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Abstract 

 
Timber utility poles play a significant role in the infrastructure of Australia as well as 

many other countries. There are over 5 million timber utility poles currently used in 

Australian energy networks, which are more than 80% of total utility poles in the 

network. Due to the advanced age of Australia’s timber pole infrastructure, significant 

efforts are undertaken by state authorities on maintenance and asset management to 

prevent utility lines from failure. However, the lack of reliable information regarding 

their in-service condition, including the embedment length or the degree of deterioration 

or damage below ground level makes it extremely difficult for the asset managers to 

make decisions on the replacement/maintenance process with due consideration to 

economy, operational efficiency, risk/liability and public safety. For example, in order 

to avoid any failure and considering the public safety, each year approximately 300,000 

poles are replaced in the Eastern States of Australia with up to 80% of them still being 

in a very good serviceable condition, resulting in significant waste of natural resources 

and money.  

In order to address this problem, an R&D program commenced in 2011 at the 

University of Technology Sydney in collaboration with the Electricity Network 

Association of Australia. The aim of this study is to design and develop a Non-

Destructive Testing (NDT) method with acceptable accuracy, whilst being cost efficient 

for the condition assessment of the in-service timber utility poles. This research project 

contains three phases, which will be explained briefly in the following paragraphs. 

Several stress wave based NDT methods are currently available and have been used in 

field applications over the past decades as simple and cost-effective tools for identifying 

the condition and underground depth of embedded structures, such as poles or piles in 

service. In this regard, in the first phase of this research, the applicability and efficiency 

of the currently available NDT methods on the condition assessment of the timber 

utility poles is investigated through simulation and laboratory tests. Results of the first 

phase reveal that these surface NDT methods face significant challenges in the 

condition assessment of the timber utility poles. These challenges are due to presence of 

uncertainties such as complicated material properties and imperfect body (i.e. timber 
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pole natural cracks), environmental conditions, interaction of soil and structure, defects 

and deteriorations as well as an impact excitation type. It is necessary to mention that 

access to the top of the in-service timber utility poles is prohibitive due to the presence 

of the electrical or communication wires. In this regard, the hammer impact is applied to 

the timber pole on its side. 

In order to address these complicating factors, in the second phase of this research some 

advanced digital signal processing methodologies are selected, modified, and employed 

from different groups of methodologies that can most probably provide solutions. The 

efficiency of these methodologies is investigated through simulation, laboratory, and 

field tests. Results of the second phase of this research illustrate that the behaviour of 

the timber pole under the lateral hammer impact excitation is very complicated. In fact, 

if dealing with this high level of complexities is not impossible, it is a very difficult 

task. 

In this regard, in the third phase of this research a novel, fast, and accurate ultrasonic 

narrowband NDT method is proposed as an alternative proposition for the condition 

assessment of the timber structures. The efficacy of the proposed methodology is 

verified through the laboratory experiments. 
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1 Chapter 1: Introduction 
 

 Background 1.1

Circular timber poles are used widely for utility poles by electrical distribution and 

telecommunications industries in Australia as well as in many other countries. There are 

more than 5 million utility timber poles used in the Australia’s energy network for 

distribution of power and communications. Anecdotal evidences suggest that more than 

70% of timber poles were installed after the end of World War II and these poles are 

likely to require replacement or remedial maintenance in the future. While other 

countries are facing the same challenges to ensure the optimum management of 

extensive pole replacement, Australian asset managers are also facing critical timber 

pole supply shortages. 

When life cycle cost is considered, timber poles are significantly cheaper than other 

alternative materials such as steel, concrete or fibreglass-reinforced plastic composite 

materials. Furthermore, non-timber poles have different conductive and strength 

properties and often require different fittings. While alternative materials may be 

practical to be used for manufactured poles, the cost to completely replace the timber 

poles is most likely to be prohibitive. In addition, timber poles have considerable 

environmental advantages compared to the other materials. Less energy is required to 

produce timber poles and significantly less greenhouse gases are produced.  

Lack of reliable information regarding their in-service condition, including the 

embedment length or the degree of deterioration or damage below ground level makes it 

extremely difficult for the asset managers to make decisions on the 

replacement/maintenance process with due consideration to economy, operational 

efficiency, risk/liability and public safety. While there are a number of techniques used 

to prevent deterioration and decay (from a combination of insects and fungi) of timber 

piles/poles, a widespread practice is to simply replace all the piles at regular time 

intervals. This practice for replacement is currently based on traditional methods of 

determining a timber pole condition by visual inspection and sounding. Unfortunately, 
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these methods are not accurate and do not give an adequate indication of pole condition. 

In fact, these methods in many cases rely on interpretation of information and 

measurable parameters, which leads to unnecessary replacement of the piles/poles. For 

example, each year around 30,000 electricity poles are replaced in the eastern states of 

Australia, despite the fact that up to 80% of these poles are still in a very good 

serviceable condition. In this regard, a need for a non-destructive testing procedure that 

produces more quantitative results about the timber pole condition has been developed 

and meeting that need has become necessary.  

Different types of Non Destructive Testing (NDT) methods were developed in the past 

and used to evaluate the embedment depth and the quality of materials of embedded 

structures such as concrete piles. Some of these tests have also been utilised on timber 

piles or poles. Although various types of NDT methods have been developed for 

evaluating the embedment depth and below ground quality of piles, they are not 

economical, nor are they environmental friendly or the analysis of their results is not 

straightforward. Thus, there is a serious need to develop reliable methods, which are 

economical, environmental friendly and adequately consider the inherent variability of 

the materials, [1]. Stress wave based NDT methods can potentially offer simple and 

cost-effective tools for identifying the in-service condition of timber poles. However, 

when it comes to field applications, these developed/to be developed surface NDTs face 

a significant challenge due to the presence of uncertainties such as complicated material 

properties and imperfect body (i.e. timber pole), environmental conditions, interaction 

of soil and structure, defects and deteriorations as well as coupled nature of unknown 

length and condition. 

NDTs utilising stress wave for determination of the unknown depth of foundations and 

defects of piles/poles can be divided into two groups: Surface NDT, if access is required 

only at the surface of the testing structures, or Borehole NDT, if a borehole is drilled 

close to the foundation structure and extends along its length. Considering the 

cost/benefit, complexity and applicability in the field, the NDT to be considered as a 

start point in this research will be limited to the surface stress wave based methods. 

Therefore, the current available NDTs relevant to the condition assessment of the timber 

pole are Sonic-Echo (SE) method (based on longitudinal waves) [2], Bending Wave 



University of Technology Sydney Page 3 
 

(BW) method (based on flexural waves) and [3], Ultraseismic (US) method (based on 

longitudinal and flexural waves) [3].  

This industrial supported research project started in 2011 in the University of 

Technology Sydney (UTS), and aims at developing accurate and reliable non-

destructive assessment tools for the timber poles based on the stress wave techniques. It 

is necessary to mention that the project has started from the outset with minimum 

information available about the timber pole including the effects of its orthotropic 

material properties, and wave propagation in the timber pole.   

This research project can be explained briefly in three phases as follows: 

1. Given that several surface stress wave based NDT methods are currently 

available for the condition assessment of the timber utility poles, the first phase 

of this research involves full-scale investigations for use of selected 

aforementioned NDT methods for identification of in-ground length of 

embedded timber poles through finite element (FE) modelling data analysis, 

laboratory experiments and field testing. This phase of the project provides 

comprehensive evaluation of the selected NDT methods in terms of reliability, 

accuracy, and quantifying limitations for the timber poles.  Furthermore, the 

research in this phase will provide guidelines for implementation of these NDT 

methods including any necessary improvements of the methods and their 

analysis and application on timber materials. It is worth mentioning that all of 

these tests are performed with the hammer impact, which excites the timber pole 

in a broadband low frequencies range of 0 to 5 kHz. It should also be 

remembered that in the low frequency range, 0-5 kHz is considered as a 

broadband impact excitation. 

2. Results of the first phase reveal that currently available surface stress wave 

based NDT methods are not mature enough for condition assessment of the in-

service timber poles due to complicating factors such as orthotropic material 

properties, soil embedment, and complex wave behaviour under broadband low 

frequency range excitation. Given that the currently available surface stress 

wave based methods are not suitable for the condition assessment of the in-

service timber pole, in the second phase of this research some advanced digital 
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signal processing methodologies are selected, modified, and employed (from 

different groups of methodologies that can most probably provide solutions) to 

address these complicated factors. All of the methods are investigated through 

FE data analysis, laboratory experiments and field testing. A hammer impact is 

applied on the side of the pole due to practical constraints (i.e. in field testing, 

access to the top section of timber utility poles is prohibitive because of the 

presence of the electrical wires). It is also applied at a 45º angle in order to 

maximize the chance of producing longitudinal wave in the lateral impact. 

3. Based on the results of the second phase of this research, the behaviour of the 

timber pole under the lateral and angled broadband low frequency impact 

excitation (i.e. hammer impact on the side of the timber pole at a 45° angle) is 

very complicated. Given the fact that if dealing with this high level of 

complexities is not impossible, it is very difficult, in the third phase of this 

research a novel, fast, and accurate ultrasonic narrowband NDT method is 

proposed as an alternative proposition for condition assessment of the timber 

structures. The efficacy of the proposed methodology is verified through the 

laboratory experiments. 

Figure 1.1 demonstrates the procedure diagram of this research project. 

 Research Scope 1.2

This research is concerned with the development and use of robust and cost effective 

surface stress wave based NDTs for length determination in timber pole/pile structures. 

The scope of this study is limited to the following areas: 

1. The investigation, application, and improvement (if applicable) of currently 

available surface stress wave based non-destructive methods for the timber pole 

condition assessment through numerical (simulation), and experimental tests.  

2. The investigation of the surrounding environment, including soil embedment 

that influences the performance of current and proposed methods, especially 

those associated with field applications. 
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INTRODUCTION 

Timber utility poles represent a significant part of Australia’s infrastructure and their condition 
assessment is crucial in order avoid any failure, which can cause fatal and not amendable 
consequences. In this regard, an industrial funded research project has started and aimed to provide an 
accurate and reliable Non-Destructive methodology for the condition assessment of the timber utility 
poles. More details can be found in chapter 2. 

 

PROBLEM DEFINITION 
Several NDT methods have been developed during the past decades to evaluate the condition of the 
concrete piles and occasionally timber piles. amongst all, surface stress wave based methods are the 
most fast, economic and environmental friendly ones. However, these methodologies are not mature 
enough for the condition assessment of the timber utility poles due to complicating factors such as 
orthotropic material properties, soil embedment, and complex wave behaviour in the timber pole under 
lateral and angled broadband low frequency impact excitation (i.e. hammer impact on side of the 
timber pole at a 45° angle). More details can be found in chapters 2 and 5. 

PROPOSITIONS 
1.   Given that the currently available surface stress wave based NDTs are not mature enough for the 
condition assessment of the timber utility poles, specific advanced digital signal processing 
methodologies are selected, modified and employed to address the existing complexities.  
2.    Given that the behaviour of the timber pole under the broadband low frequency impact excitation 
is very complicated and dealing with this high level of complexities is very difficult, a novel, fast and 
accurate ultrasonic narrowband NDT method is proposed as an alternative proposition for condition 
assessment of the timber structures. 

METHODOLOGY 
Timber pole is defined as a Linear Time-
Invariant (LTI) system from signal processing 
point of view. 
Most common and effective advanced digital 
signal processing methodologies are selected 
from two groups of methodologies that are 
most probable to provide solution. 
All selected methodologies are modified and 
employed on the data obtained from 
numerical (simulation), experimental, and 
field testings.  

RESULTS 
Selected methodologies are very effective on 
the simulated isotropic timber poles, and the 
embedment length can be estimated with very 
high accuracy. While they do not provide 
satisfactory results in simulated orthotropic 
timber poles as well as experimental and field 
testings. This happens due to the highly 
complex behaviour of the timber pole under 
the lateral and 45º broadband low frequency 
hammer excitation. 

METHODOLOGY 
A novel, fast and accurate ultrasonic NDT is 
proposed as an alternative proposition for 
condition assessment of imber structures. 
An ultrasonic NDT system is designed and 
implemented. 
Two types of tests are performed which are 
related to the currently available ultrasonic single 
frequency time-of-flight test (in order to create a 
benchmark for further comparisons), and 
proposed ultrasonic NDT in this research 

RESULTS 
Effectiveness and accuracy of the proposed 
methodology is verified through the 
experimental testings on the timber structure. 

 
 
 
 
 

1. Broadband low frequency impact excitation 2. Narrowband high frequency excitation 
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Figure 1.1: Procedure diagram of this research project 

3. The investigation of various advanced digital signal processing techniques in 

order to estimate the wave velocity and determine the embedment length of the 

utility timber poles. Aforementioned digital signal processing methods are: 

a. Short Kernel Method [4] 

b. Deterministic signal separation methods such as deconvolution, and 

digital filters [5] [6] [7] 

c. Blind signal separation methods such as Principal Component Analysis 

(PCA), Singular Value Decomposition (SVD), and K-mean clustering 

algorithm [8] [9] [10] 

d. Frequency-Wavenumber (F-K) velocity filtering [11] 

It is also necessary to consider that deterministic signal separation, blind signal 

separation, and frequency-wavenumber velocity filtering are the three groups of 

advanced digital signal processing methodologies that are the most probable to 

provide solutions. 

4. The numerical verification of selected aforementioned advanced digital signal 

processing methods with the following aims and details: 

CONCLUSIONS 
Most of the currently available surface stress wave based non-destructive testing methods are 
not suitable for the condition assessment of the timber utility poles. The combination of some 
factors like orthotropic material properties of the timber pole, soil embedment, and the 
complex wave behaviour under the broadband low frequency lateral and 45º angled hammer 
impact excitation, make a very complicated and difficult problem. In fact, under this type of 
impact, longitudinal and bending waves simultaneously propagate in the timber, each with 
several branches. Thus, the captured signals suffer from an interference between all these 
branches while each of them has a highly nonlinear propagation behaviour. If dealing with this 
situation is not impossible, it is a very difficult task. On the other hand, the alternative 
proposed narrowband high frequency NDT method is proved to be an effective, simple, and 
accurate approach to non-destructively assess the condition of the timber structures. 
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a. Verification with isotropic material properties to gain understanding of 

stress wave propagation in timber poles without any uncertainties related 

to the experimental testing. 

b. Verification with orthotropic material properties to not only gain more 

understandings of stress wave propagation in timber poles more related 

to the real in-field ones, but also to make comparisons with the isotropic 

case. 

5. Investigations of applicability and effectiveness of the mentioned advanced 

digital signal processing methodologies on the condition assessment of the 

timber poles through experimental and in-field testings. 

6. Providing an alternative proposition for condition assessment of the timber 

structures, and validating the proposition through the experimental 

investigations. 

 Research Objectives 1.3

The literature review suggests that there is very limited research conducted in surface 

wave based NDTs on the pole applications, while applications on piles are rather field 

practice- driven from practicing engineers and consultants, which are based on the 

methods developed a few decades ago. 

The aim of this research is to evaluate the condition of the piles/poles considering the 

interaction between poles and their surrounding soil. In this regard, firstly currently 

available surface stress wave based NDT methods are investigated, then based on the 

obtained results and given that currently available NDT methods are not suitable and 

accurate enough for this research aim, several advanced digital signal processing 

techniques are nominated, modified, and employed to deal with the intrinsic 

complexities of the project. The capabilities and limitations of the employed advanced 

digital signal processing methods are investigated using numerical, experimental, and 

field studies. Finally, given that the behaviour of the timber pole under the lateral and 

angled broadband low frequency impact excitation is very complicated and dealing with 

this high level of complexities is very difficult, a novel, fast and accurate ultrasonic 
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narrowband NDT method is proposed as an alternative proposition for the condition 

assessment of timber structures. 

The specific objectives of this research work are:  

1. To conduct numerical investigations to evaluate and assess the current NDT 

techniques in terms of reliability, accuracy and limitations, with the following 

objectives: 

a. To investigate the applicability and effectiveness of the currently 

available surface stress wave based NDTs on the condition 

assessment of the timber poles. 

b. To develop an understanding of the stress wave propagation of the 

longitudinal and bending waves utilizing multi-sensors array. 

c. To improve the currently available surface NDT methods in terms of 

the stress wave velocity estimation and determining the embedded 

length of the timber poles. 

d. To investigate the impact of the environment including soil 

embedment on the wave propagation from the signal processing point 

of view. 

e. To investigate the applicability of the lateral and 45º angled impact at 

a reachable height above the ground level (i.e. 1.5 m) on the 

condition assessment of the timber pole. 

f. To study selected and modified advanced digital signal processing 

methods from a different group of possible solutions (i.e. 

deterministic signal separation and blind signal separation methods) 

for the timber pole condition assessment under the broadband low 

frequency hammer impact excitation. 

2. To conduct laboratory, and in-field investigations to validate the modified 

methods with the following details: 
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a. To investigate the applicability and effectiveness of the currently 

available surface stress wave based NDTs on the condition 

assessment of the timber poles 

b. To experimentally investigate the applicability of the lateral and 45º 

angled impact at a reachable height above ground level (i.e. 1.5 m) on 

the condition assessment of the timber pole 

c. To study selected and modified advanced digital signal processing 

methods for the timber pole condition assessment under the 

broadband low frequency hammer impact excitation 

d. To experimentally investigate the impact of environmental conditions 

such as soil embedment on the wave propagation from the signal 

processing point of view 

3. To propose, and experimentally validate a novel, fast and accurate narrowband 

high frequency (ultrasonic range) NDT technique as an alternative solution for 

the condition assessment of the timber structures. Experimental investigations 

include design and implement an ultrasonic NDT system in order to 

experimentally investigate and compare the efficiency and accuracy of the 

proposed narrowband high frequency NDT methodology with the 

conventional ultrasonic NDT method. 

 Summary of Contributions 1.4

The principal contribution of this study is to comprehensively investigate the 

applicability and effectiveness of not only currently available surface stress wave base 

NDT methods, but also several advanced digital signal processing methodologies on the 

condition assessment of the timber utility poles under broadband low frequency impact 

excitation, and to identify their limitations and in some cases make improvements to 

increase the reliability of outcomes. More details of the original contributions of this 

research follow:   

From a literature review, it is realized that there are only the few works reported on 

using surface stress wave based NDTs to determine the embedded length in timber 

structures. Thus, in the first phase of this study, existing surface stress wave based non-
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destructive methods are examined for length determination of the timber pole. The 

timber pole has also been impacted on its side at a reachable height above the ground 

level by a hammer (lateral and 45º angled broadband low frequency excitation). This is 

not only due to practical constraints (i.e. in-field testing, access to the top section of 

timber utility poles is prohibitive) but also to gain an understanding of the generated 

waves/wave branches. Furthermore, changes in geotechnical and boundary conditions 

and interference of other media on determination of length of the timber poles are 

considered. Based on the results obtained from the first phase, in the second phase of 

this research several advanced digital signal processing methodologies have been 

chosen and modified to deal with the existing complexities in this project. These 

complexities are due to the complicated timber pole behaviour and response under the 

lateral and 45° angled broadband low frequency hammer impact excitation. Considering 

the results from the first phase and the second phase of this research, in the third phase a 

novel, fast, and accurate ultrasonic NDT methodology has been proposed and validated 

in order to overcome the intrinsic complexities that exist in the timber structures 

condition assessment utilizing surface stress wave based NDTs. The contributions of 

this study in point form are as follows: 

1. Selecting currently available surface stress wave based NDTs numerically and 

experimentally investigated in terms of reliability, accuracy and limitations, for 

determination of embedded length of poles below the ground level. It is worth 

mentioning that the first criterion of the condition assessment of the timber poles 

is embedment length estimation (more explanations can be found in section 2.2). 

2. Providing the limitations of the currently available surface stress wave based 

NDT methods through numerical, experimental, and field tests investigations. 

3. Providing recommendations for improvements of selected currently available 

surface stress wave based NDT methods for the utility timber poles. 

4. Nominating, and investigating the applicability and effectiveness of some 

advanced digital signal processing methodologies to overcome the intrinsic 

complexities, which exist in the project. In order to cover the most possible 

types of solutions, the advanced digital signal processing methodologies have 

been selected from the three groups of digital signal processing techniques that 
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are most probable to provide solutions (i.e. deterministic signal separation, blind 

signal separation, and frequency-wavenumber velocity filter methodologies). 

5. Providing the limitations of selected advanced digital signal processing 

methodologies through the numerical, experimental and field tests 

investigations.  

6. Providing the limitations of the lateral and 45° angled broadband low frequency 

hammer impact excitation on the condition assessment of the timber utility 

poles. 

7. Proposing and verifying a novel ultrasonic NDT as an alternative solution to the 

complexities that intrinsically exist in the Non-Destructive condition assessment 

of the timber structures. 

 Outline of the Thesis 1.5

This thesis consists of eight main chapters, organised as follows: 

Chapter 1 presents an introduction to the work, the objectives of the study, the scope of 

the work and the contribution to knowledge. 

Chapter 2 outlines a literature review and a brief history of timber pile/poles in 

Australia and a review of different non-destructive test techniques that can be used or 

already employed for determining length and condition of timber/concrete piles/poles. 

This chapter also covers classification of different wave types including relevant 

characteristics of those wave types. This chapter then provides details of the signal 

processing methodologies that have been used in the currently available surface stress 

wave based NDTs, which are then explained and studied. In the final section of this 

chapter, the limitations of the currently available NDTs and the necessity of utilizing 

advanced digital signal processing have been briefly explained. 

Chapter 3 provides the mathematical explanations of the selected advanced digital 

signal processing methodologies which have been modified and employed in this 

project to deal with the existing complexities. In this chapter, firstly the timber pole is 

defined as a Linear Time-Invariant (LTI) system from a signal processing point of view. 

In this definition, captured signals from sensors that are attached to the timber pole are 
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mathematically expressed as the convolution of the input signal to the pole (i.e. hammer 

impact) with the impulse response of the timber pole. In this regard, all useful and vital 

information for the condition assessment of the timber pole exists in its impulse 

response, which is firstly needed to be extracted from the captured signals and then 

analysed separately for different criteria of the condition assessment. In this project the 

first criterion of the condition assessment (i.e. determination of the embedment length 

of the timber pole under the ground) is being considered.  

In order to extract the useful information from the captured signals, the probable groups 

of methodologies that can provide solutions to this problem are nominated. These 

methods are categorized into the three main groups of; deterministic signal separation, 

blind signal separation, and frequency-wavenumber velocity filter. Then the most 

common and effective signal processing methodologies are selected, modified and 

employed from each group. Wiener and predictive deconvolution, and digital filters are 

selected from the deterministic signal separation methods. Principal Component 

Analysis (PCA), Singular Value Decomposition (SVD), and K-mean clustering are 

chosen amongst the blind signal separation methods. 

Chapter 4 describes the test procedures and test equipment used in the experimental and 

field testings. The overview of the test specimens, and experimental set-ups for different 

types of tests are presented in this chapter. In the longitudinal and flexural impact 

method, a stress wave is generated with an impact from a modal hammer. In the both 

cases, the responses are measured with accelerometers, and the input and response are 

recorded with a program coded in the LabVIEW programming language.  

Chapter 5 presents the results of the longitudinal and lateral impact tests performed on 

the experimental testings under a standing-on-soil or an embedded condition to verify 

the applicability of currently available surface stress wave based NDTs presented in 

Chapter 2. A longitudinal wave has been induced by a hammer impact to the top of the 

pole and a flexural wave is induced by a hammer impact to the side of the pole, and the 

response is measured by means of the accelerometers. The accelerometers were 

mounted to the side of the pole. The results are analysed to determine the stress wave 

velocity and embedded length of a timber pole. Limitations of currently available 

surface stress wave based NDTs that were briefly addressed in the last section of 

chapter 2 are discussed comprehensively in this chapter. 
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In Chapter 6, results of employing selected and modified advanced digital signal 

processing methodologies (which are provided in Chapter 3) on the data obtained from 

the numerical, experimental and field testings with lateral and 45° angle hammer impact 

are provided. Limitations of the aforementioned impact type on the non-destructive 

condition assessment of the timber pole are discussed and studied systematically in this 

chapter. 

In Chapter 7, a novel, fast and accurate ultrasonic NDT methodology is proposed as an 

alternative solution for the condition assessment of the timber structures. This 

methodology is proposed based on the results and understandings obtained from 

previous chapters (which are related to the complexities, which exist due to the 

broadband low frequency excitation especially when it is applied on the side of the 

specimen with a 45° angle). In this chapter, firstly the proposed methodology is fully 

explained. Then the experimental test procedures, different types of performed tests and 

equipment that was utilized are described. In this phase of the research, firstly, an 

ultrasonic NDT system is designed and implemented, and then two types of tests are 

performed. The first set is related to the ultrasonic single frequency time-of-flight 

testing which is currently available and extensively utilized in industry and research all 

around the world. The first set is performed with the intention of achieving the required 

accuracy of the implemented ultrasonic NDT system and have a benchmark to compare 

the results of the proposed methodology with. The second sets of tests are related to the 

proposed methodology.  In the last section of this chapter, effectiveness and accuracy of 

the proposed methodology is verified through provided results of the experimental 

testings. The proposed methodology in this chapter shows a significant potential to be 

used in industrial applications. 

Chapter 8 summarises the work presented in this thesis and presents conclusions 

regarding: 

 The applicability and limitations of the currently available surface stress wave 

based non-destructive testing methods on timber utility poles condition 

assessment 
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 The effectiveness and limitations of selected and modified advanced digital 

signal processing methodologies on the timber utility poles condition 

assessment under broadband low frequency lateral and 45° angled excitation. 

 The limitations of the broadband low frequency (i.e. hammer) lateral and 45° 

angled excitation on the Non-Destructive condition assessment of the timber 

pole 

 The effectiveness and accuracy of the proposed alternative proposition on 

condition assessment of the timber structures 

This chapter also draws conclusions and gives recommendations for future work.  
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2 Chapter 2: Literature review 
 

 Timber poles as a critical infrastructure 2.1

Timber utility poles play a significant role in the infrastructure all around the world 

especially in Australia, which have been taken for granted [12]. They have been widely 

used as utility poles for power and telecommunications networks. As reported by [13], 

there are more than 5 million utility timber poles currently in-service throughout 

Australia’s energy networks (Table 2.1).    

Table 2.1: Estimated quantities of poles in-service throughout Australia in 2004 [13] 

State / Territory Timber Concrete Metal Other State 
Total 

New South Wales (NSW) 2,055,651 93,398 40,229 400 2,189,678 

Queensland (Qld.) 1,260,042 35,951 27,764 0 1,323,757 

Victoria (Vic.) 823,934 265,282 21,949 5,370 1,116,535 

South Australia (SA) 0 78 211 655,763 656,052 

Tasmania (Tas.) 194,451 46 7,108 6,868 208,473 

Western Australia (WA) 681,536 12,334 20,808 0 714,678 

Northern Territory (NT) 0 95 38,125 0 38,220 

Australian Capital Territory 
(ACT) 50,098 7,031 2,758 375 60,262 

Total 5,065,712 414,215 158,952 668,776 6,307,655 

 

According to the review of Australian Timber Pole Resources for energy networks 

conducted by [14], many of the currently installed timber poles are required to be 

replaced or receive remedial maintenance over the next decade. Based on the cost 

assumption of $500 for a new timber pole, 1.75 billion dollars would need to be 

invested to achieve 3.5 million replacement timber poles that may soon be required. 

Furthermore, poles are required for new lines, costing 13.5 million dollars per annum 

with the assumption of constant demand at half of the total demand by utilities in 2005 
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in the future years. Besides, Australian timber pole stakeholders are facing a critical 

pole supply shortage.  

Although using alternative materials may be practical in some locations, the cost to 

completely replace timber poles is likely to be too expensive. Considering the whole life 

cycle costs, timber poles are significantly cheaper than most manufactured alternative 

poles made of steel, concrete or fibreglass-reinforced composite materials. Besides, 

non-timber poles have different conductive and dynamic strength properties and require 

different fittings.  

Timber poles produced from sustainably-managed forests are a renewable resource, and 

in addition to economic benefits, life cycle analysis show that timber poles have 

considerable environmental advantages compared with poles constructed from more 

energy intensive manufactured materials. Considering raw material production, 

treatment, installation, inspection, maintenance and disposal, it has been emphasized 

that considerably less energy is required to produce timber poles and significantly less 

greenhouse gases are therefore, produced [15].   

The major disadvantages of using timber poles are the current supply shortage, their 

shorter service-life, the requirement of more maintenance and the need for recycling 

industries to continue to be established and preservative recovery technologies to be 

fully optimised.  

Timber is a natural material and its properties could not be controlled by manufacturing 

and these properties show intrinsic variability. The presence of natural defects such as 

knots, splits, and checks, and the wide diversity of species available for various end 

uses, add to this variability. 

Wood may be described as an orthotropic material. It has unique and independent 

mechanical properties in the directions of three mutually perpendicular axes: 

longitudinal, radial, and tangential. The longitudinal axis is parallel to the fibre; the 

radial axis is normal to the growth rings (perpendicular to the grain in the radial 

direction); and the tangential axis is perpendicular to the grain but tangent to the growth 

rings. These axes in wood are shown in Figure 2.1. The speed of sound varies with grain 

direction because the transverse modulus of elasticity is much less than the longitudinal 
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value. The speed of sound across the grain is about one-fifth to one-third of the 

longitudinal value [16].  

 

Figure 2.1: Three principal axes of wood with respect to grain direction and growth rings [16] 

The speed of sound decreases with increasing temperature or moisture content in 

proportion to the influence of these variables on the modulus of elasticity. The 

environmental conditions in which wood is used are very important because moisture 

content of the wood dramatically affects its mechanical properties and its vulnerability 

to degradation by decay [17].  

 Timber piles/poles condition assessment criteria 2.2

Timber poles are used as simple cantilever beams and/or slender columns. As reported 

by Rural Utilities Service construction standards, these poles may have a maximum line 

angle of 5 degrees [18]. Because tangent poles are not supposed to be located at a sharp 

angle turn in the line, they typically resist only the forces due to wind, ice, gravity, and 

the forces from unbalanced tension in the conductors or other utility wires. For some 

poles, in addition to horizontal forces and their resulting moments caused by the wind 

and vertical forces from permanent actions, poles must resist loads in both horizontal 

and vertical directions due to guywires. Consequently, they should have adequate 

embedded length to resist those forces. For some of the utility poles that were installed 

in the past, no information is available regarding the depth of the utility poles. In this 

regard, a first step in the in-service timber utility poles condition assessment is 

embedment length estimation [15].  

Furthermore, environmental factors such as weather, age, or even moisture can damage 

the timber poles. However, the main damage occurring around the ground line is 
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associated with fungi. [19] suggested four typical decay patterns of a timber pole’s cross 

section below the ground line as illustrated in Figure 2.2.  

 

Decay from 

center zone 

Decay from 

internal 

cracks 

Decay due to 

external 

cracks 

Decay from 

outer surface 

Type 1 Type 2 Type 3 Type 4 

Figure 2.2: Possible decay patterns in underground sections of utility poles [19] 

It is also worth mentioning that since timber pole is an orthotropic by nature even single 

wave propagation is complicated (see section  2.6) and processing of the signals 

captured by sensors attached to the pole is a difficult task. This situation is worse when 

there are at least two types of waves propagating through the timber pole 

simultaneously. Considering this situation, only first step of the condition assessment of 

the timber poles (i.e. embedment length estimation) is considered and investigated in 

this research. 

 Conventional methods for assessment of timber 2.3

structures 

Currently used inspection methods for timber poles involve visual inspection, probing, 

sounding, drilling and coring.  

2.3.1 Visual inspection method [20] 

“Visual inspection is the simplest method that has been used in locating deterioration in 

the timber structures. An inspector observes the structure for signs of actual or potential 

deterioration, noting areas for further investigation. Visual inspection requires strong 
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light and strongly depends on the experience of the inspector. This method is useful for 

detecting intermediate or advanced surface decay. Visual inspection cannot detect decay 

in the early stages, when remedial treatment is most effective. Furthermore, it cannot 

accurately determine the extent of deterioration in timber structures. This method should 

never be considered as the sole method for condition assessment of the timber structures 

[20].” 

2.3.2 Probing [20] 

“Probing with a moderately pointed tool, such as an awl or knife is another primitive 

method that has been used to locate decay near the wood surface as indicated by 

excessive softness or a lack of resistance to the probe penetration and the breakage 

pattern of the splinters. A brash break indicates decayed wood, whereas a splintered 

break reveals sound wood. Although probing is a simple inspection method, experience 

is required to interpret the results. Care must be taken to differentiate between decayed 

and water-softened wood that may be sound but somewhat softer than dry wood. It is 

also sometimes difficult to assess damage in soft-textured woods such as western red 

cedar [20].” 

2.3.3 Sounding [20] 

“In this method, the wood surface is struck with a hammer or other objects, and then 

based on the tonal quality of the ensuing sounds, a trained and experienced inspector 

can interpret dull or hollow sounds that may indicate the presence of large interior voids 

or decay. Even though sounding is widely used, it is often difficult to interpret the 

results because conditions other than decay can also contribute to variations in sound 

quality. Moreover, sounding provides only a partial picture of the extent of decay 

present and will not detect wood in the early or intermediate stages of decay. 

Nevertheless, sounding has still been used in the inspection process and can quickly 

identify seriously decayed structures. When suspected decay is encountered, it must be 

verified by other methods such as boring or coring. Practical experience has shown that 

sounding only works with members less than 89 mm (3.5 inches) thickness [20].” 
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2.3.4 Drilling and coring [15] 

“Drilling and coring are the most common methods used to detect internal deterioration 

in the wood members. Both techniques are used to detect the presence of cavities and 

determine the thickness of the residual shell when voids are present. Drilling and coring 

are similar in many aspects and are discussed together. Drilling is usually done with an 

electrical power or hand-crank drill equipped with a 9.5- to 19-mm- (3/8- to 3/4-inches) 

diameter bit. Power drilling is faster, but hand drilling allows the inspector to monitor 

drilling resistance and may be more beneficial in detecting pockets of deterioration. In 

general, the inspector drills into the member in question, noting zones where the drilling 

becomes easier, and observes the drill shavings for evidence of decay. The presence of 

common wood defects, such as knots, resin pockets, and abnormal grain, should be 

anticipated while drilling and should not be confused with decay [15].” 

