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Abstract

The theoretical investigation of acoustical wave propagation in cylindrical layered media

is the main interest of our research. The propagation of wire break or slip related acoustical

signal in the buried water-filled Prestressed Concrete Cylinder Pipe (PCCP) is taken as a

specific application.

The PCCPs are widely used for potable- and waste-water distribution and transmission

systems, which are generally located below the surface ground. Therefore, it is difficult

to inspect or detect the damage caused by the wire-break or slip related events in the

pipeline. In current practice, the acoustic emission (AE) monitoring system is used for

random examination of prestressing wires by excavating or internal inspecting of the pipe

walls, which is based on field data analysis. This gives only the localized knowledge of wire

break or slip, which can be misleading, underestimated of the extent of corroded areas,

deterioration or wire failure, due to the system resonance, acoustoelastic effect, loading

effect, etc. There is no systematic theoretical analysis from the acoustic signal generation to

propagation related to these effects, and hence, a common problem in AE technology is to

extract the physical features of the ideal events, so as to detect the similar signals.

The theoretical analysis is important to understand how the AE signal is generated by

the leak, wire break or slip related events and how the path characteristics, excitation fre-

quency, and modes of propagation physically affect the signal propagation. For this purpose,

an acoustical model is developed from the Navier’s equation of motion. This can simulate

vibrating AE signal propagation through the fluid-filled PCCP. The interaction of this prop-

agation with the pipe structure is modeled by using Newton’s law of motion in equilibrium.

The principle of virtual work is used to develop the fluid-structure interaction.
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In this work, the impact of the path on the spectral profiles of the vibrating AE signals

in different locations throughout the pipes were investigated for low and high frequency

excitation signals. At low frequency, there is only plane wave propagation, therefore the

stoneley or tube mode analysis is used for this purpose. The tube wave effects on the

acoustical wave propagation were observed from this analysis. At high frequencies, there

also exist rayleigh or shear modes which exhibit oscillatory amplitudes in the fluid and a

decaying amplitude in the pipe and the surrounding medium. The eigenfrequency and the

modal analysis is used in this case. From the analyses, the phase velocity, group velocity,

tube wave velocity, system resonance frequencies, cut-off frequencies were observed.

The high frequency analysis has some special advantages over low frequency signal. This

can provide an earlier indication of incipient faults, which is important to detect the AE

event in early stage of pipe deterioration. Moreover, it was established that the frequency

of propagating AE signal in the pressurizing fluid medium ranges up to 30 kHz. Therefore,

it is important to investigate the wave propagation of AE signal at these frequencies. This

work examines the spectral characteristics of AE signal propagation through the fluid column

inside the pipe within the range of sonic/ultrasonic frequency.

The acoustic wave propagation in fluid-filled PCCP of various radius, stiffness and thick-

ness of the pipe as well as different types of surrounding medium, is obtained by applying a

numerical Finite Element Method (FEM). Finally, the results are compared with available

analytical solutions.

The proposed model is independent of sources, dimensions and medium characteristics.

Therefore, it can be used for the analysis of acoustic wave propagation through any type

of cylindrical shells immersed or surrounded by different types of medium. The current

analysis, therefore, has fundamental importance in many applications.
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Chapter 1

General Introduction

1.1 Introduction

Liquid carrying structure, said as a pipe, should be impervious against leakage of liquid

from the inside to the outside and also against the ingression of external materials inside.

Earlier, steel or cast iron pipes were used for this purpose. In the first half of the 20th

century, concrete was introduced as a structural material for large diameter pipes. In 1942,

the first prestressed concrete Lined Cylinder Pipe (LCP) was introduced, where a concrete

lined steel cylinder was wrapped with a helix of highly stressed steel wire and coated with

a dense cement mortar to protect the wire. They are found suitable up to 1,520 mm dia [1].

Later in 1950, a second type of prestressed concrete Embedded Cylinder Pipe (ECP) was

developed, where the steel cylinder is embedded in the concrete core after that stressed steel

wire helix is wounded, so that the wire is in contact with concrete rather than with the

steel cylinder. These are found suitable for the pipe diameter up to 9,000 mm [1]. Both

types of Prestressed Concrete Cylinder Pipes (PCCP) are used for potable water supply and

sewage systems. These pipes are ideally suited for pressure range of 0.4 to 2 MPa, where the

cast iron or mild steel pipes are not economical and the Reinforced Concrete Cylinder Pipes

(RCCP) are not suitable [2].

The PCCP has been widely used for the large-scale transmission of potable or waste water

for more than half a century. These pipelines have generally been very reliable. However,

there have been occasional failures caused by corrosion, consequently, breakage of the high-

1



strength prestressed wires that reinforce these pipes. This breakage causes sudden release of

elastic energy stored in the prestressed wire in the form of acoustic waves. If enough wires

fail, the structural capacity of the PCCP will be compromised and the pipe is in danger of

catastrophic rupture. And hence, condition assessment has become essential to ensure the

continued safe operations.

Non-destructive testing (NDT) has been a useful tool for continuous condition monitoring

of concrete pipe systems. The testing involves capturing the wire break or slip related signals

by the sensors, which are then analyzed to indicate the level of active distress in the observed

pipeline. This condition assessment has become a necessary risk management strategy for

municipalities or companies that own the infrastructure.

Acoustic Emission Testing (AET) is one of the main technologies used in related industry

for non-destructive pipe detection. This technology is mainly based on random examination

of prestressing wires by excavating or internal inspecting of the pipe walls. It establishes the

level of active distress in individual PCCP by measuring the frequency and number of wire

related events that occur over a specified range in a defined period of time. Wire-break or

slip related events (WRE) are defined as breakage or slippage in the prestressing wires, which

are currently captured using hydrophones or accelerometers. After the data from these units

is retrieved and analyzed, a client is presented with a report that indicates the level of active

distress in the observed pipeline.

Current practise of acoustic emission (AE) detection and recognition using AET is widely

used in many physical and engineering fields such as leak detection and pipeline inspection.

The conventional method is based on field data analysis, which gives only the localized

knowledge of wire break or slip. This can be misleading and underestimated of the extent

of the corroded areas, deterioration or wire failure [3]. This fact is due to the system noise,

acoustoelastic effect and loading effect. The evaluation criteria of AE signal does not exist in

form of actual data related to that test. For example, the threshold of AE signal is set firmly

to the knowledge and experience of the service provider. The speed of acoustical wave in the

propagating medium is considered as a constant value to locate the AE source position [4].

2



Moreover, due to the background noise, both continuous and impulsive, actual AE signal

can not be detected properly [5]. High level of continuous noise such as fluid flow, system

noise may obscure some weak AE signals. Some impulsive noise may also produce acoustic

signals similar to the genuine AE signals [6]. Therefore, theoretical analysis and knowledge

is important for the evaluation of AE signal.

The theoretical investigation of the acoustical wave propagation of AE signal in fluid-filled

PCCP is the main interest of this research. The impact of the path on the spectral profiles

of the vibrating acoustic signals in different locations throughout the pipe were investigated

for low and high frequency excitation signals. At these frequencies, the tube mode and

rayleigh mode are the main propagating modes in the fluid medium inside the pipe. The

tube wave, eigenfrequency and modal analysis were performed for this purpose. The phase

velocity, group velocity, tube wave velocity, system resonance frequency, cut-off frequency

were determined from these analyses.

The theoretical analysis of the high frequency AE signal propagation through the fluid-

column inside the pipe were observed under different pipe and surrounding medium condi-

tions. The high frequency analysis has superior sensitivity over the low frequency vibration

signal. This can provide earlier indication of the incipient faults, such as frictional rubbing

of WRE in the pipeline inspection. The time response of the spectral characteristics of high

frequency AE signal at different locations throughout the pipe were determined.

The acoustic wave propagation in fluid-filled pipe of various radius, stiffness and thickness

of the pipe as well as different types of surrounding medium were performed by applying

a commercial numerical Finite Element (FE) analysis, and the results are compared with

available analytical solutions.

1.2 Review of Earlier Studies

The PCCP that are used for the potable or waste water distribution or transmission are

difficult to inspect for damage due to their location below the earth surface. Most of the

damage occurs in the pipe wall due to the corrosion that causes breakage of prestressed wire.
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The difficulty has led the water utilities to rely on continuous condition assessment to ensure

the continued safe operations.

Many methods were developed to detect the energy released from the wire failure and

to locate the corroded areas. These methods can be classified as, top-down approach and

bottom-up approach. The flow diagram of these approaches are shown in Fig. (1.1).

Top-Down
Approach

Bottom-Up
Approach

Corrosion in PCCP 
due to the Aging, Physical

or Chemical effect

Propagation is affected 
by the Path Impact

Corrosion in PCCP, causes
  Breakage or Slippage in 
the Prestressed Steel Wire

Generation of AE Signal

Propagation of AE Signal

Detection of AE Signal

Figure 1.1: Flow diagaram of AE signal generation to propagation and detection.

The bottom-up approach is generally used in the related industry for the AE monitoring

of pipeline system. The methods or techniques that are developed on this approach is mainly

based on field or test data analysis. As shown in Fig. (1.1), these methods first measure or

detect the AE signal from the system and then locate the corroded areas. These methods

include half cell potential measurement, visual inspection and tapping, acoustic emission

monitoring, soil resistivity measurements, infrared thermography, remote field inspection,

impact echo/spectral analysis of surface waves, ground penetrating radar, etc. [7]- [18]. These

methods are usually ineffective [19] in case of long length (range) of pipe inspection from

a single probe position and where the pipes are under insulation, soil, or tar, embedded in

concrete or hidden from sight. Theoretical knowledge on the guided wave propagation and

the impact of surrounding medium on the propagating wave is important to overcome this
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problem.

On the other hand, the top-down approach is based on the theoretical analysis, which

can be used to understand and to interpret the testing data. As shown in Fig. (1.1), the

method related to this approach deals with the acoustic wave generation to propagation under

different conditions, which is important to analyze and to detect the AE events properly. An

enormous earlier studies [20]- [33] on theoretical analysis of acoustical waves focused on the

guided wave (e.g. harmonic wave, axisymmetric and non-axisymmetric waves, multimode

wave, lamb and love wave, ultrasonic wave, leaky wave, etc.) propagation through empty

or fluid-filled elastic, non-elastic, coated, non-coated, cylindrical pipe. These work mainly

dealt with the idealize situations and gives generalized solutions of the problem. Some of

these work dealt with the specific applications, such as, borehole, impedance tube, HVAC

system, thermodynamic and chemical engineering process. As far as our knowledge, there

is no systematic theoretical analysis in the open literature form the AE signal generation to

propagation through the fluid-filled PCCP.

Therefore, the current study goes beyond the earlier studies by considering the fluid-filled

pipes as a medium for the transmission of AE signals and by emphasizing the low to high

frequency as the excitation signal frequency. The acoustic signal, generated by the leak, wire

break or slip in pipeline usually creates high and low frequency signals. It was established that

at low frequency (wavelength is much larger than pipe radius), there is only stoneley or tube

modes propagating with plane wavefronts [34]- [40]. While at high frequencies (wavelength

is equal or lesser than the pipe radius), there also exists rayleigh or shear normal modes

which exhibits oscillatory amplitudes in the fluid and decaying amplitude in the pipe and

the surrounding media [41]- [46]. The rate of information transmission grows in proportion to

the frequency of the excitation. Consequently, there is a need to investigate number of modes

generated in each excitation frequency. It is known that, higher the excitation frequency,

the more modes propagate and stronger the dispersion characteristics become. For the high

frequency excitation signal, therefore, it is very difficult to retrieving the actual AE signal.

However, the detailed theoretical analysis is performed in this work, to get the information
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about the AE signal generation to propagate in fluid-filled pipe, under different situation.

1.3 Non-destructive Testing

The NDT is a noninvasive techniques aiming to determine the integrity, component or struc-

ture of a material or quantitatively measure some characteristic of an object. In contrast

to destructive testing, NDT does no harm of the test object [47]. NDT plays an important

role, which is necessary to assure safety and reliability. This testing method also acts as a

quality assurance management tool for the materials, products, and equipment, which fail

to achieve their design requirements or projected life due to undetected defects, and which

may require expensive repair or replacement. Such defects may also be the cause of unsafe

conditions or catastrophic failure. Therefore, NDT can be used to examine, or to monitor

the integrity of a structure throughout its service life.

The method that can be used for NDT depends on the physical properties of the materials.

Among all the NDT methods such as magnetic testing, penetrant testing, ultrasonic testing

and radiographic testing, AE testing plays a distinctive role which is usually applied during

loading of a structure, while most others are applied before or after loading. The NDT

technique that involves the AE monitoring of reinforced concrete structure, is a passive way

of damage monitoring.

1.4 Acoustic Emission Monitoring

It is well known that AE monitoring is a non-destructive means of evaluation which listens

to sound waves generated by the stresses within a material. The scientific application of

AE monitoring first emerged in the 1950s, but appeared to fall out of fashion from the late

1970s and onward. With the increased focus on cost-effective ways of optimizing machine,

equipment and device reliability and availability, AE is now experiencing an important re-

naissance as a valuable Condition Based Monitoring (CBM) and predictive maintenance tool.

This technology is also widely used in different industries to a NDT and technical diagnostic
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of industrial objects, such as, pipelines, pressure vessels, pneumotest, etc. including in an

operation mode.

The AE monitoring is one of the popular and widely used NDT methods for detection

and recognition of AE signal in many physical and engineering fields. Several researchers

have used the AE techniques for monitoring cracks in concrete [48]- [66] and for monitoring

of debonding and corrosion of prestressed wire in concrete [67]- [69].

AE monitoring can be deployed in a wide range of usable applications of NDT such

as [70]:

• metal pressure vessels for cracks and corrosion;

• piping systems for splits and leakage;

• flat bottomed storage tanks for leakage and corrosion;

• civil engineering structures for process monitoring and global or local long-term mon-

itoring.

The types of AE analysis that is normally used in NDT are [71]:

• analysis of signal amplitude as a function of stress and time;

• analysis of the number of signals which exceed a reference threshold;

• computation of the energy of the detected signals;

• analysis of the frequency content of the signals;

• localization of the signal source;

• correlation analysis, where each detected signal is compared with previously recorded

signals.

It should be noted that the test conditions for all the applications must be similar to

normal service conditions. Otherwise, AE will not obtain veritable and reliable results.
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1.5 Acoustic Emission Testing

Among the other NDT methods, the AET technique is popular in the related industry due

to its important advantages. One major advantage of AET is that it can be performed at the

interference in-service without any disturbance [70]. In addition, the localization ability gives

another major advantage of AET. Therefore, a suspected area can be reported to the client.

This early warning advantage opens the way for performing following tests economically

to verify the defect. This technique also provides a real-time monitoring method to the

specimen [6].

In the pipeline, when a present defect expands, tension energy is released, and an acoustic

signal is generated [72]. AE techniques are used to observe and monitor these invisible events.

Although some of the events occur before monitoring, or are too weak to be detected during

inspection, various events occur due to temperature, pressure, physical defect development

and environmental conditions so that they become detectable.

AET is a dynamic technique that works when solid materials lose their elasticity and just

begin to split, while other NDT methods are static. For example the ultrasound method,

which is a typical NDT technique, is able to detect the geometric shape of a defect in

a specimen using an artificially generated source signal and a receiver, whereas the AET

detects the elastic waves radiated by a growing fracture [73].

When other NDT techniques probe the structure, AET listens for emissions from active

defects and splits. It is the class of phenomena whereby an elastic wave is generated by the

rapid release of energy from the source in a material. The elastic wave, normally between

10 kHz and 1MHz, propagates through the solid material to the surface where it can be

detected by one or more sensors [74]. This signal is then processed and localized to extract

the source of the AE events. Consequently, AET is a very sensitive NDT technique to observe

damage processes during the entire observation without any disturbance to the specimen.
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1.6 Acoustic Emission Signal

All solid materials, both rigid and elastic, have certain elasticity. They become strained under

external forces, and spring back when released [75]. Higher force makes heavier deformation,

thus the elastic energy is greater. Also corrosion decreases the sustainable limit of the

material. When the energy is large enough and the elastic limit is exceeded, a fracture

happens immediately if it is a brittle material, or occurs after a certain plastic deformation

if it is a long suffering material. The occurred fracture rapidly relaxes the material by a

fast dislocation. This kind of rapid release of elastic energy is defined as an AE event. It

generates an elastic wave that propagates and can be detected by sensors.

The frequency of released elastic wave has a very wide range depending on the material.

For example, the frequency of AE signal of metallic objects is in the range of ultrasound

above 100 kHz [6]. The frequency of sound of glasses crack is inside sound wave range. On

the other hand, when the tiny crack occurred to metal or some other solid materials, it is

not hearable as the emitted burst is ultrasound. This type of pulses and bursts are one of

the sources that AE technique is hunting for.

Another type comes from the plastic deformation. During the deformation, dislocations

move through the crystal lattice. AE signals are generated from these movements, but most

of them only have very small amplitudes. Thus they can be detected reliably only at a short

distance and with less noise background. Fortunately, this type of movements produces

continuous signals rather than short bursts. The splitting of material contains both these

two types. It makes pulses when defects are produced. It also generates continuous waves

when the defect is extending. In a word, AET is a receptive technique that analyzes the

pluses and waves emitted by a defect right at the moment of its occurrence [75].

The frequency characteristics of an AE signal has certain relationship with the external

pressure and defect size of its releasing source. Previous studies show that the amplitude of

AE signal is proportional to the released energy [76], and the frequency distribution is related

with the size of the defect [77]. For instance, in leak detection of a pipeline, the AE signal

detected from larger leak hole contains more low frequency components. An explanation of
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this phenomenon is that larger hole creates smaller pressure, which results in lower frequency

components. Similarly, smaller hole or defect creates higher pressure that produces higher

frequency components. However, such characteristics are still not enough to classify certain

AE signals. This is because AE signals are non-stationary signals.

1.6.1 AE Signal Propagation

The AE signal generated by the wire break or slip in PCCP, passes through a number of

media, such as the pipe, fluid and the surrounding medium (outer formation), before being

picked up by the sensors. Initially, this signal propagates as a spherical wave, later on, when

the wave dominates all the cross-sectional area of the pipe, it travels as a wavefront as shown

in Fig. (1.2), which can be detected by one or more sensors. This wave propagation can be

modeled as the convolution of the AE signal and the impulse response of the pipe. As a

result, the acoustic signal received by the sensors can be considered as the superposition of

the different delayed version of AE signal due to the multipath propagation. This is due to

the reflection, refraction and diffraction of the acoustic signal during its propagation.

AE Event Pipeline

W
av

ef
ro

nt

Spherical wave

Figure 1.2: Typical AE signal propagation.

The AE events that occur in pipeline usually create two types of signals: one is a mechani-

cal wave which propagates along the steel wire in the pipe at high frequency (above 100 kHz),

another is a low frequency wave (about 30 kHz) that propagates through the medium (gas

or liquid) inside the pipe [72]. The attenuation of these waves has a square relationship with

their frequency, and the coefficient of this relationship is distinguished by the particular

medium. Observed values for attenuation (in dB ft−1) in several gases and water are 4.9 x
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10−11f 2 and 7.8 x 10−14f 2, respectively where f is the frequency of AE signal [78]. Therefore,

AE signals propagating through the steel wire attenuate very quickly, because the frequency

is high. Generally speaking, the high frequency wave attenuates faster than the low fre-

quency wave. This attenuation also depends on different material and even medium inside

and outside the material. Sometimes frequency components are absorbed by distinguished

materials. However, those low frequency waves that propagate in the medium can be de-

tected even at sites hundreds of meters away from the original signals. In addition, this kind

of wave interacts with the pipe wall so that it can be detected by sensors mounted outside

of the pipe.

