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CHAPTER 1 

1 INTRODUCTION 

1.1 Structural Health Monitoring and Damage Detection 

The process of using an on-structure sensing system to monitor its performance and evaluate the 

health state is defined as Structural Health Monitoring (SHM) (Chang and Thambiratnam 2011). 

The changes of material and geometric properties of structures including boundary condition, 

changes in loading conditions, deterioration with age, etc. affect the structure performance and 

can cause damage. While some damage is visible, others may be difficult to spot. The damage 

causes a decrease in stiffness of the structure and hence may affect its vibration characteristics. 

The vibration based SHM process involves the observation of a system over time using 

periodically sampled dynamic response measurements from an array of sensors. In addition, 

SHM uses the extraction of damage-sensitive features, such as vibration characteristics and the 

statistical analysis to determine the current state of system health. 

Sensors are placed on the structure to allow communication between sensors as well as the 

location of the damage. As the density of sensors increases on a structure, the quality and 

resolution of damage information also increases. However, sensor installation costs, sensor 

power consumption, and data processing capacity act as limiting factors for sensor density. 

Sensors measure structure quantities such as strain, displacement, and acceleration as well as 

environmental conditions like temperature, wind, and moisture. The output of this process 

periodically updates information regarding the ability of the structure to perform its intended 

function and degradation results from operational environments for long term serviceability. 
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SHM is used to provide rapid, real and reliable information regarding the functions of the 

structure. A complete SHM approach consists of five basic steps which involve: 

(1) Detection – Identification of damage occurrence in the structure, if any 

(2) Localization – Identification of single or multiple damage locations 

(3) Assessment – Quantification of the level of damage 

(4) Prognosis – Evaluation of structural performance and its useful remaining life 

(5) Remediation – Determination, implementation, and evaluation of effective remediation and 

repair efforts 

This concept is widely used in various types of engineering structures to reduce monetary losses 

and guarantee and ensure the safety of users. 

The study presented in this thesis is focused on SHM of bridge structures. Bridges continuously 

suffer from destructive effects due to material aging, corrosion of reinforced bars in concrete 

structures, corrosion of steel members in steel structures. In addition, failures due to traffic 

volume, overloading and the overall deterioration of structural components also affect the health 

condition of structures.  These factors result in the loss of load carrying capacity of bridges and 

lead to the unsatisfactory condition of bridge structures. Carrying out periodical bridge 

inspections and assessing its condition is a crucial challenge. Even though visual inspections and 

nondestructive testing methods have been used for a long time period, it does not pave the path 

to perform periodical evaluation of bridge structures. Therefore, a continuous monitoring system 

is the best solution to resolve the aforementioned issues to ensure safety of the traveling public. 

The most common objectives of bridge health monitoring are to obtain quantitative data about 

structural behavior in order to confirm design assumptions for new bridges and to evaluate the 
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current condition of existing bridges and allow engineers to make informed decision about 

maintenance plan or repair actions. 

1.2 Problem Statement 

 

The health condition of bridges must be periodically inspected and monitored due to the age 

deterioration and environmental effects. There are many methods to evaluate the conditions of 

bridges. Visual inspections are the primary inspection method where inspectors visit the field and 

access the structure’s condition. This method is sufficient for non-critical structures, but it does 

not always provide reliable results of the actual health condition. Since this method is highly 

depending on the experience of the inspector, the consistency of inspections is questionable. 

Even though well experienced inspectors are able to spot external issues of the structures, the 

internal delamination, cracks, loss of stiffness etc. are difficult to identify. Therefore, more 

accurate, effective and efficient structural monitoring systems and evaluation techniques are 

essential.  

Identification of alteration in mode shape and natural frequency in damaged structural elements 

in comparison with pre-damaged state of elements is one of the popular methods in damage 

detection. These changes of structural modal properties are often small, and measurements are 

polluted by noise, which causes the method to be inefficient in detecting proper location of 

damage. Therefore, methods of inspection need robust methodology to identify damage location 

and so forth.  