 Non-Destructive Evaluation (NDE) 2.4

The field of Non-destructive Testing (NDT) is a wide, multi-disciplinary field that plays 

a critical role in assuring about the functionality of structural components and systems 

in a reliable and cost-effective approach. In NDT, engineers design and implement tests 

that locate and characterize material conditions and defects that might otherwise cause 

disasters such as planes to crash, reactors to fail, trains to derail, etc.. These tests are 

performed in a manner that does not affect the future usefulness of the object or 

material. In other words, NDT allows parts and material to be inspected and measured 

without causing any damage to them. Because it allows inspection without interfering 

with a product's final use, NDT provides an excellent balance between quality control 

and cost-effectiveness. It has wide applications in a variety of engineering fields such as 

mechanical, electrical, and civil engineering [21]. There have been major developments 

in NDTs in the past 30 years. It was firstly acknowledged in the mid-1970s that for 

NDTs to meet the needs of high-technology industries, such as aerospace, oil, and gas, 

it needed to become a more quantitative science-based technology. Research was initi-

ated in several countries, and as a result new capabilities were developed that are part of 

what is now called “quantitative non-destructive evaluation,” (QNDE) and is commonly 

referred to as non-destructive evaluation (NDE) and quantitative non-destructive 

evaluation (QNDE) [22] [23].  
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 Non-destructive evaluation methods for assessment 2.5

of timber structures 

NDT has been applied massively in the field of the Civil engineering especially in the 

condition assessment of structures and materials. As mentioned earlier, timbers are one 

of the main and important materials that have been used as an infrastructure in civil 

engineering. In this regard, a large number of non-destructive tests have been proposed 

and effectively applied on timber structures’ condition assessment. In the case of 

piles/poles, most effective NDT methods are visual inspection, sounding and stress 

wave. As previously explained, the reliability of the visual inspection and sounding 

methods depend heavily on the experience of the technician or test performer [24]. On 

the other hand, stress wave methods are much simpler and economical. Stress waves 

can be made in the structure because of deformation caused by an impact excitation. 

These waves propagate through the structure like a propagation of sound waves through 

the air. Due to the dependency of these waves’ velocity to the modulus of elasticity, 

Poisson’s ratio, density, and geometry of the structure [1], studying these waves can 

give the structure’s condition.  

Stress wave methods can be categorized into two main groups, surface wave based 

methods and borehole methods. In surface wave based method, there is only need to 

have access to the structure surface in order to apply excitation impact, and attach 

transducers to detect wave reflections. In the borehole methods, a borehole is needed to 

be drilled near the structure in order to send the transducer along the hole and monitor 

the wave reflections. Although borehole methods are so accurate in finding the 

embedded length of the shallow structures under the ground, they are not only so 

expensive but also not able to provide embedded length of such foundations with 

underlying pile caps [25]. 

In surface stress-wave-based method, a disturbance caused by the excitation impact 

propagates through a medium in terms of three different waves: longitudinal waves 

(also known as dilatational, P-wave, or compressional wave), bending waves (also 

known as flexural waves), and Rayleigh waves (also known as R-wave, surface wave). 

In the longitudinal waves, the direction of vibration is the same as the direction of 

propagation, which means particles of the medium move in the same or the opposite 
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direction to the motion of the wave. In contrast, in the bending waves, medium particles 

movement is perpendicular to the direction of the wave travel. Rayleigh wave travels 

across surfaces and moves in ellipses in planes normal to the surface and similar to the 

direction of wave propagation (see Figure 2.3) [1]. 

 

Figure 2.3: Three different kinds of stress waves [26] 

Through the past decades, several surface stress-wave-based NDT methods have been 

proposed based on the different types of wave processing. For instance, based on the 

longitudinal wave Sonic-Echo, and based on the bending wave Short Kernel method, 

have been introduced. Some methods use both of the longitudinal and flexural waves 

such as Ultraseismic. In the following, each of the surface stress-wave-based methods 

and two of the most common and effective borehole methods are explained. It is 

essential to consider that since the borehole methods are very costly and not 

environmentally friendly, they have not been used in this research. 

2.5.1 Sonic-Echo method (SE) 

Sonic-Echo method (also known as Seismic Echo, Impulse Echo, Pulse Echo method 

and Pile Integrity Test), is the first surface stress wave based NDT method to become 

commercially available [27] [28] [29]. In this test, the excitation impact is applied on 

top of the pile/pole structure which causes the longitudinal wave. The next step is to 

identify the signal associated with the stress wave travelling from the impacted point, 

reflecting at the bottom surface of the pile and travelling back to the transducer. The 

reflected wave (echo) can be measured in terms of a displacement, velocity, or 
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acceleration as a function of time by one sensor located near the impact location. Figure 

2.4 shows the Sonic-Echo test setup. 

 

Figure 2.4: Sonic-Echo method [2] 

Once the travelling time  of the echo is determined, the length L of the pile can be 

estimated through the equation (2.1) [2], (see Figure 2.5). 

2
tVL c              (2.1) 

Where  is the longitudinal wave velocity in the pile.  

 

Figure 2.5: Captured signal in the Sonic-Echo method test (ibid) 

Huang et al investigated the effect of defect depth and size on a captured reflection by 

numerical data without noise. They introduced a defect depth to pile diameter ratio , 

and defect size ratio as the size of defect to diameter of the pile . Their results (Figure 

2.6) illustrated that if the defect depth ratio surpasses 20%, or the defect size ratio fall 
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behind 15%, reflection detection (showed by an arrow in Figure 2.6) would be almost 

impossible. The situation is worse in the presence of noise [30]. 

 

 

(a): =6.67%, =15%.                                   (b): =20%, =15% 

 

(a): =6.67%, =59%.                                   (b): =20%, =59% 

Figure 2.6: Huang et al investigation on damage depth  and size . (ibid) 

The Federal Lands Highway Administration [25] tested several foundation piles of 

bridges. After collecting the data and analysis, researchers found that the SE method 

works best for piles or drilled shafts without any structure on top. Typically, this 

method is performed on piles for ratios of length-to-diameter (L/D) up to 20:1. When 

these methods are applied to piles with length-to-diameter ratios higher or equal than 

30:1, they are only reliable for softer soils due to the effects of the soil on the results. 

This method also can only detect large damage with cross-sectional area greater than 

5% of the pile diameter. A study conducted by the University of Houston at the 

National Geotechnical Experimentation Site also revealed that for a pile with L/D ratio 

of less than 20:1, the pile length can be predicted more accurately and the success rate 

can reach at least 80%. If the L/D rate increases to 30, the success rate will decrease 

rapidly. 
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Another limitation of these methods can be addressed as they work best for columnar 

type foundations such as piles and drilled shafts. There is also need to have an access to 

the top of the structure. In cases where the superstructure is in place, the SE data 

becomes more difficult to interpret because of many reflections.  

Another shortcoming of this method is being highly dependent to the experience of the 

test performer (as the reflection peak will be chosen in the plot by the examiner). Texas 

A&M University [31] carried out a series of comparative NDTs on nine bored piles 

using the SE method. The piles were tested at the National Geotechnical Experimental 

Sites at Texas A&M University with five piles being embedded in sand and four piles in 

clay. Five companies were invited to conduct the SE testing, and piles embedded length 

and condition was not exposed to them; results were obtained directly after the site 

testing. The comparison between length predictions and actual feature led to the 

following findings. Firstly, the length prediction will not be accurate when two damages 

are presented in a pile. Secondly, the accuracy of the result heavily depends on the 

operators’ experience. For defects detection, the comparison of the results also revealed 

some significant issues. Firstly, the experience of the engineer plays an important role in 

the testing and the interpretation of the measurement results. Secondly, the size and 

location of the defect will affect the accuracy of the testing. Thirdly, the stiffness of the 

surrounding soil of the pile will influence the results.  

2.5.2 Bending wave method  

As the top of the deep foundation or pole is not always accessible, the Bending Wave 

(BW) method is introduced to evaluate the foundation non-destructively if the side of 

the structure/foundation could be accessed [32]. The Bending Wave (BW) method, 

which uses flexural (bending) waves rather than the longitudinal waves that used in the 

Sonic-Echo method, can be used to investigate the unknown depth and integrity of deep 

foundations. The method is typically used on a slim or rod-like medium. In the bending 

wave, velocity is inversely proportional to the wavelength; as a result, maximum 

velocity decreasing occurs at wavelengths that are longer than the pole diameter. In the 

case of length estimation, dispersive analysis in which wave data is extracted from a 

selected group of frequencies is required. These frequencies are analysed for the 

individual time required to travel to the bottom of the structure and back. Bending 
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waves can be produced by applying a horizontal impact on a pile, and it is necessary to 

utilize at least two sensors. Figure 2.7 shows the test setup for the bending wave 

method. In this method, there is no need to have an access to the top of the structure 

which is great advantage.  

The problem of the bending wave propagation in cylindrical structures was first 

investigated in terms of elastic equations by [32]. More information of the derivation 

can be found in [33], [34] and [35]. The solution describes the motion of a wave of 

infinite duration travelling along a homogeneous, isotropic, linearly elastic cylinder of a 

constant diameter. The solution obtains expressions for both phase and group velocities 

of flexural waves. [34], and [36] produced graphs showing the relationship between the 

ratio of the cylinder’s radius to the wave length of the wave for a given value of 

Poisson’s ratio for the material. Since the frequency equation consists of Bessel 

functions, there are an infinite number of solutions to the problem as discussed by  [37]. 

The general elastic equations have not been solved for transient bending wave motion in 

a tapered cylinder of finite length. Neither have they been solved for a tapered cylinder 

composed of an orthotropic material [38]. 

To calculate the length of a structure, the BW method requires special signal processing 

techniques, such as Short-Kernel Method (SKM) analysis [39] [38] [40] or flexural 

wave identification (FWI) method [41]. In Short kernel method, as proposed by [39], 

the so-called phase velocity (which is the velocity associated with a particular 

frequency) of the travelling wave is determined. From SKM plots, one can identify the 

initial wave arrivals and the reflections (echoes), and calculate the depths and locations 

of the reflection events. In the SKM analysis, one or more cycles can be used as a 

“Kernel Seed”.  

The SKM procedure is as follows: the Frequency Response Function (FRF) of each 

sensor is calculated. This can be done by firstly transferring the time domain signals of 

the impact hammer and the sensors into the frequency domain by Fast Fourier 

Transform (FFT), and then dividing them together. 
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Figure 2.7: Bending wave method test setup [15] 

From FRF analysis, the central frequency that shows the most consistency in all sensors 

is chosen for the SKM kernel seed, a kernel seed signal is formed and then cross 

correlated to the corresponding captured signals in all sensors. There will be several 

positive peaks in the plot of the output of cross-correlation (SKM plot); the global 

maximum of the output represents the location where the kernel fits best with its 

frequency counterpart.  Repeating the process for all sensors and comparing the results 

in terms of their global maximum, one can obtain the frequency velocity using equation 

(2.2) [42]. 

Samplingpts

BW
BW tN

LV
*

            (2.2) 

In equation (2.2),  is the phase velocity of the kernel,  is the distance between 

two sensors,  is the number of data points by which the feature (peak) has shifted 

between the two sensors, and  is the sampling time interval. As mentioned 

earlier, there are a series of peaks in the SKM plot, the length is determined by 

identifying significant peaks (features) of the first arrival and the returning signals 

(reflections/echoes from an end of the specimen) in the SKM plot of a single sensor 

signal by equation (2.3): 
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Shortcomings of the BW method are as follows; due to the high attenuation associated 

with flexural waves travelling down a pole/pile, results of this method for the 

assessment of poles with embedment length greater than 5 m are not as reliable as the 

longitudinal wave methods. Further, the signal processing is very complicated, and 

relies on the experience of the operator. The complication of signal processing can 

become particularly problematic when the impact is applied in the middle of the 

pole/pile; in this case, reflections from top and tip of the pole interfere with each other, 

and cause distortion in measured signals. In 1998, the Federal Lands Highway 

Administration tested forty timber piles with lengths varying from around 2 m to 18 m 

using the BW method with SKM analysis. After data collection and analysis, a 

comparison between the computed length and the actual length was undertaken on 26 

out of the 40 piles. The researchers found that the length difference ranged widely from 

-11.8% to 8.7% for 16 piles out of the 26 piles they compared [25]. In general, 

limitations of the BW methods combined with environmental effects and complexity of 

data processing lead to less accuracy than the SE method. 

2.5.3 Ultraseismic method  

Ultraseismic (US) is the most recent and advanced surface NDT industrial method 

developed by Olson Engineering [43]. This technique investigates the length and 

integrity of shallow and deep foundations. Its principle is similar to the Sonic-Echo 

method but more effective in the presence of many reflection boundaries. To start the 

test, top or near top (if top surface is not accessible) is struck by hammer and the signal 

will be captured by one inertial sensor, then the sensor will be moved along the 

structure in increments of 15 – 30cm and the test will be repeated again, with this 

procedure repeated several times. If the sensor is moving in the longitudinal direction, 

the method is called vertical profiling, and if it moves toward horizontal axes, it is 

called horizontal profiling. Figure 2.8 shows the Ultraseismic vertical profiling (which 

is utilized in this project) test procedure. 
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Figure 2.8: The Ultraseismic vertical profiling test setup [15] 

One of the major advantages of this method is to be less affected by the presence of 

superstructure on top of pile [43]. Signal processing in this method has three main steps, 

stacking, gain, and digital filtering [44]. Stacking is used to increase the signal to noise 

ratio, and also to highlight the dominant wave type caused by the impact. For instance, 

vertical impacts are comparatively rich in compressional wave energy, although more 

flexural/Rayleigh (surface) wave energy is generated. In this case stacking can decrease 

the effect of the Rayleigh wave [43]. Gain is used when the amplitude of the captured 

signal in not sufficient. Finally, a digital filter (which will be explained in section 2.7) is 

applied to remove noise and undesirable high frequency components. Figure 2.9 shows 

the embedded length estimation results of the Ultraseismic vertical profiling (first 

reflection refers to the pile cap and the second one refers to the bottom of the pile). 

According to the Federal Lands Highway Administration report in 1998, under complex 

substructure condition, the US method is able to provide much more accurate depth 

prediction than the SE method [1]. Huang et al. at the ChaoYang University of 

Technology found that the error of the embedded length estimation of intact piles using 

the US method is within a range of 5% [45]. Some limitations of this method can be 

addressed as being sensitive to the type of the soil that pole or pile is embedded in, since 

little energy will be reflected in the case of stiff soils. It also requires more time to 

perform the test and process the data in comparison with the SE or bending wave 

method. There is also need for an accessible surface of at least 1.53 meters or more to 

perform the test [43].  
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Figure 2.9: Stacked, gained and filtered record of US testing [46] 

 Waveguide propagation in the cylindrical timber 2.6

pole 

Many conventional stress-wave-based NDT methods (e.g. Sonic-Echo method) are 

based on a one-dimensional wave propagation theory [34]. This theory is based on the 

kinematics of deformation. It assumes that the wave is travelling like planes in one 

direction while it has the same amplitudes in the other directions [34].  

Figure 2.10 illustrates the plane waves’ propagation in one-dimensional wave theory. 

 

Figure 2.10: plane waves’ propagation in one-dimensional theory 
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In this condition, the effect of lateral deformation (Poisson’s effect) has not been 

considered in the derivation of the wave equation. Consequently, the initial condition 

dominates the wave behaviour. Even though the one-dimensional wave theory considers 

an infinite media, reflection and transmission can occur if a material interface exists. 

Such a boundary condition, which can only be present in the direction of propagation 

can only change the wave amplitude but not its velocity. As a result, the wave velocity, 

for instance in the Sonic-Echo method, is assumed to be constant in the medium [47]. 

On the other hand, when the wave is propagating through the medium, which is not 

infinite such as a plate-like or a cylindrical structure, the boundary imposes mechanical 

variables such as stress and/or strain constraints, which cause the wave to be reflected at 

the boundary, often yielding a change of the waves’ type and their directions. In this 

situation, the oriented waves are called guided waves [48] [49]. Figure 2.11 is the 

simple illustration of the different characteristics of the one-dimensional wave and the 

guided wave in the plate-like structure. 

 

Figure 2.11: The illustration of (a) one-dimensional wave, and (b) guided wave in the plate-like structure 

[48] 

Guided Waves (GW) exist in any finite media including elastic or inelastic materials 

[48]. The difference of the GWs in elastic or inelastic materials is that the waves in an 

elastic medium follow the theory of elasticity [50] and those in an inelastic media 

follow the elastic-viscous constitutive law. Lynch in his PhD thesis [51] presented the 

governing equations and their solutions of the wave guide propagation based on the 

theory of elasticity in an elastic isotropic cylindrical structure embedded in soil. He 

demonstrated the dependency of the wave guide propagation on variables such as the 

geometry and material properties of the structure, soil properties, frequency, and 

boundary conditions. Lynch works are briefly provided in Appendix-A. The wave guide 
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equations are solved for the angular frequencies (ω), and the roots are the wavenumbers 

(ξ) (which can be complex numbers). The relation between the real part of the 

wavenumber and the frequency is called the dispersion relation. 

Phase velocity phV and group velocity grV can be derived from the dispersion relation by: 

)Re(phV
             (2.4) 

)Re(d
Vgr               

The relation between the wave velocity and the frequency is called the spectrum 

relation.  

As mentioned earlier, timber pole is an orthotropic material, which is vital to be 

considered in the solution of the dispersion relation. Saad. M. investigated the effects of 

the different material properties on the dispersion relation in the timber poles. He 

studied the wave propagation in the timber pole for both isotropic and orthotropic 

material properties. Details of his works can be found in [47] and [52]. In this study, 

material properties for the isotropic timber pole are as follows: the density ( ) was set to 

950 kg/m3, the elastic modulus ( ) to 23,000 MPa, and the Poisson’s ratio ( ) to 0.3. For 

the orthotropic modelling material properties in Table 2.2 and Table 2.3 were used. The 

material properties of the soil are  1,520kg/m3,  100MPa, and   0.3. 

Table 2.2: Elastic modulus values of simulated orthotropic timber pole 

 Radial Direction Transversal Direction Longitudinal Direction 
Elastic modulus (MPa) 1,955 850 23,000 

 

Table 2.3: Shear modulus and Poisson’s ratio values of simulated orthotropic timber pole 

 Radial Transversal Transversal Longitudinal Radial Longitudinal 
Shear Modulus (MPa) 357 1,037 1,513 

Poisson’s ratio 0.682 0.023 0.044 
 

The phase velocity vs. frequency plots (spectrum relation) for the timber pole with 

isotropic and orthotropic material properties are demonstrated in Figure 2.12. 
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(a) 

 
(b) 

Figure 2.12: The spectrum curves of the cylindrical timber poles in (a) the isotropic; and (b) the 

orthotropic cases. Dashed lines represent the flexural wave branches and hard lines represent the 

longitudinal branches [52] 

As can be seen in Figure 2.12 (a), only one branch exists for each type of the waves in 

the frequency range of 0 to 5KHz. Moreover, all of the frequency components in this 

range have approximately same velocity. It can also be seen that the velocity of the 

longitudinal wave is much higher than the flexural one. On the other hand as can be 

seen in Figure 2.12 (b), there two branches of the longitudinal and three branches of the 

flexural waves exist in the same frequency range for the simulated timber pole with the 

orthotropic material properties. Moreover, the longitudinal wave is no longer the 

dominant wave. These facts (differences between isotropic and orthotropic material 

properties) make a very complicated situation even in the perfect timber pole (i.e. 
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without any cracks and voids). More information and details about different types of 

waves and their propagation in the timber poles with and without cracks and voids can 

be found in [47].  

 Digital Filters 2.7

Digital filters are broadly used in the processing of the digital signals [53]. These 

signals can be from several applications such as speech, image, and video processing, 

data communications, radar, and seismic and oil exploration. The most common digital 

filters are Linear Time-Invariant (LTI) filters, because they are simple to analyse, 

design, and apply. Other filter types such as adaptive filters, which are the combination 

of the LTI filters and optimization algorithms, have different design procedures in 

which filter coefficients are optimized by specific optimization algorithms. An LTI 

digital filter can be individually recognized in the time-space domain by its impulse 

response, and alternatively in the frequency domain by its transfer function, which can 

be calculated by the discrete-time Fourier transform (DTFT) of the impulse response in 

the time domain. Digital filter design has been studied extensively by researchers 

through the past decades. Realization and design of the digital filters is highly 

dependent on the theory, applications, and technologies. For most applications, it is 

ideal to be able to design frequency-selective filters which can pass the specific 

frequency components of the signal without causing any change or distortion to the 

signal and remove the rest of the frequency components. In this case, the desired design 

specifications are given in the frequency domain by specifying a desired frequency 

response, which in general, includes complex numbers, the real part is related to the 

magnitude response, and the imaginary one is related to the phase response. 

The most important features in the filter design are in terms of having specific 

frequency response, amplitude and phase response and being casual and stable. Four 

main common filters based on their frequency response are (as shown in Figure 2.13): 

 Low-pass, which are used to remove unwanted high frequency spectrum. 

 Band-pass, which are used to maintain a specific range of frequency in the 

spectrum. 
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 High-pass which works like the low-pass and just removes the low frequency 

components. 

 Band-stop that can remove a specific range of frequencies in the spectrum. 

Causality of the system besides being linear and time invariant means that the output of 

this system at any time depends only on the past and present values of its input. Stability 

in linear systems or Bounded-Input Bounded-Output stability means that for any 

bounded input, the response of the system would never be infinity or unlimited, or in 

other words, there is no value that can make the denominator of the system’s transfer 

function (z-transform of the system impulse response) zero. 

Digital filters can be categorized into two main types: Finite Impulse Response (FIR) 

filters in which the impulse response is nonzero for only a limited number of samples, 

and Infinite Impulse Response (IIR) filters that have an infinite number of non-zero 

samples [54]. 

In the following, these two types will be briefly studied.  
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Figure 2.13: (a): Low-pass, (b): High-pass, (c): band-pass, and (d): Stop-band digital filters 
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2.7.1 Finite Impulse Response filters 

FIR filters are feed forward filters in which the output sequence is a linear combination 

of the current and past input samples [53]. Figure 2.14 shows a block diagram of these 

filters. The input data will be shifted constantly, weighted with the filter coefficients, 

which determine the filter characteristics and then summed up (equation (2.5)) [53]. 
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i
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)()()(             (2.5)

   

 

Figure 2.14: Block Diagram of the FIR filters [53].  

 

From equation (2.5), the filter transfer function can be derived as: 

M
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)()(            (2.6) 

Equation (2.6) shows that the FIR filters’ impulse response has a finite length, so they 

can be realized using the convolution operation [55] and it can be applied directly in the 

time-space domain, or in terms of the FFT in the frequency domain. Designing an FIR 

filter is usually done by calculating the optimal impulse response samples (filter’s 

coefficients) that best approximate the design specifications. The impulse response 

length M (filter order) can be fixed; it could also be considered as an optimization 

parameter. FIR filters are always stable as their transfer function has no poles except 
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maybe at zero. The most important feature of the FIR filters is in having a linear phase 

change, which is very important in many signal processing applications; it is desirable 

to pass some frequency components of the signal with minimal distortion especially in 

the phase components. In this regard, linear-phase systems are mainly desirable as their 

effect is a pure time delay [55].  Another major advantage of the FIR filters is in being 

insensitive to round-off noise which happens in coefficient quantization as they have no 

feedback loops. Finally, specific design procedures (e.g. Parks-McClellen) can make 

optimum trade-off between the filter design factors (filter order, transition bandwidth, 

and ripples in stop and pass band (Figure 2.15)) [54]. 

 

Figure 2.15: Filter design specifications for low pass FIR filter [54] 

In Figure 2.15,  and  are the ripples in the passband and stopband. FIR filters have 

been widely used in the field of non-destructive testing where echo or reflection 

detection is vital. Fasel used FIR filters for structural damage classifications procedure 

in [56]. Ohta et al. also used FIR filters for flaw detection procedure in [57]. 

2.7.2 Infinite Impulse Response 

IIR filters are feedback filter types in which the output sequence is a combination of the 

current input and previous outputs (equation (2.7)). [54] 
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Figure 2.16 shows a block diagram of these filters. In contrast to the FIR filter, the right 

side of this figure with coefficients ( ) is a feedback part. The left side of the block 
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diagram with  coefficients is similar to the FIR filter structure, which is the non-

recursive part. From equation (2.7), IIR filter transfer function can be derived as: 

N

j

j
j

M

i

i
i

za

zb

zX
zYzH

0

0

)(
)()(             (2.8) 

Equation (2.8) of the IIR filters can be realized using the convolution operation [55]. In 

this equation, since a degree of the numerator usually is no greater than the 

denominator, filter order (N) is a degree of the denominator. 

 

 

Figure 2.16: Block diagram of the IIR filters [53] 

Considering the filter, the number of previous output samples that are needed to be 

stored for the purpose of calculating current output is also determined. Similar to the 

FIR filter design, designing an IIR filter is usually done by calculating the optimal 

impulse response samples (filter’s coefficients  and ) that best approximates the 

design specifications. Filter order can be fixed, but it could also be considered as an 

optimization parameter. The IIR filters can be unstable as their transfer function has 

poles that can lie on or out of unit circle in the z-plane (because of the feedback loop). 

They are also sensitive to round-off noise which can be amplified in the feedback loop 

and can destructively affect the response of the filter and its stability by disturbing the 

poles locations and pushing some of them to more unstable portions on the unit circle. 

Design of a casual and realizable linear phase IIR filter is impossible [55]. The major 

advantage of the IIR filter is having lower order in comparison to FIRs, and as a result, 
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its design is much less complicated as fewer parameters are needed to be calculated or 

stored (for previous outputs). 

The IIR filters have been applied in NDTs where the amplitude of the signal is much 

more significant than its phase [58] [59]. 

2.7.3 Digital filter designs 

The general filter design problem can be briefly explained as follows. First determine 

the ideal frequency response (filter specifications such as: ripples in the band-pass, stop-

band attenuation, and the transition bandwidth), then find a realizable IIR or FIR filter 

type whose frequency response approximates the ideal one. Then the realizable filter 

will be created by optimizing some measure of the filter’s performance, for example, 

minimizing the filter order, transition bandwidth, or the pass band attenuation. For this 

purpose, an appropriate design procedure needs to be selected. For the FIR filters two 

main methods are the windowing method [55], and the Parks–McClellan (or Remez) 

algorithm [60]. The windowing method consists of many different types such as Kaiser, 

Hamming, Hanning, etc. by which edge overshoots, the transition bandwidth, and the 

ripples can be controlled. The Remez algorithm, on the other hand, minimizes the 

Chebyshev error norm which leads to equiripple designs (Equiripple filter). It is also 

possible to design the FIR filter with arbitrary magnitude which is introduced in [61] 

[62]; there are also other FIR design methods like constrained least-squares proposed by 

Selesnick et al in [63], and linear programming based introduced in [64] and [65]. 

 Signal Processing of the conventional surface 2.8

stress-wave-based methods 

2.8.1 The discrete and fast Fourier transform 

The Fourier series was firstly introduced by Jean Baptiste Joseph Fourier in 1807 [66]. 

It was the first algorithm that applied trigonometric series systematically to problem 

solving. Fourier series and the Fourier integral allow transformation of physically 

realizable time-domain waveforms to the frequency domain and vice versa [66]. 



University of Technology Sydney Page 40 
 

A typical signal captured in the NDT methods is non-periodic by nature. To transform 

these signals, which are obtained as a function of time, to a function of frequency, the 

Fourier transform can be utilized. The continuous Fourier transform of  is defined 

as; 

dttfjetxfX ))((2)()(         (2.9) 

Equation (2.9) is used to define a signal in the frequency domain for a continuous time 

interval. As a matter of fact, all of the signals that are captured in practice are in discrete 

form; a variation of the Fourier transform was developed for use in digital signal 

processing [66]. The discrete Fourier transform (DFT) of  is defined as: 

1

0

))((2)()(
N

n

tnfkjetnxtfkX        (2.10) 

In which,  is the discrete set of time samples that defines the signal to be 

transformed;  is the setoff Fourier coefficients obtained by the DFT of ;  

is the time increment between data points, sec;  is the frequency interval in the 

frequency domain  is the index for the computed set of discrete frequency 

components,  is the time sample index, n=0,1,2,…,N-1;  is the 

total number of data points being considered from the discrete signal;  is a complex 

number with a real component  and an imaginary component , and, 

therefore, can be represented as a vector in a complex coordinate system [67]. Using 

Euler’s identity, , yields: 
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where  is the real part of the frequency domain, and  is the imaginary 

part of the frequency domain. 

By letting , the magnitude of the discrete Fourier transform is 

defined as: 

2
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Re ))(())(()()( fXfXfXfA       (2.14) 

while the phase angle of the Discrete Fourier transform is defined as: 
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Generally, the idea of the FFT is to transform a discrete signal in the time domain to the 

frequency domain by placing sine and cosine curves next to the discrete signal so the 

data points in the curves line up with the sample points in the signal. Points which are 

adjacent between the sine and cosine curves and the points representing the discrete 

signal are then multiplied (equation 2.12, 2.13). The resulting cross-products, one 

corresponding to the cosine curve and one corresponding to the sine curve are summed. 

This summation  is in the form of the complex vector is the set of Fourier 

transform coefficients. 

Using this set of frequencies obtained from the Fourier transform of the discrete 

waveform, a plot of amplitude versus frequency can be made, which will identify the 

most prominent frequency contained within the signal. Due to the lengthy calculations 

performed during discrete Fourier transform, a fast Fourier transform (FFT) algorithm is 

commonly used.  

2.8.2 Short-Kernel Method (SKM) 

SKM is a mathematical technique based on the cross-correlation procedure described by 

[68]. It was developed for digital signal processing and determines the location and the 

velocity of selected frequencies inside dispersive time records. In SKM, a single value 

of a specific frequency is indicated as follows: 
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In equation (2.16), ( , )SKM j k  is the jth term of the cross-correlation currently being 

performed at the kth frequency. g is the captured signal in one sensor; f is the kernel seed 

of the kth frequency used to perform the cross-correlation; N1 is the number of data 

points in the f; N2 is the number of data points in the g; and t  is the time step at 

which the time record g is stored. Thus, equation (2.16) calculates each single SKM 

value as the cross-correlation of a given frequency with a discrete signal.  

The SKM technique is better summarised in a more descriptive form through the 

following explanation. Firstly, the FRF is calculated in each sensor, and then the 

frequency component that has the most consistency in all of the sensors’ FRF is chosen 

as the seed frequency. A kernel signal in then created by the seed frequency whose 

length is to be determined by the user. In the next step, the kernel signal is placed next 

to the captured signal in a way that its individual data points match with the data points 

in the captured signal. The process then begins by cross-multiplying the amplitude of 

the kernel at each time step by its corresponding signal amplitude. Products from all 

multiplications are then summed with all algebraic signs to obtain a single SKM value. 

This SKM value indicates how well the kernel fits with its frequency counterpart inside 

the data string. The value is graphed on an SKM plot at the point where the beginning 

of the kernel was placed. The kernel is then shifted along the data string by a 

predetermined number of points and the cross products are formed again (see Figure 

2.17). Another SKM value result is to be plotted at the point where the kernel is now 

placed. This procedure is continued for some specified number of kernel shifts. The data 

points in the SKM plot corresponding to a significant maximum peak represents the 

location of good alignment between the kernel and its frequency counterpart in the 

signal. A positive global maximum represents the location where the kernel fits best and 

is in phase with its frequency counterpart, and a negative global maximum is a location 

where the kernel is also well-aligned, but out-of-phase by one hundred and eighty 

degrees with its frequency counterpart. 
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Figure 2.17: Kernel shifted along signal [15] 

 Limitations of conventional surface stress-wave-2.9

based NDT  

The limitations of the current surface stress-wave-based NDT methods on the condition 

assessment of the piles are discussed earlier in their related sections. In this section the 

limitations of these methods in the condition assessment of the timber poles are briefly 

addressed, and then discussed and investigated completely in Chapter 5. Due to 

complicating factors such as orthotropic material properties, soil embedment, complex 

wave behaviour and other uncertainties, most of the currently available methods are not 

suitable for condition assessment of the timber poles in-service. In these methods, 

detecting the reflection peaks heavily relies on the experience of the test performer or 

the signal processor, and therefore is not an easy task especially in the embedded 

situations. Even if the reflection peaks are observable, the results contain relatively large 

errors. The situation is even worse in the Ultraseismic method in which both of the 

longitudinal and bending waves propagate simultaneously in the timber, and as a result, 

no clear pattern of reflections could be detected. This is due to the presence of the 

several branches related to both of these waves in the spectrum curves (see Figure 

2.12(b)). In this regard, advanced digital signal processing is needed to separate these 

Signal 

The Kernel 

Amplitude 
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waves and their related branches from each other prior to the condition assessment 

procedures. 

 Summary 2.10

This chapter firstly presented a review of the importance of the condition assessment of 

the in-service timber poles especially in Australia. It presented important literature 

published in the area of currently available Non-Destructive Testing methods over the 

past decades. Through the literature review, it was indicated that researchers have used 

broad types of NDTs to evaluate the quality of concrete materials. Although a large 

number of publications for other applications (e.g. condition assessment of the concrete 

piles) of these methods exist, the area of NDT methods for condition assessment of the 

timber materials is still an active field of research.  

Amongst all of the NDTs, surface stress-wave-based methods can potentially offer 

simple, environmentally friendly and cost-effective tools for identifying the in-service 

condition of the timber poles. From the literature review, three methods were identified 

to be applicable in the field of non-destructive testing of the timber poles, which were 

explained in their related sections in this chapter.  

