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Summary of thesis 

Candidate’s Name: Yu Wang 

Candidate’s for the Degree of: PHD 

Institution at which study pursued: School of Engineering, Cardiff University 

Full title of Thesis: Damage Detection in Reinforced Concrete and Self-Healing 

Concrete Structures using Non-Destructive Testing Techniques 

This thesis mainly contains the investigation of the role of Acoustic Emission (AE) and 

Acousto-Ultrasonics (AU) as the Non-Destructive Testing (NDT) techniques for 

concrete structure. Further the techniques applied in this work explored the application 

and feasibility of AE to monitor and characterise the behaviour of the recently 

developed self-healing concrete structure. Experimental studies were conducted on a 

range of specimen in different scale, focusing on the development and application of 

experimental techniques and data analysis methods for source characterisation, 

damage detection, location and assessment of AE. The four main topics and findings 

are as follows:  

1. Characterisation of basic failure mode on concrete member 

Considering the complexity of AE signals of concrete structure, a fundamental study on the 

source characterisation of two basic failure mode of concrete is conducted using a 

combined method of parametric analysis and waveform analysis. The maximum amplitude 

and corresponding characteristic instantaneous frequency are extracted as two indicators 

of basic failure mode to characterise the complex damage source in concrete. 

2. Characterisation of AE source using Moment Tensor Analysis (MTA) 

A detailed experimental investigation of Moment Tensor Analysis (MTA) is conducted on a 

concrete cube to elucidate the SiGMA procedure performed by the H-N source. Then the 

MTA results obtained from a bending testing on a RC beam shows a promising agreement 

with results obtained via the conventional parameter-based method. Comparison 

between different methods is discussed and concluded. 

3. Laboratory investigations on AE monitoring of self-healing behaviours 

The applicability of AE techniques to monitor the whole damage and healing process of the 

vascular-network based self-healing system is evaluated and was found that the Kaiser 

effect and Felicity ratio could be applied as an indicator to assess the healing efficiency. 

Principal Component Analysis and unsupervised pattern recognition techniques are 

adopted to differentiate between concrete fracture signals and other sources. 

4. Crack size monitoring and measurement using ultrasonic testing method 

Experimental studies are conducted using Acousto-Ultrasonics on a range of different size 

specimen to monitor and measure the crack development. The prospect and potential 

application of the AU technique investigating impact of healing agent of vascular network-

based system were explored.  

Key Words:  

Acoustic Emission, Damage Detection, Reinforced Concrete, Self-healing Concrete, 

Moment Tensor Analysis, Acousto-Ultrasonics, Crack Development Monitoring. 
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Glossary 

Many of the following Acoustic Emission(AE)-related terms can be found in ASTM 

E610 (ASTM 1982) and ASTM E1316 (ASTM 2011); 

1. AE-related Terminology 

Acoustic Emission (AE): the class of phenomena whereby transient elastic waves 

are generated by the rapid release of energy from localized sources within a material, 

or the transient waves so generated.  

 

Figure i. AE Waveform Features, figure reproduced from Pearson (2013) 

Acoustic emission signal: The electrical signal obtained through the detection of 

acoustic emission. 

AE Features: This refers to the features of an AE waveform such as amplitude, 

duration, rise time, decay and counts, as shown in Figure i, which are frequently used 

during the analysis of AE data. 

Hit: A hit is the term used to indicate that a given AE channel has detected and 

processed an acoustic emission transient. 

Threshold: A pre-set voltage level, which has to be exceeded before an AE signal is 

recorded and processed. The following terms are made with reference to the threshold 

(as shown in Figure i).  
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Duration: The interval between the first and last time the threshold was exceeded by 

the signal (as shown in Figure i). 

Peak Amplitude: Maximum signal amplitude within the duration of the signal (as 

shown in Figure i). 

Counts: Number of times the signal amplitude exceeds the threshold (as shown in 

Figure i). 

Rise Time: The interval between the first threshold crossing and the maximum 

amplitude of the signal (as shown in Figure i). 

Initiation Frequency: The average frequency of the waveform from the initial 

threshold crossing to the peak of the AE waveform. 

Energy (Absolute): The integral of the squared voltage signal divided by the reference 

resistance (10kΩ) over the duration of the AE waveform packet. 

Event: An event is the group of AE hits that were received from a single source. 

Source: A mechanical mechanism that produces AE signals. 

Transducer: Device that converts the physical parameters of the wave into an 

electrical signal. 

Couplant: Substance providing an acoustic coupling between the propagation 

medium and the transducer. 

2. Wave propagation-related Terminology 

Wave Mode: The type of waves propagating in a material as characterized by the 

particle motion (for example, longitudinal, transverse, etc.). 

Mode conversion: Phenomenon by which an ultrasonic wave that is propagating in 

one mode can form ultrasonic wave(s) of other modes; typically due to the interaction 

of the original wave with an interface. 

Attenuation: The rate at which signal amplitude reduces with distance of propagation. 
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Dispersion: The phenomenon whereby wave velocity varies with frequency. 

Hsu-Nielson (H-N) Source: An artificial source of AE generated by breaking a 

mechanical pencil lead on the surface of a structure. 

Time of Arrival (TOA): This is the conventional AE source location algorithm used to 

locate AE sources in a structure. It uses the difference in arrival times between 

transducers and a defined wave velocity to estimate the location of an AE event. 

3. Experimental Terminology 

Digital Image Correlation (DIC): An optical technique that allows for the full field 

measurement of contour deformation, vibration and strain by tracking the movement 

of a black and white speckle pattern applied to the specimen. 

Moment Tensor Analysis (MTA): A powerful technique of waveform analysis to 

quantitatively characterise a seismic source such as an earthquake or an explosion. 

Scanning Electron Microscope (SEM): A type of electron microscope that produces 

images of a sample by scanning the surface with a focused beam of electrons. 

4. Material-related Terminology 

Smart Materials: A designed materials that have one or more properties that can be 

significantly changed by an external condition, such as temperature, light, pressure, 

electricity, voltage, pH, or chemical compounds, to react accordingly in their 

environment. 

Self-healing Materials: An artificial or synthetically-created substances that have the 

built-in ability to automatically repair damages to themselves without any external 

diagnosis of the problem or human intervention. 

Reinforced Concrete (RC) structure: A composite material in which concrete's 

relatively low tensile strength and ductility are counteracted by the inclusion of 

reinforcement having higher tensile strength or ductility. 

Prestressed Concrete (PC) structure: A form of concrete used in construction. It is 
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substantially "prestressed" (compressed) during production, in a manner that 

strengthens it against tensile forces which will exist when in service. 

Alkali-Silica Reaction (ASR): A deleterious swelling reaction that occurs over time in 

concrete between the highly alkaline cement paste and the reactive amorphous (i.e., 

non-crystalline) silica found in many common aggregates, given sufficient moisture. 

Asphalt Concrete (AC): A composite material commonly used to surface roads, 

parking lots, airports, and the core of embankment dams. It consists of mineral 

aggregate bound together with asphalt, laid in layers, and compacted. 

Ultra-High-Performance Concrete (UHPC): Generally defined as the cementitious 

concrete material with a compressive strength greater than 150 MPa with specified 

durability, tensile ductility and toughness requirements. 

5. Signal processing-related Terminology 

Kaiser effect: The absence of detectable AE until the previous maximum applied 

stress level has been exceeded. 

Felicity ratio: The measurement of the Felicity effect. Defined as the ratio between 

the applied load at which the AE reappears during the next application of loading and 

the previous maximum applied load. 

Akaike Information Criterion (AIC): An estimator of out-of-sample prediction error 

and thereby relative quality of statistical models for a given set of data. 

Fourier transform (FT): A mathematical transform that decomposes functions 

depending on space or time into functions depending on spatial or temporal frequency. 

Fast Fourier transform (FFT): A common algorithm for Fourier transforms that 

computes the Discrete Fourier transform (DFT) of a sequence, or its inverse (IDFT) 

more efficient. 

The Hilbert–Huang transform (HHT): Signal processing technique which decompose 

a signal into so-called intrinsic mode functions (IMF) along with a trend and obtain 
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instantaneous frequency data. 

Empirical mode decomposition (EMD): The fundamental part of the Hilbert–Huang 

transform which break down the signals into a finite and often small number of 

components. 

Intrinsic mode functions (IMF): A generally simple oscillatory mode as a counterpart 

to the simple harmonic function. 

Hilbert spectral analysis (HSA): A method for examining each IMF's instantaneous 

frequency as functions of time, presented in a frequency-time distribution of signal 

amplitude (or energy), designated as the Hilbert spectrum,. 

Wavelet Transform (WT): Signal processing technique which decomposes a transient 

signal in order to release a time-frequency representation of a wave. 

Ultrasonic Pulse Velocity (UPV): A non-destructive testing method using ultrasonic 

waves to normally check the quality of concrete or natural rocks. 

Apparent Velocity: The velocity is measured directly from the travel time plot, 

uncorrected for any refractor dip relative to the surface.
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1. Chapter 1 Introduction 

1.1 Background 

The safety during operation of most infrastructures and major engineering 

structures such as long-span bridges, large-scale water conservancy facilities, large-

span spatial structures, high buildings, and deep-sea drilling platforms directly affects 

people’s lives, property and safety, as well as national economic development and 

social stability.  

However, during the service life period of several decades or even hundreds of 

years, the effects of environmental erosion, material aging, natural disasters, etc. will 

lead to the accumulation of structural damage, performance degradation, and even 

catastrophic accidents in extreme cases. For example, recently in October 2019, a 

highway bridge in Wuxi city of Jiangsu Province, China suddenly collapsed at the peak 

of rush hour and fell on three cars below, killing three people in two of the vehicles 

(shown in Figure 1-1). After the investigation by the city and transport ministry officials, 

it was confirmed that this accident was caused by overloaded vehicles passing by and 

the bridge resonance induced, resulting in collapse (Tracy 2019). Such kind of 

catastrophic tragedies have never stopped happening today. 

  

Figure 1-1. Highway bridge collapsed in Wuxi, Jiangsu province, China (October 

2019) 

Take bridges, one of the most important infrastructure forms, as an example, Table 

1-1 lists the bridge failure events that have occurred around the world in the past two 

years (2019 - 2020). 
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Table 1-1. List of bridge failures from 2018 to 2020 (Wikipedia, Available at: 

https://en.wikipedia.org/wiki/List_of_bridge_failures#cite) 

Bridge Location Country Date 
Construction 

type,  
use of bridge 

Reason Casualties Damage 

Ponte 
Morandi  
motorway 

bridge 
collapse 

Genoa  
– Liguria 

Italy 
14 August 

2018 

Viaduct 
incorporating 

a cable-stayed 
bridge 

 43 dead 

210-metre 
(690 ft) 

section of 
the bridge 
collapsed 

Dale Bend 
Bridge  

Ola, 
Arkansas 

United 
States 

30-Jan-2019 
(Rddad 2019) 

Truss 
Overweight 

truck 
/ / 

CST Foot 
over 

bridge  
Mumbai India 

14-Mar-2019 
(MumbaiMarc

h 15 et al. 
2019) 

Concrete Foot 
Over bridge 

The 
structural 
audit has 

been 
conducted in 

an 
irresponsible 

and 
negligent 
manner.  

6 dead, 
30 injured 

Partial 
Collapse 

Ponte 
sobre o rio 

Moju, 
Bridge 

over the 
river Moju 
collapse 

Moju, 
State of Par

á 
Brazil 

7-Apr-2019 
(BBC News 

2019) 
Concrete 

Middle 
sections of 
the bridge 
collapsed 

after 
ferryboat 

crash 

Unknown 

200 metres 
(660 ft) 

section of 
the bridge 
collapsed 

Bishopsfor
d Road 
Bridge 

Mitcham, 
London 

England 14-Jun-2019 

Road bridge 
(Fully 

demolished in 
July 2020, due 
to be rebuilt) 

Bridge scour 
caused by 
jack posts 
installed 4 

days earlier 
caused 

instability 
and led to 
the partial 
collapse of 

the northern 
arch 

0 dead, 0 
injured (the 
bridge was 
closed to 

traffic at the 
time) 

Partial 
collapse 
(northern 

arch) 

Nanfang'a
o Bridge 

Su'ao, Yilan 
County, 
Taiwan  

China 

1-Oct-2019 
(Keoni 

Everington 
2019) 

Road bridge / 
4 dead, 

10 injured 
Total 

collapse 

Wuxi 
National 

Route 312 
Overpass 

Wuxi, Jiang
su Province 

China 
10-Oct-2019 

(Reuters 
Staff 2019) 

Concrete 
highway bridge 

overweight 
(186t) truck 

3 dead, 2 
injured 

200 metres 
(660 ft) 

section of 
the 

elevated 
road 

toppled 

Pont de 
Mirepoix 

Mirepoix-
sur-Tarn 

France 
18-Nov-2019 
(Dominique 

Alzéari 2019) 

Concrete-steel 
bridge 

overweight 
truck 

2 dead, 5 
injured 

150m long 
bridge 

collapsed 
Viadotto 
Madonna 
del Monte 

on A6 
Highway 
(Savona-
Torino) 

Savona Italy 

24-Nov-2019 
(Jerrold 

Colten and 
Sonia Sirletti 

2019) 

Concrete bridge 
heavy rain, 
landslide 

0 dead, 0 
injured 

30 long 
highway 
bridge 

collapsed 

Ponte sul 
Magra a 

Caprigliola 
Aulla Italy 

8-Apr-2020 
(Landini 
2020) 

Concrete bridge / 
0 dead,  
2 injured 

260m long 
provincial 

road bridge 
collapsed 

Bridge 
over Kola 

near 
Murmansk 

Murmansk Russia 
1-Jun-2020 
(Staff 2020) 

Steel bridge / 0 dead 

railway 
bridge 

collapsed 
after 

foundation
s were 
washed 
away by 
strong 
water 

Tittle 
Bridge 

Canso,  
Nova 
Scotia 

Canada 
7-Jul-2020 
(Alexander 
Quon 2020) 

Truss road 
bridge 

Overweight 
truck 

0 killed, 
1 injured 

Total 
failure of 
bridge 

 

https://en.wikipedia.org/wiki/Moju
https://en.wikipedia.org/wiki/States_of_Brazil
https://en.wikipedia.org/wiki/Par%C3%A1
https://en.wikipedia.org/wiki/Par%C3%A1
https://en.wikipedia.org/wiki/Brazil
https://en.wikipedia.org/wiki/Mitcham
https://en.wikipedia.org/wiki/London
https://en.wikipedia.org/wiki/England
https://en.wikipedia.org/wiki/Taiwan_Province
https://en.wikipedia.org/wiki/Republic_of_China
https://en.wikipedia.org/wiki/Wuxi
https://en.wikipedia.org/wiki/Jiangsu
https://en.wikipedia.org/wiki/Jiangsu
https://en.wikipedia.org/wiki/China
https://en.wikipedia.org/wiki/France
https://en.wikipedia.org/wiki/Italy
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These catastrophic accidents have aroused widespread attention and made 

governments and scientific research institutions aware of the increasing urgency of 

structural health diagnosis and corresponding timely maintenance with remedies. 

Studies (Mobley 2002; Reddy et al. 2020; Sun et al. 2020) have shown that early 

structural damage detection, warning and timely maintenance during service can 

greatly reduce the possibility of catastrophic accidents and the maintenance and repair 

costs of the whole life cycle. Therefore, ensuring the structure safety and extending 

their service life as much as possible is the key mission for maintenance. It is well 

known that the structural health monitoring (SHM) technology is of great potential to 

achieve such goal.  

A unified definition and concept of SHM has not yet been formed, but based on 

the extensive literature that has developed on SHM over the last 30 years, it can be 

argued that this field has matured to the point where several fundamental axioms, or 

general principles, have emerged (Worden et al. 2007). Aktan et al. (2000) described 

SHM as follows: health monitoring is the measurement of the operating and loading 

environment and the critical responses of a structure to track and evaluate the 

symptoms of operational incidents, anomalies, and/or deterioration or damage 

indicators that may affect operation, serviceability, or safety reliability. Catbas et al. 

(2008) described SHM as the process of monitoring the condition of a structure and 

detection of damage occurring in the structure over the time. They indicated that 

damage is referred as any structural or material change that affects the behaviour of 

the structure adversely and shortens its operational life. Farrar et al. (1999) and Sohn 

et al. (2001) described the SHM as a statistical pattern recognition process to 

implement a damage detection strategy for aerospace, civil and mechanical 

engineering infrastructure. Further they elaborated it as a four-part process,  i.e. 

operational evaluation, data acquisition and cleansing, feature extraction, and 

statistical model development. Eaton (2007) and Pearson (2013) summarized the 

application of piezoelectric transducer technologies for SHM in recent years and 

detailed discussed the conventional piezoceramic transducers application for Acoustic 
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Emission (AE) and Acousto-Ultrasonics (AU) based SHM system. 

After years of development, on this basis of online monitoring of the structure 

status and evaluation of its health and safety, the identification and treatment of early 

damage has been recognised as an important measure to improve the safety, extend 

the service life and reduce maintenance costs.  

In recent years, the health monitoring of large-scale civil engineering structures 

has become a study hotspot where countries all over the world are vying to invest 

abundant manpower, material and financial resources for research. Since 1997, 

Stanford University has held regular International Workshop on Structural Health 

Monitoring (IWSHM) every two years. Van der Auweraer and Peeters (2003) presented 

a detailed introduction to SHM research institutions, important projects and 

international cooperation in the Europe. Ou and Li (2010), and Li et al. (2016) provided 

an overview of recent advances and development on intelligent health monitoring 

systems specializing in civil infrastructure systems in China. 

As early as 1999, scholars had reached a consensus at the Second International 

Workshop on Structural Health Monitoring (IWSHM 1999) that future efforts and 

focuses should be concentrated on the analysis and interpretation of collected data 

(Yao and Wong 2012). This point leads to two key problems to be solved in the 

theoretical research and practical application of SHM – Damage identification and 

corresponding repair methods. From the perspective of structure design, the durability 

and stability are of great importance to the infrastructure. In the meanwhile, the 

material properties and performance have to be improved and enhanced as well to 

meet the needs of construction industry nowadays. 

There are obvious differences between civil engineering, aerospace engineering 

and mechanical engineering (for example, bridge structures and most other civil 

structures are large in size and volume, boundary conditions are complicated, have 

low natural frequency and vibration response etc.). Moreover, the dynamic response 

of the structure is extremely easily affected by non-structural factors, which is often 
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misjudged as damage. Therefore, the damage identification of structures become 

more challenging. 

Non-destructive Testing & Evaluation (NDT&E) methods play a key role in the 

success of SHM applications. Modern NDT&E techniques include Acoustic Emission 

(AE), Acousto-Ultrasonics (AU), Ultrasonics (UT), Digital Image Correlation (DIC) and 

Infrared Thermography (IRT), which are broadly applied for damage monitoring and 

detection on civil structures. 

From the view of materials, the ongoing problem of the deterioration of concrete 

is still a major concern in the construction industry. More seriously, even though micro-

cracking in reinforced concrete structures does not result in short-term collapse, the 

accumulation of damage over time can lead to excessive cracking and result in an 

unforeseeable major failure eventually. 

In recent years, the investigation of ‘smart material’ and development of self-

healing cementitious materials could be a solution to the problem of cracking and 

material degradation. Researchers are inspired by nature and developed the self-

healing cementitious materials (SHCMs) which have the ability to adapt and respond 

to a changing environment in such a way that they recover some of their performance 

after being exposed to damage (Selvarajoo 2020). As those newly developed materials 

and technologies appear promising, there are still pressing challenges and problems 

needing to be solved. In the UK, a research project called ‘Resilient Materials for Life’, 

a programme grant funded by EPSRC, is being carried out by the Universities of Cardiff, 

Bath, Cambridge and Bradford to investigate the development of self-healing 

cementitious construction materials. Progress towards large scale applications in a 

construction environment has already been achieved (Davies et al. 2018). 

1.2 Aims and objectives 

The overall motivation for this thesis is derived from the need to improve the safety 

and extend the service life of infrastructure made from concrete material. To approach 

and achieve this goal, this research aims to build a bridge between ‘Diagnose’ and 
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‘Treatment’ of construction materials. More specifically, this work is inspired to be a 

connection of taking the advantages of NDT&E techniques from widely applied SHM 

systems and the newly developed self-repairing techniques to provide the information 

necessary and to be beneficial for the design and development of associated methods 

to improve the durability and performance of structures. The self-healing technique 

selected for the case study in this thesis is a vascular network based system, where a 

healing agent is delivered to the damage location through a network of channels in the 

concrete. These techniques were developed by the RM4L group in Cardiff University. 

Further details are given in Chapter 5. 

The objectives of this research work are as follows: 

I. Investigate the characterisation of AE sources within concrete and explore 

appropriate signal processing methods based on conventional parameter-based 

analysis. 

II. Determine the reliability of Moment Tensor Analysis (MTA) as a well-recognized 

method to quantitatively identify and characterise source mechanisms of AE signals, 

and validate the effectiveness comparing to other methods. 

III. Explore the potential application of NDT&E methods to provide extra 

information on the realisation of ‘self-sensing’, ‘self-diagnosing’ and ‘self-repairing’ 

goals for the investigation of self-healing mechanisms in cementitious materials. 

1.3 Thesis organisation and structure 

The thesis is presented in seven chapters, with Chapter 1 being an introduction to 

the background of the status quo of concrete-built infrastructure and the need of the 

implementation of NDT&E techniques and development of smart materials. 

Chapter 2 provides a literature review and background around important areas 

including AE theories, development of NDT&E applications both on reinforced concrete 

and recently designed and developed innovative type of concrete. 

Chapter 3 presents a fundamental study of source characterisation on two basic 
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failure mode of concrete structure through a combined method of parametric analysis 

and waveform analysis. Two extracted indexes are introduced to evaluate the source 

type and severity of damage. 

Chapter 4 describes a detailed experimental investigation of MTA analysis on 

quantitative characterisation of AE sources. A preliminary study on a concrete cube is 

conducted followed by a reinforced concrete (RC) beam test to further present the 

SiGMA procedure applied. 

In Chapter 5 a case study of the application of AE monitoring on vascular network 

based self-healing concrete is presented.  

Chapter 6 the focus shifts towards the Acousto-Ultrasonics (AU) testing on the 

monitoring of crack development. Future directions of application related to self-

healing properties are pointed out in the end. 

Finally, Chapter 7 provides a summary of the findings of the thesis and discusses 

future work. 

A glossary of all terms appeared throughout this work is attached at the start of 

the thesis. 

1.4 Novelty Statement 

This study conducted four experimental investigation on the application of 

Acoustic Emission (AE) techniques and Acousto-Ultrasonics (AU) techniques on both 

concrete and self-healing concrete. The key areas of novelty are listed below. 

• Given the complexity of AE source of concrete structures in damage detection, an 

investigation strategy from fundamental damage to complex damage is proposed 

to realize the quantitative characterisation of AE signal.  

• Two parameters, the maximum amplitude Ami and characteristic instantaneous 

frequency fc are extracted and determined through the Hilbert–Huang transform 

(HHT) to be introduced as two indicators to characterise the nature of AE source 

mechanism efficiently and intuitively.  
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• Detailed experimental investigation of the source mechanism from artificial Hsu-

Nielson (H-N) source using Moment Tensor Analysis.  

• Robustness validation for the feasibility of the Moment Tensor Analysis on a four-

point bending test of RC beam. The predesignated damage mode is successfully 

located and determined through performing the SiGMA procedure. 

• AE monitoring test on the whole damage and healing process of a vascular-

network based self-healing concrete structures.  

• Application of Kaiser effect and Felicity ratio as criterion to evaluate healing 

efficiency of the vascular-network based self-healing system. 

• Using Principal Component Analysis and unsupervised pattern recognition 

techniques to differentiate between concrete fracture signals and those relating to 

the healing process included further damage. 

• Characterisation and representation of crack development and defected areas 

using apparent velocity methods directly obtained from the Acousto-Ultrasonics 

signal transmission. Exploration testing on the impact of healing agent in self-

healing concrete structure. 

1.5 Publications 

The work from Chapter 5 formed the basis of the conference publication below: 

• Wang, Yu, Pullin, Rhys, Pearson, Matthew, Davies, Robert, & Holford, Karen. M. 

2020. Detection and Evaluation of Vascular Network Based Self-healing Concrete 

Using Acoustic Emission. In: Shen, G. et al. eds. Advances in Acoustic Emission 

Technology. Proceedings of the World Conference on Acoustic Emission-2019. 

Springer International Publishing. doi: 10.1007/978-981-15-9837-1. 

Author presented the following work at the 12th BSSM (the British Society for 

Strain Measurement) Conference in Sheffield, UK in 2017 on behalf of the first author, 

Dr Simeng Liu. 
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• Liu, Simeng, Pearson, Matthew R., Eaton, Mark and Pullin, Rhys 2017. Correlation 

between acoustic emission distribution and stress variation through the depth of 

RC beam cross sections. Construction and Building Materials 150 , pp. 634-645. 

10.1016/j.conbuildmat.2017.06.001 
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2. Chapter 2 Literature Review 

2.1 Overview of Non-Destructive Testing (NDT) methods 

Infrastructure of a country is related to the national economy and people's 

livelihood. Reinforced concrete structure as it combines the advantages of both steel 

and concrete, it has become the most widely used structure in the world and plays an 

extremely important role in infrastructure construction. With the continuous expansion 

of the scale of infrastructure construction, the safety and maintenance of structures 

has become a major requirement for ensuring the sustainable development of society 

and economy. In order to ensure the normal operation of facilities and avoid the 

formation of major disasters, early identification of structural damage and planned 

maintenance of facilities have to be carried out beforehand to ensure the economic 

resources can be used more efficiently. Therefore, the development of new structural 

Non-Destructive Testing theory and technology has become a research focus for 

scientists and technicians nowadays. 

Commonly used NDT&E techniques in reinforced concrete structures include 

ultrasonic testing, impact-echo, Acoustic Emission (AE), Acousto-Ultrasonics (AU), 

infrared testing, microwave technology and radar method. Except for AE detection, the 

above-mentioned other methods are all active detection methods, and their detection 

range is limited to the local range where the energy input can reach. Therefore, it is 

laborious and time-consuming with those active methods to implement damage 

detection in large structures such as huge and complex bridges, high-rise buildings, 

underground projects and dams, etc. In addition, some key parts of the structure are 

often hidden by protective layers or coverings, making damage detection more 

challenging. The AE method collects elastic waves emitted when damage occurs in 

the structure. It is only required to ensure the sensor array is well arranged to realize 

the monitoring of the entire structure. It not only overcomes the detection difficulties of 

large structures, but also has unique features such as real-time, dynamic and online 

detection.  
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The Acoustic Emission (AE) is defined in ASTM E1316 (2011) as the class of 

phenomena whereby transient elastic waves are generated by the rapid release of 

energy from localized sources within a material, or the transient waves so generated. 

AE is a common physical phenomenon. The frequency range of AE signals of different 

materials is very wide from infrasound frequencies of only a few hertz, to acoustic 

frequencies of 20Hz-20kHz, to ultrasonic frequencies of several mega-hertz. The 

signal amplitude varies largely as well ranging from a microscopic displacement of an 

order of magnitude of 10-13 m to a seismic wave of an order of magnitude of 1m. 

Therefore, the AE method is sensitive so that the damage can be found early before it 

is visible. The energy detected by AE comes from the material itself, not provided by 

non-destructive testing equipment like ultrasonic or radiographic testing methods. The 

AE technology can provide real-time or continuous information of defects with external 

parameters such as load, time, temperature, etc., therefore it is suitable for online real-

time structural health monitoring of for those structures under service. Nowadays AE 

detection has become an important way for evaluating structural damage caused in 

fibre composite materials, reinforced concrete, and prestressed reinforced concrete, 

etc. 

2.1.1 Brief history of AE  

The beginning of modern AE technology is marked by the research work of Kaiser 

in Germany in the early 1950s. Kaiser observed that many metals and alloys have the 

AE during the deformation process. One of the most significant findings is the 

irreversible effect of AE events during the process of material deformation. That is, 

when the material is reloaded, there are no AE signals generated before the stress 

value reaches the maximum stress at the last time. This kind of irreversible 

phenomenon of material is called “Kaiser effect” (Kaiser 1950). 

Tatro (1971) conducted a study on the physical mechanism of AE. Tatro found that 

the AE events of metal plastic deformation are mainly caused by a large number of 

dislocation motion. For the first time, he presented that the AE technology can be used 

as a tool to study the performance of engineering materials, and it has a unique 
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advantage and application prospect in NDT methods.  

In the early 1960s, a wide range of research work on AE had been conducted in 

the United States and Japan where a lot of researchers tried to apply AE technology 

to the field of non-destructive testing of actual structure of engineering. In 1960s, 

Dunegan, for the first time, applied AE technology in the pressure vessel detection 

(Dunegan et al. 1968; Harris and Dunegan 1972). In 1964, Green et al. applied the AE 

technology to the non-destructive testing of the rocket engine casing (Green et al. 

1964).  

However, the early AE equipment and AE detection were limited to the audio range. 

So it is difficult to eliminate noise interference. Dunegan and Kanuss set up the first AE 

company in the United States in 1969 and carried out the development of modern AE 

equipment (Muravin 2009). They put the experimental frequency up to 100kHz-1MHz 

range to avoid the interference of audible noise, which is a significant progress of AE 

experiment technology. The development of modern AE equipment had created the 

condition for the AE technology from the laboratory material research to the integrated 

large-scale structure monitoring of working field. The Acoustic Emission Working 

Group (AEWG) was established in the United States in 1967. Subsequently, the 

European Working Group on Acoustic Emission (EWGAE) and the Japanese 

Committee on Acoustic Emission (JCAE) were both established in 1969. 