Most vibration based SHM techniques require the knowledge of pre-damaged status. Many 

researchers have used shifts in resonance frequencies to identify damage. The Damage Location 
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Assurance Criterion (DLAC) method is one of the common frequency shift methods used in 

SHM. This determines the degree of correlation between the shifts of experimented natural 

frequencies to the frequencies of numerically modeled damage cases. However, frequency shift 

methods have significant practical limitations for real world applications (Doebling et al. 1998). 

The forward problem method is another damage detection method used with respect to measured 

frequencies. The damage is represented in a mathematical model, and the measured frequencies 

are compared with predicted values in order to identify the damage. Cawley and Adams (1979) 

created a mathematical formulation to detect damage in composite materials. Mode shape 

comparison techniques provide a descriptive behavior of physical properties of a structure. 

Modal Assurance Criteria (MAC) is another mode shape based damage detection method used in 

SHM. A numerical model of the structure is used as a reference model and includes various 

cases of damage. The change in the flexibility matrix of a structure is also used in damage 

detection and localization. A comparison study of damaged status and undamaged status is used 

with the flexibility matrix using experimental data. This method does not need a reference 

model, which reduces the computing time and uncertainties. Further, Fast Fourier 

Transformation (FFT) is one of the widely used techniques in modal analysis which allows for 

the detection of the characteristic frequencies of structures. However, Fourier analysis does not 

pave the path to study the nature of the time series in the time frequency domain. Therefore, 

under the analysis of the Fourier Transform, the time information along the time series is lost. 

Hence, it is difficult to distinguish transient relations and identify when the structural changes 

have exactly occurred. Further, these techniques are only appropriate for the time series with 

stable statistical properties i.e. stationary time series (Conraria and Soares 2011). As an 

alternative, the wavelet transform has been proposed. In this study, CWT is used for the analysis. 
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Research Objectives and Scope 

The main goal of this research is to apply CWT for SHM of bridges to identify modal properties 

and detect damage. The vibration based SHM is subjected to a prior environmental noise 

removal technique and identifies the damages and modal properties of two real world 

applications. MATLAB simulations are used to develop algorithms and subjected to acquired 

acceleration data analysis for two case studies. The analyzed results are compared with FFT for 

further verification. The advantages of the CWT method are identified and compared to the 

widely used Fourier analysis system in SHM. The following objectives are used to achieve the 

desired goals 

1) Review the state-of-the-art and practice for the application of Continuous Wavelet 

Transform in SHM. 

2) Code CWT algorithms using MATLAB and verify them with numerical examples. 

3) Identify a suitable environmental noise removal method and apply for real world 

applications. 

4) Apply the CWT algorithm to obtain modal frequencies and damping ratios for a single 

span bridge in Holland, Michigan and compare the results with FFT. 

5) Apply the CWT algorithm in the damage detection of a cable-stayed bridge in mainland 

China and compare the results with FFT. 
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1.3 Thesis Overview 

 

This thesis consists of eight chapters. Introduction, Literature Review, Environmental Noise 

Removal Method, CWT Theory and Numerical Algorithms, Validation of the Numerical 

Algorithms, Identification of Modal Properties in Holland Bridge, Damage Detection and 

Frequency Comparison of the Cable-stayed Bridge, and Summary, Conclusion and Future Work 

are presented. 

Chapter 1: Introduction 

The definition, importance and basic steps of structural health monitoring process are presented 

in this chapter. The problem statement and the research objectives are presented. The 

organization of the thesis is outlined.  

Chapter 2: Literature Review 

This chapter includes the basic methods of SHM including visual inspections, non-contact 

testing methods and vibration based testing methods. Next, literature of wavelet transforms 

methods used in SHM in different fields is reviewed.  

Chapter 3: Environmental Noise Removal Method 

The effect of noise and importance of noise removal method is discussed with basic filter types.  

The mathematical background, behaviors, advantages, design procedure, practical behavior and 

real world application of a specific filter type is further discussed.  
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Chapter 4: CWT Theory and Numerical Algorithms 

The mathematical background, usage, and the importance of the CWT method are presented. The 

advantages of CWT method Vs. FFT is then presented. Moreover, the Random Decrement 

Technique (RDT) method used to convert the ambient vibration measurement to free decay 

function is discussed. Finally, the numerical algorithm of damping ratio identification using the 

CWT method is presented. 

