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Abstract 
 

Structural health monitoring methods can be generally classified as either local or global. 

Global methods are based on relatively low-frequency vibration measurements of the 

structure. Their advantages are that only a small number of sensors are needed and the low 

structural vibration modal properties are relatively easy to be measured. However, a small 

number of low global vibration modes are often not sufficiently sensitive to minor damage 

in a structure. Local methods, on the other hand, could be very sensitive to small damage 

but their detection range is usually small. To overcome the limitations of the two 

approaches, an integrated health monitoring system that combines the global vibration 

measurement and local wave propagation and acoustic emission data is developed in this 

study. It takes the advantages of these approaches to compensate their limitations. An 

impulse hammer and accelerometers are used to generate impact forces and to record 

acceleration histories at several control points of the structure for global vibration 

measurement. PZT actuators and PVDF sensors are attached on surface of the structure to 

generate and record guided wave (GW) propagations along the structure. The PVDF 

sensors are also used to capture acoustic emissions (AE) due to crack initiation for passive 

structural health monitoring. Two reinforced concrete (RC) beams and a steel bar under 

different damage scenarios are tested to verify the performance of the system. The 

experimental results demonstrate the potential of using an integrated health monitoring 

system by combining the local and global methods for efficient and effective structural 

damage detection.  

To study the applicability of using GW propagation for damage detection, several GW 

propagation tests are carried out on round plain steel bars, a rectangular steel beam, steel 

bars in concrete and steel pipe, respectively. Corresponding numerical models based on 

spectral element method (SEM) are developed. For concrete-steel interface, scalar damage 

parameters characterizing changes in the interface (debonding damage) are incorporated 
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into the formulation of the spectral element (SE) for damage detection of reinforced 

concrete structures. Parametric studies are performed to evaluate the effect of different 

damage scenarios on wave propagation in the reinforced concrete structures. For steel 

rebar, the reflection and transmission (RT) coefficients are adopted in numerical simulation 

to quantify the discontinuities such as crack depth in the steel bar. The fracture mechanics 

model is used to obtain the RT coefficients. Further, a pipe SE is also developed. 

Parametric studies are performed to evaluate the effect of additional masses on wave 

propagation in pipes. Moreover, imaginary SEs are proposed in this study, which are 

combined with the real structural elements to model wave reflections at structural 

boundaries. The imaginary SEs make modelling wave reflection at boundaries possible. 

Numerical simulations and experimental results show that SE method is effective in 

modelling GW propagations and GW propagation is sensitive to local structural damages. 

To identify structural damage from measured data and finite element model, in this 

research, a finite element (FE) model updating process using a newly developed 

optimization method, Clonal Selection Algorithm (CSA), is presented. A finite element 

model for prestressed and reinforced concrete beam is developed. The model updating 

method is used to identify damage or prestress force from measured data. Several objective 

functions are compared. A similar SE model updating procedure is also presented to 

identify structural damage. Two spectral elements with structural damage (DSE) are 

developed to model the local (cracks in reinforcement bar) and global (debonding between 

reinforcement bar and concrete) damage in one-dimensional homogeneous and composite 

waveguide, respectively. Transfer matrix method is adopted to assemble the stiffness 

matrix of multiple spectral elements. Two displacement-based functions and two 

frequency-based functions are used as objective functions in this study. The results 

demonstrate the capability of the proposed method in damage identification based on 

measured wave propagation data. 
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Chapter 1  

Introduction 

1.1 Background 

Civil infrastructure, such as dams, long-span bridges, pipelines and building structures, are 

highly important for every nation, because construction of these structures needs 

substantial investment, many of them are expected to serve for a relatively long period. 

However, during their service life, many factors impair structural integrity and safety. Such 

factors include environmental loads (for example: earthquake, wind and flood), mechanical 

damages, structural aging (such as corrosion, deterioration, and fatigue effects) and some 

human factors. Therefore changing in structural conditions is inevitable. In fact, after in 

service for a number of years, conditions of many civil infrastructures have been 

deteriorating. For example, the average grade of the bridges is C in the 2009 Report Card 

for America’s Infrastructure (American Society of Civil Engineers, ASCE 2009). The same 

report cards also indicate that more than 26% of the bridges in the USA are either 

structurally deficient or functionally obsolete.  Similarly, the 2005 Engineers Australia 

report card gave Australian infrastructure an overall rating of C plus, indicating some 

structure deficiency. Since damage to these structures may claim lives and cause significant 

economic losses, monitoring the conditions of civil infrastructure is crucial for life and 

economy protection.  

In order to identify and assess various damages in a structure quickly and correctly, 

numerous research works have been conducted. However, most current structural and 

mechanical system maintenance is done in a time-based mode (Farrar and Worden, 2007). 

This mode disregards the real condition of a structure and thus may be inefficient when a 

structure is healthy or dangerous when it damages heavily. Instead, Structural Health 
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Monitoring (SHM) has been increasingly recognized as a viable tool for improving the 

safety and reliability of structures in recent years. According to Housner et al (1997), SHM 

can be defined as the use of in-situ, non-destructive sensing and analysis of system 

characteristics, including structural response, for the purpose of detecting changes, which 

may indicate damage or degradation. Many monitoring techniques have been reviewed by 

Doebling et al (1998), Sohn et al (2003) and Chang and Liu (2003). These methods can be 

generally classified as either global or local. Global approaches are based on relatively low-

frequency vibration measurements of the structure. The first few modes are used to assess 

the locations and the severity of damage. However, a small number of the global modes are 

not sufficient to reliably detect minor damage in a structure. Another limitation of these 

techniques is that they require a high-fidelity model of the structure to start with, which is 

usually not available. Therefore using the global approaches alone is sometimes not 

sufficient to detect a relatively small damage. On the other hand, many conventional non-

destructive evaluation (NDE) methods, such as radiography, acoustic emission (AE), 

magnetic field, eddy-current, thermal field and ultrasonic techniques, are visual or localized 

methods (Chang and Liu, 2003). These methods could be very sensitive to small damage 

but their detection range is usually very small. Also, they require that the vicinity of the 

damage is known as a priori and that the portion of the structure being inspected is readily 

accessible. Therefore it will be extremely time consuming and costly to use these methods 

to detect conditions of a realistic civil infrastructure. Recently, Guided Wave (GW)-based 

method has been found as an effective and efficient way to detect incipient damages 

(Raghavan and Cesnik, 2007a). GW is sensitive to small damage and can propagate a 

relatively longer distance with relatively less attenuation, thus providing a sensing range 

between those of the conventional non-destructive techniques (NDT) and the vibration-

based global SHM techniques. 

1.2 Objective of the study 

The primary goal of this study is to develop an integrated health monitoring strategy by 

combining the local and global methods. The research work includes: 

1) To develop a spectral element model to simulate wave propagation in various 

waveguides with boundary reflection. 

2) To simulate wave propagation in various waveguides including steel rebar, concrete-steel 

interface and steel pipe. 



School of Civil and Resource Engineering  
Damage Identification and Assessment                                                     The University of Western Australia  

 

 

1-3

3) To obtain the relationships between received wave and different kinds of damage 

through GW tests on several different structures, including rectangular steel rebar, round 

plain steel rebar with and without concrete coating, debonding reinforced concrete (RC) 

slab and steel pipe. 

4) To develop an improved spectral element model in order for considering boundary 

reflections. 

5) To identify different kinds of parameters in different structures through model updating 

method. The damages include prestress force and local/global damage in a structure. 

1.3 Organisation of the thesis 

The thesis can be outlined as following. 

Chapter 2 reviews the references which this thesis makes use of. The local methods, 

especially GW-based methods, and the global vibration-based method are presented first. 

The numerical modelling strategies are then reviewed. At last, damage identification 

methods are reviewed. 

Chapter 3 describes the related experimental studies and signal-based damage identification 

methods. The integrated health monitoring system and the corresponding experimental 

results are also presented in this chapter.  

Chapter 4 models wave propagation on concrete-steel interface using spectral element 

method (SEM). The relationships between wave characteristics and debonding length, 

debonding location, reinforcement bar cracks and concrete damage are obtained. 

Chapter 5 proposes an improved SEM to model both boundary and structural 

discontinuity reflections when simulating wave propagation. The relationship between 

crack depth and r coefficient is also presented. 

Chapter 6 applies the improved SEM to model wave propagation on steel pipe. Pipe SEM 

is developed and used to establish the relationship between wave characteristics and the 

additional mass. 

Chapter 7 presents the application of Clonal Selection Algorithm (CSA) in finite element 

(FE) model updating. Two simple models are used to demonstrate the performance of the 

proposed method. Then, identification of prestress force in a prestress RC beam is carried 

out by using the CSA approach. 
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Chapter 8 applies CSA to spectral element (SE) model updating. The development of two 

DSEs (spectral element with structural damage) is presented. They are used to model local 

and global damage. The performance of CSA is demonstrated again from the presented 

results. 

Chapter 9 summarizes the main conclusions of this study. Recommendations of future 

work are also provided. 
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Chapter 2  

Literature review 

2.1 Introduction 

SHM is a rapidly developing field, which has gained lots of interests from civil engineers 

worldwide. Usually there are three main components in a SHM system: sensing module 

which is used to gather information of structural responses and/or the environmental 

conditions; signal processing module including data acquisition, transmission and 

management; data interpretation module that is intended to identify the existence, the 

position and the extent of the damage in a structure using received data through system 

identification or model updating and further to assess present and future structural 

performance. The performance of one SHM system is highly dependent on the type and 

performance of its sensors. Dozens of sensor types have been cited throughout the 

literature including optical fibres, piezoelectric films, shape memory alloys and so on. But 

for each particular kind of damage, only limited kinds of sensors are feasible for 

identification. Vibration-based method is usually made up of a test system using 

accelerometers. With regard to GW-based method, piezoelectric sensors have been 

adopted due to their versatility, affordability, and stability.  

Having no intention of being exhaustive, this chapter will only provide an overview of 

some widely used local and global health monitoring methods. In section 2.2, some typical 

structural damages are described. In section 2.3, GW-based methods, other local methods 

and vibration-based global methods are reviewed. In section 2.4, the numerical modelling 

methods for the corresponding techniques will be presented, focusing on SEM and damage 

modelling. In section 2.5, the damage identification methods will be provided. 
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2.2 Structural damages 

During their service lives, civil infrastructure degrades as time goes by. This section aims at 

describing various structural damages under both normal operating conditions and 

abnormal conditions. 

2.2.1 Damage under normal operating conditions 

Under normal operating conditions, three types of damages, corrosion, fatigue and 

deterioration, are taken into consideration. 

1. Corrosion 

Corrosion-induced damage is recognized as one of the major causes of deterioration of RC 

structures worldwide (Broomfield, 1997). Corrosion causes production of expansive rust 

products, loss of cross-sectional area and reduction of bond, all leading to rust staining, 

cracking or spalling and reduction of serviceability and structural capacity. Bhargava et al. 

(2008) suggested some simple empirical models to evaluate the reduction in bond strength 

as a function of reinforcement corrosion in a RC structure. Razak and Choi (2001) 

investigated the effect of corrosion on modal parameters of RC beams. Clearly, monitoring 

and control of reinforcement corrosion is of significant practical importance to prevent 

premature collapse. 

2. Fatigue 

Fatigue of structures was evident as a by-product of the industrial revolution in the 19th 

century (Schijve 2003). In some more detail, it was recognized as a fracture phenomenon 

occurring after a large number of load cycles where a single load of the same magnitude 

would not do any harm. The efforts spent on fatigue investigations are tremendous, as 

illustrated by numerous publications. Since fatigue damage is usually a sudden incident, 

predictions are necessary. Different prediction models are based on either the similarity of 

conditions or fatigue damage accumulation. 

3. Deterioration 

Other deterioration types include scour, salt scaling and so on. In cold climates, salts are 

regularly used to de-ice concrete roadways and walkways. This practice leads to salt scaling, 

which is one of the major durability issues facing concrete in such climates. Salt scaling is 

defined as superficial damage caused by freezing a saline solution on the surface of a 

concrete body (Valenza II and Scherer 2007a, b). The damage is progressive and consists 

of the removal of small chips or flakes of material. 
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Scour usually exists around bridge piers and abutments, which will affect the integrity of 

the major structures. This is predominantly a concern when the foundations of the 

structure are not positioned on firm bedrock although some degradation of the footing and 

surrounding rock may arise even in the case of more secure foundations.  

2.2.2 Damage under abnormal conditions 

1. Overloading 

It shows that even concrete structures with very good ductility can fail suddenly, i.e. 

without prior large deflections to warn of the imminent collapse. Overloads produce a 

retardation effect on fatigue crack propagation due to the plastic zone created by the 

overload in the vicinity of the crack tip, surrounded by an elastic region which compresses 

the former to achieve compatibility of strains, thus creating compressive residual stresses 

which tend to close the crack tip over some distance. Therefore, softening in the overload 

range, rather than ductility, is the necessary structural property that ensures adequate 

warning of collapse. 

2. Accidental loading 

Structures customarily are designed to withstand loads from their occupants and the natural 

environment. The normal design process provides a measure of structural integrity that is 

also available to withstand events that traditionally have been outside the design envelope, 

including accidents, misuse, and sabotage. Social and political factors have led to an 

increase in hazardous events that may pose a risk to buildings. Such events may be 

controlled by appropriate measures including SHM systems. 

3.  Natural Disaster 

Earthquakes, hurricanes, tsunami and other natural disasters occur inevitably in many areas. 

They impose random and extreme loads on structures, thus the response of the structure is 

also random and usually nonlinear, which makes it difficult to mitigate their effects. 

Therefore, careful design considering events with little probability is required. Further, 

monitoring the loads and responses is also required in order to study the intrinsic damage 

mechanism to improve design work in the future. 
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2.3 SHM methods 

2.3.1  GW-based methods 

In order to improve the safety and reliability of civil, mechanical or aerospace structures, it 

is necessary to monitor their integrity during their operational lives. Numerous condition or 

damage identification methods have been developed, including GW-based methods. 

Though it is in essence a particular kind of ultrasonic methods, several characteristics make 

GW-based methods stand out of other local SHM methods. 

1. GW-based methods apply a fairly high frequency pulse to the structure. Because of 

the short wavelength of GW, it is very sensitive to small changes in the structure. 

This makes minor damage detection become possible (Croxford et al, 2007). 

2. Another advantage of using GW is that it can propagate a relatively long distance 

with little attenuation, thus providing a sensing range which is between those of the 

conventional NDE techniques and the global SHM methods (Raghavan and Cesnik 

2007a). 

3. Conventional SHM only “listens” to the structure but does not interact with it, so it 

can be called as passive SHM. In contrast, GW-based methods use active actuators 

and sensors that interrogate the structure to detect the presence of damage, and to 

estimate its extent and intensity (Giurgiutiu and Cuc 2005). This often leads to 

active SHM, which can increase the reliability of SHM system (Boller et al 1999). 

GW is defined as stress waves forced to follow a path defined by the material boundaries 

of a structure. When there are damages in the path, part of the propagating wave will be 

reflected and part transmitted, resulting in the changes of the received waves. GW-based 

methods can be divided into two categories, including pitch-catch and pulse-echo 

(Raghavan and Cesnik 2007a). Figure 2-1 illustrates these two methods as well as a special 

pulse-echo method, phased array (Giurgiutiu and Cuc 2005). In the pitch–catch approach 

(Figure 2-1 (a)), a pulse signal is sent across the specimen under interrogation and a sensor 

at the other end of the specimen receives the signal. From various characteristics of the 

received signal, such as delay in time of transit, amplitude, frequency content, etc., 

information about the damage can be obtained. In Figure 2-1 (b), after exciting the 

structure with a narrow bandwidth pulse, a sensor collocated with the actuator is used to 

“listen” for echoes of the pulse coming from discontinuities. Because the boundaries and 

the wave speed for a given centre actuation frequency of the tone burst are known, the 

signals from the boundaries can be filtered out (or alternatively the test signal can be 
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subtracted from the baseline signal). Then, signals from the defects are left (if present). 

From these signals, defects can be located using the wave speed. As show in Figure 2-1 (c), 

phased arrays (Li and Rose, 2001) are made up of N elements, which are arranged along a 

line at uniform pitch. The wave pattern generated by the phased array is the result of the 

superposition of the waves generated by each individual element. By sequentially firing the 

individual elements of an array transducer at slightly different times, the ultrasonic 

wavefront can be focused or steered in a specific direction. Thus inspection of a wide zone 

can be achieved by electronically sweeping and/or refocusing without physically 

manipulating the transducer. Once the beam steering and focusing have been established, 

the detection of internal flaws is done with the pulse-echo method (Giurgiutiu and Bao 

2004). 

The critical elements of GW SHM are the transducers, the relevant theory, the signal-

processing methodology, the arrangement of the transducer network to scan the structure, 

and the overall SHM architecture (i.e. issues related to supporting electronics, robustness 

and packaging). In this section, the actuators/sensors and corresponding signal processing 

methodology are provided. Section 2.4 and 2.5 will review numerical simulation and 

damage identification methods. Several examples of field applications in which GW SHM 

has been implemented are discussed. 

 

a) Pitch-catch method 

 

b) Pulse-echo method 
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c) Phased array method 

Figure 2-1 : GW-based methods 

To understand GW propagation in a structure, many useful textbooks can be referred to 

(Achenbach 1973, Graff 1975, Doyle 1997 and Rose 1999). Chapter 4, Chapter 5 and 

Chapter 6 concentrate on simulating wave propagation in concrete-steel interface, steel bar 

and steel pipe, respectively. So the fundamental theory of GW will not be provided here. 

To carry out GW-based SHM, embedded or surface-bonded piezoelectric wave transducers 

(piezos) are most commonly used. Piezos are inexpensive, and are available in very fine 

thicknesses (0.1 mm for ceramics and 9 μm for polymer film), making them very 

unobtrusive and conducive for integration into structures. Piezos operate on the 

piezoelectric and inverse piezoelectric principles that couple the electrical and mechanical 

behaviour of the material, as shown in Equation (2-1).  

 
kkijkl

E
ijklij EdTsS   

k
T
jkkljklj ETdD   

(2-1) 

where ijS  is mechanical strain; klT  represents mechanical stress; kE  denotes electrical field; 

jD  is electrical displacement; E
ijkls  is the mechanical compliance of the material measured 

at zero electric field (E=0); T
jk  is the dielectric permittivity measured at zero mechanical 

stress (T=0); and jkld  represents the piezoelectric coupling effect. An electric charge is 

collected on the surface of the piezoelectric material when it is strained. The converse 

effect also occurs, that is, the generation of mechanical strain in response to an applied 

electric field. Hence, they can be used as both actuators and sensors. 

The most commonly available materials are Lead zirconiumtitanate ceramics (PZT) and 

Polyvinilidene Fluoride (PVDF). Both are polymer films. They are usually poled through 
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the thickness (normally designated the 3rd direction), which is also the direction that the 

voltage is applied or sensed. When used as an actuator, the high-frequency voltage signal 

causes waves to be excited in the structure. In the sensor configuration, the in-plane strain 

over the sensor area causes a voltage signal across the piezo. Piezoceramic is quite brittle 

and need to be handled with care. In contrast, polymer films are very flexible and easy to 

handle. There are some fundamental differences between the conventional ultrasonic 

transducers and piezos: 

1. Conventional ultrasonic transducers are weakly coupled with the structure through 

gel, water, or air. In contrast, piezos are strongly coupled with the structure through 

an adhesive bond. 

2. Conventional ultrasonic transducers are resonant narrow-band devices. In contrast, 

piezos are non-resonant broad-band devices that can be tuned selectively into 

certain Lamb modes. 

3. Conventional ultrasonic transducers excite and sense the Lamb waves in the 

structure indirectly through acoustic waves impinging on the structural surface and 

the mode conversion. In contrast, piezos excite and sense the Lamb waves in the 

structure directly through in-plane strain coupling. 

It should be noted that piezos can also be applied to impedance-based SHM. The basis of 

this active sensing technology is the energy transfer between the actuator and its host 

mechanical system. It has been shown that the electrical impedance of the PZT material 

can be directly related to the mechanical impedance of a host structural component where 

the PZT patch is attached (Park et al 2003). Though GW-based method and impedance-

based method employ the same actuator/sensor, their theoretical background, testing 

instruments and signal processing methods are different. GW-based method not only 

requires less expensive apparatus, but also provides more information through the time-

domain received waves.  

Signal processing is a crucial aspect in any GW-based SHM algorithm. The objective of this 

step is to extract information from the sensed signal to decide if damage has developed in 

the structure. Information about damage type and severity is also desirable from the signal 

for further prognosis. Therefore, a signal-processing technique should be able to isolate 

from the sensed signal the time and frequency centres associated with scattered waves from 

the damage and identify their modes. The signal-processing approach should also be robust 
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to noise in the GW signals. Deeper insights into the requirements of a GW signal 

processing algorithm can be found in Raghavan and Cesnik (2007b) and Yu and Giurgiutiu 

(2005). Staszewski and Worden (2004) have reviewed various signal processing approaches 

that can be exploited for damage detection algorithms. Signal processing approaches that 

have been used for GW testing can be grouped into data cleansing, feature extraction and 

selection, pattern recognition, and optimal excitation signal construction. This study 

employs numerical modelling together with experimental results. Therefore, only data 

cleansing and feature extraction parts are relevant. In this study, data cleansing is done by 

an in-house made Labview-based program, which will be addressed in Chapter 3. In the 

GW-based method, damage detection can be performed through the examination of the 

GW amplitude, phase, dispersion and time of flight (TOF, defined as the time that it takes 

for a particle, object or stream to reach a detector while travelling over a known distance) 

in comparison with the “pristine” situation. These features are easily obtained through the 

received signals. 

GW-based methods have been applied to damage detection for RC structures. In RC 

structures, the interface between concrete and steel governs the interaction between the 

two types of materials under loading. When the interface is seriously damaged, e.g. when a 

micro-crack is formed, debonding takes place with large slip, and the load-transferring 

capacity of the interface will drop dramatically. Soh et al (1999) presented a damage model, 

which included the normal and tangential damage factors, to describe the concrete-steel 

interface mechanism. A RC element is developed based on this damage model to simulate 

the bond deterioration in RC structures (Soh et al, 2003). Zhu and Law (2007) developed a 

concrete-steel interface element for damage detection of RC structures from static 

responses. However, the bonding loss is insensitive to the static or low-frequency structural 

responses and it is significantly more difficult to be detected than damages occurring on 

concrete such as cracks and loss of cross sections. Na et al (2003) fabricated four sets of 

RC specimens with different lengths of delamination. GW tests were then carried out to 

obtain a function of the relationship between the received signal amplitude and its 

frequency. Theoretical studies were also conducted to help the researchers to select Lamb 

modes. Wu and Chang (2006a,b) provided a systematic study on debond detection in RC 

structures using pitch-catch method. Experimental results showed that the amplitude of the 

first received wave became bigger and the arrival time decreased slightly when the size of 

debond increased. The results were then used to verify the FE model built in PZFlex 

software. Based on parametric studies using verified model, a debond detection algorithm 

for RC structures was established. Kim et al (2007) employed a reference-free damage 
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diagnosis method based on time reversal acoustics (TRA). In this method, an input signal 

at an excitation point can be reconstructed if the response signal measured at another point 

is reemitted to the original excitation point after being reversed in the time domain. 

Experimental results on large-scale CFRP (Carbon fibre reinforced polymer)-strengthened 

RC beams demonstrated that TRA can improve the detectability of local debonding. 

Song et al (2007) applied GW-based method to detect possible internal cracks inside the 

RC bent-cap. The experimental results on such a large-scale structure showed that the 

transmission energy between the actuator and sensor will drop dramatically when a crack 

exists inside, which demonstrated the sensitivity of piezos in detecting cracks. Further, 

wavelet packet analysis was successfully used to extract feature vector from the signals. 

Ritdumrongkul et al (2004) provided a study of detecting the loosening of bolts of a 

structure consisting of two aluminium beam connected by a bolted joint. SEM is used to 

model the structure in order to quantitatively monitor the damage. Experimental results 

demonstrated that the loosening of bolts can be quantitatively identified as the change in 

stiffness and damping at the bolted joint, indicating a high potential of this method in order 

to quantitatively monitor structural damage. 

GW tests are also applied to detecting damage in pipes. Giurgiutiu and Yu (2004) presented 

a study of damage detection in cylindrical shell structures using phased array method. It is 

shown that the proposed embedded ultrasonics structural radar works on cylindrical shells 

with curvatures representative to actual structure just as well as it works on flat plates. For a 

coated pipe, GW tests were also carried out to demonstrate that wave energy was focused 

at the expected angle for both the no coating and wax coating conditions, although there 

was some amplitude loss due to the wax coating (Luo and Rose 2007). It will provide us 

with a measure of the capability to inspect when certain coating conditions are in evidence. 

As pointed out in Ragyavan and Cesnik (2007a), the pitch–catch approach cannot be used 

to locate the defect unless a dense network of transducers is used. However, like many 

other researchers (Wu and Chang 2006b, Ritdumrongkul et al 2004), this study integrates 

numerical modelling and experimental testing of GW-based methods, which makes 

identifying damage location and damage quantification become possible by using pitch-

catch method. The numerical modelling methods will be reviewed in section 2.4.  



School of Civil and Resource Engineering  
Damage Identification and Assessment                                                     The University of Western Australia  

 2-14

2.3.2 Other Local methods 

Other local techniques commonly used in SHM include acoustics, dye penetrant, eddy 

current, emission spectroscopy, fibre-optic sensors, fiberscope, hardness testing, isotope, 

leak testing, optics, magnetic particles, magnetic perturbation, Moire contour mapping, 

noise measurements, pattern recognition, pressure/vacuum testing, pulse-echo, 

radiography, ultrasonics, X-ray, and visual inspection. These methods are based on 

different theoretical principles, and as a result produce different sets of information 

regarding the physical properties of the structure. Basically, they can be divided into such 

categories according to techniques based on mechanical waves, electromagnetic field, 

optics and others. There have already been some useful review papers on local NDE 

methods, such as McCann and Forde (2001) and Chang and Liu (2003). In this section, the 

theoretical background and recent progress of each method will be briefly reviewed. 

a) Mechanical wave-based methods 

The mechanical wave-based methods include tap test, impact-echo, AE monitoring and 

ultrasonics. 

Tap test is a quick evaluation method for detecting the presence of delamination and voids 

of accessible surfaces. The acoustic response from lightly tapping the surface of the 

damaged object with a small hammer is compared to that of a known good area. This 

procedure is usually carried out by skilful inspectors by using unaided human hearing. 

Therefore, it is not only time consuming but also largely dependent on experiences. 

Impact-echo method has been used for detecting flaws in concrete. The method is 

performed on a point-by-point basis by using a small instrumented impulse hammer to hit 

the surface of a structure at a given location and recording the reflected energy with an 

accelerometer mounted adjacent to the impact location as shown in Figure 2-2 (Carino 

2001). In order to interpret data from the receiver, frequency analysis is used instead of 

time domain analysis of the recorded waveforms (Carino et al 1986). Impact–echo testing 

of bridges has largely been focused on identifying voids in ducts in post-tensioned concrete 

bridges (McCann and Forde 2001). 

One of the most commonly used inspection techniques for steel structures is pulse-echo 

ultrasonics. A sound beam is induced in the material being inspected, and reflections of 

that beam are interpreted to determine the location and the size of defects. Alternatively, a 

pitch-catch transducer configuration can be used to detect cracks and determine the crack 

depth with a high degree of accuracy (Chang and Liu 2003). Ultrasonics inspection uses 
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acoustic waves with frequencies above the audible range, namely, from 20 kHz to 100 MHz. 

This will allow the method immune to environmental noises, which usually have much 

lower frequencies.  

The major disadvantage of ultrasonic and impact-echo inspection is that they are used for 

through-the thickness testing (shown in Figure 2-2). Therefore they are essentially point 

methods. The area interrogated is limited to the region immediately surrounding the 

transducer. This means that scanning is required if a large area is to be covered, which is 

time consuming and therefore expensive (Cawley 2001).  

 

Figure 2-2: Impact-echo method: mechanical impact is used to generate stress waves and 

receiver next to impact point measures resulting surface motion 

AE is based on the principle that ultrasonic acoustic signals are emitted as materials are 

stressed. This method was employed at the beginning of the 1960s for the inspection of 

pressure vessels in the USA. Defects such as the initiation and growth of fatigue cracks, 

failure of bonds, areas of corrosion, and loosening of bolts, emit mechanical waves of 

different frequencies. These waves can be captured by sensors. From the recorded signals, 

the type, location and severity of a defect can be deduced. This approach is a cost-effective 

and sensitive technique for detecting and locating potential problem areas. The process can 

be used with other techniques to quantify damages in the areas identified by AE testing. 

Stulen and Kiefner (1982) performed an experiment to evaluate AE monitoring of 

“seeded” defects in an actual pipeline. The results showed that AE monitoring with a 

transducer spacing of 500 feet can find severe defects in buried pipelines in time to prevent 



School of Civil and Resource Engineering  
Damage Identification and Assessment                                                     The University of Western Australia  

 2-16

them from failing. Shigeishi et al (2001) have evaluated the potential for the AE technique 

to provide cost effective in-situ long term monitoring of bridge condition. A bridge in UK 

is chosen to be representative of both masonry and RC construction methods. It can be 

concluded that strong AE signals are obtained from RC structures while AE of lower 

energy levels can be detected in masonry structures. Large, wide, visible cracks do not 

release much AE energy, whilst invisible internal ones do. Therefore, AE is useful in 

detecting crack growth and determining the position of the crack tips at a much earlier 

stage in their development, before they are noticed during visual inspection. This fact 

consolidates that AE can be applied to condition assessment of bridges. Carpinteri et al 

(2007) proposed an innovative methodology, based on the counting of events, in order to 

determine the released energy and therefore the conditions of stability or the risk due to the 

spreading of discrete cracks. They also presented the interpretation of quasi-brittle material 

behaviour in compression, utilizing the AE technique and based on statistical and fractal 

analysis. Eventually, a multi-scale criterion to predict the damage evolution, also in large 

concrete structural elements, was formulated. This makes life-time assessment of concrete 

structures become possible. Due to its various advantages, AE is adopted as a method of 

early warning of damage in structures in this study, which will be reported in Chapter 3. 

b) Electrical, magnetic and electromagnetic methods 

The widely used methods related to electrical, magnetic and electromagnetic approaches 

include eddy current, electrical resistivity and half-cell method. 