In the next section of this chapter, the basics of the wave propagation in the cylindrical 

structures were briefly provided. Then different types of the digital filters that have been 

used in the NDT are explained, and finally the limitations of the currently available 

surface stress-wave-based NDT methods on the condition assessment of the timber 

poles, and the necessity of employing some digital signal processing methodologies 

were briefly addressed.  
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3 Chapter 3: Review of advanced digital 

signal processing techniques applicable on 

timber pole assessment 
 

 Introduction 3.1

As previously mentioned in Chapter 2, due to the complicating factors such as 

orthotropic material properties, soil embedment, complex wave behaviour and other 

uncertainties, most of the currently available methods are not suitable for condition 

assessment of the timber poles in-service. In fact, there is a need for some advanced 

digital signal processing techniques to separate the longitudinal and bending waves and 

their related branches from each other prior to the condition assessment procedures. In 

this chapter, firstly a signal processing model for the timber pole is presented. Next 

some modified advanced digital signal processing methodologies are proposed. These 

methods can be grouped into three categories as deterministic signal separation, blind 

signal separation, and frequency-wavenumber analysis (velocity filtering). 

 Timber pole as a Linear Time-Invariant System 3.2

Linear time-invariant (LTI) theory, which has originated from applied mathematics, 

studies the response of an LTI system to an arbitrary input signal. One of the direct 

applications of this theory is in reflection seismology, which is the reference science for 

the most of the advanced digital signal processing methodologies that are used in this 

research.   

Reflection seismology is a branch of exploration geophysics that tries to estimate the 

properties of different layers of the Earth utilizing reflected seismic waves. Reflection 

seismology can be categorized into two main groups, vertical profiling which is used for 

instance on oil and petroleum exploration fields, and horizontal profiling which is used 

for example in marine seismology.  
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In general, seismic analysis typically involves: storage, signal processing  and 

interpretation of data collected at each receiver [69] [70].The signal collected at each 

receiver is called a seismic trace and represents a superposition of reflections from the 

many sub-surface layers where the acoustic impedance changes [71]. The resultant 

seismic trace is often described as the convolution of a waveform (the source impulse) 

with a time series known as a reflectivity function [69] [71]. [72] [73], see Figure 3.1. 

The earth’s impulse response is of utmost importance in the signal processing of seismic 

signals.  Here the earth is considered as a system in which the response is a reflection 

from each sub-surface layer.  The reflection signals are impulses with amplitudes equal 

to the vertical reflection coefficients of the reflecting layers with time delays equal to 

their two-way reflection times [71]. 

 

Figure 3.1:  Depicts a seismic data model. Here we see that an impulse source is convolved (*) with a 

reflectivity function (that is related to the geological sub-surface) and with additive random noise, 

produces the noisy seismic trace [69]. 

The convolution theory models the input–output mapping of an LTI system. 

Deconvolution is the inverse mathematical operation that allows the recovery of the 

input signal from the output signal. An early application of the deconvolution has been 

in the reflection seismology signal processing. Robinson developed a pioneer work on 

the subject in his PhD thesis at MIT [74]. His research was followed by Wiener and 

Levinson. Actually, Robinson’s work represented the first successful application of the 

recently developed Wiener theory on a prediction and filtering. His aim was to obtain 

information about the structure of the Earth by the estimation of the impulse response of 

a layered earth model, i.e., an FIR model [5].  

In the deconvolution theory, availability of prior knowledge about the input signal or 

the LTI system’s impulse response is necessary. In some field like telecommunications, 

since the transported signal (input signal) is of interest and importance, deconvolution is 

being used massively to recover the input signal from the received one, while is some 
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other applications like reflection seismology, since the behaviour of the wave is of the 

interest, deconvolution is used to remove or filter the input signal from the captured 

signal and preserve the impulse response of the earth. Similar to reflection seismology, 

in the condition assessment of the timber poles, an impulse response of the timber pole 

contains the useful information to be used in the condition assessment procedures. In 

this regard, the timber pole is considered as an LTI system in which the hammer impact 

excitation is the input and captured signals by the accelerometers are the outputs of the 

system. Figure 3.2 shows the aforementioned system.  

 

Figure 3.2: Timber pole as the LTI system 

In this model the output of timber pole can mathematically be presented by the 

convolution theory, as shown in equation (3.1) 

)()(*)()( tnthtxty           (3.1) 

where n (t) denotes the noise. 

In the rest of this chapter, three groups of the modified signal processing methodologies 

are presented. The first group is related to the convolution theory and is known as 

deterministic signal separation, the second group is related to the blind signal separation 

in which no prior information about the input signal or the impulse response of the 

system is available. The final group is related to the two dimensional filtering process, 

in which the captured signals are firstly transferred to the frequency-wavenumber 

domain. As previously mentioned in Chapter 2, the waveguide governing equations are 

solved for the frequencies and the roots are the wavenumbers, the relation between the 

wavenumber and the frequency is called the dispersion relation. In this regard, the last 

signal processing methodology is directly applied on the data that dispersion curves can 

be obtained from. This data was captured while the timber pole was excited by the 

hammer. It is also worth mentioning that the closest field to the timber pole embedment 

length estimation is reflection seismology. In reflection seismology, a signal that was 



University of Technology Sydney Page 48 
 

captured by sensor(s) includes not only noise, but also many unwanted and useless 

reflections from several layers of the earth. Signal processing techniques in this field are 

tried to minimize or remove noise or any unwanted reflections and patterns in the signal 

in order to obtain the most useful reflections (defined based on application and called 

primary reflections) for further processing or calculations. In this regard, in the second 

phase of this research, the most effective signal processing methodologies that are 

utilized in the field of reflection seismology are chosen from each groups (i.e. 

deterministic and blind signal separation) and implied on the problem of timber pole 

embedment length estimation. Results and discussions on applying the aforementioned 

modified advanced digital signal processing methodologies on the signals captured from 

the timber poles are provided in Chapter 6. 

 Deterministic Signal Separation 3.3

3.3.1 Deconvolution 

As mentioned earlier, the captured signal can be modelled as a convolution of useful 

and unwanted information. One method to deal with this problem is the Deconvolution, 

which was proposed by Norbert Wiener of the Massachusetts Institute of Technology in 

1949. His algorithm minimizes the mean square error of a desired signal and its 

estimation through the deconvolution process [6].  

3.3.2 Wiener Deconvolution and filter 

Wiener deconvolution is the first deconvolution method applied in seismology, and 

most of the other proposed deconvolution techniques can be assumed as direct 

developments of this method, or application of this method as a part of their suggested 

algorithm [75]. Based on the application and needs, this technique tries to minimize the 

effects of the unwanted parts in the captured signal. While standard filters are designed 

for a demanded frequency response, the design of the Wiener filter has a different 

approach. Based on having an approximate knowledge about the spectral properties of 

the desired signal and noise (such as autocorrelation and cross-correlation), the Wiener 

filter method tries to find the Linear Time-Invariant system (LTI) which can minimize 

the error of the output with desired output signal. In Wiener filters the basic 
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assumptions are that the desired signal and the convolved noise are stationary, and the 

filter is casual.  

3.3.3 Wiener deconvolution and filter theory  

As previously mentioned, the goal of the Wiener filter is to find an LTI system whose 

output approximates the desired signal based on the minimum mean square error 

method. Initial assumptions are: desired, and captured signal are zero mean signals, and 

the desired signal and the noise are independent (they are non-Gaussian signals). 

Equation (3.2) shows the output of the Wiener filter [76]. 

dtxhtxthty )()()(*)()(           (3.2) 

where * denotes the convolution,  is the desired signal,  is the captured signal 

by sensor, and  is the estimated signal should ideally be , and  is the system 

impulse response. Error can be specified as the difference between the estimated signal 

and the desired signal (equation 3.3)[76]. 

)()()( tytste            (3.3) 

the squared error is 

)()()(2)()()()( 222 tytytststytste       (3.4) 

and the expected value of the squared error is: (equation 3.5) 

)()()(2)()()(2)()( 22 tytytsERtytytstsEteE S     (3.5) 

where  is the autocorrelation function of . By substituting equation (3.2) in 

equation (3.5) we obtain:  

dtxhdtxhtsERteE S )()()()()(2)(2       (3.6) 

ddtxtxEhtxtsEhRS )()()()()()(2  
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 is constant, in this regard, this equation can be minimized by the minimizing the 

second part of the equation, which can be done if the expression inside the bracket 

equals zero. We have: 

)()()(

)()()()()(

xsx RdRh

txtsEdtxtxEh
       (3.7) 

Equation (3.7) demonstrates the filtering procedure based on the input (i.e. the captured 

signal) and the output (i.e. the desired output). Equation (3.7) is called the Wiener-Hopf 

equation and is the fundamental equation of the Wiener theory. To solve this equation, 

the Wiener LTI system can be assumed as a causal finite impulse response filter. In this 

case, optimal filter coefficients (tabs) will be calculated by utilizing the autocorrelation 

of the desired and captured signals, and also the cross-correlation of these signals. 

Consider the block diagram of the FIR Wiener filter (Figure 3.3) with input signal , 

N and , as the order and confidents of the filter. The output of the filter , can be 

obtained by equation (3.8) in the discrete form. 

N

i
i inxhny

0

][][
         (3.8)

   

Figure 3.3: FIR Wiener filter block diagram 

Error is indicated by  and is defined as . After some simplicity, 

the mean square error can be written as: 

N

i
i

N

i
i nsinxhEinxhEnsEteE

0

2

0

22 ][][2][][)(
      (3.9) 

In order to find the optimal coefficient vectors that can minimize the equation (3.9), its 

derivative with respect to  is needed to be equal to zero. 
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    (3.10) 

and finally we have: 

          (3.11)   

   

In matrix format, equation (3.11) can be written as: 
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                (3.12)        

where the symmetry matrix  contains autocorrelation of . Filter coefficients can 

be calculated by solving equation (3.12).  

It’s also possible to define different types of error criteria; for instance Walden 

minimized the average mean-squared error and maximum mean-squared error as two 

different error criteria [77]. The Wiener filter has been widely used in the field of 

seismology; Hadziioanuo used this method to improve the signal to noise ratio of a 

captured noisy signal. [78]. Spiking deconvolution is another method which is based on 

the Wiener deconvolution. This method tries to compress the excitation impact (source 

wavelet in seismology) into a zero-phase spike (Dirac delta function); the aim is to 

remove the effect of the source wavelet and leave only the reflectivity function [69]. 

Some of the other deconvolution methods that are being used in seismology are: 

Homomorphic [79], dip dependant [80], and surface consistent deconvolutions [81, 82]. 

3.3.4 Predictive Deconvolution 

As mentioned in the previous section, Wiener deconvolution as a supervised technique 

may only be applicable if the information of the excitation impact or the mixing system 

(the earth in seismology or the timber pole in this project) is available, or at least its 

estimation is acceptable [6]. In predictive deconvolution, which was firstly introduced 

in 1954 by Enders A. Robinson [7], the essential information is extracted from the 

captured signals themselves. In this method, it is vital for the captured signal to be wide-
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sense stationary, and the different patterns, which exist in the impulse response of the 

LTI system be uncorrelated. In a wide-sense stationary signal, the energy of the original 

wavelet repeats in the specific periods. Multiples and unwanted reflections have similar 

energy to the original wavelet and are repeated between periods of time. In predictive 

deconvolution, the main goal is to remove multiples and unwanted reflections from the 

captured signals in order to obtain pure reflections (primary reflections), e.g. reflections 

from the earth or the bottom of a pole, and thereby to extract the desired output from the 

captured signal. The processing steps of the predictive deconvolution are as follows. 

First, the captured signal is divided into same size windows (same length time periods). 

Then, the energy in the beginning of the each window is assumed to be the main energy 

to be kept and every similar energy will be removed from the rest of the window. This 

is to say that the original wavelet energy, which is the reflection from the bottom of the 

pole and which comes back to the sensor is the desired output of each window and will 

be kept, while the other similar patterns will be removed. Mathematically, this can be 

modelled as follows: 

   (3.13) 

where  is the length of the desired output and N is the length of each window. 

The predictive deconvolution method has been extensively applied in seismology all 

around the world; Hutchinson et al. applied this method for the noise attenuation in the 

Gulf of Maine [83], Bruno et al. used the predictive deconvolution in order to improve 

the resolution of volcano data (where usually high-resolution data is hard to obtain) in 

Italy [84]. Some other applications of the predictive deconvolution can be found in [85], 

[86]. 

 Blind Signal Separation 3.4

Blind Signal or Source Separation refers to a group of unsupervised signal processing 

techniques in which the input signal or any information about it is not available  [5]. In 

these methods, the system is assumed to be multi input multi output [87], which means 

that N signals are produced by different sources, these signals are then captured by M 
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sensors after travelling through the medium. Based on the statistical differences, the 

blind signal separation methods can separate the signals from all sources having only 

signals captured by the sensors. In this regard, firstly a data matrix of M*N is made with 

observations in the columns and different sensors in the rows, then the blind separation 

methods can be applied on this data matrix in order to separate the source signals. The 

main algorithms that are used in this research are Principal Component Analysis, 

Singular Value Decomposition, which do not involve any learning algorithm, and k-

mean clustering algorithm, which contains a learning algorithm. It is worth considering 

that since this project was started from the outset, it was firstly assumed that all existing 

branches and waves in the timber pole have not only different statistical properties, but 

also are statistically independent (As it is a usual assumption in the most reflection 

seismology applications). In this regard, PCA, SVD, and k-mean clustering algorithm 

are implied to separate the several existing patterns in the captured signals before 

further processing such as up- and down-ward waves separation. More information on 

the effectiveness of aforesaid methods in the reflection seismology fields can be found 

in [69], [5], [88], [89], [90], [91]. 

3.4.1 Principal Component Analysis  

Principal Component Analysis (PCA) or discrete Karhunen–Loève transform (KLT) is a 

mathematical process which transfers observations (data) that are possibly correlated, 

into a set of orthogonal values (features) which are linearly correlated and called 

principal components; this method is based on the second order statistics (covariance) 

[8]. Data has the most variance over the first principal component (which means that 

this component represents the most correlated and important feature of the data), while 

over the last component data has the smallest variance which means it is the most 

uncorrelated feature of the data (can be assumed as white noise) [8], [5]. See Figure 3.4. 
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Figure 3.4: PCA data transformation, first and second principal components 

The PCA mathematical procedure is as follows: firstly a data matrix (A) of M*N is 

made with observations in the columns and different sensors in the rows. Then the 

covariance matrix will be calculated using equation (3.14). 

N

i
jiijij aa

N
c

1

1

          (3. 14) 

where c and a denote each component of the covariance and dataset matrices. Writing 

the equation (3.14) in the matrix form gives: 

TAA
N

C 1
           (3. 15) 

Often the scale factor 1/N is distributed throughout the matrix and the covariance matrix 

is written simply as TAA . The eigenvalues of the covariance matrix represent the 

principal components, while the eigenvectors represent the orthogonal axes in the 

transferred domain. PCA has been utilized for the signal processing of seismology and 

petroleum exploration, some of the applications can be found in [92] and [93]. 

3.4.2 Singular Value Decomposition 

Singular value decomposition (SVD) is a matrix factorization process in which M*N 

matrix , will be decomposed into three matrices by equation (3.16) [10]. 

TUSVX            (3.16) 

where  and  are M*M and N*N unitary matrices, and  is M*N rectangular and 

diagonal matrix which holds the singular values (same as principal components in the 

PCA). Columns of  and  are called left and right singular vectors [94] [10] . 
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Equation (3.16) can be rewritten in terms of summation of the each singular value 

multiplied by its related left and right singular vectors. This is shown in equation (3.17).  

r

i

T
iii vusX

1           (3.17) 

where the factor  is an M*N matrix and called the th eigen-image of the data 

matrix. SVD has been applied in many areas, in seismology; Freire et al. applied SVD to 

vertical seismic profiling in order to separate down-going waves (first arrivals to 

sensors) from up-going waves (reflections and multiples). They also used this method 

for the noise attenuation [89]. Bekara and Baan also applied SVD globally (applied on 

the complete signal) and locally (applied on the whole signal section by section 

separately) [88]. Vrabie et al. applied the combination of SVD and ICA in order to 

obtain better source (signal) separation in terms of better sensor to sensor correlation 

[90]. They also in [91] introduced three dimensional SVD; they assumed the data as 

dimensions of the time, sensor numbers, and the sensor directions.  

3.4.3 K-mean clustering [9] 

The term K-means clustering was first mentioned by James MacQueen in 1967 [95]. 

However, Stuart Lloyd was the first person who proposed the algorithm in 1957 as a 

method for pulse-code modulation. This method, rather than K-means clustering, is also 

referred to as the Lloyd-Forgy algorithm due to the fact that E.W.Forgy independently 

proposed the same methodology in 1965 [96]. About a decade later, Hartigan and Wong 

presented a more efficient version of this algorithm in [97] and [98].  

K-means clustering aims to categorize N observations into K groups or clusters. It starts 

by choosing K points as the initial centroids for all clusters. Then each point in the 

dataset is assigned to the closest centroid based on a particular proximity measure 

chosen. Once the clusters are formed, the centroids for each cluster are updated. The 

algorithm then iteratively repeats these two steps until the centroids do not change or 

any other alternative relaxed convergence criterion is met. Figure 3.5 demonstrates the 

K-mean algorithm flowchart [9]. 
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Figure 3.5: K-mean algorithm flowchart 

Several proximity measures can be used within the K-means algorithm for splitting the 

data set into K groups such as Manhattan, and Euclidean distance, or Cosine similarity. 

In general as well as this work, the Euclidean distance metric is used for the K-means 

clustering. It is essential to consider that different values of K and proximity measures 

can significantly affect the final output. The objective function, which is employed by 

K-means as a convergence criterion, is called the Sum of Squared Errors (SSE) or 

Residual Sum of Squares (RSS). The mathematical formulation for SSE/RSS is as 

follows: 

Given a dataset 1 2{x ,x ,..., x }NA  consists of N points, the clusters obtained after 

applying K-means clustering can be denoted by 1 2{C ,C ,...,C ,...,C }k KC . The SSE for 

this clustering is defined in the Equation (3.18), where kc is the centroid of the cluster

KC  [9]. 

2
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         (3.18) 
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The iterative assignment and update steps of the K-means algorithm aim to minimize 

the SSE function for all of the clusters. In the following, Mathematical procedure of 

minimization of the SSE and also a proof of the reason behind choosing the mean of the 

data points in a cluster as the prototype representative for a cluster in the K-means 

algorithm are provided. Here, kC  and kc represent the thk  cluster and its mean, and ix  

is a point in the thk cluster. The SSE function can be minimized by its differentiating 

with respect to jc  and setting it equal to zero as shown in equation (3.19).  
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C
        (3.19) 

Based on the equation (3.19), the best descriptive for minimizing the SSE function of a 

cluster is the mean of the points in the cluster. In the K-means, the SSE value 

consistently decreases on each of the iterations. This monotonically decreasing 

behaviour will eventually converge to a local minimum [9]. 

K-mean clustering is one of the most frequently applied blind signal separation (or 

clustering) methods in a variety of fields especially in engineering and NDT. For 

instance, Yousefi et al have applied the K-mean clustering algorithm on the signals 

obtained from the acoustic emission to extract a general pattern of a specific damage on 

a glass/epoxy composite material. Their method consists of a discrete wavelet packet 

decomposition of AE signals accompanied with a clustering algorithm, which gives the 

distribution of the normalized AE signal energy on the frequency band [99]. Crivelli et 

al combined the K-mean algorithm with the Artificial Neural Network (ANN) for 

the damage detection and the real-time structural monitoring of a composite lightweight 

material [100]. Ihesiulor et al also utilized K-mean algorithm and ANN for a 

delamination prediction in laminated composite structures [101]. Some other 

applications of the K-mean clustering algorithm in engineering, image processing, and 

NDT can be found in [102], [103], [104], [105],[106]. 
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 Frequency-Wavenumber (F-K) Analysis 3.5

In Chapter 2, the one-dimensional Fourier transform has been explained. It is also 

shown that the waveguide governing equations can be solved for the frequencies and the 

roots are wavenumbers [47]. Since wavenumber refers to the spatial frequency in the 

space domain and the so-called frequency refers to the temporal frequency in the time 

domain, the waveguide propagation in the timber pole deals with two dimensional data 

[11]. In fact, capturing a signal at one sensor position is related to the sampling in time, 

while capturing signals in many sensor locations is related to the sampling in the space 

domain. Thus, the captured signals are in the two-dimensional domain of (t, x).  The 

two-dimensional Fourier transforms of these signals can obtain the relation between 

temporal frequencies and the spatial frequencies. For a sinusoidal signal, the frequency f 

is the number of cycles per unit of time; the same is valid for the spatial frequency k. 

Likewise, k is the number of wavelengths per space unit, so k is related to the 

wavelength by
1k . The two-dimensional Fourier transform is provided in equation 

(3.20). 

2( , ) ( , ) i kx ft

x t
S k f s x t e dtdx

       (3.20) 

As mentioned earlier in Chapter 2 and based on the theory of the waveguide 

propagation in the timber pole, a serious challenge in the stress-wave-based methods is 

the presence of the wave dispersion. In fact, the dispersion is formulated as a relation 

between wavenumbers and frequencies, which means that different types of waves 

travel in a structure with different frequencies/modes and different wave velocities. F-K 

analysis is one of the most extensively applied techniques used by researchers and in the 

industry for signal filtering based on the velocity [11]. The phase velocity   can be 

expressed in terms of the frequency and the wavelength as: 

.fp                      (3.21) 

This equation can also be written in the form of an angular frequency ω and the 

wavenumber k. Since  and  it results in: 
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kp          (3.22) 

while digital filters are spatial domain filters and are based on the frequency 

components of the signal, F-K filters are the both spatial and temporal filters. As a 

result, F-K analysis enables filtering of the signal based on the different wave velocities 

that exist in the signal. Hence, it is ideal for the structures with dispersive materials. 

Hanna [107] applied this method to a seismic data to extract a desired signal based on 

its velocity. Michaels et al [11] separated different modes of the ultrasonic guided wave 

signals that were captured from a damaged composite plate by means of the F-K 

filtering; with this separation of modes, they could detect the crack in a plate.  

Once the velocity filter has been designed and applied on the transformed data, two-

dimensional inverse Fourier transform can be utilized to transfer the data back to the 

time-space domain. Equation (3.23) shows the two-dimensional inverse Fourier 

transform. 
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     (3.23) 

Since timber is an orthotropic material with natural finite boundaries, the wave 

dispersion and conversion is a serious challenge in this research. It is also worth 

considering that the challenge in this research is even more complex than the one in the 

reflection seismology. The reason is in reflection seismology semi-finite boundaries 

exist (i.e. one boundary, horizontal or vertical, is always infinite), while for the timber 

poles, the boundaries are not only finite in both directions, but the horizontal boundaries 

do also have a very close distance. 

Details of the velocity filter design and implementation is provided in Chapter 6. 

 Summary 3.6

This chapter firstly presented a signal processing model for the in-service timber utility 

pole. Here the timber pole is considered as a Linear Time-Invariant (LTI) system, in 

which the output of the system (i.e. the captured signals by sensors) can be 
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mathematically expressed as the convolution of the input (i.e. the hammer excitation 

impact) with the impulse response of the LTI system (i.e. the timber pole). 

Next, some modified advanced digital signal processing methodologies that were used 

in this research were explained. These methods can be grouped into three categories as 

deterministic signal separation, blind signal separation, and frequency-wavenumber 

analysis (velocity filtering).  

Deterministic signal separation methodologies include the Wiener and the predictive 

deconvolution. In the Wiener deconvolution, the prior information about the input 

signal or the input signal itself is available, while in the predictive deconvolution the 

essential information is extracted from the captured signal itself. 

Blind signal separation methods refer to the methods in which the input signal or any 

information about it is not available, and the signal separation is purely based on the 

differences between existing patterns in the captured signals. Separation in these 

methods can be done by finding the statistical differences between the existing patterns, 

or applying iterative and learning algorithms to cluster the dataset more efficiently. The 

blind signal separation methodologies that had been used in this research are Principal 

Component Analysis, Singular Value Decomposition, and K-mean clustering algorithm. 

The first two are non-learning blind signal separation algorithms, while K-mean 

clustering algorithm is the most popular and widely applied clustering algorithm that 

contains optimization and learning.  

The Frequency-Wavenumber (F-K) analysis (velocity filtering) was also presented in 

this chapter. In this method, the data was considered having two dimensions of time and 

space. In this regard, two-dimensional Fourier transform was applied on the data, which 

resulted in presentation of the captured signals in the frequency-wavenumber domain.  

It is also necessary to consider that the solution of the waveguide governing equations 

in the timber pole obtained the so-called dispersion relations, which refer to the 

relations between the frequencies and the wavenumbers. In other words, F-K domain 

analysis gives the opportunity of filtering the captured signals based on the dispersion 

relation curves.  
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4 Chapter 4: Experimental Test Setups for 

timber poles 
 

 Introduction 4.1

This chapter presents details of the surface stress-wave-based methods for non-

destructive assessment of the timber poles being developed at the University of 

Technology Sydney as part of this research study. The equipment and testing 

procedures of the conventional and enhanced surface stress-wave-based techniques, i.e. 

Sonic-Echo (SE) method and Bending Wave (BW) method are described in this chapter. 

These methods are applied to the timber poles for the determination of the embedment 

length. For the presented methods, a step-by-step guide is provided on how to execute 

the tests, how to analyse the recorded data, and how to calculate the length of the test 

structures.  

 Test Equipment 4.2

The equipment necessary to perform surface stress-wave-based testing consists of: a 

modally tuned impact hammer, multiple sensors (piezoelectric accelerometers), a multi-

channel signal conditioner, data acquisition cards and a personal computer equipped 

with signal acquisition software.  

4.2.1 Hammer impact 

For stress wave testing, the impact hammer used is a PCB model HP 086C05 of 

sensitivity 0.24 mV/N. The hammer is equipped with a load cell to measure the force of 

the impact. A metal hammer tip was used to investigate the impact force as shown in 

Figure 4.1. The metal tip is chosen due to its higher excitation frequency. It is worth 

considering that the higher the maximum excitation frequency is, the smaller the 

wavelengths that can be applied. Figure 4.2 show an example of the force spectrum 

from the hammer blow.  
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Figure 4.1: Impact hammer 

 

Frequency (Hz) 

Figure 4.2: Typical response of hammer impact [108] 

4.2.2 Accelerometers 

To record the structural response, piezoelectric accelerometers were used. The 

employed accelerometers are PCB model 352C34 (see Figure 4.3), which are of low 

impedance, having a sensitivity range from 100 mV/g ±10%, and measurement 

frequency range is 0.5 to 10000 Hz with ±5% error, or 0.3 to 10000 Hz with ±10% 

error.  

The accelerometers were mounted on the timber pole utilizing magnets and screws as 

illustrated in Figure 4.4. 

Hard 

Tip 

(H )1000
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Figure 4.3: Piezoelectric accelerometer model PCB 352C34 

 

Figure 4.4: Accelerometers mounted to the timber pole utilizing magnets and screws 

4.2.3 Signal Conditioning, data acquisition cards and 

computer 

To amplify and condition the signals of the modal hammer and the piezoelectric 

accelerometers, a 12-channel signal conditioner (model PCB 483B03) is used (depicted 

in Figure 4.5). The data acquisition card employed for stress-wave-based testing at the 

University of Technology Sydney (UTS) is a middle range 8 channel system with 12-bit 

4M samples/sec per channel model NI PCI-6133. Based on the requirements for this 

research, it is essential to utilise a data acquisition card that is able to record signals with 

a minimum sampling frequency of 1M samples/sec per channel. This high sampling 

frequency is set to avoid any round-up errors in detecting the peaks (first arrivals and 

reflections) time. 

For data capturing, a personal computer (PC) equipped with the National Instrument 

software LabVIEW is used. As the size of the acquisition card did not fit the laptop, a 

PC was used for all laboratory and field testing as shown in Figure 4.6. 
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Figure 4.5: Multi-channel signal conditioner - model PCB 483B03 

 

 

Figure 4.6: A personal computer for laboratory and field testing 

4.2.4 Laboratory testing frame 

A container, 1.2 m × 1.2 m in cross-section and 3 m in height which can contain 

sand/soil for embedding test specimens was used. A steel frame was assembled using 

equal angle steel for the columns and for support of the boundaries. Plywood was used 

for the boundaries. For three sides of the frame, fixed plywood was used and for the 

other side, the boundary was completed using a small frame of plywood as shown in 

Figure 4.7. Scissor lift and scaffold was used to assemble the frame and also for filling 

the soil and to impact the specimens as shown in Figure 4.8. 
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Figure 4.7: Steel frame used as a container 

 

 

a) Scaffold to build the frame b) Scissor lift to fill the soil into the frame 

Figure 4.8: Using scaffold and scissor lift to build and access the top of the frame 
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 Testing Scenarios 4.3

4.3.1 Testing Procedure 

For various standing-on-soil and embedded tests, a step-by-step testing procedure, 

including the set-up of the equipment, the settings of the acquisition software and the 

execution of the tests, is described as follows.    

1. Setting up of the personal computer, data acquisition system and signal 

conditioner (see Figure 4.10(a)).  

Note: All electrical devices must be connected to the same power supply. If a generator 

is used, it must be earthed.  

2. Attachment of the sensors and impact screw to the structure (Figure 4.10 (b) and 

(c)).  

Note: The number and locations of the sensors depend on the type and requirements of 

the individual test. However in all tests, it must be assured that a firm connection 

between the structure and the sensors is established. Magnets were used to attach the 

accelerometers to steel plates (which are screwed to the structure) or directly to the 

screws that were drilled into the structure using a cordless drill (see Figure 4.10(b)). 

Figure 4.10(c) shows the final test setup. 

3. Connections of the impact hammer and attached sensors to the signal 

conditioner, data acquisition system and personal computer.  

To create a longitudinal or bending wave in the timber pole, the pole must be struck in a 

longitudinal or transverse axis direction, respectively. The impact must be controlled to 

reduce local crushing of the contact interface between the pole and the impact hammer. 

It is essential that the impact device itself is also able to withstand multiple impacts 

without crushing or damage. 

4. Launching and setting up of data acquisition software (e.g. National Instrument 

LabView).  

Note: In the data acquisition software, the sampling rate is set to at least 1 MHz for a 

frequency range of 100 Hz to 5 kHz and a minimum time duration of 0.5 s. To ensure 
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that the entire impact excitation signal is recorded, a pre-trigger delay of 0.01% of the 

test duration was set.   

5. Execution of trial tests.  

Note: To ensure that the testing equipment was set-up correctly and that all sensors 

were working properly, a number of trial tests were performed. The following features 

must be checked for the hammer and all sensor channels: noise-to-signal ratio of 

hammer and sensor signals (must be lower than 1%), amplitudes and shapes of the 

hammer and sensor signals, DC offsets of sensor signals and consistency of sensor 

signals between different tests.  

6. Execution of actual tests (see Figure 4.10 (d)). 

Note: For every test specimen, at least five tests were performed in order to check 

consistency and repeatability to provide averaged test results for increased robustness. 

The impact force was to be executed either at the head centre of the test specimen or at 

an impact screw firmly attached to the side of the structure. Figure 4.9 shows the 

captured signals in all eight sensors in one of the field tests which were repeated five 

times. The repeatability of the captured signals can be seen in this figure. 

7. Saving of recorded data. Disconnecting, dismantling and packing of equipment.  

Note: Any abnormalities, special occurrences or events were noted down for future 

reference. 

 

Figure 4.9: Captured raw signals in all eight sensors in one of the field tests which were repeated five 

times 
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(a) (b) 

 
(c) 

 
(d) 

Figure 4.10: Testing procedure: (a) setting up of equipment, (b) mounting of accelerometer, (c) attached 

impact screw and accelerometers and (d) execution of the test. 

4.3.2 Test specimens 

A timber pole representing an actual field specimen having imperfect geometry, 

complex material property and local defects was used as a test specimen in the 

structures laboratory of the University of Technology Sydney (UTS). All types of the 

tests have been executed on the timber poles in two conditions of standing-on-soil and 

embedded in soil. Figure 4.11 shows the standing-on-soil and embedded condition in 
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the Laboratory experiments. It is also essential to mention that sand is chosen as a soft 

soil in this research. 

 
(a) 

 
(b) 

Figure 4.11: Timber pole in (a): standing-on-soil, and (b): embedded in soil conditions 

4.3.3 Test set-up for Sonic-Echo Method 

In Sonic-Echo testing, the test structure is excited in the longitudinal direction with a 

modally tuned impact hammer. The impact location is at the top centre of the structure 

(only longitudinal waves are generated).  

To record the time travel of the longitudinal stress waves, sensors are attached to the test 

structures to monitor the structural response. At least one sensor, measuring longitudinal 

vibration, is necessary to capture the reflection waves of the impact. However, in order 

to increase test reliability and accuracy, a number of sensors were mounted on the 

timber pole.  

The test configuration for the laboratory testing conducted at UTS (with impact location 

on top of the specimen while it is embedded in soil) is shown in Figure 4.12. The 

sensors set-ups and impact location for standing-on-soil condition is the same as for the 

embedded one. 
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The number and positions of the sensors are determined based on the in-field test set-

ups. For field testing of embedded timber poles, eight sensors were used and mounted in 

a line with spacing of 20 cm between the sensors as depicted in Figure 4.12 and Figure 

4.10(c).  

Figure 4.12:Test set-up of embedded testing in laboratory 

4.3.4 Test Set-Up for Bending Wave Method 

The test set-up, equipment and testing procedure of the BW method were similar to the 

SE testing described in the previous section. Whereas in SE testing, the impact was 

executed in the longitudinal direction (to generate longitudinal waves), in BW testing, 

the hammer strike was performed in the transverse direction (to generate flexural 

waves). To record the response of the structure, three sensors were used in the 

experimental tests to measure the initial arrival of the flexural waves and subsequent 

reflections (echoes). Since the BW method analyses reflective signals from flexural 

(bending) waves, the sensors were mounted in the transverse direction to monitor 

flexural wave vibration. To be able to calculate the FRFs of the sensor signals, the force 

signal of the impact hammer was recorded as well. The schematic of the test set-ups of 

the BW tests executed in the structures laboratories at UTS is illustrated in Figure 4.13. 
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Figure 4.13: Schematic of the bending wave tests set-up 

 Field tests on Timber utility poles 4.4

4.4.1 Mason park not in-service timber poles embedded in soil 

There are 15 intact timber poles installed at Mason Park, NSW, by Austgrid (the 

project’s industry partner) with different embedment lengths to investigate the effects of 

the embedded length on different non-destructive tests. The location of the site, a plan 

view of the Mason Park and the site layout and embedded length for each timber pole 

are shown in Figure 4.14 and Figure 4.15 respectively. Figure 4.16 and Figure 4.17 

display the timber poles before and after the installation on site. 