With the emergence of modern AE instruments, people have carried out extensive 

and systematic research work throughout the 1970s and early 1980s from AE source 

generation mechanism, wave propagation to AE signal analysis. It has also been 

widely used in field of production sites, especially in the aspects of chemical containers, 

nuclear containers and welding processes control. In 1979, Drouillard has compiled 

and published a list all of the known literature on AE before 1979 in a single volume 

(Drouillard 1979). According to its statistics, more than 5000 papers on AE had been 

published in the world by the end of 1986. 

In the early 1980s, the American Physical Acoustics Corporation (PAC) introduced 
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modern micro-processor computer technology into the AE detection system and 

designed a second-generation source localization AE detection instrument with smaller 

size and lighter weight. Due to the portable size and weight of the second-generation 

AE instrument, it promoted the extensive application of AE technology for field testing 

in the 1980s. Meanwhile, due to the introduction of 286 processor with more advanced 

micro-processing computers and multi-functional detection and analysis software, the 

speed of collecting and processing AE signals is significantly improved, and the 

information storage capacity of the instrument is hugely expanded, thereby the AE 

source localisation function and accuracy of damage detection have been greatly 

improved as well. 

In the 1990s, the PAC and the German Vallen Company successively developed 

and produced the third-generation digital multi-channel AE detection and analysis 

system with a higher degree of computerization, much smaller size and lighter weight. 

In addition to real-time measurement of AE parameters and location of AE sources, 

these systems are able to directly record, display and analyse waveforms. 

In the early 2000, a breakthrough in AE applications occurred as shown in Figure 

2-1. At that moment, more sophisticated AE analysis tools were developed that permit 

effective monitoring of damage even in complex concrete composite structures or 

elaborate external loadings (Ida and Meyendorf 2019). 

 

Figure 2-1. The scientific interest in AE monitoring of materials performance 

progressively increases since 1990 (Ida and Meyendorf 2019) 

After entering the 21st century, as a mature Non-Destructive Testing method, AE 
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technology has been widely used in many fields in the world mainly including the 

following aspects: 

(1) Petrochemical industry: detection and structural integrity evaluation of various 

pressure vessels, pressure pipelines and offshore oil platforms, leak detection of the 

bottom of atmospheric storage tanks, various valves and buried pipelines, etc. 

(2) Electric power industry: detection and leakage monitoring of high-pressure 

steam drums, pipelines and valves, detection of steam turbine blades, monitoring of 

turbine bearing operating conditions, and detection of partial discharge of transformers. 

(3) Aerospace industry: inspection and structural integrity evaluation of aircraft 

shells and main components, aircraft aging test, fatigue test inspection and online 

continuous monitoring during operation, etc. 

(4) Transportation industry: inspection of long tube trailers, highway and railway 

tank cars, crack detection of railway materials and structures, inspection and structural 

integrity evaluation of bridges and tunnels, and condition monitoring of ball bearings 

and journal bearings of trucks and trains, fracture detection of train wheels and 

bearings, etc. 

(5) Machinery manufacturing industry: detection of tool wear and fracture, 

detection of contact between grinding wheels or shaping devices and workpieces, 

verification of repair and shaping, quality control of metal processing, monitoring of 

welding processes, vibration detection, forging testing, and processing Collision 

detection and prevention, etc. 

(6) Civil engineering industry: inspection, monitoring and structural integrity 

evaluation of buildings, bridges, cranes, large amusement facilities, passenger 

ropeways, tunnels, dams, continuous monitoring of cracks expansions of cement and 

concrete structures, etc. 

(7) Scientific research and material testing industry: performance testing, fracture 

testing, fatigue testing, corrosion monitoring and friction testing of various materials, 
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magneto-acoustic emission testing of ferromagnetic materials, etc. 

(8) Others: interference detection of hard disk, drought stress monitoring of crops 

and trees, wear and friction monitoring, rock detection, geological and seismic 

applications, engine condition monitoring, online process monitoring of rotating 

machinery, crack detection of steel rolling silver, monitoring of the strengthening 

process of automobile bearings, monitoring of the casting process, monitoring of 

battery charging and discharging, testing of friction, force and destruction 

characteristics of human bones, monitoring of bone and joint conditions, etc. 

2.1.2 Principles of AE 

The principle of AE detection is shown in Figure 2-2. The elastic wave emitted 

from the AE source eventually propagates through material to structure surface, 

causing a surface displacement that can be detected by AE sensors. These detectors 

convert the mechanical vibration of material into electrical signals, which then will be 

amplified, processed and recorded. The change of internal stress in solid materials 

produces AE signals and there are many factors that can cause changes in internal 

stress during material processing and application, such as dislocation movement, 

crack initiation and propagation, fracture, and non-diffusion phases change, magnetic 

domain wall motion, thermal expansion and contraction, changes in applied load, etc. 

According to the observed AE signals, the mechanism of AE source can be analysed 

and investigated. 

 

Figure 2-2. Schematic diagram of AE detection principle 

The main purposes of AE detection are to: (1) Determine the location of the AE 

source; (2) Assess the activity and intensity of the AE source; (3) Analyse the nature 
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of the AE source; (4) Determine the time and load when the AE occurs. Generally, for 

active AE sources, other Non-Destructive Testing (NDT) methods such as the use of 

Acousto-Ultrasonics(AU) testing, magnetic particles, penetrant, or radiation, should be 

applied for local re-examination to accurately determine the nature and size of the 

defect area. 

2.1.3 AE sources of different materials 

After many years of research, it has been ascertained that there are many 

mechanisms in materials that can produce AE sources. The energy of AE is generally 

provided by external load, latent heat of phase change, external magnetic field, etc. At 

present, a large number of AE source models proposed can be roughly divided into 

two categories: One is that the source is regarded as an energy emitter, and the 

macroscopic parameters such as stress and strain can be used to obtain a stable 

solution to this problem, that is, the steady-state source model; the other one is to use 

the time-varying stress-strain field near the source to calculate the dynamic changes 

related to the behaviour of the source, that is, the dynamic source model.  

Figure 2-3 shows the energy distribution process of an AE source from a crack 

propagation event of a steady-state source model. For an event such as crack growth, 

only part of the released energy is transformed into elastic wave energy, and most of 

the rest is transformed into lattice strain energy, surface energy and thermal energy. It 

can be seen from Figure 2-3 that if the elastic wave energy emitted by the source event 

can be measured and the energy distribution function can be determined, then the 

energy of the source event can be reversely calculated, which will provide a method 

for understanding the microscopic fracture process of the material. However, due to 

the influence of the surrounding environment of the source, the rate of energy release, 

the differences between the material's P wave and S wave propagation speeds and 

the dispersion of surface Rayleigh waves (Full details are given in the following section 

2.1.4), the distribution function of each source is different and the elastic wave energy 

measured by the sensor could hugely vary with different positions. 
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Figure 2-3. Distribution process of released strain energy during crack propagation 

2.1.3.1 Transient and continuous AE signals 

The AE signal generated in the material has a wide dynamic range. Its amplitude 

can range from less than 10-15m to 10-9m, reaching a level of 106 magnitude (120dB). 

In addition, the generation rate of AE signals is also volatile. According to the 

description of Vallen (2002), AE signals are currently artificially categorised into 

transient (or burst) and continuous types as shown below in Figure 2-4.  

 

Figure 2-4. Transient (left) and continuous (right) AE signal (Vallen-Systeme GmbH 

2002) 

If the AE event signal is transient, intermittent and can be separated in time, then 

this signal is called a burst AE signal; if a large number of AE events occur at the same 

time and being indistinguishable in time, then these signals are continuous AE signals. 

In fact, continuous AE signals are also composed of a large number of small burst-type 

signals but too dense to be distinguished individually. 

2.1.3.2 AE sources in metallic materials  

After more than 60 years of research since early 1950s, AE sources in metal 

materials have been studied and identified. In this section, as the AE sources in 

metallic materials is not the focus in this work so a summary are given below in Figure 

2-5. (Shen Gongtian 2015) 
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Figure 2-5. AE sources in metallic materials 

2.1.3.3 AE sources in non-metallic materials  

Most of AE studies on non-metallic materials are mainly focused and applied on 

rock, concrete, glass and ceramics. Because those materials are all brittle and with 

high strength but poor ductility, the vast majority of AE sources come from the initiation 

of micro-cracks and formation and propagation of macro-cracks. The specific 

application of AE on concrete structure is covered in the following section 2.2 and 2.3. 

2.1.3.4 Other AE sources  

Other AE sources often encountered in the AE testing are listed below:  

• Delamination, fibre failure, etc. in composite materials;  

• Leakage of fluid medium;  

• Cracking of oxide or oxide layer;  

• Cracking of slag inclusion;  

• Friction source;  

• Liquefaction and solidification;  

• Loose and intermittent components contact;  
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2.1.4 Wave propagation 

For electromagnetic waves, propagation may occur in a vacuum as well as in a 

material medium. But for other types of waves they cannot propagate through a 

vacuum and need a transmission medium to exist. AE signals, as one of the typical 

elastic waves, have to undergo the propagation process in the medium from the 

generation of a source to reception. Due to the physical characteristics and geometric 

characteristics of the transmission medium, there is a significant impact on the wave 

propagation and further on the analysis and evaluation of the signal. Therefore, it is 

particularly important to know and understand the propagation characteristics of AE 

signals. 

2.1.4.1 Different modes of wave propagation 

The wave propagation of AE signals in the medium are in different modes 

according to the direction of the oscillation relative to the propagation direction. Much 

of the fundamental research into AE wave propagation are well documented started 

from the work conducted by Pollock (1986) and Rindorf (1981). Their work alongside 

other works and development afterwards has been widely discussed such as by 

Pearson (2013), Marks (2016) and McCrory (2016). Therefore only a brief summary of 

fundamentals is presented here. 

In infinite solid media, there only exist two types of wave which propagates: 

longitudinal wave and transverse waves. Longitudinal wave is also called P wave 

(Primary wave), whose direction of particle motion is parallel to the wave propagation 

direction; transverse wave is also called S wave (Secondary wave), whose particle 

motion is perpendicular to the wave propagation direction. When the transverse wave 

propagates in the medium, the medium will produce corresponding shear deformation 

accordingly. After the wave reaches the solid surface, the vibration of the medium 

surface elements become a combination of longitudinal and transverse waves, forming 

a surface wave or known as Rayleigh wave. Figure 2-6 gives the schematic diagrams 

of the characteristics of particle motion for the two body waves (P wave and S wave) 

and the Rayleigh (surface) wave.  
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Figure 2-6. Displacement characteristics of body waves: (a) P wave, (b) S wave and 

(c) Rayleigh (surface) wave (Nam et al. 2013) 

When the solid medium is in plate-like and the plate thickness is sufficiently limited 

to a certain extent (corresponding to the wavelength), then these waves couple 

together into more complex surface waves known as Lamb waves. Figure 2-7 shows 

two fundamental modes of Lamb wave in the plate-like medium which are the 

symmetric or extensional (S0) mode and the asymmetric or flexural mode (A0). The 

occurrence of these modes depends on the plate thickness and the particle motion 

characteristics and they occur for every excitation frequency. And different modes 

possess different wavelengths and propagation velocities as well. 

 

Figure 2-7. Lamb wave modes in plate-like medium (Willberg et al. 2015) 

The use of Lamb waves for SHM applications also has difficulties as the 

propagating modes are dispersive in nature and can convert into each other in the 
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presence of damages or other changes. One way to explicitly describe the dispersion 

behaviour of Lamb waves is to compute the solution of the dispersion equation for 

each frequency. And the Lamb’s homogenous equations are used to produce 

dispersion curves which describe the wave velocity of each mode as a product of the 

frequency and plate thickness (Pearson 2013). Figure 2-8 gives an example of 

dispersion curves for a 3.2mm thick aluminium of two basic wave modes. 

 

Figure 2-8. Example of dispersion curve for the aluminium material (thickness = 

3.2mm) (Pearson 2013) 

2.1.4.2 Reflection, refraction and mode conversion 

In an elastic solid medium, two propagation modes, longitudinal wave and 

transverse wave, are both generated at the AE source. When they propagate to the 

interface of different materials, the wave reflection, refraction and mode conversion 

occur as shown in Figure 2-9. In addition to their own reflecting (or refracting) P waves 

and S waves of the two incident waves, they can also be converted into surface waves 

on the free surface of a semi-infinite body. The Rayleigh waves can be generated in a 

thin plate with a thickness close to the wavelength. In a thick-walled structure with a 

thickness far greater than the wavelength, the wave propagation becomes more 

complicated as shown in Figure 2-10. 
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Figure 2-9. Wave reflection, refraction and mode conversion 

P - P wave; S - S wave; R - Rayleigh wave. 

 

Figure 2-10. Wave propagation in thick plate 

P - P wave; S - S wave; R - Rayleigh wave. 

2.1.4.3 Wave velocity in material 

The wave propagation velocity is a material characteristic which is related to the 

elastic modulus and density of the medium. It can vary widely in different materials. In 

a certain material, different propagation modes also have different propagation 

velocities. In a homogeneous medium, the velocities of longitudinal wave (P wave) and 

transverse wave (S wave) can be expressed by the following equations: 

 𝑣𝑙 = √
𝐸

𝜌

1−𝑣

𝜌(1+𝑣)(1−2𝑣)
   (2.1) 

 𝑣𝑡 = √
𝐸

𝜌

1

2(1+𝑣)
  = √

𝐺

𝜌
 (2.2) 

Where  

𝑣𝑙 is the longitudinal wave velocity; 

𝑣𝑡 is the transverse wave velocity; 

𝑣 is the Poisson's ratio; 

𝐸 is the Young's modulus; 
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𝐺 is the shear modulus; 

𝜌 is the material density. 

In the same material, there is a certain relationship between the wave velocities 

of different modes. For example, the velocity of transverse waves is about 60% of the 

velocity of longitudinal waves, and the velocity of Rayleigh waves is about 90% of the 

velocity of transverse waves (Graff 2012). The speed of longitudinal wave, transverse 

wave, and Rayleigh wave is not related to the frequency of the wave, while the speed 

of Lamb wave is highly related to the frequency contents of the wave as due to the 

existence of dispersion phenomenon, which is approximately distributed between the 

speed of longitudinal wave and transverse wave. In the actual structures, the 

propagation velocity is also affected by many factors such as material type, anisotropy, 

geometry and scale of structure, etc. 

2.1.4.4 Attenuation 

Attenuation is a general term that refers to the reduction in the strength or energy 

of a signal, which is natural consequence and inevitable of signal transmission over 

long distances. Therefore, attenuation controls the detectability of the source at 

different distances. For AE monitoring, it is a key factor in determining the sensor 

location and spacing. 

There are several factors causing wave attenuation, especially related to those 

physical parameters that determine the wave amplitude. There are also different 

attenuation mechanisms that cause a reduction in wave amplitude, but not all 

attenuation mechanisms necessarily cause energy loss. Some only cause propagation 

mode changes and energy redistribution without actual energy loss. The following are 

the main factors causing attenuation of wave propagation (Shen Gongtian 2015): 

(1) Geometric attenuation 

When a wave is generated by a local source, the wave will propagate in all 

directions from the source. Even in a lossless medium, the energy of the entire 

wavefront remains unchanged, but it is spread over the entire wavefront sphere. As 
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the propagation distance of the wave increases, the wave amplitude must decrease. 

(2) Dispersion attenuation 

Dispersion is a phenomenon caused by the change of wave velocity with different 

frequency. Since the actual AE signal includes multiple frequency components, and 

the velocity of Lamb waves is related to the frequency of the wave, the components of 

different frequencies in the wave packet will propagate at different speeds in the 

medium. The amplitude of each wave packet decreases as the wave propagation 

distance increases. 

(3) Scattering and diffraction attenuation 

Waves propagating in media with complex boundaries or discontinuities (such as 

cavities, cracks, inclusions, etc.) will interact with these geometric discontinuities, 

leading to scattering and diffraction phenomenon. Both scattering and diffraction of 

waves can cause the reduction of amplitude and lead to wave attenuation.  

(4) Attenuation caused by energy loss mechanism (internal friction) 

In the wave attenuation mechanism discussed above, if the transmission solid is 

an elastic medium, theoretically the total energy of all waves (original wave, reflected 

wave, scattered wave, diffracted wave, dispersion, etc.) remains the same. However, 

in reality, the total mechanical energy of wave propagation cannot remain constant, but 

gradually attenuate. Due to the thermoelastic effect, mechanical energy can be 

converted into thermal energy over propagation. If the stress exceeds the elastic limit 

of the medium, plastic deformation can occur and cause a loss of mechanical energy 

as well. Crack propagation converts the mechanical energy of the wave into new 

surface energy, and the interaction between the wave and the dislocation in the 

medium can also cause energy loss and attenuation. The viscous behaviour of plastic 

materials, the friction between the interface and the incompletely combined inclusions 

or fibres in the composite material can cause the energy loss and attenuation. 

Furthermore, magneto-elastic interactions, electronic interactions in metals, 

paramagnetic electrons or nucleus spin mechanisms, etc. can cause energy loss and 
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attenuation of waves as well. No matter which of the above mechanisms causes the 

reduction of mechanical energy, the amplitude of the wave will decrease as the wave 

propagates through the medium in any case. 

Figure 2-11 below gives an example of the attenuation curves in a reinforced 

concrete structure for different frequency bands. The figure shows a continuous 

reduction of the overall AE signal amplitude in each frequency band as the propagation 

distance increases. 

 

Figure 2-11. The attenuation of different frequency bands in a reinforced concrete 

beam (Feng and Yi 2017)  

2.1.5 Kaiser effect and Felicity effect 

Generally, the loading path history of the material has an important impact on the 

AE characteristics during the repeated loading. The Kaiser effect was put forward by 

the German scholar Kaiser in the first place (Kaiser 1953). It was discovered in a test 

of loading metal materials. The Kaiser effect is manifested and defined as the absence 

of AE signals (or no obvious AE signals) at loads not exceeding the previous maximum 

load level when material undergoes repetitive loading. In other words, material has a 

memory for the historical load with respect to the presence of AE phenomenon. 

Conversely, if the material gives off significant AE signals at a lower load than the one 

previously reached in an increasing repeated loading, then this phenomenon is defined 

as the Felicity effect. 

Rusch and Van Amerongen (1960), Mccabeetal et al. (1976) have proved through 
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experiments that the Kaiser effect exists in concrete, rock and masonry materials as 

well. Watanabe et al (2007) found that the Kaiser effect has a certain relationship with 

the strength of concrete. The more obvious Kaiser effect could be observed in higher 

strength concrete. Große and Schumacher (2013) found that Kaiser effect depends on 

the highest stress level reached by the previous loading. When the stress level 

exceeds a certain range (e.g. when the irreversible plastic deformation occurs) during 

the previous loading stage, the Kaiser effect disappears.  

Hongguang and Zaoding (1997) verified the existence of the Kaiser effect and 

Felicity effect during the cyclic loading process of concrete materials through a series 

of studies and the relationship between Kaiser effect and Felicity ratio is studied in 

detail. It is found that the Kaiser effect of the concrete material has both the upper 

stress limit (about 70% - 80% of the ultimate stress) and the lower stress limit (about 

30% - 40% of the ultimate stress). The upper limit of stress is determined by the failure 

mechanism of the concrete, and the lower limit of stress is determined by the structural 

characteristics of the concrete material itself. 

The Kaiser effect and Felicity effect have a number of applications in AE detection 

technology and especially play an important role in the areas below:  

•  Regular AE detection of new cracks in active components under overload;  

•  Estimation of the original maximum stress on rock mass structure;  

•  AE detection of fatigue crack initiation and propagation;  

•  Eliminate the noise interference of loading pin hole through pre-loading 

measures;  

•  Identification of the common reversible friction noise during the loading process. 

2.1.6 Source mechanism identification 

A major issue in successful AE monitoring is to distinguish the nature of the source. 

Mainly there are two different methods which are based on waveform and parameter 

respectively. The first one is the Moment Tensor Analysis (MTA), which is derived from 
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the seismic engineering application of structural materials. The second method is a 

statistical method which is based on AE signal features. 

2.1.6.1 Moment Tensor Analysis (MTA) 

Moment tensor analysis (MTA) is a post-processing analysis method for cracking 

mechanism identification based on acoustic signals. It is known that cracking 

mechanisms related to AE generation include crack dynamics and crack kinematics. 

Crack dynamics can be determined by deconvolution analysis, but it is worth noting 

that MTA has only been successfully applied in really limited cases because of the 

nature of this method and the material it applied on. To intrinsically investigate the 

damage mechanism and understand the cracking progress in fracture tests, a powerful 

technique using the simplified Green’s functions for Moment Tensor Analysis (SiGMA) 

procedure which is capable of quantitatively determining the crack kinematics of 

located sources, crack types and orientations has been proposed by Ohtsu (1991). 

Within the existing literatures based on MTA, the investigation of crack kinematics, 

crack classification and crack volume calculation have been extensively discussed. In 

MTA, crack types are mainly divided into tensile mode, shear mode and mixed mode. 

Since the understanding of the occurrence and growth of cracks under shear stress is 

particularly important for the evaluation of structural integrity of reinforced concrete 

structures, MTA can play an important role as a method for quantitative analysis of 

concrete cracking behaviour. However, not all recorded waveforms can be used for 

MTA as it requires accurate amplitude and arrival time of signals collected from at least 

six sensors at the same time. In that case most of work are only available for plain 

concrete materials or mortar blocks for testing and analysis. Reinforced concrete 

structure members are rarely involved because of the influence of steel bars, cracks 

and boundaries, etc. It is easy to cause analysis failure. This is the reason that only a 

small percentage of the recorded waveform set can be suitable for MTA analysis. 

Therefore, only limited information detected can be used in MTA analysis. 

The theory of MTA will be extensively discussed in Chapter 4. 
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2.1.6.2 RA-AF correlation analysis 

In some cases, the MTA method is not always feasible due to the strict sensor 

positioning requirements of experimental set-up and AE waveforms with a good signal 

to noise ratio. And it is even almost insurmountable in long structures monitoring like 

bridges. In 2003, the Federation of Construction Materials Industries from Japan 

published standards on estimation of concrete properties by the elastic-wave methods 

(Ohtsu et al. 2007). These standards contain a monitoring method for active cracks in 

concrete by AE (JCMS-III B5706-2003 code). The RILEM TC 212-ACD 

recommendation, introduced a straightforward classification method of damage modes 

based on AE parameter analysis in concrete. It is efficient to classify the active cracks 

into tensile and other type cracks including shear cracks as shown in Figure 2-12 

(RILEM TC 212-ACD 2010). As shown below, the RA value and the AF value (average 

frequency) is applied to characterise damage source in concrete. 

 

Figure 2-12. Protocol of RA-AF value based on RILEM TC 212-ACD (2010) 

recommendation 

The AE signal signatures are very different depending on the type of movement 

occurring. Based on the distribution of these two indices, cracks can be directly 

classified into tensile and shear cracks. The crack propagation process indicates that 

the tensile crack will be detected when crack opening occurs. When the condition 

changes to sliding movements, then it will be detected as shear cracks. From the view 

of AE waveform characteristics, it will show low rise time and high frequency during 

the early stage of tensile cracks whereas the waveforms with high rise time and low 
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frequency will dominate the failure stage during shear movement.  

However, there is no clear standard for defining the coordinate ratio between the 

two indices as AE measures non-linear and relatively independent random data. 

Therefore, it is necessary to develop a more effective classification way to collect 

statistics on the distribution of data. 

2.2 Application of AE in reinforced concrete 

In the field of civil engineering, AE technology is mainly used to find the AE wave 

characteristics under various damage states through experiments. The advantage of 

this is the direct establishment of the relationship between the material damage 

mechanism and AE characteristics, which is simple and straightforward. The 

disadvantage is that the relationship between AE signal with material properties and 

mechanics process is often ignored. It requires much experimental summary for 

different components and conditions. Because the relationship between damage 

mechanism and AE characteristics often show a complex nonlinear relationship, it was 

difficult to develop a universally applicable criterion. Although many practical 

engineering applications have made fruitful empirical results, this has not yet resulted 

in a fundamental breakthrough regarding the AE theory in this field. Therefore, 

researchers are increasingly focusing on AE-related theories.  

Due to the complexity of the research object in the field of reinforced concrete, AE 

technology faces many complex issues as an NDT method. However, in terms of the 

purpose of detection, these problems can be summarised into three questions: Firstly, 

where does the damage occur? That is, the problems of AE source location; Secondly, 

what is the kind of damage? That is, the problems of source identification; Thirdly, what 

is the extent of the damage? That is, the problems of quantitative assessment of 

damage. 

AE technology applied to concrete structures began in 1959 when Rusch did a 

research of the AE signals generated when the concrete was loaded (Rüsch and Van 

Amerongen 1960). He studied Kaiser Efect in concrete and found that the effect only 
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exists in the region of 70%-85% of the ultimate stress. L’Hermite (1960) studied the 

relationship between the cracking process and the volume change of concrete under 

axial compression and reported the results of AE research in the process of concrete 

cracking. Robinson (1968) studied the AE characteristics of concrete with different 

aggregate content and different aggregate size. He found that the AE signal generated 

from the concrete has two main frequencies, namely 2kHz and 13-14kHz. These two 

main frequency signals mainly occur in the load level when the sound velocity and 

Poisson's ratio changed. Wells (1970) developed an instrument used to record the AE 

signal under the deformation of concrete. The instrument can be used to measure the 

frequency range of 2-20kHz. Meanwhile, the mortar and concrete specimens were 

tested successfully, and the AE signal waveform was recorded. In the same year, 

Green (1969) published a more comprehensive research. By loading the top of a 

pressure vessel model made of pre-stressed concrete, the AE phenomenon of the 

loading process was tested. This is the first application of AE technology in the damage 

detection of concrete structures and it clearly shows the correlation of AE signals and 

material damage process of concrete. He also used the acoustic source location 

technology to determine the damage location. His work has opened up a precedent for 

the early warning of structural damage. 

The major application of AE in structural concrete elements began in the late 

1970s. Carpinteri et al. (2007). McCabe et al. (1976), Niwa et al. (1977), originally 

developed the AE technology which was derived from the metal materials, and enable 

it to be used for heterogeneous materials. Based on this study, the influence of 

concrete specimen size, age and loading mode on the AE signals was studied. The 

experiments showed that the AE rate could effectively describe the development of 

concrete damage. 

Given that people had limited capability in AE signal processing methods and lack 

of understanding of the characteristics of AE source and transmission characteristic, 

there were many problems with the repeatability and reliability of the experiments 

results at the beginning of the 1980s. However, AE instruments experienced two major 
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improvements during the period from the 1980s to 1990s. Firstly, the modern micro-

processing computer technology was introduced into the AE detection system. Then 

the second-generation AE source location detector with small size, light weight and 

fast speed was designed and applied to the promotion of AE technology in the field 

detection. Secondly, the third-generation digital multi-channel AE detection and 

analysis system is developed, which has a higher degree of computerization, smaller 

volume and lighter weight. In addition to the real-time measurement of AE parameters 

and source location, this system also can directly display and analyse the AE waveform, 

as well as the frequency analysis and provide a foundation of the AE technology based 

on waveform analysis. 

After entering in the 1990s, the continuous progress of the modern AE system has 

created the necessary conditions for the development of AE technology. In practical 

application, it is concluded that the AE parameters can reflect various damage 

processes, and the changes of these parameters are used to judge the type of damage. 

In the field of reinforced concrete, commonly used AE parameters are AE hits, counts, 

amplitude, duration, rise time and energy (Shiotani 2008). The parameter analysis has 

the advantages of simplicity, real-time analysis, and low requirement for the instrument. 

So it is often used in the health monitoring and quantitative research of actual structure 

and is widely applied in the identification of source location. 

Because the AE parameters only reflect partial information of AE signals, it is 

necessary to select the appropriate parameters or parameter combinations to analyse 

the characteristics of the problem. In the study of AE characteristics of concrete beams 

under three point bending load, Chen Bing and Zhang Lixin (2000) studied the AE 

characteristics of steel fibre reinforced concrete, plain concrete and mortar specimens. 

Based on the amplitude distribution characteristics of AE signals and setting filter value 

to the duration, they divided the duration time according to the amplitude of the event 

peak value and obtained the characteristics of AE parameters through the analysis of 

failure mechanism on the meso level. 

In fact, even if it is a plain concrete, the properties, size, proportion and 
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construction technology of components would affect the mechanical properties. 

Therefore, it is necessary to study the influence of these factors on the AE 

characteristics when using AE parameters to identify the AE source. Ji Hongguang and 

others (2004) studied the effect of structure characteristics of concrete material on AE 

performance through the laboratory test of concrete specimens. At the same time, he 

also studied the basic characteristics of AE in concrete materials under different stress 

conditions, the nonlinear characteristics of AE, Kaiser effect and the relationship 

between AE and damage in concrete materials. It can be seen that the changes of AE 

parameters are affected by many factors, such as material, structure, loading condition 

and so on, which need to establish the relationship between various parameters and 

different kinds of damage mode through a large number of experiments. 

In the field of reinforced concrete, cracking is the most common and basic failure 

form (Bamforth 2019). Therefore, it has become a direction of AE research that using 

fracture mechanics and AE technology to study the nature of concrete cracking and 

establish the relationship between AE parameters and fracture parameters. Chen et al. 

(1992) studied the relationship between AE and the development of cracks in mortar 

and concrete, and also used AE method to calculate the critical stress intensity factor 

and the critical notch tip opening displacement. Otsuka et al. (1998) studied the 

influence of aggregate size on the fracture process zone of concrete using AE method. 

