short kernel method). CWT proved to be more consistent and straightforward than 

SKM, leading to 9-17% error compared to 9-23% in SKM when determining the embedded 

length of the timber pole.  

Condition assessment of timber poles can be performed using guided waves where 

the presence of decay or damage can be detected. Various studies on this matter have been 

conducted with the use of machine learning techniques. Dackermann et al. [14] used 

support vector machines (SVM) on a network of tactile transducers that generate guided 

waves in timber poles. Different damage cases were conducted on several timber and 

concrete pole specimens where the SVM was used to generate classification results for 

predicting damage conditions. Other signal processing techniques such as fast Fourier 

transform (FFT) and principal component analysis (PCA) were also used to process data 

from damaged specimens. In another study, Dackermann et al. [15] presented machine 

learning methods for pattern recognition to assess the health condition of timber poles. 

Guided waves were actuated and captured using a multi-sensor array mounted on the pole. 

Damage detection using a hierarchical data fusion algorithm was applied on timber poles in 

[16] with the use of guided waves. Multi-sensor arrays were also used in the model where 

the hierarchical approach lead to an enhanced accuracy when detecting damages in the 

timber pole. 
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2.3. Timber Poles Evaluation – Different Practices 

Like any other element, timber can be prone to degradations and defects 

depending on the application. The overall strength of the structure can be affected in 

addition to the formation of decays from the inside. Therefore, it is crucial to monitor 

timber structures where a variety of different ND methods can be used to assess changes 

that might be occurring. These advanced methods are discussed below. 

 

2.3.1. Visual Inspection 

One of the simplest and first ND methods to be used when assessing timber 

structures is the visual inspection method. Easy-to-detect deficiencies and degradations can 

be noted out using this method, which include external damages, creep, decay, splits, etc. 

[17]. Internal deterioration is often hidden beneath the surface of the structure; however, 

although probing the wood using sharp picks is a bit unpleasant, it enables rapid detection 

of voids and early stages of decay that are not visible on the surface [18]. Nevertheless, 

removal of small samples from the wood structure is important for identifying the wood 

species. This identification is crucial for further stages and methods of inspection because it 

provides important information regarding the internal structure of the wood, such as the 

propagation and orientation of its growth rings. 

 

2.3.2. Resistance Drilling 

Determination of density and the location and extent of voids can be determined 

using this method [17], [18]. Drill resistance is a quasi-nondestructive test because of the 
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small diameter, needle-like hole that remains in the specimen after testing. This hole has 

negligible effects on the structure of the wood and can be sealed after testing [17]. 

Variation in the drilling resistance can indicate the presence and location of internal defects. 

As the small diameter drill is inserted in the structure, a plot of drilling resistance versus 

position is created where the determination of defects and voids along with their position 

becomes relatively easy.  

 

2.3.3. Radioscopy 

Radioscopy involves radiation (X-rays) from a radiographic energy source through 

the section of the element to a recording medium such as film on the other side. From the 

amount of radiation that passes through the object, accurate measurements of the density 

can be found. The object can be radiographed from different orientations thus creating a 

three-dimensional image of the object. This is known as Computed Tomography [17]. Also, 

X-rays are used to study wood degradation due to fungal attack.  

 

2.3.4. Microwave/Ground Penetrating Radar 

Microwave wave inspection methods are based on the propagation of 

electromagnetic waves from antennas or probes at frequencies that range from 300 MHz to 

300 GHz [17]. Two kinds of wave transmission can be employed. The first type includes 

two probes, an emitter and receiver of the electromagnetic waves. The second type (known 

as ground-penetrating radar) includes only one probe or antenna which acts as both the 

emitter and receiver (energy is reflected from a surface). This method is most commonly 
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used for the determination of the density of wood specimens and can be used along with 

stress wave methods.  

 

2.3.5. Vibration Methods 

This nondestructive technique is beneficial for determining the modulus of 

elasticity (MOE) of timber specimens. Vibrational analysis can be done on a single member 

where the elasticity can be measured, along with detection of damages [17]. However, 

vibratory motion for damage detection has only been applied on metallic beams but may 

also be applied on timber beams. Mode shapes are recorded for the tested specimens and 

the extent of damage can be determined. 

 

2.4. One-dimensional (1D) Wave Theory 

The most common technique for the evaluation of timber specimens is using sonic 

or ultrasonic stress waves. The conventional method for generating a low frequency stress 

or sound wave is by striking one end of the tested specimen by either a normal or 

instrumented hammer. Upon striking the hammer, a start signal enables a timer. On the 

other end of the specimen another sensor is mounted directly opposite to the impact sensor 

that receives the propagating stress wave and sends a stop signal to the timer [5]. From the 

known distance between the sensors and the measured time of propagation of the stress 

wave, the velocity of the stress wave can be calculated. The velocity of propagation of 

stress waves in timber varies relative to several reasons. For instance, sound wood for a 

certain species has a known stress wave velocity (bulk velocity) and can be used as a 
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reference to compare and test other specimens for defects. If a defect or decay exists, the 

velocity of the wave becomes different than the reference velocity and observation/analysis 

of the waves become very crucial. 

Ultrasonic stress waves are high frequency (>20,000 Hz) waves that are above the 

audible range. The same concept of the conventional stress wave method is used where the 

wave propagates through the timber structure and the TOF is measured [5]. Stress waves 

measurements are used for screening the condition of the wood structure and to estimate 

the modulus of elasticity (MOE) [18]. Defects such as knots, decay in wood members, and 

slope of grains can be detected using this method [17]. On the other hand, conventional 

ultrasonic inspection of wood can have several drawbacks and difficulties that include the 

dependence of the one-dimensional wave theory which might lead to accurate evaluation, 

effective ultrasonic coupling between transducers and the wood surface and limitations on 

structural dimensions. [17]. Further discussion of this method is listed in the subsequent 

section. 

Several non-destructive techniques are based on the one-dimensional wave theory 

which is based on kinematics of deformation. Waves are described as plane waves in a 

string with an infinite space of propagation, where the solution to the wave equation does 

not consider Poisson’s effect (lateral deformation) [2]. The wave behavior is solely 

dependent on the initial conditions, where the boundary conditions can affect the wave’s 

amplitude only and not the wave’s velocity. A wave propagating in the x-direction has the 

following displacement equation: 

𝜕2𝑢

𝜕𝑡2
= 𝐶2

𝜕2𝑢

𝜕𝑥2
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Where u is the displacement and C is the wave velocity [19]. In this system, the wave 

velocity is considered constant through the whole media and can be defined from the above 

equation by bulk longitudinal (Cl) and bulk shear (Cs) velocities as follows: 

𝐶𝑙 = √
𝐸

𝜌
   and 𝐶𝑠 = √

𝐺

𝜌
 

Where E is young’s modulus of elasticity, G is the shear modulus, and 𝜌 is the mass density 

of the structure. Another assumption that uses the 1D wave theory is the flexural or bending 

wave propagation, which has good accuracy in low frequency domains [2]. Pure bending is 

considered due to Bernoulli-Euler beam theory, where motion in the vertical direction for a 

homogeneous media becomes as follows: 

𝜕4𝑦

𝜕𝑥4
+
𝜌𝐴

𝐸𝐼

𝜕2𝑦

𝜕𝑡2
= 0  

Where E is the young’s modulus of elasticity, A is the cross-sectional area and I is the 

moment of inertia [20]. The flexural wave velocity from the above equation can be seen to 

increase as the wave frequency increases and is described as follows: 

𝐶𝑓 = √𝑎𝜔  and 𝑎 = √
𝐸𝐼

𝜌𝐴
 

Where 𝜔 is the angular frequency. 

 

2.4.1. 1-D Wave Theory Based Non-destructive Testing 

As mentioned earlier, several NDT are based on stress waves propagation for 

damage detection and structural assessment. The generated waves vary with the geometry 

of the structure used. For instance, when working with timber with circular cross sections, 
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three types of waves can be generated that include torsional, flexural and longitudinal stress 

waves. The most common types generated are the flexural and longitudinal stress waves 

which are the easiest to generate and control [2]. This generation can be controlled by the 

impact location on the structure. If the top cross-sectional area of the pole is impacted, then 

longitudinal stress waves are generated. However, flexural stress waves are generated when 

the side section of the pole is impacted. 

When evaluating the integrity of a structure using stress waves, two parameters are 

mainly determined that are the length (could be the embedded length of the wooden pole) 

and the position of the damage or decay [2]. For surface non-destructive techniques which 

are the most common, different types of tests can be carried that can either generate 

longitudinal (compressional) or flexural (bending) stress waves. Sonic Echo (SE) and 

Impulse Response (IR) tests are used for the evaluation of timber poles and for estimated 

the embedded length. As mentioned by Subhani [2], these methods can also detect defects, 

soil inclusions, necking, and diameter bubbling. The main concept behind the Sonic Echo 

method is the travel time measurement of propagating stress waves. The Impulse Response 

method use spectral analysis for interpretation in the frequency domain [2]. In both 

methods (SE/IR), longitudinal wave reflections are measured where the stress waves are 

induced by an impulse hammer that travels across the pole until it experiences a change in 

acoustic impedance. This is where the wave is reflected back to a sensor/receiver and the 

time of flight of the wave is measured. The depth of a foundation can be estimated from the 

SE data by measuring the time difference between two reflection events as shown in the 

equation below [2]: 
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𝐿 =  𝐶𝑙
∆𝑡

2
 

Where L is the reflector depth and 𝐶𝑙 is the longitudinal wave velocity. As for the IR tests, 

the data extracted can be used to estimate depth from the following equation: 

𝐿 =
𝐶𝑙
2∆𝑓

 

Where ∆𝑓 is the distance between two peaks from the velocity-frequency function. In both 

methods (SE/IR) that rely on the one-dimensional stress wave theory, the velocity is 

assumed to be constant without any variation across the length of pole and is used to 

calculate the length. A complete study and experimental procedure by Dackermann [2] are 

presented in the next section that rely on the time-of-flight method for the evaluation of 

timber poles. 

 

2.4.2. In-situ Assessment of Timber Poles – Ultrasonic Stress Waves 

Ultrasonic stress waves are useful to determine properties of a certain element, and 

by measuring the time-of-flight (TOF) additional information regarding decays and 

degradations can be provided along with the length estimation of the structure. In this 

section, basic principles of this ND method are discussed along with different assessment 

procedures, equipment and application on timber structures. 

 

a) Basic Principles 

Creating stress waves in timber structures by exciting a sensor on one end of the 

structure can provide crucial information relative to the interior state of the timber. Stress 
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waves propagate through the cross-section (or any other orientation depends on the position 

of the sensor) where the velocity of the wave is determined. In general, there is a reference 

stress wave velocity for each specific type of sound wood. This reference can be compared 

with measured velocities (in situ) to determine whether voids or defects are present. Stress 

waves propagate rapidly in dense, solid materials such as perfectly sound wood, while 

voids or cracks however divert stress waves and thus lead to a longer time of 

propagation[5]. The propagation of stress waves in timber is affected by various conditions 

such as the type of species, moisture content and the orientation of growth rings relative to 

the orientation of the impact [5]. When one end is excited, a stress wave is generated across 

the whole section where the sensor is mounted. Longitudinal stress waves are generated 

when the wave passes through the whole length of the timber specimen. The transverse 

waves whatsoever are generated when the wave passes across the cross section of the 

specimen. When measuring stress waves to assess a timber structure with a certain cross 

section, important parameters can affect the wave’s propagation and must be taken into 

consideration. In order to avoid anisotropy in transmission of the waves, one should find 

the appropriate orientation of the stress waves and thus determine how to mount the sensors 

on the structure accordingly. For instance, in case of transverse measurements on circular 

or rectangular timber cross sections where the growth rings are known and diagonally 

oriented, sensor’s placement should occur all around the circumference to create a good 

acquisition scheme. However, if the growth rings position is unknown, sensors should be 

placed on opposite sides of the cross section only [21]. On the other hand, in case of 

longitudinal measurements one should avoid wave-transmission along the fibers instead of 

across the fibers, and thus the maximal inclination theory of the linear path of the wave 
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should be considered [22]. Velocities can be monitored and measured from an oscilloscope 

where the signals should be properly filtered [23]. Cross-sectional imaging of timber 

structures can be created using ultrasonic tomography. Sensors placed at different positions 

along the circular cross-section of the specimen (Figure 2.1) measure the TOF and from the 

distance between the sensors, velocities can be calculated and thus images of the velocity 

distribution along the specimen’s section can be created [5]. After creating the velocity 

profile of the cross section, various processing and interpretation techniques can be applied 

to build a well-suited tomographic report. 

 

    
Figure 2.1 Sensor placement around the cross section of a specimen [5]. 

 

 

b) Quantitative & Qualitative Assessment 

Evaluation of measured stress wave velocities is related to the amount of decay 

present between the two sensors through the relative difference between measured and 

reference velocity [5]. The relative decrease of stress wave velocity is determined by: 
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∆𝑉𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 =
𝑉𝑟𝑒𝑓 − 𝑉𝑚𝑒𝑠

𝑉𝑟𝑒𝑓
× 100 

The relationship between the relative velocity decrease and the area of decay (in %) are 

found in tabulated forms and can be used to evaluate the decrease in the overall strength of 

the timber structure. Nevertheless, stress wave measurements can be used to estimate the 

dynamic modulus of elasticity (MOEd) and can be derived from the one-dimensional wave 

theory [5]: 

𝑀𝑂𝐸𝑑 = 𝑉
2𝜌 

Where V is the velocity of the propagating stress wave and ⍴ is the mass density of the 

timber structure. The mass density of a certain specimen can be estimated by taking 

multiple samples from the specimen and performing resistance drilling on them. Several 

methods of in situ assessment of timber structures can be applied before performing stress 

waves measurements. Assessment of material and mechanical properties, timber density, 

stiffness and stress wave timing can be performed for a complete evaluation of the 

structure’s conditions. 

 

c) In-situ Pre-Assessment 

Important parameters must be determined before proceeding with any kind of 

timber evaluation. In our project, ultrasonic stress wave assessment on timber requires 

different inputs, where we will call them pre-assessed parameters. For instance, in order to 

determine the dynamic modulus of elasticity (MOE)d, one has to find the density of the 

specimen where the mechanical performance can also be directly related. Portable X-ray 

techniques are available in order to determine the density, as well as to assess the internal 
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conditions of the specimen to a certain extent [24]. Mechanical properties are also crucial 

for the assessment of timber where the ductility, hardness and strength can be evaluated 

using NDT that will be mentioned in this section. 

 

d) Radiographic Imaging – Wood Density & Mechanical Properties 

One of the most efficient and appropriate methods of evaluating the in-situ density 

of wood is the density calibration procedure using X-ray equipment. The determination of 

the elastic modulus highly depends on the speed of propagation of the stress wave but is 

also dependent on the density of the material and the moisture content present. That is why 

the accuracy of assessing the mechanical properties of a material depends on the accuracy 

of measuring the pre-assessed parameters such as the density. Additional analysis can be 

applied using semi-destructive techniques – such as resistance drilling – to verify the 

obtained density value but depends on each case of study. 

Quantitative assessment of different components can be done by the application of 

digital imaging processing (digital radiography or X-ray). The short-wavelength rays can 

be used to determine important characteristics of the structure. For example, the penetration 

of an X-ray is the intensity projection on the image plate, and is affected by the following 

[24]: 

 

• Type of material & material characteristics 

• Material composition 

• Density of the material 

• Porosity of the material & it’s moisture inclusion 
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• Attenuation factor (μ) 

• Penetration thickness of the X-rayed object 

 

 

Figure 2.2 X-ray configuration on fixed specimens. 

 

The obtained image can be sorted in a matrix formed and processed in 

MATLAB’s image processing toolbox or LABVIEW’s vision & image processing unit. 

The below schematic shows the concept of radiographic imaging on fixed components. 

Since wood is a highly anisotropic material, its characteristics vary between different 

directions (longitudinal, transverse, radial, etc.) and mainly depend on the wood species, 

moisture content, natural growth defects and the type of structure [24]. The static elastic 

modulus (MOE)s can be estimated from the dynamic elastic modulus (MOE)d discussed 

earlier using specific correlations that depend on the material itself. 

 

e) Assessment of Decays using Stress Wave Timing 

Velocity profiles help indicate the presence of decays and defects in timber 

structures, however in order to properly understand these profiles, decays should be 
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investigated properly. One should understand the reason why stress waves get affected by 

decays, and how does the geometric orientation of a defect or decay affect the measurement 

as well. A guide for the assessment of decays in standing trees and timber structures is 

available for complete analysis and information on velocity measurements, commercial 

equipment and usage, references and considerations, and tomographic imaging [22], [24]. 

A 2-d tomogram can be created from the velocities calculated by the sensors 

mounted on the specimen where colored lines indicated stress waves’ speeds and are used 

to reconstruct and display internal conditions [5]. Figure 2.3 shows a 2-d tomogram of a 

timber specimen where red lines are an indication of unusual stress wave velocities that 

might indicate deteriorations, and green lines indicate sound velocities (normal) and intact 

internal areas.  

 

 

Figure 2.3 Two-dimensional tomogram of a timber post [5]. 

 

The velocity distribution over square pixels (tomography) depends on the 

geometric arrangement of the sensors mounted. The minimum size of detectable decays or 
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defects strongly depends on the frequency used and resolution of the tomography [5]. This 

resolution is determined as: 

𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑅 = (
𝑑 × 𝑉

4𝑓
)

1
2
 

Where d is the distance between transmitting and receiving point, V is the velocity and f is 

the signal dominant frequency. Shorter wavelengths allow the determination of smaller 

features, however there is a limit for short wavelengths that should be taken into account. 

Therefore, one should determine a compromise between resolution and attenuation by 

choosing an appropriate frequency [23]. Proper analysis should be applied on the acquired 

signal and the signal-to-noise ratio at a later stage. An assumption that stress waves 

propagate in a linear straight direction (or in bent rays) is taken when constructing 2-d 

tomograms. Iterative inversion algorithms and direct inversion algorithms can be also used 

for tomographic reconstruction. Several software are available for the construction of these 

graphs, and some of them are specifically available for timber structures and trees [5]. For 

interpretation of results, different analysis techniques can be applied to tomograms such as 

image processing and histogram equalization techniques, which can highlight 

heterogeneities and adjust the image’s global contrast. Good approximation of tight knots’ 

position and direction can be estimated using this method. However, this technique is only 

qualitative, and does not provide quantitative assessment for the internal structure and state 

of the inspected specimens. Coupling with other techniques is very useful for estimating 

properties of the inspected element, such as resistance drilling. On the other hand, 

ultrasonic tomography can be adopted as a large scale global evaluation method for decay 

detection and assessment, to be followed by further investigation in specific areas [5]. 
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A series of connected sensors attached across the cross-section of the timber 

specimen can create a 2-D tomography as mentioned earlier. The number of sensors 

attached is limited to the diameter size of the specimen and does not have a certain rule for 

placement. The equipment required for stress wave TOF measurements consists of the 

following [5]: 

• Oscilloscope (visualization & data analysis) 

• Function generator, with a given pulse repetition frequency 

• Timer, which controls both the trigger of the generator and the counter 

• Signal amplifier 

• Signal filter 

• Piezoelectric transducers for emitting high frequency signals (50 – 100 kHz) 

• Piezoelectric transducers for receiving signals 

• Preamplifiers which are required in most applications on wood, because of the high 

attenuation of the transmitted waves in the material, especially in the case of thick 

elements 

• Multi-channel device to speed up measurements for tomographic data acquisition  

The following table presents a brief comparison between Ultrasonic and Sonic time-of-

flight measurement methods. The decision between choosing one of the methods is based 

on the size of the timber specimen to be tested, and the defect size of interest. 
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Sonic Measurements Ultrasonic Measurements 

Low frequency stress waves 

(audible) 

High frequency stress waves 

(>20kHz) 

Can travel large distances (large 

wavelength) 

Can travel short distances (short 

wavelength) 

Better determination of average 

material properties 

Greater ability to detect smaller 

voids and defects 

Suitable for timber depth > 89 mm Suitable for small size timber 

specimens 

Table 2.1 Sonic vs. ultrasonic Measurements. 