The original development of eddy current probes for defect detection and material 

characterization was based on circuit concepts. In this approach, the metallic test piece was 

pictured as the short-circuited secondary of a transformer, with the probe coil constituting 

the primary. This model was formalized by an equivalent circuit diagram, in which a series 

resistance in the primary represented coil losses and a series resistance in the secondary 

represented resistive losses in the test piece. The induction of eddy currents in the test 

piece was characterized by the lumped mutual inductance of the transformer, which was 

taken to vary inversely with the distance between the probe and the metal surface (lift-off 

distance) according to some empirical law. A defect in the metal was considered to alter the 

series resistance in the secondary of the transformer, by an amount depending on the size 

of the defect and its position relative to the probe coil. Similarly, global changes in the 

resistivity of the metal and resistive inhomogeneities, etc., were also considered as changes 

in the secondary resistance (Auld and Moulder 1999). Sodano (2007) investigated the 

development of a SHM sensor that utilizes eddy currents to identify the presence of 
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damage in an automated fashion without the need for complicated signal processing. This 

system uses a small coil bonded to the surface of the structure that has a high frequency 

current flowing through it. The eddy current senor is demonstrated to identify both 

corrosion and damage in the form of a small hole well outside the sensors footprint. This 

method can identify damage both qualitatively and quantitatively. However, the required 

instruments are complex and the data are hard to interpret. 

As for the electrical resistivity method, it can be used to assess the likelihood of significant 

corrosion within a RC structure (Bungey 1994). The electrodes are deployed in a constant 

separation Wenner array and are used to map the variation of electrical resistivity over the 

surface of the structure or beam. These changes can be related to the ability of corrosion 

currents to flow through the concrete, which is a function of water/cement ratio, the 

moisture content and the salt content. Lataste et al (2003) measured electrical resistivity to 

assess cracking on RC structures. Shah and Ribakov (2008) analysed both the dynamic 

responses and resistivity measurement of flawed or cracked RC structures subjected to 

impact loading. The major problem associated with this method is that for achieving good 

electrical contact between the electrodes and the concrete structure it is usually necessary to 

drill small holes to provide effective contact. 

The more popular method for assessing corrosion of the reinforcing rods is the half-cell 

potential system where the potential of the embedded steel reinforcement rod is measured 

relative to a reference half-cell placed on the concrete surface (McCann and Forde 2001). 

However, the application field of this method is limited. 

c) Optics-based methods 

Visual inspection can be regarded as the simplest NDT method. It is often used as an initial 

method to detect gross damages and may be used to target subsequent testing by other 

methods (Cawley 2001). Its limitations are obvious. First, the damage areas should be 

humanly accessible. Second, the damages should be visible on the surface of the structure, 

which will exclude inside damages. For concrete structures, concrete will crack due to 

various reasons. The crack width and depth at least partly indicate the severity of damage. 

Therefore, it is still useful in civil engineering.  

For example, visual inspection has received favours from many researchers to study 

corrosion damage in RC structures. Liu and Weyers (1998) constructed 44 specimens with 

different corrosion rates (admixed chloride contents), cover depths, and reinforcing steel 
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diameters and spacings. The specimens were exposed to outdoor conditions for a 5-year 

period. The corrosion-induced cracking results were used to calibrate the model based on a 

sensitivity analysis of Bazant’s model (Bazant 1979). More researchers have selected 

accelerated corrosion testing program, since the former one is too time-consuming. Alonso 

et al. (1998) fabricated several specimens with different concrete covers, cement mass and 

water/cement ratios and then applied a nominal constant current density through the 

counter-electrodes placed at the concrete surface of each specimen. The factors controlling 

concrete cracking are studied quantitatively. Vu et al. (2005) investigated the effect of 

concrete cover and water/cement ratio on corrosion-induced cracking based on an 

accelerated testing with a constant electrical current applied to the bars. They also proposed 

a correction factor for rate of loading to consider the effect of higher corrosion rate in the 

experiment than that in reality. In this study, visual inspection method is also adopted to 

record corrosion-induced cracking on RC beams. 

Shearography is a laser-based optical method originally developed for strain measurement 

(Hung 1989). It is equivalent to a full field strain gauge which allows strain distribution over 

a large area to be observed. Another laser-based method, laser detection and ranging 

(LADAR) technology, is applied to real-time three-dimensional modelling of infrastructure 

(Teizer et al 2005). It can only measure distance between the object and the apparatus, 

implying that it is only useful when the damage is severe. 

Videogrammetric model deformation (VMD) measurement technique is also an optical 

method mainly for measuring aeroelastic deformation and attitude of a model during 

aerodynamic testing. Based on the principles of close-range photogrammetry, the VMD 

technique is used to determine the spatial coordinates of targets on a model surface from 

the target centroids in a series of images. From these spatial coordinates, the model 

deformation induced by aerodynamic loading is computed. However, sophisticated 

hardware, including a video-rate camera, is required in this method, limiting its application 

fields. 

Fibre optics is a promising sensor type. To date, several techniques have been favoured by 

many researchers, including Fibre Bragg grating (FBG), intensity sensors, interferometric, 

and optical time domain reflectometry (OTDR). The fundamental principle behind the 

operation of a FBG is Fresnel reflection. Where light travelling between media of different 

refractive indices may both reflect and refract at the interface. FBG strain sensors are 

widely applied in the field of real-time online health monitoring of bridges and other civil 

structures (Lin et al 2005). In a recent review paper (Majumder et al 2008), the principle, 
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interrogation, encapsulation and applications of FBG in SHM is clearly summarized. As for 

intensity sensors, they are traditionally used to measure strain over a relatively long gauge. 

Because the light intensity decreases as the fibre is strained, strain in fibre can be inferred 

by measuring the light intensity on the far end of the fibre. Interferometric sensors operate 

on the principle that light signals from a strained fibre are integrated with the signal from 

another unstrained (reference) fibre with the same length and material characteristics. 

When these slightly different signals are superimposed, a sinusoidal wave form is produced. 

The period of this wave form can then be calibrated against strain. OTDR is originally 

proposed by Barnoski (1977). It is based on intensity measurement of distributed sensors, 

which can measure the TOF of light signals. If a strain is induced at any point along the 

length of the fibre, a change of intensity is reflected back to the OTDR. Since a sensor 

network is applied, the precision is much better than individual intensity sensors. 

The most important attribute of fibre optics sensors is that they are immune to electrical 

and electromagnetic interference. However, application of fibre optics requires trained 

professionals, and the cost of demodulators is sometimes significantly higher than other 

competing technologies. 

d) Other methods 

Other techniques based on radar, thermography, radiography, and so on, have also been 

developed and used in SHM. 

Ground penetrating radar is a valuable device in locating defects and voids in concrete 

structures, and in determining embedded reinforcement and other sub-surface details (Rao 

et al 2007).  

Infra-red thermography is a process in which heat at any temperature can be converted into 

a thermal image using specialised scanning cameras (Maldague 1993). It has been observed 

that buildings or structures with defects such as debonding render and mosaic or 

delaminating concrete emit differing amounts of infra-red radiation. 

Very short wavelength electromagnetic radiation, namely X-rays, gamma-rays or neutron 

rays, will penetrate through solid media but will be partially absorbed by the medium. The 

amount of absorption is dependent upon the density and thickness of the material which 

the radiation is passing through, and also the characteristics of the radiation. The radiation 

which passes through the material can be detected and recorded on either film or sensitised 

paper, viewed on a fluorescent screen, such as a television screen, or detected and 
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monitored by electronic sensing equipment. Radiographic techniques are frequently used 

for the checking of welds and castings (McCann and Forde 2001). 

It should be noted that there are still some methods which are not presented here. 

However, comparing all these methods with GW-based method, they are either too 

complex and expensive or not sufficiently sensitive to small damages. Therefore, GW-

based method is chosen in this study. 

2.3.3 Global vibration-based method 

Global methods have received interests from many researchers. Ndambi et al (2002) 

proposed a model updating method to identify damage of RC beams using 

eigenfrequencies and mode shape derivatives. Vibration-based method has also been 

applied to damage detection of highway bridges and other structures (Teughels and Roeck, 

2004). In this area, Doebling et al (1998) and Sohn et al (2003) have provided informative 

reviews. This section concentrates on some typical methods. 

In vibration-based method, the acceleration time histories are measured first (Ewins 2000). 

There are three basic types of data format used in the analyses: time domain, frequency 

domain and modal domain. Time domain data can be used in damage identification directly. 

These methods include instrumental variables method (Young 1970), restoring force 

method (Masri and Caughey 1979) and extended Kalman filter method (Jazwinski 1970). 

During experimental modal analysis, the sampled time-series are usually processed into the 

frequency response function (FRF) data. Theoretically, the FRF data contain some 

information from the out of range modes. However, in practice, unless the mode is just out 

of the range, they are easily corrupted by noise and the response is dominated by the in-

band modes. Thus, the FRF and the modal model essentially contain the same information 

as time domain data (Friswell 2007). This study focuses on damage identification using 

modal data. 

Based on the adopted damage index, vibration-based methods can be classified into natural 

frequency based methods, mode shape based methods, strain mode shape based methods, 

dynamically measured flexibility based methods and FRF-based methods. These indices can 

be used either directly or as the objective function in model updating method. This section 

focuses on the methods based on directly analysing the measured data. The model updating 

method often leads to inverse problem solving. More detailed discussion of model 

updating will be provided in section 2.5.1.  
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Because it is a straightforward concept, there is a vast amount of literature using changes of 

frequency for damage identification. Salawu (1997a) has provided an informative literature 

review on structural damage detection using frequency changes. Here only some newly 

developed works are shown. Messina et al (1998) proposed multiple damage location 

assurance criteria (MDLAC) to deal with the problem of multiple damages using frequency 

changes. MDLAC was defined based on a linear correlation between the vector of 

measured changes in frequency due to damage and the vector of predicted changes in 

frequency due to damage at known locations. The method has been proven to be reliable 

when applied to a numerical 2-D pin truss and an experimental three-beam aluminium 

structure. Palacz and Krawczuk (2002b) further investigated this method using increasing 

number of frequencies. The authors concluded that it was very sensitive to even small 

errors in measured frequencies (±0.1%).  

Two common methods to compare two sets of mode shapes are modal assurance criteria 

(MAC) and coordinate modal assurance criterion (COMAC). However, Pandey et al (1991) 

pointed out that MAC and COMAC are not sensitive to detect damage because it averaged 

all the measurement points (MAC) or all modes (COMAC). Salawu (1997b) proposed a 

method to detect damage called Integrity Index Damage Location Method. This method 

used frequencies and mode shapes to compute indices to indicate the existence of damage 

and its location. Performance of the method was evaluated using numerical example and 

experimental data. Shi et al (2000) improved the MDLAC method (Messina et al 1998) by 

considering only an incomplete measurement mode shape. The feasibility of the proposed 

method was tested in two conditions: i) the measured degree of freedom is less than the 

degree of freedom in FE model and ii) the number of measured modes is less than the 

number of analytical modes. However, later the authors found that the method based on 

incomplete measurement of mode shapes contained significant truncation error, thus an 

improved method adopting modal strain energy change was proposed in Shi et al (2002). 

The method was successfully demonstrated with numerical simulation data of a fixed end 

beam and experimental results of a single-bay two-story portal frame involving multiple 

damages.  

Other damage indices, such as changes in mode shape curvatures, modal strain energy, 

dynamic flexibility, Ritz vector, FRF and static response are also adopted by many 

researchers. Maeck and De Roeck (1999) make use of the calculation of modal bending 

moments and curvatures to derive the bending stiffness at each location. Modal curvatures 
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seem to be more sensitive to local damage than the modal displacements. The technique is 

validated on a prestressed concrete bridge and on reinforced concrete beam, which were 

both gradually damaged and tested extensively. Zhang et al (1998) propose a structural 

damage identification method based on element modal strain energy, which uses measured 

mode shapes and modal frequencies from both damaged and undamaged structures as well 

as a finite element model to locate damage. It demonstrated some ability in locating 

multiple damage regions. Bernal (2000) mentions that changes in the flexibility matrix are 

sometimes more desirable to monitor than changes in the stiffness matrix. Because the 

flexibility matrix is dominated by the lower modes, good approximations can be obtained 

even when only a few lower modes are employed. Such would be the case when one tries 

to infer mode shapes from a limited set of measurements. Cao and Zimmerman (1997) 

proved that Ritz vector is more sensitive than modal data by replacing the modal vectors 

with Ritz vectors in a minimum rank perturbation approach for damage detection. In a 

numerical study of a thirty-two degree of freedom truss structure, the authors found that 

the fourth and the sixth modes of Ritz vectors were significantly more sensitive than the 

corresponding modal vectors. The main disadvantage is that the experimental extraction 

process of Ritz vector is difficult. With regard to FRF, though it can avoid errors that 

commonly appear in modal analysis, the selection of frequency bandwidth for using this 

kind of data is still an issue. As for changes in static responses, there are two shortcomings, 

i) careful consideration must be given in the selection of the applied loading. If the load is 

applied at a location which makes the damaged components not participate in the loading 

process, these damaged components are difficult to identify, and ii) there is less 

information which can be used in the static damage identification compared to the 

dynamics method, which makes it more difficult to get the ideal identification result. Catbas 

and Aktan (2002) demonstrated that influence coefficients for displacement and strain (e.g. 

flexibility) and redistribution of intrinsic strains are promising indices for damage 

assessment. 

From the above, most global health monitoring methods are centred on finding shifts in 

resonant frequencies and/or changes in structural mode shapes or their derivatives. The 

premise that changes in the dynamic characteristics of a structure indicate damage is 

compromised by the fact that temperature changes, moisture and other environmental 

factors also produce changes in dynamic characteristics. Xia et al (2006) investigate the 

variation of frequencies, mode shapes and damping with respect to temperature and 

humidity changes. It is found that the frequencies have a strong negative correlation with 

temperature and humidity, damping ratios have a positive correlation, but no clear 
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correlation of mode shapes with temperature and humidity change can be observed. Linear 

regression models between modal properties and environmental factors are built. A 

quantification analysis shows that variation of the elastic modulus of the material is the 

primary cause of the variation of modal properties. If the causes of changes in dynamic 

characteristics other than damage are considered to be noise in the measurement, then the 

changes due to damage must be significantly larger than the noise in order for the 

techniques to work (Chang et al 2003). In order to consider uncertainties existing in both 

the structural model and measured vibration data, Xia and Hao (2003) developed a 

statistical damage identification algorithm based on frequency changes. Xia et al (2002) 

proposed a statistical method with combined uncertain frequency and mode shape data for 

damage identification.  

2.3.4 Integration of local and global methods 

As discussed above, both local and global methods have their own advantages and 

disadvantages. Therefore, combining these methods is believed to provide more credible 

information of the damage in a structure. Some researchers have already attempted to 

integrate the global and local methods for structural damage detection. In order to assess 

the state of an aluminium bar both qualitatively and quantitatively, Park et al (2000) 

introduced an integrated health monitoring method by combining the impedance-based 

method with an SE model-based technique. Mal et al (2003, 2005 and 2007) published a 

series of papers on damage identification of a plate using vibration and wave propagation 

data. A damage index is introduced to define the damage state of a structure. A unified 

automatic data analysis procedure is proposed to identify damage based on vibration and 

wave propagation data. Ratnam et al (2008) utilize an FE model to analyse the vibration of 

and wave propagation in a plate. Based on wave propagation results, velocity of the Lamb 

wave can be determined. The velocity is influenced by Young’s modulus of the structure, 

which will further change the vibration characteristics of the structure. In order to assess 

damage of a frame structure, Ikeshita et al (2005) proposed a comprehensive damage 

identification method using modal data and wave propagation results. Frequency change is 

used to identify damage at the story level. Mode shape is used to detect damage at the 

member level. Then, wave separation method is used to localize and quantify damage. 

From these studies, the integration of SHM methods will make damage identification more 

reliable. 
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2.4 Numerical simulation methods 

2.4.1 Numerical models for structural dynamics and wave propagation 

In order to quantify the parameters for identifying the damage location and severity, a 

refined numerical model is usually needed to analyse the dynamic responses and wave 

propagation of a structure. The low-frequency vibration responses of a solid structure are 

usually simulated by using finite element method (FEM). However, FE model is not 

necessarily a suitable method to simulate high-frequency wave propagation because very 

fine meshes are needed in order to catch the high-frequency waves, which makes the FEM 

simulations very costly. To overcome this problem, numerous different methods have been 

developed.  

For some special cases (if the shape of a structure is regular and its material parameter 

remain constant), theoretical matrix method may be sufficient for simulation of wave 

propagation. As pointed out in Lowe (1995), the modelling can be developed from matrix 

formulations which describe elastic waves. To assemble multiple elements, transfer matrix 

method or global matrix method are two alternatives. The global matrix approach is robust 

even at high frequencies, but can be computationally slower. The transfer matrix method is 

computationally efficient, but suffers from the precision problems at high frequencies 

(Lowe 1995). Barshinger and Rose (2004) used the global matrix technique to generate the 

dispersion equation for the longitudinal modes of a system which consists of an arbitrary 

number of perfectly bonded hollow cylinders with traction-free outer surfaces. 

When the problem gets more complex, other methods are required. The most often used 

methods in the numerical analysis of elastic waves include FEM, boundary element method 

(BEM) and finite difference method (FDM). Each of these methods has its own 

advantages and disadvantages. The FEM was developed for both static and dynamic 

problems. It has been applied in many areas. Recently, extensive research has been 

performed to apply FEM to modelling wave propagations. Moser et al (1999) and Wu and 

Chang (2006b) have successfully simulated wave propagation in annular structures using 

ANSYS and that in RC structures with debonding damage using PZFlex, respectively. 

Mace et al (2005) presented a method by which the wavenumber for a one-dimensional 

waveguide can be predicted from an FE model. The method involves post-processing a 

conventional, but low order, FE model, the mass and stiffness matrices of which are 

typically found using a conventional FE package, such as ANSYS. The method is seen to 

yield accurate results for the wavenumber and group velocities of both propagating and 
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evanescent waves. As a powerful modelling method, FEM may provide accurate dynamic 

characteristics of a structure if the mesh size is small as compared to the wavelength. 

However, the FE solutions become increasingly inaccurate and expensive as the wave 

frequency increases. This is because the wavelengths are very small at high frequencies, 

which requires a very fine FE mesh size for a reliable modelling. Hence, the FE 

formulation of wave propagation problems requires a large system size to capture the high 

frequency waves. This problem can be solved by SEM in the frequency domain, which will 

be presented in section 2.4.2. 

The BEM is more convenient than FEM in dealing with wave scattering in an infinite 

medium because it requires modelling of the waveguide’s boundary only, whereas FEM 

requires modelling of the entire medium. The numerical problem itself is therefore much 

reduced. Cho and Rose (1996) developed a hybrid boundary element method to monitor a 

segment of plate by forcing the mode shape of Lamb waves on the two reference imaginary 

edges to obtain the relationship between displacement and stress for the case without wave 

reflections. The amplitudes of each Lamb modes passing through the reference edges are 

subsequently computed. Jin et al (2005) presented a wave element that allows for a coarser 

element to be used in BEM to model wave propagation and interaction within a localized 

segment of a plate containing a discontinuity. However, BEM is less convenient in dealing 

with scattering in a medium having finite extent.  

When compared with FEM and BEM, the FDM is advantageous in the simplicity of its 

algorithm and relative ease of the modelling process, but is disadvantageous in its limited 

element shapes. Among the three methods described, the FDM has been most frequently 

used for the analysis of elastic waves. FDM (Strickwerda 1989) usually yields very 

satisfactory solutions, except in the case of heterogeneous materials with large impedance 

mismatch at the interfaces between different materials. Furthermore, they are generally 

restricted to the treatment of perfect contact interfaces. To overcome these difficulties, a 

method named mass-spring lattice model (MSLM), which is similar to FDM, has been 

developed by Harumi (1986). In this method, the inertia of the medium is modelled by 

lumped mass particles, and the stiffness is modelled by springs interconnecting the particles. 

Yim and Sohn (2000) have developed a program package, based on the MSLM, which can 

simulate and visualize elastic waves on personal computers. This method is similar to the 

FDM in that finite difference expressions are used to determine the spring constants of the 

model. Yet, because it consists of masses and springs, the most frequently used elements 
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for simulation of dynamic phenomena, the MSLM is more heuristic than the FDM. 

Furthermore, treatment for free surfaces is much simpler in MSLM than in FDM because 

FDM requires special treatment to fulfil the traction-free conditions, but in MSLM, it 

suffices to simply disconnect the springs across a free surface. Another method similar to 

FDM is Local Interaction Simulation Approach (LISA) (Delsanto et al 1992, Delsanto et al 

1994 and Delsanto et al 1997) which aims to a direct introduction of local interactions in 

the ultrasound propagation mechanism. Thus the problem of discontinuities at interfaces is 

solved by locally matching the relevant physical quantities, i.e., the particle displacements 

and stresses in the elementary case of linear media. Delsnto and Scalerandi (1998) described 

a novel kind of spring model, which is a spin-off of LISA, designed to extend the treatment 

to problems of non-contact or flawed interfaces and, after some additional modifications, 

to attenuate, nonlinear, hysteretic media and even to the plastic regime. Lee and Staszewski 

(2003a, b) have applied LISA to modelling of Lamb waves for damage detection in metallic 

structures. The results showed LISA is suitable for complex modelling of acousto-

ultrasonic waves in damage detection applications.  

2.4.2 Spectral element method 

As discussed before, SEM is proposed in order to solve the high-frequency problem that 

FEM encounters. It should be noted that there are two different SEM reported in the 

literature. The first one is based on Fast Fourier Transform (FFT) (Doyle 1997), while the 

second one is the time domain method (Patera 1984). The latter method can also be named 

as SFEM. Though it is originally used to solve the incompressible Navier-Stokes equations 

in fluid dynamics, it has also been successfully applied to modelling wave propagation in 

1D structures (Kudela et al 2007). This research concentrates on the first category of SEM. 

In this method, the governing partial differential equations (PDEs) are transferred to 

ordinary differential equations (ODEs) in spatial dimension by using FFT. These ODEs 

are then solved exactly, and used as the interpolation functions for the SE formulation. The 

use of exact solution in the element formulation ensures the exact mass and stiffness 

distribution. It means that only one SE needs be used for modelling wave propagation in a 

very large structure component, under the condition that there is no damage or 

discontinuity in it. Therefore, the required number of SEs is much less in comparison to 

the conventional FE formulation. For this reason, SEM has received more and more 

attention from many researchers. Lee et al (2004) investigated Lamb wave propagation in a 

diffusion bond model using two numerical simulation techniques, namely SEM and LISA. 

Both techniques have been shown to be very attractive modelling tools for GW 
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propagation in complex media. Computational efficiency and the ability to model material 

boundaries are the major advantages of the methods. It appears that model reduction is the 

major advantage of the SE analysis.  

Lee et al (2000) provide a thorough summary of SE analysis procedure as follows: 1) 

discretize the structure into the minimum number of SEs; 2) the load is transformed into 

the frequency domain; 3) assemble all SEs and apply the boundary conditions to form a 

global system equation; 4) solve the equation for the Fourier amplitude of displacement at 

the output points at N discrete frequencies; 5) reconstruct the responses in the time 

domain by using inverse transform from the frequency domain. The critical steps are SE 

formulation, SE assembly and transform method.  

SE formulation of rod, beam and plate can be seen in Doyle (1997). Krawczuk et al (2006a) 

have studied longitudinal wave propagation in rod based on the elementary, Love, Mindlin-

Herrmann and three-mode theories. Based on the results, elementary rod SE can give 

similar results to those computed by higher mode theories when the frequency of wave is 

lower than 100 kHz. Thus, in this study, the elementary rod SE is selected. In order to 

simulate damping effects, Krawczuk et al (2003) proposed a new method to formulate the 

dynamic stiffness matrix for a cracked beam using SEM. This approach enables one to 

enhance the proposed element by including terms previously ignored such as material 

damping or initial stresses. Horr et al (2004) proposed an advanced complex damped SEM, 

which benefits from the more accurate and also mathematically complicated shape 

functions. The use of this element can help engineers to design a complex structure, such 

as a tall concrete tower. In this study, damping effects are also considered, but only the 

simple method (Doyle 1997) is adopted. In order to identify damage for SHM, the 

formulation of an SE for a damaged structure is critical and will be discussed in detail in 

section 2.4.3. 

SE assembly is often reached by global matrix method (Lee et al 2000) or transfer matrix 

method (Lee 2000). Though global matrix method has been adopted by many researchers 

(Palacz et. al. 2005, Krawczuk et. al. 2006a, b, Ostachowicz 2008), transfer matrix method 

is more flexible when the number of elements increases. In that case, global matrix method 

often yields a large matrix, while transfer matrix method does not. Therefore, in some cases, 

the latter method is more suitable. 

Though SEM is efficient and effective, an issue comes out in the analysis of wave 

propagation in structures based on the conventional SEM as it is difficult to simulate 
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boundary reflection. This limits its application in many cases including SHM. For example, 

piezoelectric materials are widely used as actuators and sensors mounted on the structures 

for exciting and measuring GWs for SHM. If the actuator and/or sensor are placed near 

the structural boundaries, after excitation by actuator, waves are generated and propagate in 

the structure and are reflected by the structural boundaries. Reflected waves are sometimes 

combined with the incoming waves. This complicates the recorded wave forms and may 

change the wave characteristics. It is very important to understand and to accurately model 

the effect of boundary reflection for reliable structural damage detections. Unfortunately, 

due to the inherent limitation of FFT, a throw-off element needs be added to the original 

SE (Doyle 1997). This makes it difficult to include the boundary reflection in the SEM 

simulation. Doyle (1997) gave a detailed description about the treatment in SEM to model 

wave reflection from different kinds of boundaries, including elastic, fixed, free, spring, 

dashpot and mass. However, the method requires that the amplitude of the incident wave 

at the boundary location is known as a priori. This makes the solution of the wave 

propagation process including both the incoming waves and the reflected waves from 

structural boundaries not possible. That is why Doyle (1997) solved problems mainly on 

infinite or semi-infinite members and most of the current studies reported in the literature 

assume the structure is sufficiently long so that the boundary reflection can be neglected 

(e.g., Palacz et. al. 2005, Krawczuk et. al. 2006a, b). This study proposes a method to solve 

this problem in Chapter 5. 

Alternatively, Igawa et al (2004) proposed a new SEM using the numerical Laplace 

transform. Based on the numerical results for a finite length beam and a 3-D frame 

structure, the proposed method is practical. Mitra and Gopalakrishan (2005, 2006) used the 

Daubechies scaling functions for approximation in the time domain for reduction of PDEs 

to ODEs, and developed a wavelet-based spectral finite element method for modelling 

longitudinal and transverse wave propagations in rods, beams and frames, and detection of 

de-lamination in composite beams.  

2.4.3 Numerical models of wave propagation in a damaged structure 

One of the objectives of this study is to develop an accurate and computationally efficient 

model for one-dimensional wave propagation in a structure with different kinds of 

damages. Ostachowicz (2008) presented an informative review of the principles, equations 

and applications of damage modelling and elastic wave propagation in a cracked rod, a 

delaminated beam and a cracked plate using SEM. 
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Normally, there are two kinds of models to describe damage in one-dimensional waveguide: 

the global and local damage models. Most of global damages can be easily modelled by the 

reduction of structural stiffness. For composite structures, debonding is another kind of 

global damage to which attention needs be paid. Nag et al (2002) proposed a DSE for 

identification of delamination in a composite beam. Axial-flexural-shear coupled wave 

motion in laminated composite beam can be modelled by the proposed DSE. Ostachowicz 

et al (2004) presented a beam SE with a delamination. Using this model, an analysis of the 

influence of delamination upon elastic wave propagation in a Timonshenko cantilever 

beam was performed. Wang and Rose (2003) used higher order plate theories to determine 

wave reflections and transmissions of a damaged region in a beam containing delamination 

and inhomogeneity. The damaged region is either treated as two split beams or as an 

inhomogeneity. The reflection and transmission (RT) coefficients are found to depend 

strongly on the frequency of the incident flexural waves, as well as the size of the damage, 

which gives rise to strong stop/pass band behaviour. 

For local damages or discontinuities, Palacz et al (2005) examined the effect of an 

additional mass placed on an isotropic rod using the changes in wave propagation, and 

developed an SE for isotropic rod with an additional mass. Especially for cracks, the 

modelling methods generally fall into three groups: local stiffness reduction, discrete spring 

models, and complex models in two or three dimensions (Friswell and Penny, 2002). An 

SE (Palacz and Krawczuk, 2002a; Krawczuk et al, 2006b) was proposed to model wave 

propagation in a rod with a transverse open and non-propagation crack. The crack is 

replaced by a dimensionless spring with flexibility  , which is calculated by using 

Castigliano’s theorem and laws of fracture mechanics, as reported by Dimarogonas and 

Paipetis (1983). The influence of the crack growth on the wave propagation is examined. 

Lee et al (2007) used the generalized wave approach to study wave reflection and 

transmission at a discontinuity when GW propagates in a non-uniform structure, where the 

properties vary rapidly but no wave mode conversion occurs. Muggleton et al (2007) 

presented a number of approaches to estimate the RT coefficients of discontinuities in 

waveguides from the measured data. The proposed averaging approach, when 

appropriately applied, has significant advantages over acquiring a complete set of 

measurements and performing a full analysis: fewer measurements are required, and the 

results, being less susceptible to measurement errors, are likely to be smoother, and thus 

reveal the frequency trends more readily. RT coefficient method has the potential to 

become a general modelling method of local damage in a waveguide.  
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It can be seen that SEM is powerful in simulating wave propagation in a structure. 

However, only a few papers focus on modelling civil structures using SEM. The related 

works can be found in Chapter 4, Chapter 5 and Chapter 6. 

It should be noted that an important phenomenon, mode conversion, may exist when there 

is damage in a structure, especially when the wave propagation direction is not 

perpendicular to the damaged edge. However, it is neglected in this study for the following 

reasons. First, this study concentrates on longitudinal wave propagation on a one-

dimensional waveguide instead of Lamb wave propagation. Krawczuk et al (2006a) 

investigated different simplified theories for longitudinal wave propagation in a rod and 

concluded that elementary theory can provide satisfactory results when actuating frequency 

is lower than 95 kHz, which is within our test range. Second, the test results in this study 

(presented in Chapter 3) further prove that mode conversion is not significant in the cases 

studied in this project. As for the case with wave propagation on concrete-steel interface, 

which is a more complex problem than wave propagation in a steel bar, a simplified model 

(concrete-steel interface spectral element) is developed to model wave propagation along 

the concrete-steel interface and to identify debonding damage. This model does not 

consider mode conversion, but predicts the tested wave propagation well as presented in 

Chapter 4, indicating that neglecting the mode conversion is acceptable. As it will be 

demonstrated in both numerical simulation and experimental tests in this study, structural 

damage can be detected without considering the mode conversion.     