In linear location case such as pipeline, the wave propagation is more complex due to

wave reflection and absorption by the inner wall of the material. In addition, the medium

inside and outside the pipe is an essential effect to the propagation of the elastic waves. For

example, in the pipeline inspection, generated waves propagate through both the solid wall

and the medium inside the pipe. The propagation through the wall has greater attenuation

such that it can not be detected at a distance farther than several meters. While the waves

propagating through the medium inside the pipe are much more reliable to be recorded

hundreds of meters away [72]. In addition, this propagation is varied in different conditions

such as the characteristics of medium, the speed of the medium, the temperature, and the

landscape.

1.6.2 AE Signal Parameters

The AE signals that have been recorded by the sensors are analyzed in AE techniques. It

uses statistical parameters for feature extraction and signal classification. The statistical

parameters of a typical AE signal are shown in Fig. (1.3).

The meanings of the parameters are as follows:

• Amplitude is the highest peak voltage attained by an AE waveform.

• Counts are the threshold-crossing pulses that counted.
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Figure 1.3: Typical parameters of an AE signal.

• MARSE (measured area under the rectified signal envelope) is the measured area under

the rectified signal envelope.

• Duration (DU) is the elapsed time from the first threshold crossing to the last.

• Rise time (RT) is the elapsed time from the first threshold crossing to the signal peak.

AE Source Location

Usually there are two methods of the source localization of a signal recorded by the two

sensors:

1. from the difference of the amplitude, and

2. from the difference of the arrival time.

The first method is hard to apply because it is affected by many aspects, which makes

the attenuation function for different cases hard to define [77].

In the pipeline inspection, usually the second method is used to locate the AE source

position in the pipe. It is assumed that acoustic waves travel at a constant velocity in the

same material. Once the AE event is recorded by two or more sensors, the difference of
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arrival time and sound velocity in the material is used to determine the location of the

source. The detailed description of this method is given in Section 2.4.1.

In this method, the arrival time is defined as the start of the duration (DU), as shown in

Fig. (1.3). It is the first threshold crossing of AE signal. However, up to the certain distance,

the real AE signal is concealed by the background noise. Therefore, the uncertainty of arrival

time causes certain error of the localization work. This uncertainty also affects the traveling

speed of the acoustic signal, which is not constant due the elastic effect of the surrounding

mediums.

1.7 Motivation, Objectives and Scope of the Research

As described in Section 1.2, the bottom-up approach is used in the related industry for

the detection and recognition of AE signal and to locate the corroded areas. The current

technology is mainly based on field data analysis. This gives only the localized knowledge of

the wire break or slip, which can be misleading and underestimated of the extent of corroded

areas, deterioration or wire failure [3]. This fact is due to the system noise, acoustoelastic

and loading effect. AE signals are generally recognized and identified according to the

knowledge and experience of the service provider. To identify the AE signal, they used a

fixed set of threshold and consider only the background noise [6]. Moreover, the speed of

the acoustical wave is considered as a constant to locate the AE source position [4]. But

in the real scenario, during the propagation, the main AE signal is convoluted with the

impulse responses of the pipe, which is known as system noise. This impulse response varies

depending upon fluid-flow, radius, thickness and stiffness of surrounding layers. As a result,

the characteristics of AE signal (e.g. amplitude, velocity, shape, etc.) changes due to the

path impact. These make detected AE signals less accurate. Moreover, at the high frequency

the impulse response of the pipe becomes more complicated due to the multi-mode and mode

conversion. Therefore, it is difficult to de-reverberate and decipher the original AE signal at

the receiving end (sensor) without any theoretical knowledge. To approach this problem, we

are motivated to introduce a top-down approach for the AE signal generation to propagation.
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In this approach, the theoretical analysis of AE signal in buried water-filled PCCP is taken

as a specific application.

To fulfill our target, the following objectives are envisaged.

Understanding the Characteristics of Vibration from AE Signal

The physical mechanism of AE signal generation from wire deterioration within PCCP

is investigated. A mathematical model is developed for the AE signal in the form of acoustic

pressure generated from the wire deterioration within the PCCP and use it throughout the

work to simulate the wire deterioration for further research activities.

Understanding the Impact of Path on the Vibration Signal from

the AE Source to Sensors

The vibration signal generated by AE events relate to deterioration that passes through

a number of media, such as pipes, fluid and earth, before the signal is picked up by the

sensors. This wave propagation can be modeled as the convolution of the AE signal and the

impulse response of the pipe. The impulse response of the pipe may vary depending upon

fluid flow, diameter, thickness and elastic properties of the pipe and surrounding medium.

Since the PCCP has a cylindrical shape, therefore, the acoustic wave received by the sensor

can be considered as the superposition of the different delayed version of AE signal due to

multipath propagation which may either add destructively or constructively. Therefore, it is

important to understand how the path physically affects the signal. The effect of the path

is researched and developed a mathematical method to appropriately model the impacts of

the path on the spectral profiles of the vibration signals in different locations throughout the

pipes.

Tube Wave Analysis of AE Signal

At low frequency AE signal, when the wavelengths are much larger than the pipe radius,

there is only the stoneley or tube mode that exists as a propagating mode with plane wave-
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fronts. This plane wave propagation of acoustic signal in the fluid inside the pipe is affected

by the characteristics of the pipe. The tube wave analysis is used to observe the effect of

path at different pipe profile. The characteristics of the low frequency acoustic signal in

the rigid and the elastic pipes are observed from the analysis. This theoretical study can

produce the fundamental concepts of low profile acoustic signal in the AE monitoring system.

Eigenfrequency Analysis of Acoustical Waves

The eigenfrequency is the system’s natural frequency of vibration. At these frequencies,

small or even zero driving force can produce large amplitude vibration because of the stored

vibrational energy. In the PCCP, the acoustic signals are generated through the breakage or

sliding of prestressed wires. These signals feature certain frequency spectral characteristics

that are close to the eigenfrequency of the piping system. Therefore, in AE monitoring sys-

tem, it is important to know about these eigenfrequencies, which generates the additional

vibrating signal and changes the characteristics of the original AE signal. This may cause

a false or wrong detection of AE signal in the sensors. In some cases, these reverberations

are very strong, which may causes malfunction in the sensitive measurement system. The

eigenfrequency analysis is used to determine the spectra of system resonance frequency, and

to observe the effect of system resonance on the AE signal in the water-filled PCCP.

Modal Analysis of Guided Wave

In the pipeline, AE signal propagates as a guided wave. This wave can propagate over long

distances with proper excitation. At low frequencies, the wave propagates as an evanescent

mode, but at high frequencies, it has also propagating mode. The number of propagating

modes grow proportional to the excitation frequency. Consequently, more modes cause com-

plicated dispersion characteristics. In the elastic pipe, such waves have strong dispersive

phenomena. Therefore, the modal analysis is important to determine the dynamic charac-

teristics of the system. In this research, the modal analysis is performed to determine the

PCCP structures dynamic characteristics; such as cut-off frequency, propagation constant,
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and the number of propagating modes.

High Frequency Analysis of Acoustic Signal

In the condition monitoring system, the high frequency AE signal measurement technique

provides special advantages in many applications. This analysis can provide earlier indication

of developing faults such as frictional rubbing, which can not be detected by the low frequency

analysis. In the pipeline inspection, wire break or slip related events occurs due to the

impairment of passivating quality of the high pH mortar of the PCCP. Early indication of

this event can save the time and the money, as well as ensure the continued safe operation.

Moreover, the frequency of propagating AE signal in the pressurizing fluid medium ranges

up to 30 kHz. Therefore, the high frequency analysis is important to observe the WRE in the

pipeline inspection. In this study, the spectral characteristics of the high frequency AE signal

through the fluid-column inside the pipe is observed under different pipe and surrounding

medium condition. The theoretical results are discussed and compared with the available

analytical solutions.

1.8 Overview of the Proposed Work

There are many methods developed for the AE monitoring of piping system. These are

mainly, top-down approach, which is related to the theoretical analysis and bottom-up ap-

proach, which is related to the field-data analysis (see Fig. (1.1)). Among the other bottom-

up approach, the AET method is widely used in the related industry, due to its important

advantages. In spite of the advantages, it has some limitations to detect and locate the AE

events. To approach this problem, first study the AET method in brief, and figure out the

limitations. Later, the detailed theoretical analysis of AE signal generation to propagation

are performed.

The theoretical study proposed in this work is related to the top-down approach, and

beyond the earlier studies that found in the open literature. For the theoretical analysis, an

acoustical model is developed based on Navier’s equation of motion and use the Newton’s law
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of motion and the principle of virtual work for the fluid-structure and -surrounding medium

interaction. The AE source is modeled using Hook’s law based on energy dissipation from

WRE. The theoretical investigation of the low frequency AE signal is performed using the

tube wave analysis. The eigenfrequencies, modes of propagation, cut-off frequency of the

system and the phase speed of the acoustic wave are observed by the eigenfrequency and the

modal analysis. The behaviour of the high frequency AE signal propagation throughout the

PCCP is observed by the sonic/ultrasonic analysis.

Finally, the information obtained from the theoretical analysis of this work is discussed

in detail. The importance of the theoretical knowledge for the evaluation of AE signal and

to overcome the limitations of current AE monitoring technology are also discussed.

1.9 Organization of the Thesis

The thesis is organized as follows:

The brief description of current technology, such as, PCCP construction and dimensions,

generation of AE signal, current technique of AE signal measurement and AE event localiza-

tion, etc. are discussed in Chapter 2. The advantages and limitations of current technology

are also discussed in this chapter.

The time- and frequency-domain acoustical pressure model and source model is developed

in Chapter 3. The interaction and the boundary condition between different layers are

discussed and modeled here.

Chapter 4 describes the low frequency tube wave analysis of AE signal propagation

through fluid-filled PCCP under different pipe and surrounding formations. The results are

compared with available analytical solution.

In Chapter 5, the eigenfrequency and the modal analysis of AE signal is described.

The numerical results are obtained under different situations and compared with analytical

solution.

The importance of high frequency analysis of AE event and the numerical analysis of

the signal generated from these events through different pipes and surrounding medium are
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discussed in Chapter 6. The results are compared with the available analytical solutions.

Finally in Chapter 7, conclusion, recommendations for future works are described. The

study presented in this work produced the fundamentals on which better non-destructive pipe

performance testing technologies can be designed. Detailed discussion and recommendations

on this matter are presented in the chapter.
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Chapter 2

Current Technology

2.1 Introduction

In the NDT industry, AET method is currently used to detect the AE event in the pipeline

due to its technological advantages. This method is related to the bottom-up approach

(see Fig.1.1), and based on field-data analysis. The brief description of this method is

described in this chapter, where WRE detection and localization of PCCP is taken as a

specific application. Despite the advantages, AET method has some limitations, which are

also described here. The causes of corrosion and the generation of AE signal in the PCCP

and its constructional details are described to get an idea about the current technologies.

The physical characteristics of prestressed pipe, joint between the pipe sections, corrosion

and AE signal generation, are described in Section 2.2. The sensors that are used for AE

signal detection and recording purpose is also described in Section 2.3. Section 2.4 describes

the AET method, which is used in related industry for NDT of pipeline inspection and leak

detection. The basic methodology of AET technique, AE signal localization, some typical

AE signals recorded by the sensors are also presented in this section. The application of AET

method and some advantages and limitations of this technique is presented in Sections 2.5

and 2.6, respectively. Finally, the summary of this Chapter is described in Section 2.7.
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2.2 Prestressed Pipe Design

The Prestressed Concrete Cylinder Pipe (PCCP) is a rigid pipe designed to take optimum

advantage of the tensile strength of steel and the compressive strength and corrosion in-

hibiting properties of concrete. It is widely used throughout the world. In the U.S. and

Canada there is an estimated 30,000 miles of this product installed [79]. There are no known

estimates for the remainder of the world, but it is used in every continent. It has been

used for over 40 years for such applications as water transmission and distribution pipelines

in municipal, industrial and irrigation systems, cooling water systems in the plant, sewer

force mains and gravity sewers, inverted siphons, subaqueous pipelines and lines for pressure

tunnels.

2.2.1 Pipe Structure

The American Water Works Association (AWWA) maintains the standard for PCCP in

its Standard C 301 (manufacture) and Standard C304 (design). The designed procedures

of this standard is applicable to lined-cylinder pipe and to embedded-cylinder pipe. In

the construction, high-strength concrete core is used as the principal structural component,

which provides a smooth inner surface for fluid flow. This core includes a steel cylinder that

works as a watertight membrane and provides longitudinal tensile strength, and increases

circumferential and beam strength. In LCP, the steel cylinder forms the outer element of

the core and in ECP, it contained within the core. The core is then helically wrapped by

the high-tensile steel wire under controlled tension. This high strength wire is designed to

produce uniform compressive prestress in the core and enabling it to withstand high internal

pressure ( 300 lbs in−2) and large external loads [3]. Finally, the pipe is coated with dense

cement-mortar, so as to protect the pipe from physical damage and external corrosion [80].

The cross-sections and elements of both types of pipes are shown in Fig. (2.1).
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(b) Embedded cylinder pipe.

Figure 2.1: Schematic cross-sections of lined and embedded cylinder pipe
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2.2.2 Pipe Dimensions

The dimensions of the pipe mainly depends on the type of pipes and the working condition.

According to the standard, the LCP is suitable with inside diameter of 410mm through

1,520mm (16 in. through 60 in.) and ECP is suitable with inside diameter of 610mm (24 in)

and larger [1].

The pipe is manufactured in standard laying length of 16 to 24 feet (5m to 7 m), and the

standard core thickness is approximately 7 to 8 percent of nominal inside pipe diameter [81].

Table (2.1) shows the typical core thickness of PCCP.

Table 2.1: Typical core thickness of PCCP.

Nominal inside pipe diameter (in) Typical core thickness (in)

42 3.50

45 3.75

48 4.00

51 4.25

54 4.50

57 4.74

60 5.00

66 5.25

72 5.25

78 5.75

84 6.25

90 6.75

96 7.25

102 7.75

108 8.25

114 8.75

120 9.25

132 9.25

144 10.25

156 11.25

168 12.25

180 13.25
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2.2.3 Pipe Joint

According to AWWA standard, each section of the pipe is connected to the next using a

bell and spigot joint, which uses a rubber gasket to seal the joint and a grout cap to fill the

remaining gap. The spigot ring is the protruding end of a PCCP joint, which contains a

shaped groove to retain the O-ring rubber gasket. The rubber gasket is incorporated at each

joint for water tightness and flexibility.

Figures (2.2) and (2.3) show a LCP and ECP section pipe joint according to AWWA

standard C-301 (L) and C-301 (E), respectively.

Figure 2.2: Schematic of LCP section joint according to AWWA standard.

2.2.4 Corrosion in PCCP

The PCCP generally consists of a thin steel cylinder lined or embedded with cement-concrete

mortar. The cured steel-concrete core is subsequently helically wrapped with a high tensile

wire and coated with high pH cement-rich mortar. In the mortar, the prestressed wires are

protected from galvanic corrosion. However, when the protective mortar is chemically or

physically compromised, the passivating quality of the high pH mortar breaks down. This

causes corrosion to start on prestressed wire. The wire normally breaks when the corrosion
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Figure 2.3: Schematic of ECP section joint according to AWWA standard.

activity has reduced their diameter to the point where the stress applied to them exceeds

their yield point. This process may also cause further damage to the mortar around the

wires or the steel-concrete inside the pipe. If enough wires fail, the structural capacity of

the PCCP will be compromised and the pipe is in danger of a catastrophic rupture.

2.2.5 Generation of AE Signal

The stress embedded on the wires during the manufacturing process of PCCP is grater

than 70% of ultimate breaking strength of the wire. Therefore, a strand of 1/4 inch Class

III wire will possess more than 7,000 lbs of tension when wrapped on the core [3]. Hence,

a relatively small amount of corrosion, due to the reduction of modulus and compression

of concrete because of aging and/or physical and chemical effects, will result breakage or

slippage of reinforce wire [82]- [84]. This causes sudden release of elastic energy stored in the

prestressed wire in the form of acoustical (sound) waves [85], which is known as AE signal.

The release of acoustic energy would continue as a defect extends and as plastic strain occurs

in the presence of a defect.
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2.3 Acoustic Monitoring Devices

In pipeline inspection, specially designed acoustical sensors are used as AE monitoring de-

vices. Two types of sensors have been used to detect the acoustical waves are:

• hydrophone, and

• accelerometer.

A hydrophone is a microphone designed to be used underwater for recording or listening to

underwater sound. Most hydrophones are based on a piezoelectric transducer that generates

electricity when subjected to a pressure change. Such piezoelectric materials can convert

a sound signal into an electrical signal since sound is a pressure wave in fluids. A typical

hydrophone is shown in Fig. (2.4)(a).

Hydrophones are constructed of ceramic materials. It can detect acoustic signals by

sensing the vibration that is transmitted through the pipe wall into the water column.

Hydrophones are installed through valves into the flow stream of the active pipeline, as

shown in Fig. (2.4)(b). The installed hydrophones are then continuously monitor the pipe

for AE events, which propagates through fluid column.

(a) (b)

Figure 2.4: (a) A typical hydrophone and (b) a hydrophone installed in pipeline.
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An accelerometer is a device that measures non-gravitational accelerations. These accel-

erations are produced by mechanically accelerating the accelerometer via its casing. Single-

and multi-axis models are vertical to detect magnitude and direction of the acceleration

as a vector quantity and can be used to sense orientation, vibration and shocks. Modern

accelerometers are often small Micro Electro-Mechanical Systems (MEMS), and are indeed

the simplest MEMS devices possible, consisting of little more than a cantilever beam with

a proof mass (also known as seismic mass). Mechanically the accelerometer behaves as a

mass-damper-spring system; the damping results from the residual gas sealed in the device.

A typical accelerometer is shown in Fig. (2.5)(a).

(a) (b)

Figure 2.5: (a) A typical accelerometer and (b) an accelerometer installed in pipeline.

Accelerometers are installed on the surface of the pipeline, as shown in Fig. (2.5)(b).

Incentive to use accelerometers in AE testing is to assist hydrophones, as hydrophones are

more sensitive than accelerometers. Accelerometers are also used in empty pipelines, where

hydrophones do not work.

Once the AE event occurs, the signal will propagate both ways along the pipeline, and

may be detected by the closest pair of sensors. Sometimes if the amplitude is large enough,

the signal might be detected by the third or the fourth sensor. As studied in [72], the detected

result is reliable with sensor spacing at 262meters distance, and this can vary according to

landscape, temperature, pipe structure, etc. Therefore, an ideal AE signal should be detected

by two sensors closest to it, and the arrival time difference can be used to localize the position
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of the defect.

2.4 Current Applied Technology

2.4.1 Acoustic Emission Testing

Among the other AE monitoring system, AET is widely used in the related industry. The

AET method in PCCP monitoring is used to detect the acoustic events, being transmitted

through a pipeline. It identifies the AE signal associated with corrosion related events, or

more specifically a WRE in the prestressing wire or a delamination in the mortar coating

of the pipeline. Two or more acoustic sensors are installed on an existing pipeline to record

the AE data from a specific area in the pipeline. Acoustic systems then monitor the pipe

for the AE signals of wire break or slip and alert the observer of the system, when an AE

signal has been detected.