They found that the larger the size of aggregate, the greater the fracture process zone. 

However, in the reinforced concrete structure, the application of fracture theory 

becomes more challenging due to the existence of all different kinds of rebar, and 

furthermore it results in more difficulties in terms of the AE characterisation of fracture 

mechanics. 

In order to be able to use simple parameters to better reflect the damage 

characteristics, so as to realise the real-time monitoring of the actual structure, some 

scholars have made improvements to the AE parameters and bring in new AE 

parameters from seismology and other fields. One method that has been adapted from 

seismology to study AE from concrete fracture is called ‘b-value analysis’, which is 
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originally proposed by Gutenberg and Richter (1950) and considered a qualitative 

method that characterises large numbers of events using an empirical log-linear 

frequency-magnitude distribution, from which parameters describing the distribution 

can be determined (such as mean occurrence time, maximum event size, relative 

numbers of small to large events, etc.). Although the b-value analysis method is well 

known in seismology, not too many works has been done on the area of concrete and 

civil engineering structures. Later on, an ‘improved’ Ib-value method was proposed and 

applied to the evaluation of slope failure by Shiotani (1994). Compared to b-value, the 

Ib-value method employs statistical parameters such as the mean and the standard 

deviation of the AE amplitude. It was found that the Ib-value analysis was in significant 

agreement with the progressive failure of the slope model and successful in evaluating 

fracture process of concrete (Shiotani et al. 2000). Colombo et al. (2003) used b-value 

analysis to study the AE signals on the test of reinforced concrete beams. The results 

show that the trend of b-value method has a good corresponding relationship with the 

cracking process of reinforced concrete beams. Farhidzadeh et al. (2012) studied and 

monitored the fracture process of large reinforced concrete shear wall under cyclic load 

by using AE technology. The filter-b value based on Gauss filter method is used to 

monitor the evolution of each fracture mode, and the clustering analysis based on k-

means is proposed to automatically divide the signal into tensile and shear types. 

Abdelrahman et al. (2014) using the accumulation of AE energy of AE technology to 

evaluate the damage of pre-stressed concrete structures with different degrees of 

corrosion. Based on this, a revisionary damage index is proposed and the yield point 

of the specimen is successfully detected. Behnia et al. (2014) have made a review of 

the application of AE technology in the health monitoring of concrete structure and the 

key AE parameters of b-value, Ib-value, AE, energy and number of hit are discussed. 

They emphasised the limitations of these parameters in the actual detection and 

discussed some new parameters appeared in recent years like sifted b-value, 

minimum b-value and Q value. 

Since 2010s, some researchers have tried to summarise the new AE parameters 
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which can reflect the essence of the AE source based on the signal analysis. In the 

identification of cracking pattern of cement-based materials by Aggelis et al. (2013), 

the analysis of crack mode of reinforced concrete members by Aldahdooh and Bunnori 

(2013), and the fatigue crack classification of reinforced concrete beams by Nor et al. 

(2013), both the characteristic parameters combination of Average Frequency (AF) 

and RA value are used to classify the active cracks (as mentioned previously in section 

2.1.6.2). However, these parameters basically reflect the overall characteristics of the 

signal and ignore its local characteristics. When the change of AE waveform caused 

by the change of acoustic source mechanism is not obvious, it would be very difficult 

to reflect it by parameters. Therefore, the introduction of parameters which can reflect 

the main characteristics of the signal waveform and harmonic source is undoubted of 

great significance to improve the reliability of the recognition rate of the acoustic source 

and the AE detection. 

The method of analysing the AE waveform to infer the acoustic source information 

is called waveform analysis. The waveform analysis can obtain more comprehensive 

signal information. Therefore, it is difficult to realise the acoustic source identification 

problem with the parameter method, which could be easier to study from the waveform 

analysis. 

Early in the development of AE technology, people realised the important role of 

waveform analysis and carried out many types of research (Stephens and Pollock 

1971). However, due to the limitations of the detection instrument, only moderate 

success was reached. From the end of the 1980s, due to the progress of AE detection 

system, researchers began to study the quantitative AE theory based on the signal 

analysis (Sachse and Kim 1987; Ono 1994). Because of the high potential of 

waveform-based analysis, increasingly researchers have started to study the 

waveform analysis to solve engineering problems in recent years (Govekar et al. 2000; 

Grosse and Linzer 2008). Balázs et al. (1993) used the coherence function to evaluate 

the similarity of two different AE signals and inferred the similar acoustic source 

mechanism based on similar frequency components. However, the usability of this 
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method is limited because it is based on the neglection of the influence of propagation 

medium and sensor characteristics on the waveform. 

Quantitative assessment of damage is the goal of AE technology. The rule of 

damage evolution of material or structure is usually reflected by the change of a 

parameter with time or the correlation between parameters. Ohtsu (1992) used AE rate 

process theory to evaluate concrete AE activity. He pointed out that the AE activity of 

concrete is closely related to the internal defects of the material and proposed the 

mathematical expression the AE parameters and concrete stress. Also, he also used 

this method to assess the defects of existing concrete bridge structures. Nair (2006) 

applied the strength analysis technique of quantitative damage to the failure test of 

reinforced concrete beam with cyclic loading. In the experiment, the trend of strength 

change in the process of damaging was obtained, and an actual bridge structure was 

analysed by using the method of strength analysis. 

In recent years, due to the continuous progress of experimental methods and the 

increasing demand for quantitative AE technology, research on the AE technology 

based on concrete materials has become more accurate and detailed. Aldahdooh and 

Bunnori (2013) studied the fracture mechanism of reinforced concrete beam by using 

AE signal and classified the crack types of reinforced concrete beams with a different 

thickness under four-point bending load (bending or shear cracks). Taking the number 

of AE hit as the parameter, the proportional relationship of the number of AE hit in the 

two types of cracks was obtained. The results are in good agreement with the visual 

observation of the crack mode. Invernizzi et al. (2013) studied the fracture and scaling 

ratio of AE signal strength in a combination of compression tests by using AE 

technology with different sizes and slenderness ratio of the concrete specimen. Then 

a finite element analysis model of pure compression test is presented, which can not 

only describe the interface crack of the aggregate material but also can describe the 

crack of the pure matrix material. The results show that the number of cracks in the 

numerical simulation and the AE count in the experiment has a good correlation with 

different size of specimens. Rouchier et al. (2013) studied the fibre reinforced mortar 
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tensile process by using digital image correlation (DIC) with AE monitoring. The 

evolution of the process of specimen degradation was quantified by image processing 

program and the correlation between AE activity, and optical measurement results 

were determined. 

At present, most of the research on reinforced concrete structure using AE 

technology is based on the laboratory-scale concrete components. It is the ultimate 

goal of AE workers to use AE technology in practical engineering to monitor and judge 

the damage status of the structure. Based on a large number of laboratory studies, 

some scholars have made some useful attempts of NDT methods in actual engineering 

structures by using AE technology. Shigeishi et al. (2001) applied AE technology to 

detect a real bridge, a combination of stone bridge and reinforced concrete bridge. The 

results showed that the strong AE signal comes from the reinforced concrete structure, 

and the signal energy from the stone structure is small. AE could detect early crack 

growth and crack tip position, early than visual inspection. Vogel et al. (2006), Fricker 

and Vogel (2007) studied the AE analysis and monitoring method in pre-stressed 

concrete structures. They applied this method to an actual pre-stressed concrete 

bridge structure for health monitoring and the failure of the pre-stressed tendons had 

been successfully detected. Degala et al. (2009) did an experimental study of 

reinforced concrete slab with carbon fibre by using AE technology, monitoring the 

initiation, development and localisation of damage, using parameters, strength and 

principal component analysis to predict concrete cracking and carbon fibre debonding. 

Suzuki et al. (2010) using AE rate process theory to study the durability of concrete 

under the action of freeze-melting circulation. They pointed out that the relative elastic 

modulus of concrete under action of freeze-melting circulation have a quantitative 

relationship with parameters of AE rate process. Kawasaki et al. (2013) applied 

continuous AE monitoring to the study of corrosion defects of reinforced concrete 

beams and successfully determined the occurrence of corrosion and crack nucleation 

induced by corrosion. The analysis results of AE parameters were compared with the 

results of corrosion mechanism viewed by electron probe, which showed that it is 
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promising that using AE to make a quantitative assessment of concrete corrosion 

caused by the expansion of early corrosion. 

In the past twenty years, AE technology has achieved remarkable development 

and begun to be applied in the evaluation of infrastructure such as bridges and dams. 

At the same time, damage quantification technology has been transferred from 

laboratory research to practical structures in service at this stage. Various methods of 

damage detection and quantification through AE-based condition assessment have 

been proposed and verified.  

As the Kaiser effect described in section2.1.5 above, the Felicity ratio, also known 

as the F-ratio, was proposed as a method to quantify the Kaiser effect. Another two 

ratios to estimate the Kaiser effect are proposed and defined by Ohtsu et al. (2002) as: 

(1) Ratio of load at the onset of AE activity to previous load: 

𝐿𝑜𝑎𝑑 𝑟𝑎𝑡𝑖𝑜 =
𝑙𝑜𝑎𝑑 𝑎𝑡 𝑡ℎ𝑒 𝑜𝑛𝑠𝑒𝑡 𝑜𝑓 𝐴𝐸 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑢𝑏𝑠𝑒𝑞𝑢𝑒𝑛𝑡 𝑙𝑜𝑎𝑑𝑖𝑛𝑔

𝑡ℎ𝑒 𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑙𝑜𝑎𝑑
 

(2) Ratio of cumulative AE activity during the unloading process to that of the last 

maximum loading cycle: 

𝐶𝑎𝑙𝑚 𝑟𝑎𝑡𝑖𝑜 =
𝑡ℎ𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝐴𝐸 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑢𝑛𝑑𝑒𝑟 𝑢𝑛𝑙𝑜𝑎𝑑𝑖𝑛𝑔

𝑡𝑜𝑡𝑎𝑙 𝐴𝐸 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑑𝑢𝑟𝑖𝑛𝑔 𝑡ℎ𝑒 𝑤ℎ𝑜𝑙𝑒 𝑐𝑦𝑐𝑙𝑒
 

As the Load ratio and Calm ratio are introduced in practice, the damage 

assessment method is proposed to classify the damage levels as illustrated in Figure 

2-13. Nevertheless, the criterion of the particular values to classify these two ratios 

should be properly determined based on the experimental data obtained at the site or 

in a laboratory as it varies in different scale structures. Ohtsu et al. (2002) suggested 

that 0.9 of the Load ratio and 0.05 of the Calm ratio can be applied for the classification 

in laboratory tests. For a larger scale structure, for example a concrete bridge beams 

(Colombo et al. 2005a; Colombo et al. 2005b), 0.3-0.45 of the Load ratio and 0.6 of 

the Calm ratio can be applied. 
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Figure 2-13. Qualification of the damages by Calm ratio and Load ratio 

Given the similarities between AE phenomenon and earthquake except for in 

different scales, there are two main methods adapted from seismology. One is Moment 

Tensor Analysis (MTA) as previously introduced in section 2.1.6.1 and will be discussed 

in detail in Chapter 4. Another one is the b-value analysis as mentioned above as well. 

After analysing large numbers of earthquakes in the temporal as well as the spatial 

domain, Stein and Wysession (2009) found that the slope of the cumulative frequency-

magnitude relationship is usually equal to unity, i.e., b≈1, in seismically active regions. 

An example of a cumulative frequency-magnitude diagram is given in Figure 2-14. The 

data is from USGS (1900-1990) Website titled “Frequency of occurrence of 

earthquakes”, and the Graph was plotted by L. Linzer (Mhamdi et al. 2015). Another 

example from Schumacher (2008) of a continuous estimation using b-values for a full-

scale reinforced concrete bridge girder is given in Figure 2-15. 

 

Figure 2-14. Example of cumulative frequency-magnitude diagram (or Gutenberge-

Richter distribution) in seismology 
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Figure 2-15. (a, b) Example of continuous b-value analysis for a full-scale reinforced 

concrete bridge girder (Schumacher 2008) 

Except those method described above, there are other numerous studies 

regarding the application of AE in damage assessment during load tests of RC and PC 

structures, such as: 

·Intensity analysis (IA): This method was proposed by Fowler et al. (1989) to 

assess damage in fibre-reinforced polymer vessels and tanks. It was used to classify 

the damage associated with ASR (Alkali-Silica Reaction) distress (Abdelrahman et al. 

2016). Recently, the IA method was extended to material degradation mechanisms in 

concrete structures such as corrosion (Abouhussien and Hassan 2016); 

·Relaxation ratio: A method initially proposed by Colombo (2003) in his PhD to 

quantify the AE energy recorded during the unloading and loading phases of a cycle 

test, which is based on the principle that the presence of AE energy during the 

unloading phase of an AE test is generally an indication of structural damage of the 

material and/or structure under study.  
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·Index of damage (ID) and modified index of damage (MID). The ID method was 

initially put forward by Benavent-Climent et al. (2012) for the application of damage 

evaluation of reinforced concrete slabs subject to seismic loads. The ID method is 

based on the relationship between the cumulative AE energy and plastic strain energy 

dissipated by concrete. However, one of the constraints of this method is that it is only 

applicable within lab-scale experiments as it requires the continuation of the test until 

the specimen surpasses the level of maximum admissible damage. Thereafter, 

Abdelrahman et al. (2014) made an improvement and proposed a modified index of 

damage (MID) to enable the field applicability. 

Nevertheless, most of them have the limitation as they can only classify damage 

if cracking has occurred, such as b-value and relaxation ratio, which can classify in 

terms of micro- and macro-cracking (Elbatanouny et al. 2014); therefore, these are 

widely applied for tests with high-level AE activities but not suitable for low-level AE 

activities. Table 2-1 shows an overview of some typical work on the application of AE 

in concrete structure assessment in recent years according to different experiment 

scales, material types, loading, sensors and evaluation methods. 
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Table 2-1. An overview of application of AE assessment on RC structures 

Authors and 

publication time 

Experiment 

scale 

Structural 

material 

Loading 

method 

Sensor 

type 

Damage evaluation 

method 

(Ohtsu et al. 2002) Medium 
Reinforced 

concrete 

Static 

loading 

Resonant 

(150kHz) 

Load ratio and Calm ratio (LR 

& CR) 

(Golaski et al. 

2002) 

On-site 

testing,  

full Size 

Pre-stressed 

concrete 

Static 

loading 

Resonant 

(55-60kHz) 
Intensity analysis 

(Colombo et al. 

2003) 
Medium 

Reinforced 

concrete 

Static 

loading 

Resonant 

(55-60kHz) 
b-value 

(Colombo et al. 

2005b) 
Medium 

Reinforced 

concrete 

Static 

loading 
Broadband LR & CR, relaxation ratio 

(Ridge and Ziehl 

2006) 
Medium 

Reinforced 

concrete 

Cyclic 

loading 

Resonant 

(55-60kHz) 

Cumulative Signal Strength 

Ratio (CSS ratio) 

(Lovejoy 2008) Full Size 
Reinforced 

concrete 

Static 

loading 

Resonant 

(150kHz) 
Intensity analysis, LR & CR 

(Ziehl et al. 2008) 
On-site 

testing 

Post-tensioned 

Pre-stressed 

concrete 

Cyclic 

loading 

Resonant 

(55-60kHz) 

LR & CR, CSS ratio, global 

performance index 

(Liu and Ziehl 

2009) 
Small 

Reinforced 

concrete 

Cyclic 

loading 

Resonant 

(55-60kHz) 
LR & CR, relaxation ratio 

(Aggelis et al. 

2009) 
Small 

Reinforced 

concrete 

Step 

loading 

Resonant 

(55-60kHz) 
Ib-value 

(Nair and Cai 

2010) 

On-site 

testing 

Pre-stressed 

concrete 

Live load 

by dump 

trucks 

Resonant 

(55-60kHz) 
Intensity analysis 

(Barrios and Ziehl 

2012) 
Full Size 

Pre-stressed 

concrete 

Cyclic 

loading 

Resonant 

(55-60kHz) 
LR & CR 

(Xu et al. 2013) Medium 
Pre-stressed 

concrete 

Cyclic 

loading 

Resonant 

(55-60kHz) 

LR & CR, CSS ratio, 

relaxation ratio 

 

As the basis of the experimental study of AE technology, the hardware system has 

made a great progress in recent years including the new sensing technology to 

improve the measurement accuracy, frequency range and stability, the wireless sensor 

technology for the convenience of engineering application (Lédeczi et al. 2009; 

Lédeczi et al. 2011), the new technology of global optical fibre sensor for reducing the 

number of AE sensors and convenience of large structural engineering (Verstrynge et 

al. 2014). 
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2.3 Smart material and application of NDT&E techniques in self-healing concrete 

As the most commonly used construction material, the safety and durability of 

concrete used are always the core issues that attention needed to be paid, particularly 

when considering that a typical design life for a civil engineering structure is 50 years 

or more (Joseph et al. 2010). Normally the repair and maintenance costs account for 

approximately half of the total expenditure on construction (Liu et al. 2017). Under the 

unfavourable influences of external environment, cracking of concrete is extremely 

common far before the predetermined service life is reached. To prevent the threats to 

the structure safety caused by the cracking, currently regular maintenance and 

external filling methods are mainly adopted. However, those methods of filling and 

repairing are time-consuming and labour-consuming. Moreover, the problems of 

whether the supplemented materials can be well connected and combined with the 

original materials, whether its strength and durability and other properties meet the 

requirements of structural safety after recombination, and the consumption of a great 

deal of manpower and materials have not been well resolved. Therefore, to deal with 

those problems, new techniques and methods need to be explored. 

2.3.1 Introduction on smart material 

Since the degradation of material has been considered as an inevitable process, 

and a large amount of infrastructure budgets have been spent on repairs, maintenance 

and the replacement of existing and new structures (For example, 35-45% in the UK, 

50% in EU), which points to significant inadequacies in past practice and current 

design and construction techniques (Gardner et al. 2018). Therefore, intelligent 

materials is becoming one of the major trends in the development of building materials. 

Researchers have gained the inspiration from biological systems and been 

developing materials which have the ability to adapt and respond to their environment, 

including those with autogenous and autonomic self-healing and self-repairing 

capabilities. This fundamental change in material design philosophy has resulted in the 

creation of a whole host of ‘smart’ materials, including self-healing concrete. 
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To better understand the problems encountered during the construction of 

concrete structures in the UK and the degree to which concrete cracking/damage is a 

major problem, the research to develop biomimetic approach to the healing of concrete 

is being undertaken in the United Kingdom as part of the multi-disciplinary research 

project, Resilient Materials for Life (RM4L), a collaborative research between Cardiff 

University, the Universities of Bath, Bradford and Cambridge (Jefferson et al. 2010; 

Joseph et al. 2010; Davies et al. 2015; Al-Tabbaa et al. 2018; Belie et al. 2018). The 

vision of RM4L project is really to initiate the concepts of self-sensing, self-diagnosing, 

self-immunisation and self-reporting capabilities into cementitious systems in order to 

develop truly biomimetic responses in our infrastructure materials and structures. 

According to a market research conducted by Gardner et al. (2018) from the M4L 

(Materials for Life) project, it was indicated that the main problems experienced with 

concrete (both old and new construction) in projects on which the respondents had 

worked over the last 5 years are given in Figure 2-16 below: 

Figure 2-16. The main causes of damage in concrete structures (according to 

participants) (Gardner et al. 2018). 
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From the survey above, it can be seen that damage in the form of cracking in 

concrete structures is still the most common damage form and experienced by more 

clients, design team members and civil engineering contractors than any other 

problems. To find a solution to cracking of concrete, the research work of development 

of vascular flow networks based system and shape memory polymer based system 

has been undertaken at Cardiff University since 2006 (Joseph 2008; Jefferson et al. 

2010; Gardner et al. 2013; Davies et al. 2015), and still under further investigation with 

new techniques and improvement developed both experimentally and numerically 

(Davies and Jefferson 2017; De Nardi et al. 2020; Selvarajoo et al. 2020). As a part of 

this programme, the ability to artificially create a cementitious material with autonomic 

healing properties has been examined.  

The concept of ‘autonomic healing’ is based on the principle that crack formation 

in the cementitious matrix also causes fracture of the brittle adhesive-filled capsules or 

tubes embedded within the matrix. The contents of the capsules or tubes are thereby 

released into the crack plane where the agent is intended to cure and heal the 

damaged host matrix. This concept was originally proposed for cementitious materials 

by Dry (1994). Enhanced autogenic and autonomic healing techniques have been 

widely developed over the last few decades, and that involve the inclusion of mineral 

additions, crystalline admixtures, polymers, hollow fibres, encapsulation or 

microorganisms within structural elements (Davies et al. 2018; Al-Tabbaa et al. 2019). 

Generally autogenic healing refers to the natural process of crack repair that can occur 

in concrete in the presence of moisture and the absence of tensile stress, while 

autonomic healing in concrete refers to the self-healing mechanisms which are 

artificially triggered within the matrix through chemical or biological agents. These 

healing agents are usually supplied through encapsulation or vascular networks. 

Selvarajoo (2020) discussed these related techniques in detail and summarised 

most of them developed for cementitious materials as given in Table 2-2. 
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Table 2-2. Summary of self-healing techniques developed for cementitious materials 

(Selvarajoo 2020) 

Self-healing 

system 

Self-healing 

technology 
Ways and techniques Healing processes 

Autogenic 

healing 

Supplementary 

cementitious 

materials 

Inclusion of SCMs into the 

cementitious mix. 

The presence of water allows 

the precipitation of CaCO3 

crystals. 

Microfibers (i.e. 

steel, PVA, PE) 

Microfibres randomly dispersed 

throughout the cementitious mix. 

Restricting crack widths so that 

autogenic healing can occur. 

Shape memory 

polymers 

(SMP) 

PET strips or strands formed into 

tendons anchored within the 

cementitious matrix similar to 

post-tensioning. Heat activation 

via electric current resulting in 

shrinkage. 

Compressive stresses help 

create contact between the 

crack surfaces and reduce crack 

widths which facilitates 

autogenic healing. 

Autonomic 

healing 

Microencapsulation 
Microcapsules distributed into 

the cementitious matrix.  

The rupture of the micro/macro 

capsules releases healing agent 

into the cementitious matrix.  
Macro 

encapsulation 

Hollow tubes (glass or ceramic) 

embedded into the cementitious 

matrix. Usually preferred 

because more healing agent can 

be stored to achieve multiple 

healing.  

Bacteria healing 

systems 

Bacterial spores and nutrients 

included in the cementitious 

matrix. 

Exposure of bacterial spores 

and nutrients to water promotes 

deposition of CaCO3 crystals.  

Vascular healing 

systems 

Hollow channels formed in the 

cementitious matrix as a delivery 

system for the healing agent into 

cracks. Potentially pressurised to 

allow multiple healing.  

The healing agent flows into 

crack plane when cracking 

reaches flow channels. This 

system can be connected to an 

external reservoir to increase 

supply of healing agent.  

2.3.2 Application of NDT&E technique in self-healing concrete 

As an experimental NDT&E technique, AE has been widely applied for damage 

detection in infrastructure and civil engineering for decades . The advantages of AE lie 

in its sensitivity to damage growth and corresponding changes occurred inside material 

which makes it promising for detection and quantification of damage in real time. 

Therefore, people started to notice the potential application of AE along with other 

NDT&E techniques as monitoring tools in recently designed and developed innovative 

type of concrete. 

Granger et al. (2007) conducted a three point bending test on a UHPC (Ultra-High-

Performance Concrete) beam to investigate and quantify the autogenic healing 

phenomenon. The healing phenomenon was mainly highlighted by means of water 
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permeability tests while the AE monitoring was performed in order to show that the 

mechanical response is due to new crystals precipitating in the crack. In that study, AE 

energy analysis provides the insights about the cracking process of healed concrete 

and characterised the response to damage of the newly formed crystals and 

continuation of the crack propagation. Seo and Kim (2008) applied AE to characterise 

the fatigue damage and healing in Asphalt Concrete (AC). It has proved that the 

accumulative AE energy and AE counts can be used not only to assess the initiation 

and propagation of fatigue damage, but also to quantify the beneficial effect of rest 

period on the performance of AC. Shiotani et al. (2009) employed the ultrasonic pulse 

velocity (UPV) method to evaluate the repair effect after the injection of repair agent 

(grout) into boreholes on a 70-year old dam. Based on the time-of-flights measured at 

all wave propagation paths, a tomogram of the dam pier was created to localise the 

damaged area and those identified deteriorated dam structure were manually repaired. 

Grosse and Malm (2016) proposed that, since AE are difficult being applied at real-

world structures, a combination of inspection and monitoring techniques, including 

ultrasonic (UT), vibrational testing and AE, is the most useful for the development of 

self-healing concrete. Feiteira et al. (2017) performed a study both from macro-scale 

(with AE and DIC) and micro-scale (with SEM) to assess the fitness of continuous 

monitoring methods to detect failure due to excessive strain on polymers bridging 

moving cracks in the context of self-healing concrete. In this study, the cumulative AE 

hits distribution were used to indicate the agent fracture as cracks reopen after healing. 

Minnebo et al. (2017) developed a vascular system as a self-healing concrete 

technique, carrying the healing agent. Both AE and DIC techniques were applied to 

investigate the mechanical behaviour of the vascular system. The AE cumulative hits 

distribution was used to assess the crack closure and reopening after healing, while  

the new cracks formed and cracks closure after healing were detected by AE source 

location method. Chen et al. (2021) investigated the damage and healing of 

cementitious materials based on fly ash (FA) under repeated loading. The effect of 

repeated loading on the self-healing performance is evaluated by AE analysis, water 

absorption measurement and SEM observation. Specifically the AE features, such as 
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number of hits, signal strength, amplitude and cumulative energy, are extensively 

discussed for assessing the healing efficiency. 

In the past decade, there are a series of studies conducted in Vrije Universiteit 

Brussel and Magnel Laboratory for Concrete Research (Van Tittelboom et al. 2016) in 

Ghent University. Table 2-3 below has provided an overview of those scientific work 

focusing on the application of AE along with other NDT&E techniques on assessment 

of damage and autonomous repair on recently developed self-healing concrete. 

Table 2-3. An overview of investigation of application of AE on self-healing concrete 

Authors and 

publication time 

Experiment 

scale 

NDT&E 

applied 
AE monitoring tool and highlights of results 

(Van Tittelboom 

et al. 2012) 
Small AE 

AE hits energy analysis detects glass capsules 

rupture as crack propagates 

(Tsangouri et al. 

2013) 
Small AE, DIC 

AE hits features (i.e., energy, duration) analysis 

localizes in space and in time capsule breakage 

events; Source localization applied to detect the 

area where healing agent is released 

(De Belie et al. 

2015) 
Real 

AE, DIC, 

UPV 

AE hits energy analysis detects healing 

activation in large-scale concrete beams 

(Van Tittelboom 

et al. 2015) 
Small 

AE, DIC, 

X-ray 

radiography 

AE hits energy analysis detects healing 

activation in concrete where multiple cracks form 

and interact after healing 

(Van Tittelboom 

et al. 2016) 
Real 

AE, DIC, 

X-ray 

tomography, 

fluorescent 

light 

microscopy 

AE hits energy analysis detects healing 

activation in large-scale concrete beams 

(Karaiskos et al. 

2016) 
Real 

AE, DIC, 

UPV 

AE hits energy analysis detects healing 

activation in large-scale concrete beams 

(Tsangouri et al. 

2016) 
Small 

AE, AU,  

vibrational 

testing 

Source localization applied to assess AE 

accuracy in presence of cracks and accuracy 

restoration after healing 

(Tsangouri et al. 

2019) 
Real 

AE, 

Tomography, 

UPV; 

AE monitoring of high energy burst signals 

proving effective healing occurs locally 

 

Although the application of AE and other NDT&E methods on concrete structures 

has a long history since the very beginning, its application on the recently developed 



48 
 

concrete technology, namely the autonomously healed and repaired concrete also 

shows great potentials as a promising tool of monitoring. It is beneficial to have the 

capabilities of tracking the location and scale as cracks to be occurred and healed in 

real time, which will be helpful to realise a higher efficiency and accuracy of self-

triggering on the development of self-healing techniques. 

2.4 Common AE signal processing methods 

Signal processing is the last and indispensable link of AE detection technology, 

which plays the most important role in obtaining the characteristics of AE sources. As 

mentioned previously already, presently the signal processing methods of AE mainly 

include two ways: parameter analysis and waveform analysis. The parameter analysis 

uses features extracted from waveform as simplified characteristics to describe the AE 

signals, which is straightforward and efficient but will lose many details as well. The 

waveform analysis obtains the characteristics of AE signal by further processing the 

waveform in time domain, frequency domain or modal analysis to obtain signal 

characteristics. Figure 2-17 below shows a flow chart regarding the common 

approaches of processing AE data. 

 

Figure 2-17. Common AE data processing approaches 
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2.4.1 Parameters based signal processing methods 

Figure 2-18 below shows the typical AE features extracted from waveforms. 

Commonly used AE parameters include amplitude, energy, rise time, duration, ring 

counts, etc. In the early stage of AE technology development, due to the limitation of 

data acquisition, the hardware of AE instruments was unable to collect and save AE 

signals in real time and could only calculate the parameters, such as American ASME 

standards and national standards GB/T 181821 of China, etc. are all based on the 

parameter analysis to evaluate the testing objects. 

 

Figure 2-18. AE waveform features, figure reproduced from Pearson (2013) 

Parameter analysis has been widely used in AE detection especially in the early 

stage of AE technology development. Daniel (1998) investigated the relationship 

between AE parameters and the initiation and propagation of fatigue cracks. 