2.5 Damage identification methods 

Since damage identification is essentially an inverse process, where causes must be 

discerned from effects. A search for the causes of the structural responses is quite 

complicated and computationally expensive. A unique solution often does not exist for an 

inverse problem, especially when insufficient data is available. Thus, it is very difficult to 

evaluate an existing structure that has suffered some unknown type of damage using 

traditional damage detection methods based on a priori knowledge of damage scenarios. As 

presented in Kolakowski et al (2006), there are usually two approaches for structural 

damage identification, namely model-based method and signal-based method. Both 

methods may be combined where repeated health monitoring of the same part of a 

structure occurs. The signal-based approach should be used first, as it has the advantage of 

quick identification. However, using the signal-based approach may not lead to reliable 
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structural condition identification. It can be subsequently refined using the model-based 

approach if necessary.  

Model updating method, combining an initial model of the structure and measured data to 

improve the model or test a hypothesis (Friswell, 2007), will be described in section 2.5.1. 

It can be regarded as an optimization process to solve an inverse problem. Signal-based 

methods will be shown in section 2.5.2. 

2.5.1 Model updating method 

Model updating is a powerful method and is commonly used to update FE models of 

structures for calibration of the numerical models of the real structures (Brownjohn et al., 

2001). To do it, the optimization variables should be selected and bounded first, which are 

prescribed by the degrees of uncertainty that exist in the parameters. Wahab et al (1999) 

proposed a new concept for damage parameterization. A damage function characterized by 

only three parameters is developed to describe the damage pattern of RC beams. The 

parameters are related to the bending stiffness of the beams and updated so that the 

measured natural frequencies are reproduced. Teughels et al (2002) illustrated the method 

with laboratory tests on a RC beam and compared the updating results with and without 

the use of damage functions. The results show that no realistic solution is guaranteed by 

using the conventional FE model updating method with a huge number of variables. 

Friswell et al (2001) provided an approach to parameterization, using physical, geometric 

and generic element parameters. Further, useful methods of regularization are also given, 

namely parameter constraints, the singular value decomposition, L-curves and cross-

validation to model updating. Titurus et al (2003) presented the use of generic elements in 

the context of FE model updating, where the model will be subsequently used for damage 

detection. An updated model, that retains physical meaning, is vital. Furthermore, this 

model should retain a large number of parameters so that the damage location may be 

determined, for example by using subspace angles. The proposed approach was verified on 

an H-shaped frame structure made of thin-walled beams and containing four fillet welds.  

Then, the objective function should be determined and the optimization algorithm 

properly selected. The selection of the objective function has a profound influence on the 

solutions. The damage indices, described in section 2.3.3, are some potential choices as the 

objective function for model updating. Friswell and Mottershead (1995) recommended that 

the objective function for damage identification should comprise the information of 
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frequencies and/or mode shapes. Jaishi and Ren (2005) presented a sensitivity based FE 

model updating method for real bridge structures using the test results obtained by the 

ambient vibration technique. The objective functions considered are frequency residual 

only, MAC related function only, modal flexibility residual only, and their full combination. 

The results demonstrated that the full objective function is most effective. In conventional 

model updating using single-objective optimisation techniques, incompatible physical data 

are compared with each other using weighting factors. There are no general rules for 

selecting the weighting factors, since the relative importance among the data is not obvious 

but specific for each problem. To avoid the difficulty, Kim and Park (2004) introduced 

multiobjective optimisation. It was shown that multiobjective optimisation can optimise 

several objective functions simultaneously. Perera et al (2007) proposed an evolutionary 

multiobjective strategy to take the advantages of using the modal flexibility as damage 

identification tool and to eliminate its main deficiency related to damage location through 

the formulation of a new objective function dependent on damage location. The resulting 

problem of locating and quantifying the structural damage has been stated as a 

multiobjective optimization problem that minimizes two objective functions, one 

dependent on the modal flexibility and the other on a parameter inferred to be a function 

of the damage location. 

After the establishment of the objective function, it was found that updating the model is 

not straightforward since the function is nonlinear and the matrices are ill-conditioned and 

underdetermined. Then, a suitable optimization algorithm need be selected. There are 

numerous algorithms suitable for the optimization problem, including traditional methods 

and ‘intelligent’ algorithms. There are many examples which employed traditional 

optimization algorithm, including Kim and Park (2004), Jaishi and Ren (2005), Fang et al 

(2008) and so on. Nowadays, many ‘intelligent’ algorithms have been developed. Their 

main advantages are the convergence speed, the robustness, the need of little information 

about the parameter and the tolerance of ambiguity of the numerical model. Different 

algorithms have been applied to model updating by many researchers. Wu et al. (1992) 

discuss use of the Back Propagation (BP) algorithm for detection of structural damage in a 

three-story frame with rigid floors. The damage is defined as a reduction in the member 

stiffness. Stephens and Vanluchene (1994) describe an approach for assessing the safety 

condition of structures after the occurrence of a damaging earthquake using multiple 

quantitative indices and the BP algorithm. They conclude that the neural network model 

“generated more reliable assessments than could be obtained using any single indicator or 

from a linear regression model that utilized all indicators.” Atalla and Inman (1998) and 
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Levin and Lieven (1998b) proposed FE model updating method using neural networks 

almost at the same time. Recently, Bakhary et al (2007) presented a statistical artificial 

neural network (ANN) method that accounts for the inevitable FE modelling error and 

measurement noise for structural condition identification. Rosenblueth’s point estimation 

method is used to derive the statistical ANN model and to identify the structural condition. 

The accuracy of the statistical approach was proved using Monte Carlo simulation. Using 

this method, the probability of damage existence can be estimated. The numerical and 

experimental results demonstrated that, compared with the normal ANN approach, the 

statistical ANN approach gives more reliable identification of structural damage. Another 

widely used algorithm is genetic algorithm (GA). Friswell et al (1998) used a combined GA 

and eigensensitivity method to identify the location and magnitude of damage from 

measured vibration data. Based on the simulated example of a cantilever beam and the 

experimental results of a cantilever plate, the algorithm is demonstrated as a powerful 

optimization method. Chou and Ghaboussi (2001) present a method for the detection and 

identification of structural damage using GA. It demonstrated that, by using a small 

number of simulated measured static displacements, the proposed method is capable of 

successfully detecting the location and magnitude of the damage as well as correctly 

determining the unmeasured nodal displacements, while avoiding the complete finite 

element analyses. Hao and Xia (2002) proposed a method directly comparing the measured 

frequencies and mode shapes before and after damage to detect structural damage. A GA 

with real number encoding is applied to minimize the objective function, in which three 

criteria are considered; the frequency changes, the mode shape changes, and a combination 

of the two. A laboratory tested cantilever beam and a frame structure have been carried out, 

which demonstrated that the method with a real-coded GA gives better damage detection 

results for the beam than the conventional optimization method. Lu and Tu (2005) also 

used GA to formulate a reliable computational model for evaluating the state and 

predicting the future performance of existing structures, especially after exposure to 

damaging effects such as an earthquake. Other algorithms have also been applied to model 

updating. For example, Levin and Lieven (1998a) compared the performance of the 

traditional GA and the blended simulated annealing (SA) in model updating process and 

concluded that the latter algorithm was even better than the former one in optimization. 

CSA was put forward by Castro and Zuben (2000, 2002). In this study, CSA is adopted as 

the updating algorithm. It may become its first application in structural engineering. 



School of Civil and Resource Engineering  
Damage Identification and Assessment                                                     The University of Western Australia  

 2-34

Compared to FE model updating, there are fewer publications on solving inverse problems 

using SEM based on GW data. Krawczuk (2002) used SEM combined with a GA and the 

gradient technique to detect damage in beam-like structures. The adopted objective 

function is based on the changes in dynamic responses (displacements, velocities or 

accelerations) of a beam structures obtained from “measurements” which are transformed 

to the frequency domain by using FFT. Al-Khoury et al (2001a and 2001b) formulated an 

axially symmetric multi-layered SE and then applied it to parameter identification. The 

objective function is taken as the difference between the measured and theoretical vertical 

displacement. Three traditional optimization methods, namely factored secant update 

method, modified Levenberg-Marquardt algorithm and Modified Powell hybrid algorithm, 

are compared. The results demonstrated that the last approach is superior to the other two. 

Chakraborty and Gopalakrishnan (2004) used a new spectral layer element to identify the 

material properties in inhomogeneous layered media. Garg et al (2004) adopted a multi-

layer perception network using error back propagation algorithm to estimate the damage 

parameters from broad-band spectral data as diagnostical signal. A recent monograph 

(Gopalakrishnan et al, 2008) gives a comprehensive review of the state-of-the-art of 

spectral finite element method, including the solution of inverse problems for wave 

propagation in anisotropic and inhomogeneous structures. The application of 

displacement-based and power-based equations as objective functions is presented. 

2.5.2 Other methods 

Signal-based methods may lack physical interpretation in some cases, but they are fast and 

sensitive to the damage. Therefore, many methods have been developed. The damage 

index methods have been discussed in section 2.3.3. 

Kim and Melhem (2004) presented a review of the wavelet-based methods for damage 

detection. The methods can be classified into three categories: 1) variation of wavelet 

coefficients, 2) local perturbation of wavelet coefficients in a space domain, and 3) reflected 

wave caused by local damage. Grabowska et al (2008) provided a study on distinguishing 

between different failures by using wavelet transform with propagating Lamb waves. Sun 

and Chang (2002) have developed a Wavelet Packet Transform (WPT)-based method for 

damage assessment of structures. Dynamic signals measured from a structure are first 

decomposed into wavelet packet components. Component energies are then calculated and 

used as inputs into neural network models for damage assessment. The authors (Sun and 

Chang, 2004) extended this method to a statistical pattern classification method and 
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defined a novel condition index, the wavelet packet signature. Experimental results show 

that the health condition of a beam can be accurately monitored by the proposed method 

even when the signals are highly contaminated with noise. Law et al (2005) analytically 

derived the sensitivity of WPT component energy with respect to local change in the 

system parameters based on the dynamic response sensitivity. A sensitivity-based method is 

then used for damage detection of structures. The effectiveness of the proposed method 

was confirmed through the experimental results from a steel beam. Ekici et al (2008) also 

used WPT to extract features which were then applied to ANN to estimate the fault 

location on transmission lines. Ren and Sun (2008) used wavelet transform combined with 

Shannon entropy to detect structural damage from measured vibration signals. Numerical 

simulation and experimental results demonstrated that wavelet-time entropy is a sensitive 

damage feature in detecting the abnormality in measured successive vibration signals and 

that relative wavelet entropy is a good damage feature to detect damage occurrence and 

damage location through the vibration signals measured from the intact and damaged 

structures. Taha and Jucero (2005) have demonstrated a method to quantify evidence of 

damage levels in structures by means of the computations of fuzzy set theory. 

Accelerations from sensors distributed over the bridge are analysed using a wavelet-neural 

network module to establish patterns of dynamic behaviour of the bridge. A damage metric 

computed in the wavelet domain is established. The proposed method uses Jeffery’s non-

informative prior in a Bayesian updating scheme to infer fuzzy health “or damage” patterns. 

The model has been shown to be capable of identifying damage accurately. 

Many signal-based methods adopt wavelet transform. Alternatively, Yang et al (2004) 

proposed a method based on empirical mode decomposition and Hilbert transform to 

extract the information of damage from measured data. The method was then applied to a 

benchmark problem established by ASCE and the results demonstrated its effectiveness. 

2.6 Conclusion 

This chapter discussed the possible structural damage, reviewed both the local and global 

SHM methods, and their advantages and disadvantages. Integrating the two methods by 

avoiding their limits and making use of their strengths is likely to yield better damage 

identification results.   

In the following chapters, experimental works and numerical simulations for integrated 

SHM will be presented. 
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Chapter 3  

Experimental studies and signal-based damage identification 

3.1 Introduction 

In order to take advantage of the merits of both local and global methods, an integrated 

health monitoring system combining the global vibration measurement and local wave 

propagation and AE data is developed in this chapter. It takes the advantages of the two 

approaches while overcomes their limitations. An impulse hammer and accelerometers are 

used to generate impact forces and to record acceleration histories at several control points 

of the structure for global vibration measurement. PZT actuators and PVDF sensors are 

attached on surface of the structure to generate and record GW propagations along the 

structure, and to capture AE due to crack initiation. 

A rectangular steel bar and two RC beams are tested to verify the performance of the 

system. The steel bar is tested under different man-made crack depths. Vibration tests and 

GW tests are conducted before and after each damage levels. The RC beams are 

progressively tested with increasing loading level until failure. PVDF sensors on structure 

surface are used to record AE to monitor crack initiation during the loading process. After 

each loading level, vibration tests and GW tests are conducted. 

In order to quantify damage using GW test results, several GW tests are also conducted. 

The waveguide contains steel rebar, concrete-steel interface and steel pipe. 

Also presented in this Chapter is an experimental study of the effect of corrosion damage 

on vibration frequencies of RC beams. The experimental tests were conducted using an 

accelerated corrosion testing technique. Six RC beam specimens were fabricated and placed 

in a container with a 5% NaCl solution. A constant corrosion rate of approximately 100 
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2/ cmA  was applied to accelerate the corrosion process in chloride contaminated 

concrete. Vibration tests were carried out fortnightly to study its effect on the natural 

frequency of RC beams. One beam was taken out and broken every four weeks. The mass 

losses of steel rebar were measured to determine the corrosion state. The results are used 

to develop a model which describes the relationship between the crack width and the 

corrosion loss. 

 

Figure 3-1: Flowchart for integrated health monitoring scheme 

3.2 Integrated health monitoring system 

The proposed integrated health monitoring scheme consists of two phases. In Phase 1, the 

numerical models for vibration and wave propagation of the intact structure are developed 

according to the structural design, and preferably updated if test data are available. While in 

Phase 2, vibration and wave propagation tests are carried out and the testing data are used 

to update the structural model for damage detection. Moreover, AE is also measured which 
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provides information for real-time damage detection. The flowchart of integrated health 

monitoring scheme is shown in Figure 3-1. As shown, there are two basic techniques 

applied to this scheme in Phase 1, i.e. vibration-based and GW-based methods, which 

consist of two modules respectively. As discussed above, vibration measurement is easy to 

conduct but insensitive to minor damage. Thus, it is used to monitor the overall condition 

of a structure and to quantify more pronounced damage in the structure. On the other 

hand, GW-based method is costly but sensitive to small damage. Therefore, it is used to 

monitor and quantify minor damage. AE measurements are used for real-time detection of 

occurrence of cracks. Each module contains experimental testing and corresponding 

numerical analysis. This chapter concentrates on the experimental testing, described in the 

following. 

3.2.1 Specimens and sensor locations 

a) Rectangular steel rebar 

 

Figure 3-2: The specimen of steel beam 

The integrated health monitoring test is first carried out on a rectangular steel bar of 1.500 

m length and 0.025*0.025 m cross section. The material parameters of the steel bar are: 

Young’s modulus 206 GPa, and mass density 7850 kg/m3. The steel beam was suspended 

by two flexible rubber bands at the two ends to simulate free-free boundary condition. For 

the forced vibration test, five accelerometers were attached on top of the steel beam via 

their magnetic base, as shown in Figure 3-2 to measure acceleration time histories at the 

five points. An instrumented impact hammer was used to generate an impulsive force to 

excite the structure. The hammer hitting point A is 0.050 m on the left of the mid span of 

the beam. The actuator and sensor for generating and recording stress waves were 

mounted on the steel bar at 0.250 m from the left and right ends of the bar, respectively. 

The distance between the actuator and the sensor is 1.000 m. 
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b) RC beams 

Two 1.5 m long RC beams were fabricated in laboratory. The cross section of these 

concrete beams is 0.20 m wide and 0.30 m high, as shown in Figure 3-3 (a). To limit the 

number of cracks under loading to a minimum, there are only two steel plain round bars in 

each concrete beam. The material parameters of the steel bars are: Young’s modulus 210 

GPa, and mass density 7850 kg/m3. The length of the steel rebar is 1.6 m with 1.5 m buried 

in the concrete and 0.05 m free end outside of the concrete beam on each side. The 

diameter of the steel bar is 0.01 m. The steel bars were cast into the concrete beams at 

locations shown in Figure 3-3 (a). The thickness of the concrete cover over steel bars is 

0.05 m. The properties of concrete from material tests are: the compressive strength 39.70 

MPa, the Young’s modulus 29.61 GPa, and mass density 2426.75 kg/m3. From the pull-out 

tests, the debonding strength is 0.21 MPa for the plain round steel bar. The integrated 

health monitoring tests were carried out on the concrete beam after 28 days.  

To perform the dynamic tests of RC beams, square magnesium patches (25 mm x 25 mm) 

were attached with super glue on top surface of the beam at distances of 375 mm, 800 mm 

and 1125 mm from the left end of the RC beam as shown in Figure 3-3 (b). These patches 

allow the accelerometers to be attached via their magnetic base. 

In order to perform wave propagation and AE test, each RC beam is instrumented by three 

sets of actuator and sensor. The actuator/sensor 1 and 2 were mounted on each steel 

round bar at 0.3 m from the two ends of the bar, respectively, and were buried in concrete. 

The distance between the actuator and the sensor was 1.0 m. At the bottom of the beam, 

another set of actuator and sensor is attached on the surface of concrete, named as 

actuator/sensor 3. Besides GW test, sensor 3 was also used to record AE from cracking of 

concrete in passive monitoring. The positions of these actuators and sensors are shown in 

Figure 3-3 (c). In order to record AE generated from concrete cracking, except sensor 3 in 

GW test, which is named as PVDF 2 in AE test, another two PVDF sensors were also 

attached on the surface of concrete beam, named as PVDF 1, located just besides actuator 

3 (in GW test) and PVDF 3, attached at the side surface of the beam. The locations of 

sensors are shown in Figure 3-3 (d). 
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Figure 3-3: The specimen of RC beam 

3.2.2 Loading machine and static test system 

In this study, a 200 kN Amsler hydraulic loading machine from Alfred J. Amsler & Co was 

used to conduct progressive static tests of RC beams. As can be seen in Figure 3-4, the RC 

beams were supported by two steel supports. To prevent cracking due to hard supports, 

two pieces of plastic boards were placed between the RC beam and steel supports as 

cushions. It should be noted that the stiffness of the support is much smaller than that of 

the RC beams. In this case, the support should be regarded as a flexible support instead of 

a rigid one. The following section will provide further discussion. A concentrated load was 

applied at the mid span of the beam. A 100 kN load cell from Bongshin Loadcell Co. was 

placed between the loading plate and the beam to measure the actual load on the beam. In 

order to take unexpected displacements at the support locations into consideration, three 

laser displacement sensors were placed under the beam. Two of them were next to the 

supports and the other one was at the middle of the beam. A normal strain gauge was also 

attached to the beam on bottom surface at the mid span.  

Data from load cell, laser displacement sensors and strain gauge were collected by using NI 

USB-6071. A Labview-based program was used to control the data acquisition. The 

maximum sampling rate is 1 kHz.  
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Figure 3-4: Static test system 

3.2.3 Vibration test system 

A typical vibration test measures the acceleration time histories of beam responses under 

impulsive loading. The experimental system is shown in Figure 3-5, which mainly consists 

of three parts: 1) an impact hammer to provide impulse load; 2) the accelerometers and 

force transducers to measure acceleration and loading histories on the structure; 3) the data 

transmission devices to collect data from sensors and to transfer them to the computer.  

To induce dynamic loading, an instrumented hammer attached to the computer system was 

used to generate and record the impact force as shown in Figure 3-6 (a). In this study, six 

impact tests were conducted at each loading level to allow an average to be taken to reduce 

possible noises. Two kinds of impact hammers were used in this study, depending on the 

required forces to excite the structure. For steel beam, the Impact Hammer of Type 8206 

from Bruel & Kjaer Company was used. For RC beam, the Impact Hammer of Type 

5802A from Dytran Instruments Inc. was chosen. Several accelerometers were used in this 

test, as shown in Figure 3-6 (b), to record acceleration time histories. These capacitive 

accelerometers are very good for low level, low frequency vibration measurement. 
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Figure 3-5: Vibration test system 
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c) Unit boxes and computer 

Figure 3-6: Photos for vibration test system 

In the tests, the recorded data were transmitted by signal conditioners connected by several 

unit boxes. All the unit boxes were connected to data acquisition system where data were 

recorded in the hard disk of the computer shown in Figure 3-6 (c). The accelerometers 

employed throughout a test must measure the amplitude of acceleration signals that occur 

at frequencies within a bandwidth of interest. An in-house Labview based program was 

used to record the results whereby a sampling rate of 2000 Hz was employed for all the 

dynamic tests, which resulted in a frequency bandwidth of 0-1000 Hz. In each test, 

acceleration responses were recorded for 10 seconds that resulted in 20,480 data points in 

each channel.  

3.2.4 Active sensing system for wave propagation tests 

The experimental system for wave propagation tests, shown in Figure 3-7, includes two 

parts: a) the actuating part to provide the excitation or input of the system. It includes the 

actuator based on piezoelectric strips and the power amplifier that provides the power 

supply of the actuator; b) the piezo sensing element to measure the response. This part 

includes the piezo film element and its charge amplifier. 
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Figure 3-7: Guided wave test system 

The actuators were mounted on surface of the structure with Araldite Kit K138. The strip 

actuators from APC International, Ltd. were selected as actuators in this study. The 

actuator includes two thin strips of piezoelectric ceramic that are bonded together, with the 

direction of polarization coinciding with each other and are electrically connected in 

parallel. When electrical input is applied, one ceramic layer expands and the other contracts, 

causing the actuator to flex. In this study, only one ceramic layer was applied with the 

electrical input so that it would generate a pure longitudinal wave. NI USB-6251 was used 

to provide the short-time Morlet wavelet for actuating the structure by a linear power 

amplifier. The frequency and the number of cycles can be adjusted to optimize the wave 

propagation along the structure. The waves were generated according to the following 

equation 

 )2cos()(
2

2

2   


fteAt
t

w  (3-1)

where wA  is the amplitude, f  is the centre wavelet frequency,   is the bandwidth 

parameter that controls the shape of the basic wavelet, and   is the phase. Normally, the 

waveform is defined in 3 , and the number of cycles is fn 6 . 6  is the time 

duration of the waveform. Figure 3-8 shows the examples of the input waves and their 

Fourier transform. As can be seen, when input waves contain more circles, the wave energy 

becomes more concentrated. However, more circles will result that the received waves are 

difficult to be distinguished from each other. Therefore, 5 and 7 waves are selected in this 
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study. Because wave signals decay quickly, the input on the actuator should be as strong as 

possible to generate readable output at the sensors. A linear power amplifier was made to 

amplify the signals from the output of NI USB 6251. 
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Figure 3-8: Input waves and their Fourier spectrum 

The DT1 series piezo film elements from Measurement Specialties, Inc. were selected as 

the sensors. The sensors were also glued to the reinforcement bars and the surface of 

concrete beam with Araldite Kit K138. Signals from sensors were collected by a data 

acquisition system made with NI PCI-6133. The sampling frequency of the system is up to 

2 MHz. A photo for actuator and sensor is shown in Figure 3-9 (a). Figure 3-9 (b) shows 

the test system. 

 

a) Actuator and sensor 

Sensor 

Actuator 
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b) GW test system 

Figure 3-9: Photos of guided wave test system 

An in-house Labview-based program was used during the entire active monitoring test. It is 

a data acquisition program that works in conjunction with the NI USB-6251 and NI 6133 

to generate and record wave signals. The program records both the response signal from 

the sensors and the transmitting signal that was sent from the actuators. Sampling rate, 

window width, input range, trigger threshold and pre-triggering range need be set and they 

affect the conditions in which the signal is recorded. The program allows linear de-trending 

which linearises the response signals, and allows for easier processing of the results. In 

addition, an inbuilt filtering function allows filtering out of potential noise within the 

response signals. 

Another Labview based program was created and used to generate the input signal. It 

works in conjunction with the NI USB 6251. The input parameters for the program 

include fluctuating frequency, fluctuating times, D/A sampling rate and transmitting 

amplitude. By adjusting the parameters of fluctuating frequencies and fluctuating times we 

can analyse the optimal settings for detection of damage within structures. Above two 

programs complete the active monitoring setup. 
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3.2.5 Passive sensing system for AE tests 

The same DT1 series piezo film elements from Measurement Specialties, Inc. were selected 

as the sensors. They were also glued to the concrete surface with Araldite Kit K138. Signals 

from sensors were collected by the same data acquisition system as described in section 

3.2.4.  

Also, an in-house Labview based program was used during the AE test. It is a data 

acquisition program that works with the NI USB-6251 to record the acoustic signal from 

the sensors, which is caused by cracking of RC beams. Similar to the program in active 

monitoring tests, this one allows linear de-trending which linearises the response signals 

and allows for easier processing of the results. In addition, an inbuilt filtering function 

allows filtering out potential noise within the response signals. The difference between 

these two programs is that the former one has optimized its data storage process, which 

allows up to 40 GB data to be saved during experiments. 

3.3 Experimental results of integrated health monitoring tests 

To verify the proposed integrated health monitoring scheme in identifying damage in 

structures, the experimental studies were carried out on a steel rebar and two RC beams in 

laboratory. 

3.3.1 Experimental study of a rectangular steel bar 

In this test, the bar was cut at 0.250 m from the actuator and 0.750 m from the sensor. The 

cutting depth was 3.0 mm, 6.0 mm, 9.0 mm and 12.5 mm respectively (12%, 24%, 36% and 

50% of the bar dimension). Before and after each cut, vibration test and wave propagation 

test in the bar were conducted. 

a) Vibration test 

In this study, 2000 Hz was taken as the sampling rate. It means that only the frequencies 

lower than 1000 Hz can be identified. Figure 3-10 shows an example of time histories of 

both input force and accelerations at five sensor locations. Based on these results, modal 

parameters can be easily obtained. Table 3-1 shows the comparison of experimental results 

and numerical simulations. Two numerical models are created as the reference data in this 

study. One numerical model is made using the commercial software ANSYS. The other 

one is built using SEM, which is usually used to study wave propagation in a steel rebar 

(Chapter 5). According to Doyle (1997), SEM can also be used in modal analysis with 
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frequency scans. Once the resonances have been located, the vibration frequencies can 

then be obtained by zooming in on the frequencies.  
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a) Time histories of input force and structural responses 
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b) Detailed time histories 

Figure 3-10: Time histories of the steel beam 
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Table 3-1: Modal parameters based on experimental and numerical results (Hz) 

Frequency 
1st 

Mode 

2nd 

Mode 

3rd 

Mode 

4th 

Mode 

5th 

Mode 

Experimental 54.9 150.2 291.1 495.1 738.2 

SEM 55.4 152.8 299.6 495.3 739.9 
Intact 

 
Ansys 55.5 152.1 294.9 500.1 737.5 

Experimental 55.2 150.0 292.0 493.3 742.7 

SEM 55.4 152.8 299.3 494.4 738.8 Crack depth: 3 mm 

Ansys 55.4 152.0 294.9 500.0 737.2 

Experimental 54.8 150.3 291.7 494.0 741.2 

SEM 55.4 152.7 297.9 491.1 735.0 Crack depth: 6 mm 

Ansys 55.4 151.9 294.9 499.8 736.6 

Experimental 54.2 147.4 291.8 494.6 738.7 

SEM 55.3 152.4 294.6 483.3 726.9 Crack depth: 9 mm 

Ansys 55.3 151.6 294.9 499.3 735.4 

Experimental 53.1 144.5 290.7 484.9 699.8 

SEM 54.9 151.6 285.8 465.7 710.8 
Crack depth: 

12.5mm 

Ansys 55.1 150.8 294.8 497.8 732.3 

 

As can be seen in Table 3-1, the identified vibration frequencies of the steel bar are very 

close to the computed results, demonstrating that SEM and FEM using ANSYS are reliable 

in modal analysis. The changes between the tested frequencies of the intact and cracked 

beam are very small, indicating that the existence of a crack only impairs the stiffness of a 

steel beam slightly. Specifically, the 1st and 3rd natural frequencies only changed slightly 

even when the crack depth reached 50% of the cross section. Relatively larger decreases in 

the frequencies of the 2nd, 4th and 5th modes are observed with the crack depth. However, 

they are still not very prominent, implying they are not sensitive to this localized damage. 

Other parameters obtained from vibration test such as mode shapes, mode shape 

derivatives are relatively more sensitive to damage. However, obtaining reliable mode 
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shapes requires denser sensor arrays, which not only results in the vibration testing more 

expensive and also introduces other complications. Discussions of these problems can be 

found in many references, and are beyond the scope of the present study.    

b) Wave propagation test 

In the test, stress waves were generated to propagate in the structure and recorded by the 

PVDF sensor. The frequency of the generated waves is 40 kHz and the number of the 

wave cycles is 5. Other excitation frequencies between 30 kHz and 60 kHz were also used 

in the tests. Similar results, which are not shown here, are obtained. Figure 3-11 shows the 

experimental results of wave propagation along the intact steel bar. As shown, there are 

mainly five waves in the experimental results. The time intervals between the excitation 

signal and the five waves are 0.1985 ms, 0.2975 ms, 0.3945 ms, 0.4560 ms and 0.6115 ms, 

respectively. From the longitudinal wave velocity, it can be determined that Wave a is the 

direct incident wave from the input, and Wave b is a combination of the reflected waves by 

the right and left ends of the steel bar, respectively. Wave c is the reflected wave first by the 

left and then the right end. The wave propagation distances of these three waves from the 

actuator are 1.000 m, 1.500 m and 2.000 m, respectively. The wave speeds, estimated from 

the recorded arrival times, are 5038 m/s, 5042 m/s and 5070 m/s, respectively. They are 

approximately the same as the longitudinal wave propagation speed in the steel medium, i.e. 

5048 m/s. Wave d and e are not longitudinal waves. The wave propagation distances of 

these waves are 1.500 m and 2.000 m respectively, and the corresponding wave speed, 

obtained from the recorded arrival times, is 3289 m/s and 3271 m/s. From the wave speed, 

these are actually transverse waves. In this study, the actuator generates only a longitudinal 

pulse at centre of the rectangular steel bar surface. However, because this longitudinal pulse 

is not uniform over the entire section of the steel bar, it also results in a shear wave that 

propagates in the bar from the actuator. This is probably unavoidable unless an actuator or 

actuators which can generate a uniform longitudinal wave is available. However, these 

waves can be easily identified from their arrival times and eliminated in the subsequent 

analyses for structural condition monitoring.  