 

Figure 4.14: Location of the Mason Park (courtesy of Google Maps) 

Mason Park 
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Figure 4.15: Location of timber poles at Mason Park 

 

Figure 4.16:Timber poles before installation in Mason Park 
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Figure 4.17:Timber poles after installation in Mason Park  
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5 Chapter 5: Application of the conventional 

surface stress-wave-based tests on 

condition assessment of the timber pole 
 

 Introduction 5.1

This chapter presents firstly comprehensive investigations on the digital filters, their 

benefits, and limitations in order to choose the best type for the final equipment that is 

going to be delivered to the industry partner. It secondly presents numerical and 

experimental investigations of the conventional and currently available surface stress-

wave-based methods for condition assessment of the timber poles (including Sonic-

Echo method utilizing the longitudinal wave, Short Kernel Method utilizing the 

Bending wave, and Ultraseismic utilizing both of the longitudinal and the bending 

waves). A timber pole representing an actual field specimen having complex material 

property and local cracks is used for all lab tests. In the SE method, the acceleration-

time history results are used to calculate the wave velocity followed by the evaluation of 

the embedded length of the specimen. For the Bending Wave, Short Kernel Method 

(SKM) was investigated to determine the phase velocity of the flexural wave and the 

embedded length. In the Ultraseismic method, the hammer impact excitation is applied 

on the side of the timber pole at a 45º angle, and multi-sensors array is used for 

capturing the signals. It is also worth considering that the hammer impact is applied on 

the side of the timber pole since access to the top of the pole is prohibited in real in-field 

application, and it is applied with a 45 degree of angle in order to maximize the 

probability of creating the longitudinal wave.   

The structure of this chapter is as follows: firstly, results of the comprehensive digital 

filter investigation are presented, and then the results of analysis on the numerical data 

obtained from simulated timber poles with ANSYS software, followed by the laboratory 

tests results are presented.  
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The results of the Sonic-Echo method includes two sections, firstly a single sensor 

analysis (i.e. the conventional Sonic-Echo test procedure), secondly sensor array 

analysis, which is a suggestion of utilizing a multiple-sensors array in order to obtain 

the results that are more reliable. Results of the Bending Wave and the Ultraseismic 

methods are also presented. It should be mentioned that stress wave velocity calculation 

is a critical part of each method as this value will be used later for length determination 

of the specimen, and a slight errors in the velocity calculation can considerably increase 

the length estimation error. In addition, selection of the reflection peak is a major and 

most important part of each method as the length estimation procedure relies on the 

time difference between the arrival and reflection peaks and the estimated velocity. In 

this chapter, for each method velocity analysis followed by the length estimation 

procedure are provided. 

 Digital Filters Investigation 5.2

Digital filter is used to remove a range of unwanted frequencies in the signal. Because 

the timber pole itself acts as highly dispersive material, and embedment length 

estimation relies mainly on the reflection peaks detection, digital filter is needed to be 

designed and implemented in a way that causes minimum distortions especially in terms 

of the signal phase. It is essential to consider that slight changes in the position of the 

peak in time can considerably increase the length estimation error. Furthermore, a 

portable embedded system is required for the in-service timber utility pole condition 

assessment test; and in all portable embedded systems, power supply is a critical matter 

and choosing a digital filter, which uses power optimally, is crucial. In connection with 

these points, in the following a comprehensive research on the different types of the 

digital filters is presented. In all of the filters’ designs, sampling frequency is 1MHz as 

were used in this project, and all of the filters are designed as a low-pass filter with cut 

off frequency at 3.6 kHz. All filters have been verified by both synthetic data which is a 

summation of three sinusoidal waves with frequencies of 3 kHz, 4 kHz, and 5 kHz, and 

a real test signal captured from the timber pole in service. Figure 5.1 and Figure 5.2 

show the frequency and the time domains of both of the synthetic and field test signals. 

 



University of Technology Sydney Page 76 
 

 
(a) 

 
(b) 

Figure 5.1:  Frequency spectrum and the time domain representation of Synthetic data 
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(a) 

 
(b) 

Figure 5.2: Frequency spectrum and the time domain representation of Field test data 

5.2.1 FIR vs. IIR filters 

As mentioned earlier in Chapter 3, IIR and FIR filters are two types of the digital filters 

that can be used in this project. Since it is necessary to preserve the signal phase and 

based on both filter types’ characteristics, FIR filters are chosen to be used here. The 

main advantage of the FIR filters is to cause linear phase shift, which is amendable by 

applying zero-phase filtering process (explained in section 5.2.2), while IIR filters 

causes nonlinear phase shift, which is not amendable and can jeopardize the reliability 

of the results by repositioning the peaks in the time domain. 

5.2.2 Different FIR filter design methods investigation 

There are two main methods to design the FIR filters; windowing method, and Remez 

algorithm (which is based on the Chebyshev approximation). Each of the windowing 
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methods has its own characteristics that are summarized in Table 5.1. In this table, N is 

the filter order and T is the time interval between two samples in the time domain. The 

rectangular function has the narrowest transition bandwidth, as well as lower stop-band 

attenuation [53]. Considering the stop-band attenuation and the transition bandwidth, 

five different types of windows (Hamming, Hanning, triangular, Blackman and Kaiser) 

have been designed and compared to each other in this investigation. Equiripple filter 

based on a Parks–McClellan optimization algorithm has also been designed and results 

are compared to the best windowing method filter. 

 

Table 5.1:  Window functions characteristics for the FIR filters [53]. 

Window Type Transmission width Stop-band attenuation 

Rectangular 2/NT 21 dB 

Triangular 4/NT 25 dB 

Hamming 4/NT 53 dB 

Hanning 4/NT 44 dB 

Blackman 6/NT 74 dB 

Kaiser variable variable 

Chebyshev variable variable 

 

As four types of the window functions have fixed stop-band attenuation, for each of 

these window type filters, a Kaiser window with the same transition bandwidth has been 

designed and results are compared. Figure 5.3 shows the time and frequency spectrum 

results for the triangular, Hamming, Hanning, and Blackman windows with fixed 

transition bandwidth (300 Hz) applied to the synthetic data. 

All of the filters are designed to be very sharp (bandwidth of the filter is 0.3 kHz while 

the signal bandwidth is 1000 kHz). It can be seen in Figure 5.2  that all windows are 

able to obtain the desired frequency range of the signal, which is a sinusoidal wave with 

3 kHz frequency. However, in the triangular window, there will be a small attenuation 

in the pass-band (see the green oval in Figure 5.3 (a)). 
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(a) 

 

 
(b) 

Figure 5.3: (a) Triangular, and (b) Hanning, Hamming, and Blackman windows time and frequency 

spectrum applied on the synthetic data. (Because of similarity of figures of these three filters, only the 

Hamming’s output is provided). 
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The four window methods and the related Kaiser window are compared for their 

effectiveness based on their stop-band attenuation. Results demonstrated that the Kaiser 

window needs less numbers of tabs (lower filter order and consecutively lower power 

consumption and processing time) in comparison to the related constant stop-band 

attenuation window; see Error! Not a valid bookmark self-reference.. 

Table 5.2: the comparison of four types of the window designs, and their related Kaiser Windows design 

applied on the synthetic data. 

Window type 
Stop-band 

attenuation 
Filter order 

Related designed 

Kaiser window order 

Triangular 25dB 13300 3947 

Hanning 44 dB 13300 8357 

Hamming 53 dB 13300 10446 

Blackman 74 dB 20000 15320 

 

All above-mentioned designed filters have also been tested and validated by the 

captured signals from the in-service timber poles; results have shown in Figure 5.4. 

 
(a) 
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(b) 

Figure 5.4: The frequency and time domain results of (a) the Triangular, (b) Hanning, Hamming, and 

Blackman windows applied on the captured signals from the in-service timber poles 

As can be seen in Figure 5.6, all of the filters can obtain the desirable range of 

frequencies, although the triangular filter has a small attenuation in the pass-band. The 

filters are different from each other in terms of their orders (which determine the 

processing time and the power consumption). The linear phase distortion of all of the 

filters has been amended by a zero-phase filtering process. This filtering process is done 

by applying two FIR filters with the same design specifications but reverse tab 

sequences. The output of the first filter is phase shifted filtered of the input signal, and 

then this output is fed to the same FIR filter but with the reverse tab sequence. The 

overall output has twice the amplitude distortion (which is unavoidable), but zero phase 

change. Figure 5.5 shows the aforementioned filtering process.  
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Figure 5.5: Zero-phase FIR filtering process. 

Results of the non-zero and zero phase FIR filtering are presented and compared in 

Figure 5.6 and Figure 5.7. 

 

Figure 5.6: Non-Zero-Phase FIR filtering results 

 

Figure 5.7: Zero phase FIR filtering results. 

Considering  

The four window methods and the related Kaiser window are compared for their 

effectiveness based on their stop-band attenuation. Results demonstrated that the Kaiser 

window needs less numbers of tabs (lower filter order and consecutively lower power 
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consumption and processing time) in comparison to the related constant stop-band 

attenuation window; see Error! Not a valid bookmark self-reference.. 

Table 5.2, the best window method that can be used in this project is the Kaiser as it not 

only gives flexibility in choosing the stop-band attenuation, but also needs less tabs in 

comparison with the related fixed band-pass attenuation filters.  

Finally, the Equiripple filter has been designed and compared to the Kaiser window. 

Both of the filters have the stop-band attenuation of 80dB. One important factor in the 

Equiripple filter design is a ripple in the band-pass, which determines the amplitude 

distortion. Here, two ripple values have been studied; 1dB, which obviously has 

noticeable effects on the amplitude of the desirable output signal, and 0.01dB, which 

leads to more tabs or higher order filter but the results are satisfactory. Figure 5.8 and 

Figure 5.9 show the results of the Equiripple filters with 1 and 0.01 dB ripples in the 

pass-band applied on the signal captured from the in-service timber pole. 

 
(a) 
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(b) 

Figure 5.8: The frequency and time domain results of the Equiripple filter with 1 dB ripple in the pass-

band applied on the field tests data 

 
(a) 

 
(b) 

Figure 5.9: The frequency and time domain results of the Equiripple filter with 0.01 dB ripple in the pass-

band applied on the field tests data 

Figure 5.10 shows the Equiripple filter characteristics for the both 0.01 and 1 ripple in 

the band-pass. Intolerable amplitude distortion caused by 1 dB ripple in the pass-band 

can easily be seen in this figure. This amplitude distortion can also be seen in Figure 5.8 

(a). 
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(a) 

 
(b) 

Figure 5.10 : The Equiripple filter with (a) 1 ripple, and (b) 0.01 ripple in the pass-band 

A comparison between the Kaiser Window and the Equiripple has been shown in Table 

5.3. As can be seen, although the Equiripple filter order with 1dB ripple in the pass-

band is almost half of the Kaiser, its amplitude distortion is not tolerable. The 

Equiripple filter with 0.01dB not only has acceptable amplitude distortion but also has 

noticeably lower orders in comparison to the Kaiser window.  

Table 5.3: The Equiripple and the Kaiser Filters comparison. 

Filter type Kaiser 
Equiripple (1 dB ripple 

in band-pass) 

Equiripple (0.01 dB ripple 

in band-pass) 

Order 16744 8437 11083 

 

The 0.01 dB Equiripple and the Kaiser filters’ characteristics have also been shown in 

Figure 5.11. Although, the Kaiser window has 80 dB attenuation at the beginning of its 

stop-band, it is not an optimized filter as the stop-band attenuation goes as high as 

almost 130dB, which increases the power consumption and is not desirable. It is vital to 
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consider that the primary aim of this industrial supported research project is to design 

and implement a portable NDT system by which firstly the embedded length of the pole 

could be estimated. The sampling frequency of the system was set to 1MHz in order to 

avoid losing any information and designed digital filters were supposed to work not 

only on the narrow frequency range of 0 to up to 4 KHz (this is narrow band in 

comparison with 1MHz sampling frequency), but also the filters should be very sharp. 

In this regard, the filtering process could take at least couple of minutes. Considering 

that the laptop of the portable NDT system is running on the battery and supposed to 

work for at least couple of hours, minimizing the time process means minimizing power 

consumption. 

 
(a) 

 

 
(b) 

Figure 5.11: (a): Equiripple (0.01 dB ripple), and (b): Kaiser filter characteristics. 

On the other hand, although the Equiripple filter’s stop-band attenuation is not 80 dB 

from the beginning, it converges to the desirable attenuation value quickly. Based on all 

of the investigations in this work, the Equiripple FIR filter is chosen to be used in the 
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rest of the project for all of the data types (i.e. numerical data obtained from ANSYS, 

the signals captured from the laboratory and the field tests). 

5.2.3 NDT digital filtering toolbox 

A digital filtering toolbox has been designed and programed by GUI (Graphical User 

Interface) in MATLAB. This toolbox has been used not only in the timber pole project, 

but also by many other research students in the school of Civil and Environmental 

engineering in the University of Technology Sydney. Figure 5.12 illustrates a main page 

of the toolbox. 

 

Figure 5.12: Main page of the designed digital filtering toolbox 

The working procedure of this toolbox is as follows. Firstly, a data is needed to be 

uploaded; three types of data (Text-File, MATLAB type, and Microsoft Excel type) can 

be uploaded with any sampling frequencies (to be entered in a related window). Then 

the filter type should be chosen from the two best FIR filters (Kaiser and Equiripple), 

and the best IIR filter (Butterworth); they can also be applied as the low-pass, band-
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pass, and high-pass filter with desired cut-off frequencies. Finally results can be saved 

as Microsoft Excel, MATLAB, or the Text-file format in the same directory as the 

program is running. Other features included in this toolbox are the filter amplitude 

response (lower figure on left side of Figure 5.12), and two plots containing a 

comparison of original signal vs. filtered signal in both of the time and frequency 

domains. 

 Finite Element modeled timber pole data analysis 5.3

5.3.1 Finite Element modelled timber pole specifications 

Finite Element (FE) models of the timber pole with specific material and soil properties 

have been used. The numerical models were created and analysed with the software 

ANSYS using transient analysis. The modelled poles had 300 mm diameter and were 11 

m or 12 m long, which are typical dimensions of the in-service utility timber poles. For 

the isotropic modelling of the timber, material properties are as follows: the density ( ) 

was set to 950 kg/m3, the elastic modulus ( ) to 23,000 MPa, and the Poisson’s ratio ( ) 

to 0.3.Typical hammer impact force (used in field tests) was applied to the surface of 

the pole. The location of the impact force varies based on the test type, e.g. on the top 

centre of the pole in the Sonic-Echo method, on the side of the pole almost 3 meters 

from the bottom with 90° in the bending wave method and 45° angle on the side for the 

Ultraseismic method. Impact duration also has been decided based on the real in-field 

test hammer duration. Four cases of the modelled timber pole that were analysed are as 

follows: 

(a) Timber pole modelled with the isotropic material properties with a standing-on-

soil condition. 

(b) Timber pole modelled with the isotropic material properties with an embedded 

condition. 

(c) Timber pole modelled with the orthotropic material properties with the standing-

on-soil condition. 

(d) Timber pole modelled with the orthotropic material properties with the 

embedded condition. 
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Standing-on-soil cases are used for length estimation without the effect of soil, and the 

embedded cases are used for the study of the soil effects on the reflection waves. 

For the orthotropic modelling, material properties in Table 5.4 and Table 6.5 were used. 

The material properties of the soil are  1,520kg/m3,  100MPa, and   0.3. The 

structural response was captured in the time domain with a time step of five 

microseconds (200 kHz sampling frequency). The response was recorded as 

displacement and by double differentiation; acceleration data was obtained and used for 

further signal analysis.  

Table 5.4 : Elastic modulus values of simulated orthotropic timber pole 

 Radial Direction Transversal Direction Longitudinal Direction 

Elastic modulus (MPa) 1,955 850 23,000 

 

Table 5.5: Shear modulus and Poisson’s ratio values of simulated orthotropic timber pole 

 Radial Transversal Transversal Longitudinal Radial Longitudinal 

Shear Modulus (MPa) 357 1,037 1,513 

Poisson’s ratio 0.682 0.023 0.044 

 

It is also worth mentioning that a colleague, who is working on the same industrial 

project but different research direction, provides the FEM simulations of the timber pole 

with different material properties. Nevertheless, a very narrow triangular impulse is 

applied to the timber pole to simulate the hammer impact in the FEM. 

As mentioned earlier at the end of section  2.2. Orthotropic material properties of the 

timber pole make a complex problem. Since this research project has started from the 

outset, the scope of this research is to investigate the problem with minimum 

uncertainties.  In this regard, only material properties of the timber pole along with the 

soil effects on the captured signals are investigated in this research, and the effects of 

voids, cracks, and knots are left for future PhD students. 

 Sonic-Echo method: Single Sensor Analysis 5.4

In this section, the applications of the Sonic-Echo method for the length estimation in 

all of the embedded cases of the simulated timber poles are investigated. The hammer 
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impact is applied on the top centre of the pole and eight sensors (S1-S8) are located 

along the pole with 0.2 m distance starting from 1.2 m and ends on 2.6 m from the 

bottom of the pole; one sensor (S0) is also located on the top of the pole near the impact 

location for the comparison. Figure 5.13 shows the impact and sensors locations for the 

Sonic-Echo test. 

1.2 m
1.4 m

12 m

0.2 m

S1-S8

S0

 

Figure 5.13: Sonic-Echo test set up 

In the signal processing, firstly, a low-pass Equiripple FIR filter with cut-off frequency 

of 2 kHz filters the data, and the time difference between the first and second detected 

peaks is calculated for each of the sensors separately. This value then is multiplied to 

the pre assumed constant velocity related to the longitudinal wave in the timber (same 

as the conventional Sonic-Echo method), and finally the length of the pole is calculated 

and results are presented. It is also worth mentioning that the 2 KHz cut-off frequency 

for the low pass filter has been chosen based on spectrum curves. As it can be seen in 

Figure 2.12 (b), longitudinal waves (which are used in the sonic-echo method) have a 

single branch below 2 KHz. This makes it more feasible to detect the echo. 

Furthermore, the author has followed the Sonic-echo method instructions, which are 

explained in Chapter 2. 

It is essential to consider that in the conventional Sonic-Echo method, a constant value 

is assumed as the wave velocity for both of the down-going and reflection waves. Here, 

the longitudinal wave velocity is assumed as 5000 m/s based on the dispersion curves 

provided in Chapter 2. 
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5.4.1 Isotropic Embedded in 1.2 m soil 

Figure 5.14 shows the captured signals from S0 and S1. The first arrivals and the 

reflection peaks are highlighted with the red ovals.  

 
(a) 

 
(b) 

Figure 5.14: Acceleration signal captured from the simulated isotropic embedded in 1.2 m soil timber 

pole in (a) sensor S0 and (b) sensor S1. 

The estimated length and estimation errors for all of the sensors are shown in Table 5.6.  

Figure 5.15 also shows the length estimation errors in the sensors S1 to S8 (S0 is not 

included since it is not in the sensors array).  
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Table 5.6: The length estimations and estimation errors for all attached sensors in the Sonic-Echo method 

for the simulated isotropic timber pole with embedded in 1.2 m soil condition 

Sensor Estimated Length (m) Real Length (m) Estimation Error % 

S0 10.10 11 -8.15 

S1 2.78 2.6 7.21 

S2 2.6 2.4 8.33 

S3 2.43 2.2 10.79 

S4 2.21 2 10.62 

S5 1.95 1.8 8.33 

S6 1.73 1.6 8.59 

S7 1.56 1.4 11.60 

S8 1.47 1.2 22.91 

 

The length estimation error in S0 is almost 8%. Two reasons can be addressed for this 

phenomenon; firstly, the assumption of the constant value for the wave velocity, 

secondly ignoring the soil effects as it absorbs the energy of the wave in the embedded 

section, and this leads to decrement in the wave velocity in the embedded section. As 

can be seen in Figure 5.15, the errors are different in different sensors. This 

phenomenon shows that the peaks related to the reflection wave are not perfectly 

aligned in one line as they are in the down-going wave (This is shown better in section 

5.5 when multi-sensors array analysis has applied). 
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Figure 5.15: The length estimation errors for sensors S1-S8 in the Sonic-Echo method for the simulated 

isotropic timber pole with embedded in 1.2 m soil condition 

5.4.2 Orthotropic Embedded in 1.2 m soil 

Figure 5.16 illustrates the captured signals from S0 and S1. The first arrivals and the 

reflection peaks are also highlighted with the red ovals.  

 
(a) 
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(b) 

Figure 5.16: Acceleration signal captured from the simulated orthotropic embedded in 1.2 m soil timber 

pole in (a) sensor S0 and (b) sensor S1 

Table 5.7 contains estimated lengths and estimation errors for all sensors.  

The length estimation errors in the sensors S1 to S8 are also provided in Figure 5.17.  

Table 5.7 : The length estimations, and estimation errors for all of the sensors in the Sonic-Echo method 

for the orthotropic embedded in 1.2 m soil simulated timber pole 

Sensor Estimated Length (m) Real Length (m) Estimation Error % 

S0 11.33 11 3.06 

S1 2.78 2.6 7.21 

S2 2.62 2.4 9.37 

S3 2.45 2.2 11.36 

S4 2.3 2 15 

S5 1.56 1.8 13.19 

S6 1.75 1.6 9.37 

S7 1.61 1.4 15.17 

S8 1.46 1.2 21.87 
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Figure 5.17: The length estimation errors in sensors S1-S8 in the Sonic-Echo method applied on the 

orthotropic embedded in 1.2 m soil simulated timber pole 

 Sonic-Echo: Multi-Sensors array analysis 5.5

As shown in the previous section, single sensor analysis suffers from some limitations 

such as a lack of velocity analysis, and the assumption of the same velocity for not only 

all poles (wave velocity varies from pole to pole), but also for both of the down-going 

and the reflection waves. The constant velocity assumption leads to the results and the 

length estimation error that depends on the sensor location. In this regard, in this 

section, a velocity analysis is performed utilizing a multi-sensors array, and then the 

obtained velocity value has been used to estimate the length of the pole. The length of 

the pole is estimated by two methods; firstly by crossing two lines obtained from the 

first arrivals and the reflection peaks in all of the sensors, and secondly a velocity 

decrement factor is considered for the embedded length estimation (will be explained 

shoertly). In the first method since the wave is travelling to the bottom of the pole and 

comes back to the sensors, crossing the two lines obtained from the peaks detected by 

sensors in a sensors array can actually obtain the crossing time ( ), which itself is 

travelling time of the wave to the bottom of the pole. Substituting the obtained time in 

the simple travelling equation ( ) can obtain the embedment length of the 

pole. 

The velocity analysis procedure is as follows: after applying the low-pass filter on the 

signal, the first and the second peaks are detected in all of the sensors, and then a curve-

fitting algorithm is being applied on both of the first and second sets of peaks to find the 

best fitting lines. Slopes of these two lines represent the down-going and the reflection 



University of Technology Sydney Page 96 
 

waves’ velocities in the pole. It is worth considering that utilizing the curve-fitting 

algorithm decreases the sensitivity of the results to the time differences in all sensors. 

5.5.1 Isotropic Embedded in 1.2 m soil 

Figure 5.18 and Figure 5.19 show the velocity analysis and the embedded length 

estimation. It is essential to mention that the wave velocity under the soil decreases to 

90% of its value above the soil due to the energy absorption by the soil [109]. In this 

regard, a decrement factor ( ) is considered in order to improve the accuracy of the 

embedment length estimation. Since not only the down going and echo wave velocities 

are different, but also both velocities decrease due to the soil energy absorption in the 

embedded section, simply crossing the two lines of the first and second peaks obtained 

from array of sensors can result in higher estimation error. In this regard, a single sensor 

is considered first (i.e. S8 on the soil level), then Equation (5.1) can be obtained by 

separately calculating the down-going wave and echo travelling distance (i.e. 

embedment length).  

Lambda
VV
VVttL

du

du
e ***)( 1

8
2
8                                                                          (5.1) 

In Equation (5.1)  and  are the second and first detected peaks time,  and  are 

echo and down going wave 

 velocities,  is the embedment length, and is the decrement factor. 

In Figure 5.19, the result of the embedment length estimation by considering the 

decrement factor is compared with the two line crossing method result. 
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(a) 

 
(b) 

Figure 5.18: waterfall plot of the velocity analysis procedure and fitting accuracy utilizing S1 to S8 for (a) 

down-going wave, and (b) reflection wave 



University of Technology Sydney Page 98 
 

 

Figure 5.19: The embedment length estimation procedure, results and estimation error for isotropic 

embedded in 1.2 m soil simulated timber pole 

Crossing the two lines related to the down-going and the reflection waves gives almost 

10% of error in the length estimation. It can be seen that considering the decrement 

factor (Lambda) for the wave velocity in the embedded section can considerably 

improve the accuracy of the length estimation to almost 5.3%. It is worth considering 

that the fitting-accuracy demonstrates how well the peaks are aligned in one line. There 

is also a small overlap of the down going and echo wave packets (pulses) in sensors 

near the ground. This can be due to the small traveling distance and soil effect. 

It is worth mentioning that since a hammer impact excites the timber pole in a broad 

range of frequencies (i.e. 0 to 4 KHz), a wave packet including all frequencies travels 

through the timber pole. It is also necessary to consider that the shape of the hammer 

impact is not directly applied and transferred to timber pole. The shape of the travelling 

wave packet depends on the wave-guide propagation theory, which is the research 

direction of a colleague and is out of scope of this research. More information can be 

found in [47]. 

5.5.2 Orthotropic Embedded in 1.2 m soil 

The velocity analysis procedure and the length estimation are shown in Figure 5.20 and 

Figure 5.21. 
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(a) 

 
(b) 

Figure 5.20: The waterfall plot of the velocity analysis procedure and the fitting accuracy utilizing S1 to 

S8 for (a) the down-going wave, and (b) the reflection wave 
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Figure 5.21: length estimation procedure, results and estimation error for orthotropic standing-on-soil 

simulated timber pole. 

As can be seen, considering the velocity decrement factor in this case improves the 

accuracy of the embedment length estimation from 12% to 8%. It is worth mentioning 

that utilizing the multi-sensors array can improve the reliability of the Sonic-Echo 

method outputs in two aspects. Firstly in terms of making the velocity analysis feasible, 

secondly by decreasing the sensitivity of the results to the time differences in all sensors 

(i.e. crossing the two lines method do not use the time differences directly). It can be 

seen in Figure 5.19 and Figure 5.21 that the down-going wave’s velocity can be 

estimated with 99% fitting accuracies, while the reflection wave fitting accuracies have 

decreased in comparison with the down-going wave ones. Higher fitting accuracy 

means that the peaks are aligned more perfectly in one line. Lower fitting accuracies in 

reflection waves demonstrate the level of distortion occurred to the reflection wave due 

to the soil effects and the material properties. It can also be seen in Figure 5.21 that the 

down going and the echo waves’ velocities are significantly different. This can be due 

to the inaccuracy of the methodology and estimation errors. 

 Short Kernel Method (SKM) utilizing the Bending 5.6

wave 

As described earlier in Chapter 3, the Short Kernel Method (SKM) was the first 

proposed signal processing methodology to deal with the bending wave. Horizontal 

force is needed to be applied on the timber specimen to stimulate the bending wave. 
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Figure 5.22 shows the bending wave test setup. In the rest of this section, the 

applications of the SKM for a phase velocity and the length estimation of the timber 

pole will be investigated in all of the four cases including the isotropic standing-on-soil, 

the isotropic embedded in 1.5 m soil, the orthotropic standing-on-soil, and the 

orthotropic embedded in 1.5 m soil. 

1 m
1.5 m

0.2 m

Impact Location

S1
S2

S3
S4

 

Figure 5.22: The bending wave test setup for the simulated timber pole for the both standing-on-soil and 

embedded conditions 

5.6.1 Isotropic Standing-on-soil 

The first step in the SKM is determining a seed frequency from the Frequency Response 

Functions (FRF) of the signals captured by the sensors. Figure 5.23 shows the FRFs of 

all four sensors. 
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Figure 5.23: The Frequency response Functions of S1-S4 for the isotropic standing-on-soil simulated 

timber pole 

As can be seen in Figure 5.23, many peaks can be detected from the FRF plot. In this 

research, five frequencies that show the most consistency in all sensors have been 

chosen amongst all for the phase velocity calculation (highlighted by the green and red 

ovals). The frequency 1120 Hz has been used for the length estimation (the red oval in 

Figure 5.23). This frequency has been chosen as it shows most consistency amongst all 

of the five chosen frequencies. Figure 5.24 shows the SKM outputs with the seed 

frequency of 1120 Hz in S1-S2, and S3-S4. The first arrivals and the reflection peaks 

are highlighted with the green ovals. 

 
(a) 
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(b) 

Figure 5.24: The SKM outputs with the seed frequency of 1120 Hz in (a):S1-S2, and (b): S3-S4. 

Original Signals captured from S1 and S2 are provided in Figure 5.25 for comparison. It 

is worth mentioning that based on the SKM method the second largest peak (which 

shows the most correlation with the seed frequency) should be considered as the 

reflection peak. This is the reason of choosing the peaks that are highlighted with the 

green ovals.  

 

Figure 5.25: Original Signals captured by S1 and S2 

As can be seen in Figure 5.24 (a) the down and up travelling waves look different. It is 

vital to consider that interpretation of SKM output is not as straightforward as raw 

waveforms. It can be seen in Figure 5.25, there is a clear time gap between down going 

and reflection waves. Nevertheless, this clear gap is not easily observable due to the side 

effects of the SKM application. It is also not unusual for the reflection wave to be 
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slightly different from the down going wave. This change in the shape can be due to the 

dispersion and boundary conditions of the timber pole. 

Considering the time difference between the first peaks in S1-S2, or S3-S4, the phase 

velocity can be estimated utilizing Equations (5.3) and (5.4): 

1 2

1120

,
1 1

2 1

0.2* *5e 6 1481(m/ s)
5024 4994Hz

S S
P Peak Peak

x mV dt
S S

   (5. 2) 

3 4

1120

,
1 1

4 3

0.2* *5e 6 1481(m/ s)
5095 5068Hz

S S
P Peak Peak

x mV dt
S S

   (5. 3) 

The estimated phase velocities for all of the aforementioned seed frequencies are 

provided in Figure 5.26. Related phase velocities obtained from the analytical solutions 

[47] are also provided for each of the seed frequencies for the comparison.  

 

Figure 5.26: The estimated phase velocities for all of the seed frequencies utilizing S1-S2, and S3-S4 (the 

calculated phase velocities with S1-S2, and S3-S4 are same) 

As can be seen, both of the sensor sets give the same results. Although the results are 

not exactly the same with analytical ones, both have the same trends, (velocity increases 

with the seed frequency increment).  

The final step after the phase velocity calculation is the length estimation. Considering 

the first arrivals and the reflection peaks (see the green ovals in Figure 5.24), the length 

of the pole can be estimated using equations (5.5) (5.6) (5.7) (5.8). 

1120 1120

2 1
1 1

1
5524 4994* * *5e 6*1481 1.97

2 2Hz Hz

Peak Peak

S P
S SL dt V m   (5.4) 
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1120 1120

2 1
2 2

2
5498 5021* * *5e 6*1481 1.77

2 2Hz Hz

Peak Peak

S P
S SL dt V m   (5.5) 

1120 1120

2 1
3 3

3
5444 5068* * *5e 6*1481 1.4

2 2Hz Hz

Peak Peak

S P
S SL dt V m  (5.6) 

1120 1120

2 1
4 4

4
5417 5095* * *5e 6*1481 1.2

2 2Hz Hz

Peak Peak

S P
S SL dt V m   (5.7) 

Actual lengths and the estimation errors in all of the sensors are provided in Table 5.8. 

Table 5.8: Actual lengths and the estimation errors for S1-S4 

Sensor Estimated Length (m) Actual Length (m) Error % 

S1 1.97 2.4 -17.9 

S2 1.77 2.2 -19.5 

S3 1.4 1.8 -22.2 

S4 1.2 1.6 -25 

 

It can be seen in Table 5.8 that the average length estimation error is 20% for this case. 

5.6.2 Isotropic Embedded in 1.5 m soil 

Figure 5.27 illustrates the FRF in all of the sensors. The SKM procedures for this case 

are shown through Figure 5.28 to Figure 5.30. 
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Figure 5.27: The FRF in all of the sensors in the bending wave test on the simulated isotropic embedded 

in 1.5m soil timber pole 

As illustrated in Figure 5.27, the frequency component 1400 Hz shows the highest 

amplitude amongst all of the peaks in three out of the four sensors. There is also a peak 

in 1120 Hz, where all of the sensors have almost the same amplitude. In this regard, the 

SKM plots for both of the frequencies are provided in the following. Some of the other 

peaks also have been used for the velocity analysis. Figure 5.28 and Figure 5.29 show 

the SKM output plots in the frequency components 1120 and 1400 Hz. The first arrivals 

and the reflection peaks are also highlighted with the green ovals.  

 
(a) 
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(b) 

Figure 5.28: The SKM outputs with the seed frequency of 1120 Hz in (a):S1-S2, and (b): S3-S4 

 
(a) 

 
(b) 

Figure 5.29: The SKM outputs with the seed frequency of 1400 Hz in (a):S1-S2, and (b): S3-S4 
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The effects of the soil can easily be seen by a simple comparison of Figure 5.28 and 

Figure 5.24. In fact, the presence of the soil makes reflection detection a very delicate 

procedure. The procedure depends on both of the experience of the test performer or the 

signal processor and the availability of prior information about the timber pole. By 

comparing Figure 5.28 and Figure 5.29, one can also realize the importance of the seed 

frequency determination. As can be seen, although in the 1120 Hz reflection peaks are 

much more clear and detectable because their amplitude is slightly higher than the 

previous peaks, they still can easily be mistaken for peaks in the black ovals. This 

situation is worse in the seed frequency 1400 Hz where reflection peaks amplitudes are 

the same or even less than their previous peaks (shown by the black ovals).  