This AE signal received by the sensors are recorded by the Data Acquisition System

(DAS), which filters out ambient noise in the pipeline and identifies the acoustic events

with the properties of wire break or delamination. When an event has been determined

to have all the acoustic characteristics of a prestressed wire failure, the analytical software

further evaluates the signal to locate the origin of the event. For this purpose, the time of

arrival of the AE signals is recorded. The known speed of the sound in water is used as well

as the spacing between the sensors. By comparing the arrival time between two adjacent

sensors, the signal processor determines the location of the WRE. The number of WRE

that are recorded over the monitoring period can indicate the severity of the problem. Once

the locations of the corroded areas are known, the owner of the pipeline can then decided

whether the damage pipe sections should be exposed to check their overall condition.

In current practice, AE signals are recognized and identified according to the knowledge

and the experience of the service provider. A fixed set of threshold level is used to identify

the AE signal, and consider only the background noise. The velocity of acoustical waves

inside the medium is considered as constant. The usable frequency ranges of these sensors

can go up to 40 kHz, and spacing ranges from 150m up to 750 m (500 feet up to 2500 feet) [4]
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on pipelines ranging in diameter from 0.75 m to 2 m (30 inches to 78 inches). There is no

standard sensor spacing for any given PCCP pipeline [61]. The optimum sensor spacing is

determined by the service provider based on location, configuration, diameter, and type of

pipe, along with various other conditions. The field data collected from the sensor is used

to localize the acoustic events.

2.4.2 Localization

In AET method, the source of AE signal is determined by the recorded acoustic signal. It

is known as localization of pipe distress. The distance of AE source from one of the two

sensors is calculated by the arrival times of the event at each sensor, as shown in Fig. (2.6).

Sensor 2 Sensor 1Break

d2 d1

l
Pipe

Figure 2.6: Schematic of WRE source localization.

Mathematically, the location of a localized event is determined as [4],

d1 =

[
v(t1 − t2) + l

2

]
, (2.1)

where d1 is the distance of AE source from sensor 1, v is acoustical wave speed in water, t1

and t2 are the arrival time of AE signal at sensor 1 and 2, respectively, and l is the distance

between the two sensors.

The accuracy of the AE source location calculated with the Eq. (2.1), depends on accurate

distances between the two sensors and the speed of sound in water [4]. There are also minor

changes in accuracy due to the flow velocity and the change of temperature of the water [4,9].

2.4.3 Testing Process

A typical test setup of AET is shown in Fig. (2.7) [4]. In the measurement, the occurrence

of WREs (AE signal) are detected by the two sensors (hydrophone and/or accelerometer)

located at position 1 and 2, respectively. The time required by the AE signal to arrive
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at the sensors is directly related to the distance it travels. This time and the AE signals

are recorded in the testing process by the system connected with the sensors (as shown in

Fig. (2.7)).

The recorded signals are then analyzed by the set of rules based on knowledge and

experience of the service provider. If the signal satisfies the specific criteria of AE signal

parameters, it is detected as a WRE signal. After that, the difference of arrival time and the

sound velocity in the medium is used to determine the location of the source. Equation. (2.1)

is used to calculate this position.

Break

GPS receiver, Remote signal 
processor, and Data storage

d2

d1

l

Pipeline

Sensor 1

Sensor 2

Figure 2.7: Typical test setup AET method.

2.4.4 Typical AE Signals

As an example, consider a test site of water-filled PCCP where AE signal is detected by the

two sensors. Sensor-1 at site 1 is a hydrophone placed inside the pipe in the water medium.

Sensor-2 at site 2 is an accelerometer placed on the pipe surface. Two sensors are separated

by 160m. The schematic of this example is shown in Fig. (2.8).

An event (break or slide) occurs at 85 m away from the Sensor-1 and 75m away from the

Sensor-2. Therefore, Sensor-2 (accelerometer) received the signal earlier than the Sensor-1

(hydrophone). Hydrophone received the signal from the water column and accelerometer

from the pipe surface. Figure (2.9) shows the resulted WRE signal recorded by the hy-
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Sensor 1:
Hydrophone

Sensor 2:
Accelerometer Break

d2 = 75 m d1 = 85 m

l = 160 m

Figure 2.8: Schematic of an AET example.

drophone and accelerometer.

(a) (b)

Figure 2.9: Recorded AE signal by the (a) Hydrophone and (b) Accelerometer.

Figures (2.9)(a) and (b) clearly show that the signal amplitude recorded by the hy-

drophone is much stronger than the signal recorded by the accelerometer. For the best

result, the duration of the signal should not be less than 0.05 seconds and it should be much

larger than the background noise [6].

2.5 Applications of AET

AET is a powerful tool for materials testing and inspection, with entire series of advantages

when compared to other NDT techniques. It has multiple applications for many diverse
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purposes, such as [86]:

• Crack detection;

• Vessel inspection;

• Leak detection;

• Nuclear lift rig inspection;

• Pulp and paper machinery;

• Laboratory and field testing;

• Insulated and high temperature processes;

• Online and in-service testing.

2.6 Advantages and Limitations of AET

Among the other NDT based on AE monitoring technique, industry people are interested

to use AET method due to its some important advantages. One major advantage of AET is

that it can be performed at the interference in-service without any disturbance [70]. It also

makes this technique more advanced than other NDT, since it is not necessary to place the

sensor right at the defect position. In addition, the localization ability gives another major

advantage of AET. Therefore, a suspected area can be reported to the client. This early

warning advantage opens the way for performing following tests economically to verify the

defect. This technique also provides a real-time monitoring method to the specimen, which

minimize the system downtime for inspection. AET does not require access to the entire

examination area.

As like as other methods, the AET method also has some disadvantages or limitations.

This research focuses on some of these limitations, which are related with AE signal propa-

gation through the pipe inside the fluid medium. These limitations can be summarized as

follows [4, 6, 74, 75,87]:
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• Identification of wire breaks as opposed to other events must be demonstrably correct.

This identification becomes more and more difficult and complicated with increasing

distance to the sensors and with increasing the AE signal frequency. Because, the dis-

persion of the frequencies generated by the event grows with the increase of frequency,

which will distort and disguise its character.

• The evaluation criterion does not exist in form of commonly accessible data. For

example, the threshold of AE is set firmly to the knowledge and experience of the

service provider. This is not correct in some case, because the level of AE signal is not

fixed. It depends on released elastic energy of the AE events.

• In the source localization, the speed of acoustical wave inside the fluid column consider

as constant. This is not true for all cases, due to the acoustoelastic effect.

• The background noise, both continuous and impulsive, makes the detected AE sig-

nals less accurate. In current practice, the system resonance are also considered as a

background or ambient noise. But in some cases, the system resonance signal becomes

more dominant than the original AE signal, which may mislead the recorded data.

• Some impulsive noise may produce acoustic signals similar to the genuine AE signal.

This may causes false or incorrect signals at the sensors.

• As a pipeline decreases in diameter, the sensor spacing becomes more critical. In this

case, AE signal traveling through a pipeline will bounce off the pipe wall as it travels

up and down the pipeline. Consequently, the signal attenuates more quickly in a small

diameter pipe than a large diameter pipeline. Theoretical analysis is important for this

knowledge.

2.7 Summary

The characteristics of PCCP, including dimensions, materials, joints, etc. are described. The

causes of corrosion, and hence, prestressed wire failure and the generation of WRE signal
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are described. The basic characteristics of commonly used acoustic sensors for the pipeline

inspection, are also described. The AE event localization technique of AET method and its

advantages and limitations are described in detail.

The information about the PCCP is required to simplify the mathematical model and

to simulate the numerical result. The knowledge about the sensors and the AET method is

important to understand the current technology of AE monitoring system. The limitations

of this technique, prevents the system to get the actual AE signal. The proper theoretical

analysis and knowledge can help to overcome this problem.
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Chapter 3

Mathematical Modeling

3.1 Introduction

The theoretical study performed in this work is related to the top-down approach (see

Fig.1.1). The mathematical model is developed for this purpose based on Navier’s equa-

tion of motion to simulate the acoustic wave propagation through fluid-filled pipe. In case

of elastic pipe, the propagating acoustic wave of fluid medium has an interaction with the

surrounding formation. This interaction has been modeled by using Newton’s law of mo-

tion in equilibrium. The principle of virtual work is used to develop the fluid-structure and

structure-fluid and -outer formation interaction. The AE source is modeled using Hook’s

law based on energy dissipation from WRE.

The basic mathematical model based on Navier’s equation of motion is presented in

Section 3.2. The simple physical model, using some acceptable assumptions is described in

Section 3.3. The acoustic pressure model without the source can be obtained directly from

the Navier’s equation of motion. This homogeneous model is presented in Section 3.4. In

Section 3.5, different types of acoustic sources that are generated from the wire-break or

slip related events are described. The complete acoustic pressure model with AE source is

presented in Section 3.6. The time domain and the frequency domain model is developed

in this section. In Section 3.7, the fluid versus surrounding medium interaction is modeled

using Newton’s law of motion and the principle of virtual work. Finally, the summary of

this Chapter is described in Section 3.8.
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3.2 Model Formulation

The wire break or slip generated acoustic signal propagates through the pipe structure and

the fluid in the pipe. In the complete solution of signal propagation, the signal’s travel

through different media should be considered. The complex coupled problem can be modeled

easily through Navier’s equation of motion.

For a homogeneous isotropic elastic medium, the Navier’s equation of motion is [88]

µ∇2u + (λ + µ)∇ (∇ · u) = ρ
∂2u

∂t2
, (3.1)

where u is the time harmonic displacement field vector, µ and λ are the Lame’s constants

and ρ is the mass density of the medium.

The vector u can be decomposed into scalar φ and vector Ψ velocity potential as

u = ∇φ +∇×Ψ, (3.2)

with the constraint [89, 90]

∇ ·Ψ = 0. (3.3)

Substituting Eq. (3.2) into (3.1) yields

µ∇2 [∇φ +∇×Ψ] + (λ + µ)∇∇ · [∇φ +∇×Ψ] = ρ
∂2

∂t2
[∇φ +∇×Ψ] . (3.4)

Using vector identity ∇ · ∇φ = ∇2φ and ∇ · ∇ ×Ψ = 0, Eq. (3.4) can be written as

∇
[
(λ + 2µ)∇2φ− ρ

∂2

∂t2

]
+∇×

[
µ∇2Ψ− ρ

∂2Ψ

∂t2

]
= 0. (3.5)

The displacement Eq. (3.2) satisfies the equation of motion if the potentials φ and Ψ

satisfy the following wave equations [20,91]

∇2φ− 1

v2
L

∂2φ

∂t2
= 0, (3.6)

∇2Ψ− 1

v2
S

∂2Ψ

∂t2
= 0, (3.7)
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where

vL =

[
λ + 2µ

ρ

]1/2

=

[
E (1− ν)

ρ (1 + ν) (1− 2ν)

]1/2

,

vS =

[
µ

ρ

]1/2

=

[
E

2ρ (1 + ν)

]1/2

, (3.8)

E is the elastic modulus and ν is the poisson’s ratio.

Eqs. (3.6) and (3.7) represent the longitudinal and shear wave equations with vL and vS

being the longitudinal and shear wave velocities of the medium, respectively.

In the fluid medium, the acoustic signal has only longitudinal wave component, therefore,

Eq. (3.6) is sufficient to describe the wave propagation inside the pipe. However, in the pipe

structure the acoustic signal has both longitudinal and shear wave components that consists

of axially symmetric and tortional modes, and hence, Eqs. (3.6) and (3.7) must be solved

entirely [20,21].

Analytical solutions of these equations for idealized situations have already been ob-

tained [34]- [40]. The current study goes beyond the earlier studies by emphasizing the

numerical analysis of acoustic wave propagation through the fluid column inside the pipe

using commercial FE code. For this purpose, Eq. (3.6) is used to simulate the acoustic

wave propagation through the fluid column and Newton’s law of motion in equilibrium with

principle of virtual work are used to introduce the effect of surrounding layered medium

(e.g. pipe structure and outer medium) on the acoustic propagation through the complex

geometry.

3.3 Simple Physical Model

The acoustic signal generated by a wire break or slip creates oscillation in the complex

geometry. There are two types of AE signal generates in the pipe. One is the high-frequency

mechanical wave (above 100 kHz), that propagate along the pipe structure, another is the

low frequency wave (about 30 kHz), that readily propagates into the pressurized fluid in the

pipe [72]. The PCCP structure mainly consists of concrete and steel components, which are

highly attenuative compared to the fluid. The attenuation of both shear and longitudinal
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vibrations in concrete and steel on the order of 100 kHz is high at about 30 dB ft−1 and

0.1 dB ft−1, respectively [62, 92]. Moreover, each pipe section is generally 22 feet long [9]

and according to the AWWA standard, each section of pipe is connected to the next using

a bell and spigot joint, which uses a rubber gasket to seal the joint and a grout cap to fill

the remaining gap (as shown in Fig. (2.2) and (2.3)), therefore the joints could be highly

attenuative. In contrast, the attenuation of fluid is significantly less than the pipe structure

(around 1 dB per 3000 feet for water) at the frequencies of interest [93].

For typical AE levels, the signal in the pipe structure attenuate very quickly (less than

100 feet). On the contrary, the signal that transmitted to the fluid column inside the pipe

can be detected for several hundreds, perhaps thousands of feet [72]. Again in the non-

destructive pipe testing, long length of pipe inspection was performed from a single probe

position at a distance of about 500 feet or more [9]. Therefore, it can be assumed that the

acoustic signals start to propagate from fluid column only, which then interact with the pipe

wall.

Fluid Pipe Formation
(Infinite Outward)

r zϕ

Figure 3.1: Schematic of a fluid-filled PCCP.

The schematic diagram of one section of the fluid-filled pipe submerged in the outer

formation (medium) is shown in Fig. (3.1). Usually, the PCCP is submerged in earth (soil)

and the pipe sections are generally 22 feet long [9]. The pipe sections are connected in series

for the long distance transmission of water. In this study, other types of outer mediums such

as, air, water are also used to observe the surrounding formation (medium) effects on the

acoustic wave propagation.

37



3.4 Homogeneous Acoustic Pressure Model

The pressure (P) distribution of acoustic signal for uniform flow in a lossless fluid can be

expressed by using pressure-velocity relation P = −ρ∂φ
∂t

, in Eq. (3.6) alone as [94]

∇2

(
− 1

ρF

)
P +

1

ρF v2
F

∂2P

∂t2
= 0, (3.9)

where ρF is the fluid density, vF is the speed of the signal in the fluid medium.

The Eq. (3.9) represents the homogeneous equation for pressure flow in the fluid medium

inside the pipe, which does not contain any source term.

3.5 Acoustic Source Model

The source can be modeled as the elastic energy that is reserved in the prestressed wire

of PCCP structure and released due to the breakage or slippage of the wire. The energy

of these mechanical disturbances appear as an acoustic signal with low and high frequency

components.

These acoustic sources can be classified into two types [95]:

1. constant volume velocity sources, and

2. constant pressure sources.

3.5.1 Constant Volume Velocity Source

This type of source maintains a constant volume velocity, i.e., constant amount of fluid

displacement per second, in the medium in which it is present. According to the impedance

analogy, this volume velocity is considered as a flow variable which is similar to a current

source in an electrical circuit. The analogous circuit of constant volume velocity source is

shown in Fig. (3.2)(a).
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Figure 3.2: (a) Constant volume velocity and (b) Constant pressure sources.

3.5.2 Constant Pressure Source

A constant pressure source maintains a constant pressure drop across its terminals. Usually,

this pressure can be measured without disturbing the acoustical setup in which it is present.

Therefore, according to the impedance analogy, this can be considered to be analogous to a

voltage source in an electrical circuit. The analogous circuit of constant pressure source is

shown in Fig. (3.2)(b).

3.5.3 Source Strength

The amount of energy dissipation (which is the source strength of the AE events) from the

wire-break or slip can be obtained from the Hook’s law. According to this law, the force

exerted by the prestressed wire when stressed by 4l (which describes the stiffness of the

wire) can be written as

Fe = kx, (3.10)

where

k =
EA

l
, and x = 4l. (3.11)

Here E is the Young’s modulus or modulus of elasticity, which is the ratio of tensile stress
(
σ = Fe

A

)
and strain

(
ε = 4l

l

)
, A is the original cross-sectional area of the wire through which

the force is applied, 4l is the amount by which the length of the wire changes and l is the

original length of the wire.
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Therefore, the elastic energy (Ue ) released by the AE event can be expressed as [96]

Ue =
∫

Fedl =
EA

l

∫
4ldl =

1

2

EA

l
4l2, (3.12)

and the elastic energy per unit volume is

Ue

Al
=

1

2
E

(4l

l

)2

=
1

2
Eε2. (3.13)

Equation (3.13) is used to estimate the elastic energy density that released due to the

AE events [96]- [104].

3.5.4 Modeling the Source

In the acoustic source model, constant volume velocity is used as a flow variable. The

strength of AE source is the flow strength, which is obtained from the amount of elastic

energy dissipation from the AE events.

For the sake of mathematical brevity, the source of AE signal (G) is modeled as [105,106]

G =
∂S

∂t
δ(3)(x− x′), (3.14)

where S is the source flow strength of the signal that obtained from released elastic energy

density, δ(3) is the 3D Dirac delta function and x and x′ are the 3D space vector of the

observation and the source point, respectively.

3.6 Inhomogeneous Acoustic Pressure Model

To obtain the complete acoustic pressure model with source, introduce the source term from

Eq. (3.14) into Eq. (3.9). Therefore, the pressure distribution of AE signal in the fluid

medium inside the pipe can be written as

∇2

(
− 1

ρF

)
P +

1

ρF v2
F

∂2P

∂t2
= G, (3.15)

Eq. (3.15) represents the transient equation (in time domain) of acoustic pressure distri-

bution of AE signal through fluid-filled PCCP.
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Let us assume that, the pressure varies harmonically in time as

P (x, t) = p (x) eiωt, (3.16)

where x is a 3D space vector, p is the time harmonic pressure, ω (= 2πf) is the angular

frequency, f is the frequency of the propagating signal.

By considering the same harmonic time dependence for the source term, Eq. (3.14) can

be written as

g = iωSδ(3)(x− x′). (3.17)

Using Eq. (3.16) and (3.17) into Eq. (3.15), the time harmonic equation (in frequency

domain) of the acoustic pressure can be obtained as

∇2

(
− 1

ρF

)
p− ω2p

ρF v2
F

= g. (3.18)

Equation (3.18) represents the inhomogeneous Helmholtz equation for acoustic pressure

in the fluid medium.

3.7 Fluid vs Surrounding Medium Interaction

Two types of surrounding layered medium interaction, such as, fluid-structure and structure-

fluid and -outer medium, and its effects on the acoustic pressure are considered during the

modeling of wave propagation through the fluid column inside the pipe. Newton’s law of

motion in equilibrium and principle of virtual work are used to model this interaction.

3.7.1 Fluid-Structure Interaction

Initially, the acoustic signal that propagates through fluid column appears as an acoustic

wave pressure on the pipe wall and generates only small displacements. Since the pipe

structure is much stiffer than the fluid, it will interact without causing separation or voids,

which means that the radial displacements and pressure at the fluid-structure interfaces must

be compatible and in equilibrium.
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The acoustic pressure forces that acts on the pipe structure can be written for transient

case as

F P
j = njP, (3.19)

and for time harmonic case as

F P
j = njp, (3.20)

where nj is the outward-pointing unit normal vector and F P
j is the external acoustic pressure

forces in three principal directions.

According to Newton’s law of motion in equilibrium, the total work done in the pipe

structure due to the displacements is equal to the external pressure forces. This force causes

undergo unrelated but consistent displacements and deformations inside the pipe structure,

which can be explained by the principle of virtual work (see Appendix-A).