Figure 3-12 shows the comparison of the recorded stress wave histories in the intact and 

cracked steel bar. Compared with those in the intact steel bar, there are two new waves 

after waves a, b and c, before and after wave e respectively. They are reflected waves by the 

crack. The time intervals between these two waves and the excitation wave are 0.5805 ms 

and 0.6785 ms respectively, implying their travelling distances are 3.0 m and 3.5 m. In this 
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study, they are named as wave g and h. The amplitudes of the new waves are smaller than 

other waves, because only part of the wave energy is reflected at the crack location. When 

crack depth increases, the amplitude of reflected wave increases correspondingly. These 

results demonstrate that the GW-based method can be used to identify crack damage in a 

steel bar. 
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Figure 3-11: Repeated wave propagation results of the rectangular steel bar 
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Figure 3-12: Comparison of experimental results of intact and cracked steel bar  
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3.3.2 Experimental study of two RC beams 

The test was divided into three steps. In each step, a vertical load was applied to the middle 

point of a RC beam and increased gradually. In the first step, the load was increased until 

the cracking of the RC beam just took place. The crack width at the bottom of the beam 

was about 1 mm, which represented minor damage in operational condition. In the second 

step, the load was increased until the crack width reached 5 mm. This is a medium damage 

condition. In the last step, the load was further increased until it was hard to be increased, 

and keeping it on the beam would increase the crack width. When the crack width reached 

20 mm, at the moment the beam nearly collapsed, the experiment ceased. Figure 3-13 

shows the pictures of beam 1 at the crack location during the test. 

                              

a) Intact                                                           b) Step 1 

                      

            c) Loading between step 1 and 2                                     d) Step 2 
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             e) Loading between step 2 and 3                                   f) Step 3 

Figure 3-13: Pictures of beam 1 during testing 

a) Static tests 

In this study, static tests are used as a reference method for damage detection. Figure 3-14 

and Figure 3-15 show the time histories of load, strain and displacement during the 

experiments of beam 1 and beam 2, respectively. The displacement is the relative 

displacement of mid span with respect to those of the supports. It should be noted that the 

overall loading duration of these two tests are nearly 1900 seconds. As shown, before 

concrete cracking, load, strain and displacement increased linearly. When load reached 

about 35 kN, cracking occurred and load suddenly dropped. Clearly, the existence of crack 

largely affects the load carrying capacity of a beam. With regard to strain, it suddenly 

reached the maximum value, indicating that the strain gauge was broken due to cracking, 

because the strain gauge was attached at the mid span of the beam. On the other hand, 

displacement, as a macroscopic parameter, did not show sudden change when cracking 

took place. Alternatively, its slope with regard to time became steeper after cracking, since 

the stiffness of the beam decreased.  

Figure 3-16 shows load-displacement relationships of beam 1 and 2. They are almost 

identical. As can be seen, the concrete beam was damaged when load reached 35 kN. After 

cracking, load-carrying capacity of the beam decreased slowly. That is because plain round 

rebar was used in this study, resulting in that the concrete-steel interface debond took place 

soon after cracking. 
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a) Static testing results 
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b) Details of static testing results when cracking 

Figure 3-14: Static testing result of Beam 1 
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a) Static testing results 
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b) Details of static testing results when cracking 

Figure 3-15: Static testing result of beam 2 
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Figure 3-16: Load-displacement diagram 

b) Vibration test 

Since the stiffness of the beam is large and the supports are relatively “soft”, the first few 

modes identified are rigid vertical and rock movements of the beams. They are not 

presented here and used in this study to identify beam damage. Because sampling 

frequency used is 2000 Hz which allows identification of frequencies less than 1000 Hz. 

Therefore, only the 1st natural frequency is identified in the test.  

Figure 3-17 shows an example of time histories of both input force and accelerations at 

three sensor locations. Compared with Figure 3-10, the amplitude of responses is smaller 

and time duration is shorter, even the input force is much larger. That is because the 

stiffness of the RC beam is extremely big, while the supports are relatively softer. The 

supports more tend to simulate the free-free boundary condition than simply-supported 

boundary condition.  This is observed by two facts. First, the rigid body modes can be 

easily identified as those of the rectangular steel bar (which is hung by using rubber bands 

to simulate free-free boundary condition). At the same time, the frequencies of these 

modes are lower than those of flexural modes. Second, numerical models under different 

boundary conditions are calculated. The experimental results are closer to those under free-

free boundary condition. Table 3-2 shows the comparison of experimental results and 

numerical simulations by using free-free boundary condition. The numerical model is built 

using SEM (Chapter 4 and Chapter 5). As can be seen, the frequencies of beam 1 and beam 

2 are almost equal to each other, since they have the same design and were cast with the 
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same batch of concrete. Furthermore, as shown in Figure 3-14 and Figure 3-15, the load-

carrying capacities of the two beams remain almost the same. The results in Table 3-2 

clearly indicate that the natural frequency of the beams dropped quickly with damage. It 

demonstrates that the existence of crack largely decreases the stiffness of a beam.  

 

a) Time histories of input force and structural responses 

 

b) Detailed time histories 

Figure 3-17: Time histories of the RC beam 
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Table 3-2: Modal parameters based on experimental and numerical results (Hz) 

Frequency Beam 1 Beam 2 SEM

Intact 464.43 468.86 468.1

1st loading 407.24 412.03 405.9

2nd loading 364.65 364.77 348.1

3rd loading 257.84 261.66 297.0

c) Wave propagation test 

In these tests, the frequencies of the generated waves were varied between 30 and 70 kHz 

with a 10 kHz increment and the number of the wave cycles was either 5 or 7. Figure 3-18 

shows results from the repeated tests for the 50 kHz wave propagation along the steel bar 

1 in the intact RC beam 1. Similar results, which are not shown here, were obtained on 

other steel bars in beam 1 and 2. Using other excitation frequencies, similar results can also 

be obtained. As shown, the responses for the repeated tests are close to each other when 

the input signal is the same, indicating the system is reliable and stable to carry out the 

experimental study for wave propagation. The first received longitudinal wave is easily 

identified. The arrival time of this wave is 0.487 ms, indicating the wave speed as 2053 m/s. 

The reason why the speed is rather low will be explained in Chapter 4. However, the waves 

reflected by boundaries are hard to analyse. The reason is that there are two bare steel bar 

zones about 10 mm long outside the concrete, which makes the wave path contain multiple 

boundary reflections. Figure 3-19 (a) and (b) show wave propagation results along the steel 

rebar of the intact and cracked RC beam. Apparently, the received waves change 

significantly if concrete cracking happens. After step 1, the arrival time of the first received 

wave increased and its amplitude decreased. The delay of arrival time may be caused by the 

tensile force acted on the steel bar. The reduction of amplitude implies some of wave 

energy has been reflected and dissipated at the crack location, shown in Figure 3-13 (b). 

After step 2 and 3, the reflected and dissipated wave energy becomes bigger. As a result, 

the received waves become smaller and less regular, as can been seen in Figure 3-19 (a) and 

(b).  

Similarly, for the actuator attached on concrete surface, waves of frequencies varying from 

30 kHz to 70 kHz with a 10 kHz increment and the number of wave cycles either 5 or 7 

were generated in the tests. Figure 3-19 (c) shows wave propagation results on the concrete 
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surface of the intact and cracked RC beams. When there is no crack, the induced wave can 

propagate along the surface of the beam and recorded by sensor 3. From the arrival time, it 

can be concluded that the wave speed is 3379 m/s, close to the theoretical wave velocity of 

3500 m/s for longitudinal wave propagation in concrete. As shown, after cracking takes 

place, the received waves become noisy and totally irregular. The reason is that the wave 

cannot be transmitted to sensor 3 from the actuator since crack blocks it. This observation 

indicates the wave propagation method can be used to effectively identify the crack 

existence. 
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Figure 3-18: Examples for wave propagation along steel bar in an intact concrete beam 
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b) Received wave on sensor 2 
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c) Received wave on sensor 3 

Figure 3-19: Comparison between intact and cracked RC beam 

d) AE test 

When concrete cracks, high-frequency waves will be generated and transmitted on the 

surface of concrete. PVDF films are used as passive sensors to record these waves to 

monitor cracking occurrence. In this test, the sampling rate was taken as 2 MHz. Figure 

3-20 and Figure 3-21 show AE results of beam 1 and 2 respectively. In testing beam 2, 
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PVDF 1 was broken during attachment, so only constant values were recorded. As shown 

in the recorded AE results, when there was no cracking occurrence, only some noisy 

signals were recorded. The noise level keeps at 0.05-0.1 V. A few seconds before cracking, 

some abnormal signals were recorded in PVDF 1 and at a level of about 0.2 V, as shown in 

Figure 3-20 (a) and Figure 3-21 (a). These were caused by the generation of micro-cracks 

on the surface of concrete. Though the signals are not very big, it can be easily separated 

from normal signals. They can be used as an early warning in damage detection. At the 

same time when cracking happens, the signals become much larger, nearly reaching 2 or 10 

times of the ambient signal level, as can be seen in Figure 3-20 (b) and Figure 3-21 (b). 

When this is recorded, it can be concluded that cracking happens. The signals will not be 

mixed with external forces or environmental loads, because the frequency of the wave 

induced by cracking is much higher than those generated by loads. In this test, PVDF 1 

and 2 apparently perform better in detecting cracking occurrence than PVDF 3. The reason 

is that PVDF 3 is located at the side of the beam. Only when the side surface of concrete 

starts cracking, wave will be generated and sensed by PVDF 3. 

Figure 3-22 shows the Fourier amplitudes of AE results in the frequency domain. 

Excluding some peak values in higher frequency, most of energy exists between 1000-3000 

Hz. This range is much higher than the frequency of normal environmental loads, which is 

usually lower than 500 Hz. This fact demonstrates that AE results can be used for on-line 

monitoring of crack occurrence in a structure. 
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b) 281-286 

Figure 3-20: AE results of beam 1 
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b) 579-584 

Figure 3-21: AE results of beam 2 
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a) AE results in the frequency domain 
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b) Detailed results between 0-12 kHz 

Figure 3-22: AE results in the frequency domain 

3.3.3 Discussions 

1. Based on the test result, AE method is suitable to detect cracking on the surface of 

concrete. Since sampling rate can be very high, the signals will not be mixed with those 

generated by other environmental loads. For concrete, damping is an important factor to 

consider in AE tests. In this study, the distance between crack location and PVDF sensor is 

about 250 mm. The results demonstrate that if PVDF is close to crack location, the wave 

can be recorded. Further experiments are needed to find the sensing range of this method, 

which are not included in this study.  

2. In the experiments of RC beams, the crack has a huge effect on wave propagation along 

the steel bar in concrete. However, the effect is not straightforward to be used as a 

quantitative damage indicator since the wave becomes very noisy after cracking instead of 

changing its waveform. In contrast, GW-based method performs better in the experiments 

of steel beam. This implies that GW-based method is more suitable to identifying small or 

local damages.  

3. On the other hand, vibration tests can be used to identify relatively severe damage 

because they are relatively insensitive to small damage. Though only small frequency 
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change is observed in steel beam tests, relatively large frequency changes are detected in 

concrete beam tests. This is because the stiffness of concrete beam drops significantly after 

cracking, while that of steel beam owing to a local crack only experiences insignificant 

decrement. This fact indicates that vibration based method is more suitable for identifying 

bigger or global damages. 

3.4 Other experimental results of GW tests 

In this study, besides the experimental work presented above, more tests have been 

performed for various purposes, but mainly to calibrate the developed SE method to 

model GW propagation. In this section, some of the testings are presented.  

3.4.1 Steel rebar with and without concrete coating 

In order to understand the wave propagation along the steel bar with or without concrete 

coating, six 1.5 m long RC beams were fabricated in laboratory. The cross section of these 

concrete beams is 0.25 m wide and 0.30 m high, as shown in Figure 3-23. There are two 

steel plain round bars in each concrete beam. The material parameters of the steel bars are: 

Young’s modulus 210 GPa, and mass density 7850 kg/m3. The whole length of the steel 

rebar is 1.6 m with 1.5 m buried in the concrete and 0.05 m free end outside of the 

concrete beam on each side. The reason to leave 0.05 m long rebar outside is for the 

convenience of the subsequent corrosion tests. The diameter of the steel bar is 0.01 m. The 

actuator and sensor were mounted on each steel round bar with 0.3 m from the two ends 

of the bar, respectively. The distance between the actuator and the sensor is 1 m. The wave 

propagation tests were carried out on the bare steel bars first. Then these steel bars were 

cast into the concrete beams. The location of steel rebar is shown in Figure 3-23. The 

thickness of the concrete cover over steel bars is 0.05 m. The properties of concrete from 

material tests are: the compressive strength-39.70 MPa, the Young’s modulus-29.61 GPa, 

and mass density-2426.75 kg/m3. By the pull-out tests, the debonding strength is 0.21 MPa 

for the plain round steel bar. The wave propagation tests were carried out on these 

concrete beams after 28 days. The frequency of the transmitted waves is 50 kHz and the 

number of the wave cycles is 5. The sampling frequency for data recording is 2 MHz. 



School of Civil and Resource Engineering  
Damage Identification and Assessment                                                     The University of Western Australia  

 

 

3-67

 

Figure 3-23: Cross section of the RC beam for GW testing 

In this study, only the measured data on three steel bars is analysed and discussed in detail. 

Results from other steel bars are similar, but are not shown here. Figure 3-24 shows the 

wave propagation along the three bare steel bars. In the figure, the responses from the 

three bare steel bars are close to each other when the input signal is the same. This shows 

the system is reliable and stable to carry out the experimental study of wave propagation. 

There are mainly three waves in the response. Compared with the input signal, the time 

interval between the excitation source and the arrival of the waves are 0.20 ms, 0.31 ms and 

0.43 ms, respectively. The peak values of the three waves are 1.262 V, 2.371 V and 1.109 V. 

Wave1 is the incident wave from the input, and Wave2 and Wave3 are the reflected waves 

by the two ends of the steel bar. Since the distance between the actuator and the left end is 

the same as that between the sensor and the right end, Wave2 is a combination of the two 

reflected waves from the two ends. The wave propagation distances of these three waves 

from the actuator are 1.0 m, 1.6 m and 2.2 m, respectively. So the wave speeds from these 

waves are 5102.0 m/s, 5111.8 m/s, 5140.2 m/s, respectively. In Figure 3-24 (b), there are 

some small waves after the three main waves. They are the dispersive waves due to non-

uniformality or defects in the steel bar itself. These dispersive waves are also useful to 

detect damages in the steel bar. 

Figure 3-25 (a) shows the wave induced by actuator. Figure 3-25 (b) shows the wave 

propagation results along the steel bar in concrete beams. The first waves are again close to 

each other, and the following waves are much complicated because of the complex 

interaction and many reflections at the end of the concrete beam. Figure 3-25 (c) shows the 

comparison between the result from the bare steel bar and that buried in the concrete. 

Compared with the wave propagation along the bare steel bar, the first wave is delayed 
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when the steel bar is buried in the concrete and the amplitude is also much smaller, clearly 

indicating the interaction effect of steel and concrete. 
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Figure 3-24: Wave propagation along the bare steel bar 
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(c) Comparison of wave propagation along the rebar in concrete or bare rebar 
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Figure 3-25: Wave propagation in different waveguide 

3.4.2 Wave propagation in steel pipe 

In order to understand the wave propagation on the surface of a steel pipe, tests are carried 

out on a steel pipe with the material and geometry parameters: the whole length 3 m, the 

distance between actuator and sensor 2 m, the radius 0.03 m, the thickness 0.001 m, 

Young’s modulus 210 GPa, and mass density 7850 kg/m3. 

Figure 3-26 gives a detailed description of the locations of actuator and sensor array on a 

steel pipe. As shown, the actuator array includes 4 actuators evenly distributed along the 

circumference at the cross section that is 500 mm from the left end. Wave propagation 

properties in pipes are extremely complicated. The waves in a pipe can be repeatedly 

propagated around the pipe’s continuous circumference. Basically, there are three 

fundamental classes of modes, which are longitudinal, torsional and flexural modes (Lowe 

et al, 1998).  The longitudinal, torsional and flexural modes are labelled using the following 

nomenclature: L(0, n), T(0, n) and F(m, n), respectively. Here, m is the harmonic number 

of circumferential variation and n is a counter variable. The longitudinal and torsional 

modes are symmetric with respect to the pipe’s axis, but the flexural modes are not. In this 

study, the longitudinal GW is generated using the long piezoelectric strip. The input signal 

includes 5 cycles and the frequency of the wave is 30-70 kHz. The results for 50 kHz case 
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are studied in details in this study. The amplitude of the input wave is 2 V. The sampling 

rate is 1 MHz. 
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(a) Locations of actuators and sensors 

       

(b) Actuator array (c) Sensor array 

Figure 3-26: Actuator and sensor array 

Figure 3-27 shows the input signal by Actuator 1 and the received responses from the 

sensor array. In the figure, the responses from all four sensors are very close. The first 

wave is the incident wave from the actuator directly. The distance between the actuator and 

sensor is 2000 mm. Thus, the group velocity, which is 4807.7 m/s, can be computed based 

on the time interval between the input signal and the first received wave. As can be seen, 

the input wave has 5 cycles, but the first wave in the response has 9 cycles. This is because 

the size of the strip actuator is 40 mm×3.0 mm and it is small compared with the size of 

the pipe. So the excitation source is a point source and the wave will also propagate around 

the pipe. These waves combine together to get the first group wave. The second wave is 

the reflection wave from both ends of the pipe, and it is also a combined wave. Due to the 

length of the wave propagation is larger than that of the first wave, and much more cycles 

are present in the wave. Because the length of the strip is much larger than its width, the 

flexural bending wave is also generated by the actuator. In the figure, the third wave is the 

flexural bending wave.  The cycles of the flexural wave is the same as that of the input 

wave, and the wave speed is 2551 m/s.  
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Figure 3-27: Measured responses using one actuator (Actuator 1) 
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(b) Actuators 2&4 
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(c) Actuators 2&4 (Opposite)  
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(d) Actuators 1, 2, 3&4 

Figure 3-28: Measured responses using different combinations of the actuators 

Figure 3-28 shows the received responses when one, two or 4 actuators are used to excite 

the pipe respectively. The input voltage is the same for all actuators. The results in Figure 

3-28 (a) are similar to those in Figure 3-27 The results in Figure 3-28 (b) show that some 

waves are cancelled, especially the wave propagated around the pipe. This may result from 

the counteracting effects of two actuators. The results in Figure 3-28 (c) and Figure 3-28  

(d) show that the waves are enlarged due to the combination of multiple actuators. These 

results show that the wave propagated around the pipe can be cancelled or enlarged by 

different combinations of multiple actuators. Moreover, the time delay between the 

actuators should be chosen properly. 

3.5 Experimental study of corrosion-induced cracking of 
reinforced concrete beam 

This section aims at assessing the state of corrosion of corroded structural elements by 

visual inspection and modal testing. An accelerated corrosion experiment was conducted. 

Six RC beam specimens were fabricated to simulate reinforcement corrosion of a typical 

RC beam. The corrosion-induced cracking process is observed and modal parameters are 
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tested. They are then related to the corrosion state of the structure to correlate the 

corrosion damage with the changes of structural vibration properties. Based on the 

experimental results, a model relating crack width with corrosion loss is proposed. The 

statistical uncertainty of the model is also described. 

3.5.1 Test specimen 

All specimens were RC rectangular beams of 250x300 mm with a length of 1.5 m. In each 

beam, two 10 mm diameter plain round reinforcing bars are fabricated in the concrete 

matrix. The concrete cover is taken as 50 mm at the top part of the beam section. The 

water-cement ratio is 0.55. The cement used for all specimens was ordinary Portland 

cement. The coarse and fine aggregates (20 and 10 mm, respectively) were kept the same 

for all mixtures. Three percent of calcium chloride (CaCl2) by weight of cement was added 

to the concrete mixture to induce corrosion along the reinforcing bars. This admixture had 

a negligible effect of concrete strength properties. All the specimens were moist cured for 

28 days before testing. Standard cylinders were tested at 28 days to determine the concrete 

compressive strength. The properties of concrete from material tests are: the compressive 

strength: 39.70 MPa, the Young’s modulus: 29.61 GPa, and mass density: 2426.75 kg/m3. 

In order to generate cracks within a reasonable time period, an accelerated nominal 

corrosion rate of icorr-nom=100 2/ cmA  was used in this study. The electrical resistance of 

each bar may be different, and thus a current regulator is used to keep the current in each 

bar constant and equal to each other. 30 mm soffit of the specimen was immersed in a 5% 

NaCl solution. The reinforcing steel bar acts as an anode, a stainless steel bulk submerged 

in the NaCl solution acts as the cathode, and the pore fluid in the concrete is the electrolyte. 

The experimental setup is displayed in Figure 3-29. Cracks a and b represent those over the 

two steel bars respectively. 

 

Figure 3-29 : Experimental setup of accelerated corrosion test (mm) 
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3.5.2 Test procedure 

The whole tests lasted for 24 weeks. The crack initiation and propagation on concrete 

surface were verified by visual observations twice a week using a crack detector microscope 

with an accuracy of 0.05 mm. The number, length and maximum width of cracks 

corresponding to each bar were recorded.  

The first modal test was conducted when the beams were just put into the container 

without applying the current. After that, dynamic tests were taken to obtain modal 

parameters of each beam every 2 weeks. An impact hammer was used to give excitation to 

the beams. Because only the first mode was used in this study, three measurement points 

were taken, shown in Figure 3-29. The first natural frequency and corresponding damping 

ratio were then obtained.  

After every 4 weeks, one of the beams would be taken out and broken. Based on ASTM G 

1-90 (1990), the corrosion product was removed from the base steel bar using mechanical 

method. The mass loss due to corrosion was determined after several cleaning cycles. Then 

the actual corrosion rate can be obtained. 

3.5.3 Results and discussion 

In this study, the No. 4 beam performed unexpectedly. The crack initiated earlier but then 

did not propagate. The possible reason may be fabrication errors. Therefore, the crack 

propagation of this beam is not included in the results and discussion.  

a) Crack observation 

After about 10 days, “first visible cracking”, which can only be seen through a crack 

detector microscope, appeared randomly on the concrete surface above and parallel to the 

reinforcing bars. The crack lengths varied from 3 to 100 mm. The crack widths were 0.05 

to 0.1 mm. After that, crack width propagated with a somewhat constant rate over time. 

Figure 3-30 shows the crack width propagation over time. Based on the results, different 

cracks will grow at different rate even under nearly the same condition, which 

demonstrates that the quality of concrete and corrosion process inherently varies. This 

suggests that time-dependent and spatial stochastic methods are needed to realistically 

model corrosion process and their effect on structural performance and reliability (Stewart 

and Mullard, 2007). 
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Crack observation results
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Figure 3-30: Crack propagation for all specimens 

b) Modal testing 

The results for modal testing are shown in Figure 3-31. From it, a clear relation exists 

between natural frequency and corrosion state, but there is no obvious rule defining the 

changes of damping ratio due to corrosion.  
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a) Changes of the natural frequency   
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Damping ratio changes due to corrosion
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b) Changes of the damping ratio 

Figure 3-31: Changes of modal parameters for all specimens 

Corrosion affects RC structures mainly from two aspects. First, the effective cross section 

of steel rebar will decrease with the growth of corrosion, which will result in the reduction 

of structural stiffness. Second, the bond between steel bar and concrete will be affected due 

to corrosion. This effect is more complex since it is not a monotonic process. The reason is 

that the corrosion products will firstly occupy the area of porous zone at the beginning of 

corrosion, which will benefit the bond in the concrete-steel interface and thus the stiffness. 

Then, with the growth of corrosion products, cracks will appear and the bond strength will 

decrease, which result in the reduction of the stiffness. The explanation of porous zone in 

concrete-steel interface can be found from Liu and Weyers (1998).  

It is known that if the structural stiffness decreases, the natural frequency will accordingly 

decrease and vice versa. The above analysis can be supported by the modal results. After 

the first 2 weeks, though cracks had appeared, the natural frequencies of several beams 

increased slightly, which indicate the stiffness of these beams increase during the period. 

Subsequently, the natural frequency of each beam decreases nearly linearly over time. The 

results suggest the potential for natural frequency to be used as an indicator of corrosion 

state. 

c) State of corrosion 
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For reinforcement in RC structures, corrosion can be defined by corrosion loss or attack 

penetration. The latter parameter can be calculated from measured corrosion loss where 

loss of reinforcing bar radius is ticorr 0116.0 . Here, icorr=100 2/ cmA  is the corrosion 

rate, while t is the duration. In this section, the corrosion loss, defined as the percentage 

loss of cross-sectional area assuming uniform (general) corrosion, is taken as the parameter 

to indicate the corrosion state directly. The corrosion losses of steel rebar due to corrosion 

over time and the corresponding line of best fit are displayed in Figure 3-32. As can be 

seen, at beginning, the difference between the corrosion losses of 2 bars in each beam is 

very small. This phenomenon can be used to explain why the crack initiation time is almost 

the same for different bars.  

The comparison of final corrosion losses and the maximum cracks width for each bar is 

summarized in Table 3-3. 

Corrosion loss of steel rebar over time
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Figure 3-32:  Mass loss of steel rebar due to corrosion 

 

Table 3-3: Test results summery for each specimen 

Specimen 

No. 

Age of test 

(week) 

Mass loss 

(g) 

Corrosion loss 

(%) 

Crack width 

(mm) 

a 101.7 10.59 0.8 
1 

b 
12 

84.84 8.84 0.75 
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a 52.09 5.43 0.8 
2 

b 
8 

50.55 5.27 0.8 

a 135.18 14.08 1.8 
3 

b 
16 

149.29 15.55 3.3 

a NA NA 0.05 
4 

b 
4 

27.88 2.9 0.15 

a 165.31 17.22 2.5 
5 

b 
20 

185.19 19.29 2.8 

a 225.9 23.53 7.3 
6 

b 
24 

207.62 21.63 3 

3.5.4 Relationships between measured parameters and corrosion states 

Based on experimental results, the corrosion state of a RC structure is highly related to its 

crack width and natural frequency. Therefore, it is promising to predict corrosion by 

analysing these measured parameters. 

a) Crack initiation models 

In the test procedure visual inspections were conducted every four days, so an accurate 

estimation of time to crack initiation is not possible as the best estimate from these tests is 

only in the range of 144-240 hours. This is not sufficiently accurate to be able to compare 

experimental results with predictive models. While this is unfortunate, it should be noted, 

however, that the accuracy of the time to severe cracking is dominated by the accuracy of 

the time since crack initiation to reach a limit crack width (crack propagation), and so 

service life predictions are relatively insensitive to the crack initiation model (Vu et al 2005).  

b) Crack propagation models 

As for crack growth, several types of models have been proposed. Vidal et al. (2004) 

correlated crack width with steel cross-section loss and concluded that the cover/diameter 

ratio and the bar diameter seem to have no effect on the crack width evolution. Vu et al. 

(2005) proposed a nonlinear relationship between the time to reach a limit crack width and 
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“concrete quality” parameter, determined by cover depth and water/cement ratio. Li et al. 

(2006) introduced an analytical method to determine the crack width based on the 

thickness of corrosion products and the stiffness reduction factor. 

According to serviceability or durability requirements, different limit crack widths from 0.3 

to 0.8 mm are proposed by different researchers, summarized by Vu et al. (2005). In this 

section, only the results of average crack width below 1 mm are considered. The crack 

width over corrosion loss and its fitted linear function are shown in Figure 3-33. It is 

observed that there is a large scatter of results. The coefficient of variation (COV) of the 

fitted linear model is 0.46. This high variability shows the large temporal and spatial 

variability that can be expected from RC corrosion processes. This high variability makes 

precise predictions of the structural condition very difficult to achieve in practice unless 

stochastic analyses using updated condition monitoring data are used.  

Relationship between crack width and corrosion loss
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Figure 3-33: Experimental results of crack propagation 

It should be noted that since the rate of corrosion is much higher than that in reality, a 

nonlinear correction factor should be added when the model is applied to practice (Vu et al 

2005), which is not within the scope of this study. Further, since concrete cover depth, 

water-cement ratio, bar diameter and bar confinement will affect the corrosion and crack 

propagation, more experimental works are necessary. 
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3.6 Conclusion 

An integrated health monitoring system is developed with the combination of vibration, 

GW and AE data. The experimental setup includes four components. Static test system is 

used as a reference method to monitor load history as well as displacement and strain at the 

middle point of the bottom of the beam. Vibration test system focuses on the 

measurement of modal parameters, which can be used in model updating. GW test system 

is used to transmit and receive high-frequency waves propagating on the structure in order 

to identify small damage. AE test system concentrates on detecting waves induced by 

cracking. Combining all these data can give a better performance of damage identification. 

Experimental results demonstrated the efficiency and effectiveness of the proposed 

method. GW tests on different waveguide, including bare steel rebar, concrete-steel 

interface and steel pipe, are then carried out to provide data for numerical modelling that 

will be discussed in subsequent chapters. 

An experimental study was conducted to investigate the effects of corrosion on concrete 

cracking and modal parameters. Experimental results consolidate that there is a relationship 

between corrosion state of a structure and its natural frequency. An empirical model is 

proposed to describe the relationship between the crack width and corrosion loss. 

Experimental results show that the model has the potential to predict corrosion state from 

inspection results of crack width. 
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Chapter 4  

Guided Wave Propagation and Spectral Element Method for 
Debonding Damage Assessment in RC Structures 

4.1 Introduction 

RC structures are widely used in civil infrastructure systems due to its low construction cost 

and long service life under various conditions. The interface between concrete and steel in 

RC governs the interaction between the two types of materials under loading. When the 

interface is seriously damaged, e.g. when a micro-crack is formed, debonding takes place 

with large slip, and the load-transferring capacity of the interface will drop dramatically.  

Chapter 3 has provided GW test results on bare steel rebar and concrete-steel interface. In 

this chapter, a concrete-steel interface SE is developed to model the GW propagation along 

a steel rebar in the concrete. Scalar damage parameters characterizing changes of the 

interface conditions are incorporated into the formulation of the spectral finite element. It 

is then used to detect and assess debonding damages along the rebar and concrete 

interface. Numerical simulation results are compared with experimental results to check the 

performance of the proposed model and algorithm. Parametric simulations are also 

performed to evaluate the effect of different damage scenarios on the wave propagation in 

the RC structures. Numerical simulations and experimental results show that the method is 

effective to model wave propagation along the steel rebar in concrete and can be used to 

detect damage in the concrete-steel interface. 
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4.2 Spectral element for RC structures 

4.2.1 Concrete-steel interface spectral element 

In order to explore the wave propagation along the rebar in the concrete, a novel SE is 

needed to describe the wave propagation at the interface between the steel bars and 

concrete. For RC structures, the length of the steel rebar is much larger than its radius, so it 

is modelled as an ideal rod in this study. Though there are several rod theories with 

different number of modes, elementary theory is accurate enough to simulate the wave 

propagation on the condition that the frequency of the transmitting wave is lower than 100 

kHz (Krawczuk et al, 2006a), which is within the scope of this study.  