Chapter 5: Validation of the Numerical Algorithms 

The results validation of the numerical algorithms is presented using two numerically built 

signals with known frequencies and damping ratio. Further, damage is being detected using two 

signals with reduced stiffness in order to see the changes of scalograms corresponding to the 

prescribed damage. 

Chapter 6: Identification of Modal Properties in Holland Bridge 

A detail overview of the bridge structure is presented with plan views and location. The sensor 

configuration during the data acquisition process and the sample frequencies are described. The 

results obtained using CWT and FFT algorithms are presented with a comparative study for 

identification of the frequency of the structure. Further, the damping ratio of the structure is 

identified using the CWT method. 
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Chapter 7: Damage Detection and Frequency Comparison of the Cable-stayed Bridge 

A cable-stayed bridge in mainland China is used as a case study of using CWT to detect damage. 

With the acceleration data collected on-site, the CWT scalograms are generated for different 

stages of the bridge within a period of seven months. These scalograms are then compared to 

identify the damage in the structure. The results are compared with FFT. 

Chapter 8: Summary, Conclusion and Future Work 

This chapter summarizes the main points of the research and draws conclusions about CWT 

application in SHM. The recommendations for future research work are presented. 
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CHAPTER 2 

2 LITERATURE REVIEW 

2.1 Structural Health Monitoring Methods 

2.1.1  Visual Inspection 

 

The first and foremost basic structural health monitoring system is visual inspection. That is, 

visually inspect the cracks, delaminated areas, deformations of structural members in order to 

clarify the structural healthiness of the structure. Even though this is helpful as an initial 

inspection method, this has several drawbacks and inconsistency of results depending on the 

experience of the inspectors. Hence, there is a special need of using consistent reliable methods 

in order to overcome these drawbacks. 

2.1.2  Non-contact Monitoring 

 

Contacting sensors have to be mounted directly onto the measuring points of structures and be 

connected to a neighboring stationary reference point. For practical infrastructures, it is difficult 

to find an ideal stationary reference point near the measuring point, and it is also inconvenient 

for the connection between sensors and stationary reference points. Therefore contacting sensors 

troublesome in installation and expensive in maintenance too (Malesa et al. 2010). Non-

contacting sensors can be located outside the infrastructures without being connected to a 

stationary reference point directly which is quite convenient for SHM compared to contact 

technologies for health monitoring 

The development of innovative non-contact systems for vibration measurement is convenient to 

use compared to contact technologies and has recently drawn the attention of several researchers 
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for non-contact technologies. Non-contact sensors include Laser Doppler Vibrometer (Cunha 

and Caetano 1999), Global Positioning Systems (Nickitopoulou et al. 2006,) and vision-based 

systems using digital image processing techniques etc. In addition, the microwave interferometry 

has recently emerged as an innovative technology, suitable to the non-contact vibration 

monitoring of large structures. 

2.1.3  Vibration Based Structural Health Monitoring 

 

Vibration Based Structural Health Monitoring (VBSHM) has drawn significant attention in 

health monitoring techniques. The basic characteristic of this method is that the characteristic 

changes in structures such as mass, stiffness and damping will affect to the global vibration 

response of the monitored structure. Thus, unknown properties of the structure can be identified 

by studying the changes of the measured vibration behavior. When the changes in structural 

properties inversely affect to the performance of structure, it will be defined as damage (Guan 

and Karbhari 2008). The process of identifying those structural changes is referred as vibration 

based damage identification or vibration based damage detection.  Compared to other monitoring 

system, this method has the advantage of monitoring the global nature of the vibration 

characteristics. The capability of identifying the modal parameters such as natural frequencies 

and mode shapes, pave the path to monitor not only a single individual structural component but 

the entire structure. Hence, large civil engineering structures such as bridges can be effectively 

monitored with limited number of sensors and equipment. In this report, vibration based 

structural health monitoring for two bridge structures are performed.  