 

2.4.3. Limitations of One-Dimensional Stress Wave Based NDT 

Non-destructive techniques based on the one-dimensional stress wave theory 

might not provide sufficient information regarding the integrity of the structure tested. As 

mentioned earlier, the 1D theory considers wave propagation in an infinite media without 

any boundary conditions. Therefore, the velocity of the wave becomes constant across the 

pole and can be used to estimate the length or embedded length. As mentioned by Wang 

[25], at low frequencies the longitudinal wave velocity and attenuation is almost constant 

for poles with large diameters, which makes the tests that use this theory accurate to a 

certain extent. As for tests based on the bending wave theory, flexural waves in nature are 

highly dispersive where the velocity increases with frequency increase which limits the 

practice of this method to low frequency ranges only. 

Surface non-destructive testing methods cannot be used as a precise indicator for 

the evaluation of a certain structure due to the lack of understanding of the actual wave 

behavior.  However, in the case of the guided wave theory boundary conditions are present 

for solving the wave equation where the velocity of the wave becomes a function of the 
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frequency of excitation. As well as the displacement function which varies as the wave 

propagates through the pole [2]. This provides a better understanding of how the wave is 

propagating, where the evaluation process becomes much more accurate and precise.  

 

2.5. Three-dimensional (3D) Guided Wave Theory in Cylindrical 

Structures 

The Pochhammer-Chree theory provides a numerical solution to the behavior of 

cylindrical waveguides, in addition to tracing the frequency-wavenumber curves, mode 

shapes, and modal analysis [26]. Determining the propagating wave modes from dispersion 

curves (frequency-wavenumber curves) and studying mode shapes is crucial for the 

assessment of the overall health condition of a structure. Therefore, every structure must be 

modeled and solved numerically to account for the shape/geometry and boundary 

conditions to achieve an accurate solution. 

In the case of timber poles with circular cross section, the wave equation must be 

solved considering two main properties, circumferential guided waves (cylindrical) and 

guided waves in anisotropic media. In literature, wave propagation solution in anisotropic 

media is divided into solid and hollow cylinders. Research on hollow cylinders such as 

pipes and shafts is more common than solid and multilayered ones. However, the solutions 

of the wave equation in any cylindrical material are directly found using potentials and 

separation of variables, resulting in the general form of the displacement vector (u) and 

stress tensor (σ) described as the following [26]: 

𝑢(𝑟, 𝜃, 𝑧) = 𝑢′(𝑟, 𝜃)𝑒𝑗𝑘𝑧 = 𝑢(𝑟)𝑒𝑗𝑚𝜃𝑒𝑗𝑘𝑧         𝜎(𝑟, 𝜃, 𝑧) =  𝜎′(𝑟, 𝜃)𝑒𝑗𝑘𝑧 =  𝜎(𝑟)𝑒𝑗𝑚𝜃𝑒𝑗𝑘𝑧 
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where, 

- (r,θ,z) are the polar coordinates of the cylinder. 

- (er,eθ,ez) are the unit vectors. 

- e-jwt is the harmonic time variation.  

- k is the wavenumber. 

The solution of the wave equation is classified in a family of modes according 

their symmetry properties [26] and are divided into Torsional modes T(n,m), Longitudinal 

modes L(n,m) and Flexural modes F(n,m) where n is the circumferential order (0 for 

torsional and longitudinal,  ≥1 for flexural modes) and m is the second index used to order 

them. The following table summarizes the three major modes in cylindrical structures with 

their displacement components. 

 

Mode Coefficient Displacement Component Stress Component 

𝑇𝑜𝑟𝑠𝑖𝑜𝑛𝑎𝑙 𝑆𝐻± 𝑢𝜃 𝜎𝜃𝑧, 𝜎𝑟𝜃 

𝐿𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙 𝐿±, 𝑆𝑉± 𝑢𝑟, 𝑢𝑧 𝜎𝑟𝑟, 𝜎𝜃𝜃, 𝜎𝑧𝑧, 𝜎𝑟𝑧 

𝐹𝑙𝑒𝑥𝑢𝑟𝑎𝑙 𝐿±, 𝑆𝑉±, 𝑆𝐻± 𝑢𝑟, 𝑢𝑧, 𝑢𝜃 𝜎𝑟𝑟 , 𝜎𝜃𝜃, 𝜎𝑧𝑧, 𝜎𝑟𝑧, 𝜎𝜃𝑧, 𝜎𝑟𝜃 

Table 2.2 Characteristics of the three modes in cylindrical components [26]. 

 

Where L, SV, and SH correspond to longitudinal, shear vertical and shear horizontal 

deformation components. The + and – terms correspond to perturbations propagating in the 

direction of increasing and decreasing radius [26]. 

In orthotropic material, guided wave propagation exhibits different characteristics 

compared to isotropic material where material properties vary with orientation [10]. Timber 
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has a very complicated internal structure and is considered highly dispersive. The solutions 

of the wave equation are not available yet for orthotropic cylinders due to the complexity of 

guided waves. Therefore, simplifications to the model can be applied where wood can be 

considered as transversely isotropic instead of orthotropic. However, wood cannot be 

modeled as an isotropic material due to the deviation of the results from the actual ones. A 

comparison between modeling isotropic and transversely isotropic wood is conducted by 

Subhani and Li [10] that highlight the importance of considering timber as an anisotropic 

medium for guided wave propagation. 

 

2.5.1. Guided Wave Behavior in Isotropic Cylindrical Structures 

As mentioned earlier, guided waves in a finite medium are affected by the 

geometry and boundary conditions present. The velocity becomes a function of frequency 

and is defined by the phase velocity and group velocity. As notes by Subhani [2] the 

equation that governs guided wave propagation can be expressed by the Navier-Stokes 

equation. From Hook’s law it is given that: 

[𝜎] = [𝐶][𝜀] 

Where 𝜎 is the stress matrix, C is the stiffness matrix and 𝜀 is the strain matrix. The elastic 

components in an isotropic model depend on two independent constants where the stiffness 

matrix is shown below:  
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[𝐶] =

[
 
 
 
 
 
 
 
 
𝐶11 𝐶12 𝐶12 0 0 0
𝐶12 𝐶11 𝐶12 0 0 0
𝐶12 𝐶12 𝐶11 0 0 0

0 0 0
𝐶11 − 𝐶12

2
0 0

0 0 0 0
𝐶11 − 𝐶12

2
0

0 0 0 0 0
𝐶11 − 𝐶12

2 ]
 
 
 
 
 
 
 
 

 

 

Where 𝐶11 =
𝐸(1−𝑣)

(1+𝑣)(1−2𝑣)
  and 𝐶12 =

𝐸𝑣

(1+𝑣)(1−2𝑣)
 [2]. The solution of guided wave 

propagation in isotropic cylinders can be found in [20], [25], and [27] where they presented 

the solutions for different boundary conditions considering traction-free and embedded 

cylinders. From the GW solutions, important parameters such as the displacement field, 

dispersion relation and modes shapes can be determined and are presented in the following 

sections. 

The wave equation is solved for the angular frequency (𝜔) and wavenumber (ξ). The 

dispersion relation is derived from the relation between the real part of the wavenumber and 

input frequency. This relation was first derived by Pochhammer and Chree for longitudinal 

wave propagation. In traction free isotropic cylinders, the relation is described as follows 

[2]: 

 

2𝛼

𝑎
(𝛽2 + 𝜉2)𝐽1(𝑎𝛼)𝐽1(𝛽𝑎) − (𝛽

2 − 𝜉2)2𝐽0(𝑎𝛼)𝐽1(𝛽𝑎) − 4𝜉
2𝛼𝛽𝐽1(𝛼𝑎)𝐽0(𝛽𝑎) = 0 
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|

|
[
𝜆

2µ
(𝛼2 +  𝜉2)𝑎2 + (𝛼2𝑎2 − 𝑝2)] 𝐽𝑝(𝛼𝑎) +  𝛼𝑎𝐽𝑝

′ (𝛼𝑎) (𝛽2𝑎2 − 𝑝2)𝐽𝑝(𝛽𝑎) + 𝛽𝑎𝐽𝑝
′ (𝛽𝑎) 2𝑝[𝛽𝑎𝐽𝑝

′ (𝛽𝑎) − 𝐽𝑝(𝛽𝑎)]

𝑝[𝛼𝑎𝐽𝑝
′ (𝛼𝑎) − 𝐽𝑝(𝛼𝑎) 𝑝[𝛽𝑎𝐽𝑝

′ (𝛽𝑎) − 𝐽𝑝(𝛽𝑎)] −(2𝑝2 − 𝛽2𝛼2)𝐽𝑝(𝛼𝑎) + 2𝛽𝑎𝐽𝑝
′ (𝛼𝑎)

−𝛼𝑎𝐽𝑝
′ (𝛼𝑎) −(

 𝜉2 − 𝛽2

2 𝜉2
)𝛽𝑎𝐽𝑝

′ (𝛽𝑎) 𝑝𝐽𝑝(𝛽𝑎)

 
|

|

= 0 

𝛼2 + 𝜉
2
=
𝜔2

𝐶𝑙
2  

𝛽2 + 𝜉
2
=
𝜔2

𝐶𝑠
2
 

Where a is the cylinder radius, 𝛼 is the wavenumber for longitudinal waves, 𝛽 is the wave 

number for shear waves, ξ is the wavenumber in the direction of propagation, J is the 

Bessel’s function, and p is the cylinder’s circumferential order. As mentioned earlier, the 

circumferential order p for longitudinal waves is zero, as for flexural waves it is greater 

than zero. The dispersion relation, also known as characteristic equation or frequency 

equation [2]. The solutions to this equation can be both real and imaginary, where the real 

roots represent the propagating branches of the present mode at the input frequency. It was 

previously stated that for cylindrical structures there are three main propagating wave 

modes that vary from torsional, longitudinal and flexural wave modes. Subhani mentioned 

that at each frequency the propagating branches have two types of velocities. The phase 

velocity which corresponds to the propagation of a constant phase, and the group velocity 

that indicated the energy of the wave propagating. These velocities are described in the 

following equations [2]: 

𝑉𝑝ℎ =
𝜔

𝑅𝑒(𝜉)
 

𝑉𝑔𝑟 =
𝑑𝜔

𝑅𝑒(𝑑𝜉)
 



35 
 

As the velocity changes over the frequency range, the degree of dispersion becomes larger 

where at the same frequency the number of branches present increases. Frequency-

wavenumber or dispersion curves can be traced from the numerical solution of the wave 

equation, and several computer software are available for this purpose. However, there are 

only two programs that model guided wave propagation for cylindrical geometries and are 

known to be DISPERSE and PCDISP. PCDISP is a MATLAB based program that solves 

the wave equation for single-layered and multi-layered cylindrical rods and traces phase 

and group velocity curves at different frequencies. However, only isotropic material can be 

modeled using this program. Below are the phase and group velocity curves generated 

using PCDISP for a multilayered cylinder with properties similar to that of wood. The 

propagating wave modes are indicated in Figure 2.4 which include flexural (a) and 

longitudinal wave modes (b). 

 

 

(a) 

 

(b) 

Figure 2.4 Dispersion curves for isotropic multilayered wood: (a) Phase and (b) Group velocity vs. frequency plots. 
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The displacement components for guided waves in polar coordinate systems considering an 

isotropic model are described as follows [2]:  

𝑢𝑟 = [𝐴1 ∝ 𝑍
′
𝑃(∝ 𝑟) − 𝐴4𝜉𝑍

′
𝑃(𝛽𝑟) + 𝐴6 (

𝑝

𝑟
)𝑍𝑝(𝛽𝑟)] 𝑐𝑜𝑠𝑝𝜃𝑒

𝑖(𝜉𝑧−𝑤𝑡) 

𝑢𝜃 = [−𝐴1 (
𝑝

𝑟
)𝑍𝑃(∝ 𝑟) + 𝐴4 (

𝑝𝜉

𝛽𝑟
)𝑍𝑃(𝛽𝑟) − 𝐴6𝛽𝑍

′
𝑝(𝛽𝑟)] 𝑠𝑖𝑛𝑝𝜃𝑒

𝑖(𝜉𝑧−𝑤𝑡) 

 𝑢𝑧 = [−𝐴1𝜉𝑍𝑃(∝ 𝑟) − 𝐴4𝛽𝑍𝑃(𝛽𝑟)]𝑐𝑜𝑠𝑝𝜃𝑒
𝑖(𝜉𝑧−𝑤𝑡) 

Where, ur,uθ,uz are the displacement components along radial, tangential and longitudinal 

direction. Z is the Bessel function. A1, A4 and A6 are undetermined coefficients where A1 

represents stretch (longitudinal effect) and A4 and A6 represent shear effect [10]. It is 

shown from the above equations that for p = 0 only longitudinal components are present (ur 

, uz). Whereas for p = 1, all three components are present which indicates the present of 

flexural waves.  

When using guided waves propagation in SHM it is crucial to determine and 

separate the propagating waves in the structure. When impact is made longitudinally 

(eccentric or with an angle) both longitudinal and flexural wave can be generated. Also, it 

is clear from the above equations that longitudinal waves are not affected by the impact 

angle θ [10]. The displacement field can be used to separate between the waves, since 

longitudinal waves are considered to be symmetric whereas flexural waves are 

antisymmetric. 

 



37 
 

2.5.2. Guided Wave Behavior in Transversely Isotropic Cylindrical Structures 

Guided wave propagation differs between isotropic and transversely isotropic 

material, especially relative to the cut-off frequency of higher branches. This frequency is 

lower in transversely isotropic than the isotropic model [10]. Several factors are present 

when solving the wave equation that favor the transversely isotropic model. Some of these 

factors are fiber orientation in the timber pole, boundary conditions, and difference in 

material properties along cross section (latewood/earlywood) where a different density and 

modulus of elasticity must be considered. The stress strain relationship for anisotropic 

media are defined by the compliance matrix [S] as follows: 

[𝜀] = [𝑆][𝜎] 

For transversely isotropic material the compliance matrix is defined by: 

[𝑆] =

[
 
 
 
 
 
 
 
 
 
 
 
 
 
1

𝐸𝑟

𝑣𝜃𝑟
𝐸𝜃

𝑣𝑧𝑟
𝐸𝑍

0 0 0

𝑣𝑟𝜃
𝐸𝑟

1

𝐸𝜃

𝑣𝑧𝜃
𝐸𝑍

0 0 0

𝑣𝑟𝑧
𝐸𝑟

𝑣𝜃𝑧
𝐸𝜃

1

𝐸𝑧
0 0 0

0 0 0
1

𝐺𝜃𝑍
0 0

0 0 0 0
1

𝐺𝑟𝑧
0

0 0 0 0 0
1

𝐺𝑟𝜃]
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

If the plane of isotropy is the 𝑟 − 𝜃 plane then 𝑣𝜃𝑟 = 𝑣𝑟𝜃,  𝑣𝑟𝑧 = 𝑣𝑧𝑟, 𝑣𝑧𝜃 = 𝑣𝜃𝑧. In the 

case of timber, when considering a transversely isotropic model it is crucial to choose 5 
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elastic constrains available from literation or from semi-destructive testing to be able to 

generate the appropriate dispersion curves for analysis. For a wave propagating in the 

longitudinal direction of the cylinder (z-axis), the characteristic equation for a transversely 

isotropic cylinder is shown below [2]: 

 

𝑠4(𝑠2 + 𝜉2)(𝐶11𝐶44𝑠
4 −  𝜍𝑠2 +  𝜁) ((

𝐶11−𝐶12

2
) 𝑆2 −  𝜌𝜔2 + 𝜉2) = 0, 

 

𝜍 = (𝐶13 + 𝐶44)
2𝜉2 + 𝐶11(𝜌𝜔

2 − 𝐶33𝜉
2) + 𝐶44(𝜌𝜔

2 − 𝐶44𝜉
2), 

 

𝜁 = ( 𝜌𝜔2 − 𝐶44𝜉
2)(𝜌𝜔2 − 𝐶33𝜉

2) 

 

The solution to the above equation was described by Honarvar [28] as follows: 

𝑠1
2 =

𝜍 − √𝜍2 − 4𝐶11𝐶44𝜁

2𝐶11𝐶44
 

𝑠2
2 =

𝜍 + √𝜍2 − 4𝐶11𝐶44𝜁

2𝐶11𝐶44
 

𝑠3
2 =

2(𝜌𝜔2 − 𝐶44𝜉
2)

2𝐶11𝐶44
 

The same velocity relations presented in the previous section can be derived from the above 

solutions. As mentioned earlier, the programs that can generate dispersion curves for 

orthotropic or transversely isotropic materials are limited. DISPERSE is one of those 

programs that has the capability to calculary dispersion curves for cylindrical geometries 

with a multilayered structure. The layers can be modeled as either elastic, damped isotropic, 
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or anisotropic solid, which makes it a great solution for modeling guided waves in timber 

poles. For a transversely isotropic cylinder the displacement fields are shown as follows 

[2]: 

𝑢𝑟

=

{
 
 

 
 𝐴𝑝 [(𝑠1

𝑝

𝑟
+ 𝑖𝜉𝑎𝑠1

𝑝

𝑟
𝑞1) 𝐽𝑝(𝑠1𝑟) + (−𝑠1 − 𝑖𝜉𝑎𝑞1𝑠1)𝐽𝑝+1(𝑠1𝑟)]

+𝐵𝑝 [(𝑠2
𝑝

𝑟
𝑞2 + 𝑖𝜉𝑎𝑠2

𝑝

𝑟
) 𝐽𝑝(𝑠2𝑟) + (−𝑠2𝑞2 −  𝑖𝜉𝑎𝑠2)𝐽𝑝+1(𝑠2𝑟)]

+𝐶𝑝 [(
𝑝

𝑟
) 𝐽𝑝(𝑠3𝑟)] }

 
 

 
 

cos(𝑝𝜃) 𝑒𝑖(𝜉𝑧−𝜔𝑡) 

 

𝑢𝑧 = {
𝐴𝑝[(𝑖𝜉 + 𝑎𝑞1𝑠1

2)(𝑠1𝑟)]

+𝐵𝑝[( 𝑖𝜉𝑞2 + 𝑎𝑠2
2)𝐽𝑝(𝑠2𝑟)]

} cos(𝑝𝜃) 𝑒𝑖(𝜉𝑧−𝜔𝑡) 

 

𝑢𝑟 =

{
 
 

 
 𝐴𝑝 [(−

𝑝

𝑟
− 𝑖𝜉𝑎

𝑝

𝑟
𝑞1) 𝐽𝑝(𝑠1𝑟)]

+𝐵𝑝 [( −
𝑝

𝑟
𝑞2 − 𝑖𝜉𝑎

𝑝

𝑟
) 𝐽𝑝(𝑠2𝑟)]

+ 𝐶𝑝 [(−
𝑝

𝑟
) 𝐽𝑝(𝑠3𝑟) + 𝑠3𝐽𝑝+1(𝑠3𝑟)]}

 
 

 
 

sin (𝑝𝜃)𝑒𝑖(𝜉𝑧−𝜔𝑡) 

 

It is also shown from the above equations that for p = 0, only longitudinal and axial 

components are present. The equations have the same features as the isotropic model, but 

with a more complicated structure. For p = 1, all three components are present, and the 

waves are considered as flexural. In literature, the circumferential order ‘n’ is a more 

common than ‘p’ indicating whether the propagating modes are axisymmetric or non-

axisymmetric. For n = 0, waves are considered as axisymmetric waves (longitudinal and 
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torsional), whereas if n ≥ 1 non-axisymmetric waves (flexural) are present. Further 

information about each type of wave is discussed in detail in section 4. 