 

Figure 4-1: Concrete-steel interface spectral element 

In this section, it is assumed that concrete will deform axially under the shear force from 

steel rebar.  The force analysis of the beam is illustrated in Figure 4-1. Based on elementary 

theory (Doyle, 1997 and Graff, 1975), the equations of steel and concrete motion can be 

written as follows: 
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where us(x,t), uc(x,t) are the axial displacements of the steel rebar and concrete at location x 

and time t. Es, Ec denote the Young’s modulus of the steel and concrete. As and Ac are the 

areas of the cross-sections corresponding to the steel and concrete; respectively. Here Ac 
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should be defined as the effective area of concrete, which will be explained later. cs  ,  are 

the densities of the steel and concrete. cs  ,  are the viscous damping ratios of the steel 

and concrete, which are used to simulate the material damping. Usually, a small value of   

is used as follows (Doyle, 1997): 

 3
0

3
0 10,10    ccss  (4-3) 

where 0  is a circular frequency. The typical frequency used in this study is 30~60 kHz.  

Combining Equations (4-1) and (4-2) together, one can obtain 
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To further simplify the above equation, the following equivalent parameters are defined 
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where cseq AAAA  . 

Using the equivalent parameters defined in Equation (4-5), Equation (4-4) can be written as 

follows 
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In order to solve Equation (4-6), the dynamic responses are expressed in the spectral 

representation (Doyle, 1997) as: 
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n
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where j= 1  and ),(ˆ nxu   is the spatially dependent Fourier coefficient. 

For every n , Equation (4-6) can be written as: 
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where û  is the abbreviation of ),(ˆ nxu  . 
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From Equation (4-8), the general longitudinal displacement (with the exponential solution 

jkxe ) for a rod can be written as:  

 jkxjkx CeBexu  )(ˆ ,
EA

AjA
k

 


2

 (4-9)

where CB,  denote the amplitudes of inward and outward waves respectively, which will be 

determined by boundary conditions, and k  is the wave number.  

Through the bond, concrete and steel can work together. But in reality, concrete will not 

deform uniformly over the cross section. Only the concrete near the steel bar will have 

similar deformation as the steel rebar, and the deformation decreases along the cross 

section away from the steel bar towards the concrete surface. Therefore, the axial 

deformation of the concrete beam is not uniform over the cross section. Based on the axial 

deformation assumption and stress equilibrium, an equivalent area cA  is then defined, 

which can be obtained from the wave speed. Since   is very small, the wave speed along 

the steel rebar in concrete can be represented as follows: 
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In practice, c can be measured easily. Based on Equation (4-11), cA  can be obtained, and 

the proper parameters, E, A,   and  , can be calculated by Equation (4-5). Since cA  

changes with the radius of steel bar, the quality of concrete, the interface condition and 

others, it is very complicated to formulate an empirical function for it. The best 

determination method is to extract the wave speed from the measured signal of the intact 

structure.  

4.2.2 Generalized spectral element formulation 

The above equations describe wave propagation in a concrete-steel interface SE with 

homogeneous properties. When the interface has nonuniform properties such as changing 

material or sectional properties along its length owing to damages associated with material 

deterioration, corrosion and/or cracks, the RT coefficients will be different in different 

segments. The damaged zones need be formulated accordingly with their respective 
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properties, hence multiple SEs are necessary. A generalized model for multiple SEs is 

displayed in Figure 4-2. The spectral displacement of the ith element can be defined as 

follows: 
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where L represents the length of the rebar, iL is the length of the ith element. 

 

Figure 4-2: The generalized model of the rod with arbitrary elements 

If the actuator and sensor are located in the middle of the rebar at locations a and b 

respectively, the structure should at least be discretized into 3 elements with the actuator 

and sensor in the first and the last element, and the locations of the two elements being 

xa=L1 and xb=L-LN. Generally, for N elements, there are 2N unknown 

coefficients  NiCB ii ,,2,1,,  , which can be calculated as a function of the nodal 

spectral displacements. The following boundary conditions are taken into account. 

1. At the left end of the 2nd element (xa=L1) 

 aa qxu ˆ)(ˆ2   (4-13) 

where aq̂ is the nodal displacement at location a (actuator). 

2. At the right end of an intermediate element i, the displacement and strain compatibility 

leads to 
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3. At the right end of the 2nd last element (xb=L-LN) 

Nth 1st 2nd ith N-1th

Location a: Excitation Location b: Response 

ith element location ith element length
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 bbN qxu ˆ)(ˆ 1   (4-15)

where bq̂ is the nodal displacement at location b (sensor). 

The above formulae can be rewritten in the matrix form as follows  

 QGD   (4-16)

where D is the boundary matrix, which can be derived from Equations (4-13)-(4-15), N is 

the number of the elements, T
NNii CBCBCBG },,,,,,,{ 11  , T

ba qqQ }ˆ,,ˆ{  . By 

updating Li according to the measured wave signal, the damage lengths and locations can 

be determined. As an example, a 5-elements model is adopted for a structure with one 

damage zone. The boundary matrix D of 5 elements is given in Appendix 4-1.  

Then, parameters ii CB ,  can be obtained using the inverse matrix of D.  

 QDG  1  (4-17)

 

Based on Equation (4-12), the force boundary conditions can be represented as:  
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where ba FF ˆ,ˆ  are the nodal forces at locations a and b.  

From Equations (4-17) and (4-18), the force-displacement relation can be simplified as 

follows: 
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Due to the inherent requirement of FFT, a throw-off element needs be added to the last 

element, which act as a conduit to allow the propagation of the trapped energy out of the 

system. As a result, Equation (4-19) becomes:    
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When aF̂  and bF̂  are known, ba qq ˆ,ˆ  can be easily obtained by Equation (4-20).  Based on 

this method, wave propagation can be easily modelled regardless of the number of 

elements. 
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4.2.3 Damage indices 

For a structure with homogeneous material, damage in the structure is often defined as the 

loss of elastic modulus. But two materials with different properties work together in RC 

structures. Therefore, the performance of RC relies on not only the steel rebar and 

concrete but also their interaction. If they bond well, the force can be easily transferred 

from concrete to steel, and vice versa. If debonding occurs, force transfer is not as easy as 

before, and slip may occur, which will impede the composite action of RC and bring down 

the performance of the structure severely.   

In the proposed SEM, cA  is the variable which can provide some indications of debonding 

damage. In this study, the debonding damage index and conventional damage indices are 

defined as follows: 

 
c

c
b A

A
1  (4-21) 
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1  (4-22) 
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c
c E
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where cA  is the unknown real effective area of concrete. sc EE ,  are the damaged elastic 

moduli for concrete and steel respectively. When there is neither debonding nor damage to 

concrete and steel rebar, cc AA  , cc EE  , ss EE   and 0 scb  . When full 

debonding occurs, 0cA , or full damage to concrete or steel rebar, 0cE , 0sE , then 

1 scb  . In other cases, 1,,0  scb  .  

4.3 Model verification 

In order to verify the proposed model, the experimental study is carried out on bare steel 

bars and RC beams using the active sensing system. The experimental results are 

summarized in section 3.4.1. 

Steel bar can be easily modelled using a uniform material model, while concrete material is 

more complex, since it is a composite material that consists of sand, cement, and various 

sizes of aggregates. To simplify the analysis, however, a linear, elastic, isotropic and 

homogeneous model is adopted in numerical simulation. The damping ratios of steel and 

concrete are estimated from Equation (4-3), their effect on the waveform will be discussed 



School of Civil and Resource Engineering  
Damage Identification and Assessment                                                     The University of Western Australia  

 

 

4-89

in the following section. Based on Figure 3-25 (a), the time interval between the excitation 

source and the arrival of the first wave is 0.445 ms. Since the distance between the actuator 

and the sensor is 1 m, the wave speed can be obtained as 2247 m/s. Based on Equation 

(4-11), 2410394.3 mAc
 . As a result, the equivalent radius of the effective concrete is 

0.0204 m, which is smaller than the cover thickness and distance between bars. Then, the 

parameters for concrete-steel interface SE can be obtained through Equation (4-5), with 

E=15.42 GPa,  =3446.10 kg/m3, and  =1.083×106. 
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Figure 4-3: Wave propagation in a bare steel bar 

In order to verify the numerical model in this study, the above tests are numerically 

simulated using the above parameters. Figure 4-3 shows the comparison between the 

experimental results and the numerical results. Since the actuator and sensor are located in 

the middle of steel rebar, the 5-element model is used to analyse the wave propagation in a 

bare steel rebar. As shown, the calculated wave is very close to the first wave of the 

experimental result, demonstrating that the proposed model is effective to analyse the wave 

propagation in the bare steel bar. In the numerical simulation, the throw-off element is 

used to let the wave energy propagate out of the system, so there is no reflected wave. 

Simulation without considering damping effect is also carried out. The result is shown in 

Figure 4-3 for comparison. As shown, the amplitude of the calculated wave without 

damping is larger than that with damping, but there is no obvious change in the waveform. 

The result shows that damping has a large effect on the wave amplitude but little effect on 

the waveform.  
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The proposed 5-element model is applied to the steel rebar in concrete beam. Figure 4-4 

shows the experimental and numerical results for a steel bar in a concrete beam. From 

Figure 4-4, the calculated incident wave is also close to the measured incident wave. It 

shows that the proposed model and algorithm is effective and accurate to model wave 

propagation in concrete-steel interface.  
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Figure 4-4: Wave propagation along steel rebar in concrete beam 

4.4 Parametrical studies 

In order to study the feasibility of GW-based damage identification of debonding damage 

in RC structures, the effect of different debonding damage on the received wave is studied 

using the proposed numerical model. The above parameters of the test model are used in 

the calculation. Three parameters, namely debonding length, location and level, are used to 

describe the debonding damage. The debonding level is defined as a debonding damage 

index in Equation (4-21) by the real effective area of concrete around the steel bar. The 

debonding damage zone is defined as a damaged element, as shown in Figure 4-2. The 

debonding length and location correspond to the length and location of the damage 

element. Different debonding damage scenarios are simulated by changing the debonding 

length, location and level. The effect of damage in concrete or steel bar on waveform is 

also investigated by changing the damage indices sc  ,  in the element.  

In this section, the changes in the incident wave due to damage in the RC structure are 

investigated. The change in the incident wave and the feature parameters that will be 
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extracted from the incident wave and are sensitive to the debonding damage need be 

defined first. Giurgiutiu and Cuc (2005) performed the damage detection analysis in a 

structure through examining the changes of the GW amplitude, phase, dispersion and time 

of flight using the pitch-catch method. Guided-wave propagation along the steel bar buried 

in concrete is more complicated. Figure 4-5 shows a typical wave propagation process from 

the input signal to the response. There are three waves, namely Wave A, B and C in the 

figure. Wave A is the main incident wave propagated from the wave source. Wave B and C 

are additional waves caused by debonding damage. In this study, four parameters are used 

to describe the changes in the waveform due to the damage. The arrival time of Wave A is 

defined as the time interval between the input signal and Wave A. This parameter is used to 

describe the time delay of Wave A, which is related to the wave speed directly. The 

amplitude of Wave A is the second parameter to describe the attenuation of wave 

propagation in the material. The time interval between Wave A and B or Wave A and C is 

used to describe the time delay of Wave B or C. The amplitude ratio of Wave A to B or 

Wave A to C is used to describe the amplitude properties of Wave B or C. In the above, 

the amplitude of the wave is defined as the absolute peak value. The changes of these 

parameters due to the damage and their sensitivity to damage are studied in the following. 
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Figure 4-5: Illustration of received waves and the corresponding parameters 
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Figure 4-6: Received waves with different debonding lengths at the same location (0.5 m) 

4.4.1 Effect of debonding length 

The 5-element model is used in the calculation. The 3rd element is taken as the damaged 

element and the debonding damage index b  is equal to 1 that means the full debond of 

the element. Both the debonding length and location are varied in numerical calculations. 

There are a total of 55 cases with the debonding length varying from 0.0 to 1.0 m with an 

increment of 0.1 m; and the debonding location measured from the actuator varying from 

0.3 m to 1.2 m, also with a 0.1 m increment. The detailed results are summarized in Table 

4-1. Figure 4-6 shows the incident waves with different debonding lengths at the 

debonding location of 0.5 m. The results show that the arrival time of Wave A reduces 

with the debonding length, and the amplitude increases with the debonding length. These 

two parameters could be good indicators of the debonding length. Wave B is moving away 

from Wave A when the debonding length increases and there is no obvious change in the 

amplitude of Wave B. The parameters related to Wave C, however, remain unchanged 

when the debonding length increases. This is because a stress wave will be transferred into 

two parts: transmitted wave and reflected wave when meeting a discontinuity, or 

debonding in the present case. The first reflected wave will be produced at the starting 
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location of the debonding damage and it will be reflected again at the wave source, which 

forms Wave C. Therefore the time interval between Waves A and C is only related to the 

distance between the wave source and the debonding location. At the end location of the 

debonding damage, another reflected wave will be formed and it will be reflected again at 

the starting location, which becomes Wave B. The time interval between Waves A and B is 

therefore only related to the debonding length.  

Table 4-1: Results based on the numerical models with different debonding lengths at 

different locations 

Time interval 

(ms) 
Amplitude ratio 

Debonding 

Location 

(m) 

Debonding 

Length 

(m) 

Arrival 

time 

(ms) 

Amplitude 

( 710 ) 
Wave 

A and 

C 

Wave 

A and 

B 

Wave 

A and 

C 

Wave 

A and 

B 

No 

damage 
0 0.445 6.010 - - - - 

0.1 0.42 8.931 0.051 - 3.238 - 

0.2 0.395 9.788 0.089 - 3.457 - 

0.3 0.369 10.42 0.128 - 3.875 - 

0.4 0.343 11.14 0.168 - 4.320 - 

0.5 0.318 12.23 0.206 - 4.900 - 

0.6 0.292 13.44 0.245 - 5.563 - 

0.7 0.267 14.45 0.283 - 6.218 - 

0.8 0.241 15.38 0.321 - 6.937 - 

0.9 0.215 16.62 0.361 - 7.918 - 

0 

1 0.189 19.07 0.397 - 9.142 - 

0.1 0.42 5.679 0.090 - 3.238 - 

0.2 0.394 6.213 0.091 - 4.558 - 

0.1 

0.3 0.369 6.560 0.090 - 3.454 - 
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0.4 0.342 6.926 0.091 - 3.311 - 

0.5 0.317 7.626 0.090 - 3.267 - 

0.6 0.292 8.488 0.090 - 3.375 - 

0.7 0.266 9.149 0.090 - 3.475 - 

0.8 0.24 9.623 0.090 - 3.404 - 

0.9 0.215 10.31 0.089 - 3.278 - 

0.1 0.42 5.677 0.180 - 4.604 - 

0.2 0.394 6.212 0.180 0.077 4.671 8.546 

0.3 0.369 6.561 0.180 0.116 4.509 9.262 

0.4 0.342 6.925 0.180 - 3.998 - 

0.5 0.317 7.624 0.180 - 4.938 - 

0.6 0.292 8.486 0.179 - 4.609 - 

0.7 0.266 9.148 0.180 0.271 4.646 15.97 

0.2 

0.8 0.24 9.623 0.180 0.310 4.378 17.88 

0.1 0.42 5.677 0.270 - 6.273 - 

0.2 0.394 6.212 0.270 0.077 6.132 8.553 

0.3 0.369 6.560 0.270 0.116 5.785 9.277 

0.4 0.342 6.925 0.271 0.156 5.676 10.08 

0.5 0.317 7.624 0.271 0.194 5.980 11.55 

0.6 0.292 8.486 0.270 - 6.010 - 

0.3 

0.7 0.266 9.148 0.270 - 4.307 - 

0.1 0.42 5.676 0.360 - 8.190 - 

0.2 0.394 6.212 0.360 0.077 7.928 8.556 

0.3 0.369 6.560 0.360 0.116 7.825 9.284 

0.4 0.342 6.924 0.361 0.156 7.798 10.09 

0.4 

0.5 0.317 7.624 0.360 0.194 8.036 11.57 
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0.6 0.292 8.485 0.360 0.232 7.967 13.60 

0.1 0.42 5.676 0.450 - 10.56 - 

0.2 0.394 6.212 0.450 0.077 10.59 8.559 

0.3 0.369 6.560 0.449 0.116 10.66 9.287 

0.4 0.342 6.924 0.451 0.156 10.46 10.09 

0.5 

0.5 0.317 7.623 0.450 0.194 10.33 11.58 

0.1 0.42 5.676 0.540 - 14.18 - 

0.2 0.394 6.212 0.541 0.077 14.56 8.560 

0.3 0.369 6.560 0.540 0.116 14.30 9.289 
0.6 

0.4 0.342 6.924 0.541 0.156 13.49 10.10 

0.1 0.42 5.676 0.630 - 19.63 - 

0.2 0.394 6.212 0.631 0.077 19.59 8.561 0.7 

0.3 0.369 6.559 0.629 0.116 18.52 9.289 

0.1 0.42 5.676 0.720 - 26.50 - 
0.8 

0.2 0.394 6.212 0.720 0.077 25.43 8.562 

0.9 0.1 0.42 5.676 0.810 - 34.53 - 

 

Figure 4-7 shows the relationship between the four parameters and the debonding length 

when the debonding damage occurs at different locations. Figure 4-7 (a) shows the arrival 

times of Wave A for different debonding length at 0.1 m, 0.2 m and 0.5 m. In the figure, 

the arrive times of Wave A are approximately the same when the debonding is located at 

0.1 m, 0.2 m and 0.5 m, respectively. It shows the debonding location, when it is in 

between the source and receiver, has no effect on the arrival time of Wave A. The arrival 

time of Wave A reduces with the debonding length and it has approximately a linear 

relationship. It can be fitted to the following equation.  

 rpxy   (4-24)

The results are p=-0.252 and r=0.445. As shown in Figure 4-7 (a), the fitted line agrees very 

well to all points. Based on the results, the arrival time of Wave A is only dependent on the 
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debonding length. It could be a good indicator of the debonding length. This is because the 

interaction between the concrete and steel becomes weaker when the length of the 

debonding zone increases, resulting in an increase in the wave speed. Figure 4-7 (b) shows 

the relationship between the amplitude of Wave A and the debonding length when the 

debonding is located at 0.1 m, 0.2 m and 0.5 m, respectively. It shows that the debonding 

location has no effect on the amplitude of Wave A either. However, the wave amplitude 

depends on the debonding length. The relationship between wave amplitude and 

debonding length is nonlinear and can be fitted by Equation (4-25).  

 rpxy q   (4-25) 

The results are p=5.6591, q=1.3225 and r=5.41. This indicates that the amplitude of Wave 

A is also a good indicator of debonding length. 

Figure 4-7 (c) shows the time interval between Wave A and B when the debonding length 

changes at different locations, 0.2 m, 0.3 m and 0.5 m, respectively. From the figure, the 

time intervals are approximately the same when the debonding is at different locations. 

That shows the debonding location again has no effect on the time interval between Wave 

A and B. The time interval has approximately a linear relationship with the debonding 

length as Equation (4-24). The parameters are p=0.3872 and r=0. Figure 4-7 (d) shows the 

relationship between the amplitude ratio of Wave A and B and the debonding length when 

the debonding is located at 0.2 m, 0.3 m and 0.5 m from the wave source, respectively. The 

amplitude ratios are close to each other when the debonding is at different locations, 

indicating the amplitude ratio is insensitive to the debonding location. But it is influenced 

by the debonding length. The amplitude ratio is fitted to Equation (4-25) with respect to 

the debonding length. The parameters are p=15.69, q=2, r=7.865.  

The results show that the debonding location has no obvious effect on the arrival time, the 

amplitude of Wave A, and the time interval and the amplitude ratio between Wave A and B. 

But all these parameters depend on the debonding length, the analytical relationships 

between debonding length and these parameters are derived based on the numerical 

simulation results. These relationships can be used as indicators to quantify the debonding 

length.  
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b) Amplitude of Wave A 
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c) Time interval between Wave A and B 
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d) Amplitude ratio between Wave A and B 

Figure 4-7: Relationship between the debonding length and the 4 parameters 

4.4.2 Effect of debonding location 

From the above analysis, Wave A and B is only related to the debonding length. The 

corresponding parameters from Waves A and B alone are not sufficient to indicate the 

debonding location. The new parameters are therefore needed to indicate the debonding 

location. As shown in Figure 4-7, there is no obvious change in Wave C for different 

debonding lengths when the debonding location is the same at 0.5 m from the excitation 
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source. Figure 4-8 (a) shows the incident waves with the same debonding length at 

different locations, 0.4 m, 0.5 m and 0.8 m from the excitation source, respectively. In this 

figure, it shows again that there is no obvious change in Waves A and B. Wave C, however, 

moves away from Wave A and the amplitude of Wave C reduces with the debonding 

location moving towards the right direction away from the excitation source. This 

observation indicates that Wave C depends on the debonding location and its parameters 

can be used to identify the debonding location. 
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b) Relationship between the debonding location and the time interval between Wave A and 

C 

Figure 4-8: Effect of the debonding location 
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From the above definition, the time interval between Waves A and C is used to describe 

the time delay of Wave C, and the amplitude ratio between Waves A and C is used to 

describe the amplitude change of Wave C. Figure 4-8 (b) shows the relationship between 

the time interval and the debonding location when the debonding lengths are 0.1 m, 0.3 m 

and 0.5 m, respectively. The result shows that the time interval between Waves A and C is 

the same when the debonding length changes, indicating that the debonding length has no 

obvious effect on the time interval between Waves A and C. But the time interval has 

approximately a linear relationship with the debonding location as Equation (4-24). The 

fitted parameters are p=0.9 and r=0. Based on Table 4-1, although the amplitude ratio 

between Waves A and C increases with the debonding location moving to the right away 

from the excitation source, the parameter fluctuates significantly and thus is not suitable for 

damage detection. This fluctuation is caused by the interaction and coupling of Waves B 

and C, which becomes more significant and more likely when the debonding occurs at a 

location towards the right end of the steel bar.  

4.4.3 Effect of debonding level 

To investigate the effect of b  on wave propagation, the damage length is taken as 0.5 m 

and the damage is assumed to occur at the middle of the steel bar, i.e., 0.55 m from the left 

end. b  is varied from 0 to 1 for fully bonded to fully debonding scenario, respectively. 

Figure 4-9 (a) shows the incident signals with different bonding conditions. As shown, the 

arrival time of Wave A decreases when b  reduces. That means the arrival time of Wave A 

increases when the debonding level decreases. The arrival time of Wave C also decreases 

when b reduces. Figure 4-9 (b) shows the relationship between the amplitude ratio of 

Wave A to Wave C and b . It is nonlinear and can be fitted to Equation (4-25). The results 

are p=5.8, q=-1, and r=0. Table 4-2 shows the variation of the six parameters when b  is 

varied from 0 to 1. The arrival time of Wave A reduces when b  increases. However, there 

is no obvious change in the amplitude of Wave A. The time interval between Waves A and 

C remains the same when b  changes. Wave B appears only when b  is larger than 0.5, 

and its arrival time decreases when b  increases. The amplitude ratio between Waves A 

and C reduces when b  increases.  
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Table 4-2: Results based on the model with different b  

Time interval (ms) Amplitude ratio 

b  
Arrival time 

(ms) 

Amplitude 

( 710 ) 
Wave A 

and C 

Wave A 

and B 

Wave A 

and C 

Wave A 

and B 

0 0.445 6.010 - - - - 

0.1 0.434 6.504 0.270 - 58.86 - 

0.2 0.421 6.518 0.270 - 27.18 - 

0.3 0.409 6.696 0.271 - 18.94 - 

0.4 0.398 7.193 0.271 - 15.32 - 

0.5 0.388 6.966 0.271 - 11.50 - 

0.6 0.379 7.093 0.271 0.218 9.663 36.10 

0.7 0.371 7.048 0.270 0.201 8.085 24.37 

0.8 0.363 7.041 0.270 0.185 7.067 17.37 

0.9 0.355 7.159 0.271 0.170 6.690 13.48 

1 0.347 6.925 0.271 0.156 5.676 10.08 
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b) Relationship between the amplitude ratio and the debonding damage index 

Figure 4-9: Effect of the debonding strength 

4.4.4 Effect of concrete and steel material properties  

Assume c  changes from 0.0 to 0.1, and the damage is 0.5 m long and is located at 0.55 m 

from the left end. Figure 4-10 shows the wave signals with different concrete damage. In 

the figure, there is no obvious change in Wave A, and Waves B and C are very small. In 

practice, it is more convenient to record the first two waves (A and B) because of their 

earlier arrival and higher amplitude than Wave C. So only the first two waves are 

investigated. Table 4-3 shows the calculated results of four parameters when c  changes. 

The arrival time of Wave A reduces when c  increases. It indicates that when the Young’s 

modulus of concrete decreases, the arrival time of Wave A will be reduced, which means 

the wave speed will increase, which can be explained by Equation (4-10). The time interval 

between Waves A and B remains the same when c  increases, but the amplitude ratio 

reduces quickly when c  increases, indicating that the amplitude ratio is a better indicator 

of damage in concrete because it is much more sensitive than the arrival time. The 

amplitude of Wave A fluctuates from 6.01 to 6.32, but it has no direct relation with the 

concrete damage.  
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Figure 4-10: Wave propagation along a steel rebar in a concrete beam with 3 different 

concrete damage scenarios 

Table 4-3: Results based on the model with different c  

c  
Arrival time 

(ms) 

Amplitude 

( 710 ) 

Time interval 

(ms) 
Amplitude ratio

0 0.445 6.010 - - 

0.01 0.444 6.169 0.222 574.39 

0.02 0.442 6.316 0.223 201.92 

0.03 0.44 6.227 0.223 124.96 

0.04 0.44 6.014 0.222 89.88 

0.05 0.438 6.265 0.223 69.76 

0.06 0.436 6.168 0.223 58.35 

0.07 0.436 6.128 0.222 49.02 

0.08 0.434 6.222 0.223 43.36 

0.09 0.433 6.154 0.223 37.96 

0.1 0.432 6.107 0.222 34.68 
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Figure 4-11: Wave propagation along a steel rebar in a concrete beam with different steel 

damage scenarios 

Similar to c , s  changes from 0.0 to 0.1. The same damage length and location is 

assumed.  Figure 4-11 shows the generated incident wave signals with different s . The 

results show that the arrival time of Wave A will increase when the Young’s modulus of 

steel decreases. That means the wave speed will decrease with s . Waves B and C appear 

nearly simultaneously but their amplitudes become larger when damage in the steel bar 

increases. To investigate the effect of steel damage quantitatively, the calculated parameters 

corresponding to different s are shown in Table 4-4. In the table, time interval value 

remains a constant for different steel damage. The amplitude of Wave A fluctuates with no 

apparent rule. The arrival time increases and the amplitude ratio reduces with s . These 

two parameters will be good indicators for steel damage. 

Table 4-4: Results based on the model with different s  

s  
Arrival time 

(ms) 

Amplitude 

( 710 ) 

Time interval 

(ms) 
Amplitude ratio 

0 0.445 6.010 - - 

0.01 0.448 6.211 0.222 135.85 

0.02 0.45 6.254 0.223 75.78 
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0.03 0.453 6.167 0.223 51.22 

0.04 0.456 6.022 0.223 38.88 

0.05 0.459 6.023 0.223 31.09 

0.06 0.462 6.203 0.222 25.72 

0.07 0.465 6.126 0.223 22.17 

0.08 0.468 6.301 0.223 19.18 

0.09 0.472 6.259 0.222 16.92 

0.1 0.476 6.004 0.222 14.95 

 

From the numerical results, s  and c  have relatively less effects, as compared to the 

debonding damage, on wave propagations along a steel bar in a RC structure. 

It should be noted that the above parametric analyses are performed based on the 

assumption that the debonding damage and the material deterioration occurs independently 

and separately. In practice, debonding and material deterioration, i.e., reduction in elastic 

modulus, may occur simultaneously. Further studies are needed to differentiate these 

different damage types. It should also be noted that the above results and observations are 

made based on the condition that the debonding damage occurs in between the wave 

source and the receiver. If debonding occurs behind the receiver, it will also affect the 

recorded signal owing to wave reflection. However, the above observations will not be the 

same.  

4.5 Conclusion 

A concrete-steel SE has been developed to analyse wave propagation along a steel rebar in 

concrete. The wave propagation characteristics corresponding to different structural 

conditions were analysed. The changes in the wave propagation properties were suggested 

to be used to identify structural damages. Three damage indices are defined to describe 

damage in concrete, steel rebar or debonding between the steel rebar and concrete. 

Laboratory study is used to verify the developed SEM for modelling wave propagations. 

The results demonstrated that the model can be used to predict the wave propagation 
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along the steel bar in concrete with complex interaction between the steel rebar and 

concrete.  

The relationships between the damage indices and the wave parameters have also been 

obtained and they can be used to quantify the damage in RC structures. Several parameters 

related to Waves A, B and C are proposed and applied to damage detection. Based on the 

time interval between Waves A and C, the debonding location can be estimated. The 

amplitude ratio between Waves A and C is a good indicator of the debonding damage 

index. The amplitude and arrival time of Wave A can be used to determine the debonding 

length. The relationships between the parameters and damage are obtained and can be used 

to quantify the damage. It should be noted that the above formulas are based on rod theory. 

If the steel rebar is thicker, ideal rod theory may be inapplicable due to lateral inertia effect. 

Further experimental study is needed to obtain the empirical formulas for different 

geometrical conditions. 

In this chapter, only the first received wave and damage induced waves are simulated. 

However, as shown in the experimental results in Chapter 3, boundary reflection also 

generates waves and they are recorded by sensors in the tests. These waves need also be 

modelled to identify the structural conditions because they sometimes mixed together with 

the other waves. However, traditional SEM cannot simulate boundary reflections. A 

modified spectral element method capable of modelling the boundary reflection is 

introduced in the following chapter. 
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Appendix 4-1 
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Chapter 5  

Spectral Element Modelling for Wave Propagation Analysis in a 
Steel bar with Boundary and Structural Discontinuity Reflections 

5.1 Introduction 

As can be seen in Chapter 4, SEM is capable to model wave propagation in a structure. 

However, the conventional SEM is difficult to simulate boundary reflections. This limits its 

application in many cases including SHM. To overcome this shortcomings of the 

traditional SEM, in this chapter, imaginary SEs are developed to model boundary 

reflections. The proposed imaginary SEs are used together with the original structural 

elements to formulate dynamic stiffness matrices for simulating one-dimensional wave 

propagation with boundary reflections. The accuracy of the proposed method is verified by 

comparing the numerical simulation results with measured wave propagation in 

experimental studies carried out on a steel bar of a finite length. 