According to the principle of virtual work, this force can be expressed in terms of stresses

as

F P
j = −∂σij

∂xi

, (3.21)

where σij is the symmetric stress tensor consisting of normal and shear stresses.

The Navier’s equation of equilibrium in the pipe structure in terms of displacement

vector u can be obtained using stress-strain and strain-displacement relationships. For static

case, using these relationships (see Eq. (B.1) and (B.2) in Appendix-B) into Eq. (3.21), the

displacement equation in the structure can be rewritten as

FP = −∇ · (C∇u) . (3.22)

where C is the elastic matrix consisting of Lame’s constants.

In case of transient analysis, Eq. (3.22) can be expressed as [107]

FP = ρ
∂u

∂t2
−∇ · (C∇u) . (3.23)

In time domain, Eqs. (3.19) and (3.23) are used to calculate the displacement in the pipe

structure due to the acoustic pressure forces.
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For time harmonic analysis, Eq. (3.23) becomes

FP = −ω2ρu−∇ · (C∇u) . (3.24)

Eqs. (3.20) and (3.24) are used in frequency domain, to calculate the displacement in the

pipe structure due to the acoustic pressure forces.

3.7.2 Structure-Fluid Interaction

In equilibrium, the displacement in the structure generates the same but opposite amount

of traction forces on the pipe wall.

In time domain, this forces can be written as

F T
j = −nj

∂u
′
ij

∂xi

= −injω
∂uij

∂xi

, (3.25)

and in frequency domain, it can be expressed as

F T
j = −nj

∂u
′′
ij

∂xi

= njω
2∂uij

∂xi

, (3.26)

Here (′) represents the time derivative of displacement vector and F T
j represents the time

harmonic traction forces acting in three principal directions.

The traction forces that act on the pipe wall interact with the acoustic pressure forces as

a elastic waves. To couple the response of structure to the fluid column, Eq. (3.26) can be

written in terms of acoustic pressure in time domain as [107]

FT = −n ·
(
− 1

ρF

∇P

)
. (3.27)

and in frequency domain as

FT = −n ·
(
− 1

ρF

∇p

)
. (3.28)

Eqs. (3.25) and (3.27) are used to calculate the acoustic pressure variation in time domain

and Eqs. (3.26) and (3.28) are used to calculate the acoustic pressure variation in frequency

domain, in the fluid column due to the traction forces on the pipe wall.

Similarly, the interaction between the pipe structure and the outer medium can be ob-

tained by using the similar relationships. However, the elastic waves that are generated in
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the surrounding layered medium (e.g. pipe structure and outer medium) due to the acoustic

signal, are obtained by using the equations above. These elastic waves are then transmitted

back into the fluid inside the pipe and thereby, affecting the characteristics of the propagation

of acoustic signals.

3.8 Summary

The derivation of acoustical model based on Navier’s equation of motion for the acoustic

wave propagation through fluid-filled pipe is described. By using Newton’s law of motion in

equilibrium and the principle of virtual work, the derivation of fluid-structure and structure-

fluid and -outer medium interaction is described. The acoustic source model is described by

using Hook’s law for the released elastic energy of the AE events.

The model that developed in this chapter is the basic mathematical model of the acoustic

wave propagation through fluid-filled pipe. Using the same model the analysis of acoustic

wave propagation through any type of cylindrical shells immersed or surrounded by different

types of medium can be possible.
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Chapter 4

Tube Wave Analysis

4.1 Introduction

At low frequencies AE signal, there is only Stoneley or tube mode that exists as a propagating

mode with the plane wavefronts, which is affected by the characteristics of the pipe and the

surrounding medium. The time response of the system is suitable to explore this tube

wave effect on the propagating AE signal. The time domain acoustic model is used for this

purpose. To understand the characteristics of WRE vibration and the impact of path on the

vibration AE signal, the dispersion behaviour of wave propagation is analyzed for various

pipe profiles surrounded by different soil medium. The low frequency transient analysis of

the pipe system is taken at different points inside the pipe to investigate the result.

The significance of the tube wave analysis is described in Section 4.2. The analytical

model of the tube wave is given in Section 4.3. The theoretical results obtained from this

model are used for comparison. In Section 4.4, the acoustical model, which is used for numer-

ical simulation is described in brief. The solution methodology, such as, model description,

boundary conditions, and discretization are described in Section 4.5. The results and dis-

cussions are presented in Section 4.6. Finally, the summary of this Chapter is described in

Section 4.7.
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4.2 Significance of Tube Wave Analysis

The tube wave analysis of plane wave propagation in the fluid-filled pipe is used in the

measurement of acoustic properties of substance [41]- [44]. Another common use is the

impedance tube [108]- [113], in which the acoustic properties of an elastic material termi-

nating the waveguide are measured. The seismic monitoring of underground fluid reservoirs,

borehole coupling of dam site investigation, groundwater aquifers, etc. are the examples of

real-time application of this analysis [114]- [122]. In seismic monitoring of underground fluid

reservoirs, this type of analysis provides an update of the changes between wells, which will

enable field operators to detect changes in the reservoirs as oil is pumped out of reservoirs

and water is pumped in. Such monitoring will enable users to obtain information about the

water front propagation in the reservoirs to prevent the premature water flooding, reservoir

disintegration, and well-blocking. In dam site investigation, the scope of this analysis is to

observe the sediment rigidity, shear wave velocity, and consolidation history of the clays.

Many researches were performed on this matter for its technological importance.

In the PCCP, the plane wave propagation is used to measure the impact of path on

the vibrating signal generated by the acoustic emission of WRE. This was established that

at low frequencies when the wavelengths are much larger than the pipe radius, where the

stoneley or tube mode is the only propagating mode with plane wavefronts in the fluid [41]-

[44], [123,124]. However at high frequencies, there also exist Rayleigh or shear modes which

exhibit oscillatory amplitudes in the fluid and a decaying amplitude in the pipe and the

surrounding medium. Therefore, care should be taken during the simulations to avoid the

excitation of higher-order modes for meaningful results.

As far as our knowledge, there is no systematic theoretical analysis of tube wave effect on

AE signal propagation through water-filled PCCP. In this work, the time domain acoustical

model is carried out for the numerical analysis of the PCCP with a range of radii, thickness,

and stiffness of the pipe and surrounded by different soil medium.
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4.3 Tube Wave Analysis

The effect of path on low frequency AE signal propagation can be illustrated by the tube

wave analysis at different pipe profile. The characteristics of pipe profile mainly depend on

dimensions and elastic properties of the pipe materials and the surrounding medium. The

elastic waves that are generated in the pipe structure due to the AE signal depends on these

characteristics. However, during the propagation this elastic wave is transmitted into the

fluid and decreases the velocity of acoustic wave of AE signal. This reduced wave is known

as a ‘Tube Wave’.

The phase velocity of the plane wavefront acoustic wave inside the pipe can be obtained

from tube wave analysis. Mathematically, this this tube wave (vT ) can be expressed as [125]

vT =

[
1

v2
F

+
ρF

ML

]1/2

, (4.1)

where

ML = EL

[
2(1 + νL) +

D2

t(D + t)

]−1

, (4.2)

and D is the diameter of the pipe, EL, νL and t are the elastic (Young’s) modulus, poisson’s

ratio and thickness of the surrounding layered medium, respectively.

In this work, the expression given in Eq. (4.1) is used to calculate the theoretical values

of tube waves (vT ) of low frequency AE signal, that propagate into the fluid-filled PCCP.

4.4 Acoustical Model

In this analysis, the time domain inhomogeneous acoustical pressure equation is used as a

mathematical model. From Eq. (3.15) it can be written as

∇2

(
− 1

ρF

)
P +

1

ρF v2
F

∂2P

∂t2
= G, (4.3)

where P is the transient pressure, ρF is the fluid density, vF is the speed of signal in the fluid

medium, and G is the source of AE signal in time domain.

Eq. (4.3) is used throughout the analysis for the low frequency AE signal propagation in

the fluid inside the pipe.
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In case of elastic pipe, there is an interaction between the fluid pressure, the pipe and

the surrounding medium, which causes tube wave effect on the original acoustical signal. In

this work, Eqs. (3.19) and (3.23) are used to calculate the displacement effect in the pipe

structure due to the acoustic pressure and Eqs. (3.25) and (3.27) are used to calculate the

acoustic pressure variation in the fluid column due to the traction forces on the pipe wall.

4.5 Solution Methodology

In this chapter, the numerical problem is solved for the acoustic pressure (P) distribution

of AE signals through fluid-column only. During the solution, the fluid-structure and the

structure-fluid and -outer medium coupling equations are used to simulate the effects of the

surrounding medium into the acoustic pressure of the fluid.

This section contains a general description of the numerical implementation steps, which

are required for the simulation of any type of fluid-filled elastic pipe (PCCP) model. Sec-

tion 4.6 describes the specific model with necessary requirements.

4.5.1 Model Description

Consider a uniform and smooth circular shape pipe structure surrounded by a soil formation

and aligned along the x-direction. The base dimensions and the cross-sectional view of the

model geometry are shown in Fig. (4.1).

For simplicity, consider a pipe structure which consists of high-strength concrete only

and does not account for fluid flow velocity. The simplification does not significantly impact

the results of the analysis, but does result in a significant reduction in the computational

resources [9]. Damping is absent in all media. The physical properties of the fluid (water)

and surrounding solid materials are given in Table (4.1).

4.5.2 Boundary Conditions

The boundary conditions that are applied to this model are as follows:

• continuity of pressure in the fluid to pipe structure,
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Figure 4.1: Cross-sectional view of model geometry with dimensions.

Table 4.1: Properties of the medium.

Properties Fluid (Water) Concrete Soil

Density of medium (ρ), kgm−3 997 2400 1270

Speed of acoustic wave (v), m s−1 1500 – 463

Elastic (Young’s) modulus (E), Pa – 409 –

Poisson’s ratio (ν) – 0.33 –

• continuity of acceleration in the pipe to fluid/soil medium, and

• radiation condition in the outer model boundary.

The acoustic pressure (in the fluid domain) of AE signal acts as a boundary load on the

3D solid pipe structure to ensure the continuity of pressure. Mathematically this boundary

condition can be expressed as [107]

FP = nP. (4.4)

This boundary load acts as an external force on the fluid-pipe surface which causes con-

sistent displacements and deformations inside the pipe structure. According to the principle

of virtual work (see Appendix-A), the total work from stress-strains of the structure is equal
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to the work from the external forces. To satisfy the Newton’s second law of motion, these

stresses and strains are calculated using the normal acceleration of the pipe surface at the

fluid boundary which ensures the continuity of acceleration.

The mathematical expression for the acceleration is

FT = −n∇u
′
. (4.5)

Finally, the radiation boundary condition is used on the outer perimeter of the model.

For the outward traveling wave, this boundary condition provides minimal or no reflections

from the model boundary.

Along the pipe axis, the radiation boundary condition is used with the plane wave prop-

agation as [126]

n ·
(

1

ρ
∇P

)
+

1

ρv
P +

∂P

∂t
= 0. (4.6)

At the outer cylindrical surface, the radiation condition with the cylindrical wave prop-

agation is used as [127]

n ·
(

1

ρ
∇P

)
+

1

ρ

(
1

v

∂P

∂t
+

1

2r
P

)
= 0, (4.7)

where r is the shortest distance between the sources to the point of interest.

4.5.3 Model Discretization

For the numerical solution, it is necessary to discretize the model into small segments with a

fixed wavelength that must be resolved. In addition, small features in the geometry and/or

near the interface boundary or source vicinity model have high local pressure gradients that

must be resolved appropriately to obtain a consistent global solution.

The FEM based analysis is used to handle this mathematical integrity and coupling

equation between different physical layers. The commercial FEM based software COMSOL

Multiphysics is used to handle these complex issues. This software can handle the coupling

effect of acoustic pressure from the fluid to the structure and the displacement from the

structure to the fluid and the outer medium, efficiently. In this particular model, the second

50



order polynomial basis functions are used to derive the discretized model. The maximum

element size of 0.2 λ (where wavelength λ = v/f ) is used with the second-order element to

satisfy the rule-of-thumb minimum of ten degrees of freedom per wavelength for a reliable

solution [107].

4.6 Results and Discussion

The transient analysis of mathematical model outlined above is applied in two scenarios,

namely water-filled elastic pipe in the air and in the soil media. During the simulation,

different dimensions and stiffness of the layered media were investigated. This illustrates the

effect of pipe profiling on the tube mode propagation of AE signal through water-filled elastic

pipe (PCCP). All simulations are done for the 0.2 kHz excitation frequency as this frequency

is below the first cut-off frequency of the pipe used here and wavelength greater than the

diameter of the pipe for tube wave analysis [36]. The constant volume velocity source [95] is

used with the source flow strength 10−2 m3 s−1, to optimize the result. In order to verify the

simulation results with the calculated theoretical values from Eq. (4.1), the time response of

the system is taken at selected points in the pipe (at 0m, 25m, 50m, 75 m, 100m, 125m,

150m, 175m, 200 m from source).

4.6.1 Effect of Pipe Elasticity

In this case we considered the water-filled elastic pipe in the air medium. The pipe with

radius R=0.5m and thickness tp =0.1m is used for this purpose. The elastic (Young’s)

modulus (Ep) of the pipe materials varies as 20GPa, 30GPa and 40GPa with densities (ρp),

2200 kgm−3, 2300 kgm−3 and 2400 kg m−3, respectively. Other properties of the pipe and

the fluid are kept constant as in Table (4.1).

From the Fig. (4.2) it is seen that, the calculated theoretical tube wave velocities which is

given below in each graph, is matched with the wave speed as seen in the simulation results.

As for example in Fig. (4.2)(a), the calculated vT is 985 m s−1, therefore, the time required

to travel the AE signal from the source to 50m distance is 0.051 sec, which is same as seen
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Figure 4.2: Tube wave response of water-filled elastic pipe at (a) Ep =20 GPa, (b) Ep =30 GPa,
and (c) Ep =40 GPa. 52



in the graph. Similarly, we can verify the simulation results for other distances.

From the results shown in Fig. (4.2) we can also observe that, the propagation speed

is reduced to a lower speed due to the tube wave effect [36], compared to the speed of the

acoustic wave in the water (approximately 1500m s−1). The pipe stiffness increases with

the increasing pipe elastic properties, which increases the wave’s signal strength. This is

the case because, the amount of signal energy penetration throughout the pipe structure

decreases with the increasing pipe stiffness. Therefore, in all of the graphs above, it is clear

that the AE signal propagation in water-filled elastic pipe is affected significantly by the pipe

properties.

4.6.2 Effect of Pipe Dimensions

To observe the effect of pipe dimensions, the variable dimensioned water-filled elastic pipe

in an air medium with fixed pipe properties (Ep =40 GPa, ρp =2400 kgm−3) is used. In this

case pipe thicknesses of tp =0.1m, 0.15m and 0.2 m with a fixed pipe radius (R=0.5m)

is used. Next the pipe radius is varied as (R=0.5m, 1.0m and 1.5 m) with a fixed pipe

thickness of tp =0.1 m. The other properties of the pipe and the fluid medium are taken

from Table (4.1). The results for the R= 0.5 m and tp =0.1 m pipe are same as the results

shown in Fig. (4.2)(c) and for other dimensions results are shown in Fig. (4.3) and (4.4),

respectively.

From the graphs it is seen that, the simulation results of wave speed are in agreement

with the theoretical calculated value given below in each graph. Moreover, from Fig. (4.2)(c)

and (4.3) it is seen that increasing the pipe thickness increases the stiffness, which increases

the tube wave speed. On the contrary in Fig. (4.2)(c) and (4.4), increasing the pipe radius

decreases the system stiffness, which decreases the tube wave speed. In both cases, the signal

strength decreases with the decreasing pipe stiffness. The important conclusion from this

section is that the AE signal propagation in the water-filled elastic pipe is affected by the

pipe dimensions.
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4.6.3 Effect of Soil Medium

Next, the effect of surrounding soil formation on the water-filled elastic pipes is explored. The

thickness of the cylindrical soil layer (ts) is taken as three times the pipe radius to optimize

the results. All other variables, such as, pipe dimensions (e.g. R=0.5m, tp =0.1 m), pipe

properties (e.g. Ep = 40GPa, ρp =2400 kgm−3), fluid properties (Table (4.1)) are kept as

constants.

Table 4.2: Properties of the soil sample.

Soil Sample Soil Series (Code) Density (ρs), Propagation
kgm−3 Speed (v),m s−1

Sandy Loam Adrian (ADA) 920 373

Silt Loam Catlin (CAB) 1270 463

Sand Plainfield (PLA) 1510 634

Unlike the case of fluid or pipe material properties, the selection of soil properties cannot

be known with same accuracy due to numerous uncertainties. The soil properties vary

according to the type and the depth of the pipe. However, in this work the focus is the

extent to which soil properties affect the AE signal propagation in the water-filled elastic

pipes (PCCPs). Therefore, we choose three kinds of soil sample from the soil textural

triangle [128], such as, Sandy Loam (Adrian soil), Silt Loam (Catlin soil) and Sand (Plainfield

soil), to cover the wide range of soil elastic properties (Table (4.2) [129]).

Figures (4.5)(a), (b), and (c) show the simulation results of the AE signal propagation

through the elastic pipe, which is surrounded by the Adrian, Catlin and Plainfield soil,

respectively. By comparing these results with the theoretical tube wave velocities (vT ) which

is given below each graph, found a good agreement. However, if we compare these results

with the result of the same pipe in the air medium (Fig. (4.2)(c)), we can see that the

tube wave velocities are nearly the same in all cases. This means that, the surrounding soil

formation does not have any significant effect on the tube wave propagation. This is believed

to arise from the fact that the stiffness of the soil medium is only one thousandth of stiffness

of the PCCP. Therefore, from the graphs above, it is clear that the AE signal propagation
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Figure 4.5: Tube wave response of water-filled elastic pipe at (a) Adrian soil, (b) Catlin soil, and
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in the water-filled elastic pipe (PCCP) is not affected by the surrounding soil medium.

4.6.4 Effect of Guided Path

The other effects observed in the simulation results can be explained by the effect of guided

path as follows. In the model, a long circular shaped pipe is used, which acts as a cylindrical

wave guide for the AE signal propagation. The excitation frequency is 200Hz, which is below

the first cut-off frequency of the pipe. Therefore, from the simulation results (Figs. (4.2),

(4.3), (4.4) and (4.5)) it is observed that, there is only ’zero’ order mode propagation exists

in the pipe. During the propagation, the initial pulse is extended due to the dispersion of

the wave’s high frequency components. The signal level in the graphs decreases rapidly with

the distance the wave has traveled from the source. Initially, this signal travels at a very

high speed, because close to its source, it travels as a spherical wave. Later on, when the

wave extends over the entire cross-sectional area of the pipe, it travels as a planar wave with

the expected speed of the main signal. Therefore, the size and the shape of the path also

effects the AE signal propagation.

4.7 Summary

The impact of the path on the low frequency AE signal propagation is illustrated. The tube

wave effects were observed under plane-wave propagation and verified with the calculated

theoretical values. The effect of surrounding formation on the acoustic signal in the fluid

medium are observed for different types of soil. The simulation results are verified with the

theoretical values.