 

2.5.3. Limitations of Guided Wave Based NDT 

When modeling wave propagation in timber it is important to consider the three-

dimensional wave theory that is also known by guided wave theory. As Subhani [2] 

mentioned, the actual three-dimensional behavior of the propagating waves is better 

understood where the velocities of the different modes, displacements and power functions 

can be determined. On the hand, some limitations are present for non-destructive tests 

based on the guided wave theory. One of the main assumptions is that the waves propagate 

in an infinite medium with certain boundary conditions. The limitations are within the 

application of these boundary conditions, which can be explained from the dispersion 

relation and is discussed by Subhani [2]. Studies on circular rods are continuously 

performed but with some simplifications to the model. For instance, longitudinal loading is 

considered where the loading is considering symmetrical across the length of the rod [2], 

which is due to the fact that the studies are performed on semi-infinite cylinders. 

Guided waves are one of the most successful NDT to evaluate circular timber 

elements. The effects of dispersion can be minimized by creating various actuator-sensor 

arrangements that can limit the propagation of unwanted wave modes. Subhani [2] 

presented a complete study on the importance of considering timber a transversely isotropic 

material by comparing it to the isotropic model. He also highlighted that the simplifications 

to the boundary conditions applied might limit the time domain reconstruction of a finite 
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length element as well as the negligence of loads in the characteristic equation. Therefore, 

numerical methods can be integrated and are beneficial for this purpose. 
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Chapter 3 Understanding Guided Wave Propagation Behavior 

in Utility Timber Poles  

3.1. Introduction 

Timber is considered one of the important substitutes for steel and other materials 

when it comes to construction, utility poles or any other application. There are many 

characteristics that favor wood over these materials; however, there are additional concerns 

that must be taken into consideration when using wood in any application.  For instance, 

besides being prone to structural damage from loads and connections, wood is subjected to 

other serious natural decays and damages that could affect its health. Therefore, careful 

health monitoring must be conducted to timber structures in order to maintain the condition 

and extend the total life cycle. Among the various non-destructive techniques for the 

evaluation of timber, guided stress wave propagation is considered one of the most efficient 

and reliable techniques that provide sufficient quantitative and qualitative assessment. 

However, for circular timber in particular, it is more complicated than other materials and 

geometries due to its orthotropic non-linear nature, and to the fact that not enough 

experimental validation has been provided regarding guided wave propagation. 

A detailed study on a western white pine timber pole is conducted numerically and 

experimentally where the guided wave (GW) theory is directly applied to primarily 

understand the behavior of GWs, test methods for wave mode tuning and mode 

characterization, and to suitably investigate ways for reducing the dispersion phenomenon. 

Macro Fiber Composites (MFCs), which are active piezoceramic composite transducers 

(PCTs) were used to generate and sense guided waves along the structure (Smart Material 
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corp., 2017). The MFCs were conveniently coupled to the timber’s surface and were able to 

accommodate changes in the geometry of the pole. Dispersion curves were generated using 

DISPERSE [17] for transversely isotropic round timber to assist in the frequency selection. 

The application of an MFC-ring was then depicted to eliminate the propagation of 

unwanted wave modes and enhance the desired ones and their reflections. The excitation 

frequency was selected according to a set of factors such as the number of propagating 

wave modes and the amount of dispersion present. The MFC-ring application also 

depended on the excitation frequency and the order of propagating wave modes. 

Additionally, the effect of change in boundary conditions on guided wave behavior was 

portrayed where soil was added numerically and experimentally. The effect of soil on 

reflections was analyzed using the proposed MFC actuation configurations and the selected 

excitation frequency. 

 

3.2. Methodology 

3.2.1. Overview 

Oscillatory motions occur in a solid due to the displacement of particles from their 

original equilibrium position. The movement of these particles is restricted by the physical 

properties of the structure. As mentioned, wood is an orthotropic material with a complex 

nature where particles can only move along a guided path they’re associated with. This path 

corresponds of circular waveguides that can be affected with the wood species available, 

moisture content, temperature, and the orientation of growth rings. In the case of circular 
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white pine timber which is the material used in this study, growth rings are oriented along 

the axial or longitudinal direction of the specimen as shown in Figure 3.1. 

 

 

 
 

Figure 3.1 Orientation of growth rings in circular timber (pine). 

 

As shown in Figure 3.1, the longitudinal axis (L) is parallel to the fiber direction, the radial 

axis R is normal to the orientation of growth rings; and the tangential axis T is tangent to 

the growth rings. 

 

a) Material Properties of Wood 

To properly describe the elastic behavior of wood, twelve constants are needed 

when considering an orthotropic model. The compliance matrix [S] is described as follows: 

 

(EL) 

(ET) 

(ER) 
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As mentioned by Mascia [29], the theory of elasticity in wood is based on the 

assumption that wood has three planes of elastic symmetry. Most of the studies consider 

wood as a cylindrical anisotropic body where the properties and characteristics are in 

function of the cylindrical coordinate system 𝑟, 𝑧, 𝜃. The elastic modulus and Poisson’s 

ratio are related by the following expression [30]: 

𝜇𝑖𝑗

𝐸𝑖
=
𝜇𝑗𝑖

𝐸𝑗
 ,   𝑖 ≠ 𝑗, 𝑗 = 𝐿, 𝑅, 𝑇 

When examining wave propagation in timber, several parameters must be taken 

into consideration such as the effect of humidity and temperature, growth rings and grain 

angle. For the timber specimen used in the experimental setup, the type of wood is western 

white pine mainly found in the United States and is used for utility poles and railroads. 

Figure 3.2 shows the timber specimen in the lab where the growth rings are shown to be 

oriented longitudinally. 
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Figure 3.2 Growth ring orientation in the lab’s timber specimen. 

 

The global coordinate system is denoted in the cartesian form (X, Y, Z) where the 

origin in located in the center of the element. As for the material coordinate system the axis 

is shown in polar or local coordinate system (R, L, T) or (𝑟, 𝑧, 𝜃) where the origin is located 

in the center of the material, L axis is along the axial (longitudinal direction), and the R-T 

plane depends on the grain direction. The coordinate system is shown in Figure 3.3 with the 

components. 

 

 

Figure 3.3 Coordinate system for the cylindrical timber pole. 
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A transformation between the element and material coordinate systems is described as 

follows: 

[
𝑥
𝑦
𝑧
] =  𝐴𝑇 [

𝑙
𝑟
𝑡
] 

where 𝐴 =  [

𝑙𝑥 𝑙𝑦 𝑙𝑧
𝑟𝑥 𝑟𝑦 𝑟𝑧
𝑡𝑥 𝑡𝑦 𝑡𝑧

] 

To properly model the problem and compare the experimental results to the 

numerical ones, the same type of wood must be considered where the mechanical properties 

are required. From literature [31], the elastic properties are extracted where they are present 

in function of the longitudinal elastic modulus. For the specimen used in the experimental 

setup, the material is western white pine wood with the following elastic properties: 

 

Property EL (GPa) ER (GPa) ET (GPa) 
GLR 

(GPa) 

GLT 

(GPa) 

GRT 

(GPa) 
𝜌 (kg/m3) 

Value 11.11 0.422 0.866 0.825 0.795 0.250 380 

Table 3.1 Material Properties for Orthotropic Timber [31]. 

 

To simplify the analysis for both experimental and numerical tests, the material is 

considered to be transversely isotropic instead of orthotropic with the properties shown 

below. The dispersion curves were generated according to these properties, as well as the 

numerical experiments performed on COMSOL that are further elaborated in the following 

sections. 
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Property EL (GPa) ER (GPa) ET (GPa) 
GLR 

(GPa) 

GLT 

(GPa) 

GRT 

(GPa) 
𝜌 (kg/m3) 

Value 11.11 0.866 0.866 0.577 0.577 0.533 380 

Table 3.2 Material Properties for Transversely Isotropic Timber [31]. 

 

b) Dispersion Curves 

The propagation of mechanical waves is governed by the direction of elongation of 

waveguides present in the structure as mentioned earlier. In general, waveguide 

propagation has two main characteristics, discretizing the waves into propagating modes 

and the existence of dispersion. From the solutions of the dispersion equation it is shown 

that there is an infinite number of propagating wave modes as the frequency reaches 

infinity. However, for a given frequency there must a finite number of propagating modes 

present whose properties are determined by the material properties, geometry of the cross 

section and the boundaries of the waveguides [26]. In this study, the cross section of the 

specimen is circular, and the waveguides are cylindrical where the displacement vector has 

three components as shown in Figure 3.4. 

 

 

𝑢(𝑟) = [

𝑢𝑅(𝑟)
𝑢𝜃(𝑟)
𝑢𝑍(𝑟)

] 

Figure 3.4 Displacement components in cylindrical elements. 

 



49 
 

There exists a nonlinear relationship between frequency and wavenumber, where 

the signals can get distorted as they travel along the waveguides. The change of shape and 

amplitude of the propagating packet makes it much harder to analyze, determine peaks and 

indicate reflections. Consider the wave packet shown in Figure 3.5 with multiple frequency 

components that is propagating in a non-dispersive medium. 

 

 

Figure 3.5 Non-dispersive propagating wave packet [32]. 

 

It can be shown from the above figure that as the wave propagates in the non-

dispersive medium, the shape is maintained because the velocity is not dependent on 

frequency anymore. However, in a dispersive medium it is the complete opposite. Since the 

propagating packet is made up of several frequency components each travelling at a 

different speed, the shape of the packet changes completely as it propagates in the 

dispersive medium. Figure 3.6 shows how the shape changes with time for a case where the 

low frequency components (large wavelength) travel faster than high frequency 

components of the packet (small wavelength) [32]. 
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Figure 3.6 Dispersive propagating wave packet [32]. 

 

The above wave packets can be displayed by a Gaussian function containing 

multiple frequencies where it is shown in Figure 3.7 that for a non-dispersive medium 

(shown in black) the frequencies travel all at the same speed and the central frequency is 

kept constant. However, for the dispersive medium (blue) the frequencies travel at different 

speeds and the shape of the function dramatically changes.  

 

  

Figure 3.7 Gaussian functions for a non-dispersive packet (black) and a dispersive packet (blue) [32]. 

 

In a research performed on natural fiber composite panels [33], J. Tucker 

explained how a dispersive wave packet changes shape as it propagates due do the 
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difference between the group and phase velocities. This difference creates distortion inside 

the signal as seen in Figure 3.8. 

 

 

Figure 3.8 15kHz dispersive wave packet of a 4-cycle burst [33]. 

 

J. Tucker mentioned that the phase points within a wave packet move relative to 

the centroid of the packet. The centroid transit time shown in Figure 3.8 is the time used to 

calculate the group velocity, while the phase point transit time is used to calculate the phase 

velocity [33]. However, the phase point transit times are usually extremely hard to indicate. 

In bulk wave propagation, the group and phase velocity are equal where there is no effect 

of dispersion. 

Wood is considered a highly dispersive medium due to its complex nature in 

addition to the non-linear geometry of the structure. When working with guided waves in 

timber poles, extreme care should be taken when it comes to the dispersive nature of the 

propagating modes which calls a need to control this issue. M. Subhani in [12] studied how 

the effect of dispersion can be reduced in timber poles by increasing the number of cycles 
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used in the input tone burst. Consider the 5-cycle hanning window burst shown below with 

a central frequency of 15kHz. Applying Fourier transform to the above packet we can see 

the single sided amplitude spectrum of S(t) in Figure 3.9 where the frequency ranges 9 kHz 

< f < 21 kHz.  

 

 

(a) 

 

(b) 
Figure 3.9 5-cycle Hanning window burst at 15 kHz: (a) original cycle and (b) single sided amplitude spectrum after 

Fourier transform. 

 

As mentioned earlier, multiple frequency components of a dispersive packet travel 

at different speeds, and when the range of the components is large the effect of dispersion 

will be higher, causing the signal to get more distorted. Consider a 10-cycle hanning 

window burst with 15kHz frequency shown in Figure 3.10 below.  
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(a) 

 

(b) 
Figure 3.10 10-cycle Hanning window burst at 15 kHz: (a) original cycle and (b) single sided amplitude spectrum after 

Fourier transform. 

 

The overall time of this packet is rather larger than the 5-cycle one, however if the 

single sided spectrum is observed one can notice that the frequency components are much 

lower. The components vary from the central frequency in the range of 12 kHz < f < 18 

kHz. The frequency components for both tone bursts are different, increasing as the number 

of cycles decrease. This might have a significant effect on dispersion, since the frequency 

components travel at different speeds. The effect of number of cycles on the propagating 

signals is highlighted in the results section.  

As mentioned in the previous sections, in circular solids three types of modes may 

be present: Longitudinal (L), Torsional (T), and Flexural (F) waves. For a certain frequency 

there exist a finite number of L(0,m), T(0,m) and F(n,m) modes that might be propagating 

depending on the cutoff frequency of each mode. The cut-off frequency is the value for 

which a certain mode starts to propagate. Below the cut-off frequency of a given mode, it 

does not propagate and can only exist as an evanescent wave [34]. Dispersion curves were 

generated from DISPERSE software for a transversely isotropic timber pole. Group and 
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phase velocity vs. frequency curves are shown only for longitudinal and flexural wave 

modes which are the main interest in this study. The group velocity is directly used to 

characterize the propagating wave modes. The central transit time of each propagating 

packet is extracted and used for the calculation of the velocities. The phase and group 

velocity of the longitudinal wave modes is shown in Figure 3.11.  

 

 

(a) 

 

(b) 
Figure 3.11 Dispersion curves: (a) group velocity and (b) phase velocity vs. frequency for longitudinal wave modes. 

 

For the flexural wave modes, it is a much more complicated case. For every 

circumferential order n ≥ 1 there exist a flexural wave mode of a given family. During the 

generation of these curves in DISPERSE some issues were accompanied since the software 

does not automatically plot all circumferential orders. Instead, they were calculated 

manually which lead to a loss of accuracy with respect to the group velocity. However, 

these faults were disregarded in this work where the range of interest was between 10 kHz 

to 20 kHz, due to the presence of lower number of wave modes. Figure 3.12 displays the 

group and phase velocity plots for the flexural modes of order 1.  

L(0,m) 

L(0,m) 
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(a) 

 

(b) 
Figure 3.12 Dispersion curves: (a) group velocity and (b) phase velocity vs. frequency for flexural wave modes of order 1. 

 

Figure 3.13 shows the group velocity plots for flexural modes of higher orders n = 2, 4 and 

8. 

F(1,m) 
F(1,m) 
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(a) 

 

(b) 

 

(c) 

Figure 3.13 Dispersion curves: group velocity vs. frequency for flexural wave modes of orders (a) F(2,m), (b) F(4,m) and 

(c)  F(8,m). 

 

The wavelength at certain frequencies is crucial for the numerical analysis since 

the size of the mesh depends on it. In general, when studying wave propagation in solids, it 

is very crucial to determine the wave mode that is being excited. For this reason, the 

frequency of excitation must be carefully selected to prevent the excitation of several 

modes which makes it much harder to differentiate between them, in addition to the 

presence of dispersion that could distort the signal completely. From the phase velocity of 
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the flexural modes of first order, which have the highest velocities, the minimum 

wavelengths can be calculated and are shown in Figure 3.14. 

 

 

Figure 3.14 Wavelength vs. Frequency. 

 

c) Propagating Wave Modes and Their Characteristics 

The high number of propagating wave modes in the first range of low frequencies 

is shown from the above curves, in addition to the presence of dispersion in both 

longitudinal and flexural modes. In this section the modes of interest in this study are 

discussed in detail, and the excitation frequency is selected according to that criteria. 

Nevertheless, one method for controlling the propagation of certain wave modes – which is 

later applied in the methodology – is depicted in the second section. 

The solutions of the wave equation are classified into wave modes depending on 

their symmetry properties, which is in function of the circumferential order n [26]. 

Torsional modes T(0,m) involve the azimuthal component of the displacement vector 

𝑢𝜃(𝑟) with n = 0. Longitudinal modes L(0,m) involve both radial and axial components of 
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the displacement vector 𝑢𝑅(𝑟), 𝑢𝑍(𝑟) with n = 0 and propagate with axially symmetry 

along the cylinder. Flexural modes F(n,m) involve all three components of the 

displacement vector and are labeled as anti-symmetric with circumferential order 𝑛 ≥ 1. As 

for the index m, it is labeled as the thickness mode number since it characterizes the 

number of nodes of the mode shape across the tube’s wall [35]. Figure 3.15 shows the 

mode shapes for longitudinal wave modes for different values of thickness mode number. 

For m = 0, a bulk longitudinal wave propagates (non-dispersive media). It is shown that 

when the mode shape has one node m is equal to 1. When two nodes exist, m is equal to 2. 

The same applies for the rest of the wave types.  

 

 

Figure 3.15 Mode shapes for different thickness number values (longitudinal wave modes) [35]. 

 

In longitudinal waves, particles move parallel to the direction of propagation of the 

wave where the cylinder can be considered as being compressed. Particles in torsional 

waves move in perpendicular to the wave propagation direction where the cylinder is 

considered twisted along its axial direction. One the other hand, flexural waves include 

particle motion parallel and perpendicular to the wave propagation at the same time. The 

three waves can be visualized in Figure 3.16 by the deformation caused to the cylinder. In 

general, torsional modes are the hardest to generate with conventional PZT devices. 
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Longitudinal waves excitation is easier but might encounter the excitation of flexural wave 

modes that might distort the signal and get affected by additional boundary conditions on 

the surface. Therefore, it is crucial to excite certain type of modes and eliminate any 

unwanted ones.  

 

 

Figure 3.16 Longitudinal, Torsional and Flexural deformation of a cylindrical tube [36]. 

 

As mentioned by M.G. Silk in [37], axisymmetric wave modes T(0,m) and L(0,m) 

would be sensitive to wall thickness. As for the non-axisymmetric waves F(n,m), they are 

also sensitive to wall thickness in addition to anything that affects the cylinder’s flexural 

properties (mounting on the tube’s surface). Flexural wave modes are one of the most 

complicated waves due to their non-axisymmetric properties and highly dispersive nature. 