To model the effect of structural discontinuities on GW propagation, the method using the 

RT coefficients are adopted in this chapter. An alternative model, based on fracture 

mechanics, is used as a baseline to perform parametric studies to determine the RT 

coefficients with respect to the different crack depths, locations and multiple cracks on 

GW wave propagations. Experimental results of wave propagation on a cracked steel bar is 

used to verify the crack model based on the RT coefficients. It is found that the proposed 

method can model GW propagation in a steel bar with boundary and discontinuity 

reflections. Therefore the method can be applied to local damage detection in structures 

for SHM. 
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5.2 Improved spectral element 

5.2.1 Imaginary spectral element for boundary reflection 

When boundary reflection is taken into consideration, incoming wave and reflected wave 

need be modelled separately using SEM. As illustrated in Figure 5-1, the excitation source 

generates waves that propagate in both the positive and negative x-direction. The one that 

propagates along the positive direction is named as wave 1 as it reaches the sensor first. 

After passing through the sensor, this wave hits the right boundary and is reflected and 

then propagates in the negative direction. This wave is named as wave 2 when it arrives at 

the senor. Another wave that propagates along the negative direction of the x-axis is also 

reflected by the left boundary and then propagates in the positive x-direction and reaches 

the sensor. This wave is named as wave 3. Wave 3 continues to propagate in the positive x-

direction and is reflected by the right boundary. When it arrives at the sensor again, it is 

named as wave 4. These wave propagation and boundary reflections will continue until the 

wave energy is consumed by the damping. Only the first four waves are shown in the figure. 

 

Figure 5-1: Illustration of original wave and reflected waves 

Doyle (1997) has discussed about the wave reflection by different kinds of boundaries. 

However, the result is based on the solution of a discrete point in the structure. Under this 

condition, only the simplest situation can be solved. Specifically, the amplitude of the 

incident wave at the boundary location should be known. In practice, this needs solving the 

incident wave first. Due to the inherent limitation of FFT, to get the amplitude of the 

incident wave a throw-off element is usually added to the last SE, which acts as a conduit 

to allow the propagation of the trapped energy out of the system. In calculation, this 

throw-off element acts as a transmitting boundary and eliminates the wave energy into this 

element. A comparison of the results between the simplest one-element rod models with 

Location al: Excitation Location bl: Response
Wave 1

Wave 2

Wave 3

Wave 4

x



School of Civil and Resource Engineering  
Damage Identification and Assessment                                                     The University of Western Australia  

 5-110

and without throw-off element is shown in Figure 5-2. The dynamic stiffness for this 

model can be found in many references, such as Doyle (1997). As shown, if there is no 

throw-off element in the model, the wave energy is trapped in the element and the solution 

makes no sense. Therefore the throw-off element needs be used, but the boundary 

reflected waves can not be modelled together with the first received wave at the same time. 
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Figure 5-2: Results using the models with and without throw-off element 

To overcome this problem, in this study, an imaginary element is added to the original 

element to model the boundary reflection, as illustrated in Figure 5-3. The boundary can be 

modelled as a discontinuity between the original and imaginary SE. Because the 

“waveguides” before and after reflection are the same, further simplification can be made. 

In comparison with the wave propagation theory in geometrical optics, the principle of 

wave reflection is applied here to modify the conventional SEM. Thus, a wave can 

“propagate” forward into the imaginary element until it reaches the testing point in the 

“mirror”. In the calculation, the imaginary element is combined with the original element 

and a throw-off element. Then, a solution for one reflection can be obtained using the 

model with an imaginary element. The dynamic stiffness matrix for an imaginary element 

can be similarly obtained and one reflected wave can be simulated using SEM. Four 

received waves in Figure 5-1 can be simulated by four models illustrated in Figure 5-4. The 

whole wave propagation and reflection process can be obtained by superposition of these 

models. 
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Figure 5-3: Imaginary element applied to simulating boundary reflection 

 

Figure 5-4: Illustration of imaginary SEM models 

5.2.2 Spectral element for a structure with cracks 

For an intact structure or one with global damages, the dynamic stiffness matrices can be 

obtained based on the displacement and strain continuity principle, as described in section 

4.2.2. If there is a discontinuity in a waveguide, a critical step in the formulation of SEM is 

to obtain the corresponding element boundary matrix. 

As shown in Figure 5-5, the relationship of the wave amplitudes at the discontinuity can be 

expressed as (Muggleton et al, 2007) 
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where B and C are the amplitudes of the forward and backward waves respectively; 

subscripts a and b denote different locations; R and T are matrices of RT coefficients. The 

relationship between two elements before and after the discontinuity can be written as: 
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where ajkL
a eF  , bjkL

b eF  , defined as the propagation matrix in Lee et al (2007). 

 

Figure 5-5: Elements with discontinuity 

According to the reversibility, tTT baab   and rRR bbaa  . For a conservative 

discontinuity, the magnitudes of the RT coefficients at a discontinuity should have 

 122  tr  (5-3) 

It should be noted that RT coefficient method is a general technique which allows for an 

easy simulation of structural discontinuities. Its main shortcoming is that the coefficients 

usually have no obvious relation with the damage severity, such as crack depth. In practice, 

the RT coefficients are unknown and should be determined by test results on the 

experimental model with different crack depths or those from other theoretical models. 

5.3 Model verification 

To verify the proposed approach in modelling wave propagation in steel bars with 

boundary and structural discontinuity reflections, the experimental results of a rectangular 

steel bar in laboratory are analysed.  

5.3.1 Boundary reflection simulation 

The proposed approach (the boundary matrices are summarized in Appendix 5-1) with 

imaginary SEs is used to model the wave propagation in the steel bar. The model is shown 

in Figure 5-6. Figure 5-7 shows the comparison between the experimental and numerical 

results of wave propagation in a rectangular steel bar. The detailed test results can be seen 

in section 3.3.1. The comparison shows that the waves a, b and c obtained from numerical 

simulation are very close to the experimental results. It demonstrates that the proposed 

approach is effective and accurate in modelling the longitudinal wave propagation and 
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boundary reflections in steel bars. The main difference is that the transverse waves (wave d 

and e) are not modelled in numerical study. 

 

Figure 5-6: Spectral element model with one discontinuity 
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Figure 5-7: Comparison between numerical and experimental results for wave propagation 

in a steel bar 

5.3.2 Crack modelling 

The RT coefficient method is used here to simulate wave propagation with both crack and 

boundary reflections. From Figure 3-12, when crack depth is 6.0 mm or smaller, the 

reflected waves induced by crack are not prominent. Thus, only when the crack depth is 

equal to 9.0 mm and 12.5 mm, numerical simulations are conducted. From the following 

study, r should be taken as 0.314 and 0.691. Figure 5-8 (a) and (b) show the comparison of 

the numerical and experimental results, which fit very well except the transverse waves 

which appear in the test but not modelled in numerical simulation. This suggests that the 

fracture mechanics model can be used as a baseline model to obtain the relationship 
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between RT coefficients and crack depth. The reflected wave by the crack is captured by 

the proposed method and is close to that from the experimental test. The result shows that 

the proposed model is effective and accurate to simulate wave propagation in a cracked 

steel bar with boundary reflections.  
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a) Crack depth: 9.0 mm 
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b) Crack depth: 12.5 mm 

Figure 5-8: Comparison between numerical and experimental results for wave propagation 

in a cracked steel bar 
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5.4 Wave propagation with boundary and structural discontinuity 
reflections 

In this section, a 1.600 m long steel bar is investigated in detail. The material parameters of 

the steel bar are: Young’s modulus 210 GPa, and mass density 7850 kg/m3. The actuator 

and sensor were mounted on each steel round bar at 0.300 m from the two ends of the bar, 

respectively. The distance between the actuator and the sensor is 1.000 m. The cross 

section of the steel bar is 0.025*0.025 m. The frequency of the transmitted waves is 50 kHz 

and the number of the wave cycles is 5.  

Since the length of the steel bar is finite and the distances from the actuator and the sensor 

to the boundary are rather small, boundary reflection cannot be neglected. Thus, a model 

shown in Figure 5-6 is adopted to study the effectiveness of imaginary SEM and RT 

coefficient method in numerical simulations for wave propagation in the steel rod with a 

crack at different locations. The displacement and force boundary conditions are 

summarized in Appendix 5-1. The crack location is assumed at 0.100 m to 0.900 m from 

the actuator, with a 0.100 m increment. The results are compared with those of the 

conventional SEM.  

RT coefficient method is versatile and straightforward in application. It can be used to 

model any kind of local discontinuities besides crack. However, it should be noted that no 

explicit relationship between RT coefficients and damage severity, such as crack depth, is 

available yet in the literature. In many cases, both the damage location and severity are of 

concern in SHM. In this research, with the help of fracture mechanics model, the 

relationship between the crack depth in steel bar and RT coefficients are obtained. 

5.4.1 Steel bar with one crack using RT coefficient method 

Based on the proposed model, numerical simulations of different crack locations are 

conducted. In the calculation, the reflection coefficient r is taken as 0.05 and then 0.1 to 0.8, 

with an increment of 0.1. Figure 5-9 (a) and (b) show the received waves with and without 

boundary reflections, respectively, for the cases when the crack is at the mid point of the 

bar with different reflection coefficients. In Figure 5-9 (a), Wave A1 is the first incident 

wave from the actuator directly. Wave A2 consists of the waves reflected from the left and 

the right ends. These two waves are mixed together as one single wave due to the same 

path length. Wave A3 is the third wave reflected from both the left and right ends. The 

illustrative wave propagation process is shown in Figure 5-1. Waves B and C are induced 
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owing to the reflections at the crack location in the steel bar. When the crack depth 

increases, the amplitudes of Waves A1, A2 and A3 change only insignificantly, while those 

of Waves B and C increase obviously. As for the arrival time, there is no apparent change 

in all the received waves. As shown, boundary reflections generate more waves and make 

the recorded time series more complex.  

Figure 5-10 shows the received waves with and without boundary reflection for the cases 

when r is 0.2 and crack is located at 0.2 m, 0.5 m and 0.8 m respectively. It can be found 

that the arrival time of the reflected waves by crack varies with the crack location. However, 

the amplitude ratio remains constant when r is the same. If boundary reflection is taken 

into consideration, received wave time history becomes more complex.  

From above analysis, the amplitude ratio between waves A1 and B can be used as an 

indicator for damage severity, such as crack depth. In theory, this amplitude ratio should be 

independent of the crack location as it is only related to the amount of wave energies that 

are transmitted and reflected by a crack. However, minor differences between the 

amplitude ratios when crack locations vary are observed. Figure 5-11 (a) and (b) show the 

relationships between the average amplitude ratio and the reflection coefficient r with 

respect to the different crack locations with and without boundary reflections, respectively. 

The relationships can be fitted to a power function. The fitted curve agrees well with the 

average results. As shown, when the crack location is taken into consideration, the COV of 

amplitude ratios with respect to the different crack locations is about 1.9-2.0% when 

boundary reflection is not considered. In contrast, when boundary reflection is considered, 

COV for amplitude ratios varies between 2-12% at different crack locations (the biggest 

one is when r=0.8). The results indicate the influence of the boundary reflections. The 

waves reflected by the crack and by the boundary may interfere with each other, and this 

interference changes the defined amplitude ratio. If no boundary reflection, the amplitude 

ratio is independent of the crack location, as expected. The COV of 1.9-2.0% might be 

attributed to numerical errors. These observations indicate again the importance of 

considering the effect of boundary reflections. Since the received waves become more 

complex when considering boundary reflections, model updating method needs be used to 

identify the damage, which will be shown in Chapter 8.  
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b) Without boundary reflections 

Figure 5-9: Numerical results based on different reflection coefficients 

(Crack location: 0.5 m) 
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Figure 5-10: Numerical results of different crack locations (Reflection coefficient: 0.2) 
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Relationship between reflection coefficient and amplitude ratio
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b) Without boundary reflection 

Figure 5-11: Relationship between amplitude ratio and r value 

In practice, when the defined amplitude ratio is used to quantify the crack depth, the crack 

location should also be taken as a parameter because of the inevitable boundary reflections. 

Given a structural material, the wave speed is usually known. Then the time difference 

between Waves A1 and B can be used to determine the crack location in damage detection. 

The crack depth can be determined by matching the numerically simulated waves with the 

measured data to determine the reflection coefficient r. The correlation between the 

reflection coefficient r and the crack depth can be pre-determined by conducting a series of 
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laboratory tests, or numerical analyses of wave propagations based on the fracture 

mechanics model and RT coefficient approach.  

5.4.2 Steel bar with one crack using fracture mechanics model 

The crack type is the same as that shown in Figure 5-12. The crack depth Cr is taken as 3.0 

mm, 6.0 mm, 9.0 mm and 12.5 mm respectively (12%, 24%, 36% and 50% of the depth). A 

crack model based on fracture mechanics theory (Dimarogonas and Paipetis 1983) is 

employed here to determine the r and t coefficients with respect to the crack depth. This 

model has been successfully applied to SE modelling of a cracked rod without boundary 

reflections (Krawczuk et. al. 2006b). Using the fracture mechanics approach, the crack is 

simulated as a dimensionless spring with flexibility   as 

 bhfE  (5-4) 

To obtain parameter f, a correction function FC is needed, which is given as (Tada et al 

1973) 

 
)2/cos(
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  (5-5) 

where E is elastic modulus of the material;   and h are defined in Figure 5-12. When crack 

depth is 3.0 mm, 6.0 mm, 9.0 mm and 12.5 mm,   is calculated and equal to 0.0006, 

0.0033, 0.0106 and 0.0327 respectively. 

 

Figure 5-12: Rod element with crack 

Figure 5-13 (a) shows the received wave with boundary reflections when the crack is 

located at 0.500 m from the actuator. Figure 5-13 (b) shows the received wave without 

boundary reflections under the same condition as that in Figure 5-13 (a). From the figure, 
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the amplitudes of the first three received waves decrease when crack depth increases, and 

the amplitudes of the reflection waves caused by the crack increase correspondingly. If 

there is no boundary reflection, the received waves consist of only one main wave plus 

several reflected waves from the crack. 
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Figure 5-13: Numerical simulation for wave propagation in a steel bar with one crack at 0.5 

m from actuator 
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Figure 5-14 (a) and (b) show the received waves with and without boundary reflections 

when the crack depths are 0.2 mm and are located at 0.200 m, 0.500 m and 0.800 m from 

the actuator respectively. From the results, the time difference of Wave A1 and Waves B or 

C is dependent on the crack location, while the amplitudes of waves generated by the crack 

are related to the crack depth, which are similar to the results using RT coefficient method. 

However, the amplitude ratio varies more significantly, as compared to the results obtained 

above. The relationship between the crack depth and the average amplitude ratio is given in 

Figure 5-15, fitted to two power functions. Figure 5-15 (a) is based on the model with 

boundary reflections. The COV for the data at different locations is very big, varies from 

29.6% to 59.1%. Figure 5-15 (b) is based on that without boundary reflection. The COV is 

also big, with the maximum value of about 32.1% when the crack depth is 0.1 mm. For 

deeper cracks, the COVs become smaller (below 5%). These results suggest that when the 

damage is small, using this fracture mechanics approach to model the crack influence on 

wave propagation at different crack locations may not give reliable results. However, the 

fitted function works well when crack depth is bigger, which can be further applied to 

quantify RT coefficients. 
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Figure 5-14: Numerical results for different crack locations (Crack depth: 9 mm) 
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a) With boundary reflections 
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Relationship between crack depth and amplitude ratio
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b) Without boundary reflection 

Figure 5-15: Relationship between amplitude ratio and relative crack depth 
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Figure 5-16: Relationship between r coefficient and relative crack depth 
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a) Crack location: 0.2 m 
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b) Crack location: 0.5 m 
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c) Crack location: 0.8 m 

Figure 5-17: Comparison between two methods for wave propagation in steel bar with 9 

mm crack 

Based on the results with boundary reflections, when the crack depth is 12%, 24%, 36% 

and 50% of the cross section, the amplitude ratios between waves A1 and B are estimated 

to be 60.11, 10.25, 3.30 and 1.48. By comparison, the corresponding r values are 0.018, 

0.103, 0.314 and 0.691. Figure 5-16 shows the relationship between the crack depth and r 

value. Based on this relationship, the crack effect on wave propagation can be simulated 

with the RT coefficient method. Figure 5-17 shows the simulated stress waves when there 

is a 9.0 mm crack at different locations in the steel bar by two methods. The results agree 

well. These results indicate that by updating the r values to match the recorded stress wave, 

the crack locations and depth can be determined in practice to identify the damage.  

5.4.3 Steel bar with two or more cracks: numerical study 

In this section, the same steel bar as described above with two cracks at 0.200 m and 0.600 

m is analysed. Figure 5-18 shows the received waves in the steel bar based on the fracture 

mechanics model and RT coefficient model. The results with a single crack at 0.200 m and 

0.600 m based on the fracture mechanics model are also shown in the figure. The 

corresponding r values are 0.08 for the crack at 0.200 m and 0.22 for that at 0.600 m, 

representing the crack depths of 5.4 mm and 8.0 mm at the two locations, respectively. The 

results show that the first three waves simulated from the two approaches are 
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approximately the same for these different cases. This is because these three waves are 

induced by reflections of the transmitted waves at two ends of the steel bar.  
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Figure 5-18: Comparison of wave propagation in steel bar with one or two cracks 

Based on the results from the RT coefficient model, the effect of two cracks on wave 

propagation and reflection is almost equivalent to the superposition of the effect of two 

single cracks at the corresponding locations. Compared with the result using the fracture 

mechanics model, the first few waves generated by cracks are almost identical. However, 

there is a large difference between the arriving times of the last wave using these two 

methods. This difference may result from the spring model used in the fracture mechanics 

model. 

5.5 Conclusion 

Imaginary elements are proposed in SEM to model wave propagation and boundary 

reflection in one-dimensional waveguides. The reliability of the method is proven using 

laboratory test data.  

The proposed method is used to model GW propagation with boundary reflection and 

structural discontinuities. RT coefficient method is used to model the effect of 

discontinuities on wave propagation. The relationship between RT coefficients and 

amplitude ratio is investigated. RT coefficients as a function of crack depth can be 
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experimentally obtained or numerically derived by modelling the crack effects with the 

fracture mechanics model. The reliability of the proposed numerical approach is verified by 

laboratory test results of GW propagation in a cracked steel bar with boundary reflections. 

Both the numerical and experimental results demonstrated that the time difference 

between the first wave and waves reflected from discontinuities changes with the crack 

location. The amplitude ratio between the first wave and Wave B varies with the crack 

depth. These two parameters are useful to determine the crack location and extent in SHM.  

In the following chapter, the improved SEM is applied to modelling the wave propagation 

in a steel pipe. 
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Appendix 5-1: Displacement and force boundary matrix 

The boundary condition for a structure with one discontinuity is summarized as follows. 
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where k1 represents the wavenumber of the SE for round plain steel bar, li is defined as 

Figure 5-6. 
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Chapter 6  

Spectral Element Modelling for Wave Propagation Analysis in a 
Steel Pipe with Additional Mass 

6.1 Introduction 

The economies of many countries are largely dependent on extensive networks of 

distribution and transmission pipelines to transport their energy sources. However, as pipes 

age, many factors including corrosion, fatigue, mechanical damages, cracks, and defective 

welds can impair their integrity and structural safety. In particular, when the coating of the 

pipe attracts additional mass, it will result in further damages to the pipe. Hence the 

detection of additional mass on pipe may also lead to damage detection. GW-based SHM, 

which can automatically measure the responses of a structure, analyse the obtained data, 

and evaluate its condition, is then proposed to help engineers and asset owners to maintain 

the safety of engineering structures.  

Proper use of this technique requires good knowledge of the effects of damage on the 

wave characteristics. This needs accurate and computationally efficient modelling of the 

structures. Based on the cylindrical shell theory, a pipe SE is developed to model the GW 

propagation along a steel pipe in this chapter. Then, the improved SE, described in section 

5.2, is adopted to model the real wave propagation process, containing the incident wave 

and reflected waves from structural boundary. A damage model defined to represent 

additional mass is also developed.  

The numerical model is applied to simulation of longitudinal wave propagation in 

cylindrical shell with and without boundary reflections and local discontinuities. The 

numerical results are compared with experimental results to check the performance of the 
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proposed model and algorithm. Parametric studies are also conducted to find the 

relationship between additional mass and wave characteristics. 

6.2 Spectral element model for pipes 

6.2.1 Pipe spectral element 

Since pipe can be modelled as a cylindrical shell, and longitudinal wave is transmitted by 

piezoelectric element on its surface, this chapter focuses on the first order longitudinal 

wave propagation in cylindrical shell (without damping). It should be noted that there exist 

several wave modes during the tests of wave propagation in steel pipe. The reasons why 

only the first order longitudinal wave is simulated are: 1) from the experimental and 

numerical results, the first order longitudinal wave predominates and carries most of the 

wave energy; 2) due to their complexity, it is very hard to simulate higher order 

(longitudinal, shear and torsional) waves, which may introduces further uncertainties in 

SHM.  

The differential equations of motion are (Graff, 1975) 
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In the above equations, wvu ,,  represent longitudinal, tangential and radial deflections 

respectively; R is the radius of cylindrical shell; E denotes elastic modulus;   represents the 

Poisson’s ratio;   is density of the waveguide;   is the frequency. 

Equation (6-2) is uncoupled from the other two equations. Further, the solution of 

deflections can be represented as 
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Then, an equation only including û  can be obtained after substituting ŵ  with û . For 
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where j= 1  and û  is the abbreviation of ),(ˆ nxu  . 

Solving this equation, the general longitudinal displacement (with the exponential solution 

jkxe ) for pipe can be written as: 

 jkxjkx CeBexu  )(ˆ ,
EER

ER
k
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22
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 (6-5) 

where B,C denote the amplitudes of inward and outward waves respectively, which will be 

determined by boundary conditions; k is the wavenumber. 

In order to consider boundary reflection effects, imaginary SEs are adopted. The process is 

summarized in section 5.2 and will not repeat in this chapter. 

6.2.2 Additional mass model 

If an additional mass is added to a pipe, an additional inertia force will be produced, which 

will change the wave propagation process on it.  

Assuming that the additional mass is located between the ith and i+1th elements, displayed 

in Figure 6-1, then, it will only change the corresponding element boundary condition. The 

corresponding force equilibrium becomes: 
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The corresponding boundary condition is transformed into following: 
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Figure 6-1: Generalised spectral element model with additional mass 
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6.3 Model verification 

In order to verify the proposed model, the experimental results, presented in section 3.4.2, 

are compared with numerical simulations.  

6.3.1 Without boundary reflection 

Figure 6-2 shows the input pulse and the experimental and numerical results for a steel 

pipe. In this simulation, the numerical model does not consider boundary reflections. From 

it, the first wave of the calculated result begins nearly simultaneously with the test result. In 

reality, damping will retard the wave propagation in pipe, while in the proposed model, 

damping is not included. Therefore, there is a small time difference between the peaks of 

experimental and numerical results. For wave propagation in pipe, an interesting 

characteristic is that the received waves have more cycles than that of the excited pulse, 

which is also simulated by the proposed model. Based on the above comparison, the 

proposed model is effective and relatively accurate to analyse the wave propagation in steel 

pipe. 

 

Figure 6-2: Wave propagation in steel pipe without boundary reflection 
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6.3.2 With boundary reflection 

Figure 6-3 shows the experimental and numerical results for wave propagation on the 

surface of steel pipe with boundary reflections. From the figure, the calculated first wave is 

close to the measured first wave. The biggest received wave caused by boundary reflection 

is also successfully simulated. It should be noted that there are still some disagreements in 

the results. The possible reason is that the surface wave can propagate through a curved 

path on the pipe, which cannot be simulated by this one-dimensional model. Further, the 

material parameters are taken empirically, which should be determined through 

experiments. However, the effect of boundary reflection on the received wave is 

successfully simulated, which is one of the objectives of this chapter. 
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Figure 6-3: Wave propagation in steel pipe considering boundary reflection 
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Figure 6-4: Comparison between original and improved pipe SEM 
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In this section, the original and improved pipe SEMs are also applied to a cracked pipe. 

The crack location is taken as the middle point. At the crack location, Equation (5-2) is 

used to simulate the reflected and transmitted waves. r is taken as 0.6. The results are 

displayed in Figure 6-4. From the picture, the original SEM fails to simulate wave 

propagation due to boundary reflection, while the improved pipe SEM successfully 

captured the boundary reflections. The received wave becomes more complex when 

considering boundary reflection. On one hand, it will increase the difficulty to analyse the 

results; On the other hand, it carries more information about wave propagation. 

6.4 Parametric studies 

In order to study the feasibility of GW-based damage identification of additional mass in 

steel pipe, parametric studies are carried out in this section. The effects of different mass 

locations on received waves are studied based on numerical models. 

For the pitch-catch method, the detection of damage is performed through examining the 

changes of the GW amplitude, phase, dispersion and time of flight. In this study, four 

kinds of parameters, namely the arrival time of the first wave, time intervals between the 

first two waves, amplitude of the first wave and amplitude ratios between the first two 

waves, are used to define the change of the waveform. 

The additional mass is taken as 0.1 and 0.2 kg (3.38% and 6.76% of the total mass of pipe) 

respectively. The additional mass location is taken as 0 (actuator location), 0.1, …, 2.0 

(sensor location) m respectively, as illustrated in Figure 6-1.  

Some of the simulated wave forms based on the numerical models with the same additional 

mass but different mass locations are shown in Figure 6-5. As shown, when an additional 

mass is added, the arrival time of the first received wave remains constant (about 0.527 ms). 

But its amplitude will change to about 2.65e-6 when 0.1 kg mass is added and about 2.30e-

6 when 0.2 kg mass is added, while it is 2.89e-6 when there is no additional mass. In order 

to determine the sensitivity of the amplitude of the first wave to the additional mass, 

several supplementary numerical experiments are conducted. In these experiments, 

different additional masses are located at the middle of the pipe, since the amplitude 

remains almost a constant when an additional mass is located at different locations. Based 

on the results, the relationship between the amplitude of the first wave and additional mass 

is shown in Figure 6-6. The results are fitted to a linear equation defined as Equation (4-24) 

with the parameter: p=-3.4490 and r=2.9898. 
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a) Additional mass: 0.1 kg 
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b) Additional mass: 0.2 kg 

Figure 6-5: Wave propagation on steel pipe with additional mass at different locations 

From Figure 6-5, the additional waves are largely distorted, which makes the waves 

unstable. Therefore, the determination of the arrival time is very difficult. In this study, the 

middle point of a time zone in which an additional wave appears is taken as the arrival time 

of the additional wave. The time interval between the first two waves is dependent on the 

additional mass location. When the additional mass is located near the actuator, for 

example 0.3 m to point A in Figure 6-1, the time interval is 0.135 ms. But when the 
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additional mass is located far from the actuator, namely 1.8 m to point A, the time interval 

becomes 0.697 ms. A very stable relationship between the additional mass location and the 

time interval of the first two waves is shown in Figure 6-7. From the result, the time 

interval becomes ineffective when the additional mass is located very near the actuator. The 

reason is that the additional wave is included in the first wave, which can be demonstrated 

by the fact that the first wave is largely distorted. The results are also fitted to a linear 

equation defined as Equation (4-24)  with the parameter: p=0.4023 and r=0.0056. 
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Figure 6-6: Relationship between scaled amplitude and additional mass 
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Figure 6-7: Relationship between time interval and the location of additional mass 
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6.5 Conclusions 

A pipe SE has been developed to analyse wave propagation in steel pipe, which can include 

an arbitrary number of elements with different material parameters. The improved pipe SE 

is adopted to model boundary refection. Experimental results are used to verify the method. 

The experimental and numerical results show that the proposed model can be used to 

simulate wave propagation in a pipe with multiple boundary reflections. 

The relationship between an additional mass on the pipe and the waveform parameters has 

been obtained and it can be used to quantify the location and the weight of additional mass 

on pipe. Based on the parametric calculations, it is found that the amplitude of the first 

wave is a good indicator of additional mass, while the time interval between the first two 

waves can predict the location of the additional mass. Two empirical functions are derived. 

In the future, more damage types will be incorporated in the pipe SE, which is capable of 

modelling the wave propagation process. 

Chapter 4 to 6 present numerical simulations of GW tests on different structures by using 

SEM. In the following chapters, damage identification through local and global methods is 

investigated. 
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Chapter 7  

Finite Element Model Updating for Parameter Identification using 
Clonal Selection Algorithm 

7.1 Introduction 

This chapter focuses on damage and prestress force identification of RC structures by 

using global vibration method. The prestress force is widely applied to long span RC 

structures. During long period of service, the prestress force may be reduced due to 

friction, creep and long-time load. If a structure loses too much prestress force from the 

design value, it will face enormous serviceability and safety problems, since the prestress 

force is one of the most important parameters defining the load-carrying capacity of the 

structure. Therefore, identification of the prestress force in structures is important for 

structural assessment. Existing prestress force cannot be measured directly unless the 

structure was instrumented at the time of construction. Based on the works by Lu and Law 

(2006), FE model updating is a promising method to identify prestress force in a structure. 

In this study, CSA is applied to FE model updating. First, the algorithm is introduced and a 

program is exploited in MATLAB to realize model updating process. Second, several 

objective functions, including frequency residual, MAC residue and flexibility residue, are 

integrated into the program. Then, based on the tentative results, an updated program is 

compiled. Thereafter, the validity of the program is tested by two FE models established 

on the basis of ANSYS. The first model is a simple beam under several conditions 

including different damage numbers, damage locations and noise levels. The second model 

is a truss bridge. The simulation results show that CSA is suitable for model updating and 

that MAC residue is relatively an accurate and robust objective function. 
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Then, a FEM of an unbonded prestressed concrete beam is developed in MATLAB. Based 

on static and dynamic results, the prestress force is identified. Parametric studies are 

conducted to investigate the performance of different objective functions under different 

levels of noises. Numerical simulations show that the method is effective to identify 

prestress force in unbonded tendons of concrete beams. 

7.2 CSA-based model updating 

7.2.1 Clonal selection algorithm 

As discussed in section 2.5.1, the performance of model updating depends on not only the 

parameter selection and the objective function, but also the optimization algorithm. In this 

study, CSA, proposed by Castro and Zuben (2000, 2002), is applied to FE model updating 

as an optimization algorithm. The idea of CSA stems from the clonal selection theory 

(Burnet, 1978). In this theory, “intelligent” and complex natural immune system is 

investigated. It is one of the three information processing systems based on organism. The 

other two are neural network and genetic system.  