The theoretical studies presented in this chapter can produce the fundamental concepts

of low profile acoustic signal in the AE monitoring system.
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Chapter 5

Eigenfrequency Analysis

5.1 Introduction

In industrial applications, the acoustic signals are generated through the breakage or sliding

of steel wires that are prestressed to structurally enforce the pipes. These signals feature

certain frequency spectral characteristics that are close to the eigenfrequency of the piping

system. Through eigenfrequency analysis, many important mathematic features of such

propagation can be revealed to help understand and interpret the AE testing data. The

frequency domain numerical analysis of the acoustical model is carried out to determine the

eigenfrequency, modes of propagation, cut-off frequency, and phase speed of acoustic wave in

elastic pipes with a range of radii, stiffness and thickness of pipe and surrounding medium.

This chapter presents the numerical investigation of this problem. The significance of this

analysis is described in Section 5.2. Insightful observations for eigenfrequencies and modes

of propagation of the AE signal are observed using eigenfrequency and modal analysis. In

Section 5.3, both the analytical and the simulation model for eigen and modal problems

are presented for this purpose. The boundary conditions and the numerical study of the

problem are given in Section 5.4 and 5.5, respectively. In Section 5.6, the numerical results

are presented and compared with the analytical solutions. Finally, the summary of this

Chapter is described in Section 5.7.
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5.2 Significance of Eigenfrequency Analysis

The eigenfrequency analysis of piping system is used in thermodynamic or chemical engi-

neering processes for many years, which are generally subjected to static or time dependent

variable loads. In time dependent cases, these loads generate acoustic sources which may

lead to excessive noise level in the piping system. Many researches [130]- [142] were per-

formed on this matter for its technological importance and the performance degradation of

the piping system. The eigenfrequency analysis also used in the design of Tunable Vibra-

tion Absorber (TVA) [143]- [152], which is important for noise reduction in HVAC system,

aero-elastic wind tunnel investigations and turboprop noise spectra reduction in aircraft.

In the PCCP, the acoustic signals are generated through the breakage or sliding of rein-

forced wires. These signals feature certain frequency spectral characteristics that are close

to the eigenfrequency of the piping system. This signal degrades the performance of the

condition monitoring of piping system. As far as our knowledge, there is no systematic the-

oretical analysis on this problem in the open literature. In this chapter, the eigenfrequency

analysis of these events is taken as a principal interest.

In the work, eigenfrequency analysis is used to identify the system’s resonance frequencies

and its effect on the acoustic signal. From the analysis, it is also possible to obtain waveg-

uide properties for various radius, stiffness and thickness of the pipe immersed in different

medium, where analytical solutions might not be known. In addition, the modal analy-

sis is performed to identify the systems dynamic characteristics, such as, cut-off frequency,

propagation constant and the number of propagating modes.

In the pipeline, the guided waves propagate with very complicated wave structures due

to a mixture of multi-modes and mode conversion, which prevents guided waves from being

widely used. Modal analysis and simulation of guided wave propagation are very useful for

solving these problems. The use of guided waves in NDT of piping system is an attractive

and widely used technique [153]- [157]. In piping system, the scope of this analysis includes

the evaluation of dispersion behaviour of guided waves in hollow or liquid-filled cylinders. In

long-range inspection of pipes, this guided waves largely reduces inspection time and costs
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compared to the ordinary point by point testing in large pipelines [158]- [162].

5.3 Eigenfrequency and Modal Analysis

The eigenfrequencies of any mechanical system have many interesting mathematical prop-

erties and direct physical significance on the system’s resonance frequencies. Each eigenfre-

quency represents the system’s natural frequency of vibration at which the system absorbs

more energy than other frequencies. At these frequencies, small or even zero driving forces

can produce large amplitude vibrations, because of the stored vibrational energy. Therefore,

in NDT where the measured acoustic signal is analyzed, it is important to know the eigenfre-

quencies of the system, since, they can change the characteristics of the propagating signal.

Prior knowledge of these frequencies is therefore important to identify the actual acoustic

signal.

The acoustic signals generated in the PCCP have different frequency spectra, which con-

sist of low to high frequency signals [76,77]. These signals propagate through the fluid column

inside the pipe as a guided wave. This propagation deteriorates when it passes through a

number of media, such as, fluid, pipe and surrounding medium. At the beginning, this wave

propagates as a spherical wave, after few moments when the wave dominates all the cross-

section of the pipe it propagates with very complicated wave structures due to the mixture

of multi-modes and mode conversion. At low frequencies, the wave propagates as an evanes-

cent mode with plane wavefront. These waves can not propagate for long distances, where

both pipe structure and fluid dissipates its energy due to very low viscosities and material

damping [163]. At high frequencies, it has also propagating mode which exhibits oscillatory

amplitude in the fluid and a decaying amplitude in the pipe structure, and propagates a

far distance. The number of propagating modes grows proportional to the signal frequency.

Consequently, more modes cause complicated dispersion characteristics. In elastic pipe, such

waves have strong dispersive phenomena [142]; as a result, there exist several wave modes in

the same propagating signal. Therefore, the modal analysis is important to determine the

dynamic characteristics of the system.
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5.3.1 Eigenfrequency Analysis

In the eigenfrequencies analysis, the frequency domain homogenous acoustic pressure equa-

tion is used for the numerical simulation. The homogeneous equation developed in Chapter 3

is in time domain. In frequency domain, using the time harmonic pressure Eq. (3.16) into

Eq. (3.9), the homogeneous acoustic pressure equation can be obtained as

∇2

(
− 1

ρF

)
p− ω2p

ρF v2
F

= 0. (5.1)

where p is the time harmonic pressure, ρF is the fluid density, vF is the speed of signal in

the fluid medium, ω (= 2πf) is the angular frequency, f is the frequency of the propagating

signal.

Eq. (5.1) is used for the numerical analysis of eigenfrequencies of the AE signal propaga-

tion in the fluid inside the pipe.

For the elastic pipe this propagation is affected by the pipe and surrounding medium

characteristics. Eq. (3.20) and (3.24) are used to consider the fluid to structure effect and

Eq. (3.26) and (3.28) are used to consider the structure to fluid and outer medium effects in

the simulation.

Eq. (5.1) shows that, the solution becomes zero except at a discrete set of eigenfrequencies

with a well-defined shape of undefined magnitude.

Theoretically, the eigenfrequency of a cylindrical pipe depends on the pipe length, end

condition (e.g. open or close) and speed of acoustic wave inside the pipe. The eigenfrequency

equation of an open ended hollow and rigid cylindrical pipe can be expressed as [164]

fe =
mv

2l
, (5.2)

where m is the positive integer (1, 2, 3, · · ·) representing the eigenmodes, v is the velocity of

acoustic wave inside the pipe medium, l is the length of the pipe.

5.3.2 Modal Analysis

Let us assume that the acoustic pressure varies harmonically in longitudinal direction (say

z) as shown in Fig. (5.1). Therefore, the modal description can be obtained from Eq. (3.18)
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by replacing the pressure as

p (x) = p (x, y) e−ikzz, (5.3)

where kz represents the longitudinal wave number in z direction.

Substituting Eq. (5.3) into Eq. (3.18) and eliminating all the z dependence, we have

∇2

(
− 1

ρF

)
p−

(
ω2

v2
F

− k2
z

)
p

ρF

= g. (5.4)

By solving Eq. (5.4) at a given frequency with a nonzero excitation, one can obtain

the most axial wave numbers. These values are the propagation constants of evanescent

(stoneley) or propagating (rayleigh) waveguide modes.

The frequency related to each mode is the modal or cut-off frequency of the guided path.

It is the critical frequency between propagation and attenuation, which can be obtained

as [165]

fc =
1

2π

[
ω2 − k2

zv
2
F

]1/2
. (5.5)

Theoretically, the modal frequency of fluid-filled cylindrical pipe with infinite stiffness

surface can be calculated as [166]

fc =
vF zmn

2πr
with J

′
m (zmn) = 0, (5.6)

where r is the radius of the pipe, zmn is the n-th root of the first derivative of Bessel function

J
′
m.

5.4 Boundary Conditions

A set of boundary conditions are used to reflect the physics properly at the interface between

different layers of modeling domain and the boundaries.

5.4.1 Rigid Pipe with Infinite Stiffness

If we consider a fluid-filled rigid pipe with infinite stiffness, a Neumann (sound hard) bound-

ary condition is required at the fluid-pipe interface. It represents a vanishing normal com-
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ponent of the particle velocity at the boundary. For cylindrical pipe, this leads to [165]

n · φ = 0 ⇒ ∂φ

∂n
= φr = 0, (5.7)

at r = R for every φ and z, which satisfies

J
′
m (kmnR) = 0, (5.8)

here φr is the radial component of velocity potential, R is the inner radius of the pipe, kmnR

is the roots of the first derivative of Bessel function J
′
m, kmn is the rigid pipe wave number

of the m-th order wave and the n-th order Bessel function.

In the acoustic pressure model, this boundary condition can be written as [107]

n · ∇
(

1

ρF

)
p = 0. (5.9)

5.4.2 Elastic Pipe with Finite Stiffness

In case of elastic pipe with finite stiffness there would be an interaction between the fluid

pressure and the pipe structure. As a result, the elastic wave that generated in the structure

due to the acoustic signal transmits into the fluid during the wave propagation. Necessary

boundary conditions are required to represent this interaction.

In the model, the continuity of pressure from the fluid to the pipe and the continuity of

stresses from the pipe to the fluid are imposed. It should be noted that similar boundary

conditions are also applied at the outer pipe surface when it interacts with the surrounding

formation.

In the formulation, the boundary condition of continuity of pressure represented as body

forces

FP = np. (5.10)

This body forces causes consistent displacement and deformations inside the pipe struc-

ture. As per Newton’s second law, this causes opposite, but the same amount of traction

forces on the acoustic pressure. Therefore, the boundary condition of continuity of stresses

represented as traction forces

FT = nω2∇u. (5.11)
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5.4.3 Radiation Boundary Conditions

For the outward traveling wave, the radiation boundary conditions are used on the outer

perimeter of the solution domain, which provides minimal or no-reflection from the boundary.

Along the pipe axis, the plane wave radiation boundary condition is used. In time

harmonic case, it can be written as [126]

n ·
(

1

ρ
∇p

)
+ i

k

ρ
p + i

4T

2k
p = 0, (5.12)

where 4T represents the Laplace operator in the tangent plane at a particular point on the

boundary and k = ω
v

is the wave number and v is the acoustic wave velocity in the medium.

At the outer cylindrical surface, the cylindrical wave radiation condition is used. In

time-harmonic mode, it can be expressed as [127]

n ·
(

1

ρ
∇p

)
+

1

8r

(
3 + 12ikr − 8k2r2

1 + ikr

)
p

ρ
+

r4T p

2(1 + ikr)ρ
= 0, (5.13)

where r is the shortest distance between source to the point of interest.

5.5 Numerical Study

Let us consider a uniform and smooth fluid-filled PCCP surrounded by a cylindrical for-

mation and aligned along the z-direction. Typical dimensions and orientation of one pipe

section (approx. 3m long) is shown in Fig. (5.1).

Fluid

PCCP
Formation

3 m

0.1 m

1 m

x

y z

Figure 5.1: Typical model geometry with dimensions.
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To optimize the computational burden with minimum boundary reflection, the dimen-

sions and boundary conditions of solution domain are considered carefully. For simplicity,

assume the pipe structure to consists of high-strength concrete only and is filled with static

fluid (water). Damping is absent in all medium. In comparison with computational brevity,

this simplification does not give any significant effect on the final results [9].

5.5.1 Finite Element Analysis

The commercial finite element code (COMSOL Multiphysics) is used to handle the generic

3D geometry, mathematical integrity and coupling equation between different physical layers.

For the numerical computation, the model is discretized into small segment using Femlab’s

mesh generator. The second order polynomial basis functions are used to solve the model.

The maximum element size 0.2λ (wavelength λ = v/f ) is used with the second-order

element to satisfy the rule-of-thumb minimum of ten degrees of freedom per wavelength

for the reliable solution [107]. The longitudinal cross-sectional view of the meshed model

geometry of Fig. 5.1 at 1.2 kHz frequency is shown in Fig. (5.2). The mesh consists of 826,711

tetrahedral elements and 143,709 vertices.

Formation
(Cylindrical)

Pipe

Fluid

Figure 5.2: Meshed geometry for finite element analysis.

5.6 Results and Discussion

The results obtained from the rigid and elastic pipe with infinite and finite stiffness, respec-

tively for various dimensions of the pipe and medium characteristics are presented. For the
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rigid pipe the simulated results are compared with the analytical solutions using Eqs. (5.2)

and (5.6). Similar analysis is also performed for elastic pipes, where analytical solutions

are unknown. However, the simulated results are analyzed and validated as per theoretical

and physical concept. In both cases, the phase velocity of plane wavefront inside the pipe is

compared using tube wave analysis (refer Chapter 4).

The following values of the parameters have been used for the numerical study: den-

sity of fluid (water), air, concrete and soil are 997 kg m−3, 1.25 kg m−3, 2400 kg m−3, and

1270 kg m−3, respectively; acoustic wave speed in unbounded water, air and soil medium are

1500m s−1, 343m s−1 and 463m s−1, respectively; poisson’s ratio of concrete is 0.33.

Other parameters that varied during the simulation are: inner radius, R = 0.5m (default),

0.7m, 1.0m; pipe thickness, tc = 0.1m (default), 0.15m, 0.2 m; young’s modulus of elasticity

of concrete, E = 20 GPa, 30GPa, 40 GPa (default); outer formation, air, water, soil.

To avoid the computational burden, the solutions up to 6 kHz for cut-off frequency and

up to 1.2 kHz for eigenfrequency were evaluated. These frequencies are sufficient to get the

reasonable results for the analyses of the system presented in this study.

5.6.1 Rigid Pipe Solution

The numerical results of cut-off frequency obtained from analytical and simulated solutions

are shown in Table (5.1). The modal analysis is used to obtain these simulated cut-off

frequency of various radii rigid pipe. From the results it is seen that, increasing the inner

radius reduces the cut-off frequency of rayleigh modes, which also satisfies the analytical

solution. In this work, the analysis is computed up to 10-th mode of propagation and

found only 0.2 to 0.5 % variations in the simulated results when compared to analytical

solutions. And hence, the numerical solutions provide acceptable results to a reasonable

level of accuracy.

The results easily identify the various propagating modes, their excitation frequency as

well as the impact of the pipe radius. It is seen that, the number of propagating modes

decreases with decreasing pipe radius, and vice versa. This signifies that, in the lower
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Table 5.1: Analytical and simulated results of cut-off frequency of the rigid pipe.
Mode of Analytical,Simulated,Analytical,Simulated,Analytical,Simulated,
Propaga. fc (Hz) fc (Hz) fc (Hz) fc (Hz) fc (Hz) fc (Hz)

(m,n) R = 0.5 m R = 0.7m R = 1.0 m
0,0 0.00 0.00 0.00 0.00 0.00 0.00
1,1 879.01 879.10 627.87 627.92 439.51 439.55
2,1 1458.18 1458.34 1041.56 1041.64 729.09 729.14
0,1 1829.65 1820.64 1306.55 1306.81 914.58 914.75
3,1 2005.83 2006.16 1432.74 1432.84 1002.91 1002.96
4,1 2538.68 2539.71 1813.34 1813.68 1269.34 1269.49
1,2 2545.37 2546.34 1818.12 1818.41 1272.68 1272.81
5,1 3062.94 3065.03 2187.81 2188.40 1531.47 1531.68
2,2 3201.88 3204.17 2287.06 2287.56 1600.94 1601.05
0,2 3349.89 3352.79 2392.44 2393.25 1674.71 1674.94
6,1 3581.46 3585.69 2558.19 2559.10 1790.73 1790.94
3,2 3826.88 3832.40 2733.49 2734.65 1913.44 1913.69
1,3 4075.64 4083.60 2911.17 2912.83 2037.82 2038.16
7,1 4095.22 4103.42 2925.15 2927.07 2047.61 2048.09
4,2 4431.83 4442.91 3165.59 3167.96 2215.91 2216.43
8,1 4606.10 4619.99 3290.07 3293.07 2303.05 2303.66
2,3 4760.32 4775.58 3399.89 3403.11 2379.92 2380.60
0,3 4857.73 4875.47 3469.46 3473.22 2428.62 2429.38
5,2 5022.45 5042.04 3587.47 3591.78 2511.23 2512.20
9,1 5114.13 5138.25 3652.95 3658.01 2557.06 2558.03
3,3 5416.84 5446.86 3869.17 3875.39 2708.66 2709.73
6,2 5603.00 5624.15 4001.84 4000.33 2801.29 2795.82
10,1 5627.00 5627.29 4014.12 4009.20 2809.88 2802.86

diameter pipe it is difficult to detect the low frequency acoustic signal by placing the sensors

at far distance. The modal analysis is also useful to determine the modes of propagation for

elastic pipe with complicated structure and medium, where direct analytical solution might

not be known. This information is important for the placement of sensors in AE monitoring

system to locate the corroded areas.

Figure (5.3) shows the simulation result of eigenfrequency of water-filled rigid pipe at

different radii. The numerical results obtained from analytical solution (using Eq. (5.2)) and

simulated solution (using eigenfrequency analysis) are shown in Table (5.2).
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Table 5.2: Analytical and simulated results of eigenfrequency of the rigid pipe.
n Analytical, Simulated, fe (Hz) Simulated, fe (Hz) Simulated, fe (Hz)

fe (Hz) R = 0.5m R = 0.7 m R = 1.0 m
0 0.00 0.00 0.00 0.00
1 107.143 107.142 107.142 107.142
2 214.286 214.285 214.285 214.285
3 321.429 321.429 321.429 321.429
4 428.571 428.577 428.574 428.575
5 535.714 535.730 535.724 457.378
6 642.857 642.898 632.881 469.761
7 750.000 750.084 653.402 505.090
8 857.143 857.278 662.127 535.726
- - 914.815 687.645 559.036
- - 921.065 728.192 626.817
- - 939.586 750.052 642.889
- - - 781.437 704.464
- - - 844.993 750.067
- - - 857.211 789.091
- - - 916.737 837.508
- - - - 844.334
- - - - 857.261
- - - - 864.495
- - - - 878.712
- - - - 897.111
- - - - 940.893
9 964.286 964.585 964.454 964.519
- - 969.667 994.923 971.906
- - 1010.295 1010.259 972.121
- - - 1060.248 994.373
- - - - 1056.122
- - - - 1068.059
10 1071.428 1071.900 1071.721 1071.823

From the results of Fig. (5.3) and Table (5.2), it is seen that the pipe radius does not

have any influence on the eigenfrequencies of the coupled system, at least, up to the first

modal cut-off frequency. The analytical value of the cut-off frequency (fc) is given below in

the caption of respective graph. The eigenfrequencies, up to the first modal cut-off point, are

separated at regular intervals. This satisfies the basic physical theory expressed in Eq. (5.2).
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But after the first cut-off frequency (at rayleigh modes), eigenfrequencies change very rapidly.

These frequencies cannot be determined analytically, as the fundamental assumption of plane

wave propagation is not valid when the rayleigh modes are cut-on. The rate of information

transmission grows in proportion to the frequency of the excitation. Moreover, the higher

the pipe radius, the more modes propagate (as shown in Table (5.1)) and the stronger the

dispersion. The presence of additional eigenfrequencies between the higher order modes is

evident in the results. The analytical method, due to its simplicity, fails to identify all

possible eigenferquencies when the modes start propagating within the pipe.

The result shown in Fig. (5.3) also identifies the velocity of eigen waves, where the first

eigen wave represents the phase speed of acoustic wave inside the pipe in the fluid medium.

In this case it is 1500 m s−1, which is the same as the phase speed of water in unbounded

media. This velocity is comparable with the theoretical phase velocity (vT ), obtained from

the tube wave analysis. The theoretical value is given below in each graph. The results show

that the velocity does not change with the pipe radius and has a good agreement with the

rigid pipe criteria.