Figure 5.30 compares the estimated velocities in the different seed frequencies with 

their related analytical results. Although the estimation values are always lower than the 

analytical results, it more or less has the same increasing trend in the phase velocity as it 

is in the analytical results. 

 

Figure 5.30: The estimated velocities in the different seed frequencies with their related analytical results 

The embedment length estimation values and the error percentages in the 1120 Hz seed 

frequency are provided in Table 5.9. 
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Table 5.9: The embedment length estimation values and the error percentages in the 1120 Hz seed 

frequency 

Sensor Estimated Length (m) 
green ovals 

Estimated Length (m) 
black ovals 

Actual 
Length 

(m) 

Error % 
green ovals 

Error % 
black ovals 

S1 2.3 1.7 2.4 -4.16 -29 

S2 2.1 1.5 2.2 -4.54 -31 

S3 1.9 1.23 1.8 5.55 -32 

S4 1.7 1.07 1.6 6.25 -33 

 

It should also be considered that although the estimation errors are considerably lower 

than in the standing-on-soil case (considering the green ovals), detection of the reflected 

peaks are not as straightforward and reliable as the standing-on-soil case. In the case of 

considering the peaks in the black ovals (which is more probable to happen), the 

average length estimation error is 30%. 

5.6.3 Orthotropic Standing-on-soil 

Figure 5.31 shows the FRF in all of the sensors. All of the highlighted ovals are used for 

the velocity estimation, and the frequency highlighted by the red oval has been used for 

the length estimation as it shows to be the most consistent set of the peaks amongst all.  

 

Figure 5.31: FRF in all of sensors in orthotropic standing-on-soil simulated timber pole 
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In Figure 5.32, the velocity calculations for the different seed frequencies are provided, 

where again although the velocities are not exactly the same as the analytical results, 

they have the same increasing trend. 

 

Figure 5.32: The velocity calculations for the different seed frequencies in the simulated orthotropic 

timber pole standing-on-soil 

Figure 5.33 illustrates the SKM output plots in S1-S2 and S3-S4 for the seed frequency 

of 1320 Hz, which are the most consistent peaks in the FRF.  

 
(a) 

 
(b) 

Figure 5.33: SKM output plots in S1-S2 and S3-S4 for the seed frequency of 1320 Hz 
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Table 5.10 also provides the length estimation values and errors. 

Table 5.10: Length estimation values and errors for the simulated orthotropic timber pole standing-on-soil  

Sensor Estimated Length 
(m) 

Actual Length 
(m) Error % 

S1 2.1 2.4 -12.5 

S2 1.9 2.2 -14 

S3 1.5 1.8 -17 

S4 1.4 1.6 -12.5 

 

5.6.4 Orthotropic Embedded in 1.5 m soil 

The FRF plot of all the sensors, and SKM output plots with the seed frequency 1320 Hz 

are shown in Figure 5.34, and Figure 5.35. All of the highlighted ovals in Figure 5.34 

are used for the velocity estimation, and the frequency that is highlighted by the red 

oval has been used for the length estimation. 

 

Figure 5.34: FRFs in all of the sensors in the orthotropic embedded in 1.5 m simulated timber pole 
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(a) 

  
(b) 

Figure 5.35: The SKM output plots with the seed frequency 1320 Hz for the orthotropic embedded in 1.5 

m soil simulated timber pole 

Arrows in Figure 5.35 have illustrated the procedure of the peak detection for each of 

the sensors. In (a), S1 does not show any specific pattern, and as can be seen the second 

largest peak is definitely a faulty one. However, in S2, the amplitudes of the peaks are 

decreasing until the reflected peak has arrived and creates an abrupt increase in the 

amplitude (as shown by the arrows). Following the same procedure in (b), the reflected 

peaks from both sensors could be detected. In Table 5.11, the estimated embedment 

lengths and related errors are provided. 

 

 

Reflected peak S2 

Reflected peaks S3 and S4 
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Table 5.11: Estimated embedment lengths and related errors for the orthotropic embedded in 1.5 m soil 
simulated timber pole 

Sensor Estimated Length 
(m) 

Actual Length 
(m) Error % 

S1 … 2.4 … 

S2 1.9 2.2 -13.63 

S3 1.64 1.8 -8.88 

S4 1.7 1.6 6.25 

 

Figure 5.36 also illustrates the velocity calculations for the different seed frequencies, 

and their related analytical values. 

 

Figure 5.36: The velocity calculations for the different seed frequencies in the orthotropic embedded 1.5 

m soil simulated timber pole 

The reflection peak detection especially in the embedded cases is not an easy task. Even 

amongst the embedded cases, the reflection peak detection in the orthotropic case is 

more complicated than the isotropic one. It actually heavily depends on the seed 

frequency determination, and also the experience and judgement of the test performer.  

 Ultraseismic 5.7

The test set-up for the Ultraseismic testing is similar to the Sonic-Echo testing method, 

which was described earlier in this chapter. The only difference is that the impact 

location in the Ultraseismic test is on the side of the timber pole (3 m from the bottom 

of the pole) at a 45° angle. 
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It is also worth mentioning that the impact is applied to the centre of the cross section of 

the pole. In experimental tests, this is done by screwing the timber pole with 45° angle, 

and makes the impact on the screw. Since the Ultraseismic method utilizes both 

longitudinal and flexural waves simultaneously, the impact is made with 45° angle. It is 

worth considering that if the pole is excited with 0° angle, it makes pure longitudinal 

wave (Sonic-Echo method). If the pole is excited with 90° angle, it makes pure flexural 

waves (Short Kernel Method). It is also vital mentioning that the timber is not an ideal 

hard material and its surface dents perpendicularly to the hammer impact. In this regard, 

the 45° angle impact can excite the timber pole with both longitudinal and flexural 

waves. Explanations of this phenomena form the wave-guide propagation theory is out 

of scope of this research, but more details can be found in [47].  

The impact location is determined based on the limitations in the real in-field tests 

where the top or near top surface of the pole is not accessible because of the presence of 

the electrical or the communications wires. In fact, maximum accessible surface of the 

pole is as high as a normal person feels comfortable to make the impact. In the 

following, the application of the Ultraseismic on different cases of the simulated timber 

pole will be investigated. 

5.7.1 Isotropic Standing-on-soil 

Firstly, signals captured from all of the sensors are low-pass filtered with the cut-off 

frequency of 3500 Hz. This cut-off frequency is determined based on firstly 

Ultraseismic method instructions [45], and secondly based on the spectrum curves (see 

Figure 2.12). Then utilizing multi-sensors array, the velocities of both the down-going 

and reflection waves are estimated, and finally the length of the pole is calculated. 

Figure 5.37 shows the velocity analysis procedures for the first arrivals (down-going 

wave), and the reflection waves. 
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(a) 

 
(b) 

Figure 5.37: Ultraseismic velocity analysis procedures for (a) the down-going and (b) the reflection waves 

in the simulated isotropic timber pole with the standing-on-soil condition 

Both of the down-going and reflection waves’ velocities are estimated with high fitting 

accuracies. Similar to the Sonic-Echo sensor array analysis, the length can be estimated 

by crossing the two lines related to the down-going and the reflection waves. Figure 

5.38 (a) illustrates the Ultraseismic plot of all of the sensors, the estimated length value, 

and the estimation error. The raw waveforms captured from the sensors are also 

provided in Figure 5.38 (b) for comparison.  
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(a) 

 
(b) 

Figure 5.38: (a) Ultraseismic plot of all of the sensors, the estimated length value, and the estimation 

error, and (b) Raw signals captured from sensors in the simulated isotropic timber pole with the standing-

on-soil condition 

As can be seen, in the isotropic standing-on-soil, which is the simplest simulation case, 

the length can be estimated with a high accuracy with error less than 7%. It should also 

be mentioned that observable overlap of the down-going and reflection waves in the 

lower sensors is due to the relatively small travelling distance and large wavelength of 

these waves. However, this overlap has not occurred in the first and second peaks’ time. 

5.7.2 Isotropic Embedded in 1.5 m soil 

Figure 5.39 and Figure 5.40 show the velocity analysis and the embedment length 

estimation procedure. It should also be considered that similar to the Sonic-Echo 

method due to the presence of the soil, the decrement factor (Lambda) is considered for 
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the embedment length calculation, and results are provided to compare with the line 

crossing method. 

 
(a) 

 
(b) 

Figure 5.39: Velocity analysis procedures for (a) the down-going and (b) the reflection waves for the 

isotropic embedded in 1.5 m soil simulated timber pole 
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Figure 5.40: Ultraseismic plot of all of the sensors, the estimated length value, and the estimation error for 

the isotropic embedded in 1.5 m soil simulated timber pole 

The embedment length estimation error in the line crossing method is almost 21%, 

while applying the decrement factor reduces the error to 9%, which is less than half of 

the line crossing method. As shown by the green oval, another set of peaks parallel to 

the reflection peaks appeared in the captured signal due to the presence of the soil. 

5.7.3 Orthotropic Standing-on-soil 

Figure 5.41 shows the Ultraseismic plot of the signals after the low-pass filtering. 

 

Figure 5.41: Ultraseismic plot of the signals after the low-pass filtering for the orthotropic standing-on-

soil simulated timber pole 
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Figure 5.42 illustrates the peak detection and the velocity analysis procedures for the 

first arrivals peaks. 

 

Figure 5.42: Velocity analysis procedure for (a) the down-going and (b) the reflection waves for the 

orthotropic standing-on-soil simulated timber pole 

As can be seen in both of the Figure 5.41 and Figure 5.42, not only no clear pattern of 

the reflection waves can be detected in the orthotropic case, but also the down-going 

wave’s velocity increased suddenly to 6700 m/s. This is due to the presence of the 

second and third branches of the bending wave in the frequency range of 0-3500 Hz. 

These branches have very high energy at the beginning, which increases the estimated 

velocity (see Figure 2.12).  

5.7.4 Orthotropic Embedded in 1.5 m soil 

Figure 5.43 shows the Ultraseismic plot of the signals after the low-pass filtering. 

 

Figure 5.43: Ultraseismic plot of data after low-pass filtering in orthotropic embedded in 1.5 m soil 

simulated timber pole case. 
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Figure 5.44 also illustrates the peak detection and velocity analysis procedures for the 

first arrival peaks. 

 

Figure 5.44: Velocity analysis procedures for (a) down-going and (b) reflection waves for orthotropic 

embedded in 1.5 m soil simulated timber pole case. 

As can be seen in both of the orthotropic cases, the first arrival peaks are very clear, but 

the reflection peaks are not detectable. This is due to the impact excitation type and 

location, the timber pole material, and soil effects. All of these factors create a 

complicated dispersive behaviour. It should also be considered that the hammer impact 

is a broadband low frequency excitation type. In another words, the hammer impact can 

excite the timber pole in a very broad range of low frequencies from zero to almost 5 

kHz. 45º impact creates both of the longitudinal and the bending waves that propagate 

simultaneously in the timber pole. In the range of 0-5 kHz not only both of the 

longitudinal and the bending waves exist, but also each has at least two branches. 

Furthermore, because of the aforesaid in-field test limitations, the impact is needed to be 

applied on the side of the pole, which itself increases the complications of the situation 

by creating simultaneous upward and downward travelling waves in the timber pole 

(while each of them includes both of the longitudinal and the bending waves with their 

branches). Interference between all of these patterns (up-travelling, down-travelling, 

longitudinal wave branches, and bending wave branches) creates a very complicated 

wave propagation pattern. In connection with these points, and in order to be able to 

detect the reflection peaks, pre-processing is needed to separate these pattern from each 

other. 
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 Experimental Data Analysis 5.8

In this section, the applications of the conventional stress-wave-based methods on the 

condition assessment of the timber poles are investigated. Three methods that have been 

investigated are the Sonic-echo, bending wave utilizing Short Kernel Method, and 

Ultraseismic. All tests are performed on a 5m timber pole with a 30cm diameter in the 

cross-section. Two types of tests have been performed, one while the timber pole is 

standing on soil, and the other when it is embedded in the soil. 

5.8.1 Sonic-Echo 

Figure 5.45 shows the laboratory test setups for the Sonic-Echo method in the standing-

on-soil and the embedded situations. 

1.4 m
1 m

0.2 m

Impact Location

S1-S7

 

Figure 5.45: The test setups for the Sonic-Echo method in the standing-on-soil and the embedded 

conditions 

The velocity analysis procedure is shown in Figure 5.46. 
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(a) 

 
(b) 

Figure 5.46: Velocity analysis procedure for (a) the down-going, and (b) the reflection wave in the 

experimental Sonic-Echo test 

The down-going wave’s velocity is estimated with 95% fitting accuracy. This means 

that the longitudinal wave has not been distorted very much, although in comparison 

with the simulated orthotropic standing-on-soil timber pole, this accuracy has dropped 

by almost 4%. In (b), it can also be seen that although the pattern of the reflection peaks 

can be seen, the fitting accuracy has dropped to 60%, which raises the question of the 

reliability of the results. Figure 5.48 shows the length estimation procedure for this case. 

Raw captured signals are also shown in Figure 5.47 for comparison. 
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Figure 5.47:Raw captured signals of the Sonic-Echo method test in the timber pole with the standing-on-

soil condition.

 

Figure 5.48: Length estimation procedure of the Sonic-Echo method test in the timber pole with the 

standing-on-soil condition 

Velocity analysis procedure in the Sonic-Echo method for the timber pole embedded in 

1 m soil is shown in Figure 5.49. It should be considered that S5 has not been 

considered in the analysis since the captured signal by this sensor is out of the range of 

the others.  
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Figure 5.49: Velocity analysis procedure in the Sonic-Echo method for the timber pole embedded in 1 m 

soil 

As can be seen in Figure 5.49, the velocity of the down-going wave is estimated as 5400 

m/s with the fitting accuracy of 93%. By comparing the results of the embedded case 

with the standing-on-soil, the effects of soil can easily be seen, as sensors can detect no 

clear pattern of the reflections. Figure 5.50 illustrates the length estimation procedure.  

 

Figure 5.50: Length estimation procedure of the Sonic-Echo test in the timber pole embedded in 1 m soil. 

S5 in not considered in the analysis since its signal is out of the range of the others. (Red signal) 

5.8.2 Short Kernel Method utilizing the bending wave 

Figure 5.51 shows the bending wave test setup. In this test three sensors have been used 

and the impact has been applied 0.1 m above the S1 (top sensor). 
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Figure 5.51: Bending wave laboratory test setup 

The Frequency Response Functions of all of the three sensors are plotted on top of each 

other in Figure 5.52. Highlighted frequencies in the green ovals are used for the velocity 

calculations, and the red one is used for the length estimation. 

 

Figure 5.52: FRFs of S1, S2, S3. 

The velocity calculation results are provided in Figure 5.53. As can be seen although the 

estimated velocities are not exactly the same as the analytical results, both have the 

same increasing trend as the seed frequency increases. 
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Figure 5.53: Velocity calculation results utilizing several seed frequencies 

The length estimation results with the 1360 Hz seed frequency are provided in Table 

5.12. As can be seen, the length can be estimated with the average of 19% error.  

Table 5.12: Length estimation results utilizing 1360 Hz as a seed frequency 

Sensor Est. Length (m) Real Length (m) Error% 

S1 1.364 1.6 -14.75 

S2 1.1 1.4 -21.42 

S3 1.056 1.2 -12 

 

Figure 5.54 shows the results of the SKM with the 1360 Hz seed frequency in S1, S2, 

and S3.  

 
(a) 



University of Technology Sydney Page 127 
 

 
(b) 

 
(c) 

Figure 5.54: 1360 Hz seed frequency SKM results in (a) S1, (b) S2, and (c) S3 

 

In Figure 5.55, the SKM plots of all of the sensors are plotted on top of each other for 

comparison and better understanding. 
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Figure 5.55: 1360 Hz seed frequency SKM results of S1, S2, and S3 comparison 

In Figure 5.54, since the reflection peaks in S2 and S3 are the second largest peaks in 

the SKM plots, the reflection peaks detection is relatively easy. However, it is very 

tricky in S1 since the reflection peak is not the second largest peak. In fact, the second 

largest peak leads to unrealistic results. Furthermore, as shown in Figure 5.55, the 

reflection peak in S2 is not in the correct position as it should be between S1 and S3, 

which itself results in the higher length estimation error as shown in Table 5.12. 

Figure 5.56 shows the FRFs in S1, S2, and S3 for embedded timber pole in 1 m soil. 

 

Figure 5.56: FRFs in S1, S2, and S3 for the embedded timber pole in 1 m soil 

As can be seen, there are fewer numbers of peaks in the FRF of the embedded case in 

comparison to the standing-on-soil condition. It is also worth considering that although 

there are some peaks lower than 400 Hz, they have not been used since the wavelength 

of the related frequencies are very large and their results are not reliable. 
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Figure 5.57 illustrates the velocity estimation results. Again, although the estimated 

velocities are not the same as the analytical ones, both have the same trends of 

increasing.  

 

Figure 5.57: Velocity calculation results utilizing several seed frequencies 

Table 5.13 also provided the estimated embedment lengths in all of the sensors using 

the frequency 760 Hz as the seed frequency. 

 

 

Table 5.13: Estimated embedment lengths in S1, S2, and S3 using 760 Hz as the seed frequency 

Sensor Est. Length (m) Actual Length (m) Error % 

S1 2.15 1.6 34.4 

S2 1.6 1.4 14.3 

S3 1.32 1.2 10 

 

Figure 5.58 shows the results of the SKM with the 760 Hz seed frequency in S1, S2, 

and S3. In Figure 5.59, the SKM plots of all of the sensors are also plotted on top of 

each other for comparison and better understanding.  



University of Technology Sydney Page 130 
 

 
(a) 

 
(b) 

 
(c) 

Figure 5.58: 760 Hz seed frequency SKM results in (a) S1, (b) S2, and (c) S3 
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Figure 5.59: 760 Hz seed frequency SKM results of S1, S2, and S3 comparison 

As can be seen in Figure 5.59, the reflection peak detection is not an easy and 

straightforward task in the embedded case especially in the S1 and S2 since in both 

sensors the reflection peak can easily be mistaken for its adjacent peak. In the real world 

applications, where in most of the cases there is no prior information available about the 

timber pole, the reflection peak detection is almost impossible. Only in the S3, the 

reflection peak can be detected relatively easier, which can be used as a benchmark for 

peak detection in the other sensors. It is also worth paying attention to the level of 

distortion occurred to the reflection peak in S1, which repositioned the peak to almost 

out of the range of the other sensors and leads to the very high estimation error. 

5.8.3 Ultraseismic 

Figure 5.60 shows the test setup for the Ultraseismic method. 
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Figure 5.60: Ultraseismic laboratory test set up 

Impacting the pole on the side at a 45º angle creates the longitudinal and the bending 

wave simultaneously. Figure 5.61 and Figure 5.62 show the velocity analysis and the 

length estimation procedure on the laboratory data in the standing-on-soil and the 

embedded conditions. 

 
(a) 
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(b) 

Figure 5.61: Velocity analysis and the length estimation procedure on the laboratory Ultraseismic test 

data in the standing-on-soil condition 

 
(a) 
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(b) 

Figure 5.62: (a) Velocity analysis and (b) the length estimation procedure on the laboratory Ultraseismic 

test data in the embedded condition 

Figure 5.63 shows the velocity analysis and the length estimation procedures for the 

data captured from the in-field test of the in-service timber pole. 

 
(a) 
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(b) 

Figure 5.63: Velocity analysis and the length estimation procedure on the Field-test data for the 

Ultraseismic test 

As can be seen in all of the figures in this section, the down-going wave velocities vary 

from 7000 to almost 8000 m/s. This phenomenon can be the effect of the second and 

third branches of the bending wave that exist in the frequency range of 0-3500 Hz and 

have very high energy at the beginning. 

 Conclusions 5.9

In this chapter firstly the digital filters, and then the application of the current surface 

stress-wave-based NDTs on the condition assessment of the timber pole have been 

investigated. 

 

 

The FIR filters are chosen since their phase distortion is linear and can easily be 

amended by applying the zero-phase filtering process. Amongst all of the FIR filter 

design methods, the Equiripple method is the best option to be used for the embedded 

NDT system in this project since it is more efficient in terms of the energy consumption 

and the processing time. 

In the next section of this chapter, the Sonic-Echo method utilizing the longitudinal 

wave; the Short Kernel Method utilizing the bending wave; and the Ultraseismic 

Conclusion 1: The digital filters investigation results reveal that the best digital filter 

to be used for the in-situ timber pole condition assessment test is the Equiripple FIR 

filter. 



University of Technology Sydney Page 136 
 

method utilizing both of the longitudinal and the bending waves were investigated for 

determining the stress wave velocity and the length of poles. These methods were 

investigated on the different types of data (Numerical, laboratory, and the field tests) 

with both of the standing-on-soil and the embedded conditions. 

 

 

 

The length estimation error for the different sensor locations varies from 7% to 22%. 

Assuming a constant value for the wave velocity has the effect of different estimation 

errors for sensors in different locations since firstly the wave velocity varies from pole 

to pole and secondly the down-going and the reflection waves have different wave 

velocities. This shows the importance of using the multi-sensors array, which estimates 

the velocities of the both down-going and the reflection waves separately. Moreover, the 

length estimation errors in all of the sensors strongly depend on the assumed value of 

the wave velocity, and the constant value assumption for all poles will lead to faulty and 

unreliable results. In fact, the wave velocity needs to be calculated for each pole 

separately. In this regard, in the next subsection of the Sonic-Echo method the multi-

sensors array has been employed in order to make the velocity analysis feasible, and 

consequently obtain more accurate and reliable length estimation results. The velocity 

analysis results reveal that the down-going and the reflection waves have not exactly the 

same velocities. Length of the pole can be estimated by crossing the two lines that are 

related to the down-going and the reflection waves. However, for the embedded 

conditions, the wave velocity under the soil decreases to 90% of its value above the soil 

due to the energy absorption by the soil. For this reason, the decrement factor has been 

considered and the lengths are estimated by using the equation (5.1). Results of this 

subsection have shown that the length can be estimated by crossing the two lines with 

almost 12% error while in the embedded conditions, considering the decrement factor 

can reduce the length estimation error to almost half of the line crossing method. 

Application of the Sonic-Echo method utilizing the multi-sensors array on the 

laboratory test in the standing-on-soil condition revealed that although the reflection 

peaks can be detected and the length can be estimated, the low fitting accuracy (60%) 

Conclusion 2: In the Sonic-Echo method, it was shown that the conventional 

method output (in which a constant value is assumed for the wave velocity, and the 

length estimation relies on a single sensor) is reliant on the sensor location. 
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shows the level of the distortion that has occurred to the reflection peaks and can bring 

question into the reliability of the results. This situation is worse in the embedded 

condition where no clear pattern of the reflection peaks can be detected. 

 

 

 

 

 

 

It has also been shown that in the embedded situations, the reflection peaks can easily 

be mistaken for their adjacent peaks due to the considerably large attenuation that is 

imposed on the captured signal by the soil. Applications of SKM on the laboratory tests 

also show that even in the standing-on-soil condition, the reflection peak detection is 

not a very easy task and the reflection peaks can easily be mistaken for their adjacent 

peaks. The situation is worse when the pole is embedded in the soil in which the 

reflection peaks are subjected to more severe distortion. 

In the last section, the Ultraseismic method utilizing both of the longitudinal and the 

bending waves has been investigated for determining the stress wave velocity and the 

length of the poles. The longitudinal and the bending waves can be applied to the pole 

simultaneously by the 45° angle impact. It is also necessary to mention that due to the 

limitations of the in-field tests (where access to the top or near top of the structure is 

prohibited due to the presence of the electrical and the communication wires), the 

impact is applied on the side of the structure in 1.5 m above the ground level. The 

velocity analysis results have shown that due to the presence of the second branch of the 

bending wave (which started with the considerable high energy), the estimated velocity 

of the down-going wave is considerably high. 

 

 

Conclusion 3: Application of the Short Kernel Method (SKM) utilizing the bending 

wave on the numerical data shows that in the standing-on-soil condition, although 

choosing a correct seed frequency is tricky and vital, the reflection peaks detection is a 

straightforward and easy task and the length can be estimated with 20% error on 

average. While in the embedded conditions, both of the seed frequency determination 

and the reflection peaks detection are not easy tasks and heavily depend on the 

experience of the test performer or the signal processor, and availability of the prior 

knowledge about the pole. 
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It is vital to consider that the hammer impact is a broadband low frequency excitation 

type. In another words, the hammer impact can excite the timber pole in a very broad 

range of low frequencies from zero to almost 5 kHz. The 45° angle impact creates both 

of the longitudinal and the bending waves that propagate simultaneously in the timber 

pole. 

 

Figure 5.64: Spectrum curves of the cylindrical timber poles with orthotropic material properties. Dashed 

lines represent the flexural wave branches and the hard lines represent the longitudinal wave branches 

[52] 

As shown in Figure 5.64, in the range of 0-5 kHz not only both of the longitudinal and 

the bending waves exist, but also each has at least two branches (modes). Furthermore, 

because of the aforesaid in-field test limitations, the impact is needed to be applied on 

the side of the pole, which itself increases the complications of the situation by creating 

the simultaneous up and down travelling waves in the timber pole (while each of them 

includes both of the longitudinal and the bending waves with their branches). 

Interference between the aforementioned patterns (up-travelling, down-travelling, the 

longitudinal, and the bending waves’ branches) all together create a very complicated 

wave propagation pattern. In this regard, and in order to be able to detect the reflection 

Conclusion 4: The velocity of the down-going waves are estimated relatively higher 

that the analytical results. Furthermore, all of the aforementioned factors (i.e. the 

impact excitation type and location, the timber pole material and the soil effects) 

create a complicated dispersive behaviour as shown in Figure 5.64. 
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peaks, advanced digital signal processing is needed to separate these pattern from each 

other. 
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6 Chapter 6: Application of the advanced 

Digital Signal Processing on the Condition 

assessment of the timber poles 
 

 Introduction 6.1

In this chapter, applications of the advanced digital signal processing methodologies 

(which were explained in Chapter 3) on the condition assessment of the timber pole are 

investigated. All of the methodologies are applied on the numerical, experimental, and 

the field tests data. The proposed advanced digital signal processing methodologies can 

be categorized into three main groups of deterministic signal separation methods (i.e. 

the predictive deconvolution), the blind signal separation methods (i.e. Principal 

Component Analysis, Singular Value Decomposition, and the K-mean clustering), and 

finally the Frequency-Wavenumber analysis and filtering. The overall structure of this 

chapter is applying these methodologies on the numerical data followed by the 

experimental and the field tests data. It is also essential to consider that all types of the 

data are low-pass filtered before the applications of the predictive deconvolution. 

 Applications of the Deterministic signal separation 6.2

and the Frequency-Wavenumber analysis on the 

Finite Element modeled timber pole  

In this section, application of the predictive deconvolution, and the Frequency-

Wavenumber (F-K) analysis on the timber pole condition assessment using the 

numerical data are investigated. Figure 6.1 shows the test setup for both of the standing-

on-soil and the embedded conditions. The test setup in this chapter is mostly like the 

Ultraseismic test setup, which is explained in Chapter 5. The only difference is in this 

simulation, 241 sensors have been used instead of the eight sensors for the better 
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illustration of the wave propagation and the effectiveness of the proposed methods. The 

sensors are placed from the bottom of the pole (S1) to the top (S241) in 0.05 m distance. 

The length of the pole is 12 m, and the hammer impact at a 45° angle is applied on the 

side 3 m above the bottom of the pole. 
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Figure 6.1: Simulated timber pole test setup for both of the standing-on-soil and the embedded conditions 

6.2.1 Isotropic Standing-on-soil  

Figure 6.2 shows the Ultraseismic plots before and after the low-pass digital filtering 

using the signals captured from all of the 241 sensors. The horizontal axis represents the 

time while the vertical axis represents the sensors location.  
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(a) 

 
 

(b) 

Figure 6.2: Ultraseismic plots for the simulated timber pole with the standing-on-soil condition (a) before 

the low-pass filtering, and (b) after the low-pass filtering 

For better illustration of the effects of the digital filter, the original signal in a single 

sensor vs. the filtered one are presented in both time and frequency domain in Figure 

6.2. 
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(a) 

 
(b) 

Figure 6.3: A comparison of the original and the filtered signal with 2.5 KHz cut-off frequency in a single 

sensor in (a) time domain, and (b) frequency domain 

It can be easily seen in Figure 6.3 how very effectively the low-pass digital filter can 

clean the signal and preserve the main patterns of the signal. It is also worth mentioning 

that the high frequency components in the signal are due to the calculation error. This 

error occurs because in the FEM the sensors are actually measure displacement, 

converting the displacement into acceleration added some high frequency components 

to the signals, which are useless. 

The patterns of the up and downward travelling waves that were explained previously in 

Chapter 5 can be seen in Figure 6.2. Presence of the up and downward travelling waves 

can make the reflection peaks detection a challenging task. It should be considered that 

in the tests of the in-service timber pole, only eight sensors can be attached to the pole, 

and the clear patterns that can be seen with the 241 sensors in Figure 6.2 are not clearly 

observable especially in the orthotropic embedded case. For better illustration of this 
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situation, a group of the eight sensors with exactly the same locations as the field test 

have been chosen from the set of the 241 sensors. Figure 6.4 shows the captured signals 

by these sensors before and after the low-pass digital filtering. 

 
(a) 

 
(b) 

Figure 6.4: Captured signals by eight in-field sensors (a) before and (b) after low-pass digital filtering 

As can be seen, the reflection peaks detection is almost impossible especially in the area 

that is highlighted with a green oval. It is also worth considering that in some cases 

because of the presence of the bending wave at the beginning of the signal with 

considerably large energy and amplitude, it is more suitable to use the second set of the 

first arrivals and the reflection peaks for the velocity analysis and the length estimation 

procedures. 

As mentioned and explained earlier in Chapter 3, the predictive deconvolution assumes 

that the captured signal is wide-sense stationary. This means that the statistical 
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properties of the wavelets (caused by the hammer impact) that are propagating in the 

timber pole in both the up and downward travelling waves do not change during the 

capturing time. In the predictive deconvolution, the main goal is to remove the 

unwanted patterns from the captured signals in order to obtain purely the first arrivals 

and the reflection peaks from the bottom of the pole. The processing steps of the 

predictive deconvolution are as follows. First, the captured signal is divided into same 

size windows (which contains firstly the desired and then the unwanted patterns). 

Second, the pattern at the beginning of each window is assumed to have the main 

statistical properties of the desired pattern to be kept and every similar statistical 

property is removed from the rest of the window (i.e. the original wavelet related to the 

upward travelling wave is needed to be kept, and the rest of the patterns related to the 

downward travelling waves can be removed as they have the same statistical 

properties). It is also worth mentioning that since only first larger positive peaks of the 

down-going and reflection waves are needed for the length estimation, only half of the 

first sinusoidal single pulse wave is used as a pattern to be kept in each window. Based 

on application, one can also use a whole pulse as a desirable pattern in each window. 

Figure 6.5 shows the procedure of applying the predictive deconvolution on the signal 

captured by one sensor.  

 

Figure 6.5: Predictive deconvolution procedures in a single sensor. 

In Figure 6.5, the red rectangle shows the length of the desired output and N is the 

length of each window. Since both of the upward and downward travelling waves have 

the same statistical properties and the signal is wide-sense stationary, the upward 

travelling wave can be separated from the downward travelling one utilizing the 

N 
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predictive deconvolution. Figure 6.6 shows the low-pas filtered data before and after 

applying the predictive deconvolution in a single sensor. 

 

Figure 6.6: Low-pas filtered data before and after applying the predictive deconvolution in a single sensor 

for the simulated isotropic timber pole with the standing-on-soil condition 

In Figure 6.6 the low-pass filtered signal is shown with light blue colour, while the 

predictive deconvolution output is shown in red. As can be seen in Figure 6.6, the 

predictive deconvolution could remove any pattern that has same statistical properties 

with the desirable pattern (see red rectangular in Figure 6.5) in each window. In other 

words, it can remove any unwanted similar pattern to the desirable one in the signal, 

although not completely as shown with the black ovals. It also created some faulty 

peaks as shown with the green ovals. Figure 6.6 illustrates the Ultraseismic plot of the 

outputs of the predictive deconvolution on all of the 241 sensors. 

As can be seen in Figure 6.7, although the predictive deconvolution can separate the 

upward travelling wave from the downward travelling one, it cannot remove the 

patterns related to the downward travelling wave in the beginning of the signal. 

Furthermore, it created some unwanted patterns in the beginning of the signals near the 

impact location (see Figure 6.7 (b)). 
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(a) 

 
(b) 

Figure 6.7: Ultraseismic plot of (a) the low-pass filtered data, and (b) the outputs of the predictive 

deconvolution on 241 sensors for the simulated isotropic timber pole with the standing-on-soil condition 

Peaks that are highlighted with the red oval are used for the length estimation. Figure 

6.7 shows the signals of the in-field sensors before and after applying the predictive 

deconvolution. 
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(a) 

 
(b) 

Figure 6.8: In-field sensors signals after (a) low-pass filtering, and (b) applying the predictive 

deconvolution for the simulated isotropic timber pole with standing-on-soil condition 

The predictive deconvolution effectiveness in cleaning the unwanted patterns from the 

signal can easily be seen in this figure. The output of the predictive deconvolution can 

directly be used for the velocity analysis and the length estimation. Figure 6.9 and 

Figure 6.10 illustrate the velocity analysis and the length estimation procedures. 
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(a) 

 
(b) 

Figure 6.9: Velocity analysis procedures for (a) the first arrivals, and (b) the reflection peaks for the 

simulated isotropic timber pole with the standing-on-soil condition 
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Figure 6.10: Length estimation procedures for the simulated isotropic timber pole with standing-on-soil 

condition 

The down-going and the reflection waves’ velocities are estimated with 99% and 98% 

fitting accuracies. The length of the pole is also estimated by crossing the two lines 

related to the down-going and the reflection waves with 6.6% error. 