The steps of CSA are presented as follows: 

1) Generate a set (P) of candidate solutions, composed of the subset of memory cells (M) 

added to the remaining (Pr) population (P=Pr+M); 

2) Determine (Select) the n best individuals of the population (Pn), based on an affinity 

measure; 

3) Reproduce (Clone) these n best individuals of the population, giving rise to a temporary 

population of clones (C). The clone size is an increasing function of the affinity with the 

antigen; 

4) Submit the population of clones to a hypermutation scheme, where the hypermutation is 

proportional to the affinity of the antibody with the antigen. A maturated antibody 

population is generated (C*); 

5) Re-select the improved individuals from C* to compose the memory set M. some 

members of P can be replaced by other improved members of C*; 

6) Replace antibodies by novel ones (diversity introduction). The lower affinity cells have 

higher probabilities of being replaced. 

A program flowchart is shown in Figure 7-1, which will be used in this study. It should be 

noted that the performance of the algorithm is largely dependent on the number of 
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candidate solutions in each generation. And this number is closely related to the number of 

updating parameters. For example, if 10 parameters need be updated, the number of 

candidate solutions should be 50-100. The portion of memory set is 30% of the whole 

candidate solutions and that of clone set is 50%. In each generation, 10% solutions with 

lower affinities are cancelled and replaced by new random ones. The precision level of the 

solution is taken as 0.001. 

 

Figure 7-1: Flowchart of clonal selection algorithm 

7.2.2 Objective functions 

As seen in section 7.2.1, a key issue in CSA is the determination of the affinity function 

which can select better solutions. In this section, three different functions, proposed by 

Jaishi and Ren (2005), are to be compared. The frequency residue, the MAC residue and 

the modal flexibility residue can be defined as equation (7-1), (7-2) and (7-5), in which   

and  represent the natural frequency vector and the mode shape matrix respectively, a and 

e represent analytical and experimental results respectively. 
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where )(aG jk  is the element of the difference matrix between experimental and analytical 

flexibility matrices.  
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The flexibility matrix is defined as: 

 TG ][]][[ 12    (7-7) 

It should be noted that the ambient vibration-based mode shapes need to be normalized to 

mass for applying a modal flexibility residual in an objective function. The Guyan-reduced 

mass normalization technique (Doebling and Farrar, 1996) is used for this purpose. 

7.3 Numerical studies 

In this section, the validity of the model updating program is testified by two simulated 

examples. 

7.3.1 Simulated simple beam 

The program is first applied to a numerical simple beam. The 6-meter long beam is 

discretized into 15 elements, as shown in Figure 7-2. The initial density, modulus of 

elasticity, the area and moment of inertia of the cross section of the beam are 2500 kg/m3, 

4102.3   MPa, 0.05 m2 and 41066.1   m4, respectively. The FEM of the beam is 
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established on the basis of ANSYS in order to gain its first 10 natural frequencies and 

mode shapes.  

The parameters to be updated are the damage extents of all the elements. The bound of 

each parameter is 0.4 to 1.  

DAMDAMDAM

151413121110987654321

 

Figure 7-2: Plot of the beam 

In the first version of the program, every potential solution is created by random real 

numbers, which makes the optimization process long and hard to gain satisfactory results. 

So the program is updated into the second version. One change is that random discrete 

numbers constitute the potential solutions. Another is that the elements of solutions with 

high “affinity” are simplified into several tenths. The adaptations largely enhance the 

searching ability of the program. 

Then the updated program is applied under different conditions. First, the efficiency of the 

program needs to be validated, in which the frequency residue is taken as the objective 

function. The population of “antibody” and generation number are taken relatively low, 

namely 40 and 100. The location and extent of the imaginary damages and three 

independent optimization results are listed in Table 7-1. 

Table 7-1: Repeated experiments 

Element number Imaginary Damage 1 2 3 

1 1 0.942 0.918 0.906 

2 1 1 1 1 

3 1 1 1 1 

4 1 1 1 1 

5 0.73 0.812 0.806 0.8 

6 1 1 1 1 

7 1 0.948 1 1 

8 1 1 1 1 
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9 0.9 0.912 0.912 0.906

10 1 1 1 1 

11 1 0.912 0.912 0.906

12 1 1 1 1 

13 1 1 1 1 

14 1 1 1 1 

15 0.84 0.912 0.912 0.912

Frequency residue  2.73% 2.94% 2.79% 

 

From Table 7-1, the updating results are stable. Further, imaginary damages are all 

identified with different precisions, though there are some wrong locations.  

After testifying the validity of the program, the next problem that should be solved is to 

find the proper objective function. So the program with three different objective functions 

is applied to identify the same damages in the condition 1. However, the population of 

“antibody” and generation number are taken as 50 and 200. For comparability, frequency 

residue of each result is given. The programs receive relatively better results, which can be 

seen in Table 7-2. It shows that programs with different objective functions can all obtain 

satisfactory results. Nevertheless, MAC residue is relatively better than the other two 

residues as the affinity function. Moreover, the program based on MAC residue gets a 

rather accurate result after only 29 generations. The reason may be that MAC contains 

more local spatial information of the structure.  

Table 7-2: Experiments using different objective functions 

Element number Imaginary Damage J1 J2 J3 

1 1 0.954 1 0.9

2 1 1 1 1 

3 1 1 1 1 

4 1 1 1 1 

5 0.73 0.812 0.73 0.8

6 1 1 1 0.9



School of Civil and Resource Engineering  
Damage Identification and Assessment                                                     The University of Western Australia  

 

 

7-145

7 1 0.9 1 1 

8 1 1 1 0.9 

9 0.9 1 0.906 1 

10 1 1 1 1 

11 1 0.854 1 1 

12 1 1 1 1 

13 1 1 1 1 

14 1 1 1 1 

15 0.84 0.918 0.842 0.8 

Residue  2.34% 0.56% 7% 

J1, J2, and J3 indicate respectively frequency residue, MAC residue, and flexibility residue, 

which are the affinity functions of the program. 

Another problem for the application is that ambient vibration results always contain noise, 

which may conceal the real frequency and mode shape information of the structure. So the 

ability to resist noise is a crucial factor in selecting a proper objective function. Table 7-3 

shows that the results under 1% noise are not as good as those with no noise as expected. 

MAC residue is again the best affinity function. Even with 1% noise level, reliable 

identification results are still obtained. 

Table 7-3: Experiments under 1% noise level 

Element number Imaginary Damage J1 J2 J3 

1 1 1 1 0.8 

2 1 1 1 1 

3 1 1 1 1 

4 1 1 1 0.9 

5 0.73 0.8 0.736 1 

6 1 1 1 0.8 

7 1 0.9 1 0.9 
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8 1 0.9 1 1 

9 0.9 0.9 0.9 1 

10 1 1 1 1 

11 1 0.9 1 1 

12 1 1 1 1 

13 1 1 1 1 

14 1 1 1 0.9 

15 0.84 0.9 0.848 1 

Residue  4.7% 1.02% 16.2%

J1, J2, and J3 indicate the same meaning in Table 7-2 

7.3.2 Simulated truss bridge 

The method is then applied to identify artificial damage in a more complicated truss bridge 

structure. The dimensions of the steel truss bridge are shown in Figure 7-3. The detailed 

parameters are summarized in Table 7-4.  

28272625 2924

23222120191817161514131211109

876543211 2 3 4 5 6 7 8 9

16151413121110

 

○1 -○16: node number; 1-29: element number 

Elastic Modulus: 2×105 Mpa; Density: 7.8×103 kg/m3 

Figure 7-3: Model of steel truss bridge 

From the foregoing description, the model is more complex than the simple beam and 

thereby more difficult to update. As a result, the generation number of the program is 

taken as 300. Since MAC residue has just been identified as a better objective function, it is 

taken as the affinity function in the following simulation. Table 7-5 describes the results to 

identify three damage(s) using the vibration data with a smeared 1% noise level. It is shown 

that the proposed program based on MAC residue can identify single or multiple damages 

in the structure even the vibration data is contaminated with noise.  
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Table 7-4: Parameters of the steel truss bridge (unit: m2) 

No. Area No. Area No. Area 

1 0.0154 11 0.01492 21 0.01492 

2 0.0154 12 0.0106 22 0.0106 

3 0.02344 13 0.019 23 0.02904 

4 0.02344 14 0.0106 24 0.02904 

5 0.02344 15 0.019 25 0.02904 

6 0.02344 16 0.0106 26 0.02904 

7 0.0154 17 0.019 27 0.02904 

8 0.0154 18 0.0106 28 0.02904 

9 0.02904 19 0.019 29 0.02904 

10 0.0106 20 0.0106   

 

Table 7-5: Experiments under 1% noise 

Element number Imaginary Damage Identified Damage 

1 1 1 

2 1 1 

3 1 1 

4 1 1 

5 1 1 

6 1 1 

7 1 0.912 

8 0.82 0.9 

9 1 1 

10 1 1 
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11 1 1 

12 1 1 

13 1 1 

14 1 1 

15 1 1 

16 0.9 0.9 

17 1 1 

18 1 1 

19 1 1 

20 1 1 

21 1 1 

22 1 1 

23 0.74 0.724 

24 1 1 

25 1 1 

26 1 1 

27 1 1 

28 1 1 

29 1 1 

Frequency residue  0.72% 

7.4 Finite element model updating for prestress force 
identification 

7.4.1 Finite element model for prestressed concrete beam 

Due to strain incompatibility between the unbonded tendons and the concrete, accurate 

calculation of stress in unbonded tendons is dependent on the deformation of the entire 

member, and thus the analysis of unbonded prestressed beams is much more complicated 

than that of bonded concrete beams. Ariyawardena and Ghali (2002), El-Ariss (2004), Lou 
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and Xiang (2006) have used similar FEM to investigate the structural response of concrete 

beams with prestressed unbonded tendons. It is also adopted in this study. The FE of an 

unbonded prestressed concrete beam is shown in Figure 7-4. The RC beam is modelled as 

a number of two-nodal Timonshenko beam elements. Truss elements are used to simulate 

the unbonded tendon. Along the span, nodes of truss elements are connected to those of 

beam elements by rigid arms, so that the distances between them remain constant during 

loading. 

 

Figure 7-4: Finite element model for prestressed concrete beam 

a)  Stiffness matrix of beam element 

Taking the reference point at the centroid of the cross-section, the stiffness matrix of the 

beam element is (Ghali and Neville 1997): 
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where E, A, I and l are the elastic modulus, cross sectional area, moment of inertia and 

length of the beam element, respectively. 

b) Stiffness matrix of prestressed tendon 

Beam Centroidal axis 

Unbonded tendons 

Reinforcement 

Reinforcem
Section 

Beam element 

Truss element
Rigid arm 

e1 e2 

α 

Unbonded tendons 
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The unbonded tendon is treated as an assemblage of truss elements. The conventional local 

stiffness for a truss element with two degrees of freedom (DOF) is 
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The contribution of the truss element to the stiffness of the beam element is evaluated by 

transforming the stiffness matrix of the truss element to the stiffness of the beam element 

as follows: 
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where )cos(c , )sin(s ;   is the slope of the unbonded tendon, e1 and e2 are 

tendon eccentricities at the end of the elements, as displayed in Figure 7-4. 

c) Geometrical stiffness matrix 

Taking the effects of prestress force into consideration, the geometrical stiffness should be 

incorporated in the model. For each truss element, the geometrical stiffness matrix can be 

written as: 
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where T is the axial prestress force. Since there is an angle between the truss and beam 

elements, another transformation matrix is adopted. 
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ctgf TSTS   (7-13) 
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d) Mass matrix 
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In order to analyse the dynamic response of the model, a consistent mass matrix is 

represented as: 
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where   is the equivalent density of the reinforced concrete. 

e) Element assembly 

Through the rigid arm, the force from truss can be transferred to the beam. Then, the 

elemental stiffness matrix is: 

        itgf
i

tf
i

c
i

e SSSS   (7-16)

For the whole structure including N elements, the global stiffness and mass matrices are: 
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11

,  (7-17)

f) Structural Response 

In static analysis, the deflection of the model is given as follows: 

 FS 1  (7-18)

where   and F are displacement and force vector at each point. 

For dynamic analysis, it is easy to obtain the natural frequency and mode shape of the 

beam through free vibration analysis. 

7.4.2 Objective functions 

In this section, reliability of three different functions, the frequency residue (Equation 

(7-1)), the static response and their combination, are examined.  
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where i  and j  represent the ith natural frequency and the deflection of the jth degree of 

freedom respectively, a and e represent analytical and simulated experimental results 

respectively.   and   are weight parameters for two objective functions respectively. In 

this study, they are taken as 1 and 10.4 based on the sensitivity analysis. 

7.4.3 Model updating results 

A 6 m-long single span simply supported Euler-Bernoulli beam with prestress force is 

studied. The mass density and Young’s modulus of concrete are 2400 kg/m3 and 3.20×

1010 N/m2, while those of ordinary reinforcement are 7850 kg/m3 and 2.06×1011 N/m2. 

The moment of inertia of the beam cross section is 4.8×10-3 m4. For unbonded tendons, 

the elastic modulus is taken as 1.86×1011 N/m2. The nominal prestress force is taken as 

200 kN. The parameters that will be identified are the ratio of the real prestress force to the 

nominal prestress force, which is defined as prestress force factor in this study. 

In order to obtain static structural responses, two vertical loads are applied to the structure. 

The residues of the responses are recorded and used in the objective function, J4. 

CSA-based model updating method is applied to the numerically simulated data in this 

study to verify its effectiveness. The number of candidate solutions and the iteration 

number are taken as 100. Three objective functions defined above are investigated first. 

Since CSA is a probabilistic searching method, there may be some indeterminate factors 

affecting the results. So for each case, model updating is conducted three times. The results 

are then averaged and summarized in Table 7-6.  

From the common sense, the stiffness of a RC beam will greatly affect its displacement, 

which may act as a good indicator for prestress changes. However, as shown in Table 7-6, 

using J5 as the objective function, the biggest error of identification results reaches 6.5% 

and the average error is 2.77%. In comparison, the errors of the results based on J1 are only 

2.0% and 0.88% respectively. Simply combining J1 and J4 does not give a better 

performance for model updating either. The maximum and average errors are 5.3% and 

2.03%. 

Table 7-6: Identified prestress force factor in beam  

Prestress force factor 
Element no. 

True J1 J4 J5 
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1 1.05 1.03/1.9 1.07/1.9 1.07/1.9 

2 1.02 1.04/2.0 0.97/4.9 0.99/2.9 

3 0.99 0.98/1.0 0.99/0.0 1.02/3.0 

4 0.95 0.95/0.0 0.92/3.2 0.90/5.3 

5 0.96 0.96/0.0 0.98/2.1 0.95/1.0 

6 0.92 0.92/0.0 0.98/6.5 0.95/3.2 

7 0.97 0.97/0.0 0.92/5.2 0.98/1.0 

8 0.98 1.00/2.0 0.99/1.0 0.98/0.0 

9 1.01 1.01/0.0 1.02/1.0 1.03/2.0 

10 1.05 1.07/1.9 1.07/1.9 1.05/0.0 

Average error (%)  0.88 2.77 2.03 

The number displayed is identified result/error percentage 

 

The results indicate that J1 is better than J4 for identifying the prestress force. The possible 

reason is that only a few nodal displacements are used in the updating, which are not 

sufficient to represent the overall condition of the beam. Moreover, the stiffness of RC 

beam is very big, which makes the changes of responses due to prestress force too small. 

Thus, the sensitivity of the static responses to the prestress force is small, which makes 

identification difficult. 

In order to further increase the sensitivity of the prestress force, the changes of the 

structural vibration frequencies are used to set up the objective function as 
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 (7-21)

where i  is the change of the ith natural frequency. Using this objective function, model 

updating calculations are carried out to identify the prestress force. The results are 

summarized in Table 7-7.  

From the results, the prestress force factor is identified successfully using J6. To investigate 

the effect of noise on identification results, the vibration frequencies are smeared with 
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different level of noises as indicated in the table. The model updating is carried out again 

and the identified results are also given in the table. As can be noted, under the noise-free 

condition, the identified prestress force factor is nearly equal to the true value. With the 

increase of noise level, the accuracy of identification results decreases. However, even with 

a 3% noise level, J6 still can be a reliable objective function for detecting prestress force, 

with the maximum error 4.0% and average error 2.37%. 

Table 7-7: Identified prestress force factor in beam  

Prestress force factor 
Element no. 

True J6 J6 (1% noise) J6 (3% noise) 

1 1 1/0 1/0 0.984/1.6 

2 1 0.996/0.4 0.997/0.3 0.981/1.9 

3 1 1/0 1/0.0 0.960/4.0 

4 0.91 0.910/0 0.903/0.8 0.928/2.0 

5 1 1/0.0 1/0 0.965/3.5 

6 1 1/0.0 1/0 1.031/3.1 

7 1 1/0.0 1/0 0.969/3.1 

8 1 1/0 1/0 1.036/3.6 

9 0.88 0.885/0.6 0.891/1.3 0.876/0.5 

10 1 1/0 1/0 1.035/3.5 

Average Error (%)  0.1 0.24 2.37 

 

7.5 Conclusion 

According to the results of this chapter, it can be concluded that CSA is suitable for such 

complex optimization problems as model updating.  

There are some objective functions that can be applied as the affinity function of the 

program. However, based on the simulation results of the first model, MAC residue is 

better than the other two. It is not only more accurate but also relatively insensitive to 

noise. For complex FE models, such as a simplified truss bridge model, the identification 

results are not as good as that of simple beams, as expected, but still successfully identified 
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the damage, indicating the potential of the program that can be applied to the real 

structures. 

A FEM has been developed for static response and free vibration analysis of prestressed 

RC beams. Static responses and vibration frequencies of a 6 m-long single span simply 

supported, prestressed Euler-Bernoulli beam are numerically derived. The numerical data 

are used in model updating to identify the prestress force in the beam. Several objective 

functions, defined in terms of the static response, vibration frequencies, a combination of 

the static response and vibration frequencies, and changes in the vibration frequencies, are 

examined in the study. It is found that the changes of vibration frequencies give the best 

identification results even the frequencies are smeared with noises. This study 

demonstrated the feasibility of using model updating to identify the prestress forces in RC 

beams.  

The proposed damage identification method will be extended to SE model updating in the 

following chapter.  
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Chapter 8  

Spectral Element Model Updating for Damage Identification using 
Clonal Selection Algorithm 

8.1 Introduction 

Having established the damage identification method based on CSA, the objective of this 

chapter is to develop an accurate and computationally efficient model for both the forward 

formulation (modelling wave propagation) and the inverse problem solution (damage 

identification) of one-dimensional wave propagation in a structure with different kinds of 

damages. Two DSE for homogeneous and composite structures, namely steel rebar and 

concrete-steel interface, are formulated. With 2 or 4 parameters, respectively for the two 

formulations, DSE can be used to simulate wave propagation in a reinforcement bar with 

local damage (cracks in the bar) and/or global damage (corrosion and/or debonding 

between bar and concrete). Due to its flexibility, transfer matrix method is adopted to 

assemble the stiffness matrices of multiple elements. Four objective functions are proposed 

for model updating and their suitability examined. CSA is used to solve the inverse 

problem. Numerical simulations of wave propagation in a steel bar without and with cracks 

and in concrete-steel interface without and with debonding are performed. The simulated 

data are used in model updating analysis to identify local and global damages. Based on the 

performances of the objective functions, an improved method is proposed to identify 

multiple damages in a reinforcement bar and concrete-steel interface. To further verify the 

reliability of the method, the experimental data (described in section 3.3.1) are used to 

identify damages in the bar using the proposed method. The efficiency and reliability of the 

proposed method in damage identification is demonstrated with both the numerically 

simulated and experimentally obtained data.  
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8.2 Spectral element with structural damage 

8.2.1 Local damage in one-dimensional structure 

For an intact structure or one with global damages, the dynamic stiffness matrices can be 

obtained based on the displacement and strain continuity principle, described in section 

4.2.2. If there is a discontinuity in a waveguide structure, a critical step in the formulation 

of SEM is to obtain the corresponding boundary matrix. As shown in Figure 8-1 (a), the 

relationship of the wave amplitudes at the discontinuity can be expressed as Equation (5-1) 

and (5-2). 

 

a) Elements with discontinuity 

 

b) An element with discontinuity 

Figure 8-1: Propagation of waves between two points 

From Equation (5-2), only two parameters aB  and bC  need be defined to depict wave 

propagation in a structure with one local discontinuity. This fact helps us to formulate a 

spectral element with structural damage (DSE). Consider that two ordinary SEs in Figure 

8-1 (a) are combined as a single element, shown in Figure 8-1 (b), with a discontinuity at 

the boundary of the original two elements, the spectral displacement is: 
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where l1 is the length from the left end to the discontinuity of the element, and l2 is the 

length from the discontinuity to the right end of the element. 

aB  

Discontinuity
element ab 

bC  

l1 l2 

aB  

aC  

bB  

bC  

Discontinuity
element a element b 

aB  

bC  

l1 l2 
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The nodal displacements and forces at two ends of the element can be expressed as a 

function of two coefficients: 
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where q1, q2, and P1, P2 are the displacements and forces at two ends of the element 

respectively. 

Combining Equations (8-2) and (8-3), force-displacement relationship is obtained as: 
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or simply: QSP  , where TPPP ][ 21  and TqqQ ][ 21 . Here, S is the dynamic 

stiffness matrix. 

In this element, the two parameters: r and l1 can be used to define the damage severity and 

location respectively. The structure is modelled by a few elements. For convenience, l1 is 

initially taken as the half of the element length, indicating the discontinuity, if any, is 

assumed to locate at the middle point of each element. In the following numerical 

simulations (section 8.4), the influence of this assumption on the identification results 

when the discontinuity is not at the mid point of each element is examined. It should be 

noted that in this study r is assumed to be a real number. Therefore the phase change of 

the wave is not modelled. If phase change of a wave is taken into consideration, r should be 

a complex number, but this is not within the scope of this study. It should also be noted 

that the above formulation is based on the assumption that only one discontinuity in each 

element. If more discontinuities exist in an element, the proposed method can only give an 

approximate identification of damage existence in the element.  For a better damage 

identification, the element with identified damage can be further subdivided and 

identification analysis performed again on the new model with finer elements. This process 

can be repeated until satisfactory convergence of the model updating analyses is achieved.  

8.2.2 Global damage in one-dimensional structure  

With regard to the global damage, the change of elastic modulus will cause the alteration of 

the wavenumber as presented in Equation (4-9), which results in the change of propagating 
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waves. For a steel rebar, the area of its cross section may become smaller when it corrodes 

due to various reasons. Similarly the elastic modulus of the steel bar may decrease owing to 

deterioration. These changes will cause reduction of the axial rigidity EA of the steel bar. 

In this study, a damage index is defined as Equation (4-22), which is the ratio of the axial 

rigidity of the damaged and intact steel bar, where subscript ‘s’ indicates steel and prime the 

damaged condition. If there is no damage, 0s . 1s  indicates a complete loss of the 

axial rigidity of the steel bar. In this study, two parameters (r, s ) are used to define the 

severity of local (cracks or defects) and global (corrosion or deterioration) damages of a 

homogeneous element. 

Damage in concrete at the concrete-steel interface is modelled as another type of global 

damage with two parameters. Similar to s , Equation (4-23) is the ratio between the elastic 

moduli of the damaged and intact concrete. The subscript ‘c’ indicates concrete. If there is 

no damage, 0c . If concrete loses all its axial rigidity, 1c . Debonding at concrete-

steel interface is also modelled as global damage using the effective area of concrete with a 

damage index (Equation (4-21)) defined in terms of the ratio between the effective areas of 

concrete-steel interfaces with and without debonding. The subscript ‘cs’ indicates concrete-

steel interface. Ac is estimated by Equation (4-11). Based on the experimental results 

(section 3.4.1), it is found that if concrete and steel are bonded well, the wave speed is 

about 2250 m/s. This speed is adopted here. If there is no debonding, 0b . If concrete 

and steel are disconnected (full debonding), 1b . Therefore, for a composite one-

dimensional waveguide with two materials, four parameters (r, s , c , b ) are needed to 

fully define the local and global damages in a reinforcement bar, the surrounding concrete, 

and the interface between concrete and reinforcement bar. 

8.2.3 Transfer matrix method 

In order to assemble the stiffness matrix of multiple elements, the global matrix method 

was used in Chapter 4 and Chapter 5. One drawback of using the global matrix method is 

that when the number of elements increases, the stiffness matrix becomes bigger which 

makes it less efficient for solving the inverse problem. On the other hand, the transfer 

matrix method does not form a bigger matrix, so it is adopted in this study.  

For element i with the nodes i and i+1, Equation (8-4) can be rewritten as: 
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The above equation can be rearranged as follows: 
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From element 1 to N, Equation (8-6) can be used iteratively. Then the relationship between 

the 1st and the Nth elements can be derived as  
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The stiffness matrix for the whole structure can be derived as 
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SNN  . *S is the effective stiffness 

matrix for the multiple DSEs. 

8.3 Damage identification using spectral element model updating 

In order to locate and quantify the damage in a structure, the above SEM can be updated 

to match the measured wave propagation data for structure condition identification. To do 

this, a numerical model consisting of a number of elements for the intact structure is built 

first to simulate wave propagation in the structure. In each element, 2 or 4 parameters are 

chosen as updating parameters to describe local and global damages in homogeneous or 

composite structures, respectively; namely, },{ sr    for a steel rebar and 

},,,{ bscr    for a concrete-steel interface. Then numerical simulation of wave 

propagation based on the established structural model is conducted. The computed wave 

propagation data are compared with the experimental results. If they agree well, the model 

is considered accurately representing the structure and no damage exists in the structure. If 

not, the discrepancy should be adjusted by changing the parameters in the numerical model 

through model updating to identify the structural conditions. Various objective functions 

can be formulated to assess the consistency between the computational and experimental 
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results in model updating. Using an optimization algorithm, the parameters of all the 

elements in the model can be updated iteratively. After several iterations, the computed 

responses will converge to the experimental results. When the discrepancy becomes smaller 

than a predetermined convergence criterion, the model updating calculations can be stoped, 

and the updated parameters are compared with their initial value to identify both the 

damage location and severity.  

In this study, parameters indicating local and global damages in each element as described 

in Section 8.2 are updated. Two kinds of objective functions, namely the displacement-

based and frequency-based objective functions, are used in this study for damage 

identification. 

In Gopalakrishnan et al (2008), the displacement-based objective function, derived from 

the baseline (or experimental data) and the simulated responses, is expressed as: 
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where ‘co’ represents the computed results, while ‘ex’ means the experimental results. N is 

the size of sampling points. In this study, to investigate the efficiency and suitability in 

damage identification, besides the objective function defined in Equation (8-9), a modified 

objective function based on displacement defined as 
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and an objective function based on the data in the frequency domain defined as 

  




N

ij ex
ij

ex
ij

co
ij

F

FF

N
J

13 ˆ

ˆˆ
1

)(  (8-11)

where F̂  is the Fourier amplitude of the displacement response, are also suggested and 

investigated.  

Besides the above three objective functions, a 4th objective function examined in this study 

is based on wavelet packet analysis, which has been applied to monitoring the cracks in the 

RC bent-cap by Song et al (2007). The corresponding objective function is: 
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where Eij=||Xj||2, denotes the energy of the signal û  decomposed by an n-level wavelet 

packet decomposition into 2n signal sets },...,,{
221 nXXX . In this research, Daubechies 

wavelet base db6 is adopted as the mother wavelet. Based on parametric studies, the level is 

taken as 6 in order to obtain the balance of computational efficiency and effectiveness. 

The convergence criterion based on the objective function values is taken as follows: 

   in
ii JJ )(  (8-13) 

where i is 1, 2, 3 or 4. in
iJ  is the objective function value of a structure in the intact state, 

which is obtained from the numerical simulation and experimental test data on the 

undamaged structure. The reason to introduce in
iJ  in Equation (8-13) is to eliminate or 

reduce the effect of measurement noise and modelling error. If the measurement noise and 

modelling error of the undamaged and damaged structure are the same, introducing in
iJ  

will in theory eliminating their influences. However, it should be noted that in practice in
iJ  

is often not obtainable because the measurement data of the undamaged structure is usually 

not available. In such a case, a different convergence criterion  , with consideration the 

influence of modelling error and measurement noise, in Equation (8-13) should be used. 

Without loss of generality, in this study in
iJ  is used and   is taken as 10-4 in this study.  

Because the above calculations of model updating process are extremely time-consuming, 

besides the convergence criterion set in Equation (8-13), in this study a maximum 

generation number of 200 is also enforced, i.e., the calculation stops after 200 clonal 

generations irrespective of reaching the convergence criterion. 

8.4 Numerical studies 

In this section, the proposed DSE and optimization algorithm is applied to identifying 

numerically simulated damages in steel bar and concrete-steel interface. 

8.4.1 Model verification of DSE 

In order to assess the performance of the proposed DSE in modelling the local 

discontinuity and global damage in a steel rebar and concrete-steel interface, numerical 
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simulations of wave propagation in a rectangular steel bar and that in a round plain steel 

bar buried in concrete with different assumed damage scenarios are carried out. The 

simulated data are then used in model updating to identify the damage. 

Assuming that a crack exists at the middle of the bar with different depths, wave 

propagation across the bar is simulated. Simulations using the proposed DSE are compared 

with those using the method described in section 5.2. In the latter method, reflection 

coefficients are used at the boundary between two continuous elements instead of the 

internal part of an element. Moreover, when assembling multiple elements, global matrix 

method was used. That method was verified by the experimental results and therefore is 

used as a benchmark model in this study. Figure 8-2 (a) shows the comparison of wave 

propagation results in a steel bar with and without damage using these two methods. The 

reflection coefficients are taken as 0 and 0.3, representing the intact and damaged states 

respectively. As shown, wave propagation results using DSE are exactly the same as those 

using the benchmark model. Figure 8-2 (b) shows the simulation results in the rectangular 

steel bar with different reflection coefficients using DSE, representing the effects of 

different crack depths on wave propagation. From the figure, the additional waves reflected 

by crack (waves B, C, D and E) become bigger when reflection coefficient increases. The 

relationship between crack depth and the changes of the received wave was discussed in 

Chapter 5. The results demonstrate that the proposed DSE is reliable in modelling wave 

propagation in a structure with crack damage. 