They are only present in circular structures and are dependent on the circumferential order 

n as mentioned earlier. This value provides critical information when dealing with wave 

tuning and mode characterization, where it indicates the integer number of wavelengths 

present around the circumference – i.e. the order of symmetry around the axial direction 

[34]. For axisymmetric modes (longitudinal and torsional) the displacements do not vary 
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with angle. However, for n = 1 (first order flexural mode) the displacements on top and 

bottom of the cylinder are 180° out of phase [34]. It is mentioned in [35] that flexural wave 

modes depend on the angular coordinate (𝜃) variation which is determined by the 

circumferential index n. 

 

d) Wave Mode Tuning 

The propagation of certain wave modes depends mainly on the frequency of 

excitation and the position of the excitation signal. If the surface of a cylindrical pole is 

excited at one point only, signals measured from an axial location will contain both 

longitudinal and flexural wave modes. The excitation of torsional wave modes is the most 

difficult where it requires specific torsional piezoelectric transducers, so they won’t be 

encountered in the study. Nevertheless, for the evaluation of timber poles it is crucial to 

tune the propagating modes as much as possible. From the dispersion curves shown in the 

previous section, the high number of modes was shown to be present even at low 

frequencies with a significant effect of dispersion. Therefore, a need to cancel out unwanted 

modes is required at least in the frequency range of 10kHz to 20kHz which is the range of 

interest in this study.  

The generation of non-axisymmetric wave modes can be restricted by the 

excitation of a transducer ring of piezoelectric elements equally spaced around the 

circumference of the cylinder. The configuration can cancel out the flexural modes and 

enhance the propagating longitudinal modes present at the frequency of excitation. Also, 

D.N. Alleyne and P. Cawley mentioned in [38] that longitudinal wave modes can be 
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suppressed if the length of the piezoelectric element is equal to the wavelength of the mode. 

The mode will be suppressed over the full wavelength and no propagation will occur. 

However, in the case of timber the wavelength of the low order modes is large (88 mm) 

which makes it difficult to apply this process. In order to suppress flexural wave modes, the 

total number of transducers placed around the circumference must be greater or equal than 

the highest circumferential order present at the frequency of excitation. For instance, when 

operating at a 12.5 kHz frequency the maximum mode order is 4 in F(4,m). This means that 

a minimum of 4 piezoelectric transducers must be mounted equally to suppress all the 

propagating flexural modes. L. Rose commented on the generation of purely axisymmetric 

guided waves in [9] by employing a uniform 360° loading in the circumferential direction. 

In some cases, exciting the complete circumference around the cross section with 

piezoelectric devices is not achievable due to the presence of gaps between the transmitters. 

These gaps can cause the generation of several wave modes that might include both 

axisymmetric and non-axisymmetric wave modes [7]. In addition to that, L. Rose mentions 

that the superposition of a high number of propagating modes can lead to the generation of 

quasi-axisymmetric wave modes [9]. Hence, by decreasing the gaps between the 

transmitters, non-axisymmetric waves are reduced and quasi-axisymmetric waves become 

almost purely axisymmetric [9].  Quasi-longitudinal waves can be generated from the 

transducer ring where they can travel at a lower speed. They can be thought of by partial 

longitudinal waves that are compressing and stretching the cylinder at the same time. On 

the contrary, pure longitudinal waves only compress the cylinder and propagate at a higher 

speed. The behavior of the particles in quasi-longitudinal and pure longitudinal waves are 

shown in Figure 3.17 and Figure 3.18 respectively. In Figure 3.17, compression makes the 
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Particle 

Motion 

bar thicker and stretching makes it thinner where the wave is not purely longitudinal. At the 

surface of the rod the quasi-longitudinal wave shows a transverse motion.  

 

 

Figure 3.17 Particle displacement in quasi-longitudinal waves. 

 

However, in pure longitudinal waves the bar is subjected to compression where the 

particles move axially in the direction of propagation of the wave with no movement in the 

transverse direction. 

 

 

 

 

Figure 3.18 Particle displacement in pure longitudinal waves. 

 

 

3.2.2. Numerical FEA Model 

Guided wave propagation in timber poles was modelled numerically to validate 

the effect of actuating the circumference, optimize transducer configurations and study the 

wave behavior in a transversely isotropic medium at selected excitation frequencies. 

COMSOL MULTIPHYSICS [39] is a powerful tool for the finite element modeling of 

Particle 

Transverse motion on surface 
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piezoelectric transducers generating guided waves in structures. The Piezoelectric Devices 

module is composed of two physics, Solid Mechanics and Electrostatics where each 

component in the study can be modelled separately. The guided wave propagation resulting 

in particle displacement and deformation was solved in the Solid Mechanics physics, while 

the piezoelectric effect and the actuation/sensing of the transducers were solved in the 

Electrostatics physics. The numerical model was simulated on an Intel ® Xeon ® 2.10 GHz 

virtual machine with 150 GB RAM and 300 GB disc space, which created some 

computational limits especially at high frequencies.  

A complete finite element model for the timber specimen was conducted in 

COMSOL where the actual geometry and boundary conditions were applied, in addition to 

the MFCs for actuation and sensing processes. Modelling the MFC numerically was 

challenging due to the complexity of the structure, where it is composed of several stacked 

layers of different materials. Therefore, the MFC was modeled as a thin flat piezoelectric 

transducer of type PZT-5A coupled to a flat surface on the timber pole. The properties were  

determined using a macroscopic approach, where the MFC was considered as a 

representative volume element (RVE) [40], which corresponded of a small section of the 

MFC that contained all layers present. The properties of the RVE were considered to be the 

same as the entire MFC structure and were directly applied to the plate-like (rectangular) 

transducer in the numerical simulations.  
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a) Model 1 – Ring Design  

The propagation of certain wave modes depends mainly on the excitation 

frequency and the position of the excitation signal. If the surface of the timber pole is 

excited at one point only, signals measured from an axial location will contain both 

longitudinal and flexural wave modes [41]. The excitation of torsional waves is the most 

difficult where it requires specific torsional piezoelectric transducers, so they were not 

accounted for in this work. For the evaluation of timber poles, it is important to tune the 

propagating modes as much as possible. From the dispersion curves, the high number of 

modes was shown to be present even at low frequencies with a significant effect of 

dispersion. Especially for the case of flexural modes that are much more complicated than 

longitudinal ones. Therefore, a need to cancel them out in the frequency range of 10 kHz to 

20 kHz is required. As mentioned, the number of transducers actuated around the 

circumference of the pole must be greater or equal than the highest circumferential order of 

flexural modes. Figure 3.19 (a) shows the dispersion curves for mode F(4,m) where at 12.5 

kHz, the maximum circumferential order is 4. This means that a minimum of 4 MFCs must 

be mounted equally to suppress the propagating flexural modes at this excitation frequency. 

However, at higher frequencies the maximum circumferential order is > 7 which requires 

the actuation of 8 or more MFCs around the circumference. Therefore, the excitation 

frequency was selected at 12.5 kHz where the effect of MFC ring can be investigated 

properly. In addition, fewer number of modes propagate at this excitation frequency with a 

lower amount of dispersion than other frequencies. The selected frequency was also 

restricted by the maximum capability of the virtual machine used for the simulations.  As 
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for the number of transducers in the ring, a total of 8 MFCs was added to properly test the 

effectiveness of the ring (flexural modes cancellation). Three actuation configurations were 

tested and compared, which corresponded of single, 4 and 8-MFC actuation.  

Wavelength curves from DISPERSE shown in Figure 3.19 (b), are crucial for the 

numerical analysis in order to calculate the mesh size, where an average of 6-10 elements 

per wavelength is required [42, 43]. For instance, the wavelength at 12.5 kHz is around 88 

mm which results in a maximum element size of 14.7 mm when divided among 6 elements 

(minimum value). However, convergence tests were performed on the calculated mesh size 

and yielded stable results at 6.5 mm with around 13 elements per wavelength, which was 

used throughout the entire simulations. The input signal to the MFC actuators is a 5-cycle 

Hanning window sine wave, where one face of the MFCs was set to be grounded with zero 

voltage and the other face set to have the electric potential with the input signal. Figure 

3.20 (a) displays the timber pole modeled in COMSOL where the ring design is displayed. 

The MFC actuator ring (MFC1) is shown on the left end of the pole, in addition to the 

sensor rings (MFC2 to MFC4) placed at different locations along the specimen. The rings 

correspond of 8 MFCs equally mounted around the circumference. Figure 3.20 (b) shows 

the 6.5 mm mesh applied to the timber specimen in the ring design model. All mesh 

elements were swept triangular elements resulting mainly in prism, hexahedral and 

quadrilateral elements. The total number of elements was 219580 leading to 704211 

degrees of freedom, which used up to 80 GB RAM and 100 GB disc space. The length of 

the pole modeled in this section was 1-meter with a 22 cm diameter, which was sufficient 

for the MFC ring design testing.  
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(a) 

 
(b) 

Figure 3.19 Dispersion curves: (a) group velocity vs. frequency plot for F(4,m) wave mode and (b) wavelength vs. 

frequency plot for flexural modes F(1,m). 

 

 

(a) 

(b) 

Figure 3.20 Timber pole: (a) Ring design model and (b) 8.8 mm mesh size applied to the model in COMSOL. 

 

b) Model 2 – Effect of Boundary Conditions  

The change in boundary conditions was scrutinized in this work by comparing a 

traction free and embedded timber model. Soil was added to a section of the timber pole to 

analyze the effect on guided wave behavior both numerically in COMSOL and 

experimentally. For utility poles in specific, the recommended embedment depth is 10% of 

the total pole’s length plus 2 ft (61 cm) [44]. Modeling soil numerically can be done using 

several methods which are found in literature [45-47], however in this work it was modeled 
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as linear elastic material with isotropic properties [48]. The effect of soil embedment on 

damping and attenuation of the propagating wave modes was inspected in COMSOL, as 

shown in Figure 3.22, where the traction free model (a) is shown next to the embedded 

model (b). In this section, the length of the pole was 5.5 meters which is longer than the one 

used in Model 1, in order to account for a suitable embedment length of 1.45 meters. The 

selected embedment length was the probable value of an in-service embedded utility pole 

with an 8-meter length. However, due to computational limits the 8-meter pole cannot be 

modeled in COMSOL and was substituted by a 5.5-meter model.  

The actuation and sensing locations were optimized to reduce the effects of 

overlapping wave mode arrivals and simplify the acquired signals. The actuators were 

placed 0.8 meters from the sensor, which is located 1.5 meters from the right edge of the 

pole as shown in Figure 3.21. Figure 3.22 (c) shows the MFC actuator ring and MFC sensor 

in the COMSOL model. The excitation frequency was selected at 12.5 kHz for the same 

reasons discussed in the previous section, and the actuator ring contained 8 transducers, to 

be able to actuate single, 4 and 8-MFCs separately to test for flexural mode suppression.  

 

 

 

Figure 3.21 Top view sketch of the timber pole displaying the embedded condition and the transducers’ locations. 

 

0.1 m 
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Soil – timber interaction must be modelled carefully in COMSOL to provide an 

appropriate understanding of the effect of soil on guided waves. A contact node was added 

to the common surface between both timber and soil. The contact pressure method used 

was Penalty, which is based on the insertion of a spring between the contact surfaces [39]. 

The stiffness of the spring, or the penalty factor, is crucial for the stability and accuracy of 

the model. The effective gap distance between the two surfaces in contact was forced to be 

zero initially, considering that there is a perfect bond between the soil and the timber. As 

for applying mesh to the model, the same elements as Model 1 were used which are mainly 

quadrilateral elements with initial maximum element size of 8.8 mm at 12.5 kHz frequency. 

The mesh size converged at 5.5 mm, which was used in the simulations and is shown in 

Figure 3.22 (d). The total number of elements generated was 2142013 with 6502028 

degrees of freedom which used 150 GB RAM and 280 GB disc space, the maximum 

capacity of the virtual machine available in our laboratory.  
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Soil 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 3.22 5.5-meter timber pole in COMSOL: (a) traction free model, (b) embedded model, (c) MFC actuator ring and 

sensor placement and (d) 5.5 mm mesh applied to the embedded model. 

 

c) Macro Fiber Composites (MFCs) 

MFC transducers were chosen in this study because of their numerous advantages 

in guided wave propagation applications. As shown in Figure 3.23, the MFC structure is 

composed of a Polyimide film on the top and bottom with a 60 µm thickness (50 µm PI + 

18 µm Cu), and piezoelectric fibers of type PZT-5A with a thickness of 180 µm, 28 mm 

length and 350 µm width. The total number of fibers in the structure is 34 with a 55 µm 

spacing between each. Structural epoxy is filled in the gap spacing between the fibers and 

the Polyimide film. 

MFC sensor 

MFC actuator ring 
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Figure 3.23 Schematic structure of the MFC [49]. 

 

One of the advantages of using MFCs is the capability to couple them to any 

structure due to their physical flexibility, unlike any other piezoelectric transducer. The 

surface of the timber pole is curved, where the MFC can be easily coupled after treating the 

pole’s surface. Vibrations are actuated from the MFC where the strain direction or the 

direction of propagation of the waves is along the longitudinal directions. The polarization 

direction is normal to the piezoelectric fiber’s longitudinal direction (33) as shown in 

Figure 3.24. In addition, when the MFC is used as a sensor the strain is measured from the 

same direction and the polarization also occurs in the z-axis resulting in the piezoelectric 

effect. 
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Figure 3.24 Voltage application schematic and polarization direction of the MFC. 

 

The MFCs used in the experiment are the F1 type d33 defect model M-2814-P1 

which are the most suitable for actuation/sensing operations. For the transducers used in 

sensing mode, the propagating waves generate strain across the structure and leads to the 

generation of a mechanical force on the front edges of the MFC (along its length). This 

force causes the displacement l1 in the piezoelectric element, which also generates a 

charge Q on the IDE electrodes that is introduced to the NC [40]. The electric voltage is 

then fed back to the IDE electrodes as shown in the Figure 3.25. The same process occurs 

for the transducers acting as actuators but in an opposite manner where the voltage is 

introduced to the IDE electrodes leading to the generation of the force along the length of 

the transducer.  
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Figure 3.25 Scheme of the MFC acting as sensor. 

 

3.2.3. Experimental Setup 

The timber used in the experimental work was a western white pine (scots pine) 

pole which is the most common type used in utility poles for electric supply lines (also 

known as Pinus Sylvestris [50]). The setup is also divided into two sections as the 

numerical, where in the first section the excited modes are analyzed, and the effect of ring 

design was experimented on a 1-meter timber specimen. The second section depicts the 

validation of the setup and the effect of change in boundary conditions on an 8-meter length 

timber utility pole. MFCs of type M-2814 P1 were coupled to the pole’s surface using 

Loctite’s E120 HP epoxy adhesive at different locations along the specimen. The surface of 

the pole required treatment with sandpaper before the coupling process, where the position 

of interest was scraped to smooth off the surface. The location placement of the MFCs was 

extremely critical due to the presence of knots and cracks that can affect the propagating 

signal. The same locations as mentioned in the numerical model were applied in the 

experimental setup.  
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a) Ring Design  

Several factors can affect the tuning and propagation of guided waves in timber 

poles. In addition to the presence of defects in the structure, the configuration of MFC 

transducers play an important role to acquire appropriate desired signals. As mentioned in 

the numerical model, the propagation of specific guided waves can be controlled by 

actuating an MFC ring placed around the circumference of the pole. The unwanted waves 

such as the flexural modes can be eliminated in addition to enhancing the propagating 

longitudinal modes and their reflections (in terms of voltage acquired). A total of 8 MFCs 

were coupled around the circumference as shown in  

Figure 3.26 on the right (actuator ring MFC1). Sensors were placed at different 

locations along the specimen in a similar manner as the numerical model in COMSOL. The 

pole was simply supported on both ends. Regarding the excitation frequency, several values 

were tested between 10 kHz and 20 kHz to test the effectiveness of the actuator ring in 

eliminating propagating flexural modes. However, from the dispersion curves it was shown 

that at 12.5 kHz, 4 or more of the MFCs in the ring would be enough to cancel high order 

modes F(4, m). At higher frequencies 7 or more MFCs might be needed, which restricts the 

range of frequencies that can be used in the experiments. Therefore, the frequency selected 

was 12.5 kHz which was used throughout the entire experimental testing and the actuation 

ring contained a total of 8-MFCs. 
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Figure 3.26 MFC configuration on the timber pole displaying the MFC actuator ring and sensors. 

 

b) Validation – Effect of Boundary Conditions  

Experimental validation was performed on an 8-meter timber utility pole where 

the effect of MFC actuator ring was tested, in addition to the change in boundary conditions 

considering traction free and soil embedment setups. In order to create an arrangement 

where the variable is the embedded condition, a wooden box was inserted at the back end 

of the pole where soil can be added and removed. Figure 3.27 (a) displays the 8-meter pole 

where the bottom section is inserted into the box. The pole was simply supported at the top 

end with metal supports and wood plies at the bottom end inside the box. The testing setup 

was only performed on the bottom section of the pole, which was the location of interest, 

where less reflections from the top end of the pole can be acquired. The 8-MFC actuator 

ring and sensor were placed 2.3 meters and 1.5 meters from the bottom end of the pole as 

shown in Figure 3.27 (b). In order to avoid variations during the experiment, all setups 

were performed simultaneously where the embedded setup was directly tested after the 

traction free setup. To simulate the embedded condition, soil was added gradually to the 

Actuator ring 

(MFC1) MFC2 sensor MFC3 sensor MFC4 sensor 
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wooden box and pressed at each layer to provide as much contact as possible with the 

surface of the timber pole. 

 

 

(a) 

 

(b)  

Figure 3.27 (a) 8-meter timber utility pole and (b) MFC actuators and sensor configuration on the bottom end of 

the pole. 

 

c) Data Acquisition  

The equipment used in the experimental setup were a Keysight 33500B signal 

generator, EPA-104 Piezo System Inc amplifier and Keysight InfiniiVision DSO-X-3024A 

oscilloscope. The 5-cycle Hanning window input signal to the actuator was generated with 

an initial peak to peak voltage of 10 V, then passed through the signal amplifier which 

MFC sensor 

MFC 

Actuator ring 
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increased the gain to reach almost 300 V peak to peak. Signals from the sensors were then 

acquired using the oscilloscope at a sampling rate of 2 MHz. The experimental setup for the 

ring design on the 1-meter length timber specimen is shown in Figure 3.28 below. The 

same setup was used for the validation performed on the 8-meter timber utility pole.  

 

 

Figure 3.28 Ring design experimental setup. 

 

d) MFC – Timber Coupling 

Macro fiber composites (MFCs) were coupled to the surface of a 1-meter timber 

specimen for the generation and sensing of guided waves. The surface of the pole needed to 

be treated with sandpaper before the coupling process, where the position of interest was 

scratched to smooth off the surface (as shown in Figure 3.29). Due to the severe roughness 

of the wood’s surface, an additional step was performed before the final coupling. A very 

thin layer of adhesive tape was applied to the smoothed surface which was left to dry for 24 

hours. Figure 3.30 shows the four locations where the layer of coupling was applied which 

has been dried and ready for the final MFC coupling. 
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Figure 3.29 Smoothing the pole's surface with sandpaper before MFC coupling. 