Structural dynamic response measurements are achieved with an instrumentation system which 

includes sensors, transmission and storage of dynamic response data. Sensor type, sampling 
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frequencies need to be customized according to the application. Acceleration, velocity and 

displacement are the most common dynamic response measurements. The instrumentation 

system must be designed to manage a data collection if continuous monitoring of a structure is 

needed with large amount of data.  

Dynamic response of the structure is utilized in order to find the corresponding modal parameters 

which contain important characteristics of the structural dynamic response. Those are easy to use 

in further analysis and storage compared to actual raw data. 

2.2 Data Acquisition Methods 

 

2.2.1  Wired Sensor Networks 

 

Wired sensor networks are consists of cables to carry different electrical signals from one end to 

the other. The speed of operation is high compared to wireless networks but installation is 

cumbersome and requires more time. In wired sensor network, the mobility is limited as it 

operates in an area covered by a connected system. Channel interference is less as one wired 

network will not affect the other. 

2.2.2  Wireless Sensor Networks 

 

A wireless sensor network consists of bunch of multi-functional sensor nodes having sensing, 

computational and communication capabilities for responses in structures. It consists of four 

basic components which are sensor unit, Analog Digital Converter (ADC), Central Processing 

Unit (CPU), and a power unit. Sensor nodes sense or capture the physical data at the area of 

interest. The sensed data by sensors is digitalized by ADC and sent to controllers for further 

processing. Wireless sensor nodes are usually a small electronic device which can only be 
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equipped with limited power.  This network can set up without any fixed infrastructure and ideal 

for non-reachable places such as mountains, deep forests, sea, and rural area. Implementation is 

comparatively cheaper than wired sensors. 

2.3 Wavelet Transform for Structural Health Monitoring 

 

Wavelet Transform (WT) has achieved the ability to overcome many of the limitations in Fourier 

analysis. Hence, WT is widely used not only in civil engineering field but in many fields 

including mechanical systems and aerospace as a signal processing tool in structural health 

monitoring showing its generality. WT is based on dilated scales and shifted windows which has 

the ability to perform a good time frequency resolution of a data signal contributed to widespread 

applications in engineering. A time domain signal is converted into WT in terms of the 

projection of the original signal on to a family of functions that are normalized dilations and 

translations of wavelet transform. A function 𝜓(t) is defined as the mother wavelet and it dilates 

(scaled) and translates (shifted) as daughter wavelets. Scaling in WT means stretching or 

compressing it in the time domain. Smaller scales represent more compressed wavelets while 

larger scales produce more stretched wavelets. Major applications in WT were focused on 

feature extraction and pattern recognition. 

Wavelet based in depth analysis of the status and estimation of a system’s remaining useful life 

was performed by Farrar et al. (2004). Patsias and Staszewski (2002) presented the possibility of 

damage detection using WT from optically observed mode shapes. Kumara et al. (1999) and 

Sohn et al. (2003) showed delamination detection of composite structures using CWT. Damage 

detection is performed by analyzing the structural response collected from piezoelectric sensors 

and observing the signal energy levels in the wavelet scalogram. Qi et al. (1997) showed that 
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Wavelet Multi-resolution Analysis (WMRA) not only has the ability of detecting the damage but 

also the level of damage from energy computed from decomposed signals. Daywood et al. 

(2002) successfully achieved WMRA de-noising of signals which were contaminated with noise 

produced by thermal effects of the structure. Yan and Yam (2004) detected small structural 

damage using wavelet packets and energy spectrum. Further, damage location and severity of 

damage was identified in a composite structure by Yam et al. (2003). These researches highlights 

that they can detect unobservable damages in composite structures using WT.  

WT has widely used in SHM for large scale bridge structures (Reda et al. 2006). The research 

carried for a bridge which is hung from concrete arched girders in Calgary, Canada showed that 

peak acceleration response indicated in scalogram with high intensities showing high frequency 

component at that time. Liew and Wang (1998) represented that non propagating crack 

identification using WT in structural systems such as simply supported beams is more efficient 

compared to eigenvalue analysis.  Daouka et al. (2003) determined the damage location and the 

size of the crack using CWT in a beam using vibration modes. The size of the crack related to the 

wavelet coefficients.  Similarly, Gentlie and Messina (2003) showed detection of damage 

location and crack size from both clean and noisy data signals. Melhem and Kim (2003) 

suggested damage detection in a structural beam and an asphalt pavement using wavelet ridges. 