For the case with concrete-steel interface, a RC beam of 1.5 m long, described in section 

3.4.1 is modelled. Wave propagation in concrete-steel interface with and without an 

assumed debonding zone is simulated using DSE and the benchmark model (described in 

section 4.2), shown in Figure 8-3 (a). The debonding zone is assumed to start at 0.1 m from 

the actuator. The debonding length is taken as 0.1 m. cs  is taken as 0.6. As shown, wave 

propagation results using DSE are exactly the same as those using the benchmark model, 

which was verified by experimental results (section 3.4.1). Figure 8-3 (b) shows the 

simulated results for wave propagation in concrete-steel interface with different debonding 

lengths. The debonding zone is assumed to start at 0.4 m from the actuator. The 

debonding lengths are taken as 0, 0.1, 0.2 and 0.3 m respectively. It can be seen that the 

disperse waves due to debonding are relatively small. However, the first received wave 

apparently arrives earlier if the debonding length increases. The relationship between the 

debonding damage and the changes of the received wave was discussed in Chapter 4. The 



School of Civil and Resource Engineering  
Damage Identification and Assessment                                                     The University of Western Australia  

 8-164

results demonstrate its reliability of the proposed DSE in modelling wave propagation in 

concrete-steel interface with and without debonding. 
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a) Comparison for wave propagation in steel bar using two methods 
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b) Wave propagation in a steel rebar with a crack at middle corresponding to the different 

reflection coefficients 

Figure 8-2: Numerical simulations of wave propagations in a steel rebar 
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a) Wave propagation along concrete-steel interface using different methods 
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b) Wave propagation along concrete-steel interface with different debonding lengths 

Figure 8-3: Numerical simulations of wave propagation along concrete-steel interface 

The above simulations were conducted by using 100 elements and a sampling rate of 2 

MHz and recording duration of 0.02 s. It results in a very large volume of wave 

propagation data and makes the subsequent data analyses and model updating inefficient. 
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To examine the possibility of reducing the number of elements and using a smaller 

sampling rate while not sacrificing accuracy of the simulated data, numerical simulations are 

also conducted with models of less number of elements, short recording duration and 

smaller sampling rate. Using the same rectangular steel bar described above, but assuming 

the crack occurs at 0.25 m from the actuator and 0.75 m from the sensor with a reflection 

coefficient of 0.35, simulations are conducted by using different numbers of elements. 

Figure 8-4 shows the results obtained with a 10-element model and a 100-element model. 

As shown, the transfer matrix method with 10 and 100 elements yields the same results. 

Using other numbers of elements, the results, which are not shown, are also the same. 

Thus, considering the computational efficiency, the model with 10-elements is adopted in 

the subsequent simulations.  
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Figure 8-4: Comparison of results obtained with different numbers of elements 

To investigate the influence of sampling rate and the recording length, simulations of wave 

propagation on the same steel bar with and without the assumed damage condition as 

described above are carried out. Figure 8-5 shows the Fourier spectra of the simulated 

wave time histories. As shown, the Fourier spectrum of the simulated wave time history is 

very smooth when there is no damage in the steel bar, and become noisy when there is a 

crack in the bar. Nonetheless, the central frequencies of both spectrums are the same and 

are slightly below 50 kHz, the experimental frequency, indicating some wave dispersion. 

From Figure 8-5, most wave energy concentrates in the frequency range between 0 and 100 

kHz. The spectral amplitudes at frequencies higher than 100 kHz are nearly zero, indicating 
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that a sampling rate of 250 kHz will be sufficient to capture most wave energy. The Fourier 

amplitudes of wave time histories in concrete-steel interface, not shown here, are similar. 

Therefore, the sampling rate is taken as 250 kHz hereafter in the calculations. Moreover, as 

shown in Figure 8-2, the waves reflected by a discontinuity in a steel bar become very small 

after 1.2 ms and thus can be neglected. Similarly, from Figure 8-3, the waves reflected by 

debonding zone in concrete-steel interface are nearly zero after 2 ms. Therefore, 5 ms is 

taken as the recording duration in the subsequent calculations to reduce the data volume 

and to increase the computational efficiency.  
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a) Frequency: 0-1000 kHz 
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b) 0-100 kHz 

Figure 8-5: Fourier spectrums of the simulated waves in intact and cracked steel bar 



School of Civil and Resource Engineering  
Damage Identification and Assessment                                                     The University of Western Australia  

 8-168

8.4.2 Local damage identification 

In this section, the numerically simulated data is used to identify local damage (cracks) in a 

rectangular steel bar. The numerical model is the same as that described above. The 

reflection coefficient r is the identification parameter as it is closely related to the crack 

depth (Chapter 5). In identification calculations, an upper and a lower bound of 0.5 and 0.0 

are used, because GW-based method shows great advantages in identifying small damages. 

A bigger reflection coefficient indicates severer damage. In practice, damage to that level 

(reflection coefficient bigger than 0.5) is relatively easy to identify and thus not considered 

in this study. 

a) Comparison of different objective functions under different noise levels 

First, consider the data is noise free. The simulated data with a reflection parameter of 0.15 

(representing a crack depth of 27% of the cross section (Chapter 5) and the discontinuity 

location at 0.25 m to the actuator and 0.75 m to the sensor are used as an example for 

damage identification. The number of candidate solutions in each generation is taken as 

100. The convergence criterion   is set as 1.0×10-4. It is found that if all the simulated 

data are used directly, the damage cannot be reliably identified with either one of the four 

objective functions. The reason is that minor changes in displacement may cause extremely 

large change of the objective function when the displacement is small. To overcome this 

problem, after a few trial-and-error analyses, only displacements which are bigger than 2% 

of the maximum displacement are included in Equations (8-9)-(8-11) in identification 

calculations. With this modification, the identification calculations with all the four 

objective functions converge to the exact solution, i.e. r={0 0 0.15 0 0 0 0 0 0 0} for the 10 

elements after 18 generations using J1, after 22 generations using J2, after 38 generations 

using J3 and after 12 generations using J4. The results are shown in Figure 8-6 (a).  

It should be noted that it is reasonable to drop the small measured or simulated wave 

propagation data in damage identification. Although not using these data may lose some 

information, in practice such small data are likely submerged with measurement noises and 

numerical errors. Moreover, including them may also make the objective function ill 

conditioned, therefore dropping them leads to better damage identifications. However, the 

data rejection level needs be carefully examined case by case to find a balance of 

eliminating noises and errors in the data while maintaining as much information as possible.  
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Identification results 
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a) No noise 

Identification results under 1% noise
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b) 1% noise 
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Identification results under 5% noise
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c) 5% noise 

Figure 8-6: Identification results under different noise levels using different objective 

functions 

In reality, noises inevitably exist in the measured data which influences the identification 

results. To study the effects of noise on damage identification results, normally distributed 

noise is directly added to the simulated wave signals, and those signals smeared with 

different levels of noises are then used to identify cracks. Before model updating is 

conducted, in
iJ  should be defined first. Since noise is stochastic, in

iJ  varies in different 

simulations even when the noise level is the same. However, if the noise level is determined, 

in
iJ  only oscillates in a narrow range. After some numerical calculations, the average and 

maximum values of in
iJ  for four objective functions are given in Table 8-1. in

iJ  can be 

taken as the average value as shown in Table 8-1. In the calculation, inJ 4  varies in a 

relatively wider range than those of the other objective functions. The reason may be that 

the 4th objective function makes use of the wavelet decomposition information of wave 

propagation results, which is sensitive to noise.  

Table 8-1: Reference values of objective functions under different conditions 

Rectangular steel bar
 

1% noise 5% noise

Experimental result

for steel bar 

Maximum 1.0004 1.0022 
inJ1  

Average 1.0004 1.0019 
1.1856 
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Maximum 0.0075 0.1958 
inJ 2  

Average 0.0063 0.1604 
4.5145 

Maximum 1.0070 1.0347 
inJ3  

Average 1.0068 1.0337 
2.1094 

Maximum 0.3884 0.4006 
inJ 4  

Average 0.1484 0.1816 
0.7719 

 

As shown in Figure 8-6 (b), with 1% noise in the signal, the identification calculations using 

CSA and J1, J2 and J3 converge to the exact solution after 15, 22 and 30 generations 

respectively. The one using J4 converges to r={0 0 0.13 0 0 0 0 0 0 0.02} after 12 

generations. As shown in Figure 8-6 (c), with 5% noise in the signal, the identification 

calculations with objective function J1, J2, J3 and J4 converge to r={0 0 0.15 0 0 0 0 0 0 

0.01}, r={0 0 0.14 0 0 0 0 0 0 0}, r={0 0 0.15 0 0 0 0 0 0 0} and r={0 0 0.15 0 0.02 0 0 0 0 

0} after 18, 21,31 and 12 generations, respectively. The results indicate that using either one 

of the four objective functions the damage can be correctly identified even some false or 

slightly under identifications occur. Among the four objective functions, using J3 gives the 

most accurate identification result, but the convergence speed is the slowest. Using J4 the 

calculation converges fastest, but the identification results are relatively less accurate. Using 

the displacement-based objective function J1 always gives accurate damage identification. 

Although the identified results are not as accurate as that by using J3, it is computationally 

more efficient. 

b) Effects of the damage location 

To examine the capability of the method in identifying the crack at different locations in 

the bar, in this section, simulations of wave propagations in the bar with a crack located at 

0.05 m-0.95 m from the actuator with a 0.1 m increment are carried out. The crack depth is 

again assumed to be 27% of the bar depth with the reflection coefficient r=0.15. The 

simulated data are then used to identify the damage. J1 is selected as the objective function. 

Using the proposed method, without considering noise, the identification calculation 

converges to the exact damage after 21, 18, 23, 21, 15, 25, 31, 26, 21 and 25 generations for 

different crack locations. The reason that in different cases the convergence occurs after 

different number of generations is because CSA is a stochastic algorithm in nature. Its 
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simulation may fluctuate even under exactly the same conditions. The above results 

indicate that the convergence is achieved after about 20 generations. These results imply 

that the reliability and efficiency of the identification calculation are independent of the 

damage location.   

Identification results when crack is not at middle of an element 
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Figure 8-7: Identification results for local damage in steel bar 

It should be noted that in all the above simulations, the crack is assumed to locate at the 

middle of the damaged element. In practice, this may not always be the case. To examine 

the reliability of the method in identifying the crack when it is not located at the middle of 

an element, numerical simulation of wave propagation is also carried out by assuming a 

crack with reflection coefficient r=0.15 locates at 0.17 m to the actuator and 0.83 m to the 

sensor. This damage locates in element 3 but not at the middle of the element. The 

numerically simulated wave propagation data is used to identify damage. After 200 

generations, the program using the objective function J1, J2, J3 and J4, still cannot converge. 

As shown in Figure 8-7, the identified results are r={0.02 0.07 0.07 0.03 0 0 0 0 0 0.03}, 

r={0.03 0.075 0.07 0.025 0.01 0.01 0 0.005 0.005 0.035}, r={0.11 0.08 0.01 0 0.02 0.06 0.08 

0 0 0} and r={0 0.14 0.14 0 0.15 0.07 0 0.01 0 0.03}, indicating failure of the current 

method to identify the damage if the crack does not locate at middle of an element. In 

order to obtain a better result, three alternative methods are introduced. First, the whole 

structure can be divided into more elements. For example, if the structure is modelled with 

100 elements, the damage location can be identified to a precision level of 0.01 m. 

However, this approach substantially increases the computational effort because the 

number of updating parameters increases to 100, and the number of candidate solutions 
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therefore should be taken as at least 500 in model updating calculations. The second 

approach is a substructuring method. For example, in the above calculations with the initial 

10-element model, damage is identified in the first four and the last elements if J1 is used. 

These elements can then be further subdivided, and identification calculations are carried 

out again in the new model. This approach may reduce the computational effort as 

compared to the first approach if the initial calculations based on the first model only 

identify damages in a small number of elements. If many elements are identified with 

damage, all these elements need be subdivided. This may result in the substructuring 

method inefficient. The third approach is to include l1 of each element in Equation (8-1) 

also as an updating parameter. In that case each element has two parameters, namely the 

reflection coefficient r, which defines the damage severity, and l1, which defines the damage 

location in the element, to be updated. For a model with 10 elements, there are totally 20 

parameters to be updated to determine the discontinuity locations and severities. In this 

case, the number for candidate solutions in each generation is taken as 200. Using J1, the 

program converges to the true damage after 137 generations. This result demonstrates that 

the exact damage location can be identified even it is not located at the middle of each 

element.  

c) Effects of the damage extent 

To study the sensitivity and reliability of the method in identifying cracks of different 

depths, simulations of wave propagation in the same steel bar as described above with a 

crack of different depths at 0.25 m to the right of the actuator are carried out. In the 

simulations, the crack depth with the reflection parameter varies from 0.05 to 0.45 with a 

0.1 increment. J1 is selected as the objective function. Using the proposed method, the 

identification calculation converges to the true damage scenario after 6, 22, 13, 16 and 25 

generations.  These results indicate that in general more numbers of iterations are needed 

when the damage is more severe, which seems opposite to the usual observations in 

damage identification calculations. In fact, in numerical simulations, the updating 

calculations converge to the right damage location faster with increased damage level. 

However, it takes more generations to meet the convergence criterion if damage is more 

severe.  
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8.4.3 Global damage identification 

In this section, numerically simulated data are used to identify global damages in the 

rectangular steel rebar and the concrete-steel interface described above. In the initial 

calculations with 10 elements and 100 candidates, it is found that the calculation is hard to 

converge to the true damage scenarios. Therefore, 200 candidates are taken in each 

generation in the calculation.  

Identification results for global damage in steel rebar
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Figure 8-8: Identification results for global damage in a steel bar 

a) Steel rebar 

To examine the performance of the method in identifying global damage in a steel bar, 

wave propagation in a steel bar with damage in the element located from 0.1 m to 0.2 m 

(element 2) to the actuator is carried out. s  of this element is assumed as 0.2. The 

numerically simulated wave propagation data is then used in model updating to identify the 

assumed damage. It is found that the model updating calculations fail to converge after 200 

generations. This is because the reduction of elastic modulus in a segment of a steel bar has 

only insignificant effects on wave propagation, which is not as prominent as that caused by 

local discontinuity. The results based on J1, J2, J3 and J4 are s ={0 0.1 0.01 0.02 0 0.08 0 

0.01 0 0}, s ={0 0.07 0.025 0.005 0.005 0.02 0.025 0 0 0.05}, s ={0 0.04 0 0.01 0.01 0.13 

0.03 0 0 0} and s ={0 0.14 0.03 0.01 0.02 0.02 0 0 0 0} for the 10 elements, as shown in 

Figure 8-8. As shown, damage is identified, but its severity is underestimated and there are 

false identifications. It is interesting to note that if the identified s corresponding to each 

objective function in all elements are summed up, the result becomes 0.22, 0.155, 0.22 and 

0.22, corresponding to the four objective functions, which are close to 0.2. The reason will 



School of Civil and Resource Engineering  
Damage Identification and Assessment                                                     The University of Western Australia  

 

 

8-175

be explained below. Among the four objective functions, J4 gives relatively better 

identification result for damage location and severity, though it also gives false 

identification of some elements. 

Identification results for global damage in concrete-steel interface
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Figure 8-9: Identification results for global damage in concrete-steel interface 

b) Concrete-steel interface 

This section focuses on identifying debonding damage in concrete-steel interface based on 

simulated wave propagation data. The damage is assumed to be located from 0.1 m to 0.2 

m from the actuator. The reduction of effective concrete area is used to simulate 

debonding damage on the concrete-steel interface (Chapter 4). In numerical simulation, b  

is assumed as 0.3. Similar to the above case for identifying global damage in a steel bar, the 

updating calculation does not converge to the optimal result after 200 generations. The 

results based on J1, J2, J3 and J4 are b ={0 0.04 0 0 0 0.045 0.045 0.03 0.095 0}, b ={0 

0.06 0 0.05 0.02 0.02 0.05 0.05 0 0}, b ={0 0.025 0 0.02 0 0 0 0 0.235 0} and b ={0 0.19 

0 0 0 0 0 0 0.07 0} for 10 elements, respectively, as displayed in Figure 8-9. Similarly, if the 

identified b  in all the elements corresponding to each objective functions are summed up, 

the result becomes 0.255, 0.25, 0.28 and 0.26, which is close to 0.3. Again, using J4 gives the 

relatively better identification result. It can be noted that the 9th element, the symmetrical 

element to the damaged element 2, is usually falsely identified as damaged. This may result 

from the boundary reflection effects. The wave reflected from the damaged element 2 and 

the left boundary and that reflected from the right boundary and the damaged element 2 

have the same travelling distances. This fact makes the solution more difficult to converge.  
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The above results indicate that the proposed model updating on DSE is more difficult to 

identify global damages. This is because the effects of global damage on wave propagation 

are not as pronounced as local damage. From Figure 8-3, the most obvious influence on 

wave propagation by global damage is the change of arrival time although the global 

damage also causes wave reflection, but the amplitude of reflected waves is very small. As 

demonstrated in Chapter 4, the arrival time of the first received wave is only related to the 

combined damage in the structure. For example, a single significant damage or a number of 

smaller damages spread in the structure have the same effect on wave arrival time. This fact 

explains why the summations of the identified s  and b  in the structure are usually close 

to the true damage value. It makes determination of damage locations difficult. This is a 

limitation of using wave propagation method to identify global structural damage. It can be 

overcome by using more sensors to measure wave propagation along the structure, or 

combine the wave propagation method and the vibration-based method to identify the 

damage. Further discussions of these are not included in the present study.    

8.4.4 Multiple damages identification 

The reliability of using the proposed DSE and model updating approach to identify 

multiple damages in a steel bar with multiple local damages and a debonding concrete-steel 

interface is examined in this section. The existence of multiple damages significantly 

increases the computational effort and also makes the true damage difficult to be identified 

because different kinds of damages have different effects on wave propagations. 

a) Steel rebar 

To investigate the performance of the proposed approach to identify multiple local 

damages in the same steel bar described above, wave propagation simulations are carried 

out first. In the steel bar, two cracks are assumed to be located at 0.05 m and 0.65 m to the 

actuator respectively. The reflection coefficient for the former one is assumed as 0.3 and 

that for the latter one is 0.18. Using J1, the proposed approach converges to the exact result, 

i.e., r={0.3 0 0 0 0 0 0.18 0 0 0} for the 10 elements after 25 generations when there is no 

noise. If the data is smeared with 5% noise, the calculation converges to the true damage 

value after 46 generation. Based on the results, the proposed method can correctly identify 

multiple local damage locations and severities. Even with 5% noise, the true damage is still 

reliably identified although more calculations are needed. The updating results demonstrate 

capability of the program for identifying multiple local damages.  

b) Concrete-steel interface 
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To examine the reliability of the approach to identify the combined local and global 

damages in the structure, wave propagation simulation of concrete-steel interface is 

conducted. In numerical simulation, global damage is assumed to be located at the 2nd 

element, namely from 0.1 m to 0.2 m to the actuator. b  is taken as 0.3. Local 

discontinuity is assumed at 0.35 m to the actuator. r is taken as 0.2. Since both local and 

global damages need be identified simultaneously, 20 parameters will be updated, including 

10 for local damages and 10 for global ones. Direct updating calculations are carried out 

first. It is found that it not only substantially increases the computational time, but also 

makes the updating results unsatisfactory after 200 generations. This is because the effects 

of local and global damage on wave propagation are very different. Mixing them up makes 

the model updating fails to converge. To overcome this, a three-step updating approach is 

proposed. From the above discussions, it is known that local damage is relatively easy to be 

identified using J1, while J4 is good at identifying global damage. Therefore, in the first step, 

the wave propagation data is used to update local damage only using J1, while keeping the 

global parameters untouched. In the second step, the global damage parameters are 

updated using J4. In the third step, both local and global damage parameters of the 

elements identified as damaged in the first two steps are updated simultaneously using J4. 

Although this approach performs model updating calculations in three steps, if damage is 

not well spread in the structure, it actually requires less computational time as compared to 

the one-step model updating calculations by updating both local and global damage 

parameters simultaneously. In the current example, the first step updating gives r={0 0 0 

0.07 0 0 0.02 0.02 0 0.01} for the 10 elements, and the 2nd step results are b ={0 0.1 0 0 

0.15 0 0 0 0 0}. According to these results, in the third step, both local and global 

parameters are updated simultaneously, but only elements 4, 7, 8, and 10 for local damage 

and elements 2 and 5 for global damage. The final identification results are r={0 0 0 0.255 

0 0 0 0.005 0 0.02} and b ={0 0.28 0 0 0 0 0 0 0 0}. Clearly, both the local and global 

damage respectively in element 4 and element 2 are correctly identified. However, the 

damage severities are not accurately predicted. It overestimates the local damage and 

underestimates the global damage. If this procedure is conducted iteratively, the results for 

identifying damage severities will be improved. 
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8.5 Experimental verification 

In this section, experimental results (section 3.3.1) are used to verify the proposed method 

in identifying structural discontinuity in real structures.  

In the experiments, the actuator generates only a longitudinal pulse at centre of the 

rectangular steel bar surface. However, because this longitudinal pulse is not uniform over 

the entire section of the steel bar, it also results in a shear wave that propagates in the bar 

from the actuator. This is probably unavoidable unless an actuator or actuators which can 

generate a uniform longitudinal wave is available. Nonetheless, these waves can be easily 

identified in the recorded data because they propagate with a lower speed as compared to 

the longitudinal wave. Because the proposed DSE model can only simulate longitudinal 

waves propagating in a structure, the transverse wave in the experimental results should be 

removed when model updating analysis is carried out. However, the transverse wave might 

be mixed with waves reflected from the crack, as can be seen in the following. In such a 

case, it is not straightforward to eliminate these transverse waves in experimental study for 

model updating analysis. 

In order to use experimental data more efficiently in model updating analysis, only selected 

part of the received signals is included in the updating objective functions.  In this research, 

two separate parts are included. The first one is taken from 0.2 ms to 0.5 ms, representing 

the first three waves a, b and c, and the second one from 0.6 ms to 0.8 ms, including waves 

e, g and h. Since transverse wave e is close to or mixed with wave h, it is difficult to get rid of 

it. This will cause discrepancy between numerical and experimental results as numerical 

model simulates only longitudinal wave. 

The measured data are used in model updating calculations to identify structural conditions. 

The reference values of the four objective functions, i.e., inJ1 , inJ2 , inJ3 , and inJ4  are 

determined first by using the simulated and measured data from the undamaged structure.  

The values are given in Table 8-1. It can be seen that inJ2  and inJ3  are relatively larger than 

inJ1  and inJ 4 ,  indicating the performance of these two objective functions are not as good 

as inJ1  and inJ 4  because inJ1 , inJ2 , inJ3 , and inJ4  indirectly quantify the influences of 

modelling error and measurement noise with respect to the four objective functions, as 

discussed above. If there are no modelling error and measurement noise, these four 

reference values of the objective function should be zero. Because of the relatively better 

performance, the objective functions J1 and J4 are selected in model updating calculations.  
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To demonstrate the method, measured wave propagation data of the steel bar with a 12.5 

mm cut are used in model updating calculations. This damage represents a reflection 

coefficient r of 0.702 in element 3 (from Chapter 5). Using J1, the program converges to 

r={0.06 0.29 0.51 0.08 0.12 0.02 0.35 0.07 0.57 0} for the 10 elements in the bar. Using J4, 

the result becomes r={0 0.04 0.5 0.22 0.17 0 0.02 0 0.2800 0.17}. Based on the results, 

using either J1 or J4 can identify the damage in element 3, although the damage severity is 

underestimated. However, they also give significant false identifications, e.g., the 

undamaged element 9 was falsely identified as suffering severer damage than the damaged 

element 3 if J1 is used. Besides modelling error and measurement noise, the primary reason 

for this discrepancy is the existence of shear waves. If shear wave can be removed from the 

recorded signals for model updating, better results are expected. However, in cases where 

shear waves are mixed with the reflected waves from crack, removing shear waves are not 

possible. A model that includes both longitudinal wave and shear wave should be 

developed for model updating. This, however, is beyond the scope of the present study. 

Based on the model with longitudinal waves only, better updating results can be obtained if 

more updating calculations are carried out. In this study, a multi-step updating procedure is 

used. In the first step, updating is performed as usual with all the elements. After 

convergence is achieved, those elements identified with minor damage with a reflection 

coefficient smaller than 0.05 are considered as not damaged. In the next step, these 

elements are excluded in the updating calculations. This reduces the number of updating 

parameters and makes the damage identification easier. These steps can be performed 

iteratively, until the results from the two consecutive steps converge to each other. To 

demonstrate this, using the above results obtained with objective function J4 as the first-

step, and then only elements 3, 4, 5, 9 and 10 need be considered in the second step 

updating calculations. After 20 generations, the identified result for 10 elements becomes 

r={0 0 0.758 0.226 0.048 0 0 0 0.152 0.266}. In the third step, only 4 elements (3, 4, 9, and 

10) are updated. The result is r={0 0 0.742 0.242 0 0 0 0 0.132 0.29}. More identification 

calculations can be carried out to further refine the results. However, as can be noticed, the 

identification results in step 2 and step 3 are close to each other. Therefore the results from 

step 3 are accepted. It can be seen that the reflection coefficient of element 3 is correctly 

identified, but false identifications still exist. This is because of the existence of noise and 

shear wave in the experimental results. These results demonstrate that the proposed 

approach can be used to identify crack damage in a steel bar. However, because the 

numerical method only simulates longitudinal wave propagation but experimental results 
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usually contain both longitudinal and shear wave, some false identifications exist. The 

identification results can be improved by either developing a numerical model that includes 

both longitudinal and shear wave propagations, or developing a method to remove shear 

waves in the experimental results before model updating calculations. These are beyond the 

scope of the current study.  

8.6 Conclusion 

Using RT coefficients, two DSE models are proposed to simulate wave propagation in 

one-dimensional waveguide with local and/or global damages. With the help of transfer 

matrix method, multiple elements are assembled and then applied to inverse problem 

solving. The effectiveness of DSE is verified by comparison with the benchmark model.  

CSA is chosen for model updating calculations. Displacement-based and frequency-based 

objective functions are adopted. Their performances are evaluated. It was found that local 

discontinuities are easily detected even the wave data are smeared with 5% noises. The 

global damage, however, is relatively difficult to be correctly identified. The experimental 

results of wave propagation on a rectangular steel bar before and after damage were used to 

identify crack damage. It was found that although the measured wave propagation data 

contains both longitudinal and transverse waves, while the numerical model simulates only 

longitudinal wave, the crack damage can still be correctly identified together with some 

false identifications. If transverse waves cannot be separated from the longitudinal waves 

and removed, an improved numerical model that considers both the longitudinal and 

transverse wave propagations needs be developed for better damage identification analysis. 
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Chapter 9  

Conclusions 

9.1 Introduction 

Based on the research results presented in previous chapters, this chapter concludes the 

main findings in this project. It should be noted that this research can only solve some 

problems in SHM. This field remains rapidly developing, more efforts should be spent to 

further refine the method and make SHM more reliable and economical for practical 

applications. Some recommendations for further research are also given in this chapter.   

9.2 Main findings 

1. An integrated health monitoring system is developed with the combination of 

vibration, GW and AE data. The system consists of four components. The static 

test system is used as a reference method to monitor load history as well as 

displacement and strain of the structure. The vibration test system focuses on the 

measurement of modal parameters, which can be used for model updating to 

identify global structural damage. The GW test system is used to generate and 

record high-frequency waves propagating in the structure to identify small local 

damage. The AE test system is used as an online monitoring device to detect waves 

induced by cracking in the structure. Combining all these data can give a better 

performance of damage identification. Experimental results demonstrate the 

efficiency and effectiveness of the proposed method. 
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2. A steel SE, concrete-steel SE and a pipe SE have been developed to analyse wave 

propagation in different waveguides. The wave propagation characteristics 

corresponding to different structural conditions were analysed. The changes in the 

wave propagation properties were suggested to be used to identify structural 

damages. Laboratory study has been carried out to verify the developed SEM for 

modelling wave propagations. The results show the model can be used to predict 

wave propagation in complex waveguides, including concrete-steel interface and 

pipes.  

3. To identify conditions at concrete-steel interface, three damage indices are defined 

to describe damage in concrete, steel rebar and debonding between the steel rebar 

and concrete. The relationships between the damage indices and the wave 

parameters have been obtained and they can be used to quantify the damage in RC 

structures.  

4. Imaginary elements are proposed in SEM to model wave propagation and 

boundary reflection in one-dimensional waveguides. The reliability of the method is 

proven using laboratory test data. The proposed method is used to model GW 

propagation with boundary reflection and structural discontinuities. 

5. RT coefficient method is used to model the effect of discontinuities on wave 

propagation. The relationship between RT coefficients and amplitude ratio is 

investigated. RT coefficients as a function of crack depth can be experimentally 

obtained or numerically derived by modelling the crack effects with the fracture 

mechanics model. The reliability of the proposed numerical approach is verified by 

laboratory test results of GW propagation in a cracked steel bar with boundary 

reflections. Two selected parameters can be used to determine the crack location 

and extent for SHM.  

6. A CSA based FE model updating is presented in this study. Reliability of different 

objective functions in detecting structural damage is examined by identifying 

damages in a simple beam and a truss bridge model with numerically simulated data. 

The results show that MAC residue performs the best. An FE model has been 

developed for static response and free vibration analysis of prestressed RC beams. 

Static responses and vibration frequencies of a 6 m-long single span simply 

supported, prestressed Euler-Bernoulli beam are numerically derived. The 

numerical data are used in model updating to identify the prestress force in the 

beam. Different objective functions defined in terms of the static response, 
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vibration frequencies, a combination of the static response and vibration 

frequencies, and changes in the vibration frequencies are examined. It is found that 

the changes of vibration frequencies give the best prestress force identification.  

7. Using RT coefficients, two DSE model are proposed to simulate wave propagation 

in one-dimensional waveguide with local and/or global damages. With the help of 

transfer matrix method, multiple elements are assembled and then applied to 

solving inverse problems. The effectiveness of DSE in simulating wave propagation 

in a structure with local (crack) and global (elastic modulus deterioration, 

debonding) damage is verified.  

8. In SE model updating, displacement-based and frequency-based objective 

functions are used. Their performances are evaluated. It was found that local 

discontinuities are easily detected even the wave data are smeared with 5% noises. 

The global damage, however, is relatively difficult to be correctly identified. 

Experiments of wave propagation in a rectangular steel bar before and after 

damage were conducted. The experimental results were used to identify crack 

damage.  

9.3 Recommendations for future work 

Based on the current study, several recommendations can be made to further improve the 

applicability of the proposed methods in this research: 

1. In order to combine damage identification results of both GW tests and vibration 

tests, a comprehensive damage index is needed. However, due to the breadth of 

topics covered and the tight time schedule, the thesis did not include this part. A 

detailed study about the influence factor of each method will be conducted in the 

near future. 

2. The proposed SEM can only model longitudinal wave propagation in a structure. 

Other kinds of waves, for example, shear wave, need be modelled. Therefore an 

improved SEM is needed to model propagations of other wave types. 

3. The proposed SEM can be extended to more complex structures, including 2-D 

plate. 

4. A suitable numerical model is needed to simulate AE. 
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