 

 

Figure 3.30 Dry thin layer of epoxy adhesive applied for additional smoothing. 

 

After the last smoothing process, the MFC was ready to be coupled to the pole’s 

surface. The same adhesive (Loctite’s E120 HP Epoxy) was applied which is appropriate 

for both wood and MFC surfaces. The MFCs were pressed against the surface using rubber 

bands and Teflon tape during the 24-hour curing time. The Teflon was used to prevent 

sticking of the tape on the pole’s surface where the adhesive was applied. Figure 3.31 

shows the MFC coupled at the first position on the timber specimen. 
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Figure 3.31 MFC coupled and pressed on one position of the pole's surface. 

 

The rest of the MFCs were coupled in the same manner, leaving them to cure for 

more than 24 hours to ensure decent bonding. The positions of the rest of the transducers 

were the same as the numerical model, where 3 sensor MFCs are mounted on the top 

surface (90 degrees) along the axial length of the pole where no cracks or knots are present. 

Two additional sensors were placed at the 4th position on the right and left side of the 

circumference, placed at a 0-degree angle form the radial axis. A total of 8 MFCs were 

coupled equally around the circumference where the actuation position took place. Figure 

3.32 shows the MFC ring during curing where the Teflon tape is wrapped around the 

circumference. 



79 
 

 

Figure 3.32 8-MFC Ring coupled around the circumference used for actuation. 

 

Three different actuation configurations can be performed after the final coupling 

of the MFCs to the structure. Since the 8 actuator transducers were placed equally around 

the circumference, the actuation of a single, 4-ring and 8-ring MFCs was only applicable. 

The single transducer that was excited was the one facing the top position where the rest of 

the sensors are placed. In the 4-ring configuration MFC1 TOP, MFC1 RIGHT 2, MFC1 

LEFT 2 and MFC1 BOTTOM were excited, due to the location of the sensors placed at the 

4th position. Last, in the 8-ring configuration all the transducers around the circumference 

were actuated.  

 

3.3. Signal Processing 

The signals acquired experimentally/numerically were complex and difficult to 

analyze and process, especially due to the high dispersion, multi-modes and reflections 

from edges. Basic processing of the signals was applied initially to identify the propagating 
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wave modes from their group velocity in addition to some of their reflections by 

determining the time of flight. However, to further analyze the signals specific signal 

processing techniques were required that were able to decompose wave packets, identify 

reflections and compare amplitude variations. Also, high and low frequency components 

were removed using band pass filters on the acquired signals. Decomposing the signals in 

this work was done using the improved complete ensemble empirical mode decomposition 

with adaptive noise (CEEMDAN) method which was proposed by Colominas et. al. [51] 

and was proven to be reliable and more robust than its predecessors. This method 

decomposes the input signal into modes that are composed of multiple frequency and 

amplitude modulated functions. The sum of these modes, or intrinsic mode functions 

(IMFs), form the complete initial input signal [52]. The IMFs generated can help identify 

mode reflections and compare two signals more accurately.  

When comparing the experimental acquired signals in the traction free and 

embedded setups, it was difficult to observe the difference or change in reflections as 

shown in Figure 3.33 (a) where the two signals are plotted above each other. However, after 

using CEEMD and decomposing the two signals the difference can be identified more 

clearly and the different wave packets were separated as shown in Figure 3.33 (b) to (d). 

The results displayed are for single MFC actuation at 12.5 kHz excitation frequency in the 

experimental testing performed on the 8-meter length pole.  
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Figure 3.33 (a) Original experimental acquired signals at 12.5 kHz for traction free (solid) and embedded (dashed) 

single MFC actuation on the 8-meter length pole, (b) to (e) show the four IMFs of the signals after applying CEEMD. 
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3.4. Results & Analysis 

3.4.1. Tuning of the Excitation Frequency 

In this section the excitation frequency was varied to analyze the propagating wave 

modes and their group velocity in the single actuation configuration, on the 1-meter timber 

specimen shown in Figure 3.34. From the dispersion curves it was observed that as the 

frequency increases, the number of modes present increase in both axisymmetric and non-

axisymmetric waves. Plots for the raw data at several frequency values are represented in 

both experimental and numerical results for the sensor MFC4 TOP where the amplitude 

was normalized with respect to the maximum value. 

 

 

 

Figure 3.34 Experimental configuration for tuning the excitation frequency. 

 

a) Numerical Results 

The following plots represent data acquired numerically in COMSOL from MFC4 

TOP sensor, for frequency values that range from 10 kHz to 25 kHz. This range will help 

understand the propagating wave modes at each frequency of excitation, determining the 

newly generated waves after their cut-off frequencies. The time of the simulations was 3E-3 

MFC1 Actuator MFC4 TOP 

Sensor 
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seconds for 10kHz to 17kHz, whereas the time for the rest of the frequencies was 2E-3 

seconds due to the large mesh size and long simulation time. The numerical results confirm 

the propagating wave modes’ characteristics from the dispersion curves shown previously 

due to several reasons. The mechanical properties used in the simulations were the same as 

the ones used for generating the dispersion curves in DISPERSE. This means that the group 

velocities calculated were more accurate and the propagating wave modes were identified 

more efficiently. Also, the timber pole modeled in COMSOL was a sound cylinder with no 

cracks or knots in the structure, unlike the specimen used in the experimental setup.  

Looking at Figure 3.35 (a) for the 10 kHz excitation frequency. The bulk wave is 

captured propagating at a speed of 4000 m/s in the beginning of the acquired signal. F(1,1) 

and F(1,2) propagating at around 1345 m/s arrive after 0.5E-3 seconds. Longitudinal modes 

L(0,1) and L(0,2) arrive after 1E-3 propagating at around 750 m/s. The reflection of F(1,1) 

and F(1,2) also appears at the end of the same packet. F(3,1) and the reflection of L(0,1) 

and L(0,2) appear at 1.5E-3. Also, the high-amplitude packet after 2E-3 is due to the 

concatenation of the reflections of L(0,1), L(0,2) and the flexural modes present. For 12.5 

kHz excitation shown in Figure 3.35 (b), the same modes propagate since no additional cut-

off frequency is reached. Figure 3.35 (c) shows the signal from exciting at 15 kHz, where 

additional flexural wave modes start to propagate that include F(1,3) and F(4,1) which 

makes the acquired signal more complicated. The dispersion of almost all the modes except 

F(1,1) causes the additional peaks shown. As for the 17.5 kHz excitation frequency in 

Figure 3.35 (d), the cut-off frequency is reach for mode L(0,3) where it start to propagate at 

1.5E-3 seconds. Also, F(5,1) start to propagate and is reflected right after 1.5E-3, in 

addition to the arrival of F(6,1) propagating at 443 m/s right after the time 2E-3 seconds. 
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As the frequency increases to 25 kHz, additional wave modes start to propagate such as 

L(0,4), F(1,4), and F(8,1) where they are shown in Figure 3.35 (e) – (g). The number of 

propagating wave modes increases as the frequency increases, which leads to several 

concatenated packets, that represent different wave mode arrivals, causing the signals to be 

more complicated to analyze.  

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 
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(g) 

Figure 3.35 Numerical results: MFC4 TOP acquired signal using single MFC actuation at (a) 10 kHz, (b) 12.5 kHz, (c) 

15 kHz, (d)  17.5 kHz, (e) 20 kHz, (f) 22.5 kHz and (g) 25 kHz. 

 

b) Experimental Results 

Similar to the numerical results, the same procedure is performed on the ones 

acquired in the experimental configuration. The frequency of excitation using the single 

actuation configuration is varied between 10kHz and 25kHz. From the acquired 

experimental results shown in Figure 3.36, it can be showed that as the frequency of 

excitation increases the number of propagating modes in the timber pole increase. As the 

frequency reaches the cut-off value of a certain wave mode, the evanescent nature decays 

 

(e) 

 

(f) 
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and the mode starts to propagate. For the 10 kHz excitation frequency, the dispersion 

curves show the propagation of longitudinal modes L(0,1) and L(0,2), in addition to the 

flexural modes F(1,1), F(1,2), F(2,1), F(3,1) and F(4,1) which all appear in the single 

actuation of MFC 1. All these modes appear in Figure 3.36 (a) in addition to a bulk 

longitudinal what is captured at low frequencies with a speed that varies between 3200 m/s 

and 4500 m/s. F(1,1) and F(1,2) propagate around 1346 m/s, where L(0,1) and L(0,2) 

propagate at 860 m/s and 734 m/s. The reflection of F(1,1) and F(1,2) concatenates with the 

arrival of L(0,1) after 1E-3 seconds as shown. In addition to that, the reflection of L(0,2), 

F(1,1) and F(1,2) appear between 1.5E-3 and 2E-3 seconds crossing a total distance of 1.25 

meters. For the 12.5k Hz plot shown in Figure 3.36 (b), the bulk wave is present at the start 

of the signal at a speed of 3200m/s. L(0,2), F(1,1) and F(1,2) arrive right before 1E-3 

seconds crossing a distance of 75 cm with a speed of around  1350 m/s and 1226 m/s. The 

large-amplitude packet at 1E-3 seconds corresponds of the first arrival of L(0,1) and F(3,1) 

propagating at 1034 m/s in addition to the 1st and 2nd arrival of L(0,2), F(1,1) and F(1,2) 

crossing a total distance of 99.76 cm. The 4th reflection of F(3,1) ad L(0,1) appears at 1.5E-

3 seconds, in addition to the first arrival of F(4,1) right before 2E-3 seconds propagating at 

around 400 m/s. The high amplitude probably refers to the presence of a knot on the left 

side of the timber specimen. In Figure 3.36 (c), the same modes appear at the excitation 

frequency of 15 kHz. At 17.5 kHz shown in Figure 3.36 (d), an additional longitudinal 

mode L(0,3) appears where the cut-off frequency is reached. L(0,1), L(0,2) and F(1,2), 

F(1,1), F(3,1) propagate at almost the same speed of 1230 m/s and are concatenated in the 

high-amplitude packet present right before 1E-3 seconds. The reflection of L(0,2) and 

F(1,2), in addition to the first arrival of F(4,1) and F(5,1) appears between 1E-3 and 1.5E-3 
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seconds. The new longitudinal mode L(0,3) arrives at 1.5E-3 propagating at a speed of 625 

m/s and is reflected right before 2E-3 seconds. For the rest of the frequencies, some of the 

propagating modes are shown on the figures to prevent more complexity. However, at 25 

kHz shown in Figure 3.36 (g) the additional modes propagating are L(0,4), F(1,4), F(6,1), 

F(7,1) and F(8,1). 

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 
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Figure 3.36 Experimental results: MFC4 TOP acquired signal using single MFC actuation at (a) 10 kHz, (b) 12.5 kHz, (c) 15 

kHz, (d)  17.5 kHz, (e) 20 kHz, (f) 22.5 kHz and (g) 25 kHz. 

 

3.4.2. MFC – Timber Matching (Experimental) 

After performing frequency tuning using single actuation, an important experiment 

must be conducted to examine the MFC-wood impedance matching. This step is done 

before actuating several transducers around the circumference, to detect if all the MFCs 

around the circumference are generating the same wave when actuated. The experiment is 

done by coupling piezoelectric transducers of type PZT-5H in front of each MFC on the 

 

(e) 

 

(f) 

 

(g) 
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circumference. The MFCs are actuated one by one at a time where the signal is measured 

using the PZT coupled in front it. Figure 3.37 shows the experimental configuration. 

 

 

Figure 3.37 MFC – Timber impedance matching experiment. 

 

Each PZT is labeled according to its position (TOP, LEFT 1, LEFT 2, etc.). Each 

MFC is actuated with a 5-cycle burst, where the PZT in front of it is measured in each of 

the eight locations. Figure 3.38 shows the signals acquired from the PZTs for an excitation 

frequency of 12.5 kHz. 
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Figure 3.38 Acquired signals from the PZTs after actuating each subsequent MFC at 12.5kHz. 

 

What can be noticed from this experiment is the variation in the acquired signals. 

This is due to several reasons such as the presence of knots in front of some of the actuated 

MFCs. For instance, PZTs located at the TOP, RIGHT 1, RIGHT 2, LEFT 1, LEFT 2 and 

LEFT 3 show almost the same signal which indicates that all the subsequent MFCs are 
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generating the same wave. On the other hand, for the PZT RIGHT 2 and PZT BOTTOM 

there is a significant difference. The presence of a crack on the lower surface where the 

MFC-PZT are located (BOTTOM) lead to the distortion of the signal acquired. Also, PZT 

RIGHT 3 acquires a delayed signal and a reflection as shown Figure 3.38 above with a 

lower amplitude than the rest of the sensors. The reason is that a knot is present between 

the MFC and PZT RIGHT 3 which is displayed in Figure 3.39. The knot caused the 

propagating wave to delay, in addition to a reflection at the edge of the same propagating 

wave. 

 

 

Figure 3.39 Presence of knot between MFC1 R3 and PZT R3. 

 

The difference in the generating signals form the MFC actuators might affect the 

propagating signal, especially when all 8 MFCs are actuated to induce non-axisymmetric 

mode suppression. 
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3.4.3. Reducing the Effects of Dispersion (Experimental) 

The numerical and experimental testing were only conducted using a 5-cycle input 

burst. However, it was mentioned earlier in the dispersion section that increasing the 

number of cycles decreases the effect of dispersion significantly due to the smaller 

frequency range in the signal. For this reason, an experimental analysis was performed to 

investigate the effect of increasing the number of cycles from five to ten.  Figure 3.40 (a) 

shows an acquired signal from MFC3 TOP during the single actuation configuration using 

a 5-cycle input at 12.5 kHz. A dispersive reflected packet appears between times 1E-3 and 

1.5E-3 seconds where the shape of the packet changes dramatically. This could disrupt the 

interpretation of the signals and lead to an un-accurate result. Figure 3.40 (b) shows the 

acquired signal for the same configuration but using a 10-cycle input burst. The same 

reflected packet is shown but with a completely non-dispersive structure. The 10 peaks 

indicate the arrival of a single-mode reflection from one of the ends. Therefore, the effect 

of increasing the number of cycles on dispersive packets is confirmed.  

 



93 
 

 

(a) 

 

(b) 

Figure 3.40 Experimental results: Acquired signals from MFC3 TOP sensor using single MFC actuation for a (a) 5-cycle and 

(b) 10-cycle tone burst at 12.5 kHz. 

 

At frequencies where multiple wave modes propagate at close velocities the effect 

of increasing the number of cycles might affect the signal.  Consider the same procedure as 

above where a single MFC is excited at 15 kHz and acquired by MFC3 TOP represented in 

Figure 3.41. The effect of increasing the number of cycles is clearly shown where the 

reflected packet after time 1.5E-3 seconds is shown to be dispersive in the 5-cycle burst. 

However, the in the 10-cycle the packet does not show signs of dispersion. However, in the 

signal acquired from the 5-cycle, two separated packets are shown after 1E-3 for two 

different arrivals. These packets are combined in the 10-cycle input due to the additional 

number of cycles and appear as one packet. Therefore, caution must be taken when 

actuating with a 10-cycle burst to prevent the misinterpretation of the data. For the rest of 

the experiments and numerical testing, only the 5-cycle tone burst was used to avoid 

complication of the acquired signals. The results for both 5-cycle and 10-cycle input at 15 

kHz bursts are shown below. 
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(a) 

 

(b) 

Figure 3.41 Experimental results: Acquired signals from MFC3 TOP sensor using single MFC actuation for a (a) 5-cycle and 

(b) 10-cycle tone burst at 15 kHz. 

 

3.4.4. Ring Design 

Actuating multiple MFCs around the circumference of the pole provides 

significant improvement in the behavior of guided waves. As mentioned in the above 

sections, at 12.5 kHz excitation frequency there exist flexural modes of high order F(4,m) 

that require the excitation of at least 4 MFCs in the ring. The results for three different 

actuation configurations corresponding of single, 4-ring and 8-ring MFC actuation are 

portrayed in this section for both numerical and experimental setups for the 1-meter length 

pole. Acquired raw data (in voltage) are from the sensor placed 75 cm away from the 

actuator (MFC4 sensor).  

 

a) Numerical results 

Results from the numerical model of the ring design are presented in this section. 

Figure 3.42 shows the raw data acquired from MFC 4 sensor for (a) single, (b) 4-ring and 
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(c) 8-ring MFC actuation at 12.5 kHz excitation frequency. The group velocity of the 

modes of interest was calculated for each major wave packet in the signal by extracting the 

time of flight, and using the distance between the actuator and sensor which is known to be 

0.75 cm. The wave modes were identified from their group velocities in the dispersion 

curves generated from DISPERSE [53]. The signals acquired from the sensor at different 

actuation configurations clearly indicate the suppression of non-axisymmetric (flexural) 

modes. Also, other modes are shown to be enhanced when actuating multiple MFCs where 

the acquired voltage increased significantly by almost 25% in the 4-ring and 83% in the 8-

ring MFC actuation.  

The application of actuator ring is observed to have significant effects on the 

behavior of propagating wave modes in Figure 3.42, where the arrival of flexural modes 

was suppressed. In the single and 4-ring MFC actuation, flexural wave modes F(1,1) and 

F(1,2) arrive between 1E-3 and 2E-3 seconds traveling around 1240 m/s. Flexural mode 

F(3,1) appears at 1.6E-3 seconds, in addition to F(4,1) at 2E-3 seconds traveling at 1220 

m/s and 1182 m/s speed. Longitudinal modes L(0,1) and L(0,2) arrive right before 1E-3 

seconds propagating at 1400 m/s and 1300 m/s respectively. The amplitude of longitudinal 

modes is enhanced as the number of actuators around the circumference increase as shown 

in the 4 and 8 ring configurations. The generated voltage from sensor MFC 4 increases 

from 120 mV in the single actuation to around 220 mV in the 8-ring actuation. The flexural 

waves were cancelled in the 8-ring actuation only, and this is mainly due to the 

circumferential order as mentioned in the above sections. At 12.5 kHz, the highest 

circumferential order of flexural waves is 4 in F(4,m), meaning that a minimum number of 

4 transducers around the circumference are needed for the elimination to occur. However, 
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the actuation of 4 MFCs does not prove to have any effect on the propagating flexural 

modes. They are rather cancelled by actuating 8 MFCs only as shown above.  

 

 

Figure 3.42 Raw numerical data collected using MFC4 sensor for (a) single, (b) 4-Ring and (c) 8-Ring actuation at 

12.5kHz frequency. 

 

The propagation of waves generated from the actuator in COMSOL can be 

visualized by plotting the surface x-velocity component (mm/s) for the timber specimen. 

Non-axisymmetric mode suppression can be identified by actuating multiple transducers 

around the circumference of the pole. Figure 3.43 displays snapshots of the surface x-

velocity at different times for (a) single, (b) 4-ring and (c) 8-ring configuration at 12.5 kHz 

excitation frequency. 
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(a) 

 

(b) 

 

(c) 

Figure 3.43 Surface x-velocity component for at different times for (a) single, (b) 4-Ring and (c) 8-Ring MFC 

actuation in COMSOL. 