In the study of a tensile test on steel and welded steel specimens, Roberts and 

Talebzadeh (2003) found that the AE count rates has a reasonable correlation with 

fatigue crack propagation rate. The relationship between AE ring count and material 

properties in metallic material has also been studied by the scientific work from (Daniel 

1998; Gong et al. 1998; Roberts et al. 1999; Talebzadeh and Roberts 2001). Li and Liu 

(2004) studied the AE signal characteristics of metal materials under high-frequency 

fatigue conditions and deduced the relationship between signal energy and the number 
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of fatigue cycles. Shiwa et al. (1996) and Tsamtsakis et al. (1998) performed periodic 

tensile tests on composite material specimens. It was found that the damage of 

composite materials was related to the event counts and energy of AE signals at 

different fatigue life stages.  

Due to the advantages of simple calculation and clear physical meaning of AE 

parameter analysis, the standardization and commercialization of AE technology has 

been significantly promoted. However, it does not consider the specific details of AE 

waveform and a lot of useful information is lost. The main deficiencies of parameter 

analysis are as follows. 

i. The parameter analysis is based on the assumption that the wave propagation 

velocity of AE signal is constant. However, the actual propagation velocity of AE wave 

in the medium is given in section 2.1.4.3 previously. For instance when it comes to the 

composite materials, the high anisotropy will result in a significant change of wave 

propagation velocity. 

ii. It is difficult and challenging to establish a corresponding relationship between 

AE parameters and the mechanisms of AE sources. It is almost unlikely to directly use 

AE parameters to evaluate and analyse the AE source constitutionally. 

iii. In the study of multi-dimensional AE signals using the parameter analysis 

method, it is also difficult to determine how to effectively select parameters to be 

applied and the correlation between them. 

2.4.2 Waveforms based signal processing methods 

The waveform analysis method captures AE source characteristics through time 

domain, frequency domain and time-frequency domain analysis of recorded and stored 

AE signals. At present, the spectrum analysis, time-frequency domain analysis and 

modal analysis are the most commonly used three kinds of waveform analysis 

methods. 

The spectrum analysis method obtains the spectral characteristics of AE signal by 
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Fast Fourier Transform (FFT) and extracts the characteristics of AE signal in the 

frequency domain. Based on spectrum analysis, in-depth research on the extraction 

and processing of AE source information has been widely carried out by many 

researchers. 

The Modal Acoustic Emission (MAE) provides a better theoretical background for 

AE testing, which is based on the plate wave theory (Surgeon and Wevers 1999) and 

aiming at the analysis of the physical mechanism of AE. In the work of fatigue damage 

investigation in aviation grade steel by Pullin and Holford et al. (2005), the location of 

the AE source can be determined through the analysis of the difference of arrival time 

of two dominant wave modes, symmetric (S0) and asymmetric (A0) in digitised AE 

signals, and the propagation orientation of fatigue crack can be determined by 

comparing the amplitude ratio of the two wave modes. Jiao et al. (2004) studied the 

dispersion characteristics of the modes of elastic waves propagating in thin plate 

through the application of wavelet transform. 

Compared to the parameter analysis and the frequency spectrum analysis, the 

MAE has great advantages in the accuracy of source identification and source location, 

but to a great extent it is still in the laboratory research stage. The main reason is that 

the application of MAE requires researchers to be very familiar with the plate wave 

theory. Also the geometry of specimen and the attenuation characteristics of AE waves 

on the specimen will largely affect the processing accuracy of MAE as well. 

Beyond those methods mentioned above, in recent years there are many time-

frequency analyses methods that has emerged overcomes the shortcomings of the 

frequency domain analysis method based on Fast Fourier transform (FFT) and can 

extract the time domain and frequency domain characteristics of signal simultaneously. 

Specifically, those algorithms which are mainly related to SHM system have been 

developed to process data in association with time domain, frequency domain, or time-

frequency domain, such as statistical time series (STS) models, Kalman Filter (KF), 

Fast Fourier transform (FFT), short-time FFT (SFFT), wavelet transform (WT), S-

transform (ST), fast ST (FST), Hilbert transform (HT), Hilbert-Huang transform (HHT), 
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Multiple Signal Classification (MUSIC), Blind Source Separation (BSS), etc. Different 

features can be extracted by applying those methods on any vibration data acquired 

from a SHM system. The advantages and disadvantages of the models are 

summarized in the Table 2-4. 

Table 2-4. Advantages and disadvantages of signal processing techniques (Chen et 

al. 2017) 

Methods Advantages Disadvantages 

STS 
Linear model; 

Ease of implementation 

Sensitive to noise; 

Only used for linear systems 

KF 
Good signal-noise ratio; 

Good estimation of change in time 

Time consuming; 

Requires parameter calibration; 

Limited convergence speed and 

tracking accuracy 

FFT 

Nonlinear model; 

Model linear and nonlinear systems; 

Ease of implementation; 

Simplicity 

Not applicable for complex system; 

Requires calibration to find model 

order; Sensitive to noise; 

Only frequency domain 

representation 

MUSIC 

High resolution in frequency domain; 

Closely-spaced modes can be 

estimated 

Time consuming 

SFFT 

Ease of implementation; 

Time-frequency domain 

representation; 

Simplicity 

Requires large quantity of samples; 

Limited time-frequency resolution; 

Not applicable for nonlinear and 

transient signals 

WT 

Good time-frequency resolution; 

Good signal-noise ratio; 

A mother wavelet can be used for 

different application 

Spectral leakage; 

Requires several levels of 

decomposition; 

Mother wavelet will affect the result; 

‘End effect’ is significant 

ST 

Good time-frequency resolution; 

Spectrum can be localized in time 

domain 

Time consuming; 

Requires calibration 

FST 

Time saving; 

Good time-frequency resolution; 

Spectrum can be localized in time 

domain 

The application in SHM systems 

need exploring 

HHT 

Good time-frequency resolution; 

High signal-to-noise ratio; 

Adaptive method; 

Ease of implementation 

Mode-mixing; 

Requires calibration 

BSS 

Good signal-noise ratio; 

Good accuracy to separate frequency 

components 

Require calibration 

Nonlinear and transient signals 

cannot be analysed adequately 

Currently in the field of AE signal processing, wavelet transform (WT) is mainly 

used in signal denoising, feature extraction and AE source location. Yang and Zhou 

(2006) investigated the AE signal denoising method based on wavelet transform and 
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applied it to the AE signal in the tensile test of YSZ thermal insulation coating, which 

effectively removed the noise. Li et al. (1999) studied the real-time evaluation of tool 

wear based on wavelet analysis, which shows favourable reliability. Warren Liao et al. 

(2007) studied the identification method of grinding wheel wear based on wavelet 

transform and obtained a high recognition rate. Qi (2000) performed wavelet transform 

analysis on the AE signals generated during the fracture process of composite 

materials and extracted energy features for the identification of failure modes of 

specimens. Based on wavelet analysis, Staszewski and Holford (2001) realised the 

clustering of AE signals from the box girder of a bridge using the parameters extracted 

through orthogonal Daubechies wavelets. Loutas et al. (2006)conducted a quasi-static 

test on a centre-holed composite material and the damage state monitoring using 

wavelet transform was realised from collected AE signals. 

2.5 Summary and main gaps declared 

This chapter systematically discusses the research progress of AE technology and 

its extensive application in the past 70 years, including the existing research of both 

AE and other NDT&E techniques applied on the recently designed and developed 

innovative self-healing concrete. According to the review of literatures above, the main 

research gaps can be summarised and concluded as follows: 

• In recent decades, with the development of modern signal processing techniques, 

the fast Fourier transform (FFT), wavelet analysis, Hilbert–Huang transform (HHT) 

and other techniques have been gradually applied to the field of AE signal 

processing and have achieved good results. The spectrum analysis is the most 

commonly used waveform analysis method in AE signal processing. Based on 

Fourier transform, the AE signal is converted from the time domain to the 

frequency domain. Through the study of the distribution characteristic extracted 

from the frequency domain of AE signal, the information of AE source can be 

reflected and highlighted. However, FFT is a method for overall transform, 

characterising the signal in either the time domain or the frequency domain. It is 

unable to determine when a certain frequency component appears and how it 
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changes from its frequency spectrum. Hence, it is mostly suitable for processing 

stationary signals. Usually AE, as one non-stationary signal, only the overall 

frequency characteristics of the signal can be obtained through spectrum analysis. 

Although the spectrum analysis of AE signals in early stage obtained part of the 

source characteristics, but the advantages of this analysis are not more prominent 

and obvious compared to the parameter-based analysis, especially for those 

materials like reinforced concrete. Therefore, to better obtain the non-stationary 

AE signal characteristics, it is necessary to introduce the time-frequency analysis 

using the joint function of time and frequency to represent the signal. 

• The current AE source characterisation methods are mostly traditional statistical 

methods. The prerequisite is that there are large samples and fitted into the 

framework of the asymptotic theory (such as the RA-AF correlation analysis and 

other methods discussed in section2.2, 2.3 and 2.4). However, since the 

generation of AE signals is irreversible, it is unable to obtain a large amount of AE 

signals with exactly the same pattern. Therefore, the fundamental data set for the 

study of damage detection is always difficult to obtain. At the same time, the 

current AE source characterisation methods is aimed at single damage pattern 

recognition. In practice, multiple damage modes often occur at the same time. 

Therefore, it is necessary to study the AE source pattern recognition method that 

can simultaneously recognize multiple damage modes. 

• AE, as one of the NDT&E techniques, the biggest advantage of AE lies in the 

monitoring of damage evolution in concrete without any extra invasion to the 

structures. However, due to the nature of cracking itself, it is important to remain 

such a monitoring process minimal destructive for the material when investigating 

the self-healing properties using AE and other NDT&E techniques. As discussed 

in section2.3.2, currently most of the methods used to evaluate the healing 

effectiveness are based on the evolution of parameters during the post-fracture 

process after healing occurred, which is against the ultimate goal of “self-healing” 

that enabling the materials to be able to adapt the environment and heal 
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themselves. Therefore, those factors above should be considered during the 

evaluation process to avoid ultimate destructive experimental investigation. 

• When the NDT&E techniques are introduced in the assessment process of self-

healing performance of the newly designed and developed types of self-healing 

concrete, there are still plenty of behaviours and properties needed to be studied, 

such as the mechanism to protect the healing agent with different encapsulation 

materials and techniques, the properties of the different sequestered healing agent, 

the distribution of the healing mechanism, triggering of the healing mechanism, 

and the healing efficiency or healing performance.  

• Main evaluation indices of AU and UPV techniques used for evaluating the self-

healing evolution properties are the signal transmission time and P wave velocities. 

However, since the P wave velocities is dependent on the apparent velocities 

calculated based on the signal transmission time, essentially only one index is 

critical to be measured in this evaluation method. Therefore, other independent 

indices should be investigated and considered toward future practical application. 
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3. Chapter 3 Acoustic Emission Characteristics of Different Basic Failure 

Modes in Plain Concrete Members 

Characterisation of the failure mode in construction materials is always of great 

importance, particularly during the fracture process of any concrete structure, because 

a sequence of fracturing modes is generally followed (Grosse and Finck 2006; Ohno 

and Ohtsu 2010; Aggelis 2011; Aggelis et al. 2013). Therefore, characterisation of the 

dominant fracture mode is useful for identification of damage stage and indication of 

existing risks to make any necessary prevention or treatment measures. 

In the early stage of AE technology development, there was a high level of interest 

in the mechanism of AE source, and many theoretical and experimental studies were 

conducted. However, these studies were limited to laboratory studies. In practical 

structure tests, researchers found that the AE phenomenon is more complex. Despite 

the wide application of the AE technique in the civil engineering field, there is still a 

need for robust theoretical support in terms of both plain and reinforced concrete 

structures. 

One of the key points for successful application of AE technology depends on the 

ability to identify the relationship between the AE event and the source. Therefore, AE 

source location and identification has become the focus and key aspect of AE study. 

Nevertheless, it is not easy to establish such connections under different materials and 

structures. It requires abundant in-depth studies of the mechanism of different AE 

sources. 

With respect to fracture mode identification and characterisation, the MTA has 

been well developed and successfully applied in lab-scale experiments (Shigeishi and 

Ohtsu 2001). This method was initially established under the theoretical framework 

and has broad application prospects in the very beginning. It can determine the 

damage location, fracture types and the direction of crack movement (i.e., the fault 

plane in seismology). A case study of this method is conducted in Chapter 4 with a 

comprehensive description. Nevertheless, the use of MTA is non-trivial when in real 
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structures due to many practical limitations. In reality, in order to cover as much volume 

of the structure as possible, all sensors are distributed in relatively long distance which 

enables the detection and evaluation on the whole scale. And the most important is to 

get sufficient information from AE signal, each event should be recorded by at least six 

individual sensors as all the directionality of the AE waves can be provided to 

determine all the components of moment tensor. Therefore, when using sensors of 

separation distances of several meters (Shiotani 2006; Shiotani Tomoki et al. 2009), it 

is highly unlikely to record the transient waves of the same event with the required 

number of sensors due to inherent material attenuation. 

To accurately characterize the damage condition in concrete structures is almost 

impossible simply because not only the complexity of fracture mode, but also related 

to different loading patterns, propagation rates, material properties, environment of 

surroundings, etc. As most large concrete structures contain a large number of cracks 

either from construction or operation load, it is realized that to precisely describe the 

damage status and deal with the characterisation in one absolute form is highly unlikely. 

However, the information on the general condition plays an important role. It is 

understood and favourable that if information provided by any NDT&E monitoring can 

be used as a basis for further maintenance procedure that potentially can improve the 

safety of the structure and extend the service life, even an approximate evaluation can 

be beneficial. 

For concrete components, the elemental damage modes generally include tensile, 

compression, shear, torsion and bending. For reinforced concrete members, the 

elemental damage modes include concrete cracking, failure of steel reinforcement, 

bond slip failure of rebar and concrete, etc. In this chapter, in order to form a systematic 

research method that has a comparatively clear signal processing approach and AE 

testing technique from elemental damage to complex damage, several analytical 

methods and experiments were designed to identify the corresponding AE 

characteristics from those different elemental damage modes. 
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3.1 Introduction 

The fracturing behaviour of materials can be non-destructively monitored by the 

AE technique using sensors that detect the transient elastic waves after any crack 

propagation event. In addition to information relative to the total activity and the location 

of the cracks, certain waveform features supply detailed information on the type of 

cracking (Aggelis et al. 2012). The waveform of the emitted AE signal depends on the 

relative motion of the crack sides and therefore carries information on the mode of 

cracks. 

The information that can be drawn concerns the crack location and the total activity, 

which is related to the number and the nature of cracking events (Jang and Kishi 2006; 

Carpinteri et al. 2010). Detailed study of qualitative parameters of the received 

waveforms leads to characterisation of the fracture process and sustained damage 

assessment (Ohtsu and Watanabe 2001; Elaqra et al. 2007). 

The characterisation of AE signals generally depends on the source and, 

specifically, the intensity and fracturing mode. Therefore, key waveform features like 

amplitude, energy and frequency carry plentiful information from the damage mode 

and the fracture process. In general, the characterisation of cracks as to their mode 

provides a warning before failure. The received waveforms depend on the cracking 

mode, as well as on the orientation of the crack relative to the receivers and the 

distance between the cracking source and the sensor.  

Certain AE features have been successfully correlated to the fracture process. For 

example, like the maximum amplitude of waveform as shown in Figure 3-1(a), it 

depends on the intensity of the cracking source. From the signal frequency spectrum 

as shown in Figure 3-1(b), the frequency with the maximum magnitude after fast 

Fourier transformation (FFT) of the waveform can be easily identified (Aggelis and 

Matikas 2012). 
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(a)                               (b) 

Figure 3-1. (a)Main parameters from a typical AE signal; (b)A typical FFT spectrum of 

AE signal. 

The connection between the mode of crack and the waves recorded depends on 

different factors like geometric conditions, relative orientation and propagation distance 

(Aggelis et al. 2012). When a cracking event occurs, all possible wave modes 

(longitudinal, transverse and Rayleigh if the crack is surface breaking as described in 

section 2.1.4) are excited. A tensile cracking incident excites most of the energy in the 

form of longitudinal waves. Therefore, most of the energy arrives in the initial part of 

the acquired waveform since longitudinal waves are the fastest type. When shear 

cracking occurs, the percentage of energy emitted in the shear wave mode is 

increased, resulting in a delay of the main energy cycles of the waveform (Ohtsu 2015). 

The AE waveform parameters, which have been correlated with the cracking 

mode, are mainly the rise time and peak amplitude, used to calculate the rise angle 

‘𝑅𝐴 value’. This descriptor is the duration of the first, rising part of the waveform (rise 

time, RT) over amplitude measured in 𝜇𝑠/𝑉, and has been shown to be very sensitive 

to the fracture mode(Soulioti et al. 2009; Aggelis 2011; Lu et al. 2011). Frequency 

parameters like the ‘Average Frequency’, 𝐹a, are another important descriptor. The 

average frequency is defined as the ratio of threshold crossing (AE counts) divided by 

the duration time of signal, measured in 𝑘𝐻𝑧. Many studies have shown that tensile 

cracks lead to AE with higher frequency characteristics and lower RA values than shear 

cracks(Aggelis et al. 2009; Soulioti et al. 2009; Ohno and Ohtsu 2010; Aggelis 2011; 

Lu et al. 2011). 
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As shown in Figure 3-2, the fracture mode can be characterized by the shape of 

the AE waveforms. Low rise time values and high frequency are typical of tensile crack 

propagations that include opposing movement of the crack sides (Mode I); whereas 

shear cracks usually result in longer waveforms, with longer rise times and lower 

frequency (Mode II) (Aggelis and Matikas 2012). 

 

 

Figure 3-2. Typical waveforms of tensile and shear events (Aggelis and Matikas 

2012)  

As mentioned previously in section 2.4, different signal processing algorithms for 

time-frequency decomposition have different time-frequency resolution, accuracy, 

signal-to-noise ratio, and computational resource utilization characteristics 

(Amezquita-Sanchez and Adeli 2016). So the knowledge of characteristics of each 

algorithm is essential and the selection of the appropriate or convenient methods is 

critical to process data as well.  

Huang et al. (1998) introduced the Hilbert Huang transform (HHT) as an adaptive 

signal processing method capable of analysing stationary, non-stationary, and 

transient signals. The HHT is based on two-steps: an empirical mode decomposition 

(EMD) followed by the Hilbert spectral transform (HT). EMD decomposes any time 

series data into a set of band-limited quasi-stationary functions, called Intrinsic Mode 

Functions (IMF). Next, the Hilbert spectral transform is applied to each IMF to obtain 

its amplitude and phase angle. Figure 3-3(a) shows a synthetic signal composed of 

two sinusoidal waves of frequency 10 Hz and 30Hz with a sampling frequency of 
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100Hz within a time period of 3s. Figure 3-3(b) shows the decomposition of the two 

constituent sinusoidal waves in their IMFs. Figure 3-3(c) displays the application of 

Hilbert transform to IMFs showing the evolution of the two sinusoidal waves over time. 

Nowadays HHT has been applied in different fields such as biomedical engineering 

(Zhao and Wang 2007), mechanical engineering (Antonino-Daviu et al. 2009), and 

earthquake engineering (Chen et al. 2010). 

 

Figure 3-3. HHT procedure: (a) a synthetic signal composed of two sinusoidal waves 

of frequency 10 Hz and 30 Hz, (b) decomposition of the two sinusoidal waves in their 

IMFs, (c) application of Hilbert transform to IMFs 

 

3.2 AE characteristics of a plain concrete beam under pure bending condition 

Cracking is the most common and likely occurring damage of concrete structure 

which occurs almost throughout the whole failure process of concrete members 

(Karihaloo 1995). Normally all kinds of failure and damage of any concrete begin with 

cracking. Nevertheless, some minor cracks do not affect the bearing capacity of 

structure, while some severe cracks are often a sign of ultimate structural failure. 

Therefore, the study of AE on concrete cracking is not only the basis of AE study of 

complex failure, but also a fundamental study for AE quantitative research, because 

the wide differences in the degree of cracking is a common problem faced in practical 

engineering. 

3.2.1 Specimen preparation and experiment setup 

To make sure that the middle section of the testing beam is under a simple stress 

state of pure bending, and in order to avoid the local influence of loading area, the 
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specimen is tested under the three-point bending arrangement. The concrete mix of 

the specimen in this experiment is shown in Table 3-1. And the compressive and tensile 

strengths of cube and cylinder results of cube and cylinder specimens are shown in 

Table 3-2. The test is conducted one month after the concrete specimen is fully cured. 

Table 3-1. Proportions of concrete mix 

Grade/type 
W/C 

Ratio 
Cement  Water 

Fine Aggregates 

(0-4mm) 

Coarse Aggregates 

(4-10mm) 

Origin / 

Portland-limestone 

cement 

CEM II/A-L 32,5R 

Normal 

tap water 

Crushed marine 

sand with 

limestone 

Crushed 

limestone 

C40 mix ratio 0.46 1 0.46 1.93 2.25 

Concrete  

(kg/m3) 
/ 

470 

kg/m3 

216.2 

kg/m3 

907.1 

kg/m3 

1057.5 

kg/m3 

Table 3-2. Concrete strengths cured for 28 days 

Cube 

No. 

Cube 

compressive 

strength fc(MPa) 

Average 

(MPa) 
CoV% 

Cylinder 

No. 

Cylinder 

splitting 

strength (MPa) 

Average 

(MPa) 
CoV% 

1 48.9 

47.6 2.4% 

1 3.5 

3.7 5.6% 2 46.7 2 3.8 

3 47.2 3 3.9 

 

The dimensions of the beam are 100mm*150mm*1500mm and the specimen 

setup is shown in Figure 3-4. A 12.5mm deep notch was sawn at the centre bottom of 

the specimen. The integrity of reinforced concrete component largely depends on the 

interaction between reinforcement and concrete matrix. So the bonding failure (i.e., 

interface debonding and slippage, etc.) is also an important form of failure. To focus on 

the study of AE events only coming from the concrete cracking and avoid any from the 

bond-slip failure, only one single steel bar (10mm) is positioned on the top of the beam 

to ensure that the beam won't be split apart after failure. The maximum particle size of 

coarse aggregate is controlled to be less than 10mm, which is smaller than the 

wavelength of the main AE wave in concrete, therefore the influence of the 

inhomogeneity of concrete regarding wave propagation is negligible. 

To ensure the accuracy of frequency characteristics, four R15I-AST sensors are 

used in the test as the sensitive operating frequency range are from 70kHz to 200kHz, 
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which can cover the most main frequency ranges of AE waves in concrete. Four 

sensors are attached on the beam with the couplant grease used as the coupling from 

Electrolube company. The distance between two sensors of each pair above and below 

is 270mm as shown in Figure 3-4. The Digital Image Correlation (DIC) system are 

employed to monitor the beam and track the cracks development during loading 

through the whole test. 

 

Figure 3-4. Specimen setup and dimensions for 3-point bending test 

3.2.2 Testing methods and results 

The experimental setup is shown in Figure 3-5. A wooden pad is placed between 

the roller at the loading point and beam for load transfer to prevent local failure of the 

beam caused by stress concentration.  

 

Figure 3-5. Experimental setup for four-point bending test on concrete beam 

The beam is loaded incrementally with a feedback loop controlling the central 

displacement rate of 0.005mm/s until failure. As the experiment proceeds, the number 

of AE signals appears continuously and shows a stable increasing trend as shown in 

Figure 3-6. The bar chart in the graph below shows the distribution of energy over time. 

When the load reaches 3.123kN, the beam is failed and a large number of AE signals 
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are emitted. Meanwhile the energy released also reaches the maximum. 

 

Figure 3-6. Loading curve with the distribution of AE energy in bending test (Energy 

refers to Absolute Energy, the time integral of the square of the signal voltage 

expressed in aJ (attojoules)) 

The three DIC figures (a), (b), and (c) in Figure 3-7 correspond to the moments 

selected from stage I, II, and III marked in Figure 3-6. 

   

(a)                      (b)                       (c) 

Figure 3-7. Evolution of crack expressed by the change of horizontal strain in DIC 

(a)Initial damage; (b)Formation and gathering of micro-crack; (c)After failure. 

 

Figure 3-8. Final failure mode of the specimen in bending test 



65 
 

3.2.3 Analysis and discussion 

The difficulties of processing data from a concrete beam test lie in the large 

quantity of signals and complexity of different waveforms. Therefore, signal screening 

and denoising of signals collected from the test are essential and necessary for further 

data processing and analysis. 

3.2.3.1 HHT Analysis and Time-Frequency Characteristics of AE Signals 

3.2.3.1.1 Screening of AE signals for waveform analysis 

There is always a massive number of AE signals collected in the actual damage 

monitoring process of any concrete components. Therefore, it is neither realistic nor 

necessary to use waveform-based analysis for all the signals. In this study, the 

parameter analysis method is used to screen the AE signals based on the energy (or 

other similar parameters), and representative signals would be selected for further 

waveform analysis. Since the energy of different AE events may differ by several 

orders of magnitude, an index called ‘Energy Magnitude’ using the natural logarithm of 

energy is introduced which is defined by Gu et al. (2019) as a parameter screening 

tool, namely: 

 𝐸𝑛𝑒𝑟𝑔𝑦 𝑀𝑎𝑔𝑛𝑖𝑡𝑢𝑑𝑒 = log(𝐸) (3.1) 

Where ‘𝐸’ is the energy from an AE signal acquired by the acquisition system. This 

concept originates from the concept ‘Earthquake Magnitude’ in seismology, similar to 

the concept ‘Richter magnitude scale’ initially developed by Charles F. Richter in 1935 

(Richter 1935; Gutenberg and Richter 1942; Kanamori 1983), but it is intrinsically 

different. The Earthquake Magnitude is a measure of the strength of earthquakes in 

seismology, and it depends on the scale of seismic waves, whereas the Energy 

Magnitude here depends on the amount of energy released of the AE signal or event. 

This can be used to perform a preliminary classification of AE signals.  

In this bending test, the AE event with the highest energy magnitude occurred at 

203s, which is at the time of the ultimate failure. Its Energy Magnitude has reached 

2.42. However, 81.37% of the events have Energy Magnitude less than 1.0 as shown 
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in Figure 3-9. Therefore, it can be seen that the Energy Magnitude of most signals is 

at a relatively low level. 

 

Figure 3-9. Number of AE events in different Energy Magnitude levels of bending test 

 

3.2.3.1.2 Waveform analysis based on Hilbert-Huang Transform 

After some typical AE signals are selected from different stages or different 

clusters, then the Empirical Mode Decomposition (EMD) is proceeded to the 

waveforms and then the Intrinsic Mode Functions (IMF) of each order are obtained 

which help to identify the physical mechanism of AE signal. Then the Hilbert spectrum 

reflecting the time-frequency distribution characteristics of the signal can be displayed 

through the Hilbert transform. 

The typical AE signals selected from above three stages (shown in Figure 3-6) are 

analysed, which are signals from initial damage (stage I), formation of micro-cracks 

and macro-crack (stage II) and unstable crack development and propagation (stage 

III). And then the first five orders of IMF and three-dimensional time-frequency 

distribution of each signal are analysed and discussed. 

As shown in Figure 3-10, the signals are emitted from point source, normally 

containing multiple point sources result from material degradation, as they all have the 

features like low energy and periodic reflection waves. For multiple point source signals, 

the superposition of these periodic reflections often results in a periodic wave packet. 
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In addition, the experimental signals are more likely to be influenced by other factors, 

so the waveform could be more complex. However, the characteristic of periodic wave 

packet in each IMF can be observed through EMD decomposition.  

  

(a) Signal No.29 

 

(b) Signal No.36 

 

(c) Signal No.25 
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(d) Signal No.17 

 

(e) Signal No.30 

Figure 3-10. The first five IMFs(left) and HHT spectrum(right) of typical AE signals 

from initial damage 

Signals shown in Figure 3-11 are from the formation of micro-crack and macro-

crack stage. From the first and second order IMFs, it can be seen that several 

successive wave packets show that the sources are also from multi-point excitation, 

while the signals with higher frequency components with no attenuation can be 

regarded as noise. Nevertheless, it is not a system noise as it doesn’t appear in all 

signals. So that noise could be coming from local rupture and crushing of concrete 

beam. The second-order IMF revealed the main characteristics of the signal, most of 

AE come from the continuous source emission when concrete cracking. Due to the 

inhomogeneity and other particular properties of concrete, cracks may occur in many 

places during loading and that also makes the obtained signals more complex. 
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(a) Signal No.505 

 

(b) Signal No.508 

 

(c) Signal No.376 

 

(d) Signal No.405 
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(e) Signal No.446 

Figure 3-11. The first five IMFs (left) and HHT spectrum (left) of typical AE signals 

from the process of formation of micro-cracks and macro-crack 

Signals shown in Figure 3-12 are from the unstable crack development and 

propagation stage. Those signals have shown similar characteristic as they all have a 

relatively long duration and waveforms in the time domain are similar to the micro-

crack and macro-crack formation stage shown in Figure 3-11, but with higher energy 

and the envelope of the wave in the IMF is less regular than the signals from growth 

of small cracks.  