Figure 6.11 is the Frequency-Wavenumber (F-K) domain illustration of the low-pass 

filtered signals. The F-K domain illustration of the predictive deconvolution outputs has 

not been provided here because of its similarities with the low-pass filtered signals F-K 

domain illustration. It is worth mentioning that the F-K domain analysis is actually a 

velocity filter. In this regard, since both of the filter and the predictive deconvolution 

outputs have the same velocities, their F-K domain illustrations are also the same. 

 

Figure 6.11: Frequency-Wavenumber (F-K) domain illustration of the low-pass filtered signals for the 

simulated isotropic timber pole with the standing-on-soil condition 
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As can be seen in Figure 6.11, only one velocity exists as expected. Based on the 

analytical solutions of the wave-guide theory in the cylindrical timber poles with the 

isotropic material properties, both of the longitudinal and the bending waves in the 

frequency range of 0-8 kHz have only one branch. Furthermore, since the bending 

wave’s velocity is noticeably lower than the longitudinal one and attenuation in the 

bending wave is considerably large, only one velocity is observable in the F-K domain. 

It should be considered that the hammer excites the timber pole in the frequency range 

of 0-5 kHz. 

6.2.2 Isotropic Embedded in soil 

Figure 6.12 shows the captured signals in all of the 241 sensors before and after low-

pass filtering. 

 
(a) 

 
(b) 

Figure 6.12: Captured signal in all of the 241 sensors (a) before and, (b) after the low-pass filtering for the 

simulated isotropic timber pole with the embedded condition 
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Although the upward and downward travelling waves’ patterns are relatively observable 

in Figure 6.12(a), applying the low-pass filter could considerably clear the signals. 

Figure 6.13 also illustrates the captured signals by the in-field sensors before and after 

the low-pass filtering. 

 
(a) 

 
(b) 

Figure 6.13:  Captured signals by the in-field sensors (a) before, and (b) after the low-pass filtering for the 

simulated isotropic timber pole with the embedded condition 

Figure 6.14 and Figure 6.15 demonstrate the predictive deconvolution outputs in all of 

the 241 sensors and the in-field sensors. 
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(a) 

 
(b) 

Figure 6.14: Ultraseismic plot of (a) the low-pass filtered data, and (b) the outputs of the predictive 

deconvolution on the 241 sensors for the simulated isotropic timber pole with the embedded condition 

It can be seen in Figure 6.14 that the predictive deconvolution algorithm was able to 

reduce the signal of the downward travelling wave but was not able to remove it 

completely. Furthermore, only a weak pattern of bottom reflection is obtained (see the 

red oval in Figure 6.14). This is due to the presence of the soil embedment, which 

weakens the main bottom reflections. For better illustration the output of the predictive 

deconvolution vs. the filtered signal are also provided in Figure 6.16. 
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(a) 

 
(b) 

Figure 6.15: In-field sensors signals after (a) the low-pass filtering, and (b) applying the predictive 

deconvolution for the simulated isotropic timber pole with the embedded condition

 

Figure 6.16: Low-pas filtered data before and after applying the predictive deconvolution in a single 

sensor for the simulated isotropic timber pole with the embedded condition 
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Comparing Figure 6.6 and Figure 6.16, one can simply see the amplitudes of the peaks 

related to the downward travelling (which was supposed to be removed completely) 

wave are relatively larger in the embedded condition. This means that the effectiveness 

of the predictive deconvolution has decreased in comparison to the isotropic standing-

on-soil condition. The faulty peaks are also observable in Figure 6.16 (see the green 

ovals). 

The velocity analysis and the embedment length estimation are provided in Figure 6.17 

and Figure 6.18. 

 
(a) 

 
(b) 

Figure 6.17: The velocity analysis procedure for (a): the first arrivals, and (b): the reflection peaks for the 

simulated isotropic timber pole with the standing-on-soil condition 
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Figure 6.18: Length estimation procedure for the simulated isotropic timber pole with the embedded 

condition 

As can be seen in Figure 6.17, the first arrivals and the reflection peaks’ velocities are 

estimated with the 99% and 98% fitting accuracies. The embedment length is estimated 

with 13% error by using the two lines crossing method, while applying the decrement 

factor reduced the embedment length estimation error to 5.5%, which is less than half 

the earlier error. 

The F-K domain illustration of this case is also provided in Figure 6.19. Once again, 

since the timber pole is simulated with the isotropic material properties only one 

velocity is observable in the F-K domain plot. 

 

Figure 6.19: Frequency-Wavenumber (F-K) domain illustration of the low-pass filtered signals for the 

simulated isotropic timber pole with the embedded condition 
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6.2.3 Orthotropic embedded in soil 

Figure 6.20 shows the captured signal in all of the 241 sensors before and after the low-

pass filtering. 

 
(a) 

 
(b) 

Figure 6.20 : Captured signal in all of the 241 sensors (a) before and, (b) after the low-pass filtering for 

the simulated orthotropic timber pole with the embedded condition 

As can be seen in Figure 6.23 in the original signals, no clear pattern is recognizable, 

however applying the low-pass filter can clear the signals and reveals the patterns 

existing in them. It can also be seen that rather than the longitudinal waves’ patterns, 

other patterns related to the bending waves also exist. Figure 6.23 illustrates the signals 

of the in-field sensors before and after the low-pass filtering. 
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(a) 

 
(b) 

Figure 6.21 :  Captured signals by the in-field sensors (a) before, and (b) after the low-pass filtering for 

the simulated orthotropic timber pole with the embedded condition 

Figure 6.22 and Figure 6.23 demonstrate the predictive deconvolution outputs in all of 

the 241 sensors and in the in-field sensors. 
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(a) 

 
(b) 

Figure 6.22: Ultraseismic plot of (a) the low-pass filtered data, and (b) the outputs of the predictive 

deconvolution on the 241 sensors for the simulated orthotropic timber pole with the embedded condition 
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(a) 

 
(b) 

Figure 6.23: In-field sensors’ signals after (a) the low-pass filtering, and (b) applying the predictive 

deconvolution for the simulated orthotropic timber pole with standing-on-soil condition 

The pair of the peaks as is shown by the red oval in Figure 6.23 seems to be the first 

arrivals and the reflection peaks. The velocity analysis procedures of these set of the 

peaks are provided in Figure 6.24. 
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(a) 

 
(b) 

Figure 6.24: Velocity analysis procedures of the detected (a) first arrivals peaks, and (b) the reflection 

peaks after applying the predictive deconvolution for the simulated orthotropic timber pole with the 

embedded condition 

As can be seen in Figure 6.24, since both of the velocities are negative, both sets of the 

peaks are related to the down-going waves and the detected second sets of the peaks are 

not related to the reflection from the bottom of the pole. By looking at the Figure 6.24, 

one can realize that the predictive deconvolution could only reduce the unwanted 

patterns and was not able to remove them completely. As mentioned earlier in Chapter 

3, the predictive deconvolution assumes that the captured signal is wide-sense stationary 

while the captured signals from the simulated timber pole with the orthotropic material 

properties are non-stationary signals. This means that the statistical properties of the 
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original wavelets change as the waves are propagating through the pole. This is 

completely in concordance with the highly dispersive behaviour of the timber pole. 

Figure 6.25 is the F-K illustration of the simulated orthotropic timber pole with the 

embedded condition. 

 

Figure 6.25: F-K illustration of the original data captured from the simulated orthotropic timber pole with 

embedded condition (the blue oval refers to the desired area to be preserved by the F-K velocity filter) 

In Figure 6.25, velocities that are shown in the blue oval are related to the longitudinal 

waves. It can be seen that the second branch of the longitudinal wave has started from 

almost 4 kHz, and the third one has started from almost 7 kHz. The second branch of 

the bending wave is also started from almost 2 kHz (see Figure 2.12).  

As previously mentioned, velocity filtering can be applied on the F-K domain. Based on 

the dispersion curves for the simulated orthotropic timber pole, the velocity of the 

longitudinal waves are around 5000 m/s. In this regard, a velocity filter is designed in a 

way to keep any existing velocities between 0-5000 (m/s) and remove the rest. Since the 

bandwidth of the desired region (the blue oval in Figure 6.25) is changing with the 

frequency, for each frequency component a Tucky window has been designed. Design 

procedure of the velocity filter is shown in Figure 6.26. 
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Figure 6.26 : Illustration of the Tucky windows design in the F-K domain velocity filtering 

Figure 6.27 illustrates the results of the F-K velocity filter on the simulated orthotropic 

timber pole with the embedded condition. It can be seen that most of the undesired 

velocities in the F-K domain were removed. However, the second and the third branches 

of the longitudinal wave still exist. 

 

Figure 6.27: Results of the F-K velocity filter on the simulated orthotropic timber pole with the embedded 

condition 

Figure 6.28 illustrates the outputs of the low-pass filtering and the velocity filtering 

outputs followed by the low-pass filtering. It can be seen in Figure 6.28 that only the 
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velocity components related to the longitudinal wave’s branches exist as expected. For 

this reason, the low-pass filter in order to remove any unwanted high frequency 

components also filtered the outputs of the velocity filter. 

Figure 6.28 demonstrates the outputs of the low-pass filter and the velocity filter 

followed by the low-pass filtering in the in-field sensors. 

 
(a) 

 
(b) 

Figure 6.28: Outputs of (a) the low-pass filtering and (b) the velocity filtering outputs followed by the 

low-pass filtering in all 241 sensors for the simulated orthotropic timber pole with the embedded 

condition 

As can be seen in Figure 6.28, although the velocity filter could remove all of the 

unwanted velocity components, it actually could not preserve the upward and 

downward travelling waves’ patterns. It seems that the output of the velocity filter is the 

combination of the patterns of both of the upward and downward travelling waves. This 
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can be seen in the section highlighted by the red oval, where the reflection peaks 

belongs to one of the waves are interfering with the first arrivals of the other. 

One alternative simple solution for removing all of the unwanted frequency and velocity 

components is applying the low-pass filter with 1.5 kHz cut-off frequency (see Figure 

6.25). The outputs of the low-pass filtering with 1.5 kHz cut-off frequency in all of the 

241 sensors are provided in Figure 6.29. 

 

Figure 6.29: Outputs of the low-pass filtering with 1.5 kHz cut-off frequency in all of the 241 sensors for 

the simulated orthotropic timber pole with the embedded condition 

As can be seen in Figure 6.29, this situation is very similar to the isotropic embedded 

case, of course as expected since only one velocity exists in the signals.  Figure 6.30 

shows the outputs of the 1.5 kHz low-pass filtering followed by the predictive 
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deconvolution. It can be seen in this figure that although the predictive deconvolution 

could remove the downward travelling wave, it weakened or in some sensors removed 

the reflection peaks (especially in sensors near the soil). The very weak detected 

reflection peaks are used for the velocity analysis and the embedment length estimation. 

 
(a) 

 
(b) 

 Figure 6.30: Outputs of (a) the 1.5 kHz low-pass filtering, and (b) the low-pass filtering followed by the 

predictive deconvolution for the simulated orthotropic timber pole with the embedded condition 

The predictive deconvolution outputs in the range of the in-field tests are provided in 

Figure 6.31. 
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(a) 

 

(b) 

Figure 6.31: Outputs of (a) the 1.5 kHz low-pass filter and (b) the predictive deconvolution in the range of 

the in-field tests for the simulated orthotropic timber pole with the embedded condition 

The velocity analysis procedure is also illustrated in Figure 6.32. 
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(b) 

Figure 6.32: Velocity analysis procedure after the 1.5 kHz low-pass filtering followed by the predictive 

deconvolution for (a) the first arrivals, and (b) the reflection peaks for the simulated orthotropic timber 

pole with the embedded condition 

It can be seen in Figure 6.32 that although the estimated velocity of the down-going 

wave is in the expected range, the velocity of the reflection wave is very considerably 

higher than usual. In the following, the possible reasons of this phenomenon are 

explained. 

As mentioned earlier in Chapter 3, the timber pole is defined as a Linear Time-Invariant 

(LTI) system from the signal processing point of view. In this system, the excitation 

impact is the input and captured signals are the outputs. The outputs are related to the 

input through the transfer function of the system. Like any other LTI system, the 

transfer function can be studied in terms of its distortions. Defining the timber pole as 

the LTI system, amplitude and phase distortions are related to the damping of the 

system, and dispersion characteristics of the timber pole. In the following for a better 

understanding of the concept of dispersion, two very simple examples are presented. 

Firstly, one synthetic signal, which includes a broad range of frequencies from 1 Hz to 

more than 5 kHz is created and fed to one simple LTI system as an input (this LTI 

system can be a medium like steel, concrete or the timber pole). All of the frequency 

components of the synthetic signal are delayed when passed through this simple LTI 

system. This delay is different for different frequencies and is not amendable unless the 

LTI system has the property of causing a linear phase distortion. This means that the 

synthetic signal as a whole wave packet is delayed with a specific value while its shape 
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does not change. This is exactly the definition of the non-dispersive medium, in which 

the group velocity and the phase velocities are the same. On the other hand, in order to 

preserve the shape of the wave packet, all of the frequency components of the signal 

should travel the same distance in the same time. This is shown in Table 6.1. Only small 

ranges of frequencies are provided in this table.  

Table 6.1: Illustration of the non-dispersive simple LTI system with the linear phase change property 

Frequency 
(C/s) 

Travel time 

(ms) 

Velocity 
(m/s) 

Travel 
distance 

(m) 

Travel 
distance in 1 

Cycle (m) 

Phase delay as prop 
of a cycle 

1 1 340 0.34 340 0.001 

100 1 340 0.34 3.4 0.1 

200 1 340 0.34 1.7 0.2 

300 1 340 0.34 1.13 0.3 

400 1 340 0.34 0.85 0.4 

500 1 340 0.34 0.68 0.5 

600 1 340 0.34 0.56 0.6 

700 1 340 0.34 0.48 0.7 

800 1 340 0.34 0.42 0.8 

900 1 340 0.34 0.37 0.9 

1000 1 340 0.34 0.34 1 

1100 1 340 0.34 0.31 1.1 

1200 1 340 0.34 0.28 1.2 

1300 1 340 0.34 0.26 1.3 

1400 1 340 0.34 0.24 1.4 

1500 1 340 0.34 0.22 1.5 

1600 1 340 0.34 0.21 1.6 

1700 1 340 0.34 0.2 1.7 

1800 1 340 0.34 0.18 1.8 

 

If it is assumed that the assumed synthetic signal’s group velocity is 340 m/s and travel 

time is 1 ms, then the wave packet travels 0.34 m. On the other hand, the travelled 

distance in one cycle for each frequency component is the velocity of that frequency 
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(i.e. 340 m/s) divided by the frequency itself (see “travelled distance in 1 cycle” column 

in Table 6.1). Finally, the phase delay that occurs to each frequency component can be 

calculated by dividing the total travelled distance (i.e. 0.34 m) to the travelled distance 

by one cycle, which is shown in the last column of the Table 6.1. 

Figure 6.33 plots the phase changes vs. the frequency components. It can be seen that 

the phase change is linear.  

 

Figure 6.33: Phase changes vs. the frequency components in a simple non-dispersive LTI system 

One of the simplest LTI systems that can cause the linear phase shift is the well-known 

FIR digital filter, which is fully explained in Chapter 3.  

To continue of this simple example, one LTI system includes two FIR digital filters, 

where one causes linear and the other causes nonlinear phase shift, and the output of the 

overall system is the summation of these filters. This system is shown in Figure 6.34. 

Linear phase 
FIR Filter

Non-Linear phase 
FIR Filter

Input signal Output signal

 

Figure 6.34: Simple LTI system includes one LTI system with the linear phase and the other with the 

nonlinear phase distortions 
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Considering the assumed LTI system, a single frequency sinusoidal signal is fed to the 

system as an input. Magnitude and Phase responses of both filters of the LTI system are 

shown in Figure 6.35.  

 
(a) 

 
(b) 

Figure 6.35: Magnitude and the phase responses of (a) the FIR filter with non-linear phase shift, and (b) 

the FIR filter with linear phase shift 

As mentioned earlier, each of the FIR filters will cause a phase shift. Figure 6.36 and 

Figure 6.37 show the sensitivity of the overall LTI system output to the both filters’ 

phase changes. Figure 6.36 shows the case where phase changes caused by both of the 

systems are not completely overlapping but weakening each other. Figure 6.37 shows 
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the situation where almost full overlapping occurs, and as a result, no signal can be seen 

in the output after a specific time. It can be seen in both of the figures that in the case of 

the simultaneous phase changes (even linear and non-dispersive system), phase changes 

can jeopardize the results when two signals weaken or completely remove each other 

and as a consequence, some peaks will be lost. Furthermore, the situation is worse when 

one or more of the phase changes are nonlinear (system is dispersive).  

 

Figure 6.36: Illustration of (a) the LTI system input, the outputs of the FIR filter with (a) linear, and (b) 

non-linear phase shifts, and (d) the overall output of the LTI system 

 

Figure 6.37: Illustration of (a) the LTI system input, the outputs of the FIR filter with (a) linear, and (b) 

non-linear phase shifts, and (d) the overall output of the LTI system 
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In this case, phase changes cannot only cause a signal removal, but their nonlinearity 

also can shift the position of the peaks in time (see the red ovals in Figure 6.36 and 

Figure 6.37). As the higher the nonlinearity is, the effects are more severe and 

destructive to the output signal. 

Considering the cylindrical timber pole, dispersion relations for the simulated isotropic 

and orthotropic timber poles are shown in Figure 6.38. As can be seen in Figure 6.38 

(a), the simulated isotropic timber pole acts as the non-dispersive LTI system in the 

frequency range of 0-7 kHz (i.e. in this frequency range the group velocity and the 

phase velocities are relatively the same). On the other hand, the hammer impact excites 

the timber pole in a frequency range of zero to almost 5 kHz. Consequently, the 

simulated isotropic timber pole acts as a non-dispersive medium under the hammer 

impact load. This is the main reason that reflection peaks can easily be detected in the 

isotropic cases. It is also worth noting that the captured signals by the sensors are called 

non-stationary when the medium is dispersive, and they are called stationary when the 

medium is non-dispersive. 

On the other hand, the simulated orthotropic timber pole (which is more similar to the 

reality) is a highly dispersive material in the frequency range of zero - 5 kHz (the 

hammer impact frequency range). Furthermore and as mentioned earlier, lateral hammer 

impact at a 45° angle excitation creates both of the longitudinal and the bending waves 

simultaneously, while each of them has at least two branches. It is worth mentioning 

that each of the branches related to the longitudinal or bending waves acts as a 

dispersive LTI system with high nonlinearity. Considering the simple example that was 

explained earlier in this section and by looking at the Figure 6.38 (b), if the timber pole 

is excited with the broadband frequency impact (i.e. hammer), the captured signals (i.e. 

the response of the timber pole as a LTI system) suffer from severe and non-amendable 

distortions. It is worth considering that the different phase velocities mean firstly that 

the overall shape of the wave packet cannot be preserved (i.e. the reflection peaks are 

repositioned in time). Secondly, each of the frequency components has its own 

reflection (e.g. from the bottom of the pole), while the interference between the 

reflections created by the single and the same frequency but from the different modes 

can result in the peaks removal in the captured signal (as illustrated in the second simple 
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example). If this level of the distortion does not make it impossible to detect the 

reflections even from the bottom of the pole, it makes the task very difficult.   

 
(a) 

 
(b) 

Figure 6.38: Dispersion curves of the cylindrical timber poles in (a) the isotropic; and (b) the orthotropic 

cases. Dashed lines represent the flexural wave branches and hard lines represent the longitudinal 

branches [52] 

 Applications of the blind signal separation methods 6.3

on the Finite Element modeled timber pole       

6.3.1 Principal Component Analysis (PCA) 

In this section, the PCA is applied on the simulated timber pole with the isotropic and 

orthotropic material properties with the standing-on-soil and embedded conditions.  
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Figure 6.39 shows the principal components that were calculated from the simulated 

isotropic timber pole with the standing-on-soil condition. The captured signals from all 

of the 241 sensors are transferred back from the principal components domain to the 

time domain using the first 10 important principal components.  

 

Figure 6.39: Principal components of the simulated isotropic timber pole with the standing-on-soil 

condition 

Figure 6.40 shows the original signals, the signals that transferred back to time domain 

by using the first 10 principal components, and the signals that transferred back to the 

time domain by using the rest of the principal components. 
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(c) 

Figure 6.40: (a): Original captured signals; and the signals that transferred back to the time domain using 

(b): the first 10 most important principal components, and (c) the rest of the principal components for the 

simulated isotropic timber pole with the standing-on-soil condition 

As can be seen in Figure 6.40, the PCA could noticeably clear the signal and highlight 

the main patterns of the signal. It is essential to consider that since the statistical 

properties of both of the upward and downward travelling waves are the same, and the 

PCA is based on the covariance matrix, both of these waves are categorized in the same 

group in the principal components domain. In other words, the PCA is not able to 

separate the upward and downward travelling waves from each other, but it can clear 

the signals from the rest of the unwanted patterns.  

Figure 6.41 illustrates the principal components of the simulated isotropic timber pole 

with the embedded in 1.5 m soil condition. In this case, the first eight most important 

principal components are used for the signals transformation. Figure 6.40 shows the 

original signals, the signals that transferred back to the time domain by using the first 

eight most important principal components, and the signals that transferred back to the 

time domain by using the rest of the principal components. 
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Figure 6.41: Principal components of the simulated isotropic timber pole with the embedded in 1.5 m soil 

condition 
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(c) 

Figure 6.42: (a): Original captured signals; and the signals that transferred back to the time domain using 

(b): the first 10 most important principal components, and (c) the rest of the principal components for 

simulated isotropic timber pole with the embedded condition 

Figure 6.43 shows the principal components of the simulated orthotropic timber pole 

with the embedded condition. 

 

Figure 6.43: Principal components of the simulated orthotropic timber pole with the embedded condition 

The first eight principal components have been used to transfer the signal back to the 

time domain, which are shown in Figure 6.44. 
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(c) 

Figure 6.44: (a): Original captured signals; and the signals that transferred back to the time domain (b): 

using the first eight most important principal components, and (c) using the rest of the principal 

components for the simulated orthotropic timber pole with the embedded condition 

It can be seen in Figure 6.44 that for the simulated orthotropic timber pole with the 

embedded condition, the PCA cannot clear the signals. This is due to the effects of the 

dispersion caused by the timber pole. In other words, this means that the statistical 

properties of the existing patterns not only change during the capturing time, but also 

interfere with each other.  

6.3.2 Singular Value Decomposition (SVD) 

Figure 6.45 shows the singular values obtained from the simulated isotropic timber pole 

with the standing-on-soil condition. 
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Figure 6.45: Singular values of the simulated isotropic timber pole with the standing-on-soil condition 

In the SVD, the singular values can be separated in three groups of low, medium, and 

large. The most important singular values are grouped in the low, while the less 

important ones are grouped as the high, and the ones in the middle are grouped as the 

medium. In Figure 6.45, the first eight singular values are grouped as the low ones, from 

eight to thirty are grouped as the medium, and the remains are grouped as the high. The 

results of the reconstructed signals in all of the sensors using the singular values in each 

of these groups are shown in Figure 6.46. 
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(c) 

 
(d) 

Figure 6.46: (a) Original signals, and the transferred signals to the time domain (b): using the low singular 

values, (c): using the medium singular values, and (d): using the high singular values for the simulated 

isotropic timber pole with the standing-on-soil condition 

As can be seen in Figure 6.46, the SVD can mostly remove the noise or unwanted 

patterns in the signal, and preserve the main patterns that are related to the upward and 

downward travelling waves. Figure 6.47 shows the Singular values of the simulated 

isotropic timber pole with the embedded condition. 

 

Figure 6.47: Singular values of the simulated isotropic timber pole with the embedded condition 
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The first ten singular values are grouped as the low, ten to thirty are grouped as the 

medium, and the rest are in the high group. Figure 6.48 illustrate the time signals 

obtained from each of these groups of the singular values. 
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(c) 

 
(d) 

Figure 6.48: (a) Original signals, and the transferred signals to the time domain (b): using the low singular 

values, (c): using the medium singular values, and (d): using the high singular values for the simulated 

isotropic timber pole with the embedded in 1.5 m soil condition 

It can be seen in Figure 6.48 that although the SVD could highlight the main patterns 

and remove the noise, its effectiveness has decreased in comparison with the isotropic 

standing-on-soil results. 

Figure 6.49 demonstrates the singular values of the simulated orthotropic timber pole 

with the embedded condition. 
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Figure 6.49: Singular values of the simulated orthotropic timber pole with the embedded condition 

In this case, only the first five singular values are grouped as low, from five to thirty are 

grouped as medium, and the remaining are grouped as the high ones. Figure 6.50 

illustrates the time signals obtained from each of these groups of the singular values. 
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(c) 

 
(d) 

Figure 6.50: (a) Original signals, and the transferred signals to the time domain using (b): the low singular 

values, (c): the medium singular values, and (d): the high singular values for the simulated orthotropic 

timber pole with the standing-on-soil condition 

It can be seen in Figure 6.50 that the SVD could not preserve the main patterns as it did 

in the isotropic cases. The SVD and the PCA are both based on second order statistics. 

On the other hand and as explained earlier in this chapter, the distortion caused by the 

timber pole with the orthotropic material properties makes it impossible for the 

algorithms like PCA and SVD to separate the patterns, which exist in the signal from 

each other. In the best situation where the timber pole is simulated with the isotropic 

material properties with the standing-on-soil condition, these algorithms can only 

remove the noise and are not able to separate the patterns with the similar statistical 

properties like the upward and downward travelling waves from each other.  
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6.3.3 K-mean clustering 

In this section, K-mean clustering, which is the iterative and learning algorithm, is 

applied on the data captured from the simulated orthotropic timber pole in order to deal 

with the intrinsic complexities, which exist in the data and to separate the different 

patterns (related to the different branches of the waves) from each other. One of the 

major steps in the learning algorithms is a feature extraction. Feature extraction is 

needed to be done in a way that assumes that the most convenient features of the data 

are fed into the learning algorithm. As mentioned earlier, the captured signals from the 

simulated orthotropic timber pole as well as the real timber pole suffer heavily from the 

dispersion. On the other hand, the dispersion relation can be obtained from the temporal 

and the spatial frequency relations.  As also explained earlier in the F-K filtering section 

in this chapter and also Chapter 3, two dimensional Fast Fourier Transform (FFT) of the 

two dimensional data (captured signals from 241 sensors) can obtain the data in the two 

dimensions of the temporal and spatial frequency domains. Since the dispersion relation 

is obtained directly from the aforementioned transferred data, this data is also used to 

feed to the K-mean clustering algorithm. Original data (that is going to be fed into the 

algorithm) is shown in Figure 6.51. 

 

Figure 6.51: Two-dimensional FFT of the original data, which is going to be fed into the K-mean 

clustering algorithm 

It is necessary to consider that since one-dimensional FFT is mirrored in the frequency 

domain, two-dimensional FFT has four mirrored sections. For this reason, only one 
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quarter of the transferred data (shown with the red rectangular in Figure 6.51) has fed 

into the K-mean algorithm, and the outputs are generalized into the other three sections. 

By looking at Figure 6.38 (b), one can simply see that five branches exist in the 

frequency range of the hammer impact. In this regard, the K-mean algorithm is set in a 

way that separates its input dataset into the five clusters. The result of the K-mean 

clustering is shown in Figure 6.52. 

 

Figure 6.52: Silhouette plot of the output of the K-mean clustering algorithm 

Figure 6.52 demonstrates the Silhouette value of each cluster vs. the related cluster. As 

can be seen, the third cluster is the most important cluster amongst all five and its 

silhouette value is one. The related data of the third cluster in the F-K domain (which is 

obtained from the K-mean algorithm) that contains the desired output is shown in Figure 

6.53.  
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Figure 6.53: Third cluster of the K-mean algorithm, which contains the desired output (The longitudinal 

wave) 

Figure 6.54 illustrates the original signals and the K-mean clustering outputs in the 

original dimensions. As can be seen in Figure 6.54 (b), the K-mean clustering could 

successfully separate the longitudinal and the bending waves from each other. However, 

by looking at the Figure 6.53, one can simply see that the data obtained of the third 

cluster is limited to the frequency range of -2 to 2 kHz, which makes it very similar to 

the results of the low-pass filtering with 1.5 kHz cut-off frequency. A better 

demonstration can be found in Figure 6.55. 
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(c) 

Figure 6.54: (a) original data captured from the simulated orthotropic timber pole after low-pass filtering 

with 4500 Hz (Hammer impact frequency range), (b): the data of the third cluster which is transferred 

back to the time-space domain, and (c): The data obtained from the rest of the clusters which is 

transferred back to the time-space domain 
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(a) 

 
(b) 

Figure 6.55: (a) low-pass filtered data with 1.5 kHz cut-off frequency, and (b): output of the third cluster 

of the K-mean clustering algorithm 

As can be seen in Figure 6.55, there is a considerably large similarity between the 

output of the low-pass filter with 1.5 kHz cut-off frequency, and the output of the K-

mean clustering. In fact, although the K-mean algorithm could successfully separate the 

longitudinal waves and the bending waves from each other, due to the interference 

between the existing branches, results of the velocity analysis are not reliable. It can be 

seen that the estimated velocity after applying the predictive deconvolution will be 

around the unacceptable value of 14000 m/s. 
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 Experimental tests data analysis 6.4

In this section, the applications of the digital filters followed by the deterministic signal 

separation (i.e. predictive deconvolution), and the blind signal separation (PCA and 

SVD) on the timber pole condition assessment using the experimental data are 

investigated. It is essential to consider that the Frequency-Wavenumber analysis as well 

as the K-mean clustering cannot be applied on the experimental signals due to very low 

resolution in the spatial domain (i.e. only eight sensors are used in the real in-field and 

laboratory tests). All experimental tests are performed on a 5m timber pole with a 30cm 

diameter in the cross-section. Two types of tests have been performed, one while the 

timber pole is standing on soil, and the other when it is embedded in the soil. Hammer 

impact is also applied 2.5 m from the bottom of the pole.  Figure 6.56 and Figure 6.57 

illustrate the outputs from the FIR filter and the predictive deconvolution using the 

signals captured from the timber pole with the standing-on-soil condition. It is necessary 

to mention that the sensor 1 is not considered in the analysis since its output is out of the 

range of the others. 

 

 

Figure 6.56: Outputs of the digital FIR filter on the experimental data captured from the timber pole with 

the standing-on-soil condition 
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Figure 6.57: Outputs of the digital FIR filter followed by the predictive deconvolution on the 

experimental data captured from the timber pole with the standing-on-soil condition 

It can be seen in Figure 6.57 that no patterns of the reflections can be detected as 

expected. Figure 6.58 shows the output signals of the low-pass filtering with 1.5 kHz 

cut-off frequency.  

 

Figure 6.58: Output signals of the low-pass filtering with 1.5 kHz cut-off frequency on the experimental 

data captured from the timber pole with the standing-on-soil condition 

Figure 6.59 and Figure 6.60 demonstrate the output signals of the low-pass digital filter 

and the predictive deconvolution applied on the experimental captured signals from the 

timber pole with the embedded condition. 
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Figure 6.59: Outputs of the digital FIR filter on the experimental data captured from the timber pole with 

the embedded condition 

 

Figure 6.60: Outputs of the digital FIR filter followed by the predictive deconvolution on the 

experimental data captured from the timber pole with the embedded condition 

The output of applying the low-pass filter with the cut-off frequency of 1.5 kHz is 

shown in Figure 6.61. 
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Figure 6.61: Output signals of the low-pass filtering with 1.5 kHz cut-off frequency on the experimental 

data captured from the timber pole with the embedded condition 

The frequency spectrum of the captured signal in the sensor 4 is shown in Figure 6.62. 

As can be seen, the signal has a considerable energy after 2 kHz. This is the possible 

reason for the very weak first arrivals peaks in Figure 6.61. 

 

Figure 6.62: Frequency spectrum of the experimental data captured from the timber pole with the 

embedded condition 

The frequency spectrum of the standing-on-soil condition is also provided in Figure 

6.63. As can be seen, the most considerable energy of the signal is in the low frequency 

range of 0 to 1 kHz. This is the reason that the first arrival peaks in the output of the 

low-pass filter with 1.5 kHz cut-off frequency have more energy in the standing-on-soil 
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condition rather than the embedded one. It is also essential to consider the level of the 

energy in the embedded case is almost one third of the one in the standing-on-soil case. 

 

Figure 6.63: Frequency spectrum of the experimental data captured from the timber pole with the 

standing-on-soil condition 

In the following, the results of applying the SVD and PCA on the experimental signals 

captured from the timber pole with the standing-on-soil condition are provided. The 

embedded condition results are not illustrated because of their similarity to the standing-

on-soil. Figure 6.64 shows the singular values obtained from the standing-on-soil 

condition.  

 

Figure 6.64: Singular values obtained from the experimental signals captured from the timber pole with 

the standing-on-soil condition 

Similar to the application of the SVD on the numerical data, the singular values are 

categorized into the three groups of the low (the first and the second singular values), 

the medium (3rd, 4th, and 5th singular values), and the high (6th and 7th singular values). 
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Figure 6.64 shows the original captured signals and the time signals obtained from each 

of these groups of the singular values. 

 
(a) 

 
(b) 
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(c) 

 
(d) 

Figure 6.65: (a) Original captured signals, and the time signals obtained from (a) the 1st and 2nd, (b) the 

3rd, 4th, and 5th, and (c) the 6th and 7th singular values obtained from the captured experimental signals 

from the timber pole with the standing-on-soil condition 

As can be seen in Figure 6.65, the SVD could separate the signals into the groups of the 

patterns with the same statistical properties, but it could not preserve the down-going 

and the reflection peaks’ patterns as expected.  

Figure 6.66 illustrates the principal components of the experimental signals captured 

from the timber pole with the standing-on-soil condition. 
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Figure 6.66: Principal components of the captured signals from the timber pole with the standing-on-soil 

condition 

Figure 6.67 demonstrates the original signals captured from the timber pole with the 

standing-on-soil condition in the laboratory test. It can be seen that although the PCA 

could separate the similar patterns in the signals, no clear pattern is observable in the 

results. 