 

The x-velocity component in the single actuation (Figure 3.43 (a)) appears to start 

from the actuator in both directions. As the waves propagate, they wrap the cylinder in all 

directions which induces the conversion of non-axisymmetric modes. In the 4 and 8 ring 

actuations, the waves appear to propagate all-together from the actuation point, enhancing 

the conversion of pure longitudinal waves with less (or without) flexural wave modes. 
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b) Experimental results 

The numerical simulations in COMSOL were performed on a perfectly-sound 

timber specimen, which makes the acquired signals and analysis much less complicated. 

However, in the experimental setup, the natural timber specimen contains a significant 

number of small cracks and knots present at different locations. This can cause reflections 

and complicate the signals even further. The acquired data from the experimental setup 

confirms the suppression of flexural wave modes, and an enhancement of 25% (4-ring) and 

63% (8-ring) in the amplitude of the propagating longitudinal wave modes when actuating 

the MFC ring. In addition, the MFCs exhibit promising results when actuating and sensing 

guided waves along the timber specimen.   The raw data acquired from MFC 4 sensor is 

shown in Figure 3.44 for (a) single, (b) 4-ring and (c) 8-ring MFC actuation at 12.5 kHz.  

 

 

Figure 3.44 Raw experimental data collected using MFC4 sensor for (a) single, (b) 4-Ring and (c) 8-Ring actuation 

at 12.5kHz frequency. 
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The same procedure was performed for the experimental results acquired. The 

group velocity of each packet is calculated, and the wave mode type is identified from the 

dispersion curves. Figure 3.45 shows the analysis of the above acquired signals, indicating 

the propagating wave modes in each actuation configuration. It can be noted that the effect 

of ring if proven successful in both numerical and experimental tests. The propagating 

wave modes present in the numerical results are also determined in the experimental ones, 

with minor difference in velocities due to computational error and the fact that the timber 

pole modeled in COMSOL is perfectly sound.  

 

 

Figure 3.45 Analysis for the collected data from MFC 4 sensor at 12.5 kHz for (a) single, (b) 4-Ring and (c) 8-Ring 

MFC actuation in the experimental setup. 

 

It can be shown that the first peak of each configuration is of high speed (3200 – 

4250 m/s) which indicates the propagation of a pure bulk wave with a speed similar to the 

speed of sound in wood. The bulk wave appears in low amplitude in the single actuation as 
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shown in Figure 3.45 (a). As the number of actuators around the circumference increase, 

the amplitude of the bulk wave increases in addition to the increase in the propagating 

velocity. This increase could imply that the wave generated from the single MFC actuation 

travels a longer path than the distance between the actuator and the sensor (75 cm). 

Meaning that the presence of cracks and knots affects the propagation of the bulk wave. 

Examining the rest of the acquired signal, in the single actuation (a), modes L(0,1), F(1,1) 

and F(1,2) appear to propagate at a group speed of 1300 m/s between times 0.5E-3 and 1E-

3 seconds. The first and second reflections of these modes traveling 100 cm (each 

reflection) appear around time 1E-3. The high amplitude of this packet is due to the 

addition of the first arrival of modes L(0,2) and F(3,1) with speed of 1050 m/s respectively. 

For the 4-ring actuation in (b), L(0,1) seems to arrive solely before 1E-3 seconds traveling 

at around 1300 m/s. L(0,2) and F(3,1) first arrival are also concatenated with the reflection 

of L(0,1) mode right after the time 1E-3 seconds. This indicates that the flexural modes are 

not yet cancelled with the 4-ring configuration where the highest order of non-

axisymmetric modes is 4 at this frequency. At 1.5E-3 seconds, the 4th arrival of L(0,2) and 

F(3,1) remains similar to the single actuation, along with the arrival of F(4,1) and the knot 

reflection before time 2E-3 seconds. Last, in the 8-ring actuation (c) the number of 

transducers is significantly higher than the circumferential order where none of the flexural 

modes appear to propagate. L(0,1) propagates solely at 1300 m/s and arrives before 1E-3 

seconds with a higher amplitude than the previous configurations. Mode L(0,2) arrives at 

1E-3 with the second arrival of L(0,1). The latter is followed by the third reflection of 

L(0,1) between 1E-3 and 1.5E-3 seconds. The 4th reflection of L(0,2) is right after 1.5E-3 
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seconds, in addition to the knot reflection that remains with a lower amplitude before 2E-3 

seconds. 

 

3.4.5. Validation of the Ring Design and Effect of Boundary Conditions 

The validation process was performed numerically and experimentally on a 5.5-

meter (numerically) and 8-meter (experimentally) timber pole where the selected excitation 

frequency was 12.5 kHz as mentioned previously. Additionally, multiple MFC 

configurations were actuated which correspond of single, 4-ring and 8-ring actuation. These 

configurations were applied separately to depict the effect of change in boundary conditions 

for traction free and embedded models. 

Propagating wave modes were characterized by their group velocity in the 

numerical and experimental signals acquired. Results from single MFC actuation at 

12.5kHz, traction free model, are displayed in Figure 3.46 for numerical model (a) and 

experimental setup (b). It can be seen that the propagating modes are similar in both results. 

The propagation velocity varies due to computational error, slightly different mechanical 

properties of timber used in the numerical model and the presence of knots and cracks in 

the experimental timber specimen. A bulk wave propagates at 5000 m/s as seen in both 

results, with significantly lower amplitude than other packets. Flexural modes F(1,1) and 

F(1,2) propagate at 2540 m/s and 1429 m/s in the numerical models. However, the 

velocities are slightly higher in the experimental results where they propagate at 2797 m/s 

and 1768 m/s respectively. The longitudinal modes L(0,1) and L(0,2) propagate at 980 m/s 

and 780 m/s in the numerical, compared to 1140 m/s and 845 m/s in the experimental 
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results. Flexural modes of higher order such as F(3,1) and F(4,1) propagate in the numerical 

model at 1220 m/s and 625 m/s respectively. In the experimental results, F(3,1) propagates 

at nearly 1300 m/s and arrivals right after F(1,2). The identification of edge reflections is 

presented in the subsequent sections.  

 

 

(a) 

 

(b) 

Figure 3.46 Acquired signals (normalized) for traction free/embedded sound timber, single MFC actuation at 12.5 

kHz in (a) numerical model and (b) experimental setup. 

 

Soil was added to a section of the timber pole to simulate the embedded condition 

both numerically and experimentally to study the effect of damping and wave attenuation 

Similar to the experimental results shown in the Signal Processing section, the numerical 

results acquired were also decomposed using the CEEMD signal processing technique, 

providing a better understanding of the difference between the two boundary conditions. 

From the original numerical data seen in Figure 3.47 (a), the reflections from the 

propagating wave modes appear to have slightly higher amplitudes in the embedded 

boundary condition compared to the traction free one. This means that not only the wave is 
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contained inside the pole in the embedded condition, but also there is less leakage in soil 

than in air. Packets arriving at times 4E-3, 4.65E-3 and 5.2E-3 seconds have a higher 

amplitude in the embedded condition. After using CEEMD, the first mode (IMF 1) shown 

in Figure 3.47 (b) is almost the same in the two boundary conditions except at time 5.2E-3. 

This packet has a significantly higher amplitude in the embedded condition and is 

determined clearly by the decomposition process. Furthermore, in the rest of the 

decomposed modes (IMFS) the packets in the embedded condition also appear to have a 

higher amplitude than in the traction free one. Identifying the propagating wave modes and 

their reflections from their group velocities can be performed on the original signals 

directly. Direct and reflected packets from single MFC actuation at 12.5 kHz were 

identified one by one and are shown in Figure 3.47 (a), for both traction free and embedded 

conditions. The bulk wave propagates at 5000 m/s and arrives at the beginning of the 

signal, with its reflections from both ends of the pole present at around 1E-3 and 2E-3 

seconds. This bulk wave appears to be non-dispersive where the 5-peak packet maintains 

its shape as shown in the first and second arrival of the wave, with no change in the 

frequency components. Flexural modes propagate at 2540 m/s and 1429 m/s indicating 

F(1,1) and F(1,2). Their reflections arrive at 2E-3 and 3E-3 from the bottom of the pole. 

F(1,1)’s second reflection from the top end arrives right before 4E-3 seconds. Also, flexural 

mode F(4,1) of order 4 propagates at 625 m/s. The rest of the high order flexural modes are 

not indicated in the figure for simplification purposes. Nevertheless, longitudinal modes 

L(0,1), L(0,2) and L(0,3) propagate at 980 m/s, 780 m/s and 508 m/s, respectively. Their 

reflections are also indicated in the figure, where L(0,1) and L(0,2) arrive at 4E-4 and 4.5E-

3 seconds. The 5.5-meter pole and the distance between the actuator and sensor provide 



104 
 

enough distance for the waves to converge, which results in the propagation of various 

modes with different type and orders. As for the effect of soil embedment, no significant 

effect on flexural modes’ first reflections is shown. However, for the second reflection of 

F(1,1) and first reflection of L(0,1) and L(0,2), there is a notable increase in the packet’s 

amplitude in the embedded condition.  

 

  

Figure 3.47 Numerical results: Traction free (solid) and embedded (dashed) using single MFC actuation at 12.5kHz 

(a) original signal and (b) decomposed signal after CEEMD (IMF 1).  

 

Similarly, the acquired signals from the experimental traction free and embedded 

boundary conditions were placed above each other and decomposed to examine the 

difference. The original signal and decomposed modes (IMFs) were shown previously in 

Figure 3.33 (signal processing section). Embedding the section of the pole did not have 

significant effects on the reflecting packets, but rather the waves were confined within the 

medium with minimal leakage. In some reflected packets, such as the one shown at time 

3.2E-3 seconds in Figure 3.33 (d), the amplitude slightly increases in the embedded 
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compared to the traction free boundary condition. Wave mode identification can be 

performed on the original signals (embedded and traction free) as mentioned and are shown 

in Figure 3.48 for single MFC actuation at 12.5 kHz. It can be shown that all propagating 

modes are the same in traction free and embedded signals. The first arrival of flexural and 

longitudinal modes was depicted in the previous section from Figure 3.46. Longitudinal 

mode L(0,3) arrives right after 2E-3 seconds, propagating at 540 m/s. Additionally, 

reflections of modes F(1,1) and F(1,2) from the bottom edge of the pole arrive between 2E-

3 and 3E-3 seconds. The reflections of L(0,1) and L(0,2) arrive roughly at 4E-3 and 5.2E-3 

seconds from the bottom edge. The reflections of all propagating modes from the pole’s 

bottom edge can be shown clearly. Furthermore, F(1,2) and L(0,2) reflect from a knot 

present at 1.2 meters to the left of the actuator, which appear in the packets at 2.6E-3 and 

3.65E-3 seconds. The reflected packets from the knot travel a total distance of 3.2 meters. 

The effect of soil embedment appears only on the reflection of mode F(1,1) as shown in 

Figure 3.48, where the packet has a lower amplitude in the embedded condition. However, 

the rest of the modes reflected are not affected by the addition of soil, which indicates that 

they are confined in the timber medium with no attenuation and leakage to the outer soil 

medium.  
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Figure 3.48 Experimental results: Propagating wave modes and their reflections– traction free/embedded signals, 

using single MFC actuation at 12.5 kHz. 

 

Evaluating the health condition of the timber pole (estimating embedded length, 

damage detection, etc.) requires capturing and analyzing the first and reflected arrival of a 

certain (selected) wave mode. Several modes propagate at 12.5 kHz frequency as shown in 

the numerical and experimental results, where each identified reflected packet can be used 

for the evaluation process. However, some modes are more sensitive than others with 

respect to the boundary conditions present, knots and cracks in the structure and the 

configuration of MFC actuation. Since flexural modes are unwanted due to their 

complexity and the presence high order modes, the MFC ring actuation can cancel them out 

and simultaneously enhance the propagating longitudinal modes and their reflections. The 

enhanced modes can be used for a more adequate evaluation process.  

Signals acquired from actuating 4 MFCs around the circumference of the pole are 

shown below for traction free and embedded boundary conditions. Results from the 

numerical model (Figure 3.49) confirm that the actuation of multiple MFCs enhances the 
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acquired packets in general, whether they were flexural (unsuppressed) or longitudinal 

wave modes. For instance, the amplitude of the direct transmission of bulk wave, L(0,1), 

L(0,2) and L(0,3) is higher than the ones in single MFC actuation. Also, L(0,1) amplitude 

increases by around 60%, as well as the reflection’s amplitude of mode L(0,1) is enhanced 

in the 4-ring actuation by 58 %. Additionally, flexural modes F(1,1) and F(1,2) do not 

appear to propagate, however F(4,1) propagates at 630 m/s which means that the 4-ring 

MFC actuation did not suppress the high order flexural modes. The propagating wave 

modes and their velocities are indicated in Figure 3.49.   

 

 

Figure 3.49 Numerical results: Propagating wave modes and their reflections for traction free/embedded signals using 4-

Ring MFC actuation at 12.5 kHz. 

 

Comparing the traction free and embedded signals, no significant difference can be 

identified as the single MFC actuation. When actuating 4 MFCs around the circumference, 

the complete signal is enhanced where the waves have a higher amplitude. This decreases 

the effect of external boundary conditions (soil/air) with respect to the longitudinal modes’ 
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reflections. However, mode L(0,2) was the most affected by the soil embedment where it 

had a slightly higher amplitude than the traction free condition. Reflection of longitudinal 

mode L(0,1) had the same amplitude in the two boundary conditions.  

In the experimental testing, the 4-MFC actuation also yields similar results as the 

numerical where the complete signal was enhanced compared to the single MFC actuation. 

Figure 3.50 shows the acquired signal for both traction free and embedded conditions. The 

bulk wave, L(0,1), and L(0,2) attained higher amplitudes than the single MFC actuation. 

The direct transmission enhancement of the longitudinal modes is around 30 %, whereas 

the reflection enhancement is 80%. Regarding the suppression of flexural modes, F(1,2) is 

suppressed after 1E-3 seconds. However, F(1,1) arrives at 1E-3 seconds and was not 

damped by the 4-ring actuation. The reflection’s amplitude of F(1,1) was also slightly 

higher than the single actuation. The propagating wave modes and their velocities, along 

with their reflections are shown in Figure 3.50. L(0,1) reflects from a knot present on the 

right side of the timber pole, 0.8 meter far from the actuator ring (towards top edge of 

pole). The knot is located on the same straight line as one of the MFC actuators in the ring, 

placed at a 90-degree angle. This explains why the reflected packet only appears in the ring 

actuation, and not in the single MFC actuation discussed previously. Figure 3.50 displays 

all the propagating wave modes’ velocities and reflections. The velocities are almost 

similar to the single MFC actuation configuration. The acquired signals are almost entirely 

similar for traction free and embedded conditions. Decomposing the signal shows that only 

mode F(1,1) is affected by the soil where its reflection from the bottom edge is slightly 

increased in the embedded condition.   
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Figure 3.50 Experimental results: Propagating wave modes and their reflections– traction free/embedded signals, 

using 4-Ring MFC actuation at 12.5 kHz. 

 

As mentioned, not all flexural modes were suppressed in the 4-ring MFC 

actuation. This could be due to the presence of high order modes like F(4,1) propagating at 

12.5 kHz frequency. However, the numerical results acquired from actuating 8 MFCs in the 

ring confirm the suppression of all flexural modes present at 12.5 kHz. Figure 3.51 shows 

that F(1,1), F(1,2) and F(4,1) are not acquired from the sensor. Rather, only longitudinal 

modes and the bulk wave propagate with an enhanced amplitude. The direct transmission’s 

amplitude of longitudinal modes increases by 60 % compared to the single MFC actuation. 

Reflection’s amplitude of L(0,1) also increases by around 63 %, which is higher than the 4-

ring actuation.  

In the embedded boundary condition, L(0,1) gains a higher amplitude than in the 

traction free condition. The rest of the signal confirms that the 8-ring MFC actuation 

enhances the entire signal, causing no significant difference between the two boundary 
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conditions. The waves are maintained within the timber pole with negligible leakage to the 

surrounding medium.  

 

 

Figure 3.51 Numerical results: Propagating wave modes and their reflections– traction free/embedded signals using, 8-

Ring MFC actuation at 12.5 kHz. 

 

Similarly, for the 8-ring MFC actuation in the experimental setup, the flexural 

modes of all orders were cancelled out. The acquired signal from the setup is shown Figure 

3.52, indicating the times where F(1,1) and F(1,2) are suppressed. The bulk wave’s 

amplitude is enhanced by more than 80 % compared to the single MFC actuation 

experimental setup. Longitudinal modes enhancement is similar to the 4-ring actuation, 

with around 30 % increase in amplitude compared to the single actuation. The reflection of 

L(0,1) from the same knot as in the 4-ring appears at a higher amplitude and is indicated in 

the zoomed-in section of the signal shown in Figure 3.52. As for the reflection of L(0,1) 

from the pole’s bottom edge, the amplitude increases by 93 % compared to the single 

actuation configuration.  
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The effect of soil embedment also seems negligible in the experimental 8-ring 

actuation, similar to the previous results acquired numerically. The reflection of bulk wave 

at 3.2E-3 seconds has a slightly higher amplitude in the embedded condition. However, the 

rest of the reflections seem to be similar with respect to time and amplitude of the packets 

in both embedded and traction free boundary conditions.  

 

  

Figure 3.52 Experimental results: Propagating wave modes and their reflections– traction free/embedded signals, 

using 8-Ring MFC actuation at 12.5 kHz. 

 

3.5. Discussion 

A detailed inspection of guided wave propagation in timber structures was 

depicted in this work. Macro Fiber Composites (MFCs) have proved to be efficient for 

generating/sensing guided stress waves in timber poles, and reliable due to their flexibility 

and ability to be coupled on curved- rough surfaces. Primarily, the solution of the wave 

equation was solved analytically using DISPERSE software which generated the dispersion 
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curves for transversely isotropic circular timber, showing the possible propagating wave 

modes at different excitation frequencies.  

The effect of MFC actuator ring coupled around the circumference of the pole was 

then tested numerically and experimentally on a 1-meter timber specimen, before being 

validated on an 8-meter length timber utility pole. The application of MFC ring proved to 

eliminate unwanted wave modes and enhance the amplitude of propagating longitudinal 

modes (direct transmission) and their reflections, which could be extremely crucial for 

evaluating the health state of the timber pole, especially with the variation of boundary 

conditions. The actuation of 4 MFCs in the ring enhanced the amplitude of the direct 

transmission by around 25% but did not fully eliminate the propagation of flexural modes, 

specifically modes F(1,1) and F(3,1). However, actuating 8 MFCs in the ring was able to 

completely suppress all flexural modes, in addition to enhancing the amplitude by 83% and 

63% in the numerical model and experimental setup.  