This shows that those two kinds of signals have the same essence of source (both 

from the cracking due to tension in a form of line pattern), but the energy released is 

different. The multi-signal superposition produced by the larger line source cracking, 

which makes the waveform more complicated.  
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(a) Signal No.565 

 

(b) Signal No.567 

 

(c) Signal No.584 

 

(d) Signal No.583 
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(e) Signal No.593 

Figure 3-12. The first five IMFs(left) and HHT spectrum(left) of typical AE signals from 

the stage of unstable crack development and propagation 

 

3.2.3.2 Maximum amplitude and characteristic instantaneous frequency of 

Intrinsic mode 

Essentially the Energy Magnitude can actually reflect the amount of energy 

released by an AE event. A severe AE event may contain several AE signals. Generally 

the signal with the largest energy is more likely to accurately reflect the damage state 

of this AE event, while other signals could come from the subsequent activities or 

boundary reflection of the event. A single AE signal may contain multiple different 

source mechanisms. It can be decomposed into several IMFs by EMD decomposition, 

and the IMF with the highest energy can be regarded as the main source which is 

helpful to indicate the corresponding source characteristics. 

For the convenience of comparison, two concepts are defined in this study as the 

energy and frequency characteristics of each signal, which are the ‘Maximum 

Amplitude of Intrinsic Mode’ and its corresponding ‘Characteristic Instantaneous 

Frequency’.  

For the signal with maximum energy in an AE event, the maximum amplitude of 

all IMF waveforms is defined as the Maximum Amplitude of the Intrinsic Mode, 

represented in Ami, and the corresponding instantaneous frequency is defined as the 

Characteristic Instantaneous Frequency, represented in fc. 

The physical meaning of Ami and fc can be explained as follows: EMD 
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decomposition can decouple the multi-source hybrid phenomenon in the signal, and it 

decomposes the original signal into IMFs which have physical meanings. The IMF with 

the largest amplitude (or energy) reflects the main characteristics of the signal. 

Therefore, Ami can reflect the amplitude information of the main source in the signal. 

Correspondingly, the instantaneous frequency fc corresponding to Ami can reflect the 

frequency characteristics of the main source of the signal. In that case, the analysis 

process can be simplified by adopting these two parameters which can reflect the most 

important sound source characteristics of the AE event while ignoring the secondary 

factors, such as interface reflection, secondary sound source and waveform distortion. 

The analysis process of Ami and fc is shown in Figure 3-13. There are always 

thousands of AE signals collected during an experiment and it is impossible to carry 

out the above analysis for every single signal. Therefore, the Energy Magnitude can 

be applied as the criterion of first threshold for the selection of important signals for 

analysis. Secondly, select the signals with the largest energy (or amplitude) in each AE 

event for the next step of analysis. Then the waveform selected is analysed by HHT, 

including EMD decomposition and time-frequency transform, and finally a time-

frequency distribution map reflecting the time-frequency characteristics is obtained. 

The Maximum Amplitude of Intrinsic Mode can be extracted from the time-frequency 

spectrum and the corresponding instantaneous frequency could be calculated, that is, 

Ami and fc. This method would be applied in subsequent studies. 
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Figure 3-13. Analysis process for the extraction of Ami and fc 

 

Table 3-3. Summary of Ami and fc of typical signals from 3 stages shown in Figure 

3-10, Figure 3-11 and Figure 3-12 

I. initial damage 
II. formation of micro-cracks 

and macro-crack 

III. unstable development and 

propagation of cracks 

No. of 

signal 
Ami (V) fc (kHz) 

No. of 

signal 
Ami (V) fc (kHz) 

No. of 

signal 
Ami (V) fc (kHz) 

29 0.368 79.2 505 1.748 151.5 565 0.625 144.7 

36 0.208 83.1 508 0.940 176.9 567 0.350 161.3 

25 0.150 93.8 376 1.045 136.9 584 0.498 158.4 

17 0.148 79.2 405 0.731 118.3 583 0.408 143.7 

30 0.121 101.7 446 0.929 147.6 593 0.016 140.8 

*The Ami values listed in the table above are only from those selected signals, and 

different signals will have a certain range of variation. 

 

It can be found from the data shown in Table 3-3, at the initial cracking stage, AE 

sources are mainly point source with relatively low amplitude. Nevertheless, the 

formation of micro-cracks and development of macro-cracks always exhibit higher 

amplitude as they all belong to boundary cracking. The development of macro-cracks 
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belongs to the continued expansion of existing cracks; therefore, the signal amplitude 

is slightly lower than previous stage. The frequency of signals in the initial damage 

stage is relatively low as the concrete is in a deterioration process. The stiffness of 

structure is continuously decreasing. The superposition of a large number of complex 

waveforms result in a higher instantaneous frequency and higher energy release. 

3.3 AE characteristics of plain concrete beams under shearing condition 

As a kind of quasi-brittle material, the failure mode is always ‘cracking’ regardless 

of any circumstances of stress states. Under certain conditions, the principal stress of 

structure may cause oblique cracking and result in final failure of concrete beams. This 

kind of failure and cracking mode always appear at the last moment when beam 

collapse and needs careful attention. Therefore, in this study, the plain concrete beams 

are used to explore the failure mode of structure under shearing condition and 

corresponding AE signal characteristics. 

3.3.1 Specimen preparation and experiment setup 

The short concrete beams for shearing test are shown in Figure 3-14. All material 

properties and parameters of specimens are the same as those of bending test in 

previous section. A 37.5mm deep notch was sawn at the centre line of both the top and 

bottom surface of the specimen to induce the position of cracking.  

Under the stress state of the beam as shown in Figure 3-14(a) and the 

corresponding Shear Force Diagram (SFD) and Bending Moment Diagram (BMD) in 

Figure 3-14(b), the shearing force at the mid-span is at largest while the bending 

moment is zero. In that case, the notch tip, or cracking tip, is under a pure shear stress 

state.  

file:///D:/Users/Zac%20Wang/AppData/Local/Youdao/DictBeta/7.1.0.0421/resultui/dict/
file:///D:/Users/Zac%20Wang/AppData/Local/Youdao/DictBeta/7.1.0.0421/resultui/dict/
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 (a)                                                          (b)  

Figure 3-14. Shearing test: (a) Specimen dimensions; (b) Shear Force Diagram 

(SFD) and Bending Moment Diagram (BMD) 

The specimen is loaded on displacement-controlled based with a rate of 

0.002mm/s. The loading process is monitored by four AE sensors attached on the 

beam surface as shown in Figure 3-15. 

 

Figure 3-15. Experimental setup (from the back side) 

 

3.3.2 Testing results 

As the loading curve and the distribution of energy from the shearing test shown 

in Figure 3-16, it can be seen that the final destruction of beam is dominated by a 

sudden failure. Before the beam is failed, the load is increased gradually without any 

particular change, and so is the case with AE signal. Although there are a great number 

of AE signals generated during the loading process, the energy from final cracking 

signals basically occupy the absolute dominant position. When those cracking events 

occur, the energy they have carried immediately obliterate the energy carried by other 

previous AE signals, making other events almost negligible. 
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Figure 3-16. Loading curve with the distribution of AE energy in bending test 

The tip of the notches is in a pure shear stress state as shown in Figure 3-17. 

Moreover, as concrete is a quasi-brittle material, its ultimate tensile strength is far 

weaker than the compression strength. Therefore, the ultimate failure mode of the 

beam is tensile failure as the maximum tensile stress at the crack tip is in a 45°degree 

direction. Thus, the initial crack starts from this direction and finally results in a sudden 

oblique cracking. 

  

Figure 3-17. Failure mode of the shearing beam and the stress state of the crack tip 

In the shearing test, the AE event with the highest Energy Magnitude (8.97) 

occurred at 1692s, which is around at the time of the ultimate failure. As shown in 

Figure 3-18, it can be seen that the number of AE events with Energy Magnitude 

between 2 and 3 is the largest, accounting for 40.19% of the total events. And the vast 

majority of events are at a relatively low Energy Magnitude level. 99.04% events have 

Energy Magnitude below 5. For the rest high Energy Magnitude (over 5) events, most 

of them occur at the time around the ultimate failure point and post-fracture stage. 
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Figure 3-18. Number of AE events in different EM levels of shearing test 

 

The events during the failure moment contain many AE signals and most of them 

possess high energy. Through further analysis on these events, it can be found that 

these signals basically all have the characteristics of wide frequency band and 

relatively long duration. The HHT spectrums of the AE signal with largest amplitude 

and following signals are shown in Figure 3-19. 

 

 
(a)                                     (b)  
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(c)                                     (d) 

Figure 3-19. The HHT spectrum of: (a)the AE signal with maximum amplitude, and 

(b) (c) (d) the following signals from the cracking event 

The Ami and fc of typical signals from this failure cracking event is listed in Table 

3-4. It can be seen from the table that the Ami of those signals are both relatively high 

as most of cracking and damaging is occurred at this moment. Their Energy Magnitude 

has all reached 8 and 9. 

Table 3-4. Ami and fc of typical signals from the failure cracking event 

Time(s) Channel Ami(V) fc(kHz) 

1692.23384 4 0.1322 134.9 

1692.23881 2 0.1088 157.4 

1692.23782 1 0.0534 172.0 

1692.23781 3 0.0596 176.1 

 

It can be inferred from the above that although the specimen is subjected to a pure 

shear condition, the final failure mode still shows a cracking form and result in higher 

fc (around 150-170kHz) eventually. Nevertheless, the stress state of the cracking tip 

(as shown in Figure 3-17) enforce the specimen to be likely to present a shear-slip 

failure mode and eventually leads to an overall destruction of structure.  

3.4 Summary and discussion 

The Ami, fc and time-frequency distribution characteristics of AE signals extracted 

from two basic failure modes are summarised in Table 3-5 below. 
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Table 3-5. The Ami, fc and time-frequency distribution characteristics of AE signals in 

two basic failure mode 

Failure mode Phase Ami(V) fc(kHz) 
Time-frequency 

characteristics+ 

Concrete 

cracking under 

bending 

Initiation of damage 

and crack 
10-2 Low 

Low frequency; 

Short duration time. 

Formation of micro-

crack 

and macro-crack 

10-1 
Medium 

to high 

From medium frequency to 

high frequency; 

Medium duration time. 

Unstable development 

and propagation of 

cracks* 

10-1 
Medium 

to high 

Low frequency; 

Long duration time. 

Concrete 

cracking under 

shearing 

Micro-crack 10-2 Low 
Low frequency; 

Short duration time. 

Unstable cracking* 100 Low 
Low frequency; 

Short duration time. 

Final failure 100 High 

Both low and high 

frequency; 

Long duration time. 

*Within the same type of source, when an AE signal is 1 or 2 orders of Energy Magnitude 

larger than other signals, it will be regarded as a signal from ‘unstable cracking’ stage. 
+ Low frequency refers to the frequency below 100kHz; Medium frequency refers to the 

frequency between 100 and 150kHz; High frequency refers to the frequency over 

150kHz. 

 

3.5 Conclusion 

In this chapter, in order to intrinsically study the characteristics of different basic 

failure modes of concrete structure, two typical basic failure mode tests, bending and 

shearing, were designed and conducted. The AE characteristics of the destruction 

process were studied through the combined method of parametric analysis and 

waveform analysis. The signal characteristics of frequency, amplitude and time-

frequency distribution from each source type were obtained and analysed, which now 

provides a basis for the study of AE characteristics under more complex failure modes. 

The main conclusions of this chapter are as follows: 

(1) The combination of parametric analysis and waveform analysis has both the 

advantages, fast and real-time features of parameter-based analysis, and 
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comprehensive and accurate features of waveform-based analysis. The Hilbert-Huang 

Transform is applied to analyse the AE waveform, and the three-dimensional energy 

spectrum of the signal is obtained. Two characteristic parameters, Maximum Amplitude 

Ami and Characteristic Instantaneous Frequency fc, that can characterize the intensity 

and properties of AE source are determined, which can be used to quantitatively 

characterize the AE signal. 

(2) According to the AE characteristics under two basic damage modes, the 

damage identification process can be divided into three levels: ①Through the AE 

energy magnitude analysis, the important signals can be screened out and different 

damage stages can be roughly divided; ② After the Ami and fc are obtained, the fc can 

be used to further determine the type of sound source, while the Ami can be used to 

estimate the severity of damage of the source; ③Through time-frequency feature 

analysis, complex multi-source AE events can be further distinguished based on time-

frequency distribution features. 

(3) Through the above research, it can be found that the Characteristic 

Instantaneous Frequency fc is highly correlated to the sound source and can better 

distinguish various source types. As for the Maximum Amplitude Ami, it depends on the 

release of strain energy from material, and it’s generally related to the suddenness of 

damage event, so it could be affected by many factors such as, material properties, 

loading rate and stress state. Basically the Ami value varies widely in each individual 

test, and the difference can even be reaching one or two orders of magnitude, which 

enables this feature to be used to estimate the damage level and severity. 
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4. Chapter 4 Multiple Damage Monitoring and source discrimination of 

Reinforced Concrete Structures 

In earth science, earthquake is a phenomenon that is caused by the rapid shear 

fracture of a fault in the crust. AE, as an NDT&E technique of inspection, are quite 

similar to earthquakes but on a much smaller scale. They all represent the 

phenomenon of stress wave propagation in a solid. Earthquakes, mining-induced 

seismicity, and AE are typically caused by the interaction of the earth’s tectonic plates, 

mining activities, and fracture within a material, respectively. Figure 4-1 shows a scale 

regarding the typical frequency range of different phenomena. 

 

Figure 4-1. Frequency scale of stress wave phenomena), figure reproduced from 

Mhamdi et al. (2013) 

An illustrative sketch of comparison between seismology and AE is presented in 

Figure 4-2. As shown below, earthquakes occur due to the sudden release of stress in 

the earth’s crust, which results in the generation of seismic waves that propagate the 

released energy from the source of the earthquake along the surface of and through 

the earth. For AE activity, it accompanies almost all processes when a solid medium 

undergoes an internal stress change (mechanical, thermal, physical, etc.) resulting in 

a sudden release of stress. It occurs in the microscale due to the movement at the 

microscopic level, as well as in the macroscale due to the failure of structural 

components (Mhamdi et al. 2013).  
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Figure 4-2. Differences between earthquake from seismology (left) and AE from 

concrete fracture (right), figure reproduced from Mhamdi et al. (2013) 

Despite those differences above, AE and earthquakes are quite similar except 

there are differences in scale, geometry, loading, boundary conditions and medium. 

So to a certain degree, AE can be thought of as a form of micro-earthquake that occurs 

at much smaller scale. Some researcher’s work (MOGI 1962; Scholz 1968; Bonamy 

2009) has also shown that AE can be a good lab-scale model and provide support for 

earthquake studies. 

In Earth science, seismic moment tensor inversion is an effective method to obtain 

the source process in earthquakes (Dost et al. 2020; Kühn et al. 2020). AE in rock and 

concrete materials is quite similar to an earthquake as both of them are a process of a 

rapid release of elastic strain energy. The moment tensor inversion method can be 

used in some situations to investigate and understand more information about the 

location and characteristics of the AE source. Moment tensor inversion (MTI) of an AE 

source is conducted using the first motion and amplitude of the P wave. When an AE 
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burst is generated by micro-fracture at small scale and the size of specimen is much 

larger than the AE wavelength, the far-field approximation method of P wave moment 

tensor analysis can be applied. In this chapter, a RC beam is designed and tested to 

enable different damage modes to develop to investigate the failure mechanism using 

AE. The aim is to be able to use the approach to understand the damage type and 

hence inform the appropriate process and location of healing in smart concrete 

structures. 

To intrinsically identify the source mechanism of AE signals, the SiGMA (Simplified 

Green's functions for Moment tensor Analysis) procedure was applied. Prior to four-

point bending tests of RC beams, the whole SiGMA procedure was applied on AE 

waveforms excited by Hsu-Nielsen (H-N) source for a preliminary test on a concrete 

cube to verify the effectiveness and accuracy. Then the cracking mechanisms in four-

point bending experiments on RC beam were investigated by applying both the 

conventional parameter analysis and the SiGMA procedure to AE waveforms. 

4.1 Introduction 

As the number of aged concrete structure has increased significantly worldwide, 

the detection and estimation methods for crack distribution have been in great demand 

because cracking is the major cause of failure of concrete structures. To make an 

evaluation of the safety and performance of the current state of concrete structures, a 

range of NDT&E methods are applied to estimate and determine whether the 

structures requires repair and maintenance. 

In terms of concrete, AE is one of the most practical and helpful methods to detect 

and investigate the damage degree in concrete. For example, taking account of the 

number of AE hits and maximum amplitude of AE signal is one of the most 

straightforward ways to promptly estimate the damage status of concrete structure and 

those methods have been standardized (Ohtsu 2006). Moreover, planar and spatial 

source location in concrete due to crack formation can also be performed by time of 

arrival (TOA) method (Grosse et al. 1997; Mclaskey and Glaser 2007; Boniface et al. 
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2020). 

To intrinsically investigate the damage mechanism and understand the cracking 

progress in fracture tests, one powerful technique has been developed using the 

simplified Green’s functions for MTA procedure which is capable of quantitatively 

determining the crack kinematics of located sources, crack types and orientations 

(Ohtsu 1991).  

Initially, the MTA was derived from seismology as an effective method to obtain 

the source process. The difficulties of earthquake prediction not only lie in the 

complexity of the actual physical process and the inaccessibility, but also because of 

its rarity. In that case, the studies and research results on strong earthquakes are 

accumulating tardily. The generation mechanism of AE is similar to that of earthquakes 

as both of them are a process of rapid release of elastic strain energy. Many characteristics 

of AE are similar to earthquakes such as the magnitude-frequency relationship, 

waveform characteristics and propagation modes, etc. In that case, under certain 

circumstances, AE could also be regarded as a kind of ‘micro-earthquake’. Commonly 

used seismic research methods are also applied in AE studies in concrete such as 3D 

source location, b-value statistics analysis, fractal characteristics and frequency 

spectrum analysis. Nevertheless, there are no sufficient existing research methods of 

source mechanisms of AE in concrete, but this is evidently of great importance, not 

only to AE but earthquakes as well. 

This chapter mainly explores the theoretical background and principles of MTA 

theories and verifies the effectiveness of this method for investigating the damage 

mechanism through experiments. Based on the results, the differences between 

parameter-based analysis, MTA analysis and waveform analysis are discussed with 

their respective advantages and disadvantages. 

4.2 AE parameter analysis 

At present, the post-processing analysis of AE signals for detection of concrete 

material mainly includes two types of methods: parameter analysis and waveform 
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analysis. Parameter analysis uses conventional simplified waveform characteristics to 

describe the AE signals. Due to its several advantages, such as real-time statistical 

information, clear and straightforward physical meaning, simplicity of calculation, etc., 

it has been widely applied in AE detection among different types of materials and 

promoted the standardization and commercialization of AE technology, especially 

during the early stage of AE study. However, it is based on many assumptions such as 

constant propagation velocity.  Additionally, commercial techniques often result in 

detailed information being discarded. It is also hard to establish the correspondence 

between AE parameters and their sources especially in concrete material due to signal 

attenuation and reflections. Therefore, to evaluate the AE source characteristics 

directly by using AE signal parameters would not be reliable and could lead to the 

failure to identify damage or even identify damage that is not present. Furthermore, it 

is difficult to determine how to effectively select the most valid parameters for post-

processing and identify their relationships as well. 

As mentioned previously in literature review section 2.1.6.2, in 2003, the 

Federation of Construction Materials Industries from Japan published standards on 

estimation of concrete properties by the elastic-wave methods (Ohtsu et al. 2007). 

These standards contain a monitoring method for active cracks in concrete by AE 

(JCMS-III B5706-2003 code). Under the standardized action, the method for 

classification of cracks is successfully applied to investigate the damage process in 

concrete. Conventionally AE parameters obtained from the extraction of waveform are 

AE count, AE hit, AE event, peak amplitude, AE energy, rise time, duration, arrival time 

differences in AE sensor array and so forth as shown previously in Figure 2-18. In order 

to classify active cracks as introduced previously in section 2.1.6.2, AE indices of 𝑅𝐴 

value, and the Averaged Frequency (𝐹a or 𝐴𝐹) are defined from parameters as shown 

in equations 4.1 and 4.2, 𝑅𝐴 value is the rise time divided by the maximum amplitude 

and 𝐴𝐹  is defined as the ratio of threshold crossing (AE counts) divided by the 

duration time of signal. 
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 𝑅𝐴 =
rise time

maximum amplitude
 (4.1) 

 𝐴𝐹 =
AE counts

Duration time
 (4.2) 

By employing these two indices, cracks can be classified into tensile and shear 

modes as shown in Figure 4-3. During the process of crack propagation and 

development, crack opening will normally generate tensile cracks. Thereafter this, the 

condition will change to sliding movements regarded as shear movements. The AE 

signals generated by different types of movement will have completely different signal 

signatures. From the view of waveform characteristics, it will show low rise time and 

high frequency during the early stage of tensile cracks whereas the waveforms with 

high rise time and low frequency will dominate the failure stage during shear movement. 

However, this approach has limitations as both AE count and duration are related to 

the value of a user-defined threshold, AE sensors commonly have a resonance and 

there is a big difference of the resonance frequencies between concrete material and 

rock as their inherent fractures have a significant influence on their mechanical 

properties. 

 

Figure 4-3. Crack type classification based on the protocol of RA-AF values (figure 

reproduced from RILEM TC 212-ACD (2010) recommendation) 

4.3 Moment tensor inversion theories 

In response to the excitation of the Earth's normal mode caused by the earthquake 

source, Gilbert (1971) firstly proposed the concept of moment tensor, which is defined 

as the first-order moment of equivalent body force acting on a point. The moment 
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tensor contains the information of radiant energy and nodal plane orientation, including 

the shear fracture component and the isotropic components.  

As shown in Figure 4-4, Richards and Aki (1980) introduced the forward solution 

of elastic wave propagation in medium in detail, including the acquisition and 

processing of the source wave in elastic medium. Based on the information from 

obtained waveform, the source location coordinates could be determined, and the 

moment tensor solution was eventually obtained. Then, the solved moment tensor 

solution can be used to invert the focal mechanism solution, the source parameters 

and the source rupture energy.  

 

Figure 4-4. Sketch of forward problems and MTI mechanisms about focal source 

The introduction of moment tensor linearizes the equations of source parameters 

(strike angle, dip angle and rake angle, etc., as shown in Figure 4-5), which simplifies 

the processing and calculation in seismological analysis. Through the inversion of 

moment tensor, the source mechanism of earthquake can be presented and provides 

important information to those who work on earthquake prediction prevention. 

 

Figure 4-5. Fault orientation parameters: strike, dip and rake (Andersen 2001). 
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‘Inversion’ is a mathematical-based research method and it is commonly and 

widely used in various fields. For instance, in theoretical physics, inversion is a method 

of studying the symmetry properties of microscopic particles (Ghosh Roy 1994; Ni and 

Chen 1995). The relationship between the motion laws of the object in the original 

coordinate system and the inverse coordinate system is equivalent to the relationship 

with the image in the mirror. In remote sensing, the inversion is based on a 

mathematical model to infer the state parameters of the target based on the 

measurable parameter values, or, based on the observation information and the 

forward physical model, to solve or infer the application parameters / targets describing 

the ground truth data (Twomey 2013). In geophysics, the seismic inversion is a method 

of using signal data observed from earth surface, constraints from known geological 

laws, drilling and logging data to solve and present the spatial structure of underground 

rock layers or the properties of underground seismic sources when an earthquake 

occurs (Russell 1988; González et al. 2007; Bosch et al. 2009; Bosch et al. 2010). 

The theoretical basis of moment tensor inversion is the elastic wave theory. Like 

seismic waves, AE also belongs to the category of elastic waves. After clarifying the 

differences of boundary conditions in between, the well-developed moment tensor 

theory in seismology could be applied on the study of AE as well. Regarding the study 

in this chapter, only the tensor inversion on point sources in homogeneous medium is 

considered. 

4.3.1 Theory of moment tensor 

Based on the generalized theory of AE (Ono and Ohtsu 1984), AE waves are 

elastic waves that occur inside a solid material by dynamic-crack (dislocation) motions. 

The seismic moment tensor of a real source is defined as a combination of force 

couples and dipoles called equivalent forces, which produce displacements at a given 

point identical to the displacements produced by the actual forces acting at the source, 

as illustrated in Figure 4-6. 



90 
 

 

Figure 4-6. Representation of nine force-couple components in canonical and spatial 

forms 

Figure 4-7 and Figure 4-8 shows two distinct sources, explosion and shear 

respectively, as explained by the moment tensor. 

 

Figure 4-7. Radiation patterns and Moment Tensors of pure explosion source 

 

Figure 4-8. Radiation patterns and Moment Tensors of pure shear source 

Different disciplines use different terms to describe cracking behaviour. Using 

fracture mechanics terminology as there are three different fracture mode as shown in 
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Figure 4-9 below, Mode II refers to in-plane shear crack, where the forces are parallel 

to the cracking surface, and mode III describes the out-of-plane shear cracks, where 

the forces are normal to the cracking surface (Linzer et al. 2013). From the perspective 

of seismology, shear dislocations are also regarded as double couple sources. A 

double couple is made up of two force couples (e.g. 𝑀𝑥𝑦  and 𝑀𝑦𝑥 ) and is the 

preferred force system. It is based on observational and theoretical evidence and a 

thorough understanding of the radiation pattern of P waves and S waves generated by 

the two types of sources (Linzer et al. 2013). The double couple formulation also allows 

the simplification of some complex equations and is directly compatible with the tensor 

formulation for stress and strain used in rock mechanics (Richards and Aki 1980; 

Jaeger et al. 2009). 

 

Figure 4-9. three fracture modes from fracture mechanics 

According to the fault orientation theory of seismology, generally faults are 

expected to develop at approximately 30°to the orientation of the greatest principal 

stress 𝜎1. This results in the development of three distinct tectonic regimes, each with 

characteristically oriented faults as shown in Figure 4-10. Different types of sources 

produce characteristic patterns. For example, extension would generate a normal fault 

(mode II shear where the shear stress is perpendicular to the plane of fracture) and 

produce the pattern demonstrated in Figure 4-11. The points halfway between the 

nodal planes are the P- and T-axes, the compressional and tensional axes, 

respectively (Stein and Wysession 2009). 
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Figure 4-10. Schematic of three main tectonic faults 

 

Figure 4-11. Simplified relationship between the P- and T-axes and normal, reverse, 

and oblique slip fault types. The P- and T-axes can be obtained by drawing a 

meridian line that connects the poles to the fault planes. The points halfway between 

the nodal planes are the P- and T-axes. Redrawn and modified from(Stein and 

Wysession 2009). 

An important difference found by Stein and Wysession (2009) between 

seismology and fracture mechanics is that the maximum and minimum compressive 

stress directions determined by the moment tensor are at 45° to the slip plane. 
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However, the experimental results show that the fracture plane usually forms an angle 

of 25° with the direction of the maximum principal stress. 

4.3.2 SiGMA procedure 

Basically, the SiGMA analysis consists of a three-dimensional (3D) AE source 

location procedure and moment tensor analysis of AE source. Two parameters of the 

arrival time and the amplitude of the first motion are picked up and applied to the 

analysis. 

In order to determine the moment tensor of an AE source, a simplified procedure 

has been developed. The procedure is implemented as SiGMA (Ohtsu 1991). Two 

parameters of the arrival time and the amplitude of the first motion are extracted and 

determined from the AE waveform. In the location procedure, source location is 

determined from the arrival time differences. Then, distance and its direction vector 

are determined. From the amplitudes of the first motions at more than six channels, 

the moment tensor is determined. Since the SiGMA code requires only relative values 

of the moment tensor components, the relative calibration of the sensors is adequate.  

4.3.2.1 Determination of the P wave onset time and first motion amplitude 

The implementation of SiGMA procedure mainly depends on an accurate 

measurement and calculation of the time the signal was transmitted. In that case, the 

detection of the actual start time of the waveform is of great importance. Traditionally 

the most accurate way to pick the onset time of a wave would be to do it manually. And 

it is largely depended on checking the signal traces based on the user’s experience. 

In terms of the acquisition system, normally it would be triggered once the wave 

crosses the pre-set threshold and that crossing point will be detected and recorded as 

the onset time of the wave instead of the actual start. And though possibly insignificant, 

errors still can occur as shown in Figure 4-12.  
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Figure 4-12. System triggered point missing the true waveform start point 

An automated method was also initially proposed by Japanese scholar Naoki 

Maeda (Maeda, 1973) to adopt the AIC (Akaike Information Criterion) function. In this 

method, the onset time of a wave is determined when the AIC value becomes the 

global minimum. The AIC value at point 𝑖 = 𝑘 calculated by the following Equation 4.3: 

 AIC𝑘 = 𝑘 ∙ log{var(𝑋[1, 𝑘])} + (𝑁 − 𝑘) ∙ log{var(𝑋[𝑘, 𝑁])} (4.3) 

where 𝑁 is the number of amplitudes of a digitized wave, X𝑖 is an amplitude of a 

signal (𝑖 = 1,2, … , 𝑁 ), var(𝑋[1, 𝑘])  indicates the variance between X1  and X𝑘 , and 

likewise var(𝑋[𝑘, 𝑁]) is also the variance between X𝑘 and X𝑁. 

Basically this AIC function compares two vectors which are extracted from the 

waveforms at a particular time for similarity, the point at which the first vector is purely 

noise and therefore has a high-entropy and the second is only signal with low-entropy, 

will return the lowest correlation and therefore identify the start of the waveform. One 

example of this being used to detect the start of a signal compared with the traditional 

threshold crossing technique can be seen in Figure 4-13. 
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Figure 4-13. Determination of the onset time of P wave and the amplitude of first 

motion by Akaike Information Criterion (AIC) picker 

This technique has been widely utilised by others since Kurz et al. (Kurz et al. 