The significance of this analysis is that it can be applied to determine the phase speed

of acoustic signal in elastic pipes of different profile and different surrounding medium.

This knowledge is important for the AE monitoring system to localize the acoustic events.

Moreover, the information about the additional vibrating signal in the elastic pipe can be

obtained from this analysis, which may change the characteristics of the original AE signal.

In some cases, this may lead to a false or wrong signal in the sensors. Therefore, in the pipe

monitoring system, eigenfrequency analysis is important for the proper information about

the recorded acoustic signal.

5.6.2 Elastic Pipe with Finite Stiffness

In this case, the water-filled concrete pipe is considered as an elastic pipe with finite stiffness.

The acoustic signal propagating in the water has an interaction with the pipe structure, and

vice versa. As a result, eigenfrequency, cut-off frequency, modes of propagation and phase
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Figure 5.3: Eigenfrequency of water-filled rigid pipe at (a) R = 0.5 m , (b) R = 0.7 m, and (c) R
= 1.0 m.
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speed have variable quantities based on the pipe and medium characteristics.

The eigenfrequency, cut-off frequency and phase speed of water-filled concrete pipe for dif-

ferent radius (R), thickness (tc) and elastic modulus (E) of the pipe are shown in Figs. (5.4),

(5.5), and (5.6), respectively. During the study, when one parameter varies, the other pa-

rameters are kept constant with their default values (as given in Section 5.6).

Figure (5.4) shows the eigenfrequency analysis of elastic pipe with finite stiffness at differ-

ent radii. From the figure it is seen that, up to the first cut-off point, the eigenfrequencies are

separated at regular intervals. After that, it changes very rapidly. Moreover, increasing the

radius reduces the cut-off frequency of pseudo-rayleigh modes. As far as authors’ knowledge,

there is no analytical solution in the open literature to compare these values. However, it

has a similar trend of rigid pipe as shown in Fig. (5.3) and Table (5.2). This means that, in

AE monitoring system, it is possible to collect more AE events for the larger diameter pipe

by placing the sensors at far distance. On the other hand, this increased radius generates

additional vibrating signal which produces complicated dispersion characteristics at the re-

ceiving end (sensors). Therefore, care should be taken to indicate the active distress in the

pipeline.

At low frequency stoneley mode, increasing the inner radius reduces the pipe stiffness.

Consequently, both pipe structure and fluid dissipate its energy due to very low viscosities

and material damping, which reduces the phase speed of the propagating acoustic signal.

The phase speed of the acoustic wave inside the pipe in the fluid medium can be obtained

from the velocity of the first eigen wave. The simulated result is compared with the analytical

tube wave velocity (vT ), which is given below in each graph, and found a good agreement.

In AE monitoring system, this phase speed is important to localize the events.

The effect of pipe thickness using eigenfrequency analysis is shown in Fig. (5.5). It is

shown that if the pipe thickness increases, it increases the effective cross-sectional area of

the pipe, and hence, reduces the cut-off frequency of the rayleigh modes. Consequently, it

gives the same advantage of sensor placement and the disadvantage of complicated dispersion

characteristics, as described earlier for Fig. (5.4).
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Figure 5.4: Eigenfrequency of water-filled elastic pipe at (a) R = 0.5m, (b) R = 0.7 m, and (c) R
= 1.0 m.
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Figure 5.5: Eigenfrequency of water-filled elastic pipe at (a) tc = 0.1 m, (b) tc = 0.15 m, and (c)
tc = 0.2m.
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Figure 5.6: Eigenfrequency of water-filled elastic pipe at (a) E = 20 GPa, (b) E = 30 GPa, and
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On the other hand in stoneley mode, when the thickness increases, the stiffness of the pipe

reduces and hence, lowers the material damping, which causes more energy radiation from

the inside to the outside. As a result, the phase speed decreases. The phase speed obtained

from the simulated result is also comparable with the theoretical tube wave velocity (vT ),

which is given below in the caption of respective graph.

Figure (5.6) shows the effect of pipe elasticity on system rigidity using eigenfrequency

analysis. It shows that with the increasing of the elasticity, the material damping increases.

Consequently, the pipe rigidity increases, which reduces the effective cross-section of the pipe

area. As a result, the cut-off frequency of the pseudo-rayleigh modes is increased. Therefore,

less number of propagating mode exists in the pipe. This means that, as the strength of

the pipe material increases it increases the pipe elasticity, and hence, reduces the number

of propagating acoustic signal. Consequently, it reduces the effect of complicated dispersion

characteristics at the receiving end.

In stoneley mode, increasing the rigidity causes increased stiffness, and hence, increases

the material damping of the pipe. Therefore, less energy propagates from the acoustic

signal. As a result, the phase speed is increased, which is an important parameter for event

localization in AE monitoring system. This phase speed is obtained from the velocity of

the first eigen wave, which matches well with the theoretical value (vT ), given below in each

graph.

From the above parametric studies it is clear that, the pipe dimensions and stiffness

have an effect on the acoustic signal propagation through the fluid medium. From the

eigenfrequency analysis it is possible to determine the stoneley and rayleigh modes of the

propagation, cut-off frequency, phase speed and dispersion behavior of different elastic pipe.

This knowledge is important for AE signal detection when the pipes are buried in different

medium.
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5.6.3 Elastic Pipe with Outer Formation

The effect of surrounding formation on the acoustic signal propagation of the buried water-

filled elastic pipe is observed in this section. These pipes are generally located below the

surface ground for large-scale distribution and transmission of water and waste-water. This

long pipeline may be surrounded by different kinds of soil formation when it is below the

ground, or by the water or air when it is above the surface ground. In the analysis, only

Catlin soil is considered as a soil formation from the soil textural triangle [128]; while fresh

water and air are considered for other types of formation. The selection of these formations

only focuses on the extent to which type of formation affects the acoustic signal propagation

in buried water-filled PCCP.

From Fig. (5.7), it is very difficult to identify the cut-off frequency. However, it is seen that

eigenfrequency and phase velocity of the acoustic signal inside the pipe changes according to

the stiffness of the outer formation (medium). Higher acoustic speed of the outer formation

causes a lower number of propagating modes. This fact is due to the high stiffness effect.

Therefore, complicated dispersion curve is produced in the fluid when the pipe is surrounded

by the soil or air compared to the water. This information has a significant importance for

the AE monitoring system when the testing is under different surrounding formation.

In this case, higher phase speed of the outer formation also causes less effect on phase

speed of acoustic signal inside the pipe. The effect on phase speed of the acoustic wave is

shown in the simulated result, which is the velocity of the first eigen wave. This simulated

phase speed is comparable with the theoretical results (vT ), which is given below in each

graph, and shows a reasonable agreement. This knowledge can be implemented in the AE

monitoring system.

5.7 Summary

The impacts of the rigid pipe radius on the stoneley and the rayleigh modes, and the phase

speeds of the system are described. The eigenfrequency, modes of propagation, cut-off fre-
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quency, and phase speed of acoustic wave in elastic pipes with a range of radii, stiffness and

thickness of pipe and surrounding medium are observed.

It is found that, the speed of the acoustic signals propagating through pipes is not

constant and is affected by the pipe profiles and the surrounding formations. The acoustic

signals recorded by the sensors may have been noised by the system resonance.

These eigen wave solutions are the fundamentals for a number of more complex wave

propagation studies, such as system vibration, pulse propagation and perturbation analy-

sis. Therefore, the study produces the fundamentals on which better non-destructive pipe

performance testing technologies can be designed.
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Chapter 6

High Frequency Analysis

6.1 Introduction

In this study, the primary objective is to investigate the acoustical wave propagation of high

frequency AE signal in the fluid-filled pipe. During the numerical simulation, sonic/ultrasonic

frequencies are used as an excitation signal frequency. The time domain acoustical model is

used to explore the impact of the impulse response of the pipe and the surrounding medium

on the spectral profile of the high frequency excitation signal. As an excitation signal, we use

a single sine pulse with different amplitude to observe the effect of AE signal’s flow strength

on the acoustical wave propagation.

The basic purpose of the high frequency analysis is described in Section 6.2. The time

domain acoustical model which is used for numerical analysis is presented in Section 6.3.

Section 6.4 described the sine wave shape of AE source model. The procedure of numerical

implementation is described in Section 6.5. In Section 6.6, the numerical results are presented

and discussed. Finally, the summary of this Chapter is described in Section 6.7.

6.2 Significance of High Frequency Analysis

An AE monitoring technique is a powerful method to detect dynamic deformation and frac-

ture of materials with a high sensitivity. In recent years, the high frequency AE signal anal-

ysis has become a viable technique in the condition monitoring of many applications [167]-
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[172]. This type of analysis has superior sensitivity over low frequency vibration analysis,

which can provide an earlier indication of incipient faults such as frictional rubbing [173].

In the pipeline inspection, this can provide an earlier indication of wire break or slip related

developing faults of the PCCP.

In convention, it is considered that the AE in the pipeline creates high-frequency me-

chanical wave which propagate along the pipe at high frequencies (above 100 kHz), and in

the pressurizing medium inside the pipe at lower frequencies (about 30 kHz) [72]. Therefore,

in current AE technology the usable frequency range of the sensor, that is used for the AE

signals detection of PCCP, can go up to 40 kHz [4]. And hence, theoretical analysis and

knowledge of the AE signal propagation at these excitation frequencies is important for the

evaluation of wire break or slip related event.

As far as our knowledge, there is no systematic theoretical analysis of high frequency AE

signal propagation through water-filled PCCP. In this work, we investigate the AE signal

propagation through the fluid column inside the pipe within the range of sonic/ultrasonic

frequency of 20 to 40 kHz. The time domain acoustical model with high frequency sine wave

excitation signal is carried out for the numerical analysis of the rigid and the elastic pipe

(PCCP) with a range of radii, thickness, and stiffness of the pipe and the surrounding soil

medium.

6.3 Acoustical Model

In this study, the time domain acoustical model is used for the high frequency analysis. The

inhomogeneous acoustical pressure model can be written from Eq. (3.15) as

∇2

(
− 1

ρF

)
P +

1

ρF v2
F

∂2P

∂t2
= G, (6.1)

where P is the transient pressure, ρF is the fluid density, vF is the speed of signal in the fluid

medium, and G is the source of AE signal in time domain.

The model given in Eq. (6.1) is used for the transient analysis of high frequency AE

signal propagation in the fluid inside the pipe.
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As long as it is assumed that the pipe is rigid with infinite stiffness, the pressure dis-

tribution of acoustic signal in the fluid inside the pipe can be obtained by using Eq. (6.1).

Instead in case of elastic pipe with finite stiffness, it is important to consider the interaction

between the fluid pressure, the pipe and the surrounding medium, which results path impact

on the spectral profiles of the original acoustical signal.

In this study, Eqs. (3.19) and (3.23) are used to calculate the displacement effect in the

pipe structure due to the acoustic pressure and Eqs. (3.25) and (3.27) are used to calculate

the acoustic pressure variation in the fluid column due to the traction forces on the pipe

wall.

6.4 AE Source Model

As an excitation signal, in this work we use a single sine pulse with variable amplitude to

observe the impact of AE signal’s flow strength on the wave propagation. For this purpose,

consider a single pulse sinusoidal wave as shown in Fig.(6.1).

S ( t )

t

A

0
T

Figure 6.1: Characteristics of source signal.

Mathematically, the source flow strength S(t) of transient source model given in Eq. (3.14)

can be represented as

S(t) =

{
A sin(ωt), 0 < t < T
0, otherwise

(6.2)
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where A is the amplitude, t is the time, T is the time period and ω (= 2πf) is the angular

frequency, f is the frequency of the excitation signal.

Equation (3.14) with the source pulse of Eq. (6.2) is used as a AE signal source.

6.5 Numerical Implementation

Let us consider a uniform fluid column surrounded by the smooth cylindrical layered medium.

The typical dimensions and orientation of the model is shown in Fig.6.2.

AE Source
ts = 4.5 m

D = 2.14 m

L = 250 m

Outer Cylindrical Layer
(e.g. Soil Medium)

z

xy

Fluid

Pipe
tp = 0.158 m

Figure 6.2: Schematic of typical model geometry and dimensions.

For simplicity, assume the pipe structure consists of high-strength concrete only, and

filled with motionless fluid. This assumption does not give any significant effect on the final

result [9]. For the shake of computational brevity, it is assumed that the damping is absent

in all medium.

The model shown in Fig.(6.2) is solved numerically by using Eq. (6.1) for the acoustic

pressure (P) distribution of AE signal through fluid-column only. The impact of the path on

this propagating signal, due to the fluid-structure and the structure-fluid and -surrounding

medium interaction, are considered by using coupling Equations (3.19), (3.23), (3.25) and

(3.27).
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6.5.1 Boundary Conditions

The boundary conditions that are applied to the model boundary are same as it is described

in Chapter-4. The Eqs. (4.4) and (4.5) are used for the continuity of pressure and acceleration

from the fluid to the pipe structure and from the structure to the fluid and the outer medium,

respectively. The Eqs. (4.6) and (4.7) are used for the radiation boundary condition along

the pipe axis and the outer cylindrical boundary, respectively.

The boundary conditions outlined above are used for elastic pipe with finite stiffness. In

case of rigid pipe with infinite stiffness, the sound-hard boundary condition that is described

in Eq. (5.9) is used on the fluid-pipe interface. This represents the vanishing normal compo-

nent of the fluid particle velocity at this boundary. In addition, Eq. (4.6) is used along the

pipe axis for the radiation boundary condition.

6.5.2 Discretization

The model is discretized into small segment using Femlab’s mesh generator for the numerical

simulation. The maximum element size 0.2λ (wavelength λ = v/f ) is used with the second-

order element to satisfy the rule-of-thumb minimum of ten degrees of freedom per wavelength

for the reliable solution [107].

6.6 Results and Discussion

The numerical results of the impact of the path on the spectral profiles of the high frequency

AE signal in different locations throughout the pipe have been obtained by the time domain

acoustical model outlined above. The commercial finite element code COMSOL Multiphysics

is used for this purpose. The model is applied in four scenarios: (i) fluid-filled rigid pipe, (ii)

fluid-filled elastic pipe, (iii) fluid-filled elastic pipe surrounded by soil, and (iv) fluid-filled

elastic pipe surrounded by different types of soil. In each case, different dimensions and

stiffness of the layered medium are considered. This illustrates the effect of different path

profile on the acoustic signal propagation.
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The following values of the parameters have been used for the numerical study: density

of fluid (water) (ρF ), air (ρa), and pipe (concrete) structure (ρP ) are 997 kg m−3, 1.25 kg m−3

and 2,400 kg m−3, respectively; acoustic wave speed in unbounded water (vF ), and air (va)

medium are 1,500m s−1 and 343m s−1, respectively; poisson’s ratio of concrete (νP ) is 0.33.

As an outer formation, we choose three kinds of soil sample, such as, Adrian, Catlin

and Plainfield, from the soil textural triangle [128], to cover the wide range of soil elastic

properties. This selection only focuses on the extent of soil properties affect the acoustic wave

propagation in buried fluid-filled pipe. The density (ρs) and the compressional wave velocity

(vL) of these soils are: 920 kg m−3 and 373m s−1 for Adrian soil, 1,270 kg m−3 and 463m s−1

for Catlin soil (default), and 1,510 kg m−3 and 634m s−1 for Plainfield soil, respectively. The

poisson’s ratio of the soil (νs) is assumed 0.4, which is used to calculate the shear wave

velocity (vS) of the soil.

To observe the pipe profile effect, we choose three different dimensioned pipe from the

manufacturer’s data sheet [81]. These pipes are generally used for different purposes. As for

example, pipe with inner radius, R = 1.07 m (default), and thickness tp = 0.158m (default)

is used in California, USA as a drainage culvert under a major highway. The pipe with R

= 1.22m, and tp = 0.184m is used in San Diego Aqueduct, USA for transporting potable

water to a large metropolitan area. The pipe with R = 1.37m, and tp = 0.209m is used as

the tunnel liner in a water transmission pressure-system tunnel.

As an excitation signal frequency, we choose sonic/ultasonic frequency of f = 20 kHz,

30 kHz (default), 40 kHz. This selection only focuses on the extent of high frequency AE

signal effect in the acoustic wave propagation of buried fluid-filled pipe. In convention, the

frequency of AE signal that propagates in the pressurized fluid inside the pipe is about

30 kHz [72]. Therefore, this selection is sufficient enough to observe the spectral profile of

the propagating signal with in the range of measurement.

Other parameters that are varied during the simulation are: pipe thickness, tp = 0.139m,

0.158m, 0.182m; young’s modulus of elasticity of concrete, E = 30 GPa, 40GPa, 50GPa

(default); amplitude of sine pulse, A = 1m3 s−1, 3m3 s−1 (default), 5m3 s−1.
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In order to observe the impact of the path and signal characteristics on the spectral

profile of the vibrating acoustic signals, the time response of the system is taken at selected

points (such as, 50 m, 100m, 150m and 200m) in the pipe.

6.6.1 Fluid-filled Rigid Pipe

In this case, we considered the fluid (water) filled pipe with infinite stiffness (i.e., rigid pipe).

The numerical results of this model are obtained by using Eq. (6.1) with appropriate source

and boundary conditions (as described in Section 6.4 and 6.5.1). During the simulation,

the amplitude and the frequency of the source, radius of the pipe varies as, A = 1m3 s−1,

3m3 s−1, 5m3 s−1; f = 20 kHz, 30 kHz, 40 kHz; R = 1.07m, 1.22m, 1.37m, respectively. In

the study, when one parameter varies, the other parameters are kept constant with their

default values (as given in Section 6.6). The results obtained from these simulation are

shown in Fig. (6.3), (6.4) and (6.5).

Figures (6.3), (6.4) and (6.5) show that, the fluid-filled rigid pipe has an axially propa-

gating wave with velocity equal to the intrinsic velocity of the acoustic wave in unbounded

media. This velocity remain same at all sources (as seen in Fig. (6.3)), frequencies (as seen in

Fig. (6.4)) and pipe dimensions (as seen in Fig. (6.5)). The simulated result of wave velocity

is comparable with the tube wave velocity (vT = 1500m s−1, calculated using Eq. (4.1)),

which is used for the low frequency (below the system cut-off frequency) propagation. From

the results, it is also seen that when the velocity of an axially propagating wave in a fluid

cylinder equals the intrinsic sound velocity, the wavefront is planner and purely longitudinal.

From Fig. (6.3) it is seen that, if the signal strength increases, it increases the system noise

due to the reverberations from the pipe boundary, consequently, the signal can propagate for

long distance. Figure (6.4) shows that, increasing frequency decreases the signal strength,

since the significant part of the energy of the signal is carried by the higher modes. Similarly,

in Fig. (6.5), increasing cross-sectional dimension decreases the signal strength, due to the

increased spatial energy dissipation.

Other information that can be observed from these figures are as follows. The initial
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(a) Analytical vT = 1,500 m s−1.
Figure 6.3: Spectral response of water-filled rigid pipe at (a) A = 1m3 s−1.
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(b) Analytical vT = 1,500m s−1.
Figure 6.3: Spectral response of water-filled rigid pipe at (b) A = 3m3 s−1.
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(c) Analytical vT = 1,500m s−1.

Figure 6.3: Spectral response of water-filled rigid pipe at (c) A = 5m3 s−1.
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(a) Analytical vT = 1,500 m s−1.
Figure 6.4: Spectral response of water-filled rigid pipe at (a) f = 20 kHz.
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Figure 6.4: Spectral response of water-filled rigid pipe at (b) f = 30 kHz.
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(c) Analytical vT = 1,500m s−1.