 
(a) 

 
(b) 
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(c) 

Figure 6.67: (a): Original captured signals; and the signals that transferred back to the time domain (b): 

using the first two most important principal components, and (c) using the rest of the principal 

components for the timber pole with the standing-on-soil condition 

 

 Conclusions 6.5

In this chapter, some modified advanced digital signal processing methodologies 

including the deterministic, blind signal separation methods, and frequency-

wavenumber velocity filter are employed in order to overcome the intrinsic existing 

complexities (explained earlier in Chapter 2) in the captured signals from the timber 

utility poles. Since the phase and group velocities can be obtained from the dispersion 

relation of the timber pole, Frequency-Wavenumber analysis (velocity filtering) is also 

investigated on the captured signals from the timber poles. 

The predictive deconvolution is the main deterministic signal separation method, while 

the PCA, the SVD, and the K-mean clustering are the blind signal separation methods 

that are employed in the second phase of this research. All of the proposed 

methodologies are applied on the data captured from the simulated timber poles with the 

isotropic and orthotropic material properties with the both standing-on-soil and 

embedded conditions. The results of applying the deterministic signal separation 

methodologies on the simulated timber poles with the isotropic material properties 

illustrated that the down-going and the reflection peaks’ patterns can be preserved and 

the velocities of both patterns (the up- and down-going waves) can be estimated with 

high fitting accuracies. The length of the pole can also be estimated with the acceptable 
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accuracy of less than 10% error. In the embedded condition applying the decrement 

factor (which refers to the velocity decrement in the soil section due to the energy 

absorption), the embedment length can be estimated more accurately. 

The results of applying the deterministic signal separation methodologies on the 

simulated timber pole with the orthotropic material properties demonstrated that 

although the first arrivals peaks’ pattern is detectable and the down-going wave velocity 

can be estimated with acceptable fitting accuracy, the reflection peaks’ pattern cannot 

be preserved. In the following, the possible reasons of this phenomenon are explained. 

One of the main assumptions in the deterministic signal separation methods is that the 

statistical properties of the different patterns that exist in the captured signal are not 

changing during the capturing time, which means that the captured signals are stationary 

or wide-sense stationary.  

 

 

 

 

 

Two very simple examples were also provided in this chapter. In the first example the 

concept of the dispersion in the Linear Time-Invariant (LTI) system and its effects on 

the captured signals was explained simply. In the second simple example, one LTI 

system, which includes two different LTI systems was assumed, where one was a non-

dispersive, and the other was a dispersive systems, and the output of the overall system 

was the summation of both of the LTI systems (Figure 6.34). In this example, the 

effects of the presence of two different LTI systems on the overall output are shown in 

the simplest approach. In the case of the orthotropic timber pole, each branch can be 

assumed as a highly dispersive LTI system. Each of these LTI systems based on their 

dispersion behaviours produces different outputs, and the overall output of the timber 

pole (i.e. the captured signal by the sensor) is the summation of all of the LTI systems’ 

outputs. It is essential to consider that the hammer impact at a 45 degree angle excites 

Conclusion 1: Considering the dispersion relation and the spectrum curves, the timber 

pole with the isotropic material properties behaves as a non-dispersive material in the 

frequency range of the hammer excitation impact, while the timber pole with the 

orthotropic material properties behaves as a highly dispersive medium. This is due to 

the presence of the two waves (i.e. longitudinal and bending) and their branches in the 

frequency range of the hammer excitation impact (see Figure 6.38). 
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the timber pole in the broadband frequency range of 0 to almost 5 kHz. Based on the 

spectrum curves (Figure 6.38), changes of the phase velocities in each branch is highly 

non-linear in the broadband frequency range. Thus, even assuming a single branch in 

the hammer impact frequency range, the overall shape of the propagating wave changes 

and is not amendable. This means that the captured signal is non-stationary. 

Furthermore, considering the presence of all of the several branches with highly 

dispersive behaviour in the hammer excitation impact frequency range (i.e. all of the 

longitudinal and the bending waves’ branches in the frequency range of 0 to almost 5 

kHz), the interference between them is unamendable in the captured signal.  

 

 

 

 

 

 

 

 

 

In the simulated isotropic timber pole, since for both of the longitudinal and the bending 

wave only one branch exists and the longitudinal wave is the dominant wave, only one 

velocity can be observed in the F-K domain. Furthermore, for the longitudinal wave all 

of the frequency components travel with constant velocity (i.e. phase velocities and 

group velocities are the same) in the frequency range of the hammer impact. In this 

situation, not only the captured signals are stationary or wide sense stationary, but also 

the interference between the existing two branches is ignorable. This is the main reason 

that by employing the modified advanced digital signal processing methodologies and 

the conventional stress-wave-based methods, the pattern of the reflection peaks were 

detectable. While in the simulated orthotropic timber pole, the experimental and the 

Conclusion 2 (a): Because the simulated isotropic timber pole acts as a non-dispersive 

medium in the frequency range of the hammer excitation, utilizing deterministic signal 

separation methods could obtain the reflection peaks from the bottom of the pole, and 

the length could be estimated with an acceptable accuracy.  

Conclusion 2 (b): Since the simulated orthotropic timber pole acts a highly dispersive 

medium in the frequency range of the hammer excitation, and due to the interference 

between existing branches in this frequency range, deterministic signal separation 

methods were not effective and could not preserve the reflection peaks. 

 Conclusion 2 (c): Although applying the frequency-wavenumber velocity filtering 

could separate the longitudinal waves from the bending ones, the interference between 

the branches makes the reflection peaks detection impossible. This was explained in a 

very simple approach by two examples in this chapter. 
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field-tests’ data, the aforementioned methodologies were not effective and the reflection 

peaks’ pattern could not be preserved. 

Applications of the blind signal separation methods revealed that PCA and SVD can 

preserve the main patterns (related to the up- and down-travelling waves) of the signal. 

In fact, they can be applied to remove the noise from the signal. These methods are 

based on the second order statistics and since the up- and down-travelling waves have 

the same statistical properties, they cannot be separated by these methods. This situation 

became worse when they are applied to the data captured from the simulated orthotropic 

timber pole, in which the statistical properties change during the capturing time. 

Application of the K-mean clustering demonstrated that although this method can 

separate the longitudinal and the bending waves from each other, the reflection peaks 

from the bottom of the pole could not be detected due to the interference between the 

waves’ branches. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Conclusion 3 (a): Applications of the blind signal separation methods revealed that, 

PCA and SVD can preserve the main patterns (related to the up- and down-travelling 

waves) of the signal. In fact, they can be applied to remove the noise from the signal.  

Conclusion 3 (b):  Application of the K-mean clustering demonstrated that although 

this method can separate the longitudinal and the bending waves from each other, the 

reflection peaks from the bottom of the pole could not be detected due to the 

interference between waves’ branches. 

Main conclusion of this chapter 

As a main conclusion of this chapter, considering the fact that the behaviour of the 

timber pole under the lateral and angled broadband low frequency excitation (i.e. the 

hammer impact on side of the timber pole at a 45° angle) is very complicated. Dealing 

with this high level of the complexities is not impossible; it is a very difficult task. In 

this regard, the author strongly recommends exciting the timber pole with a 

narrowband frequency input in order to minimize the dispersion effects on the captured 

signals. 
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It is also necessary to consider that for future work on damage detection, low frequency 

excitation (hammer impact- i.e. 0to 5 kHz) is not suitable especially for small damages 

due to the relatively large wavelengths of the low frequencies. In this regard, in the next 

chapter firstly applications of an ultrasonic single frequency excitation will be 

investigated. Secondly based on the limitation of the ultrasonic single frequency 

excitation, a specific type of narrowband ultrasonic excitation along with a very fast 

signal processing procedure will be proposed, and investigated.  

It is also worth mentioning that one conference paper have been written and submitted 

based on the work of chapter 6. 
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7 Chapter 7: Ultrasonic narrowband 

chirped pulse: an alternative proposition             
 

 Introduction 7.1

Ultrasonic Non-Destructive Testing (NDT) techniques have been widely used in the 

Civil engineering field for both structure condition assessment and material 

characterization without causing any damage. Pulse based methods are amongst the 

most commonly applied ultrasonic NDTs in the Civil engineering field [22]. As a part 

of the development process, limitations of the pulse NDT methods were discovered. In 

many cases, these are set by the tested specimen’s material, its geometry, its defects, 

and the wave propagation theory in the specific related material [110]. Major limitations 

of these methods are due to the dispersion properties of tested specimens and wave 

attenuation in materials such as timber in which the attenuation can be very severe. 

Pulse methods can be categorized into three main groups: pulse-echo, pitch-patch or 

time-of-flight diffraction, and transmission through or time-of-flight methods [22].  

In the pulse-echo methods an ultrasonic transducer is used firstly to transmit the signal 

through the media and then to capture the response. Major shortcomings of this method 

are firstly that limited thickness can be measured because of wave attenuation, and 

secondly, in the presence of a significant damage no reflection can be detected from the 

bottom or other side of the specimen. As a result, determining the specimen thickness is 

impossible. 

Pitch-patch or time-of-flight diffraction methods were developed to overcome the 

second shortcoming of the pulse-echo method. However, the first shortcoming due to 

the attenuation remains unsolved. In this method, two ultrasonic transducers are used on 

the same side of the specimen, one as a transmitter and other as a receiver. In the 

presence of damage, mainly four wave packets will be received. The direct transmission 

or cross-talk between the transmitter and the receiver, the first reflection from the top of 

the defect, the second reflection from the bottom of the defect, and the final reflection 

from the bottom of the specimen. Pulse-echo and pitch-patch tests are ideal in cases 
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where accessibility to both sides of the structure is not possible (such as bridge piles). 

Figure 7.1 shows the time-of-flight diffraction test setup. 

 

Figure 7.1: The Ultrasonic time-of-flight diffraction test setup 

Finally, in the third group of the pulse methods known as transmission-through or time-

of-flight (TOF) tests, like the pitch-patch method, two ultrasonic transducers are used 

but on opposite sides of the tested specimen. These methods are used for material 

characterization and tomography.  

Several researchers have utilized the ultrasonic pulse methods for several applications. 

Fritsch and Veca used the pulse-echo method to detect small and near surface defects in 

aluminium specimens [111]. Tartnik and Gams used both ultrasonic pulse transmission-

through and pulse-echo methods to monitor cement based materials in their early age 

and hydration process [112]. Praveen et al also improved the signal to noise ratio of 

ultrasonic pitch-path or time-of-flight diffraction test signals captured from stainless 

steel welds by applying wavelet analysis [113]. Bogas et al also utilized ultrasonic pulse 

velocity methods to evaluate the compressive strength (one of the material properties) of 

light weight concretes with different mixture parameters [114]. Some other applications 

of ultrasonic pulse methods in the material characterization or condition assessment can 

be found in [115], [116], [117], [118], [119], [120].  

Timbers are well known as being highly dispersive and attenuating materials. Their 

condition assessment has been one of the major challenges in the structure health-

monitoring field. Due to considerably high attenuation of the ultrasonic waves in wood, 

effective and industrial ultrasonic pulse NDT inspection is usually limited to only 
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transmission-through tests. In fact, high attenuation limits the applicability of even 

transmission through ultrasonic tests to timbers with relatively small cross-section areas 

[121], [122]. This means that they cannot be applied to timbers with large cross sections 

in heavy timber structures. Another factor which is worth noting is that in most cases of 

the pulse-echo or pitch-patch methods, captured signals cannot be analysed directly in 

the time domain. If the transmitting pulse duration in these methods exceeds a specific 

threshold, interference between transmitted and captured signals is unavoidable. This 

makes it impossible to detect the reflected signals in the time domain. Several signal 

processing methodologies such as the Wiener filter or deconvolution have been applied 

by many researchers and also in industry to overcome this limitation [123]. In this 

situation, it is necessary to create narrowband transmission pulses otherwise results will 

be unreliable and faulty due to the dispersion effects. Normally the centre frequency and 

number of cycles are determined in a way to assure minimum dispersion effects [124]. 

Another way to overcome the attenuation problem or improve the signal to noise ratio is 

by using broadband coded excitation signals like chirp, or white noise in a relatively 

long time. In these situations, the energy of the excitation is considerably increased. 

Signal processing of this method usually includes pulse compression techniques [125], 

[126].  

In this chapter, an ultrasonic narrowband chirped pulse excitation was utilized in order 

to overcome the shortcomings of the conventional and current ultrasonic pulse NDTs in 

the condition assessment of timber structures. Narrowband excitation was chosen in 

order to minimize the effect of dispersion. Results were calculated directly from the 

chirped pulse response by simple and fast signal processing procedures. Experimental 

investigations in this chapter proceeded as follows. Firstly, an ultrasonic pulse (centred 

at 40 kHz) testing system was designed and implemented. Then two sets of experiments 

were performed. The first set relates to the transmission-through tests utilizing 

conventional single frequency ultrasonic pulse methods. They were performed on a 1 m 

timber beam with the intention of achieving the required accuracy of the implemented 

ultrasonic system in a single frequency pulse method. The second sets of tests, which 

relate to the proposed ultrasonic chirped pulse method, were performed firstly on the air 

(as the tested medium), and then on a 4 m timber beam for transmission-through tests. 

The proposed signal processing procedure did not need powerful computers for 
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processing and results could obtained in a short time. Furthermore, by utilizing the 

proposed methodology in this chapter, considerably longer timber specimens could be 

inspected in the transmission-through tests. Finally, the accuracy of the transmission-

through or time-of-flight test has been considerably improved utilizing the proposed 

chirped pulse method. 

 Review of the Theory 7.2

A chirp is a signal in which frequency changes over time and, based on the application, 

this change can be linear on non-linear. In a simple chirped signal, frequency increases 

or decreases linearly with time. The chirped pulse is obtained by equation (7.1). 

ttfCostYChirp *)(*2)(         (7. 1) 

where  is a frequency increment function, and obtained by the equation: 

2
)( 0

ktftf            (7. 2) 

where 
Chirpt

ffk 01   

here k is the frequency increment factor, and  is the initial frequency. Many 

researchers have utilized the chirped pulse compression technique in a broadband 

frequency range (which varies from a couple of hundred kHz to a couple of MHz) in the 

ultrasonic NDT mostly with the intension of improving the signal to noise ratio [125]. 

Michaels et al proposed an effective method for extracting ultrasonic single frequency 

response from a single broadband chirped excitation. They transmitted a chirped 

broadband pulse signal through an aluminium plate to obtain multi-modal (broadband) 

response by a single excitation, next they successfully calculated the specimen single 

frequency excitation response from the chirped pulse response, and then they used the 

calculated responses to image the damage [127]. In their follow up work in [128], high 

signal to noise ratio was achieved by combining chirped excitation and efficient guided-

wave implementation data acquisition. In this research, linear frequency increment or 

“up-chirp” is used with different chirp time starting from 6 ms and ends to up at 14 ms 
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(where maximum transmission time is less than 2 ms). Figure 7.2 shows a sample of 

chirped pulse before modulation and its related spectrogram. 

 
(a) 

 
(b) 

Figure 7.2: utilized simple linear chirp signal with 2 kHz bandwidth (a) time domain, signal is zoomed in 

up to 0.4 s for better illustration, and (b) spectrogram. 

The transmitted chirped pulse will travel through the media as a wave packet with a 

defined frequency spectrum. Consider the chirped pulse for the transmission-through 

(time-of-flight) test. The transmitted pulse (wave packet) will arrive at the receiver with 

delays in time. Figure 7.3 illustrates this situation (for the sake of simple illustration and 

explanation, attenuation is not considered in Figure 7.3). 
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Figure 7.3: Illustration of transmitting (green line) and receiving (dashed red line) chirped pulse in 

transmission through ultrasonic NDT 

In Figure 7.3, Δt is the time difference between transmitted and received signals which 

in fact is the required transmission time in the time-of-flight test and is twice the 

required time in pitch-patch or pulse-echo tests. Δf (frequency difference between 

transmitted and received signal) and Δt are related through Equation (7. 3). 

  ft
T F                                                          (7. 3) 

Chirped time (T), and chirped bandwidth (F) are known, the Δf is obtained by the signal 

processing procedure (explained in section 7.3), Δt can be calculated. Knowing the 

wave velocity, length also can be estimated in the transmission-through test; see 

Equation (7. 4)  

*TOFL Velocity t                                                    (7. 4) 

 Signal processing procedure 7.3

Figure 7.4 shows the proposed signal processing procedure. Firstly, the created chirped 

pulse should be modulated to the ultrasonic range. In this regard, a sinusoidal 40 kHz 

wave is used as a carrier signal. The final transmitting signal can be described as a wave 

packet centred in the ultrasonic range of 40 kHz (carrier signal), and the chirped pulse 

as an information signal (with 2 kHz of bandwidth). A 40 kHz is chosen since in the 
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range of ultrasonic frequencies (39 to 41 KHz), dispersion in longitudinal waves is 

minimum [47]. 

 

Figure 7.4: proposed signal processing procedure for fast and accurate ultrasonic chirped pulse NDT 

It should be considered that the dispersion relation is obtained from wave guide theory 

in which the curves depend on the dimensions, shape, and material properties of the 

structure. In this regard, the bandwidth for the chirped pulse should be determined based 

on new calculations if the characteristics of the timber structure change significantly. In 

this work, longitudinal wave velocity was assumed to be 5000 m/s [47], and the 

bandwidth of the chirped pulse assumed to be 2 kHz for all experiments. After 

modulation, the timber specimen will be excited with the transmission signal, and the 

structure response will be captured afterwards. The next step is applying the band-pass 

filter to preserve the modulated signal frequency range and remove the rest. 

Demodulation is the following step in order to remove the effect of the 40 kHz carrier 

signal from the filtered captured signal. Since the chirped pulse bandwidth is 2 kHz, 

applying a low-pass filter will remove all other higher frequency components. Finally, 

transmission time (Δt) can be calculated as explained in section 7.2. It is also necessary 

to consider that the chirp pulse duration should be carefully determined. As can be seen 

in Figure 7.3, if the transmission signal time is much larger than the reflection time, the 

proportion of  will be small and detecting the arrival peak will be more difficult. 

On the other hand, the energy of the transmission signal is directly proportional to its 

length. In connection with these points, the following factors should be considered in 

the chirp pulse length determination: approximate length of the tested specimen, 
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approximate wave velocity in the specimen, and the minimum energy required for the 

transmission signal.  

 Experimental test setup 7.4

The equipment necessary to perform the ultrasonic time-of-flight tests consists of two 

ultrasonic transducers, an amplifying circuit for a captured signal, a data acquisition 

system and a personal computer equipped with signal acquisition software. The block 

diagram of the implemented ultrasonic NDT system for the time-of-flight test is shown 

in Figure 7.5. 

Chirp Pulse

40 KHz Carrier 
Signal

Transmission 
Signal

DAQ System Signal 
Processing

Peak 
DetectionTest Specimen

Ultrasonic 
Transmitter

Ultrasonic 
Reciever

Amplifying 
circuit

 

Figure 7.5: The block diagram of implemented ultrasonic NDT system 

7.4.1 Ultrasonic Transducers 

In this work, a pair of very cheap ultrasonic 40 kHz transducer (5 AUD each), as shown 

in Figure 7.6, has been used as transmitter and receiver. These transducers have a 

maximum of 4 kHz of transmission bandwidth (i.e. signals with less than 38 kHz and 

more than 42 kHz will not be transmitted). 

 

Figure 7.6: The Ultrasonic 40 kHz transducer 

7.4.2 Receiver signal amplifier circuit 

The implemented circuit (shown in Figure 7.7 (a)) has been designed to amplify the 

captured signal 400 times. The commercial TL072 JFET Operational Amplifiers have 
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been used in this circuit. Figure 7.7 show the schematic and implemented circuit on the 

perfboard. 

 
(a) 

 
(b) 

Figure 7.7: The receiver signal amplifying circuit (a) the schematics, and (b) implemented on the 

perfboard 

7.4.3 Data Acquisition Systems 

Two data acquisition systems were used as a transmitter and a receiver. One myDAQ 

data acquisition system from National Instrument and a Picoscope series 5000 from the 

Pico Technology were used as the transmitter and the receiver. Figure 7.8 shows both of 

the data acquisition systems. 
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(a) 

 

 

 

 

(b) 

Figure 7.8: (a) the transmitter, and (b) the receiver data acquisition systems 

7.4.4 Data Acquisition Software 

Picoscope software version 6 was used as a data capturing software. This software was 

developed by Pico Technology to be used with the related data acquisition system. An 

Equiripple finite impulse response filter was applied by zero-phase filtering technique in 

order to minimize any phase shift effect that could be imposed to the captured signal by 

the digital filter. Sampling frequency was set on 2MHz in order to avoid any round up 

error. 

 Laboratory test setups 7.5

For both set of tests (i.e. single frequency and chirped) two timber specimens from the 

same species but different in length have been used. The reason for using specimens 

with different lengths is due to both methods limitations as the single frequency 

technique cannot be applied on specimens longer than almost 3 m and the proposed 

chirped method can be effectively applied on considerably longer specimen. For single 

frequency tests, a timber with the following dimensions has been used: 0.04 m width, 

0.02 depth, and 1 m length. The aim of the tests was to obtain the accuracy of 

implemented ultrasonic NDT system in a single frequency excitation. Figure 7.9 shows 

the test set up for the transmission-through tests in the single frequency excitation. 
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Figure 7.9: The transmission through or time-of-flight tests setup for the ultrasonic single frequency 

excitation 

In the ultrasonic chirped pulse method, two sets of tests were performed. Firstly, to 

avoid the complexity of the timber structure and for the proof of the proposed 

methodology, the chirped pulse method was tested on the air. Figure 7.10 illustrates the 

air test setup. 

 

Figure 7.10: The Ultrasonic narrowband chirped pulse air test setup 

Secondly, the proposed methodology was tested on the 4 m timber (0.04 m width, 0.02 

depth, and 4 m length). Figure 7.11 show the test setup for the transmission-through 

tests in the 4 m timber. It is also worth mention that two beams with different lengths 

but from same species are chosen for the single frequency and chirped pulse tests 

because of the limitation of each method. Chirp pulse method cannot be used on the 

beams lower that 3 m in length because otherwise, the obtained reflection peak in the 

frequency domain after signal processing will be so close to zero and detecting it will be 

so much difficult. On the other hand due to the high attenuation of the stress waves in 

the ultrasonic range, single frequency pulse cannot be used on the 3 m or larger beams. 

Transmission

Signal

Received

Signal

1 m

0.02 m

 

2.7 m 

Receiver 

Transmitter 
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Figure 7.11: The Ultrasonic narrowband chirped pulse test setups in the 4 m timber for the transmission-

through or the time-of-flight test (two transducers on both sides) 

As mentioned earlier, two types of ultrasonic tests were performed. In both sets, the 

time-of-flight test was performed. In the first set, the length of the tested specimen was 

estimated using the ultrasonic single frequency pulse signal. The length of the pulse, or 

in other words, the number of cycles per pulse was changed from a single cycle to 100 

cycles per pulse. In the next set of tests, firstly the ultrasonic chirp pulse signal was 

tested on the air (i.e. the air used as a tested medium) in order to verify the proposed 

theory and avoid the complexities of the timber; secondly the proposed methodology 

was utilized to estimate the length of the timber beam. It is also necessary to mention 

that the length of the specimen, time-of-flight, and the velocity of the wave in the 

specimen are directly related to each other. In fact, having two of these factors, the third 

can be calculated easily. Although in the typical condition assessment NDTs, changes in 

the time-of-flight was used as a measurement for the integrity of the specimen, in this 

work, length estimation was used in order to have a reliable measurement to compare 

the accuracy of the single frequency method with the proposed chirp method. 

All of the previously mentioned tests were performed in the laboratory of the Centre of 

Real-Time Information Networks (CRIN) in the University of Technology Sydney 

(UTS). 
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 Experimental Data Analysis 7.6

In this section, the results of the ultrasonic single frequency and the proposed chirp 

pulse tests are analysed and illustrated. 

7.6.1 The Ultrasonic Single Frequency tests 

In this section, the results of the time-of-flight (TOF) tests utilizing the single frequency 

pulse method are provided. It is essential to consider that the main goal of these tests 

was to obtain the accuracy of the implemented ultrasonic NDT system as a benchmark 

for later comparisons with the ultrasonic chirp pulse method results. The test setup for 

the time-of-flight tests is shown in Figure 7.9. As mentioned earlier, the centre 

frequency was set up at 40 kHz, and the sampling frequency was 2 MHz. Figure 7.12 

shows the transmitted and the captured signals from TOF tests with several pulse 

durations in the 1 m timber beam specimen. 

 
(a) 
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(b) 

 
(c) 

 
(d) 
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(e) 

Figure 7.12: Transmitted and captured signals in the ultrasonic Single Frequency (40 kHz) time-of-flight 

tests with (a) one, (b) ten, (c) 40, (d) 80, and (e) 100 cycles per pulse 

The length estimation results are also provided in Table 7.1. The length of the tested 

specimen is 1 m, and the wave velocity is assumed as 5000 m/s. 

Table 7.1: Ultrasonic single frequency (40 kHz) time-of-flight tests’ length estimation results with 

different pulse durations in the 1 m timber beam specimen 

Cycles Time-of-flight (μs) Estimated length(m) Error% 

1 270 1.35 35 

10 272 1.36 36 

40 273 1.365 36.5 

80 274 1.37 37 

100 275 1.375 37.5 

 

As can be seen in Table 7.1, the length estimation errors are relatively constant or 

fluctuating in a very small range. It is worth noting again that although the errors are 

relatively high, the main goal of these tests was to obtain a benchmark for the proposed 

chirp pulse methodology results. The length estimation errors are demonstrated in 

Figure 7.13. 
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Figure 7.13: Ultrasonic single frequency (40 kHz) time-of-flight tests’ length estimation errors for 

different pulse duration in the 1 m timber beam specimen 

7.6.2 The Ultrasonic Narrowband Chirp pulse tests 

This section’s tests can be categorized into two groups. First, the proposed chirp 

methodology was utilized for TOF tests on the air in order to verify the effectiveness of 

the methodology and avoid the complexities of the timber material. The second set of 

tests was related to the TOF tests of a 4 m timber beam in a free-free condition. Length 

estimation errors were then compared to the single frequency test results from the 

previous section.  

The Chirped pulse TOF tests for the length estimation in the air 

The test setup is shown in Figure 7.10. The ultrasound wave’s velocity in the air is 343 

m/s, which was assumed here as well. The tests in this section were performed using the 

chirp pulses with different durations (T in Figure 7.3). Duration of the transmission 

signals are determined by considering the wave velocity in the medium (the air) and the 

distance between the transducers. In the real-world applications where no prior 

information is provided, the transmission signal duration can be set to the minimum at 

the beginning and it then increases linearly until the reflection peaks are detectable. The 

output signals (frequency domain) of the signal processing algorithm for the 

transmitting signals with different time lengths are shown in Figure 7.14. 
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(a) 

 
(b) 

 
(c) 

Figure 7.14: Output signals from the proposed chirp pulse signal processing algorithm for the transmitting 

signals with (a) 10 ms, (b) 12 ms, and (c) 14 ms duration in the TOF tests in the air 
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As can be seen in Figure 7.14 and as expected, the reflection peak is moving toward 

zero Hz as the transmission signal time length is increasing. The reflection time (Δt) can 

be calculated using equation (7.3). The length estimation results are also provided in 

Table 7.2. 

Table 7.2:  Length estimation results for the chirp pulse TOF tests on the air 

Pulse duration (ms) Δf (Hz) Δt (s) estimated length (m) Error % 

10 1530 0.00765 2.62 -2.8 

12 1355 0.00813 2.78 3.28 

14 1140 0.00798 2.73 1.37 

 

As can be seen in Table 7.2, the distance between transducers can be estimated with 

very high accuracy (less than 4% error), which shows the effectiveness of the proposed 

methodology. 

The Chirped pulse TOF tests for length estimation in the 4 m 

timber beam 

The test setup is shown in Figure 7.11. In these tests, the transmission signal durations 

are 6, 8, 10, 12, and 14 ms. The length of the timber beam is 4 m, and the wave velocity 

is assumed as 5000 m/s as explained earlier in this chapter. Figure 7.15 shows the 

output signals of the signal processing algorithm for transmission signals with different 

time lengths.  

 
(a) 
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(b) 

 
(c) 

 
(d) 
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(e) 

Figure 7.15: Output signals from the proposed chirp pulse signal processing algorithm for the transmitting 

signals with (a) 6 ms, (b) 8 ms, (c) 10, (d) 12, and (e) 14 ms duration in TOF tests on the 4 m timber beam 

It can be seen in Figure 7.15 that not only the peak related to the arrival wave is moving 

toward zero as the transmission signal time length increases, but its amplitude is also 

increasing. This shows that as the longer the transmission signal is, more energy can be 

transmitted through the medium. The length estimation results are provided in Table 

7.3. 

Table 7.3: Length estimation results for the chirp pulse TOF tests on 4 m timber beam 

Transmission chirp signal length 
(ms) Δf (Hz) Δt (s) Estimated length (m) Error % 

6 320 0.00096 4.8 20 

8 245 0.00098 4.9 22.5 

10 195 0.000975 4.88 22 

12 160 0.00096 4.8 20 

14 140 0.00098 4.9 22.5 

 

Figure 7.16 illustrates the length estimation errors for the transmission chirp signals 

with different time lengths. 
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Figure 7.16: Ultrasonic chirp pulse TOF tests’ length estimation errors for the different pulse duration 

As can be seen in Figure 7.16, the average of the length estimation errors is around 

20%. As can be seen, chirp pulse method could achieve better accuracy in comparison 

with the single frequency method. For a better illustration, the results of the single 

frequency tests and the proposed chirp pulse tests are compared in Figure 7.17. 

 

Figure 7.17: Comparison between the ultrasonic single frequency and the ultrasonic chirp pulse TOF tests 

on the timber beams 

It can be seen that by utilizing the proposed chirp pulse methodology, not only are the 

accuracies of the length estimation considerably improved (the length estimation errors 

are dropped to almost half in the average), but also the time-of-flight tests are now 

possible for considerably longer timber specimens. It is worth mentioning that no 

signals could be detected in the 4 m timber beam when it was tested by the single 

frequency method.  The proposed methodology has a significant potential to be used in 

industrial applications since it does not need powerful computers for the signal 

processing and results can be obtained in a short time.  
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 Conclusions 7.7

Given the observation that the low broadband frequency excitation impact (i.e. hammer) 

creates a very difficult situation to deal with, in the condition assessment of the timber 

poles, in this chapter an alternative proposition and solution is proposed. The proposed 

methodology consists of an ultrasonic narrowband chirp pulse as a transmission signal, 

and a simple and fast signal processing procedure, in which the results can be calculated 

in almost 30 s. The concept of the frequency modulation (which has been used for many 

years in the telecommunication field) is being used in creating the ultrasonic chirp pulse 

transmission signal. Firstly, one low frequency chirp pulse signal is created with the 

specific bandwidth, and then a 40 kHz sinusoidal wave is used as a carrier signal. The 

final transmission signal is an ultrasonic wave packet centred at 40 kHz, and contains a 

chirp pulse as information of the message signal. It is also shown that several factors 

should be considered in designing the chirp pulse. Firstly, the bandwidth of the chirp 

pulse should be determined based on the dispersion relations of the tested specimen. For 

instance, since in this section the excitation is applied on top of the timber beam (which 

creates only the longitudinal wave), the bandwidth of the chirp pulse is determined as 2 

kHz in order to avoid any dispersion in the high frequency range (i.e. 39-41 kHz). It is 

also shown that in the chirp pulse time length determination, the following factors 

should be considered: approximate length of the tested specimen and approximate wave 

velocity in the specimen. 

For experimental investigations in this chapter, firstly a simple ultrasonic NDT system 

was designed and implemented. The accuracy of this system was obtained through the 

ultrasonic single frequency (40 kHz) time-of-flight tests on a 1 m timber beam. Then the 

proposed chirp pulse methodology was tested on the less complicated medium (i.e. the 

air) in order to verify its effectiveness, and finally the proposed methodology was tested 

on the 4 m timber beam in the time-of-flight tests. The main contributions of this 

chapter are firstly to propose a simple and fast signal processing procedure that uses 

chirped pulse response directly and produces accurate results. The proposed signal 

processing procedure has a significant potential to be used in industrial applications 

since it does not need powerful computers for processing and results can be obtained in 

a short time. Secondly, by utilizing the proposed methodology in this study, 

considerably longer timber specimens can be inspected in the transmission-through 
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tests, while in the single frequency pulse method, timber beams longer than 3 m cannot 

be inspected due to the high attenuation. Finally, the accuracy of the transmission-

through or time-of-flight test has been considerably improved utilizing the proposed 

chirped pulse method. One journal paper has been written and submitted based on the 

results reported in this chapter. 
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8 Chapter 8: Conclusions and 

recommendations 
 

 Summary 8.1

Timber utility poles are a significant part of infrastructure in Australia. According to 

[19], there are nearly 5 million timber poles being used in the current power and 

communications distribution network in Australia. The utility pole industry in Australia 

spends approximately 40–50 million annually on maintenance and asset management to 

avoid failure of utility lines, which is very costly and may cause serious and not easily 

amendable consequences. Roughly 300,000 electricity poles are replaced in the eastern 

states of Australia each year, even though up to 80% of them are still in a very good 

serviceable condition [19]. 

Lack of accurate information concerning their past and current condition, such as 

embedment depth makes it very difficult to manage these assets and undertake reliable 

assessment with respect to safety. Furthermore, the current value of these assets exceeds 

$20 billion and as such, it is exigent that they remain in service as long as possible in 

order to optimise the balance between the costs  associated with maintaining public 

safety and those incurred by premature replacement of these piles and poles. 

Currently available surface stress wave based non-destructive testing (NDT) methods 

such as Sonic-Echo, Bending Waves and Ultraseismic methods have been considered 

over the past decade to be simple and cost-effective tools for identifying the condition 

and underground depth of embedded structures such as piles. Despite the wide spread 

use of these methods, the effectiveness and reliability of them on determination of the 

embedded length of poles, especially timber poles, are not addressed. 