2005) who showed its increased accuracy for picking the start of an AE source 

comparing to another automatic onset detection algorithm based on the Hinkley 

criterion. Pearson et al. (2017) applied it to the Delta-T mapping technique (Baxter et 

al. 2007) to significantly improve the accuracy over the conventional Time-Of-Arrival 

(TOA) method. Further improvements to the technique have been made in recent 

years by many researchers(Eaton et al. 2012; Al-Jumaili et al. 2016; Pearson et al. 

2017) as well aiming at not only to improve the accuracy but speed up the time of data 

processing. 

4.3.2.2 Unified Decomposition of Moment Tensor 

The tensor expression can be very concise under the Principal axis coordinate 

system and can be expressed as follows: 
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The moment tensor can be decomposed into a linear combination of several 

moment tensors. After decomposition, the kinetic motion mode of the hypocentre can 

be clearly presented and understood. Nevertheless, the decomposition of moment 

tensor is not unique and which decomposition method should be used depends on 

different physical assumptions applied. 
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In seismology, it is generally considered that the fault has no out-of-plane 

displacement under the condition of high confining pressure. Generally, the trace of 

seismic moment tensor is 0, which is the pure deviatoric moment tensor, that is, 𝑀1 +

𝑀2 + 𝑀3 = 0. There are multiple decomposition schemes for pure deviatoric moment 

tensor. For instance, it can be decomposed into a double-couple (DC) part and a 

compensated linear vector dipole (CLVD) part: 
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Or it can be decomposed into a major double-couple and a minor double-couple: 
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Compared with earthquakes, lab-scale experiments are different as there are 

multiple modes of crack propagation, which enables the out-of-plane displacement and 

the trace of moment tensor is no longer always 0. In this case, another possible 

decomposition scheme can be added: 

If moment tensor M 
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rotates the coordinate system around the intermediate axis, then the moment 

tensor can be transformed into: 
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This form of moment tensor can be decomposed into a sum of two parts: 
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The first term can be interpreted as a dislocation plus volume deformation 

perpendicular to the fault plane. The second term can be interpreted as a shear 

dislocation along the fault plane, that is, an equivalent double-couple. 

In order to identify the source kinematics and classify the cracks into different type 

(e.g. tensile, shear or mix-mode), a unified decomposition of the eigenvalues of the 

moment tensor was developed by Ohtsu (1991). In general, crack motion on the crack 

surface consists of slip motion (shear components) and crack-opening motion (tensile 

components), as illustrated in Figure 4-14.  

 

Figure 4-14. Unified decomposition of eigenvalues of the moment tensor 

Thus, it is assumed that the eigenvalues of the moment tensor are the combination 

of those of a shear crack and those of a tensile crack, as the principal axes are identical. 

Then, the classification of a crack is performed by the eigenvalue analysis of the 

moment tensor. Setting the ratio of the maximum shear contribution as X , three 
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eigenvalues for the shear crack become X, 0, −X. Likewise, the ratio of the maximum 

deviatoric tensile component is set as Y and the isotropic tensile component as Z. 

Three eigenvalues are normalized and decomposed: 

Normalization 

1.0 = X + Y + Z,  (out-of-plane direction in the figure) 

the Intermediate eigenvalue/ the maximum eigenvalue        

= 0 − Y/2 + Z,   (vertical direction in the figure) 

the minimum eigenvalue/the maximum eigenvalue           

= −X − Y/2 + Z,  (horizontal direction in the figure) 

where X, Y, and Z represent the shear ratio, the deviatoric tensile ratio, and the 

isotropic tensile ratio, respectively. In the present SiGMA code, AE sources of which 

the shear ratios are less than 40% are classified into tensile cracks. The sources of 

X >60% are classified into shear cracks. In between 40% and 60%, cracks are referred 

to as mixed mode. In the eigenvalue analysis, three eigenvectors 𝑒1, 𝑒2, and 𝑒3, 

𝑒1 = 𝑙 + 𝑛 

𝑒2 = 𝑙 × 𝑛 

𝑒3 = 𝑙 − 𝑛 

Here ×  denotes the vector product, and the vectors 𝑙  and 𝑛  are 

interchangeable. In the case of a tensile crack, the vector 𝑙 is parallel to the vector 𝑛. 

Thus, the vector 𝑒1 could give the direction of crack-opening, while the sum 𝑒1 + 𝑒3 

and the difference 𝑒1 － 𝑒3 give the two vectors 𝑙 and 𝑛 for a shear crack. 

4.3.2.3 Graphic display of Acoustic Emission (AE) moment tensor 

In seismology, usually a black and white source sphere can be used to represent 

the focal mechanism solution (FMS) of the epicentre. Specifically, the Schmidt Net and 

Stereographic Net (Stauder and M 1961; Cronin 2004; Liu et al. 2014) can be used to 

present the compression zone and expansion zone of the initial P wave to express the 

Focal Mechanism Solution (FMS). The compression zone (off source) is represented 

in black and the expansion zone (to source) is represented in white. Then the nodal 
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surface can be presented as the junction of black and white in between. This graphic 

display method can particularly well express the pure shear source of the epicentre. 

In terms of most of AE tests in a lab-scale, they do not always occur under the 

high confining pressure conditions. It is certainly possible that the AE source could 

derive from a tension crack or any volume change. In order to represent the tension 

and volume change, this method can be slightly modified as referred from seismology. 

The direction and magnitude of the moment tensor can be represented by a coloured 

source sphere rather than the black and white source spheres. 

Firstly, the moment tensor is normalized as after normalization, the moment tensor 

primarily presents the shape and orientation rather than the differences in absolute 

size. The Schmitt network is used to plot the magnitude of each moment tensor in 

different direction using the lower hemisphere projection method. The light green 

colour indicates the moment tensor is 0. The red colour indicates the moment tensor 

is at maximum (off-source). The blue colour indicates the moment tensor is at minimum 

(to-source). The colour between light green and red, and light green and blue, 

represents the transition area. In order to prominently present the size and direction of 

moment tensor, deeper colour is used for larger tensor while lighter colour is used for 

smaller tensor. 

The comparison of two representation methods of pure shear source is shown in 

Figure 4-15. The black colour in the black-white sphere corresponds to red colour in 

the colour sphere, which represents the initial motion of P wave off the source (the T-

axis of source). The white colour in the black-white sphere corresponds to blue colour 

in the colour sphere, which represents the initial motion of P wave toward the source 

(the P-axis of source). 
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Figure 4-15. Graphical representation of pure shear source in two methods 

Figure 4-16 below shows several graphical representations of non-shear sources 

using colour source spheres. The source of tensile crack and fracture collapse (closure) 

of crack are shown in Figure 4-16(a) to (f) respectively in three different principal 

directions. (g), (h) and (i) show the explosion source, no source, and implosion source 

respectively. 

 

 

(a) (b) (c) Tensile crack, (d) (e) (f) Closure of crack,  

(g) Explosion source, (d) None , (e) Implosion source 

Figure 4-16. Graphical representation of non-shear source: 
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4.4 MTA analysis of a cube 

4.4.1 Introduction and objectives 

This section explains the detail of the experiments and aims to provide an 

understanding and evaluate the feasibility of the MTA-based technique in 

characterizing AE sources in concrete.  

The objectives for this experiment involving the study of MTA, the experimental 

objectives are to produce artificial H-N source with clear and defined initial P waves as 

then the SiGMA-procedure can be successfully carried out. To calculate the crack type 

and orientation of each event from the eigenvalue analysis of each moment tensor 

matrix and to relate them to the failure mechanism expected during loading. 

4.4.2 Hsu-Nielsen source  

Hsu-Nielsen (H-N) source was used as a wideband artificial source to simulate 

the AE event using the fracture of pencil lead. This method was initially developed by 

Hsu and Breckenbridge (1981), and then named afterwards. Then this technique has 

been standardized for sensor calibration (ASTM 1999). Afterwards it is widely applied 

as a generally accepted technique within industry as well (Vallen-Systeme GmbH 

2002). 

As shown in Figure 4-17, the Hsu-Nielsen test is conducted mainly through 

breaking a 0.5 mm (or alternatively 0.3mm) diameter pencil lead at approximately 3 

mm (+/- 0.5 mm) from its tip by pressing it against the surface of the object. The intense 

acoustic signal generated by this way is quite similar to a natural AE source and that's 

why it can be detected by the AE sensors as a strong burst signal. The main purpose 

of conducting a PLB (Pencil Lead Break) test is to ensure that the transducers are in 

good acoustic contact with the part being monitored. Generally, the lead breaks should 

register amplitudes of at least 80 dB for a reference voltage of 1 mV and a total system 

gain of 80 dB. Besides, it checks the accuracy of the source location setup. This 

involves indirectly determining the actual value of the acoustic wave velocity in that 

particular material of the specimen being monitored. 
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(a) 

 

(b) 

Figure 4-17. Schematic of (a) a Hsu-Nielsen pencil source and (b) dimensions of 

Nielsen Shoe (ASTM 1999) 

After the original works of Hsu and Nielsen, Sause (2011) has conducted a further 

study on how differences in handling of the mechanical pencil and the lead diameter 

can influence the test signals as it is typically applied to investigate signal propagation 

in the structure under investigation, to check sensor couplings and to define threshold 

values for signal detection. His study has demonstrated that even slight differences in 

the usage of mechanical pencil can introduce large differences. This was confirmed 

experimentally under various contact angles and free lead lengths (indicated in Figure 

4-17). 

4.4.3 Experimental setup 

The experiment is conducted on a solid cube made of concrete having Height x 

Depth x Width = 100mm x 100mm x 100mm. A 10mm-wide hole is drilled vertically in 

the centre of the upper surface with a depth of 10mm as well. Six sensors(R15I) are 

used to collect the waveforms located in specific positions on the cube shown in Figure 

4-18.  



103 
 

       

(b)                               (b) 

Figure 4-18. (a)Sensor arrangement on the cube specimen; (b)Sensor planes within 

the cube specimen. 

The corresponding coordinates of all sensors used are shown in Table 4-1 below. 

The coordinate system used is the one supported by Noesis having all three axes 

parallel to corresponding edges of the cube. The origin of this system is located in the 

centre of the bottom surface of the cube. 

Table 4-1. Coordinates of the six sensors attached on the cube 

Sensor coordinates on cube specimen 

Sensor No. x(mm) y(mm) z(mm) 

Sensor 1 25 25 100 

Sensor 2 0 -50 50 

Sensor 3 0 0 0 

Sensor 4 0 50 50 

Sensor 5 -50 0 50 

Sensor 6 50 0 50 

 

4.4.4 Experimental procedure 

The premise to successfully conduct the SiGMA procedure is to determine the 

initial P wave amplitude and arrival time of all signals from each individual channel. 

Any errors in that process would affect the decomposition process of the eigenvalues 

of the moment tensor and eventually lead to the inaccuracies both in location and the 

crack kinematics. Instead of carrying out the determination of P wave amplitude and 

arrival time, the data analysis software Noesis developed by MISTRAS Group is 

introduced to perform the SiGMA procedure within the MTA module. 
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The experiment setup is shown in Figure 4-19. Six sensors in total are attached 

on each side of the specimen. Among them, sensor 1 is placed next to the hole on 

surface 1, and the remaining five sensors are attached exactly in the centre of each 

surface of the cube. 

 

Figure 4-19. Experiment setup on the cube 

The coordinates for exciting the H-N source on the concrete cube specimen are 

listed in Table 4-2. As shown graphically from Figure 4-20, surface 1 and 2 are selected, 

and totally 16 excitation points have been chosen to excite the H-N source. All 

excitation points are highlighted in different colour. 

Table 4-2. Coordinates of H-N source excited on the cube specimen 

 
Set 1 Set 2 

X Y Z X Y Z 

Surface 1 

0 25 100 -25 25 100 

25 0 100 25 25 100 

0 -25 100 25 -25 100 

-25 0 100 -25 -25 100 

Surface 2 

0 -50 75 -25 -50 75 

25 -50 50 25 -50 75 

0 -50 25 25 -50 25 

-25 -50 50 -25 -50 25 

 

   

Figure 4-20. H-N source excitation location on the cube specimen 



4.4.5 Results and discussion 

By applying the H-N source on the concrete cube as an artificial source, it is 

assumed that all signals would be more reliable to be able to be detected and have a 

clearer initial P wave arrival time and motion picked up by each sensor. In that case 

the MTA should be very likely to be performed successfully on the signals with similar 

crack kinematics as they are all from the same excitation source. After the 

determination of P wave arrival time and amplitude of each signal received by all 

sensors, the moment tensor of each event can be calculated by performing the SiGMA 

procedure in the MTA module in Noesis. Then the eigen values and eigen vectors can 

be determined subsequently.  

After performing the MTA, without any manual modification on pick-up of 

waveforms in advance, only 10 events out of 18 can be processed as moment tensors 

determined. Among them, only 5 events out of 10 is valid to be located.  

Figure 4-21 displays an example of all AE waveforms from a typical event 

recorded where the initial P wave arrival time and amplitude can be picked up on each 

of the channels.  

Table 4-3 presents the H-N source excitation coordinates of five located events 

and the corresponding location results. It can be seen that the average error of five 

location results is 21.5mm and the maximum absolute error reaches 31.4mm. The 

variation in each location can be visualized in Figure 4-22 where most of them are 

within a range of approximately 10mm - 20mm suggesting the location algorithm of 

MTA can still indicate the damage area with a lack of accuracy. 

Table 4-4 presents the moment tensor components and corresponding 

eigenvalues and eigenvectors produced by the SiGMA procedure of the selected 

events.  
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Figure 4-21. AE waveforms of an event recorded on all channels from the H-N source 

 

Table 4-3. Coordinates of H-N sources excitation points 

Event 

number 

Coordinates of excitation (mm) Coordinates of results (mm) Absolute error 

(mm) 

Average 

(mm) X Y Z X Y Z 

1 -25 0 100 -17.8  -0.2  115.6  17.2 

21.5 
3 -25 -25 100 -7.5  -15.2  124.2  31.4 

6 0 -25 100 -11.4  -16.7  98.0  14.2 

8 -25 -25 100 -32.5  -29.6  129.4  30.7 

9 -25 -50 50 -20.2  -38.3  48.8  14.2 
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Table 4-4. The moment tensor and corresponding eigen values and vectors produced 

by SiGMA procedure for the selected events  

Event Moment Tensor Components 
Eigen Values 
and Vectors 

maximum midiate minimum 

1 

-0.3818 0.3829 -0.1047 Eigen Value 1 -0.2092 -0.7451 

0.3829 0.7388 1 Eigen Vector X 0.155 -0.8943 0.4197 

-0.1047 1 -0.2933 Eigen Vector Y 0.8536 -0.0926 -0.5126 

/ Eigen Vector Z 0.4973 0.4378 0.7491 

3 

-0.9001 1 0.2722 Eigen Value 1 0.3896 -0.303 

1 -0.3916 0.2432 Eigen Vector X -0.7944 0.152 0.5881 

0.2722 0.2432 -0.5355 Eigen Vector Y 0.6044 0.2941 0.7404 

/ Eigen Vector Z 0.0604 -0.9436 0.3255 

6 

-0.1993 1 0.2969 Eigen Value 1 -0.0002 -0.8196 

1 -0.1636 0.2044 Eigen Vector X -0.719 0.2398 0.6524 

0.2969 0.2044 0.1493 Eigen Vector Y 0.6929 0.32 0.6461 

/ Eigen Vector Z 0.0538 -0.9166 0.3962 

8 

0.1924 -0.318 -0.049 Eigen Value 1 0.1092 -0.1291 

-0.318 1 0.6205 Eigen Vector X 0.2425 0.9139 -0.3257 

-0.049 0.6205 0.1915 Eigen Vector Y -0.8609 0.0479 -0.5066 

/ Eigen Vector Z -0.4474 0.4032 0.7983 

9 

-0.3193 -0.1489 1 Eigen Value 1 0.4329 -0.7342 

-0.1489 -0.4646 -0.2355 Eigen Vector X -0.7453 0.1791 0.6422 

1 -0.2355 -0.0528 Eigen Vector Y 0.0619 0.9777 -0.2008 

/ Eigen Vector Z 0.6638 0.1099 0.7398 

Table 4-5 displayed the location, crack motion vector, crack surface normal vector, 

and composition ratio of eigen value of each event. The results of this table are 

graphically presented in Figure 4-22 where each located event has been indicated on 

the specimen. 

Table 4-5. The location, crack motion vector, crack surface normal vector, and the 

composition ratio of eigenvalue of all processed events 

Event 

No. 

Location (mm) Crack Motion 
Crack Surface Normal 

Directions 

Composition Ratio of 

Eigenvalue (%) 

X Y Z X Y Z X Y Z Shear CLVD Mean 

1 -17.817 -0.235 115.593 0.362 0.427 0.829 -0.104 0.995 -0.001 53.59 44.89 1.52 

3 -7.518 -15.15 124.15 -0.115 0.953 0.279 -0.972 -0.126 -0.196 69.26 -5.48 36.22 

6 -11.404 -16.738 97.989 -0.095 0.947 0.306 -0.971 0.08 -0.226 81.94 12.06 6.00 

8 -32.527 -29.61 129.372 0.066 -0.997 -0.031 0.365 -0.532 -0.764 23.82 43.5 32.67 

9 -20.18 -38.284 48.769 0.101 -0.129 0.986 -0.953 0.2 -0.227 36.71 40.00 23.29 
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In the present SiGMA procedure, AE sources of which the shear ratios are less 

than 40% will be classified into tensile cracks. The sources of shear ratios are greater 

than 60% will be classified into shear cracks. In between of 40% and 60%, cracks are 

referred to as mixed mode. Therefore, among the above five located events as shown 

in Figure 4-22, two are classified into shear mode (green), two are classified into tensile 

mode (red) and one is classified into mix mode (orange). 

    

           (a)                          (b)                   (c) 

Figure 4-22. The location and crack types displayed by coloured source sphere on 

the cube (a)x-z plane, elevation view, (b) x-y plane, top view, (c) actual source 

location (excitation points). 

Through the study above, the lack of accuracy regarding location can be result 

from the determination of P wave velocity. As the 3D location algorithm is based on 

time-of-arrival (TOA) of waveforms received from all channels, the accuracy of 

measured velocity is critical. Using TOA to calculate the wave propagation velocity of 

an emission is normally to calculate the time difference of receiving signals from an 

excitation produced by a H-N source between two sensors placed at a known distance. 

Since the TOA method determines the velocity of a waveform from the first threshold 

crossing while the initial P wave is produced prior to the first threshold crossing, the P 

wave velocity determined may be incorrect and influence the accuracy of location 

results. 

Another difficulty to MTA is the significant lack of processed data. As described 

previously, inaccurate determination of initial P wave onset time and amplitude will lead 

to the failure of determination of moment tensor. Even if the moment tensor 
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components are calculated and determined, the located event will still be regarded as 

invalid if its location coordinates are outside the geometry of the specimen. The results 

from Table 4-5 and Figure 4-22 show that only five events have been successfully 

processed with SiGMA procedure. Among them, two events had a shear percentage 

below 40 and are classified as tensile, one events had a shear percentage between 

40 and 60 and is classified as mixed-mode, and two events had a shear percentage 

above 60 and are consequently classified as shear. Initially it is assumed that all 

excitation produced by H-N source will present similar source mechanism. 

Nevertheless, the results indicate either not all pulses produced by the H-N source are 

the same or the inaccurate calculation process of moment tensor. 

4.5 AE monitoring of RC beam 

The feasibility and effectiveness of the MTA-based approach has been 

demonstrated from the cube test in section 4.4. The cracking mechanisms in an 

experiment are investigated through carrying out a four-point bending test on a RC 

beam.  

4.5.1 Introduction and objectives 

It is well known that the three most common damage mode in reinforced concrete 

structures are bending failure, shear failure and bond-splitting failure. Among them, the 

shear failures are normally occurred in a brittle nature, therefore more attention needs 

to be paid in the design. Nevertheless, it is found that the occurrence of the diagonal-

shear failure in the RC beam highly depends on the shear span to the effective depth 

ratio (𝜆 =  𝑎 ℎ0⁄ , where 𝑎 is the length of shear span, and ℎ0 is the effective depth) 

but up to these days the cracking mechanisms of the diagonal-shear failure have not 

been clarified completely.  

In that case, prior to any maintenance and repair of concrete structures to be 

conducted, a diagnostic inspection of the current degradation state is necessary and 

essential. The aim of this study is to detect the damage and cracks using AE, and to 

further evaluate the feasibility of MTA method in characterizing AE sources, especially 
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when it comes to the on-site AE monitoring of structure for damage detection and 

health monitoring. 

4.5.2 Bearing capacity of diagonal section on shear span of flexural member 

Diagonal section bearing capacity includes both shearing resistance and bending 

resistance in a diagonal section of shear span. Figure 4-23 is a scheme of typical 

simply supported RC beam under four-point loading, and Figure 4-24 shows the 

principal stress trajectories for a simply supported RC beam without web reinforcement 

under two symmetrical concentrated loads. 

 

Figure 4-23. Scheme for four-point statistic bending test 

 

Figure 4-24. Principal stress trajectories in a homogeneous beam under four point 

bending arrangement 

Before diagonal crack occurs, the beam is presumed as homogeneous. The 

principal tension stress and the principal compression stress at any point of the beam 

can be determined by the equations from material mechanics. Once the diagonal 

cracks occur, they are always along the direction of principal compressive stress 

trajectories as shown in Figure 4-24. 

It is found that the main factors affecting shear resistance on diagonal section of 

bending member are the ratio of shear span to the effective depth, and strength of 

concrete. Normally, as the shear span to the effective depth (𝜆 =  𝑎 ℎ0⁄ ) ratio decreases, 



111 
 

the shear strength increases. (Attributed to the beneficial effect of direct load transfer 

to the support by arch action or so-called strut-and-tie load transfer mechanism.) The 

transition point between the arch action and beam action (or transfer beams and 

normal beams) lies between 𝜆  ratio of 1.45 to 1.78. Either side of this 𝜆  ratio, 

behaviour of RC beams, in terms of load resisting mechanism, failure pattern and the 

noise at failure, were entirely different (Londhe 2011). 

Based on the range of different 𝜆 value, the diagonal failure modes can be simply 

classified and summarized as follows: 

When 𝜆＜1, the diagonal-compression failure occurs as shown in Figure 4-25. 

The principal compression stress of concrete in the area near the support exceeds the 

compressive strength of concrete and the concrete between the support and loading 

point is crushed by the principal compression. In this case, the shear resistance highly 

depends on the compressive strength of concrete and it has a significant influence on 

the shear capacity of the beam. 

 

Figure 4-25. Diagonal compression failure - Shear strength depends on compressive 

strength of concrete 

When 1＜𝜆＜3, the shear-compression failure occurs. During the whole loading 

process many cracks could occur simultaneously. The shear-compressive zone of 

concrete gets smaller and the concrete stress in the residual zone is increasing under 

both normal stress and shear stress until the concrete strength under bi-axial loads 

has been exceeded. Eventually the concrete will be crushed. In this case, the shear 

resistance mainly depends on the concrete strength under bi-axial loads.  
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Figure 4-26. Shear compression failure - Shear strength depends on concrete 

strength under bi-axial loads 

When 𝜆＞3, the diagonal-tension failure occurs as shown in Figure 4-27. The 

shear stress increases rapidly in the residual concrete section, and the principal tensile 

stress in the compression zone exceeds the tensile strength of concrete at the same 

time. Normally there will be only one diagonal crack occurred with relatively larger 

width. Along two sides of the crack, concrete structure is split away into two parts. In 

this case, the shear resistance highly depends on the tensile strength of concrete. 

However, for concrete, the tensile strength does not increase proportionally as the 

strength level of the concrete increases, so it only has limited effect on the shear 

resistance of the beam. 

 

Figure 4-27. Diagonal splitting failure - Shear strength depends on tensile strength of 

concrete 

A group of schematics of cracking and failure patterns under different shear span 

ratio 𝜆 is shown in Figure 4-28. 
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Figure 4-28. Schematic of cracking pattern under different shear span ratio 𝜆 

 

4.5.3 Specimen preparation 

In order to make sure that the generation of the flexural failure and diagonal-shear 

failure could both be achieved during testing, RC beams of dimensions 

100mm×150mm×1200mm were designed as shown in Figure 4-29. Seven stirrups 

were arranged in the shear span on the left-hand side to increase the shearing capacity 

and two stirrups are arranged on the right-hand side so the diagonal-shear failure could 

occur and be located in this region. 

 

Figure 4-29 Sectional view of the specimen 

As described previously, the shear span to effective depth (𝜆 =  𝑎 ℎ0⁄ ) ratio is set 

to 1.44 in this study. The reinforcements and moulds used for beam casting are shown 

in Figure 4-30.  
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Figure 4-30 Reinforcement and mould for beam casting 

The concrete mix of the specimen in this experiment is shown in Table 4-6. And 

the mechanical properties are given in Table 4-7. These are determined from the 

standard cube test and cylinder test at the age of 28 days.  

Table 4-6. Proportions of concrete mix 

Grade W/C 

Ratio 

Cement Water Fine Agg. (0-4mm) Coarse Agg. (4-10mm) 

C40 0.46 1 0.46 1.93 2.25 

Table 4-7. Mechanical properties 

Cube 

No. 

28 days cube 

compressive 

strength fc(MPa) 

Average 

(MPa) 

Cylinder 

No. 

28 days  

cylinder 

splitting 

strength 

(MPa) 

Average 

(MPa) 

P wave 

velocity 

(m/s) 

1 50.4 

53.3 

1 3.8 

4.0 4030 2 56.6 2 4.2 

3 52.9 3 4.1 

 

4.5.4 Experimental Procedure 

As AE signals attenuate significantly and the wave amplitude decreases 

immediately in concrete as they propagate, it is essential to assure that the whole 

target area is covered with AE sensors in the SiGMA analysis. The sensor arrangement 

is shown in Figure 4-31 and the corresponding coordinates shown in Table 4-8. 
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Figure 4-31. AE sensors arrangement of the beam (shear span ratio λ=1.44) 

Table 4-8. Coordinates of the six sensors attached on the beam 

Sensor coordinates on the beam 

Sensor No. x(mm) y(mm) z(mm) 

Sensor 1 410 0 0 

Sensor 2 330 -50 75 

Sensor 3 460 0 150 

Sensor 4 470 50 120 

Sensor 5 350 50 30 

Sensor 6 600 0 75 

The test of the beam subjected to a four-point bending setup is carried out, AE 

signals are recorded by six AE sensors of 150 kHz resonance (R15I-AST, PAC) at 2 

MHz sampling frequency. The whole area of the shear span without stirrups is covered 

by all six AE sensors as shown above in Figure 4-31.During the test, the LVDT (Linear 

Variable Displacement Transducer) is applied to measure the beam central 

displacement. 

Figure 4-32 shows the history of load versus displacement. It should be noticed 

that in order to ensure that the data file would not exceed the software capability to 

post-process, there are three pauses in between during whole loading history to split 

the datafile into four executable subfiles. It can be seen that the ultimate failure load of 

the beam is 102.6kN. The first obvious change of slope occurred at about 19.2kN and 

the second significant change of slope occurred at around 97.9kN. Based on these 

two critical points, the whole loading process was divided into three stages normally 

referred as elastic stage, cracking stage and failure stage.  
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Figure 4-32. Load-displacement curve of the beam as three stages identified  

The ultimate failure mode of the beam is shown in Figure 4-33, and it can be seen 

that several bending cracks occurred in the mid-span and the shear compression 

failure is occurred eventually on the side of the shear span without stirrups. 

 

Figure 4-33. The ultimate failure mode of the beam (λ=1.44) 

4.5.5 AE parameters-based analysis 

As described previously, AE parameter analysis can be used to classify cracks 

into two types of tensile mode and shear mode (JCMS-III B5706-2003 code). Here, RA 

value (the rise time/the maximum amplitude) and average frequency (AE counts / the 

duration time) are applied to the analysis. In total, 87.4% AE hits are categorised into 

tensile cracks while 12.6% AE hit categorised into shear cracks. The parameter-based 

classification results of each channel during each stage are present in Figure 4-34. 

The total ratio of shear-mode cracks and tensile-mode cracks of each channel are 
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shown in Figure 4-35. 

      

 (a)                                (b) 

      

 (c)                                (d) 

      

(e)                                (f)  

(a) Channel 1, (b) Channel 2, (c) Channel 3, (d) Channel 4, (e) Channel 5, (f) 

Channel 6. 

Figure 4-34 Classification results based on AE parameters of three stages for each 

channel 
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Figure 4-35 Results of AE parameter analysis for each channel from the beam 

It is noticed from Figure 4-35 that the ratio of shear-mode cracks and tensile-mode 

cracks are all different from each channel. The shear-mode ratio from channel 3,4 and 

6 are much higher than the other channels. On the contrary, the tensile-mode cracks 

dominate channel 1,2 and 5 while only limited shear-mode cracks shown up. It is 

speculated that as sensor 1 is attached on the bottom of the beam and sensor 2 and 

5 are closer to the mid-span where the initiation of bending cracks occurred, more 

signals due to the tensile cracks from bending might be detected selectively by those 

three sensors than the others in the early stage of cracking. 

4.5.6 SiGMA procedure-based analysis 

Figure 4-36 (a) - (d) presents the MTA solution obtained in four time periods by 

carrying out the SiGMA procedure. Instead of presenting by the focal mechanism with 

source sphere, each source event is presented by a penny-shaped disk with a crack 

motion vector. To clearly show the source mechanism modes without interference, it is 

presented separately from the crack motion vector overlaid above. During each period 

of time presented in Figure 4-36 (a) - (d), the graph on the left shows the distribution 

of different source mechanism represented by the penny-shaped disks in different 

colour and the graph on the right shows the corresponding crack motion vectors. 