Figure 6.4: Spectral response of water-filled rigid pipe at (c) f = 40 kHz.
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Figure 6.5: Spectral response of water-filled rigid pipe at (a) R = 1.07m.

93



0.00 0.05 0.10 0.15 0.20 0.25 0.30

-1.0

-0.5

0.0

0.5

1.0

P at 100 m

 

 

A
E

 S
ig

n
a
l

Time (Sec)

0.00 0.05 0.10 0.15 0.20 0.25 0.30

-1.0

-0.5

0.0

0.5

1.0

P at 150 m

 

 

A
E

 S
ig

n
a
l

Time (Sec)

0.00 0.05 0.10 0.15 0.20 0.25 0.30

-1.0

-0.5

0.0

0.5

1.0

P at 200 m
 

 

A
E

 S
ig

n
a
l

Time (Sec)

0.00 0.05 0.10 0.15 0.20 0.25 0.30

-1.0

-0.5

0.0

0.5

1.0

 

 

A
E

 S
ig

n
a
l

Time (Sec)

Pressure at Selected Points - Rigid Pipe with R = 1.22 m

P at 50 m

(b) Analytical vT = 1,500m s−1.
Figure 6.5: Spectral response of water-filled rigid pipe at (b) R = 1.22m.
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(c) Analytical vT = 1,500m s−1.

Figure 6.5: Spectral response of water-filled rigid pipe at (c) R = 1.37m.
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signal pulse is extended and the smoothing out of the pulse’s starting and ending regions

due to the slight dispersion of the wave’s higher frequencies (attenuation of the higher modes).

Therefore, after certain propagation distance, we can get a signal of less strength with an

extended duration which resembles the original one. The noise dies out after propagating

a relatively small distance compared to the main signal. This fact is due to the noise

that resembles with higher modes, which are attenuated faster than the fundamental mode.

Consequently, at large distance, the main signal can sustain its strength much more than

the noise following it.

In the pipeline condition monitoring system, the importance of this analysis is to obtain

fundamental concept of acoustic wave propagation through fluid-column under different sit-

uation. This type of analysis is also important for the solid pipe filled with gas type medium,

where it can be assumed that the pipe boundary motion is negligible.

6.6.2 Fluid-filled Elastic Pipe

In this study, consider a water-filled concrete pipe as a fluid-filled elastic pipe (PCCP)

with finite stiffness. The parameters that changes during the simulation are: A = 1m3 s−1,

3m3 s−1, 5m3 s−1; f = 20 kHz, 30 kHz, 40 kHz; E = 30GPa, 40GPa, 50GPa; tp = 0.139m,

0.158m, 0.182 m. When one parameter varies, the other parameters are kept constant with

their default values (as given in Section 6.6). The impact of pipe profile and the signal

characteristics on the spectral profiles of the propagating signal are observed from these

analyses. The results obtained from these simulation are shown in Fig. (6.6), (6.7), (6.8)

and (6.9).

Figure (6.6) shows the spectral profile of the AE signal propagation throughout the pipe

at different signal strength. As same as rigid pipe, increasing signal strength increases the

system noise due to the reverberations from the pipe boundary. Higher signal strength also

increases the traveling distance.

From Fig. (6.7) it is seen that, increasing the frequency increases the attenuation, which

decreases the signal strength, because the significant part of energy of the signal is carried
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(a) Analytical vT = 1,100 m s−1.
Figure 6.6: Spectral response of water-filled elastic pipe at (a) A = 1 m3 s−1.
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(b) Analytical vT = 1,100m s−1.
Figure 6.6: Spectral response of water-filled elastic pipe at (b) A = 3m3 s−1.
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Figure 6.6: Spectral response of water-filled elastic pipe at (c) A = 5 m3 s−1.
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(a) Analytical vT = 1,100 m s−1.
Figure 6.7: Spectral response of water-filled elastic pipe at (a) f = 20 kHz.
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(b) Analytical vT = 1,100m s−1.
Figure 6.7: Spectral response of water-filled elastic pipe at (b) f = 30 kHz.
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(c) Analytical vT = 1,100m s−1.

Figure 6.7: Spectral response of water-filled elastic pipe at (c) f = 40 kHz.
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by the higher modes. This information signifies that, in the far-field measurement of long-

range pipe inspection, the high frequency AE signal can not be detected, due to its high

attenuation.

The effect of pipe elasticity on system rigidity is shown in Fig. (6.8). From figure it is

seen that, increasing elasticity increases the pipe stiffness, which reduces the effective cross-

sectional area of the pipe. As a result, less energy radiated from the inside to the outside.

Consequently, the signal strength is stronger in the high stiffness pipe.

Figure (6.9) shows the effect of pipe thickness on the AE signal propagation. It is seen

that if the pipe thickness increases, it increases the effective cross-section of the pipe, which

decreases the pipe stiffness. And hence, more energy is radiated from the inside to the

outside, as a result, wave speed is decreases.

The figures also show that, a distinct signal is propagating throughout the pipe, which

is faster than the system noise signal. Initially, this signal has small amplitude compared

to the reverberations caused by the high frequency pulses and traveled at the same speed.

Therefore, it can not be detected at this stage. After some distance, the noise level reduces

well below this signal, because the higher modes are attenuated much faster than the fun-

damental mode. Moreover, at the beginning the noise signal travels at a very high speed,

because at start it travels as a spherical wave with in the pipe. Later on, when the wave

dominates all the cross-sectional area of the pipe, it also travels throughout the surrounding

elastic layers (e.g. pipe, outer soil medium) and reflect back into the fluid inside the pipe. As

a result, due to the pipe wall and elastic effect of the surrounding layers, it travels as a wave

front with the slower speed of the main signal. Thus, the main signal can be distinguish

clearly after short distance with less noise background. The magnitude and velocity of this

signal is affected by the pipe and signal characteristics, which can be explained by the tube

wave analysis. As for example in Fig. (6.8)(c), the calculated vT is 1,155m s−1, therefore,

the time required to travel the AE signal from the source to 150m distance is 0.129 sec,

which is same as it is seen in the graph. Similarly, we can verify the simulation results for

other distances. The characteristics of this distinct signal signifies that, it is the original AE
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(a) Analytical vT = 1,024 m s−1.
Figure 6.8: Spectral response of water-filled elastic pipe at (a) E = 30GPa.
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(b) Analytical vT = 1,100m s−1.
Figure 6.8: Spectral response of water-filled elastic pipe at (b) E = 40GPa.

105



0.00 0.05 0.10 0.15 0.20 0.25 0.30

-1.0

-0.5

0.0

0.5

1.0

P at 100 m

 

 

A
E

 S
ig

n
a
l

Time (Sec)

0.00 0.05 0.10 0.15 0.20 0.25 0.30

-1.0

-0.5

0.0

0.5

1.0

P at 150 m

 

 

A
E

 S
ig

n
a
l

Time (Sec)

0.00 0.05 0.10 0.15 0.20 0.25 0.30

-1.0

-0.5

0.0

0.5

1.0

P at 200 m

 

 

A
E

 S
ig

n
a
l

Time (Sec)

P at 50 m

0.00 0.05 0.10 0.15 0.20 0.25 0.30

-1.0

-0.5

0.0

0.5

1.0

 

 

A
E

 S
ig

n
a
l

Time (Sec)

Pressure at Selected Points - Elastic Pipe with E = 50 GPa

0.
12

9 
se

c

(c) Analytical vT = 1,155m s−1.

Figure 6.8: Spectral response of water-filled elastic pipe at (c) E = 50 GPa.
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(a) Analytical vT = 1,071 m s−1.
Figure 6.9: Spectral response of water-filled elastic pipe at (a) tp = 0.139m.

107



0.00 0.05 0.10 0.15 0.20 0.25 0.30

-1.0

-0.5

0.0

0.5

1.0

P at 100 m

 

 

A
E

 S
ig

n
a
l

Time (Sec)

0.00 0.05 0.10 0.15 0.20 0.25 0.30

-1.0

-0.5

0.0

0.5

1.0

P at 150 m

 

 

A
E

 S
ig

n
a
l

Time (Sec)

0.00 0.05 0.10 0.15 0.20 0.25 0.30

-1.0

-0.5

0.0

0.5

1.0

P at 200 m
 

 

A
E

 S
ig

n
a
l

Time (Sec)

Pressure at Selected Points - Elastic Pipe with t
p
 = 0.158 m

0.00 0.05 0.10 0.15 0.20 0.25 0.30

-1.0

-0.5

0.0

0.5

1.0

 

 

A
E

 S
ig

n
a
l

Time (Sec)

P at 50 m

0.
13

6 
se

c

(b) Analytical vT = 1,100m s−1.
Figure 6.9: Spectral response of water-filled elastic pipe at (b) tp = 0.158m.
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(c) Analytical vT = 1,131m s−1.

Figure 6.9: Spectral response of water-filled elastic pipe at (c) tp = 0.182m.
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signal generated from high frequency AE event. If we compare the signal and the noise with

the rigid pipe solution, it is seen that the speed of the system noise of elastic pipe is slower

than the original AE signal. This is due to the elastic effect of the pipe structure. Other

characteristics of the original AE signal are same as it is described in Subsection 6.6.1.

From the analyses it is seen that, the excitation signal and the pipe characteristics has

an effect on the acoustic signal propagation through the fluid medium. Moreover, at high

frequency the original AE signal is separated from the system noise after some distance.

Therefore, it can be easily detected in the condition monitoring system. This knowledge is

important to determine the phase speed of AE signal in the elastic pipe with different profile

surrounded by different outer medium.

6.6.3 Fluid-filled Elastic Pipe Surrounded by Soil

The effect of outer soil formation on the AE signal propagation of water-filled elastic pipe

at different signal and pipe profile is discussed in this section. The pipes are generally

placed below the earth in the soil formation. In this study, we choose three different types

of pipe, such as, pipe with radius R = 1.07m, 1.22m, 1.37 m and thickness tp = 0.158m,

0.184m, 0.209m, respectively (as given in Section 6.6). These pipes (PCCP) can carry a

wide range of load conditions. As for example, 1.37m radius pipe is used as waterline with

290m pressure head and 4.5m of earth cover [81]. During the simulation, we use this earth

cover as a thickness of the outer cylindrical soil layer (ts). Other parameters that changes

during the simulation are: A = 1m3 s−1, 3 m3 s−1, 5m3 s−1; f = 20 kHz, 30 kHz, 40 kHz; E =

30GPa, 40GPa, 50GPa; tp = 0.139m, 0.158m, 0.182m. When one parameter varies, the

other parameters are kept constant with their default values (as given in Section 6.6). The

results obtained from these simulation are shown in Fig. (6.10), (6.11), (6.12), (6.13) and

(6.14).

From Fig. (6.10) it is seen that, if the signal strength increases, it increases the system

noise, as well as increases the propagating signal amplitude, which can propagate for long

distance. As same as elastic pipe (as seen in Section 6.6.2), the original AE signal is separated
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(a) Analytical vT = 1,103 m s−1.
Figure 6.10: Spectral response of water-filled elastic pipe surrounded by soil at (a) A =

1m3 s−1.
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(b) Analytical vT = 1,103m s−1.
Figure 6.10: Spectral response of water-filled elastic pipe surrounded by soil at (b) A =

3m3 s−1.
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(c) Analytical vT = 1,103m s−1.

Figure 6.10: Spectral response of water-filled elastic pipe surrounded by soil at (c) A = 5 m3 s−1.
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from the system noise during its propagation. It is possible, because the noise signals are

generated from the reflection, diffraction and refraction of the original signal during its

propagation. Therefore, the noise signal is suffered by the elastic effect of the pipe and outer

soil medium. Consequently, the original signal is traveling faster than the background noise.

From the investigation it is seen that, the velocity of this wave is same as the tube wave

velocity (vT = 1,103 m s−1), which can be calculated using Eq. (4.1). The simulation result

(as shown in Fig. (6.10)(b)) has a good agreement with the analytical result, which is given

below in each graph. Since, the tube wave velocity does not depend on the source strength,

therefore, in all cases the velocity remain same.

Figure (6.11) shows that, increasing the excitation frequency, increases the signal atten-

uation which decreases the signal strength, because the significant part of the energy of the

signal is carried by the higher modes. The results has the same relationship with the elastic

pipe case (as seen in Fig. (6.7)), except the signal is distorted due to the elastic effect of outer

soil medium. Therefore, form the analysis we can conclude that, in the far-field measurement

of long-range pipe inspection, the high frequency AE signal measurement is not important

for the AE event localization. Although, it has superior sensitivity to detect the incipient

faults of wire break or slip at the earlier stage, in that case, the near-field measurement with

the high resolution (e.g. frequency, sensitivity) measuring instruments are required to detect

this signal.

As same as previous case, the velocity of the original signal can be computed from the

tube wave velocity (vT = 1,103m s−1). The simulation result (shown in Fig. (6.11)) has a

good agreement with analytical result, which is given below in each graph. This velocity is

independent from the frequency.

Figure (6.12) shows the pipe elasticity effect on the system rigidity. If the elasticity

increases, it increases the pipe stiffness, which reduces the effective cross-sectional area of

the pipe. As a result, less energy is radiated from the inside to the outside. Consequently,

the signal strength in the high stiffness pipe is more stronger than the lower stiffness pipe.

Moreover, in high stiffness pipe the signal can propagate with higher speed. This wave

114



0.00 0.05 0.10 0.15 0.20 0.25 0.30

-1.0

-0.5

0.0

0.5

1.0

P at 100 m

 

 

A
E

 S
ig

n
a
l

Time (Sec)

P at 50 m

0.00 0.05 0.10 0.15 0.20 0.25 0.30

-1.0

-0.5

0.0

0.5

1.0

P at 150 m

 

 

A
E

 S
ig

n
a
l

Time (Sec)

0.00 0.05 0.10 0.15 0.20 0.25 0.30

-1.0

-0.5

0.0

0.5

1.0

P at 200 m
 

 

A
E

 S
ig

n
a
l

Time (Sec)

0.00 0.05 0.10 0.15 0.20 0.25 0.30

-1.0

-0.5

0.0

0.5

1.0

 

 

A
E

 S
ig

n
a
l

Time (Sec)

Pressure at Selected Points - Elastic Pipe (f = 20 kHz) in Soil

0.
18

1 
se

c

(a) Analytical vT = 1,103 m s−1.
Figure 6.11: Spectral response of water-filled elastic pipe surrounded by soil at (a) f =

20 kHz.
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(b) Analytical vT = 1,103m s−1.
Figure 6.11: Spectral response of water-filled elastic pipe surrounded by soil at (b) f =

30 kHz.
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(c) Analytical vT = 1,103m s−1.

Figure 6.11: Spectral response of water-filled elastic pipe surrounded by soil at (c) f = 40 kHz.
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(a) Analytical vT = 1,028 m s−1.
Figure 6.12: Spectral response of water-filled elastic pipe surrounded by soil at (a) E =

30GPa.
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(b) Analytical vT = 1,103 m s−1.
Figure 6.12: Spectral response of water-filled elastic pipe surrounded by soil at (b) E =

40GPa.
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(c) Analytical vT = 1,157m s−1.

Figure 6.12: Spectral response of water-filled elastic pipe surrounded by soil at (c) E = 50 GPa.
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speed can be calculated by the tube wave equation, which is given below in each graph. The

simulated results have a good agreement with these analytical result, which is shown on each

graph at arbitrary position. Other effects are same as discussed earlier for elastic pipe.

The effect of pipe thickness is shown in Fig. (6.13). The figure shows that, if the pipe

thickness increases, it increases the effective cross-section of the pipe, which decreases the

pipe stiffness. Consequently, more energy is penetrated from the inside to the outside. Due

to this energy penetration, the original signal becomes weaker and slower. The analytical and

simulated velocity of this wave is shown below in each graph and at the arbitrary position

on the graph, respectively.

The Fig. (6.14) shows the effect of pipe radius on the AE signal propagation. If the

pipe cross-sectional dimension increases, it increases the spatial energy dissipation, which

reduces the propagating signal strength. In this case, we use three different types of pipe

with different radius and thickness, where thickness also increases with the increasing of

radius. As a result, the wave speed increases. The analytical results of these waves can

compare with the simulated results, which are given below and on the graph, respectively.

If we compare the results of this section with the results of Section 6.6.2 it is seen that,

there is no significant changes on the wave speed due to the outer soil formation. Because,

the wave speed mainly depends on the elastic properties of the medium, where elasticity of

the PCCP is more dominant among the others. Therefore, the analyses of this section has

(nearly) the same tube wave effect as describe in Section 6.6.2. But if we compare the wave

shape and strength, some significant changes can be observed, due to the energy dissipation

in the soil medium. Other characteristics of the propagating AE signal are same as it is

described in Subsection 6.6.1 and 6.6.2. This knowledge is important for the AE monitoring

system to determine the phase speed of AE signal in water-filled elastic pipe (PCCP) with

different profile surrounded by different outer medium.
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(a) Analytical vT = 1,074 m s−1.
Figure 6.13: Spectral response of water-filled elastic pipe surrounded by soil at (a) tp =

0.139m.
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(b) Analytical vT = 1,103m s−1.
Figure 6.13: Spectral response of water-filled elastic pipe surrounded by soil at (b) tp =

0.158m.
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(c) Analytical vT = 1,133m s−1.

Figure 6.13: Spectral response of water-filled elastic pipe surrounded by soil at (c) tp = 0.182 m.
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(a) Analytical vT = 1,103 m s−1.
Figure 6.14: Spectral response of water-filled elastic pipe surrounded by soil at (a) R =

1.07m, tp = 0.158m.
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(b) Analytical vT = 1,108m s−1.
Figure 6.14: Spectral response of water-filled elastic pipe surrounded by soil at (b) R =

1.22m, tp = 0.184m.
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(c) Analytical vT = 1,110m s−1.

Figure 6.14: Spectral response of water-filled elastic pipe surrounded by soil at (c) R = 1.37 m,
tp = 0.209 m.
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6.6.4 Fluid-filled Elastic Pipe Surrounded by Different Soil

The PCCP are generally placed below the surface ground in the soil for the large-scale

transmission and distribution of potable- and waste-water. The properties of the surrounded

soil depends on the depth and geographical location of the pipe. However, in this study we

choose three different types of soil: Sandy Loam (Adrian soil), Silt Loam (Catlin soil) and

Sand (Plainfield soil), from the Canadian soil texture triangle [128], to observe the different

types of soil effect on the AE signal propagation. The properties of these soils are given in

Section 6.6. The thickness of the soil (ts) is same as Subsection 6.6.3. Other parameters, such

as, pipe dimensions (e.g. R = 1.07m, tp = 0.158m), elastic properties (e.g. E = 40GPa, ρP

= 2,400 kg m−3), fluid properties (e.g. vF = 1,500m s−1, ρP = 2,400 kg m−3), and excitation

signal properties (e.g. A = 3m3 s−1, f = 30 kHz) are kept as constants.

Figures (6.15)(a), (b) and (c) show the time response of AE signal propagation through

water-filled elastic pipe at selected points, which is surrounded by Adrian, Catlin and Plain-

field soil, respectively. From the figures it is seen that, the velocity of the acoustical wave

has a good agreement with the analytical result, which is given below in each graph.

If we compare the results of Fig. (6.15) with the same pipe in vacuum or air medium

as discussed in Subsection 6.6.2 (e.g. Fig (6.6)(b)), it is noticed that the characteristics of

propagating acoustical wave (e.g. velocity) are nearly same in all cases, except the wave

shape and the amplitude. This means that, the outer soil formation has less impact on

the propagating wave velocity inside the pipe in the fluid medium. This fact is due to the

velocity of acoustical wave inside the pipe, which is greatly affected by the high stiffness

of pipe characteristics. Usually, the pipe stiffness is thousand times greater than the soil

stiffness.