Furthermore, the effect of change in boundary conditions was investigated 

numerically and experimentally for traction free and soil embedment. It was found that the 

timber – soil interface slightly affects the propagation behavior of GWs, especially with 

respect to the reflected amplitudes and propagation velocities. In some cases, the embedded 

condition yielded higher amplitudes of reflected waves than the traction free one. As for the 

propagation velocities, some wave modes (such as longitudinal mode L(0,2)) were affected 

in the embedded condition where they had a slightly lower velocity than in the traction free 

boundary condition. These velocities were less affected in the MFC ring actuation than the 

single actuation configuration. The most accurate results with respect to calculating the 

reflection’s velocity was achieved in the 4-ring actuation, followed by the 8-ring and the 
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single MFC actuation. The reason the 4-ring performed better than the 8-ring may be due to 

the presence of several knots in the timber pole, which created more reflections when 

actuating 8 MFCs in the ring that interfere with the bottom edge reflections. Nevertheless, 

when evaluating the conditions of the pole whether for embedded depth estimation or decay 

detection, the differences in the velocities and amplitudes in both boundary conditions can 

be considered negligible.  
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Chapter 4 Condition Assessment and Damage Detection in 

Timber Utility Poles using Guided Waves 

4.1. Introduction 

Timber is famously known in the electric power distribution industry, serving as 

utility poles for supply lines. These poles support overhead power lines, electrical cables 

and other utility equipment where the timber serves as perfect insulator. Also, embedding 

the poles into the ground is a lot easier than other materials [3]. Besides utility poles, the 

use of timber in the construction industry has been undergone for decades. The long service 

life of 40 to 80 years [54] with low production costs proves that it can act as a replacement 

for other materials. To maintain the health of timber poles and ensure their safety and 

reliability in any application, evaluation practices must be conducted to determine if 

damage has occurred during its life cycle. In addition to damages, natural defects/decays 

such as rots, termites and fungi can affect the overall health condition of the pole and 

require appropriate assessment and treatment [4]. The lack of information in most in-

service timber utility poles such as the embedment depth, can cause additional maintenance 

costs and require to be determined by non-destructive testing (NDT) techniques.  

In this study, guided waves have been used for the assessment of timber poles 

experimentally and numerically using COMSOL Multiphysics. Important features such as 

the embedded length and the health state of the timber pole has been evaluated by the 

means of  Macro Fiber Composites (MFCs) [49]. The application of an MFC-ring assisted 

in the generation of purely longitudinal wave modes, such as mode L(0,1), which were used 

in the evaluation process. The excitation frequency was selected according to a set of 
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factors such as the number of propagating wave modes, dispersion and the number of 

MFCs required in the actuator ring. The effect of change in boundary conditions (traction 

free and soil embedment) on the length estimation and damage assessment was also 

investigated.  

 

4.2. Methodology 

4.2.1. Numerical FEA Model 

The evaluation of embedded length and health state of a timber pole was 

scrutinized numerically by examining the propagation of guided waves in traction free and 

embedded boundary conditions. COMSOL Multiphysics [39] is a powerful tool for the 

finite element modeling of piezoelectric transducers generating guided waves in structures. 

The Piezoelectric Devices module is composed of two physics, Solid Mechanics and 

Electrostatics where each component in the study can be modelled separately. The guided 

wave propagation resulting in particle displacement and deformation was solved in the 

Solid Mechanics physics, while the piezoelectric effect and the actuation/sensing of the 

transducers were solved in the Electrostatics physics. The numerical model was simulated 

on an Intel ® Xeon ® 2.10 GHz virtual machine with 150 GB RAM and 300 GB disc 

space, which created some computational limits especially at high frequencies.  

For utility poles in specific, the recommended embedment depth is 10% of the 

total pole’s length plus 2 ft (61 cm). The total length of the pole modeled in COMSOL was 

5.5 meters, in order to account for a suitable embedment length of 1.45 meters. This 

selected length was the expected value of an in-service embedded utility pole with an 8-
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Soil 

MFC actuator ring 

MFC sensor 

meter length. Due to computational limits the 8-meter pole cannot be modeled in COMSOL 

and was substituted by a 5.5-meter model. Regarding the soil – timber interface, a contact 

node was added to the common surface between both timber and soil where the contact 

pressure method used was Penalty. The actuators were placed at 2.3 meters, and the sensor 

at 1.5 meters from the bottom (right) edge of the pole as shown in Figure 4.1 (a) for the 

traction free model. Figure 4.1 (b) displays the model for the embedded boundary 

condition. As for applying mesh to the model, the wavelength found from the dispersion 

curves were used to calculate the mesh size, where an average of 6-10 elements per 

wavelength is required [42, 43]. For instance, the wavelength at 12.5 kHz is around 88 mm 

which results in a maximum element size of 14.6 mm when divided among 6 elements 

(minimum value). However, convergence tests were performed on the calculated mesh size 

and yielded 5.5 mm, with around 16 elements per wavelength.  

 

 
 

 

 

Figure 4.1 5.5-meter timber pole in COMSOL: (a) actuator ring and sensor placement and (d) embedded boundary 

condition. 

 

Damage was introduced to the timber structure in the embedded section by removing a 

small section of the timber. This is to simulate the decay caused by external factors such as 
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Traction free 
Embedded 

termites or fungi. The numerical model for damaged timber was simulated for traction free 

and embedded models with the application of MFC ring. In addition, the effect of damage 

induction on determining the embedded length of the timber pole was examined. Figure 4.2 

displays the damaged timber pole for traction free (a) and soil embedment (b) boundary 

conditions. Section of the soil was hidden to display the damage location in (b). 

 

 

(a) 

 

(b) 

Figure 4.2 Damage induced in the timber structure for (a) traction free and (b) embedded boundary conditions. 

 

In the traction free model, the location of damage was left empty where a section of the 

timber pole was removed. In the embedded model the location of the damage was filled 

with soil which was part of the embedded media. Figure 4.3 is a sketch of the top view of 

the timber pole, displaying the location of the damage, soil embedment and MFC locations. 

The sketch is a representation of the model used in COMSOL as well as the experimental 

setup discussed in the subsequent section. The damage was located 67.5 cm from the 

bottom edge of the pole and had a rectangular cross section of 4 cm width, 10 cm length 

and 10 cm depth inside the A clearance of 10 cm was added between the soil and the timber 

pole to create an adequate embedment condition. 
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Figure 4.3 Top view sketch of the timber pole displaying embedment soil, damage location and MFCs. 

 

4.2.2. Experimental Setup 

a) Validation 

One of the most common types of timber in the electric distribution industry 

(utility poles) is scots pine (also known as Pinus Sylvestris [50] or white pine) which was 

used in the experimental setup. A validation process was undergone on an 8-meter timber 

pole where the effect of change in boundary conditions and damage induction was 

inspected. Multiple MFC actuation configurations (MFC ring) for tuning the propagating 

waves were tested to determine the embedded length and location of the damage. The 

embedded length corresponds of the distance between the MFC sensor and bottom edge of 

the pole, and the damage location corresponds of the distance between the sensor and the 

damage. MFCs of type M-2814 P1 were coupled to the pole’s surface using Loctite’s E120 

HP epoxy adhesive at different locations along the specimen. The MFCs locations, as 

shown in Figure 4.3, were extremely critical due to the presence of knots and cracks that 

1.45 m 
0.1 m 

0.1 m 

0.675 m 

Damage MFC sensor 
MFC 

actuator ring Soil 



119 
 

can affect the propagating signal. In order to create an arrangement where the variable is 

the embedded condition, a wooden box was inserted at the back end of the pole where soil 

can be added and removed. Figure 4.4 (a) displays the 8-meter pole where the bottom 

section was inserted into the box. The pole was simply supported at the top end with metal 

supports and wood plies at the bottom end inside the box. The testing setup was only 

performed on the bottom end of the pole, which was the location of interest, to evaluate the 

embedded section and acquire less reflections from the top end of the pole. Last, the 

frequency of excitation was selected at 12.5 kHz and the actuator ring contained 8 MFCs, 

similar to the numerical model.  

A damage was induced in the structure where the timber pole was cut in the 

section located inside the wooden box (embedded section). The experiments were 

performed for traction free and embedded conditions for sound (pre-damage) and damaged 

timber to investigate the effect on guided waves and embedment length estimation. The 

location of the damage was determined from the setups for both boundary conditions. 

Figure 4.4 (b) shows the damage created in the section of the pole, prior to soil embedment. 

To avoid variations during the experiment, all setups were performed simultaneously. To 

simulate the embedded condition, soil was added gradually to the wooden box and 

compressed at each layer to provide as much contact as possible with the surface of the 

timber pole.  
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(a) 

  
(b)  

Figure 4.4 (a) 8-meter timber utility pole and (b) MFC actuators and sensor configuration on the bottom end of the 

pole. 

 

Figure 4.5 summarizes the step-by-step approach performed in the numerical and 

experimental analysis of the timber specimen under-study. The first steps that include the 

MFC ring design, GWs characterization and effect of boundary conditions were depicted 

previously in [55]. Evaluating the health state of the timber structure was then investigated, 

by determining the embedment length and damage location for the boundary conditions 

under testing. 

Damage 
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Figure 4.5 Flowchart of the approach undergone numerically and experimentally. 
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b) Data Acquisition 

The equipment used in the experimental setup were a Keysight 33500B signal 

generator, EPA-104 Piezo System Inc amplifier and Keysight InfiniiVision DSO-X-3024A 

oscilloscope. The 5-cycle Hanning window input signal to the actuator was generated with 

an initial peak to peak voltage of 10 V, then passed through the signal amplifier which 

increased the gain to reach almost 300 V peak to peak. Signals from the sensors were then 

acquired using the oscilloscope at a sampling rate of 2 MHz. The experimental setup for the 

validation performed on the 8-meter timber utility pole is shown in Figure 4.6. 

 

 

Figure 4.6 Experimental setup used on the 8-meter length timber utility pole. 
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4.3. Results and Analysis 

4.3.1. Effect of Boundary Conditions 

The effect of boundary conditions on guided wave propagation behavior was 

depicted in Chapter 3:   
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Understanding Guided Wave Propagation Behavior in Utility Timber Poles. 

Multiple MFC configurations were actuated separately which correspond of single, 4-ring 

and 8-ring actuation at the selected frequency of excitation (12.5 kHz). Determining the 

embedded length with the variation of external boundary conditions is shown in section 

4.3.3. Length Estimation and Damage Localization. 

 

4.3.2. Effect of Damage Induction 

Behavior of guided waves in timber has been examined previously with the change 

in boundary conditions (traction free and embedded models) for sound wood. Results from 

inducing a damage in the timber structure (embedded section) are shown. The same 

boundary conditions and MFC actuation configurations were performed, at 12.5 kHz 

frequency. Also, to analyze the signals and determine reflections from the damage, it was 

crucial to apply the previously mentioned signal processing technique CEEMD. 

Results from single MFC actuation for traction free and embedded conditions are 

displayed below for the numerical models. Figure 4.7 (a) shows the original acquired signal 

from single MFC actuation at 12.5 kHz in the traction free model for sound timber (solid 

line) and damaged timber (dashed line). From the original signals, some difference can be 

identified after time 3E-3 seconds. No solid identification of the damage reflection can be 

identified, which requires the usage of CEEEMD to better identify the packets resulting 

from the damage. The first decomposed mode (IMF 1) is displayed in Figure 4.7 (b) where 

the reflected packets from the edge of the pole and damage are indicated. Flexural modes 

F(1,1) and F(1,2) reflect from the bottom edge of pole and arrive at 1.8E-3 and 2.95E-3 
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seconds propagating at 2540 m/s and 1429 m/s respectively. The second reflection of the 

bulk wave appears at 2.2E-3 seconds where the packet is completely non-dispersive. 

Reflections of longitudinal modes L(0,1) and L(0,2) arrive at 4E-3 and 4.5E-3 seconds. As 

for the damage reflections, the decomposed signal shows the arrival of F(1,2) from the 

damage at 1.8E-3 seconds, which coincides with the arrival of F(1,1) edge reflection. 

Longitudinal mode L(0,1) reflects from the damage and arrives solely at 2.6E-3 seconds. 

The packet at 3.4E-3 seconds appears to have a higher amplitude in the damaged signal 

(dashed line) due to the arrival of L(0,2) damage reflection, which coincides with the 

second reflection of F(1,1) from the top edge of the pole. Last, longitudinal mode L(0,3) 

propagating at around 508 m/s reflects from the damage and arrives solely at 4.35E-3 

seconds. Longitudinal modes provide more accurate information about the damage, 

especially due to the non-concatenated packets such as L(0,1) and L(0,3) reflections from 

the damage. Due to their higher speed, flexural modes reflections seem to arrive early in the 

signal which results in the concatenation with other modes of lower speeds. Therefore, 

longitudinal modes can be solely used for the damage localization process. Figure 4.8 (a) 

shows the numerical original acquired signal from single MFC actuation at 12.5 kHz in the 

embedded model for sound timber (solid line) and damaged timber (dashed line). The 

propagating modes are identified similarly according to their group velocity where minor 

differences can be identified between the sound and damaged timber. The results are 

similar to the traction free model, especially with respect to the arrival times of the modes 

from the pole’s edge and damage. It can be noted that some of the reflections in the 

embedded boundary condition have higher amplitudes than the traction free one. For 

instance, F(1,2)’s second reflection has an amplitude of 43 mV, compared to 29 mV in the 
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traction free model. Furthermore, a new packet appears in the embedded model at 3.75E-3 

seconds, indicating the arrival of mode F(4,1) from the damage. This mode propagates at 

625 m/s and its reflection from the damage does not appear in the traction free model. 

Longitudinal mode L(0,3) reflects from the damage and arrives solely at 4.35E-3 seconds 

propagating at 508 m/s. The reflection amplitude is 24 mV, compared to 15 mV in the 

traction free model which means that the amplitude was maintained further in the 

embedded condition. 

 

  

Figure 4.7 Numerical results: Traction free sound (solid line) and damaged (dashed line) using single MFC 

actuation at 12.5 kHz (a) original signal and (b) decomposed signal after CEEMD (IMF 1). 
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Figure 4.8 Numerical results: Embedded sound (solid line) and damaged (dashed line) using single MFC actuation 

at 12.5 kHz (a) original signal and (b) decomposed signal after CEEMD (IMF 1). 

 

In the experimental validation, the induced damage in the timber structure resulted 

in much more complicated results than the numerical. In the experimental timber specimen, 

several knots and cracks in the structure cause reflections which complicates the acquired 

signals. Therefore, the propagating wave modes arrivals could be overlapping in most cases 

which makes it hard to determine the damage location for more than one mode. Figure 4.9 

displays the acquired signal from the traction free model for single MFC actuation at 12.5 

kHz excitation frequency. The modes are identified in a similar manner and are displayed 

on the figures with their reflections. Flexural modes F(1,1) and F(1,2) arrive at the 

beginning of the signal and reflect from the bottom edge of the pole at 2E-3 and 3E-3 

seconds. Also, longitudinal modes L(0,1) and L(0,2) propagate at 1140 m/s and 845 m/s. 

The reflection of mode L(0,1) from the bottom edge is clear in the sound signal, but does 

not appear in the damaged signal at 4E-3 seconds, which is due to the presence of damage 

between the edge and the direction of propagation of the waves. No other major difference 
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can be identified between the original sound and damaged signals, therefore CEEMD was 

applied to be able perform the comparison. Figure 4.10 shows the second IMF of the 

decomposed signal where the reflections can be identified more accurately. F(1,1) knot 

reflection arrives around 3E-3 seconds resulting from knot present 1 meter from the 

actuator. An additional packet concatenates the arrival of F(1,2) edge reflection, which 

indicates the reflection of mode L(0,1) from the damage. The packet has a higher amplitude 

in the damaged signal, which means that there are two concatenated reflections compared 

to only one reflection in the sound signal. In addition, the reflection of L(0,1) at 4E-3 

seconds is only present in the sound signal. This reflection seems to be missing in the 

damaged signal where the wave does not reach the sensor due to the presence of damage 

between the sensor and the pole’s bottom edge.  

 

  

Figure 4.9 Experimental results: Traction free sound (solid line) and damaged (dashed line) using single MFC 

actuation at 12.5 kHz.  
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Figure 4.10 Experimental results: Decomposed signal after CEEMD (IMF 2) for traction free sound/damaged using 

single MFC actuation at 12.5 kHz. 

 

In the embedded boundary condition, the reflecting wave packets from the damage 

were highly distorted compared to the traction free condition. This might be due to the 

timber – soil contact at the damage location which absorbed the propagating waves. Figure 

4.11 shows the acquired signal from the embedded condition for single MFC actuation at 

12.5 kHz. The propagating modes are identified similarly, with minor variations in the 

speed and edge reflections. Unlike the traction free model, mode L(0,1) reflection from the 

bottom edge of the pole was captured in the damaged signal. Longitudinal modes L(0,1) 

and L(0,2) reflect from the damage and arrive at around 3E-3 and 3.65E-3 second. The 

arrival of L(0,1) damage reflection coincides with the reflection of F(1,2) from the pole’s 

edge, where the amplitude of the packet in the damaged signal is slightly higher. The 

amplitude of reflecting packet from the damage is higher for mode L(0,1) in the traction 

free condition, compared to the embedded one which might be due to the timber – soil 

interface at the damage location. The damage can still be localized accurately using mode 



130 
 

L(0,1) in both boundary conditions. Also, the arrival of L(0,2)’s damage reflection can be 

indicated which coincides with the arrival of knot reflection of L(0,1) present at 1.2 meters 

from the actuator.  

 

 

  

Figure 4.11 Experimental results: Embedded sound (solid line) and damaged (dashed line) using single MFC 

actuation at 12.5 kHz. 

 

  

Figure 4.12 Experimental results: Decomposed signal after CEEMD (IMF 2) for embedded sound/damaged using 

single MFC actuation at 12.5 kHz. 



131 
 

The single MFC actuation could provide enough information regarding the 

presence of decay or damage inside the timber specimen. The reflected packets from the 

damage were identified successfully in both traction free and embedded boundary 

conditions. However, multiple MFC actuation might not be suitable for damage 

identification, especially if the damage is located axially along a certain face of the timber 

pole. For instance, the induced damage in the tested pole lied axially on the same straight 

line as the MFCs in the single actuation configuration. Therefore, actuating the 4 or 8-ring 

could prevent the damage reflection to be properly acquired from the sensor. This was 

depicted numerically and experimentally where the MFC ring was actuated in the damaged 

condition and compared to the results of the sound specimen.  

The results of the damaged timber pole show that the ring actuation could have 

negative effects on damage localization. For instance, Figure 4.13 and Figure 4.14 show the 

original and decomposed (IMF1) numerical signals in the embedded model using 4 ring 

actuation. The acquired results show that there is negligible difference between the sound 

and damaged timber specimen. Reflection of longitudinal modes L(0,1) and L(0,2) from the 

damage are not captured as the single actuation shown earlier, where the expected time of 

arrival does not show any packet. This is depicted in the decomposed signals after CEEMD 

(IMF 1) shown in Figure 4.13 (b) and Figure 4.14 (b). In the traction free model, actuating 

4 and 8 MFCs lead to similar results as the embedded boundary conditions. No reflections 

from the damage were acquired where they do not appear in the signal, even after applying 

CEEMD. However, the reflections of L(0,1) and L(0,2) from the bottom edge of the pole 

were successfully captured and are identified on the figures in both MFC ring actuations. 
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Figure 4.13 Numerical results: Embedded sound (solid line) and damaged (dashed line) using 4 ring MFC 

actuation at 12.5 kHz (a) original signal and (b) decomposed signal after CEEMD (IMF 1). 