The Event Definition Time (EDT) value is set to 68𝜇𝑠 which is the maximum time 

difference between the TOA of two signals/waveforms caught by two different sensors 

(Channel 2 to Channel 6 in this study) in order to consider these signals part of the 
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same waveform event. It is critical to accurate source location as accurate △t is 

required. 

  

(a) During 0~352s; 

  

(b) During 352~658s; 

  

(c) During 658~1008s; 
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(d) During 1008~1185s. 

Figure 4-36. MTA mechanism solutions of AE during four time periods in the beam 

under four-point bending 

The results of MTA correlates to the cracks at the ultimate failure is shown in 

Figure 4-37, projected onto the x-z plane. Tensile cracks where the event shear ratio 

is less than 40% are indicated in red (●); shear cracks where the event shear ratio is 

greater than 60% are represented in green (●). Mixed mode cracks where the event 

shear ratio is between 40% and 60% are represented in orange (●). 

 

(a) During 0~352s; 
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(b) during 352~658s; 

 

(c) During 658~1008s; 

 

(d) During 1008~1185s 

Figure 4-37. Results of crack locations and types determined of MTA 

Both from Figure 4-36 and Figure 4-37, it is obvious to see that there is a 

significant number of events located both outside the sensor array and beam geometry, 

which should be discarded as invalid events. In this test, totally there are 238626 

waveforms obtained and 39187 events are created. Among them, only 18101 events 

can be available to be processed by the SiGMA procedure for calculation of moment 

tensor. Further, if the determination process of moment tensor components leads to 
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erroneous results, or outside geometry location vector, then that particular event will 

be discarded as invalid event. In that case only 2460 valid events remained in total and 

that only accounts for approximately 6.7% of the total located events. Table 4-9 

summarises the overview and details of all valid data from all the results obtained. 

Table 4-9. Overview of data set from MTA processed results 

Duration 
Number of total 

hits/waveforms 

Located 

events 

Available events for 

executing SiGMA 
Invalid 

Percentage of 

valid events 

0~352s 52326 8652 3378 2862 5.96% 

352~658s 77795 12965 6812 5813 7.71% 

658~1008s 51992 8665 4205 3632 6.61% 

1008~1185s 56513 8905 3706 3154 6.20% 

sum 238626 39187 18101 15461 Average: 6.74% 

The reason that the number of signals to which the SiGMA analysis is applicable 

is very limited lies in most of the events does not have all six clear P wave portions to 

be correctly determined due to the excessive signal attenuation and noesis as well in 

concrete. Furthermore, the accuracy of 3D-location in SiGMA procedure depends on 

the TOA algorithm which require accurate △t (difference of arrival time), and that 

requires ideal geometry of specimen and depends on the signal propagation path as 

well. It is known that the existence of reinforcement bars, aggregates, damage and 

cracks, voids and irregular boundary conditions will affect the signal propagation and 

influence the △t values, resulting in the poor calculation results of 3D-source location 

which is necessary for the MTA analysis.  

The above reasons eventually lead to only approximately 6-7% of the total events 

can be applicable for MTA analysis. Comparing to other people's work, most of them 

have encountered the same problem. For example, Beck (2004) conducted a four-

point flexure test on a notched concrete beam to apply MTA. Eventually 65 events are 

recorded where only 17 of them are applicable for performing the SiGMA procedure. 
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4.5.7 Comparison of parameter-based analysis and SiGMA analysis 

The difference between the AE parameter-based analysis and the SiGMA analysis 

could result from the fact that the parameter-based analysis is carried out for all AE 

hits from all channels, while the SiGMA analysis is applied to only AE events. As most 

of tensile-mode signals are generated from the bending cracks in the mid-span, they 

might be detected from any of the sensors as individual hit rather than a located event, 

and this could be the reason that the ratio of tensile-mode in parameter-based analysis 

at any particular stage could be higher.  

The parameter-based analysis results in shown in Figure 4-38 while the SiGMA 

analysis results is shown in Figure 4-39. 

 

Figure 4-38. Classification results from parameter-based analysis in each stage 

 

Figure 4-39. Classification results from SiGMA procedure analysis in each stage 
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Even there are only very limited data that are applicable to carry out the SiGMA 

analysis, for those successfully processed events they still show a quite reasonable 

and promising agreement with parameter-based results. 

4.5.8 Discussion 

Based on the results above, it can be summarised that there are three main 

reasons causing a great number of the invalid events to be carried out SiGMA 

procedure: 

1. Lack of sufficient and effective waveforms to extract information and determine 

the moment tensor components. 

2. Moment tensor components can be determined, but calculation regarding 

location vectors, motion vectors and normal vectors lead to erroneous results, such as 

the event location outside the geometry range of the specimen. 

3. No results, or out of limits results, or negative percentages of shear ratio results 

shown up, even though the SiGMA procedure can be successfully carried out. 

Due to those reason described above, there a significant amount of events needs 

to be excluded and only limited data remained for post-processing SiGMA procedure 

of MTA. The diagonal shear failure damage to the concrete identified by visual 

inspection suggested that the SiGMA procedure is still capable of determining the 

damage location and identifying the damage mechanisms as those limited data still 

shows a promising agreement with results obtained via the conventional parameter-

based method. 

4.6 Comparison of advantages and disadvantages of the different analysis 

methods 

From the study of section 4.4 and section 4.5, and correlated to the waveforms-

based analysis in Chapter 0, the comparison of parameter-based analysis, SiGMA 

analysis and waveform-based analysis are given in Table 4-10. 
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Table 4-10. Comparison of three AE analysis methods 

Method 

Items 

Parameter -

based 
SiGMA procedure Waveform-based 

Detection range Wide Limited Wide 

Location 

1D 

(Linear) 

2 sensors at 

least 
2 sensors at least 2 sensors at least 

2D 

(planar) 

3 sensors at 

least 
3 sensors at least 3 sensors at least 

3D 

(Spatial) 

4 sensors at 

least 
4 sensors at least 4 sensors at least 

Fast real-time data 

analysis 

Yes  

(PC memory) 
No No 

Statistical analysis 
Yes  

(PC memory) 
No Yes (PC memory) 

Amplitude analysis 

Only based on 

statistical 

analysis 

Require minimum 

resolution 

Require minimum 

resolution 

Frequency analysis No No 
Require broadband 

sensors 

Waveform analysis No Yes 

Require 

corresponding 

Sampling frequency 

Failure 

analysis 

Cracking 

orientation 
No Yes No 

Cracking 

size 
No Yes No 

Cracking 

energy 
No Yes Yes 

Cracking 

mode 
No Yes No 

 

4.7 Conclusions 

This chapter has investigated the feasibility of Moment Tensor Analysis (MTA). 

Prior to a four-point bending failure test under static load, a preliminary test was 

conducted on a concrete cube to evaluate the SiGMA procedure. Even though it is 

assumed that clear and defined initial P waves could be produced with the excitation 

of artificial H-N source, due to the nature of MTA for the strict requirements regarding 

number of sensors, accurate information extracted from signals and high attenuation 

character of concrete, the results show that still many events cannot be located. Even 

javascript:;
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for those located event, still there is a significant number of them that the SiGMA 

procedure cannot be successfully executed and lead to erroneous results. 

Nevertheless, for those valid events performed with SiGMA procedure shows a 

promising agreement with results obtained via the conventional parameter-based 

method, and additionally it has been proved that its abilities to identify where those 

mixed mode cracking has occurred. 

In order to determine where each onset time starts related to the TOA of a 

waveform and also to determine its amplitude (positive or negative), a secured way is 

to examine each individual waveform, zoom in to the area close to the pre-trigger point-

in-time to identify the accurate onset time. It is crucial to the success of carrying out 

SiGMA procedure for MTA when examining AE waveforms. But in practice, it is neither 

feasible nor realistic for on-site inspection and monitoring of engineering structures 

when dealing with mass amount of data. 

To validate the use of MTA for the characterisation of AE sources, it is 

recommended that the interest area is covered by the sensor array without too long 

propagation path to avoid significant attenuation. Applying an advanced denoising 

technique which is proper for AE signals from concrete, combining the improvement of 

existing algorithm and software could provide a clearer understanding, leading to a 

viable technique for assessing the source mechanisms and failure modes of concrete 

structure. It is also recommended that a series of similar lab-scale tests with known 

damage modes of failure pre-designed to be conducted for further MTA analysis to 

verify the accuracy and feasibility regarding location and source kinematics. 
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5. Chapter 5 Damage Detection and Evaluation of Vascular Network Based 

Self-Healing Concrete 

The advantages of AE lie in its sensitivity to damage growth and corresponding 

changes occurring inside the material which makes it promising for detection and 

quantification of damage in real time. In that case, AE is highly capable of monitoring 

the internal conditions of concrete structures under load and assisting in improving the 

efficiency of self-healing concrete. Associated AE parameters, such as amplitude, rise 

time, duration, signal strength and counts, can be extracted from AE waveforms. These 

types of parameters have been previously analysed to provide insight of damage 

mechanism and failure mode.) 

The work in this chapter is trying to address detection of damage evolution both 

in concrete and self-healing concrete with focus on the mechanical properties and AE 

responses. The results could be utilized to provide information and guide for the design 

and improvements of performance end efficiency of self-healing concrete. 

5.1 Specimen preparation and experimental setup 

Currently there are four main self-healing techniques developed from the RM4L 

project (Joseph et al. 2010): (i) microcapsules releasing healing agents when damaged; 

(ii) bacterial healing filling cracks with calcium carbonate; (iii) shape memory polymers 

minimising the crack width after damage and (iv) vascular flow networks supplying 

healing agents due to capillary force. 

This chapter aims at studying the application of AE on self-healing concrete based 

on using the 2D vascular network in concrete as a system for hosting the self-healing 

agent. Cyanoacrylates were selected as a potential self-healing agent which were 

injected into the polyethylene based capillary tubes after damage. 

5.1.1 Concrete specimen preparation 

Twelve beam specimens of size 75mm x 75mm x 255mm were cast in this study. 

The beam moulds contained pre-drilled holes in the end plates, four at either end of 
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each specimen. 4mm outer diameter capillary tubes(made of polyurethane tubing) 

were applied for reserving the space for the latter addition of the vascular healing 

network. The tubes were secured into place using crocodile clips and kept in tension 

to ensure no deformation or sagging occurred during casting as shown in Figure 5-1. 

The details of the specimen mould and concrete mix are shown in Table 5-1 and Figure 

5-1. 

Table 5-1. Proportions of concrete mix 

Grade/type 
W/C 

Ratio 
Cement  Water 

Fine Aggregates 

(0-4mm) 

Coarse Aggregates 

(4-10mm) 

Origin / 

Portland-limestone 

cement 

CEM II/A-L 32,5R 

Normal 

tap water 

Crushed marine 

sand with 

limestone 

Crushed limestone 

C40 mix ratio 0.46 1 0.46 1.93 2.25 

Concrete  

(kg/m3) 
/ 

470 

kg/m3 

216.2 

kg/m3 

907.1 

kg/m3 

1057.5 

kg/m3 

 

  

Figure 5-1. The double specimen moulds with capillary tubes placed 

All the specimens were supposed to be tested on their 7-days age. In order to 

avoid the impact to the material properties caused by the excess water in the pore 

matrix, the oven was applied beforehand to remove all water content. After curing for 

five days in a water bath at 20°C and one day in the oven at 95°C, a 6mm rectangular 

notch was sawn at the centre line of the bottom surface of each beam Then all 

specimens were drilled at the channel openings to widen the diameter of the capillary 

tube hole to 6mm at a depth of 10mm; air was blown through the channels afterwards 

to remove any concrete dust from drilling. Polyethylene tubing, with an outer diameter 

of 6mm and inner diameter of 4mm, was cut to a length of 120mm and then inserted 
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and glued into the drilled-out channel ends. This was done in order to have continuous 

4mm channel for the healing agent to flow. Two knife edges, used for the Crack Mouth 

Opening Displacement (CMOD) clip gauge, were glued on both sides of the notch on 

the bottom surface of the specimens. An aluminium, L-shaped deflection bracket, used 

for the LVDT (Linear Variable Displacement Transducer), was glued onto a side surface, 

overhanging the bottom edge (shown in Figure 5-2).  

 

Figure 5-2. Specimen preparation and setup  

5.1.2 Healing agents 

More recently, researchers at Cardiff University have undertaken a substantial 

parametric study on self-healing cementitious materials (SHCMs) and adhesive-based 

self-healing of concrete beams. The main healing materials and agents that have been 

proposed to date and widely employed to SHCMs include polyurethane (PU), sodium 

silicate, methyl-methacrylate, bacteria, epoxy resins and cyanoacrylates. The 

techniques for storage and delivery mainly comprise the systems based on micro-

encapsulation, macro-encapsulation and embedded vascular networks (Selvarajoo et 

al. 2020).  

These healing agents have generally been “off the shelf” agents. The relatively 

“low cost” and readily available nature of “off the shelf” products are important assets 

that must be possessed by any healing agent proposed for application to a large bulk 

material, such as concrete. In addition to being readily available and cost effective, a 
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suitable agent for the autonomic healing of cementitious materials should (Ghosh 

2009): 

(1) have the ability to be readily encapsulated; 

(2) have sufficient mobility to reach crack locations following release; 

(3) have sufficient mechanical properties post-curing to resist crack reopening; 

and 

(4) have sufficient long-term durability and compatibility with the cementitious 

matrix.  

In this study, cyanoacrylate of type PC20 was used as the healing agent because 

of the main advantage of rapid curing due to acidity of glue and alkalinity of concrete 

(pH of approximately 13). They provide a bond strength that often exceeds the strength 

of the substrate, certainly in the case of concrete. Moreover, the viscosity of 

cyanoacrylate PC20 is less than 10 centipoise which means that it possesses the 

ability to heal cracks less than 100 μm in thickness efficiently. For example, water has 

a viscosity of 1 centipoise (1 mP·s), milk is 3 centipoises, and grade 10 light oil is 85-

140 centipoises (Joseph et al. 2010). However, if the setting time is too quick, the 

dispersion of the healing agent within the crack may be insufficient. 

5.2 Testing methods 

5.2.1 Experiment setup 

The experiments consisted of four sets of three beams. Apart from one set of three 

control beams, each set comprise three beams tested under three-point loading with 

different paused time with input of self-healing agent (cyanoacrylates PC20) between 

1st loading stage (initial loading) and 2nd loading (reloading) stage. The test 

arrangement is shown below in Figure 5-3. 



131 
 

 

Figure 5-3. Test arrangement for self-healing experiments on notched beams 

5.2.2 Instrumentation 

AE signals were recorded with a MISTRAS EXPRESS-8 Eight-Channel system. 

A full suite of the AE Win software was installed on the PC. The acquisition parameters 

adopted in the study are listed in Table 5-2. The couplant grease from Electrolube 

company was used as the coupling. Steel pads were bonded to the concrete and 

magnetic clamps were used to hold the sensors on the surface of the specimens. Two 

R15I-AST sensors (70-200kHz) were attached on one side of the specimen with 

140mm distance between each other, as shown in Figure 5-4 (a) and (b).  

Table 5-2. The parameters adopted during AE data acquisition  

Parameter Value 

Threshold 45 dB 

Velocity 4030 m/s 

Hit definition time (HDT) 800 ms 

Peak definition time 

(PDT) 
200 ms 

Hit lockout time (HLT) 1000 ms 

 

(a) 
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(b) 

Figure 5-4. Experiment setup (a) front view; (b) back view. 

5.2.3 Loading conditions 

As shown in Figure 5-4, each specimen is subjected to three-point bending. The 

whole loading process is divided into two parts. Firstly, the load increased 

monotonically with a rate of 0.0002 mm/s until the CMOD reached 0.15mm. After 

unloading, healing agent (cyanoacrylate PC20) was injected into all tubes to the height 

as shown in Figure 5-3. Then the test was paused and the specimen was removed 

from the machine for different periods of time (1-hour, 24-hours and 3-days) before the 

reloading test. Secondly, after the specimen was healed, it was loaded monotonically 

again with the same rate of 0.0002 mm/s until the CMOD reached 0.30mm. 

5.3 Results and discussion 

As shown in Figure 5-5 below, the Load-CMOD curves for both reference (without 

healing agent, grey colour) and 24hrs-healing (blue colour) concrete beams are 

presented at the initial loading and reloading stages. The Roman numerals refer to the 

five stages that describe the progressive fracture process. 
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Figure 5-5. Example of the Load-CMOD graphs for control specimen (grey curve) 

and 24hrs self-healing (blue curve) specimen through the whole testing process.  

According to the fracture theory for concrete (Mier 2017), the following crack 

propagation stages is highlighted (marked with Roman numerals in Figure 5-5). 

I. Initially, the Load-CMOD curve evolves linearly; 

II. The elastic deformation ends as micro-cracks form at the pre-crack stage and 

accumulate to a macro-crack; 

III. The macro-crack forms as the ultimate load is reached; 

IV. The crack continues to propagate; 

V. The crack can no longer resist opening and widens. 

5.3.1 Strength regained ratio of self-healing concrete 

The results of the initial loading test (before the injection of healing agent) and the 

reloading test (after healing agent is injected and cracks are healed) with the peak load 

achieved are shown in Table 5-3. The control beams (C1 to C3) had already failed after 

the first three-points bending test. Therefore, the strength fell by an average of around 

75% in the reloading process.  

However, those specimens which were healed by cyanoacrylate with different 
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healing time (1-hour, 24-hours, and 3-days) carried further loading in the reloading test. 

Around 50%~70% original strength of specimens (batches of SH-A, SH-B and SH-C) 

were recovered and the maximum reached 85.8%. 

The method used to measure the strength recovery from the macro-scale 

experiments is normally straightforward in terms of the evaluation of healing 

performance. The strength recovery ratio depends on a peak load (or stress), a 

measurement of the remaining strength (load or stress) at the time healing is initiated 

and the strength (load or stress) after healing has occurred(Davies 2014). Homma et 

al.(2009) has defined the strength recovery rate( c ) to compare the strength recovery 

due to the self-healing of FRCC (Fibre Reinforced cementitious composites) specimen, 

and that index is introduced and represented by c  in equation 5.1 and illustrated in 

Figure 5-6. 

 
2 0

1 0

100%
P P

c
P P



−
= 

−

 (5.1) 

 

Figure 5-6. Schematic of the relationship between load and deformation of self-

healing specimen 

    Based on the equation 5.1 above, the strength recovery ( c ) is calculated in Table 

5-3. This equation is of the same form as that presented by Homma et al.(2009) but 

with load (kN) replacing stress and CMOD (mm) replacing elongation (or deformation). 
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Table 5-3. Mechanical results of initial loading and reloading 

Healing 

Agent  

Specimen 

No. 

1st  

Loading/kN 

time of 

rest period 

2nd  

Loading/kN 

Strength 

Recovery/% 
Average/% CoV/% 

No 

C1 6.55 

No 

1.73 / 

/ / C2 6.11 1.47 / 

C3 6.13 1.59 / 

Cyanoac

-rylate 

PC 20 

SH-A1 6.67 

1-hour 

4.44 

 

51.7% 

48.7% 

 

SH-A2 6.09 4.36 56.9% 20.5% 

SH-A3 5.98 3.72 37.6%  

SH-B1 7 

24-hours 

4.81 57.1% 

52.7% 

 

SH-B2 7.02 4.76 55.5% 12.2% 

SH-B3 6.2 3.81 45.3%  

SH-C1 5.27 

3-days 

4.71 85.8% 

71.8% 

 

SH-C2 6.18 4.92 72.4% 20.0% 

SH-C3 5.35 3.9 57.1%  

5.3.2 Characteristics of AE signals from damage in self-healing concrete 

5.3.2.1 The amount of AE hits 

Both of the four graphs in Figure 5-7 below show amplitude of the AE hits during 

the reloading stage for (a) control beam, (b) 1-hour healing beam, (c) 24-hours healing 

beam, and (d) 3-days healing beam. In those graphs, each red dot represents an AE 

hit. The loading curve is represented in black lines corresponding to the y-axis on the 

right.  

One critical point worth mentioning, considering as the CMOD during reloading 

stage reaching 0.15mm (which is the previous unloading point), is indicated by a dotted 

line. Apparently, most of AE activities from healing products or consequences occur 

before the CMOD reached the previous maximum, which is 0.15mm, and that is why 

most of attention should be placed on the reloading stage just before the dotted line. 

For the control beam, it can be seen that only few AE hits were found before the 

dotted line. This is because that there is no healing occurred and barely no new host 

matrix damage as well. It is only the process of crack re-opening of the original crack 

and consistent with the Kaiser effect as well. But plenty of AE hits show up after the 

dotted line in both of them. Those AE activities can be mainly attributed to the damage 
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of host matrix of concrete and formation of new microcracks and macrocracks.  

  

(a)                                      (b) 

  

(c)                                      (d) 

Figure 5-7. Amplitude of AE hits during the reloading stage for specimens: (a) control; 

(b) 1-hour healing; (c) 24-hours healing; (d) 3-days healing; 

In terms of those hits before the dotted line in Figure 5-7(b), (c) and (d), it confirms 

that those emission are primarily attributed to the ‘healed damage’. But the difficulties 

lie in that it is hard to recognize whether those signals originate from the reopening of 

healed cracks or the formation of new cracks due to the higher strength of the bonding 

surface, or both processes. However, the appearance of those hits before the dotted 

line can still qualitatively indicate the effect of healing consequences and it can also be 

found that the longer pause time left for healing, the more AE hits are produced with 

relatively higher energy. That phenomenon matches with the mechanical response as 

well. Figure 5-8 gives a statistics of total number of hits before and after the 0.15mm 

CMOD dotted line of all specimens. 
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Figure 5-8. Number of AE hits in both initial loading and reloading stage for all 

specimens 

During the stage of overlap of precracking and reloading, (indicated in Figure 5-5), 

theoretically the AE activities from this period of time are supposed to be coming from 

two different type of damage sources before the previous damage level (recognized 

by the value of CMOD) is exceeded after the specimens are healed. One of them is 

resulting from the sources of generation of new cracks formation. This is simply due to 

the fact that the healing effect, such as the healing agent available in the vascular 

network based specimen, possess a much stronger bond effect with original host 

matrix, which result in the bonding surface of cracked area possess higher strength 

than the surrounding original host material, and compel the new cracks to form in a 

different position. Another type is primarily the sources from the damage of healed 

crack surfaces. These healed cracks, result from the filling of the adhesive in the 

vascular network due to the capillary force when microcracks appear, can fill those tiny 

interspaces very well. However, in terms of the recovery of mechanical properties and 

the effect of healed area to the overall structure, especially for flexural strength, has 

been less investigated. Therefore, the bonded crack surfaces by the filling adhesive 

agents could still be weaker regarding the mechanical properties than that of the 

original host matrix. Thus, it is potentially to be damaged again before the maximum 

load reached. 

It also presents a relative dense area of AE hits for each self-healing specimen 

compared with control beams before the dotted line, as discussed above, due to the 
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new damage after the injection of healing agent in the crack. In this case, the results 

during reloading stage can be explained by the self-healing phenomenon. Moreover, it 

can be noticed that the amounts of the AE hits were different among the specimens 

before the dotted line. The more hits, the better the healing effect. Therefore, from the 

perspective of AE hits, the level of healing effect could be qualitatively assessed in the 

order of healing time 1-hour < 24-hours < 3-days. These results demonstrate that the 

self-healing capability is indeed related to different reaction time of the adhesive and 

host matrix. 

5.3.2.2 Evolution of AE hits 

The variation and evolution of AE hits before and after different healing time are 

shown in Figure 5-9 to Figure 5-12. As can be seen from these graphs, a large amount 

of AE signals was generated both during the initial loading and reloading stages. 

Obviously, the amount of AE hits in the reloading stage is relatively less than that in 

the initial loading stage no matter for the healed beams or the control beams. For those 

healed beams, with the increase of load, the number of AE signals increases gradually 

from beginning, which is against the Kaiser Effect of AE. 

This is because that although there are already loads of cracks and damage 

occurred after the initial loading stage, the healing agent is injected afterwards and 

outflow rapidly from the tubes to those macrocracks and microcracks due to capillary 

force. Thus, most of the cracks in the specimen have been restored as well as regained 

strength to return the concrete specimen to its original condition. In that case, during 

the reloading stage to evaluate the healing effectiveness, the healed concrete follows 

a similar damage process to the specimen before healing. It also can be illustrated 

from the AE monitoring results. More specifically, at the beginning of initial loading, the 

number of AE hits increase slightly due to the own properties of concrete. As a kind of 

porous material, there are still many micro-cavities and holes in concrete even though 

the concrete has cracked and damaged already. Under the action of external load, the 

micro-cavities and holes around the main cracks are squeezed and compacted which 

result in the mortar particles rub and collide with each other and will generate a small 
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amount of AE signals.  

Subsequently, the amount of AE hits goes up significantly as the load increases, 

indicating that the interior structure of the specimen starts to change and produce new 

microcracks and damages. When the peak load is reached, the AE characteristic 

parameters increased dramatically because of the brittleness of concrete. Thus, the 

cracks will expand unstably when the load reaches the maximum value and the 

specimen will be failed due to the brittle fracture. 

 

(a)                                   (b) 

Figure 5-9. Evolution of control beam, without healing: (a) Cumulative AE hits;  

(b) AE hits and load curve during reloading stage 

 

(a)                                   (b) 

Figure 5-10. Evolution of 1-hour healing: (a) Cumulative AE hits;  

(b) AE hits and load curve during reloading stage 
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(a)                                   (b) 

Figure 5-11. Evolution of 24-hours healing: (a) Cumulative AE hits;  

(b) AE hits and load curve during reloading stage 

 

(a)                                   (b) 

Figure 5-12. Evolution of 3-days healing: (a) Cumulative AE hits;  

(b) AE hits and load curve during reloading stage 

 

5.3.2.3 The absolute energy of AE during fracture 

Figure 5-13 displays the evolution of AE hits cumulative absolute energy of both 

the initial loading and reloading stage for (a)control beam, (b)1-hour healing beam, 

(c)24-hours healing beam, and (d)3-days healing beam. The cumulative absolute 

energy of initial loading and reloading stage for specimen is represented in blue and 

red curves respectively. Again, the most important point-in-time as the CMOD value 

during reloading stage reaching 0.15mm (the previous unloading point), is indicated 

by dotted line, which is consistent with the distribution of AE hit and amplitude as 

discussed above. 
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As can be seen from Figure 5-13, a different pattern worth noting between the 

cumulative absolute energy generated from reloading of control beam and other self-

healing beam tests after the dotted line. The energy released from control specimen 

during reloading increases gradually over time as similar as the initial loading stage. In 

terms of the self-healing specimens, however, as can be seen from both self-healing 

specimens, the most distinguished feature is that the energy generally stays at higher 

value in reloading than that of the initial loading after the previous damage was 

exceeded. This can be attributed to the breakage of ultimate failure caused by either 

the reopening of healed crack or the formation of new damage because of the higher 

bonding strength of the healed area.  

Both the self-healing specimens show a similar pattern as there is a burst of 

energy. As shown in Figure 5-13, the order of magnitude is 106 for the control beam, 

and the order of magnitudes are 106, 107 and 108 for (b)1-hour healing beam, (c)24-

hours healing beam, and (d)3-days healing beam respectively. Based on the result 

above, it demonstrates that the self-healing specimens have much higher cumulative 

energies than the control specimen, and the cumulative energies are in the order of 

control beam < 1-hour self-healing beam < 24-hours self-healing beam < 3-days self-

healing beam, which agreed well with the results of the amounts of AE hits above as 

well. 

On the other hand, it also demonstrates that the cumulative energy is indeed 

related to the healing effect and its corresponding time to some extent. Moreover, the 

amount of AE hits for 3-days self-healing beam is about twice than that of control 

specimen, but the cumulative energy for 3-days self-healing beam is about 28 times 

larger than that of control beam. It shows that the cumulative energy is not only related 

to the length of healing time, other factors such as the micropore structures of the 

material itself, bonding quality and healing degree, also have significant effect on the 

cumulative energy during the reloading stage. For instance, the higher the bonding 

quality is, or the less unhealed area left, the more fracture energy could be needed 

when cracks and damage occurred. 
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(a)                                   (b) 

  

(c)                                   (d) 

 

Figure 5-13. Cumulative energy of the AE hits during the initial loading and reloading 

stage for specimens: (a) control; (b) 1-hour healing; (c) 24-hours healing; (d) 3-days 

healing; 

Theoretically, as shown in Figure 5-14, the healing agent would be released when 

damage is formed, primarily filling the macro-crack due to the capillary forces. Then 

micro-cracks appear as the load increases. The regained strength of damaged area, 

or the quality of healing highly depends on how much space of the cracked area the 

healing agent can fill and possess. 
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Figure 5-14. Identification of different fracture zone of concrete 

 

One thing noticed and worth mentioning is, as shown in Figure 5-15, since the 

main crack occurred in the initial loading stage with a lot of microcracks surrounded, 

the new crack during the reloading process would initiate to the sides of the main crack 

after the initial cracks were healed and closed. To some extent, that phenomenon could 

be reflected on the graphs of the distribution of absolute energy. The distance between 

energy peaks of initial loading and reloading indicates that the two main cracks 

generated during each loading stages are not in the same place. Even some of the 

specimens cannot be visualized from the surface but still can be verified by the energy 

distribution, which would be helpful to the damage location of new cracks.  

 

Figure 5-15. Original cracks and new crack formation on side face of Self-Healing 

beam  

Figure 5-16 to Figure 5-18 shows the distribution of absolute energy against the 

X-position between two sensors mounted on each specimen. Since most of the energy 

is generated in the middle-notched area of each specimen, the range of X-axis of the 

graphs shown below has been shortened to 60mm for a more focused and clear 

representation. The middle of specimen is signed by a grey dotted line and the distance 
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from each energy peak to the centre line has been labelled. 