It has proved that damage occurrence can be detectable using CWT scalograms.  

Moreover, damaged part in machineries can be detected using wavelet coefficients of the wavelet 

transformed signal. Giurgiutiu et al.(2001) reviewed different damage identification in helicopter 

components and showed that WT is one of the efficient method for early damage detection in 

mechanical structures,  Similarly, fatigue crack growth in rotating machineries were detected by 
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Rubini and Menegheiti (2001) using WT. These research backgrounds highlight the suitability of 

using WT in SHM in various fields. 
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CHAPTER 3 

3 ENVIRONMENTAL NOISE REMOVAL METHOD 

3.1 Introduction 

 

Noise is irrelevant and meaningless data which naturally add to data sets during the data 

collection process. In any real signal analysis, noise is an unpleasant phenomenon. Removing the 

effects of noise is an important goal in most types of data analysis. Most existing data filtering, 

cleaning and pre-processing methods focus on removing noise that will negatively affect and 

result to the low level data errors with imperfect data collection, hence, many researchers have 

developed many techniques to overcome this phenomenon.  In developing a noise reduction 

technique, keeping the original structure of the data signal is one of the main concerns. 

Especially researches use different types of filters and smoothing functions in order to improve 

the quality of collected data. 

3.2 Basic Filter Types 

 

Filter is a device which removes irrelevant features and components of a data signal in signal 

processing. It removes some of the frequencies which has interfered in the original data signal 

and reduce the effects of background noises. Filters do frequency selection or separation. As 

discussed, noises are the main issue that engineers face while doing signal analysis.  Before 

starting the analysis process, it is necessary to remove unwanted noise signals from the raw data 

because such noise signals distort the original data of the signal. Therefore, it is necessary to 

identify such signals and filter out noise signal from the original wave as much as possible. It is 

possible to provide band widths and filter any particular part of a raw data signal depending on 
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Figure 7-4.  Scalograms and frequency values at healthy status-January 17th -11th hour-sensor 2 
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2/3/11th hour-sensor 2 

3/19/11th hour-sensor 2 

Continuous Transform, absolute coefficients.
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3/30/11th hour-sensor 2 

4/9/11th hour-sensor 2 

Continuous Transform, absolute coefficients.
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5/31/11th hour-sensor 2 

6/7/11th hour-sensor 2 

Continuous Transform, absolute coefficients.
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6/16/11th hour-sensor 2 

7/31/11th hour-sensor 2 
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7/31/23rd hour-sensor 2 

 
Figure 7-5.  2D Scalograms from January to July 

 

 

 
Figure 7-6.  Vibration-time history sample signal-July 31st-11th hour-sensor 2 
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Figure 7-7.  Scalograms and frequency values at damaged status- July 31st-11thhour-sensor 2
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 Damage detection can be performed using CWT without constructing numerical models 

for the pre-damaged structure system. 

 In general, the damage is easier to detect with a lower level of noise and more severe 

damage. 

 The wavelet approach is less model-dependent as it only requires measured data for the 

analysis. 

8.2 Future Work 

 

There are many possible future research directions concerning structural health monitoring using 

CWT starting from the work presented in this thesis. This section provides the author’s 

recommendations for future research in this research area. 

  Perform mode shape analysis using the CWT method and Finite Element analysis of 

structures. 

 Perform detailed level 1 wavelet decomposition to identify the locations of the damage. 

 For the Chinese cable-stayed bridge, quantify the detected damage and evaluate the 

performance of the damaged structure, so that its useful remaining life can be estimated.  

 Determine, implement, and evaluate effective remediation and repair efforts for the 

damaged structure. 
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 Implement further environmental noise removal methods, such as nonlinear principal 

component analysis, in order to see the effectiveness of signal preprocessing and to 

perform a comparison study. 
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APPENDIX A 

FFT and CWT Plots for Configuration 1 and 2 - Holland Bridge 
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