On the other hand, the signal shape and the strength mainly depends on the surrounding

medium characteristics. Different medium has different reflection, diffraction and refraction

characteristics. Each of this has different delayed version of AE signal due to multipath

propagation. The acoustical wave in the fluid inside the pipe is the superposition of these

delayed signal. Therefore, wave shape and strength are affected by the characteristics of
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(a) Analytical vT = 1,102 m s−1.
Figure 6.15: Spectral response of water-filled elastic pipe surrounded by (a) Adrian soil.
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Figure 6.15: Spectral response of water-filled elastic pipe surrounded by (b) Catlin soil.

130



0.00 0.05 0.10 0.15 0.20 0.25 0.30

-1.0

-0.5

0.0

0.5

1.0

P at 100 m

 

 

A
E

 S
ig

n
a
l

Time (Sec)

0.00 0.05 0.10 0.15 0.20 0.25 0.30

-1.0

-0.5

0.0

0.5

1.0

P at 150 m

 

 

A
E

 S
ig

n
a
l

Time (Sec)

0.00 0.05 0.10 0.15 0.20 0.25 0.30

-1.0

-0.5

0.0

0.5

1.0

P at 200 m
 

 

A
E

 S
ig

n
a
l

Time (Sec)

Pressure at Selected Points - Elastic Pipe in Plainfield Soil

P at 50 m

0.00 0.05 0.10 0.15 0.20 0.25 0.30

-1.0

-0.5

0.0

0.5

1.0

 

 

A
E

 S
ig

n
a
l

Time (Sec)

0.
13

57
 s
ec

(c) Analytical vT = 1,105m s−1.

Figure 6.15: Spectral response of water-filled elastic pipe surrounded by (c) Plainfield soil.
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the medium. From Fig. (6.15), we can observe this effect, where higher acoustic speed of

the outer formation causes more energy penetration. Moreover, higher stiffness of the outer

formation causes less effect on the velocity of the acoustic wave inside the pipe.

The results has a good agreement with the result obtained in Subsection (4.6.3) of Chap-

ter 4, for low frequency case. This type of information is important for the AE monitoring of

pipeline system when the test is perform under different outer formation for high frequency

AE event.

6.7 Summary

The high frequency analysis of AE signal propagation through fluid-filled PCCP is performed

under different radii, thickness, and stiffness of the pipe and the outer formation. As a

high frequency, we use sonic/ultrasonic frequency, with in the range of current AE signal

measurement technique. The effect of pipe and outer soil formation is observed and compared

the result with the available solution.

From this study it is found that, the characteristics of the propagating AE signal greatly

depends on the signal and the pipe characteristics. High frequency excitation signals are

not significant in the far-field measurement of long range pipe inspection. However, the

high frequency analysis can provide earlier indication of incipient fault, such as, frictional

rubbing of early stage of wire break or slip related event of PCCP. This kind of information

can be observe by using high frequency and sensitive measuring instruments in the near-field

measurement. This early warning advantage opens the way for performing following tests

economically to verify the defect.

132



Chapter 7

Conclusions and Recommendations

7.1 Concluding Remarks

The propagation of acoustic signals provides fundamentals for non-destructive performance

test of fluid-filled cylindrical pipes that are buried in the ground. Through theoretical anal-

ysis, many important mathematical features of such propagation can be revealed to help

understand and interpret the testing data. In industrial applications, the acoustic signals

are generated through the breakage or sliding of steel wires that are prestressed to struc-

turally enforce the pipes. These signals feature certain frequency spectral characteristics

that ranges from sonic/ultrasonic frequencies. This thesis presents numerical investigation

of this problem. Insightful observations for acoustic wave in the time and frequency domain

were achieved by analyzing Navier’s equation of motion. The interaction between the fluid

and the surrounding formations were modeled by applying Newton’s laws of motion and the

principle of virtual work. The model was investigated for the sonic and ultrasonic frequency

excitation signal. The numerical analysis of various radius, stiffness and thickness of the

pipe as well as different types of surrounding medium, was carried out by using commercial

finite element code. Finally, the results were compared with available analytical solutions.

The theoretical background of current technology used in the related industry were dis-

cussed in Chapter 2. The brief overview of design details of currently used PCCP (e.g.

construction, dimensions, joints) were presented according to AWWA standard and man-

ufacturer’s data sheet. The causes of corrosion, consequently, AE signal generation in the
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PCCP were discussed here. Different types of AE monitoring devices, such as, hydrophones

and accelerometers, were presented to get an idea about the AE signal sensors. The AET

method, that is used in the related industry for the AE monitoring purpose was described

here. As we described earlier, this method is based on the field data analysis. The main

purpose is to detect and to locate the AE events. The testing process, localization proce-

dures and some typical AE signals of this method were presented in this Chapter. Finally,

the advantages and the limitations of the testing method were presented.

The mathematical model for the complete solution of AE signal propagation, where the

signal travel through different media, such as, fluid, pipe structure, outer medium (e.g. air,

water, soil) was developed in Chapter 3. The complex coupled problem of this acoustic wave

propagation was modeled by using Navier’s equation of motion. The interaction between the

fluid and the surrounding outer layers were modeled by applying Newton’s laws of motion

and the principle of virtual work. The AE source was modeled based on the constant volume

velocity. The Hook’s law was used to model the released elastic energy of the AE events. In

this chapter, the time and frequency domain models were developed for transient and time

harmonic analyses of AE signal propagation.

The impact of the path on AE signal propagation was illustrated in Chapter 4 by the

tube wave analysis at different pipe properties. It was observed that the speed of the wave

traveling in the fluid surrounded by the finite stiffness pipe was lower than the actual speed

of the wave in an unbounded fluid. The tube wave effects were observed under plane-wave

propagation and verified with the calculated theoretical values. From the simulation results,

it was found that, the tube wave speed depends on pipe stiffness which mainly depends on

elastic properties of the pipe materials as well as dimensions of the pipe. The stiffness of

the pipe increases with the increasing of elastic properties of the pipe materials and the pipe

thickness. On the contrary; it decreases with the increasing pipe radius. It was also seen that

the higher the stiffness, the higher the rigidity of the pipe, and that influences less on the

tube waves. In contrast to the soil properties, the pipe profile depends on the pipe materials

and dimensions that play an important role on the overall system stiffness. Therefore, in
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case of high stiffness pipe profile, there was no need for more attention in the estimation of

accurate soil parameters. Moreover, from the simulation results, it was observed that high

stiffness of the pipe can reduce the signal energy penetration from inside to outside of the

pipe. In this chapter, the simulation results were verified with the theoretical values and

found good agreement.

In Chapter 5, the impacts of the rigid pipe radius on the stoneley and rayleigh modes,

and the phase speeds of the system were studied. The results showed that the radius had

significant impacts on the rayleigh modes, but not on the stoneley modes of propagation.

Extra harmonic eigen waves were observed in the rayleigh modes. In the chapter, we also

observed that the stiffness of the elastic pipe increased when the inner radius decreased

or the pipe thickness increased, which enhanced the effective damping of the materials.

Consequently, the low cut-off frequency decreased and more modes of the signals propagated,

which increased the dispersion complexity at the sensors. The simulation results showed that

the higher the elasticity of the pipe materials, the greater the effective damping. It was also

showed that the pipes with higher rigidity had less impact on the propagation and evanescent

modes. Therefore, the effect of the complicated dispersion is reduced. Regarding the effects

of the surrounding formulation, the signal penetration was reduced if the phase speed of the

medium was increased, resulting in lower impacts on the phase speed of the acoustic signal

inside the pipe. Overall, the speed of the acoustic signals propagating through pipes was not

constant and was affected by the pipe profiles and the surrounding formations.

Chapter 6 described the high frequency analysis of AE signal propagation through fluid-

filled PCCP under different radii, thickness, and stiffness of the pipe and the outer formation.

As a high frequency, we used sonic/ultrasonic frequency with in the range of current AE

signal measurement technique. The effect of pipe and outer soil formation were performed

to observe the surrounding layered medium effect. Form the results, overall it was observed

that the increasing signal strength increases the system noise due to the reverberations from

the pipe boundary. On the contrary, it can propagate for long distances. Moreover, increasing

the excitation signal frequency increases the attenuation, which decreases the signal strength,
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because the significant part of energy of the signal is carried out by the higher modes. The

effect of pipe elasticity was observed by changing the stiffness, thickness and radius of the

pipe. It was observed that, increasing elasticity increases the pipe stiffness, which reduces

the effective cross-sectional area of the pipe. And hence, less energy is radiated from the

inside to the outside. If the pipe thickness increases, it increases the effective cross-sectional

area of the pipe, which decreases the pipe stiffness. As a result, more energy radiated from

the inside to the outside. The effect of radius, also gave the same effect of cross-sectional

area of the pipe, described in the above. The simulation results in all cases were compared

with the available analytical solution and found good agreement.

Finally in the appendices, the principle of virtual work and stress, strain and displacement

relationships were described. These information were used in Chapter 3 in the formulation

of mathematical model.

7.2 Future Recommendations

As described in Chapter 2, the limitations of current AE monitoring method, prevents the

system to get the actual AE signal. In this work, we mainly discussed some of its limitations

by the theoretical analysis. This analysis is important to analyze the AE signal and to

indicate the level of active distress in the observed pipeline. More precise analysis and the

experimental validations are required to establish the proposed method.

The model that was developed in Chapter 3 is the fundamental mathematical model of

the acoustic wave propagation through fluid-filled pipe. The proposed model is independent

of sources, dimensions and medium characteristics. Therefore, it can be used for the analysis

of acoustic wave propagation through any type of cylindrical shells immersed or surrounded

by different types of medium. To establish this model, it is necessary to verify the numerical

results with the experimental results.

The theoretical studies on tube wave analysis, presented in Chapter 4 can produces the

fundamental concepts of low profile acoustic signal in the AE monitoring system. From the

simulation results, it was observed that the high stiffness pipe can reduce the signal energy
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penetration from the inside to the outside of the pipe. This is an important note for the

AE signal when it is measured by the sensor far away from the source. The experimental

validation is require to establish this comment.

The tube wave analysis of plane wave propagation in the fluid-filled pipe is also used in

the measurement of acoustic properties of substance, impedance tube, and the seismic mon-

itoring of underground fluid reservoirs, borehole coupling of dam site investigation, ground-

water aquifers, etc. Therefore, the model and the knowledge obtained from the tube wave

analysis can be use in many applications. The current analysis, therefore, has fundamental

importance of these applications.

In Chapter 5, the eigenfrequency analysis was used to identify the system’s resonance

frequencies and its effect on the acoustic signal. In addition, the modal analysis was per-

formed to identify the systems dynamic characteristics, such as, cut-off frequency, propaga-

tion constant and the number of propagating modes. This eigen and modal solutions are

the fundamentals for a number of more complex wave propagation studies, such as system

vibration, pulse propagation and perturbation analysis. Therefore, the study produces the

fundamentals on which better non-destructive pipe performance testing technologies can be

designed.

The eigenfrequency analysis of piping system is also used in thermodynamic or chemi-

cal engineering processes to observe the performance degradation of the piping system, in

the design of tunable vibration absorber for noise reduction in HVAC system, aero-elastic

wind tunnel and aircraft. The use of guided waves in NDT of piping system is an attrac-

tive and widely used technique. The scope of the analysis presented in this work includes

the evaluation of dispersion behaviour of eigen and guided waves in hollow or liquid-filled

cylinders. In long-range inspection of pipes, this will be largely reduces inspection time and

costs compared to the ordinary point by point testing in large pipelines.

From the study of Chapter 6 it was found that, the characteristics of the high frequency

propagating AE signal greatly depends on the signal and the pipe characteristics. High

frequency excitation signals are not significant in the far-field measurement of long range
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pipe inspection. However, the high frequency analysis can provide earlier indication of

incipient fault, such as, frictional rubbing of early stage of wire break or slip related event

of PCCP. This kind of information can be observed by using high frequency and sensitive

measuring instruments in the near-field measurement. This early warning advantage opens

the way for performing following tests economically to verify the defect.

Based on the research outcomes mentioned above, an intelligent AE signal sensing tech-

nology will be investigated. A number of mathematical approaches, such as neural network

and fuzzy logic, will be employed in the development of a process model, on which the intel-

ligent sensor can be built. It is anticipated that, the research will result in new knowledge

and experience that will enable us to design a new AE technology that can maximize the

reliability and minimize the operational cost of PCCP monitoring. Investigation into this

will be reported in future publications.
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Appendix A

Principle of Virtual Work

Let us consider a pipe structure with deformable body which consists of infinitesimal cubes

as shown in Fig. (A). Figure (A)(a) shows external pressure forces FP body forces F and

internal stresses σ in equilibrium and Fig. (A)(b) shows continuous displacements u and

consistent strains ε.

(b)

u

ε

(a)

F
P

F σ

(c)

F’ F’’

u +
∂u

∂x
dxu

Figure A.1: Virtual work on pipe structure: (a) Surface and body forces and stresses in equilib-
rium, (b) Consistent deformations and displacements, and (c) Forces and displacements on cube
faces.

The total virtual work (WT ) done by stresses or all forces, such as F
′
= σdydz (acts on in-

dividual common faces) and F
′′

= (σ + ∂σ
∂x

)dydz (acts on other faces) as shown in Fig. (A)(c),

acting on the faces of all cubes which undergo unrelated but consistent [174] displacements

and deformations can be written as [175]

WT = −ujF
′
j + (uj +

∂uj

∂xi

dxi)F
′′
j . (A.1)
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By using Newton’s second law of motion (F = ma) in equilibrium as ∂σij

∂xi
+ Fj = 0, and

neglecting second order term, Eq. (A.1) can be written as

WT =
∂uj

∂xj

σijdv + uj
∂σij

∂xi

dv = (εijσij − ujFj)dv. (A.2)

In Eq. (A.2), σij and εij are the normal and shear stress and strain distribution, re-

spectively within the deformed body, uj and Fj are the displacements and body forces,

respectively acting in the three principal global directions as

uj =




u
v
w


 and Fj =




Fx

Fy

Fz


 . (A.3)

By taking the volume integral of Eq. (A.2) over the whole body, the principle of the

virtual work of the surface and the body forces can be expressed as

∫

S
ujF

P
j ds +

∫

V
ujFjdv =

∫

V
εijσijdv. (A.4)

Therefore, the principle of the virtual work states that the equilibrated stresses and body

forces undergo unrelated but consistent displacements and strains only when internal virtual

work is equal to the external virtual work.

140



Appendix B

Stress, Strain and Displacements
Relations

The strain-displacement and stress-strain relations for this model can be expressed as

εij =
1

2

(
∂ui

∂xj

+
∂uj

∂xi

)
, (B.1)

and

σij = Cijpqεpq. (B.2)

Here, C is a 6 x 6 elastic matrix, which can be written as

C =




(λ + 2µ) λ λ 0 0 0
λ (λ + 2µ) λ 0 0 0
λ λ (λ + 2µ) 0 0 0
0 0 0 µ 0 0
0 0 0 0 µ 0
0 0 0 0 0 µ




, (B.3)

⇒ Cijpq = δijδpqλ + (δiqδjp)µ, (B.4)

where µ and λ are Lame’s constants defined on the basis of the elastic modulus E and

poisson’s coefficient ν as

µ =
E

2(1 + ν)
, (B.5)

and

λ =
νE

(1 + ν)(1− 2ν)
. (B.6)
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Appendix C

List of Abbreviations

ADA Adrian
AE Acoustic Emission
AET Acoustic Emission Testing
AWWA American Water Works Association
CAB Catlin
CBM Condition Based Monitoring
DAS Data Acquisition System
DU Duration
ECP Embedded Cylinder Pipe
FE Finite Element
FEM Finite Element Method
HVAC Heating Ventilation and Air Conditioning
LCP Lined Cylinder Pipe
MEMS Micro Electro-Mechanical Systems
NDT Non-Destructive Testing
NSERC National Sciences and Engineering Research Council
OCE Ontario Centres of Excellence
PCCP Prestressed Concrete Cylinder Pipes
PLA Plainfield
RCCP Reinforced Concrete Cylinder Pipes
RT Rise Time
TVA Tunable Vibration Absorber
WRE Wire-break or slip Related Events
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Appendix D

List of Symbols

u Time harmonic displacement field vector
µ, λ Lame’s constant
ρ Mass density of the medium
φ Scalar velocity potential
Ψ Vector velocity potential
E Elastic (Young’s) modulus
ν Poisson’s ratio
vL Longitudinal wave velocities
vS Sear wave velocities
P Transient (time domain) pressure distribution
p Time harmonic (frequency domain) pressure distribution
G Transient (time domain) source
g Time harmonic (frequency domain) source
ρF Fluid density
vF Speed of the signal in the fluid
Fe Elastic forces
Ue Elastic energy
S Source flow strength
δ(3) 3D Dirac delta function
x 3D space vector
FP Pressure forces in three principal directions
n Outward-pointing unit normal vector
ω Angular frequency
f Frequency of the signal
σij Symmetric stress tensor

143



C Elastic matrix
FT Traction forces in three principal directions
vT Tube wave velocity
D Diameter of the pipe
R Radius of the pipe
tp Pipe thickness
tS Soil thickness
Ep Pipe elasticity
ρp Pipe density
fe Eigenfrequency
fc Cut-off frequency
kz Wave number in z direction
φr Radial component of velocity potential
4T Laplace operator in the tangent plane
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Appendix E

List of Achievements

Journal Papers

1. N.M.Alam Chowdhury, Z. Liao, L. Zhao and C.T.Yang, “Tube Wave Analysis of

Buried Pipes,” Jour. Canadian Acoustics, vol. 37, no. 2, June 2009.

2. N.M.Alam Chowdhury, Z. Liao, L. Zhao and R.Ramakrishnan, “Numerical Analysis

of Acoustic Wave Propagation in Buried Fluid-filled Pipes,” submitted for

publication in Applied Acoustics, Sept. 2009.

3. N.M.Alam Chowdhury, Z. Liao and L. Zhao, “High-frequency Analysis of Acoustic

Emission Signal in Buried Fluid-filled Pipes,” in preparation as a Journal paper.

International and Domestic Conferences

1. N.M.Alam Chowdhury, Z. Liao and L. Zhao, “PCCP Profiling and Tube Wave

Analysis of WRE Signal,” Proc. COMSOL Conf. 2008, Boston, USA, Oct. 9-11, 2008.

2. N.M.Alam Chowdhury, Z. Liao and L. Zhao, “Theoretical analysis of WRE signal

propagation of PCCP,” Int‘l Conf. on Scientific Computation and Differential

Equations 2009 (SciCADE09), May 25-29, 2009.
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3. N.M.Alam Chowdhury, Z. Liao, L. Zhao and R.Ramakrishnan, “Eigenfrequency

analysis of fluid-filled pipes,” Proc. Annual Conf. of Canadian Acoustical Assoc.

2009, Niagara-falls, ON, Oct. 14-16, vol. 37, no. 3, pp. 118-119, 2009.

4. N.M.Alam Chowdhury, Z. Liao, L. Zhao and R.Ramakrishnan, “Modal solution of the

acoustic wave propagation through fluid-filled pipes,” Proc. Annual Conf. Canadian

Acoustical Assoc. 2009, Niagara-falls, ON, Oct. 14-16, vol. 37, no. 3, pp. 120-121, 2009.
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