 

  
Figure 4.14 Numerical results: Embedded sound (solid line) and damaged (dashed line) using 8 ring MFC actuation 

at 12.5 kHz (a) original signal and (b) decomposed signal after CEEMD (IMF 1). 

 

In the experimental results, the MFC ring actuation also causes the reflections 

from the damage to be less exposed. In 4 ring actuation shown in Figure 4.15, no acquired 

packets from the damage appear before time 3E-3 seconds in the embedded boundary 

condition. No major difference can be determined between the sound and damaged timber 
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specimen, even after performing CEEMD. The same appeared in the 8 ring actuation 

shown in Figure 4.16 where no reflections from the damage were captured. The packet of 

L(0,1) from the damage appears to be missing around time 3E-3 seconds as indicated in the 

figure.  Results acquired from the traction free setups also returned similar results, where 

the damage did not have any significant effect on the transmitted signals. It can be noticed 

that reflection of L(0,1) is clearly identified using the 4 and 8 MFC ring actuation, where 

the embedded length can be estimated even with the presence of the damage.  

 

  

Figure 4.15 Experimental results: Decomposed signal after CEEMD (IMF 2) for embedded sound/damaged using 4 

ring MFC actuation at 12.5 kHz. 
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Figure 4.16 Experimental results: Decomposed signal after CEEMD (IMF 2) for embedded sound/damaged using 8 

ring MFC actuation at 12.5 kHz. 

 

4.3.3. Length Estimation and Damage Localization 

The estimation of embedment length and damage location can be performed using 

the resulting reflected packets of a selected wave mode. From the propagation velocity and 

arrival time of the reflections, the total propagation distance can be calculated. Figure 4.17 

shows a top view sketch of the pole used in the numerical and experimental validation. The 

reflecting packets from the bottom edge of the pole can provide an estimation of the 

distance between the edge and the MFC sensor. As for locating the damage, the reflections 

resulted can be used to estimate the distance between the damage and the MFC sensor. The 

actual distance between the MFC sensor and bottom edge of the pole is 1.5 meters, and 

between the sensor and center of the damage is 79 cm. These values are a reference used 

for calculating the distance estimation error. 
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Figure 4.17 Top view sketch of the pole specimen displaying the embedded and damage distances to be estimated. 

 

The below formula is used to estimate the distance between the MFC sensor and 

the bottom edge, and the center of the damage. V is the propagation velocity of the wave 

mode selected. ∆𝑡 is the time difference between the first arrival of the selected mode, and 

the second arrival resulting from the reflection. This reflection could be either from the 

damage or the bottom edge of the pole. The total distance indicates the propagation 

distance covered by the wave and must be divided by 2. 

𝑑 =
𝑉 × ∆𝑡

2
    (𝑚) 

Several wave modes can be selected to estimate the distances required, which were 

shown in the results section at 12.5 kHz frequency. However, not all modes can be used 

due to their complexity and dispersive nature. Longitudinal wave modes can be found in 

almost all cases, whether in sound/damaged timber or in multiple MFC (ring) actuation 

where they acquire an enhanced amplitude. Therefore, they can be used for the distance 

estimation. The distance between the MFC sensor and bottom edge of the pole, which 

corresponds to the embedment length of the pole, was determined using data from 

longitudinal mode L(0,1). This mode was selected due to its consistency in all experiments 

Estimated bottom edge distance 

Estimated damage 
distance 

MFC sensor 
MFC actuator 

Damage 
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and least dispersive nature, in addition to the higher amplitude it acquires than any other 

mode.  

Table 4.1 displays the bottom edge distance estimation using the numerical results 

for single, 4-ring and 8-ring MFC actuation at 12.5 kHz excitation frequency The 

propagation velocity of L(0,1) is calculated from the first arrival of the mode and the 

distance between the MFC actuator and sensor. It can be noted how the multiple MFC 

actuation (4 and 8 ring) enhances the reflection amplitude in mV, where it is significantly 

higher than the single actuation. The embedded condition has no significant effects on the 

reflections other than the amplitude. The presence of damage in all actuation configurations 

causes the reflection amplitude from the bottom edge to be lower than the sound timber 

pole.  

 

Actuation 
Boundary 

condition 

1st 

arrival 

time (s) 

2nd 

arrival 

time (s) 

Reflection 

amplitude 

(mV) 

Velocity 

(m/s) 

Estimated 

distance 

(m) 

Error 

(%) 

S
in

g
le

 

Traction 

Free 

Sound 

0.001018 0.004023 8.7 979 1.471 1.94 

Embedded 

Sound 
0.001018 0.00402 17.5 979 1.469 2 

Traction 

Free 

Damaged 

0.001018 0.004002 5.5 979 1.461 2.62 

Embedded 

Damaged 
0.001018 0.004023 7.4 979 1.471 1.94 

4
-R

in
g

 

Traction 

Free 

Sound 

0.00101 0.004023 39.9 988 1.475 1.68 

Embedded 

Sound 
0.00101 0.00402 33.3 988 1.473 1.77 

Traction 

Free 

Damaged 

0.00101 0.004028 32.2 988 1.477 1.51 
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Embedded 

Damaged 
0.00101 0.004028 26.1 988 1.477 1.51 

8
-R

in
g

 

Traction 

Free 

Sound 

0.001023 0.004198 45.3 972 1.543 2.79 

Embedded 

Sound 
0.001023 0.004193 40.2 972 1.541 2.64 

Traction 

Free 

Damaged 

0.001023 0.004198 35.6 972 1.543 2.79 

Embedded 

Damaged 
0.001023 0.004195 37.3 972 1.542 2.7 

 
Table 4.1 Numerical results: Bottom edge distance estimation using mode L(0,1) for single, 4-ring and 8-ring MFC 

actuation. 

 

Table 4.2 displays the bottom edge distance estimation using the experimental 

results for single, 4-ring and 8-ring MFC actuation. The application of MFC ring actuation 

causes the reflection amplitude of L(0,1) to increase compared to the single MFC actuation. 

Also, in the traction free damaged timber pole, the single actuation was not enough for the 

edge reflection to appear which resulted in a missing packet around 4E-3 seconds. In the 

embedded damaged pole, single actuation, the reflection from the bottom edge of the pole 

was captured but at a lower amplitude than the sound timber specimen. The missing packet 

in the damaged condition does not appear in the 4 and 8-ring MFC actuation, where the 

distance is estimated normally. 
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Actuation 
Boundary 

condition 

1st 

arrival 

time (s) 

2nd 

arrival 

time (s) 

Reflection 

amplitude 

(mV) 

Velocity 

(m/s) 

Estimated 

distance 

(m) 

Error 

(%) 

S
in

g
le

 

Traction 

Free 

Sound 

0.001446 0.004046 0.0422 1140 1.482 1.2 

Embedded 

Sound 
0.001446 0.004113 0.0402 1140 1.52 1.33 

Traction 

Free 

Damaged 

0.001446 N/A N/A 1140 N/A N/A 

Embedded 

Damaged 
0.001446 0.004098 0.0265 1140 1.512 0.77 

4
-R

in
g

 

Traction 

Free 

Sound 

0.001451 0.004092 0.034 1131 1.4935 0.434 

Embedded 

Sound 
0.001451 0.004113 0.0352 1131 1.5054 0.36 

Traction 

Free 

Damaged 

0.001451 0.004035 0.0536 1131 1.461 2.58 

Embedded 

Damaged 
0.001451 0.004124 0.0381 1131 1.512 0.766 

8
-R

in
g

 

Traction 

Free 

Sound 

0.00151 0.004326 0.1253 1044 1.47 2 

Embedded 

Sound 
0.00151 0.004332 0.121 1044 1.473 1.79 

Traction 

Free 

Damaged 

0.00151 0.004316 0.064 1044 1.465 2.35 

Embedded 

Damaged 
0.00151 0.004352 0.11 1044 1.4835 1.1 

 
Table 4.2 Experimental results: Bottom edge distance estimation using mode L(0,1) for single, 4-ring and 8-ring 

MFC actuation. 

 

Determining the location of the damage was performed using longitudinal mode 

L(0,1) for the single MFC actuation. Table 4.3 shows the damage location estimation using 

the numerical results acquired.  
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Actuation 
Boundary 

condition 

1st 

arrival 

time (s) 

2nd 

arrival 

time (s) 

Reflection 

amplitude 

(mV) 

Velocity 

(m/s) 

Estimated 

distance 

(m) 

Error 

(%) 

S
in

g
le

 

Traction 

Free 

Damaged 

0.001018 0.00266 3.107 979 0.804 1.71 

Embedded 

Damaged 
0.001018 0.002673 2.83 979 0.81 2.48 

 
Table 4.3 Numerical results: Damage localization using mode L(0,1) for the single MFC actuation. 

 

Estimating the damage location using the experimental results is shown in Table 

4.4 for the single MFC actuation. In the 4-ring actuation – traction free condition, the 

reflecting packet from the damage was identified but with a higher error of 7.8 %. It does 

not appear in the 4-ring – embedded boundary condition, nor in any of the 8-ring MFC 

actuations.  

 

Actuation 
Boundary 

condition 

1st 

arrival 

time (s) 

2nd 

arrival 

time (s) 

Reflection 

amplitude 

(mV) 

Velocity 

(m/s) 

Estimated 

distance 

(m) 

Error 

(%) 

S
in

g
le

 

Traction 

Free 

Damaged 

0.001446 0.002928 0.42 1140 0.845 6.48 

Embedded 

Damaged 
0.001446 0.002928 0.22 1140 0.8245 6.48 

 
Table 4.4 Experimental results: Damage localization using mode L(0,1) for the single MFC actuation. 

 

It was mentioned in the Effect of Damage Induction section that reflections from 

other modes were captured and might predict accurately the location of the damage. For 

instance, in some cases longitudinal mode L(0,2) appears to reflect from the damage. In the 

experimental single MFC actuation – embedded condition, reflection of L(0,2) from the 

damage arrives at 3.7E-3 seconds providing a damage location estimation with 0.886 % 
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error. This mode does not appear in the 4 and 8-ring MFC actuation experimental results. 

However, in the numerical results the damage reflections of mode L(0,2) were acquired in 

the 8-ring MFC actuation. The damage location was estimated in the traction free and 

embedded boundary conditions with a 2.75 % error. In addition, damage reflections of 

flexural modes F(1,1) and F(1,2) were also captured in the single MFC actuation from the 

numerical results in both boundary conditions simulated. Location of the damage estimated 

using F(1,1) and F(1,1) resulted in an error of 8.8 % and 5 % respectively. This indicates 

how the flexural modes are much more complicated than flexural modes with a highly 

dispersive nature, which results in inaccuracy when estimating the location of the damage.  

 

4.4. Discussion 

For the evaluation of timber poles using guided stress waves, it is important to 

understand the propagation behavior and characteristics of the waves under certain features. 

These features include the change in boundary conditions from traction free to embedded, 

and the presence of decay/damage in the embedded section of the pole. Two separate 

structural health states were tested, where the effect of soil embedment was analyzed for 

sound and damaged timber. The condition assessment was performed on all cases, by 

estimating the embedded depth of the pole and damage location. Based on the investigation 

performed in the previous work [55], the application of an MFC ring (4 and 8 MFC 

actuation), further reduced the effects of the boundary conditions tested where the 

reflections’ velocities were less effected, especially for longitudinal mode L(0,1).  
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For determining the embedded length, the acquired numerical and experimental 

results revealed that longitudinal mode L(0,1) was the most suitable where it had the least 

amount of dispersion and highest amplitude compared to other propagating modes. This 

mode had clear reflections from the bottom edge of the pole, even with the variation of 

boundary conditions and damage induction inside the timber. The embedded condition lead 

to a more accurate embedded length estimation than the traction free one. The most 

accurate length estimation was achieved in the 4 ring MFC actuation, damaged pole 

(traction free and embedded) numerical model with a 1.51 % error. Experimentally, the 4 

ring MFC actuation also had the lowest estimation error in the embedded sound pole with 

only 0.36 %.  

The presence of a defect or damage in the timber structure can be identified using 

guided waves by the reflected wave modes. The behavior of these reflections depends on 

the wave mode present and its displacement profile. Therefore, discrepancies might occur 

within the acquired signals especially with the variation of several features during the 

testing process. These features include the multiple MFC actuation configuration and the 

change in boundary conditions. For instance, the results displayed in the Effect of Damage 

Induction section for multiple MFC actuation (4 and 8 ring) confirmed that the reflections 

from the damage can be extremely difficult to identify. This can be caused by several 

factors, one of which is the damage location. The induced damage was located at the top 

face of the timber pole, in the same plane as the MFC sensor and actuator in the single 

actuation configuration. As a result, the MFC ring actuation leads to a suppression effect of 

the reflected waves occurring at the top plane where the damage is located. Since there is 

no change in geometry on the rest of the planes of the pole where the actuation is occurring, 
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the waves propagate normally along the pole and dominate the reflections that arise from 

the damage. However, if a more significant change exists in the geometry that covers a 

larger section of the pole (a deeper or larger damage along the circumference), the MFC 

ring actuation might capture the reflecting waves more precisely since they become more 

dominant. This was proven in the numerical and experimental results for the single MFC 

actuation, where the reflections from the damage were acquired in both traction free and 

embedded boundary conditions especially for longitudinal mode L(0,1). Since the single 

actuation was performed on the same plane as the damage, the MFC sensor was able to 

catch the reflections of L(0,1) where there was no other point of actuation on the pole’s 

circumference. Results from the single actuation yielded a 2.5 % and 6.5 % accuracy when 

locating the damage location in the numerical and experimental testing. The soil – timber 

interface could have affected the behavior of guided waves, where the displacement 

profiles of the propagating modes could be more sensitive in the embedded condition than 

the traction free. Therefore, for damage localization and detection it is proposed to actuate 

each plane solely at a time, while acquiring the signals on the same plane as actuation. This 

procedure is similar to creating a tomographic image of the timber pole, where each plane 

can be analyzed separately and compared to provide a better understanding of the 

conditions of the pole at each plane of actuation. This requires the installment of a sensor 

ring with the same number of MFCs as the actuator ring. As for the effect of damage on 

embedded length estimation, it was found that reflections from the bottom edge of the pole 

were not affected especially in the MFC ring actuation, where the distance was adequately 

estimated. 
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Chapter 5 Future Work 

Guided waves deliver crucial information about the structural integrity of timber 

structures. The health state can be evaluated qualitatively and quantitively, where the 

embedded length and the presence of damage in the structure can be accurately identified. 

In order to provide a better evaluation of timber poles, deep learning algorithms for 

automated guided wave interpretation can be performed. The evaluation techniques used in 

this work lead to a well-defined system for damage detection with less than 7 % error. 

However, no further information was collected concerning the damage state of the timber 

pole. Therefore, the application of learning algorithms could potentially improve the 

damage detection process providing more information regarding the location and 

dimensions of the defect present. The assessment of timber poles using the techniques 

provided in this work can be improved significantly. More damage cases can be 

experimented, whether by inducing additional damages at different locations in the timber 

specimen or by increasing the size of the already-induced damage. This step would be 

beneficial to validate the single MFC actuation for damage localization in addition to the 

effect of MFC ring. For a robust damage localization process, it is required to have an MFC 

sensor ring facing the MFC actuator ring. Therefore, the application of additional MFC 

sensors around the pole’s circumference could also be beneficial for evaluating damaged 

timber where a tomographic diagram can be created. 

Development of the hardware used in this work could lead to further improvement 

of the acquired results, especially when dealing with high wave attenuation, distortion and 

other external factors that could affect the performance of MFC transducers. For instance, 
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the MFCs were actuated with 300 Volts peak to peak in the experimental setup, which was 

the maximum capability of the amplifier used in this work. Therefore, a higher-gain 

amplifier can be used to increase the input voltage to the MFC, which can handle up to 

2000 Volts peak to peak [49], almost six times higher than the voltage used. This 

enhancement can in return cause higher acquired voltage from the MFC sensors, and an 

enhanced amplitude of the generated waves and their reflections. The MFCs also require 

further refinement, especially that there was no external protection and enclosure which 

could greatly affect their performance. Consequently, the design of an MFC enclosure or a 

complete MFC ring add-on for the actuators and sensors, is crucial for the lifecycle and 

performance of the MFCs used for generating/sensing guided waves.  
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Chapter 6 Conclusions 

Propagation behavior of guided waves (GWs) in timber was scrutinized by the 

means of Macro Fiber Composites (MFCs) experimentally and numerically using 

COMSOL Multiphysics. When performing NDT on timber utility poles using GWs, the 

complex structure of timber causes a relatively complicated wave propagation behavior, 

which requires methods to control the propagating waves. In this work, the MFCs proved to 

be a convenient tool for generating/sensing GWs in timber structures, especially due to 

their reliability and flexibility to be coupled on curved – rough surfaces. Several methods 

for wave mode tuning and enhancement were investigated, while varying the external 

boundary conditions and health state of the timber under study.   

In order to understand the behavior of GWs, the excitation frequency was varied 

where the propagating wave modes were identified, by their group velocities, from the 

dispersion curves generated for transversely isotropic timber. The actuation of an MFC ring 

coupled around the pole’s circumference was tested numerically and proved to cancel out 

unwanted flexural wave modes. The ring also enhanced the propagation of longitudinal 

modes and their reflections, causing a higher acquired voltage from the MFC sensor. A 

validation process was performed on an actual 8-meter length timber utility pole, where the 

MFC ring was applied. The propagation behavior of GWs was then analyzed considering 

traction free and embedded boundary conditions. It was found that the soil does not have 

significant effects on GWs, where the amplitude and propagation velocities of certain wave 

modes were slightly affected. The difference between traction free and embedded boundary 
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conditions can be considered negligible when performing the evaluation process for 

embedded depth determination and decay/damage localization. 

The assessment of the two most important features when performing non-

destructive testing on timber utility poles was conducted in this work. Embedded length of 

the pole and the presence of damage/decay in the embedded section were determined 

numerically and experimentally using GWs. Evaluating the structure’s health state was 

performed with the variation of external boundary conditions, such as soil embedment, and 

the application of an MFC ring coupled around the pole’s circumference. The ring 

enhanced the propagation of mode L(0,1) and was recommended for estimating the 

embedded depth of the pole, yielding an accuracy of 97 % in both numerical and 

experimental results, even with the presence of damage in the structure. Determining the 

location of the damage in the embedded section was performed using the single MFC 

actuation and data from mode L(0,1), with an error less than 7 %. Actuating 4 and 8 MFCs 

in the ring did not provide enough information about the location of the damage, where the 

reflections were more difficult to identify. Therefore, it was proposed to use the single 

MFC actuation configuration for allocating the decays present within the plane of actuation. 

As for the embedded length, it can be successfully determined by the MFC ring actuation 

configuration. 

Various improvements can be achieved with further future effort, especially with 

respect to applying learning algorithms for damage detection and localization. Additional 

damage cases can be simulated to validate the effect of single MFC excitation numerically 

and experimentally on the timber utility pole. Further work on the MFC ring design and 
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enclosure can enhance the generated guided waves, which could eventually lead to a more 

accurate and suitable system for the assessment of timber structures. 
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