When it comes to field applications, these developed/to be developed NDTs face a 

significant challenge due to the presence of uncertainties such as complex material 

properties (e.g. timber), environmental conditions, interaction of soil and structure, 

defects and deteriorations, as well as the coupled nature of unknown length and 

condition. In this regard, an industrial supported research project was started in 2011 in 
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the University of Technology Sydney (UTS) in collaboration with the Electricity 

Network Association of Australia. This project aims at developing accurate and reliable 

non-destructive assessment tools for timber poles based on the stress wave techniques. 

It is necessary to mention that the project was started from the outset and with minimal 

information available about the timber pole including the effects of its orthotropic 

material properties, and wave propagation in the timber pole.  

Considering the cost/benefit and inherent complications for applicability in the field: 

In the first phase of this research (Chapters 2 and 5), currently available NDT methods 

such as Sonic-Echo, Bending waves and Ultraseismic methods were considered and 

employed for the condition assessment of the timber pole. Results (provided in Chapter 

5) revealed the limitations of these methods on the condition assessment of the timber 

pole. However, some improvements were suggested, applied and tested on these 

methods (where applicable). 

In the second phase (Chapters 3 and 6), given that currently available surface stress 

wave based NDTs are not mature enough to be used in this project, some advanced 

digital signal processing methodologies have been chosen, modified and applied in 

order to overcome the existing complexities imposed by the impact type (i.e. lateral and 

45º angled broadband low frequency hammer excitation). The impact was applied on 

the side of the timber pole due to the limitations of the in-field tests (i.e. access to the 

top or near top surface of the timber pole is prohibitive due to the presence of the wires). 

The impact was also applied with the 45º angle in order to maximize the probability of 

creating the longitudinal wave (which is more appropriate for the length estimation). 

Three main groups of advanced digital signal processing tools that can be used are as 

follows. Deterministic signal separation methods can be used, in which statistical 

properties of the impact load or the impulse response of the timber pole are determined 

and provided. Blind signal separation methods can be used, in which no prior 

information is available about the impact load or the impulse response of the timber 

pole. The frequency-wavenumber analysis can be used, in which the data is filtered 

based on the existing velocities in the data. It is also necessary to mention that all 

methodologies referred to in the first and the second phase of this research were 

modified and employed on three distinct kinds of data encompassing Finite Element 

modelled data (also known as simulation or numerical data), laboratory experiments, 



University of Technology Sydney Page 231 
 

and field tests. Furthermore, both isotropic and orthotropic material properties were 

used in the simulation of the timber poles in order to investigate their effects on the 

wave propagation in the timber poles. 

Finally, considering the fact that, although dealing with the complexities of the second 

phase (imposed by the impact type) may not be impossible, it is very difficult, in the 

third phase of this research (Chapter 7), a novel, fast, and accurate ultrasonic NDT 

methodology was proposed as an alternative solution for the timber structures condition 

assessment. The proposed methodology was verified through the experimental tests.  

 Concluding remarks 8.2

In this section a conclusions diagram, in which the conclusions of each phase of this 

research are explained briefly, is provided in Figure 8.1. Then comprehensive 

descriptions of the results are provided phase by phase. 

In the first phase of this research, the Sonic-Echo, Bending Wave and Ultraseismic 

methods were investigated with different boundary conditions to evaluate the reliability 

and accuracy of the prediction of the stress wave velocity and embedded length of the 

timber poles under vertical and horizontal impact excitations.  
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Timber Poles Condition Assessment 

Currently available surface stress wave based NDTs 

Sonic-Echo 
In currently available 
Sonic echo method, 
accuracy of the 
embedment length 
estimation using a single 
sensor relies on not only 
the value of the assumed 
velocity, but also on the 
sensor location, which 
causes an offset error in 
the calculations. 
Utilizing a multi-sensors 
array, the velocity of the 
down-going and reflection 
waves as well as the 
embedment length of the 
pole could be calculated 
accurately. Furthermore, 
employing a decrement 
factor (which is related to 
the wave velocity 
decrement in the 
embedment section due to 
the energy absorption by 
soil) was led to more 
accurate embedment 
length estimation. 
 

Bending Wave 
Results of employing the 
Short Kernel method 
revealed that the 
reflection peak can 
easily be detected when 
the timber pole  stands 
on soil. On the other 
hand, when timber pole
is embedded in the soil, 
reflection peak detection 
is a hard task and relies 
heavily on the 
experience of the test 
performer or the signal 
processor. This is due to 
the high attenuation of 
the bending waves. Even 
if a highly experienced 
signal processor choses 
the most appropriate 
seed frequency and 
reflection peaks 
especially in the 
embedded cases, SKM 
embedment length 
estimation errors are still 
relatively high with the 
average of 20%. 
 
 

Ultraseismic 
In the simulated 
isotropic timber poles 
cases, length of the pole 
could be estimated easily 
with acceptable 
accuracy. Two methods 
were used as crossing 
two lines (which are 
related to the down-
going and reflection 
waves), and also 
decrement factor 
(Equation (5.2)). 
In the simulated 
orthotropic timber poles 
cases, ultraseismic 
method can only be used 
for the velocity 
estimation of the first 
arrival peaks, because no 
clear pattern of the 
reflection peaks is 
detectable. This is due to 
the complex wave 
propagation in the 
simulated orthotropic 
timber pole when the 
impact is applied to the 
pole with the hammer 
and on the side with the 
45º angle. 

Phase one main conclusion 
It is found that currently available stress wave based NDTs are not mature enough for the 
condition assessment of the timber poles. In fact, hammer impact can excite the timber 
pole in a very broad range of low frequencies from zero to almost 5 kHz. The 45° angle 
impact creates both of the longitudinal and the bending waves that propagate 
simultaneously in the timber pole. In the range of 0-5 kHz not only both of the 
longitudinal and the bending waves exist, but also each has at least two branches (see 
Figure 8.2(b)). In this regard, and in order to be able to detect the reflection peaks, 
advanced digital signal processing is needed to separate these pattern from each other. 

Phase 1 
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Advanced Digital Signal Processing 

Groups of possible solutions 

Deterministic Signal 
Separation 

Results of this section 
revealed that the 
predictive deconvolution 
is very effective on the 
signals obtained from the 
simulated isotropic timber 
poles, and it can clearly 
separate the first arrival 
and reflection peaks,
while it cannot separate 
the reflection peaks in the 
data obtained from the 
simulated orthotropic 
timber poles. The main 
reason is due to the 
differences of the wave 
propagation in the 
simulated timber pole 
with the isotropic and 
orthotropic material 
properties. Simulated 
isotropic timber pole 
behaves as a non-
dispersive medium in the 
hammer impact excitation 
frequency range (i.e. 0 to 
5 kHz). While the 
simulated orthotropic one 
(which is more similar to 
the real timber pole) 
behaves as a highly 
dispersive medium in the 
frequency range of the 
hammer impact 
excitation. See Figure 8.2. 

Blind Signal 
Separation 

Results of employing 
PCA and SVD revealed 
that these methods can 
reduce the noise and 
preserve the main existing 
patterns in the signal (i.e. 
up- and down-travelling 
waves) in the isotropic 
simulated timber pole. 
While in the orthotropic 
case, since not only the 
statistical property of 
existing patterns change 
non-linearly, but also 
there is a severe 
interference between these 
patterns, although these 
methodologies can be 
used for a noise reduction, 
they are not able to 
preserve the main 
patterns. Furthermore, 
even in the isotropic case 
up- and down-travelling 
waves cannot be separated 
since both have same 
second order statistical 
property. 
 
 
 
 
 

F-K Analysis 
1. Results of applying a 
two dimensional 
velocity filter 
demonstrated that 
although this filter can 
separate the longitudinal 
and the bending waves 
from each other, the 
contributions or 
interference between 
two branches of the 
longitudinal waves is not 
amendable.  
2. Application of the K-
mean clustering 
algorithm, which 
includes iterations and 
learning, on the F-K 
domain data revealed 
that although this 
algorithm can 
successfully separate the 
longitudinal wave from 
the bending one, due to 
the interference between 
the wave’s branches, the 
reflection peaks from the 
bottom of the pole 
cannot be detected 
correctly. 
 
 
 
 

it l S

Phase 2 
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Figure 8.1: Conclusion diagram of this research 

It should be mentioned that both the isotropic and orthotropic material properties were 

used in the FE model to investigate the effects of anisotropy in the results. The findings 

of numerical modelled data analysis are summarised as follows: 

1.1. In the Sonic-Echo method for both the isotropic and orthotropic simulations, the 

reflected wave can be identified easily since peaks are very clear and calculation 

of the embedment length is relatively simple utilizing a single sensor. However 

in the Sonic-Echo method, it is shown that the accuracy of the embedment 

length estimation using a single sensor relies on not only the value of the 

assumed velocity, but also on the sensor location, which causes an offset error in 

the calculations. It is necessary to consider that in the conventional Sonic-Echo 

method, a value is pre-assumed for the velocity of the wave propagation. For 

these reasons, in the Sonic-Echo section, multi-sensors array was used to 

estimate the velocities of the down-going and reflection waves accurately, and 

Ultrasonic Chirp 
In the third phase of this research, a novel, fast, and accurate ultrasonic narrowband
NDT method (centered at 40 kHz) was proposed as an alternative solution for the 
condition assessment of the timber structures. In this section, firstly an ultrasonic NDT 
system was designed and implemented. Then the typical single frequency ultrasonic 
time-of-flight tests were performed to create a benchmark for further comparisons. 
Finally, the proposed methodology was tested through the time-of-flight tests. The 
effectiveness of the proposed methodology was demonstrated as the experimental results 
showed that the accuracy of the proposed methodology is better than the currently 
available single frequency method’s ones. It is also necessary to consider that due to the 
high attenuation in timber, the currently available single frequency method can only be 
used on the timber structures with a maximum length of 3 m, while the proposed 
methodology can be applied on a 4 m or longer specimen. Furthermore, since the signal 
processing of the proposed methodology is simple, accurate and fast, it has a very 
considerable potential to be used in timber condition assessment industries. 

Phase two main conclusion 
Broadband low-frequency lateral angled impact excitation along with the orthotropic 
material properties of the timber pole creates very complicated wave propagation in the 
timber pole as shown in Figure 8.2 (b). Two very important factors that make this a very 
complicated situation are firstly the dispersive behavior of each of the existing branches, and 
the contributions or interference between these existing dispersive behaviors (interference 
between the branches). In fact, from the signal processing point of view, if dealing with this 
complicated situation (created by the impact type) is not impossible, it is a very difficult task. 
In this regard, the author strongly believes that the timber pole should not be excited in a 
broad range of frequencies especially when the impact is applied on the side of the structure 
with an angle. 

Phase 3 
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also to avoid the offset error. Furthermore, as the velocity will decrease inside 

the soil, the determination of the length is more complex under the embedded 

conditions and the velocity decrement factor should be considered when the 

waves travel inside the soil. Using multi-sensors array and considering the 

timber pole as an isotropic material, the maximum error of the length 

determination under embedded conditions was only 6%, while the maximum 

error for the orthotropic case was almost 8%. Using multi-sensors increased the 

accuracy of the stress wave calculations and indeed, it decreased the length 

determination error. Anyhow, due to the constraints imposed on the project 

because of the presence of the electrical or communication wires on top of the 

in-service timber utility pole, the Sonic-Echo method is not suitable to be used in 

the field tests. 

1.2. In the Bending wave utilizing Short Kernel Method, as there are no guidelines 

available to select the most appropriate kernel frequency, different kernel 

frequencies were selected from the Frequency Response Functions to calculate 

the velocity and the embedded length. Results of the investigations revealed that 

the reflection peak can easily be detected when the timber pole has not been 

embedded and only stands on soil. It is also seen that although the estimated 

phase velocities are not exactly the same as the analytical results (i.e. results 

obtained from solving the mathematical equations of the wave propagation in the 

cylindrical timber pole), they show the same trend of increasing as frequency 

increases. When the timber pole is embedded in the soil, reflection peak 

detection is a hard task and relies heavily on the experience of the test performer 

or the signal processor as was shown in the results in Chapter 5. This is due to 

the high attenuation of the bending waves. Even if a highly experienced signal 

processor choses the most appropriate seed frequency and reflection peaks 

especially in the embedded cases, SKM embedment length estimation errors are 

still relatively high with the average of 20%.  

1.3.  Based on the Ultraseismic method, the length of the simulated isotropic timber 

pole could be estimated easily by crossing the two lines, which are related to the 

first arrival and the reflection waves. However, in the embedded case, the 

velocity is different above and below the soil and the decrement factor should be 
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considered in the length estimation procedure. As the results of the orthotropic 

cases in Chapter 5 revealed, the Ultraseismic method can only be used for the 

velocity estimation of the first arrival peaks, because no clear pattern of the 

reflection peaks is detectable. This is due to the complex wave propagation in 

the simulated orthotropic timber pole when the impact is applied to the pole with 

the hammer and on the side with the 45º angle. 

In the first phase of this research, the Sonic-Echo, Bending Wave and Ultraseimic 

methods have been investigated for determining the stress wave velocity and the 

embedded length of the pole with different geotechnical conditions. A series of 

experimental tests have been conducted on the 5 m timber pole sectioned from a field 

pole in service. The results of the experimental studies of this phase of the research can 

be summarized as follows: 

1.1.In the Sonic-Echo method utilizing multi-sensors array on the standing-on-soil 

condition, the velocity of the down-going wave can be estimated with a high 

fitting accuracy of 95%. Although a clear pattern of reflection peaks can be seen 

in this case, the fitting accuracy dropped to 60%, and the length of the specimen 

can be estimated with 21% error. The results in the embedded case were of little 

practical use as the pattern of reflection peaks was not detectable. 

1.2.Based on the results of the SKM, the kernel frequency of between 400-2000 Hz 

was identified to be used for the phase velocity calculations. Using the SKM to 

estimate the length of the pole in the Bending Wave method for the 5m timber 

pole shows that the percentage of the error for all boundary conditions is 

between -12% and 34%. The average error for the length estimation is about 

20% for most boundary conditions. 

1.3.According to the Ultraseismic method with the lateral impact at a 45° angle 

results, using multi-sensors array resulted in estimation of the first arrival’s 

velocity with a high fitting accuracy. However, the estimated velocity is much 

higher than it was expected to be (compared to the analytical results). This is due 

to the presence of the second and sometimes the third branches of the flexural 

waves in the signal. These branches have started with the very high level of 

energy (see Figure 8.2(b)). Furthermore, some sensors might need to be 

eliminated for the velocity calculations as they show large variations or are out 



University of Technology Sydney Page 237 
 

of the range compared to the rest of the sensors. It is believed that those 

variations are related to the uncertainties involved in wave generation in the 

timber materials such as anisotropy of the timber, location of the sensors with 

regards to annual growth ring orientation and slope of grain and possible 

existence of imperfections in the timber such as knots.  

1.4. Length estimation and analysis in the Ultraseismic method is very complicated 

due to the lateral and angled impact. In fact, this impact type creates very 

complicated stress wave propagation in the timber pole. Due to the impact type, 

multiple wave types such as the longitudinal and the bending waves propagate 

through the timber. While in each, the wave travels in both up and down 

directions. Furthermore, these wave types propagate simultaneously in the 

timber pole with different branches and each branch has a non-linear behaviour. 

In addition, these branches contribute to each other, for instance the bending 

waves contribute to the longitudinal direction. Finally, the stress wave velocity 

will change inside the soil. In this regard, advanced digital signal processing 

techniques are needed to be employed. 

2. Based on the results obtained from the first phase of this research, in the second 

phase several advanced digital signal processing techniques were selected, modified 

and applied on the timber pole. Firstly, from the signal processing point of view, the 

timber pole was defined as a Linear Time-Invariant (LTI) system, in which the 

output of the system (captured signal by sensor) can be mathematically expressed as 

the convolution of the input signal (i.e. hammer impact) with the transfer function or 

impulse response of the timber pole. Then possible types of solutions were 

nominated which can be categorized into deterministic signal separation, blind 

signal separation, and frequency-wavenumber analysis methods. In the deterministic 

signal separation methods, it was been assumed that prior information about the 

input signal or impulse response of the tested specimen (i.e. timber pole) is provided 

or can be extracted directly from the captured signal, while blind signal separation 

methods only rely on the statistical differences, which exist in the captured signal. 

2.1.Wiener deconvolution is the most famous and widely applied deterministic 

signal separation methodology, in which the availability of prior information is 

necessary. On the other hand, predictive deconvolution is the generalized form 
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of the Wiener deconvolution, in which the necessary information can be 

extracted from the captured signal itself. It is vital for the captured signal to be 

stationary or wide-sense stationary, which means the statistical properties, which 

exist in the signal do not change during the capturing time. Results of this 

section revealed that the predictive deconvolution is very effective on the signals 

obtained from the simulated isotropic timber pole, and it can clearly separate the 

first arrival and reflection peaks, while it cannot separate the reflection peaks in 

the data obtained from the simulated orthotropic timber pole. The main reason is 

due to the differences of the wave propagation in the simulated timber pole with 

the isotropic and orthotropic material properties. As shown in Figure 8.2 (a), the 

simulated isotropic timber pole behaves as a non-dispersive medium in the 

hammer impact excitation frequency range (i.e. 0 to 5 kHz). The simulated 

orthotropic timber pole (which is more similar to the real timber pole) behaves 

as a highly dispersive medium in the frequency range of the hammer impact 

excitation as shown in Figure 8.2 (b). In simple words, even if the dispersion of 

one existing branch is considered and the rest of the complicating factors such as 

up- and down-travelling waves, and the contributions and interference between 

branches are ignored, this dispersion means that the statistical properties are 

changing during the capturing time, which makes these methods inefficient.  

 
(a) 
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(b) 

Figure 8.2: The spectrum curves of the cylindrical timber poles in (a) the isotropic; and (b) the orthotropic 

cases. The dashed lines represent the flexural wave branches and the hard lines represent the longitudinal 

branches [52] 

2.2. Employing the most widely applied blind signal separation methodologies such 

as Principal Component Analysis (PCA), and Singular Value Decomposition 

(SVD) demonstrated that they are more useful for preserving the main patterns, 

which exist in the signal. For example, the results of their application on the 

simulated isotropic timber pole revealed that they can preserve the main patterns 

of the signal (the patterns related to the up- and down-travelling waves) and can 

remove the unwanted parts or noise. It is necessary to mention that since these 

methods separate the existing pattern in the signals based on the second order 

statistics and the up- and down-travelling waves have the same statistical 

properties, they cannot be used for the wave separation. Application of these 

methods on the simulated orthotropic timber pole demonstrated that these 

methods are not effective due the dispersion effects. In other words, not only the 

statistical properties of the several existing patterns (branches) in the signals are 

changing based on their dispersion curves shown in Figure 8.2(b), but also they 

contribute to each other as well.  

2.3.In the second phase of this research, a two dimensional velocity filter was also 

designed and applied on the two dimensional data (It should be noted that the 

phase velocity can be obtained from the relation between the frequency and the 

real part of the wavenumber). The data was transferred from the time-space 

domain to the frequency-wavenumber domain. Results demonstrated that 

although this filter can separate the longitudinal and the bending waves from 



University of Technology Sydney Page 240 
 

each other, the contributions or interference between two branches of the 

longitudinal waves is not amendable. One alternative solution based on the F-K 

domain data illustration (see Figure 6.25) was to filter the data with the low-pass 

digital filter with the cut-off frequency of 1500 Hz. Results showed that the 

output of the digital filter was very similar to the isotropic case, but the velocity 

of the detected reflection peaks has the unacceptable value of almost 14000 m/s. 

This high velocity is due to the interference or contributions between several 

branches that exist in the captured signal. 

2.4.In the last section of the second phase of this research, application of the K-mean 

clustering algorithm, which includes iterations and learning, on the F-K domain 

data revealed that although this algorithm can successfully separate the 

longitudinal wave from the bending one, due to the interference between the 

wave’s branches, the reflection peaks from the bottom of the pole cannot be 

detected correctly. In fact, the results were very similar to the results of the low-

pass filtering of the data with the 1.5 kHz cut-off frequency.  

2.5.Broadband low-frequency lateral angled impact excitation along with the 

orthotropic material properties of the timber pole creates very complicated wave 

propagation in the timber pole as shown in Figure 8.2 (b). Two very important 

factors that make this a very complicated situation are firstly the dispersive 

behavior of each of the existing branches, and the contributions or interference 

between these existing dispersive behaviors (interference between the branches). 

Two simple examples were also provided to explain this situation in a simpler 

way. Finally, from the signal processing point of view, if dealing with this 

complicated situation (created by the impact type) is not impossible, it is a very 

difficult task. 

3. In the third phase of this research and based on the results and understandings 

obtained from the broadband low-frequency lateral angled impact excitation 

analysis, a novel, fast, and accurate ultrasonic narrowband NDT method (centered at 

40 kHz) was proposed as an alternative solution for the condition assessment of the 

timber structures. In this section, firstly an ultrasonic NDT system was designed and 

implemented. Then the typical single frequency ultrasonic time-of-flight tests were 

performed to create a benchmark for further comparisons. Finally, the proposed 
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methodology was tested through the time-of-flight tests. The effectiveness of the 

proposed methodology was demonstrated as the experimental results showed that 

the accuracy of the proposed methodology is better than the currently available 

single frequency method’s ones. It is also necessary to consider that due to the high 

attenuation in timber, the currently available single frequency method can only be 

used on the timber structures with a maximum length of 3 m, while the proposed 

methodology can be applied on a 4 m or longer specimen. Furthermore, since the 

signal processing of the proposed methodology is simple, accurate and fast, it has a 

very considerable potential to be used in timber condition assessment industries. 

 Recommendations of the future studies 8.3

Based on the literature review and the research of this thesis, the following 

recommendations for future research work in the area of non-destructive testing 

methods of timber structures are given: 

 More advanced digital signal processing such as probabilistic methodologies can be 

modified and applied on the data captured from the simulated orthotropic timber 

pole or real in-field timber poles in order to try to overcome the existing 

complexities of the broadband low frequency lateral angled impact excitation. 

 Conducting further field-tests to prepare a large database to use other methods such 

as machine learning to identify the damage signatures in the timber poles. 

 Excite the timber pole with a single low frequency impact excitation in order to 

minimize the dispersion. It is also necessary to consider that one of the 

shortcomings of the low frequency excitation is due to the large time length of the 

waves, which is not suitable for further damage detection applications. 

 Utilize the theories such as phase array or Guided Wave theory in which a wave is 

transmitted through the pole/pipe with a specific angle (For instance, based on the 

system setups, mostly longitudinal waves can be applied), in order to minimize the 

interference between wave types when the impact is applied on the side of the 

specimen.  
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 Further study of temperature change in determining the condition of the timber 

poles. 

 Performing more tests based on the proposed ultrasonic NDT methodology with the 

following setups: 

o Perform the tests on timber pole with several ultrasonic centre frequencies in 

order to obtain the best centre frequency for the condition assessment of the 

timber structures. 

o Use other advanced digital signal processing techniques such as match filter 

on both single frequency and chirped pulse tests in order to investigate the 

effectiveness of these techniques.   

o Perform the test on other materials such as steel, and concrete in order to 

investigate the possibility of employing the proposed methodology on the 

condition assessment of these materials. 

o Combine the proposed methodology with the phase array or Guided Wave 

theory to investigate other alternative impact locations rather than the top in 

the ultrasonic tests. 
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9 Appendices 
 

 Appendix-A: Guided wave equations for the 9.1

cylindrical structures 

GW propagation in the cylindrical coordinates is shown in Figure A. 1.  

Propagation 
Direction

Z

r
Soil

Pile

 

Figure A. 1: Guided wave propagation and coordinate directions for cylindrical pile/pole [51] 

The Navier-Stokes equation for the displacements equations of motion in the cylindrical 

structure (pile/pole) can be written as:  

uuu)( 2
        (A. 1) 

In equation (A.1) “u” is the vector of displacements, ρ is the pile/pole density, λ is the 

lame’s constant, and μ is the shear modulus.  is the derivative operator over spatial 

domain, and two dots over “u” is the derivative operation over time. Based on 

Helmholtz equation, “u” in equation (A.1) can be rewritten as a sum of scalar potential 

Φ (i.e. magnitude of displacement vector), and vector potential Ψ (i.e. direction of 

displacement vector) as shown in equation (A.2). [129] 

           (A.2) 0 ,u
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Using the Helmholtz equation, compression waves can be separated from the Shear 

waves, i.e. the wave equation is decoupled. If the body force is zero, the decoupled 

equations become 

2

2

2
2

2

2

2
2

1

1

tc

tc

T

L

                                 (A. 3)

    

Where Tc  and Lc are the shear and compression waves’ velocities. Scalar potential and 

vector potential themselves are the function of r, θ, and z (related to cylindrical 

coordinates). 
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Based on the theory of elasticity, three displacements and six stress components can be 

written as equations (A.5) and (A.6). 
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Where j can be replaced by P for displacement and stress components of pile/pole or S 

for soil. The boundary conditions require that the stresses in the pile equal the stresses 

in the soil at the soil-pile interface and that the displacements in the pile equal the 

displacements in the soil at the soil-pile interface [130]. Considering embedded 

situation, and boundary conditions, there will be six equations with six unknowns for 

pile/pole in the isotropic case to be solved. The solution of these equations in cylindrical 

coordinates produces Bessel and Henkel functions. Equation (A.7) illustrates 

aforementioned governing equations in a matrix form. 
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Where x is the coefficient matrix, A is called vector of unknown constants where “p” 

refers to pile/pole and “s” refers to soil, and zeros on right hand side refers to pile/pole 

being homogenous. Components of coefficient matrix are as follows: 

)(11 aJx pnp  
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Where J  and H are the Bessel and Henkel functions, “n” is the order of these 

functions. i  is the square root of -1, a  is the pile/pole radius, ξ is the complex-valued 

wave number, c  is the shear modulus of pile/pole, s is the shear modulus of the soil, 

c  and s  are Lame’s constants of pile/pole and soil, and α and β are the argument of 

each Bessel or Henkel function, which are the functions of the frequency in time and 

spatial domain (ω and ξ). Equation (A.14) shows aforementioned arguments. 
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j can be replaced by p for pile/pole and s for soil.  is the longitudinal wave velocity, 

 is the shear wave velocity, and k refers to the pile/pole or soil properties. One can 
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simply see the dependency of coefficient matrix components to pile geometry and 

material properties (radius, Lame’s constant and shear modulus), and also to soil 

material properties (Lame’s constant and shear modulus). Solving these equations for 

the angular frequency (ω), the root will be the wavenumber (ξ), which can be a complex 

number. The relation between the real part of the wavenumber and the frequency is 

called dispersion relation. 
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 Appendix-B: Investigations on the repeatability of 9.2

the captured signals, and effectiveness of the 

advanced digital signal processing methodologies 

on the in-field timber utility poles 

Pole 1 

 
(a) 

 
(b) 
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(c) 

 
(d) 

 
(f) 

Figure B. 1: (a) Repeatability of the five tests in all sensors, (b): FFT of all sensors, (c): Captured signals 

in all sensors after low-pass filtering with 2600 Hz cut-off frequency, (d): Captured signals in all sensors 

after low-pass filtering with 2600 Hz cut-off frequency followed by predictive deconvolution, and (f): 

Captured signals in all sensors after low-pass filtering with 1500 Hz cut-off frequency 
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Pole 2 

 
(a) 

 
(b) 
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(c) 

 
(d) 

 
(f) 

Figure B. 2: (a) Repeatability of the five tests in all sensors, (b): FFT of all sensors, (c): Captured signals 

in all sensors after low-pass filtering with 2600 Hz cut-off frequency, (d): Captured signals in all sensors 

after low-pass filtering with 2600 Hz cut-off frequency followed by predictive deconvolution, and (f): 

Captured signals in all sensors after low-pass filtering with 1500 Hz cut-off frequency 
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Pole 3 

 
(a) 

 
(b) 
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(c) 

 
(d) 



University of Technology Sydney Page 256 
 

 
(f) 

Figure B. 3: (a) Repeatability of the five tests in all sensors, (b): FFT of all sensors, (c): Captured signals 

in all sensors after low-pass filtering with 2600 Hz cut-off frequency, (d): Captured signals in all sensors 

after low-pass filtering with 2600 Hz cut-off frequency followed by predictive deconvolution, and (f): 

Captured signals in all sensors after low-pass filtering with 1500 Hz cut-off frequency 

Pole 4 

 
(a) 
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(b) 

 
(c) 

 
(d) 
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(f) 

Figure B. 4: (a) Repeatability of the five tests in all sensors, (b): FFT of all sensors, (c): Captured signals 

in all sensors after low-pass filtering with 2600 Hz cut-off frequency, (d): Captured signals in all sensors 

after low-pass filtering with 2600 Hz cut-off frequency followed by predictive deconvolution, and (f): 

Captured signals in all sensors after low-pass filtering with 1500 Hz cut-off frequency 

Pole 5 

 
(a) 
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(b) 

 
(c) 

 
(d) 
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(f) 

Figure B. 5: (a) Repeatability of the five tests in all sensors, (b): FFT of all sensors, (c): Captured signals 

in all sensors after low-pass filtering with 2600 Hz cut-off frequency, (d): Captured signals in all sensors 

after low-pass filtering with 2600 Hz cut-off frequency followed by predictive deconvolution, and (f): 

Captured signals in all sensors after low-pass filtering with 1500 Hz cut-off frequency 

Pole 6 

 
(a) 
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(b) 

 
(c) 

 
(d) 
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(f) 

Figure B. 6: (a) Repeatability of the five tests in all sensors, (b): FFT of all sensors, (c): Captured signals 

in all sensors after low-pass filtering with 2600 Hz cut-off frequency, (d): Captured signals in all sensors 

after low-pass filtering with 2600 Hz cut-off frequency followed by predictive deconvolution, and (f): 

Captured signals in all sensors after low-pass filtering with 1500 Hz cut-off frequency 

Pole 7 

 
(a) 
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(b) 

 
(c) 

 
(d) 
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(f) 

Figure B. 7: (a) Repeatability of the five tests in all sensors, (b): FFT of all sensors, (c): Captured signals 

in all sensors after low-pass filtering with 2600 Hz cut-off frequency, (d): Captured signals in all sensors 

after low-pass filtering with 2600 Hz cut-off frequency followed by predictive deconvolution, and (f): 

Captured signals in all sensors after low-pass filtering with 1500 Hz cut-off frequency 

Pole 8 

 
(a) 
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(b) 

 
(c) 

 
(d) 
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(f) 

Figure B. 8: (a) Repeatability of the five tests in all sensors, (b): FFT of all sensors, (c): Captured signals 

in all sensors after low-pass filtering with 2600 Hz cut-off frequency, (d): Captured signals in all sensors 

after low-pass filtering with 2600 Hz cut-off frequency followed by predictive deconvolution, and (f): 

Captured signals in all sensors after low-pass filtering with 1500 Hz cut-off frequency 

Pole 9 

 
(a) 
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(b) 

 
(c) 

 
(d) 
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(f) 

Figure B. 9: (a) Repeatability of the five tests in all sensors, (b): FFT of all sensors, (c): Captured signals 

in all sensors after low-pass filtering with 2600 Hz cut-off frequency, (d): Captured signals in all sensors 

after low-pass filtering with 2600 Hz cut-off frequency followed by predictive deconvolution, and (f): 

Captured signals in all sensors after low-pass filtering with 1500 Hz cut-off frequency 

Pole 10 

 
(a) 
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(b) 

 
(c) 
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(d) 

 
(f) 

Figure B. 10: (a) Repeatability of the five tests in all sensors, (b): FFT of all sensors, (c): Captured signals 

in all sensors after low-pass filtering with 2600 Hz cut-off frequency, (d): Captured signals in all sensors 

after low-pass filtering with 2600 Hz cut-off frequency followed by predictive deconvolution, and (f): 

Captured signals in all sensors after low-pass filtering with 1500 Hz cut-off frequency 

 

 

 

 

 



University of Technology Sydney Page 271 
 

Pole 11 

 
(a) 

 
(b) 
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(c) 

 
(d) 
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(f) 

Figure B. 11: (a) Repeatability of the five tests in all sensors, (b): FFT of all sensors, (c): Captured signals 

in all sensors after low-pass filtering with 2600 Hz cut-off frequency, (d): Captured signals in all sensors 

after low-pass filtering with 2600 Hz cut-off frequency followed by predictive deconvolution, and (f): 

Captured signals in all sensors after low-pass filtering with 1500 Hz cut-off frequency 

Pole 12 

 
(a) 
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(b) 

 
(c) 
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(d) 

 
(f) 

Figure B. 12: (a) Repeatability of the five tests in all sensors, (b): FFT of all sensors, (c): Captured signals 

in all sensors after low-pass filtering with 2600 Hz cut-off frequency, (d): Captured signals in all sensors 

after low-pass filtering with 2600 Hz cut-off frequency followed by predictive deconvolution, and (f): 

Captured signals in all sensors after low-pass filtering with 1500 Hz cut-off frequency 
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(f) 

Figure B. 13: (a) Repeatability of the five tests in all sensors, (b): FFT of all sensors, (c): Captured signals 

in all sensors after low-pass filtering with 2600 Hz cut-off frequency, (d): Captured signals in all sensors 

after low-pass filtering with 2600 Hz cut-off frequency followed by predictive deconvolution, and (f): 

Captured signals in all sensors after low-pass filtering with 1500 Hz cut-off frequency 
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(f) 

Figure B. 14: (a) Repeatability of the five tests in all sensors, (b): FFT of all sensors, (c): Captured signals 

in all sensors after low-pass filtering with 2600 Hz cut-off frequency, (d): Captured signals in all sensors 

after low-pass filtering with 2600 Hz cut-off frequency followed by predictive deconvolution, and (f): 

Captured signals in all sensors after low-pass filtering with 1500 Hz cut-off frequency 
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(f) 

Figure B. 15: (a) Repeatability of the five tests in all sensors, (b): FFT of all sensors, (c): Captured signals 

in all sensors after low-pass filtering with 2600 Hz cut-off frequency, (d): Captured signals in all sensors 

after low-pass filtering with 2600 Hz cut-off frequency followed by predictive deconvolution, and (f): 

Captured signals in all sensors after low-pass filtering with 1500 Hz cut-off frequency 
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