 

Figure 5-16. Distribution of AE absolute energy along the length between two 

sensors for 1-hour healing test  

 

Figure 5-17. Distribution of AE absolute energy along the length between two 

sensors for 24-hours healing test  

 

Figure 5-18. Distribution of AE absolute energy along the length between two 

sensors for 3-days healing test  

 

 



145 
 

5.3.3 Evaluation of self-healing efficiency based on AE Felicity ratio 

5.3.3.1 Kaiser effect and Felicity effect 

Generally, the loading path history of the material has an important impact on the 

AE characteristics during the repeated loading. The Kaiser effect was put forward by 

the German scholar Kaiser in the first place (Kaiser 1953). It was discovered in a test 

of loading metal materials. The Kaiser effect is manifested and defined as the absence 

of AE signals (or no obvious AE signals) at loads not exceeding the previous maximum 

load level when material undergoes repetitive loading. In other words, material has a 

memory for the historical load with respect to the presence of AE phenomenon. 

Conversely, if the material gives off significant AE signals at a lower load than the one 

previously reached in an increasing repeated loading, then this phenomenon is defined 

as the Felicity effect. 

 Rüsch and Van Amerongen (1960)，McCabe et al. (1976) have proved through 

experiments that the Kaiser effect exists in concrete, rock and masonry materials as 

well.  Watanabe et al. (2007) found that Kaiser effect has a certain relationship with 

the strength of concrete. The more obvious Kaiser effect could be observed as the 

higher strength the concrete has. Große and Schumacher (2013) found that Kaiser 

effect depends on the highest stress level reached by the previous loading. When the 

stress level exceeds a certain range during the previous loading stage, the Kaiser 

effect disappears.  

Hongguang and Zaoding (1997) verified the existence of the Kaiser effect and 

Felicity effect during the cyclic loading process of concrete materials through a series 

of studies and the relationship between Kaiser effect and Felicity ratio is studied in 

detail. It is found that the Kaiser effect of the concrete material has both the upper 

stress limit (about 70% - 80% of the ultimate stress) and the lower stress limit (about 

30% - 40% of the ultimate stress). The upper limit of stress is determined by the failure 

mechanism of the concrete, and the lower limit of stress is determined by the structural 

characteristics of the concrete material itself. 
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During the two stages of loading of self-healing concrete beams, it can be 

observed that all the specimens generated AE signals from the very beginning until 

they were unloaded before the rest period. Then those specimens which were healed 

during the pause generated AE signals again before the unloading point (i.e., the 

maximum loading level during initial loading stage) was exceeded. The presence of 

this phenomenon is called “Felicity effect” and it can be manifested as the occurrence 

of “detectable and effective AE activities” during repeated loading of the material before 

the load level reaches the previous maximum applied load. The criteria used to 

determine the “effective AE signal” are discussed in the next section.  

Another famous phenomenon which is known as Kaiser effect, as a widely used 

concept in AE signal processing as well, is demonstrated in Figure 5-19(a). Conversely, 

the Felicity effect observed in self-healing concrete beams is demonstrated in Figure 

5-19 (b), which illustrates the cumulative AE signals emission versus the load applied. 

The loading path from B’ to C’ (unloading) and C’ to D’ to E’ (repeated loading) clearly 

indicates the absence or little of AE activities up to a loading level (D’), which is below 

the previous primary loading level (B’). 

Compared with Figure 5-19 (b), the difference in Figure 5-19 (a) lies in the loading 

path from D to B where there is no new AE activities occurring until the previous loading 

level (B) is exceeded. It may take place if there is no healing phenomenon or strength 

recovery occurred at all. The Kaiser effect is literally described as when no AE activities 

shown up until the previous maximum load level is reached, which enables the Kaiser 

effect a special case of the Felicity effect (behaved as the point D’ is close enough to 

B’ in Figure 5-19 (b)).  
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(a)                                    (b) 

Figure 5-19. Example of AE test results in a cyclically loaded specimen: (a) Presence 

of Kaiser effect (BCB); (b) Presence of Felicity effect (as a result of self-healing) 

(B’C’D’) 

 

Meanwhile, this Felicity effect can also be quantified using the Felicity ratio (FR), 

which is the ratio of load where considerable AE resumes during reloading, divided by 

the previous maximum load applied as the equation 5.2 shown below:  

 ( 1)
( )

( )

+
= AE

MAX

P i
FR i

P i

 (5.2) 

Where  

( )FR i  is the Felicity ratio of the i-th loading during a cyclic loading; 

( )MAXP i  is the maximum load during the i-th loading; 

( 1)AEP i +  is the loading level when considerable AE resumes at the (i+1)th 

load. 

From previous study, combination use of the Kaiser effect and Felicity effect can 

be efficiently used to determine whether major structural defects are present. 

Furthermore, Felicity ratio can become an important criterion for evaluating the severity 

of material defects. It is complied with Kaiser effect when Felicity ratio is greater than 

1, or against the Kaiser effect when Felicity ratio is less than 1.  

5.3.3.2 Determination of valid emission signals 

In terms of concrete, because of its complexity and it is a kind of polyphase and 
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compound material, can be influenced by many factors. So many different kinds of 

defects, cracks and microstructural inhomogeneity are already contained inside before 

any load applied. In that case, some microcracks will deform and propagate even 

under relatively low stress condition. Therefore, it is of great importance to determine 

whether there are ‘effective AE signal’ received and corresponding loading magnitude 

during the process of cyclic loading. However, up to now there is no agreed definition 

about the concept of ‘effective AE signal’. Normally researchers just distinguish the 

signals by using their own experience and properties of corresponding material. 

During the experiments, it was observed that occasionally some cement paste 

caused by spalling may peel and the AE amplitude will increase significantly. But this 

kind of signal is very short and therefore it cannot be regarded as the valid AE signal 

as a sign of AE recovery. Hongguang and Zaoding (1997) conducted an experimental 

study with respect to the relationship of Kaiser and Felicity effect in concrete material. 

According to their findings shown in Figure 5-20, the following two criteria can be 

considered to use as the determination for “effective AE signal” in concrete: 

(1) AE signals has been continuously increasing when load increases; 

(2) More than 10 AE hits are received in the process of increasing the load by 10%. 

 

Figure 5-20. Criteria for the determination of ‘effective AE signals resume’ 

5.3.3.3 Healing performance evaluation 

To more intuitively characterize and better quantify the degree of self-healing, 

another index HI, called “Healing Index”, is introduced and defined as the following 
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equation 5.3. 

 ( )(%) 100 1HI FR=  −
 (5.3) 

Where  

HI  is the Healing Index (%); 

FR  is the Felicity ratio. 

According to these two criteria discussed above, the results of Felicity Ratio 

calculated are shown in Table 5-4 and Figure 5-21. 

Table 5-4. Strength recovery and Felicity ratio 

Specimen 

No. 

Strength recovery(%) 

Recovery/% 

Felicity ratio Healing 

Index/% C1 / 0.8135 / 

C2 / 0.8221 / 

C3 / 0.6989 / 

SH-A1 51.7% 0.7379 26.21% 

SH-A2 56.9% 0.6887 31.13% 

SH-A3 37.6% 0.5738 42.62% 

SH-B1 57.1% 0.0580 94.20% 

SH-B2 55.5% 0.0616 93.84% 

SH-B3 45.3% 0.0982 90.18% 

SH-C1 85.8% 0.2385 76.15% 

SH-C2 72.4% 0.1406 85.94% 

SH-C3 57.1% 0.0515 94.85% 

 

Figure 5-21. Correlation of Strength recovery and Felicity ratio  

As shown in Table 5-4 and Figure 5-21, the Felicity ratio is related to different 

healing time and relatively decreases with the increasing strength recovery of healing. 

This is because the specimen is internally microcracked and damaged during the first 
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loading, and the healing agent will flow to the section of fracture surface due to the 

capillary action, which enables it to be repaired timely and promptly, so the strength of 

the specimen is regained and improved. 

During the reloading stage, the position of crack occurred would be different 

according to the bonding quality of fracture surface. If the bond strength is greater than 

the original, it is more likely the microcracks would occur in a different location. 

Opposingly, if it is less than the original strength, then the previous microcrack surface 

will get cracked again. Therefore, the Felicity effect is shown in that case. Furthermore, 

it can be concluded that the use of Felicity Ratio could be promisingly used to 

determine and evaluate the effectiveness of healing. However, it still needs to be 

further studied about whether there is a quantitative relationship between the Felicity 

Ratio and quality of healing effectiveness. 

5.4 Signal identification using PCA principal component analysis and 

unsupervised clustering techniques 

To further investigate and differentiate signals between concrete matrix cracking 

and those relating to the healing process including further damage, principal 

component analysis (PCA) and unsupervised pattern recognition algorithms are 

adopted to identify different damage mechanisms. 

5.4.1 Introduction 

As analysed and discussed on previous work in this chapter, most of the methods 

used to characterise the healing behaviour using AE are based on the evolution of 

parameters before and after healing occurred. Nevertheless, it is challenging to identify  

damage mechanisms only from the AE parameters. The ability to classify these signals 

efficiently and automatically from different source mechanisms is definitely desirable 

and worth investigating.  

The difficulties lie in the interpretation of transient AE signals which carry abundant 

information and very likely to be easily affected by source mechanisms, material 

properties, propagation path and sensor transfer function, etc. Hence, to increase the 

javascript:;
javascript:;
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accuracy of identification and classification, careful consideration of AE data is critical 

prior to recognising and maximising subtle differences between signals.  

Grouping or classification of AE signals can be achieved through either supervised 

or unsupervised pattern recognition (Manson et al. 2001; Rippengill et al. 2003). 

Besides, the classification process requires a suitable set of features to be processed 

to describe each signal. Pullin et al. (2008) successfully applied the PCA to differentiate 

AE signals between fracture source and high level background noise in a real landing 

gear component subject to no load. Al-Jumaili et al. (2015) implemented unsupervised 

clustering techniques to classify AE signals from a carbon fibre laminate buckling test. 

In his work, the hierarchical clustering technique was used for AE feature extraction 

and selection, followed by PCA providing signal features that represent the greatest 

data variance while remaining linearly uncorrelated with each other, and finally two 

clustering analysis was performed using k-means and Fuzzy C-means techniques. 

The concept of clustering refers to the geometric grouping of unknown objects 

whose mean values of all class variables in the database are grouped into several 

classes consisting of similar properties. The object features in the same cluster have 

great similarities while it is of relatively large differences between each cluster. Relative 

to clustering, classification is also a term referring to effectively identify object classes, 

but this process normally is costly since it requires collection and identification of a 

large number of different class patterns. The differences between clustering (also 

known as unsupervised learning) and classification (also known as supervised learning) 

are that the classes that clustering needs to divide is unknown. The purpose of 

clustering is to classify data collected using similarities into several classes with similar 

characteristics, which has high practical significance for dealing with a large number 

of objects in the database. 

This section expands based on previous results using clustering techniques and 

PCA to further investigate the source mechanisms from self-healing behaviour.  

 



152 
 

5.4.2 Cracking modes by conventional parameter-based analysis  

As described previously in section 2.1.6.2 and the application in section 4.5.5, the 

two descriptors, the RA value (rise time / maximum amplitude) and the Average 

Frequency (counts / duration time), are shown to help distinguish tensile cracks and 

shear cracks. Figure 5-22 below show the RA-AF index-based classification results for 

the control specimen. From both the preloading and reloading stage, it can be seen 

that most of AE signals (approximately two third) are predominately located within the 

upper half of the plot. This is because the control specimen subject to three-point 

bending arrangement keeps the tensile cracks as the dominant AE activities. For the 

specimens incorporating the healing agent PC20, the RA-AF plot still follows a similar 

trend both in preloading and reloading, as shown in Figure 5-23, as still the concrete 

matrix cracking is the dominant damage form subject to three-point bending test setup 

after the specimens are repaired. 

 

Figure 5-22. RA-AF classification result of control specimen from preloading (left) and 

reloading (right) 
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Figure 5-23. RA-AF classification result of self-healing specimens from preloading 

(upper) and reloading (lower) 

5.4.3 Identification process 

An identification procedure is proposed that includes optimum feature selection, 

parameter pattern recognition and dimension reduction using PCA technique. Figure 

5-24 below shows the flow chart of the analysis procedure, and the individual steps 

are explicated in detail afterwards. 

 

Figure 5-24. Flow chart of identification procedure 
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5.4.3.1 Feature normalisation 

Prior to any multivariable classification or clustering process, the normalisation of 

data is necessary and critical to ensure that each parameter has equal weighting. 

When processing AE data, an individual parameter, such as amplitude, is normalised 

by subtracting the mean value for that parameter from each data point and dividing by 

the standard deviation, which result in a mean of 0 and a standard deviation of 1. 

The traditional AE parameters are listed in Table 5-5 (MISTRAS Group Inc., 

Products & Systems Division 2011, p.4). In this work, the onward hierarchical clustering 

is performed based on the most common 8 AE parameters selected, which are rise 

time, counts, energy, duration, amplitude, average frequency, signal strength and 

absolute energy which are highlighted in italic in Table 5-5.  

Table 5-5. Traditional AE Hit data set/parameters 

No. AE parameters No. AE parameters 

1 Amplitude 8 Rise Time 

2 Energy 9 Counts to Peak 

3 Counts 10 Average Frequency 

4 Duration 11 Reverberation Frequency 

5 RMS 12 Initiation Frequency 

6 ASL - RMS 13 Signal Strength 

7 Threshold 14 Absolute Energy 

5.4.3.2 Feature selection using hierarchical clustering 

Hierarchical clustering is a method to identify the most correlated features and 

group them based on their similarity (Anderberg 2014) or correlation coefficient as 

proposed by other previous researchers (Moevus et al. 2008; Kontsos et al. 2011; 

Momon et al. 2012). The results can be visualised as a dendrogram. For a certain level 

of correlation coefficient, there will be a certain number of groups of features.  
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In this work, a complete link hierarchical clustering algorithm is applied to the 8 

AE features selected of all data set to group features based on their correlation 

coefficient. Figure 5-25 and Figure 5-26 show the clustering results which are 

visualised as a dendrogram of all specimens during preloading and reloading 

respectively. As can be seen that, at a higher level of correlation coefficient, a great 

number of pairs of features exist as the features in each pair are very highly correlated 

and vice versa; likewise, at a lower level of correlation coefficient, a fewer number of 

pairs of features exist as each pair of features at that level contains less correlated 

information (correlation coefficient of 100 means total correlation and vice versa). In 

this work, considering the hierarchical clustering results both from preloading and 

reloading, 4 lesser correlated AE parameters, count, amplitude, average frequency 

and absolute energy are selected for onward analysis. 

 

Figure 5-25. Dendrograms of 8 AE features using hierarchical clustering of all 

specimens during preloading  
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Figure 5-26. Dendrograms of 8 AE features using hierarchical clustering of all 

specimens during reloading  

5.4.3.3 Feature pattern recognition 

Based on the 4 selected AE parameters, count, amplitude, average frequency and 

absolute energy, the feature pattern based on each pair of AE parameters are 

compared to differentiate between fracture signals before and after healing occurred 

on all self-healing specimens. Figure 5-27 to Figure 5-32 show the 6 pairs of the 4 

selected AE parameters, namely Average Frequency versus Absolute Energy, Average 

Frequency versus Amplitude, Average Frequency versus Count, Amplitude versus 

Absolute Energy, Count versus Absolute Energy, and Count versus Amplitude, of all 

self-healing specimens both from preloading and reloading.  
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Figure 5-27. Average Frequency versus Absolute Energy for self-healing specimens 

 

Figure 5-28. Average Frequency versus Amplitude for self-healing specimens 

 

Figure 5-29. Average Frequency versus Count for self-healing specimens 

 

Figure 5-30. Amplitude versus Absolute Energy for self-healing specimens 
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Figure 5-31. Count versus Absolute Energy for self-healing specimens 

 

Figure 5-32. Count versus Amplitude for self-healing specimens 

Overall, from those comparisons above of each pair of parameters from the self-

healing specimens, it can be seen and concluded that those signals from preloading 

and reloading are nominally identical from the perspective of feature distribution 

patterns, and it can’t be actually be separated from each other to identify their own 

source. It is indicated that even after those specimens are healed incorporating with 

healing agent PC20, the concrete matrix cracking is still the dominant damage form 

during fracture process, and re-cracking position are close to the initially cracking area 

as there will be an obvious change of parameters if there is a significant change of the 

distance from source to sensor. 

Figure 5-33 to Figure 5-35 show the ultimate cracking patterns of 1-hour, 24-hours 

and 3-days self-healing specimens respectively after failure. As explained in section 

5.3.2.3, the new crack during reloading could be initiated from the sides of the main 

crack occurred during preloading. This may not always be visualized from the 

specimen surface. As the Figure 5-33 to Figure 5-35 shown below, only two specimens 

have obvious re-cracking positions that can be noticed. From the physical observation 
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of the self-healing specimen, it also confirmed that the results of AE parameters’ 

feature comparisons above indicating that the characteristics of signals from 

preloading and reloading are nominally identical, and dominantly from concrete matrix 

cracking. The signals from re-cracking of healing areas cannot actually be 

discriminated. 

   

Figure 5-33. The ultimate cracking pattern of 1-hour self-healing specimens 

   

Figure 5-34. The ultimate cracking pattern of 24-hours self-healing specimens 

   

Figure 5-35. The ultimate cracking pattern of 3-days self-healing specimens 

5.4.3.4 Feature extraction using PCA for dimension reduction 

Since no notable feature differences can be separated from the results above, the 

PCA is implemented to further and automatically differentiate between AE signals from 

preloading and reloading of self-healing specimens. As describe previously, PCA is a 

method used to simplify high dimension data sets to lower dimensions to allow a 

simpler analysis, which enables the features grouping of AE signals can be performed 

under a low-dimensional framework achieving 2D or 3D visualization. 

In this work, using the proposed identification procedure, 4 less correlated AE 
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features are selected using hierarchical clustering as the inputs of PCA. A brief 

introduction to the PCA methodology is given below (Al-Jumaili et al. 2015): 

1. Mean subtraction – subtract the empirical mean from each column of the data 

set matrix; 

2. Calculate the covariance matrix – find the M×M empirical covariance matrix 

from the M-dimension data set matrix; 

3. Calculate the eigenvectors and eigenvalues from the covariance matrix – 

the eigenvector associated with the largest eigenvalue has the same direction as the 

first PC. The eigenvector associated with the second largest eigenvalue determines 

the direction of the second PC; 

4. Visualisation – project the data from multidimensional space along the first 

and second PCs and plot as a two dimensional x-y plot between the two PCs. 

Figure 5-36 to Figure 5-38 below present the PCA results from 1-hour healing, 24-

hours healing and 3-days healing specimen respectively. It can be seen that most of 

the signals are overlapping. The variation observed of all signals is not large, and no 

distinct separation can be noticed of signals from preloading and reloading.  

 

Figure 5-36. Principal component analysis of 1-hour healing specimens 
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Figure 5-37. Principal component analysis of 24-hours healing specimens 

 

Figure 5-38. Principal component analysis of 3-days healing specimens 

It is not surprising that the PCA technique is not possible to separate signals that 

are intrinsically very similar. In fact the purpose of PCA in this study is to identify signals 

generated from different sources (i.e. the re-cracking of bonding area) after the 

specimen is filled and healed with healing agent. Nevertheless, as the concrete 
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cracking is still the dominant damage from both in preloading and reloading of self-

healing specimen, there is no distinct difference of signals can be automatically 

separated. 

5.4.4 Discussion 

It is confirmed again by PCA that the signals from preloading and reloading of self-

healing specimen are very similar and nominally identical, which are dominantly from 

concrete matrix cracking. Even there exists signals from the re-cracking of healed zone 

of self-healing specimen, it is actually not possible to distinguish and separate those 

signals from the dominant concrete cracking signals regarding feature recognition and 

clustering. Hence, there is no foreseeable insight to conduct any further clustering 

given there is no distinctive differences observed both from results of feature pattern 

comparison, physical observation, and PCA. If a notable difference can be visualised 

from the output of PCA indicating the potential to discriminate data between different 

signals, then a further clustering analysis can be conducted through other 

unsupervised learning algorithms (e.g. k-means and Fuzzy C-means clustering 

techniques) to further identify different sources from signals. 

5.4.5 Summary and conclusion 

In the present investigation, AE data from control specimens and self-healing 

specimens were analysed. To achieve the source identification and overcome the 

difficulties in selection of the most uncorrelated AE parameters, the hierarchical 

clustering technique is implemented to select the least correlated AE parameters to 

maximise the variance and any subtle differences in the data. Then the selected 

parameters are used as the input features for onward pattern recognition and PCA 

process. Through the comparison of plot pattern between each pair of selected 

parameters, no notable or distinguishable differences are noticed between data from 

preloading and reloading of self-healing specimens. Further, the PCA technique is 

adopted to realise dimension reduction and project the data to the new features 

generated, namely the 1st and 2nd principal component.  

In this study, those techniques that used to automatically differentiate between 
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signals from different sources, namely the estimation of conventional RA-AF method, 

feature recognition process and PCA, both indicates their potential to discriminate 

between fracture of concrete and signals from other sources. Nevertheless, due to the 

nature of the vascular network based self-healing technique used in the specimens, it 

is actually not possible to identify and separate those signals relating to healing 

process included further damage. A further investigation can be designed and 

conducted on scaled-up specimen with different self-healing technique implemented 

(e.g. versatility-enhanced microcapsule healing system, tailored bacterial healing 

systems, high performance shape-memory polymer (SMP) tendons based healing 

system, etc. (Pilegis et al. 2016)) to obtain more distinctive signals in concrete structure. 

5.5 A proposal of self-healing efficiency evaluation system 

Based on the features of the self-healing technique used in this chapter, combining 

the AE analysis methods, a multilevel self-healing efficiency evaluation system based 

is proposed as shown in Figure 5-39. The evaluation system is divided into three 

stages: (1) Kaiser effect analysis, (2) qualitative analysis of AE signals, and (3) 

quantitative analysis of AE signals. The three stages are presented in a progressive 

and intuitive way. Among them, Kaiser effect analysis is a method to directly judge 

whether there is any healing behaviour occurred; AE signal qualitative analysis is used 

as a comparative analysis for the AE parameters obtained before and after the 

specimen is healed, and then the signals from cement matrix damage and healing unit 

damage can be screened and distinguished by characteristics information extracted to 

find out exactly where and what kind of material is damaged again after healing. Finally, 

the healing efficiency can be compared horizontally through quantitative analysis of AE 

signals. 
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Figure 5-39. Multilevel self-healing effect evaluation system based on AE 

5.6 Conclusions 

In this chapter, the application of AE monitoring on the whole damage and healing 

process of vascular network-based self-healing system is investigated. The following 

conclusions can be drawn: 

(1) Self-healing concrete based on vascular network is capable of restoring 

around 70% of the original concrete strength and bearing capacity. AE parameters 

could be used to highly potentially characterize the damage degree of self-healing 

concrete.  

(2) The amount of AE hits and absolute energy before and after healing can be 

qualitatively assessed by AE signals. The AE results indicate that the cracked 

specimen after healing possessed larger amount hits and much higher energy from 

the ultimate failure. 

(3) Kaiser effect and Felicity effect are of great potential to be applied to intuitively 

evaluate the severity of material defects. It provides a promising way to determine the 

healing efficiency regarding the self-healing materials. The higher the healing efficiency, 

the more obvious the Felicity effect; the lower the healing efficiency, the more obvious 

the Kaiser effect. 

(4) PCA technique is limited of differentiating very similar AE signals in vascular 
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network-based self-healing concrete structure. However, as an efficient and practical 

technique of data dimension reduction method, PCA has the potential to automatically 

identify and separate distinctly different AE signals.  
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6. Chapter 6 Assessment of Concrete Using Acousto-Ultrasonics(AU) 

6.1 Introduction 

In the large-scale construction of modern engineering infrastructure concrete 

remains the most used building material. Despite the best endeavours of design 

engineers and modern guidance documents, such as CIRIA C766 (Bamforth 2019), 

cracks are still commonly found in these reinforced concrete members. Cracking 

occurs due to a multitude of reasons, which include restrained shrinkage of concrete 

and over-loading under different situation. In order to determine the hazard posed by 

these cracks and to develop appropriate remedies, two key information points are 

needed, which involve determining the crack width and depth (Shah et al. 1995). 

Nowadays, the measurement methods for crack width is well developed both in theory 

and by using surface measuring equipment (Toutanji and Deng 2003; Vidal et al. 2004; 

Giri and Kharkovsky 2016; Sarker et al. 2017), meanwhile the measurement of crack 

depth is more challenging. Ultrasonic non-destructive testing method are sometimes 

used to successfully determine the depth (Ohara et al. 2008; Felice et al. 2014; Her 

and Lin, 2014). Although there are a lot of related studies analysing the effect of AU 

technique on crack depth measurement, it still lacks systematic study and sufficient 

laboratory and on-site experimental data to provide confidence for its use with a good 

understanding of its accuracy and factors influencing the results.  

For concrete crack depth measurement using AU technique, generally adopted 

methods include single-sided plan measurement, penetrating oblique measurement or 

borehole measurement according to the specific conditions of the cracking area on 

concrete structure. Among them, the single-side flat ultrasonic measurement is one of 

the most common, effective and fast methods that are suitable for engineering practice. 

The common principle of AU-related testing is expressed in slightly different ways of 

measurement methods and factors affecting pulse velocity in cementitious materials 

among the standards of different countries. According to the British Standards (BS EN 

12504-4:2004), generally the main factors affecting the accuracy of crack depth 

measurement include design of mix ratio of concrete, degree of concrete compactness, 
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amount of reinforcement bars, shape of the cracks, moisture and debris content and 

detection method. In this study, experimental works were conducted on a range of 

specimen in different size with different methods, including a set of preliminary tests 

based on pre-notched beam to verify the effectiveness of computing methods in 

section 6.5; the application of single-side flat ultrasonic measurement on the 

monitoring of crack development in section 6.6; and the prospective investigation of 

AU on the newly developed technique of self-healing materials in section 6.7.   

6.2 Characteristics of ultrasonic pulse transmission in concrete 

Concrete is a heterogeneous material made up of different components, which 

means that there is a large attenuation and dispersion as they travel through the 

medium. It is shown that aggregate contents can considerably increase the wave 

velocity in wave propagation while the aggregate size could be a main factor affecting 

the attenuation (Philippidis and Aggelis, 2005). This is especially relevant to the high-

frequency components of ultrasonic waves, which attenuates more significantly than 

audible sounds. Therefore, generally a lower frequency would be applied for the 

damage or defect detection. When the composition, manufacturing conditions, internal 

quality of concrete and the testing distance are generally constant, the propagation 

velocity, amplitude of head wave, frequency of received signal and other related 

acoustic parameters should be substantially the same. If there are any holes, cavities, 

uncompacted or cracked areas inside the concrete, the volume of air to solid ratio 

increases, which can be taken as a direct reflection of the integrity of the concrete. In 

these cases, given that the acoustic impedance of air is much smaller than concrete, 

the pulse wave would be reflected almost completely when it encounters the solid-air 

boundary. Only a part of the pulse wave can bridge the cavity or other defective areas 

to propagate through to the receiving transducer.  

Compared to the defect-free concrete, the following aspects can be considered 

for assessing the quality of concrete:  

(1) According to the variations of transmit time or velocity of wave, the existence 
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of defects and the scale of estimated defects can be evaluated. 

(2) When there is a defective area in the concrete, the ultrasonic wave would be 

reflected and refracted during the propagation process. Relatively the high-frequency 

component attenuated faster than the low-frequency component, and normally the 

change of the frequency from received signal can be analysed for defect judgement 

and indication. 

(3) The complex reflection and refraction occurred simultaneously at the interface 

between the defect and concrete matrix could result in the propagating phase of pulse 

waves superimposed with each other. As a result of the superposition, the received 

waveform would be distorted in different degrees. In that case, the presence of defects 

can also be discriminated according to different waveform distortion. 

6.3 Factors influencing ultrasonic pulse velocity measurement 

The ultrasonic pulse velocity measurement in concrete could be affected by a 

number of factors including age, curing conditions, moisture condition, mix proportions, 

type of aggregate and cement, etc. In order to provide a reliable measurement of 

ultrasonic pulse velocity which is repeatable and which depends essentially on the 

properties of the concrete under test, it is necessary to consider the various factors 

which can influence the ultrasonic pulse velocity and its correlation with various 

physical properties of concrete.  

6.3.1 Influence of concrete age 

Ultrasonic pulse velocity has been widely applied for the assessment of concrete 

properties as it increases with age as well as the compressive strength. But it is found 

that the mix of concrete plays an essential role in the growth rate, especially high and 

low w/c ratio of concrete have a significant difference at an early age (Voigt et al. 2003; 

Lawson et al. 2011). To clearly define the relationship between ultrasonic pulse velocity 

and the age of concrete with different mix proportions, it is necessary to eliminate any 

interferences caused by different strength growth rates. 
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6.3.2 Influence of water contents 

The moisture content has two effects on the pulse velocity: chemical and physical. 

These effects are important in the production of correlations for the estimation of 

concrete strength. However, comparison between a fully cured cube sample and a 

structural element made from the same concrete, there may be a significant pulse 

velocity difference. Much of the difference is accounted for by the effect of different 

curing conditions on the hydration of the cement while some of the difference is due to 

the presence of free water in the voids. It is important that these effects are carefully 

considered when estimating strength. 

6.3.3 Influence of temperature  

It has been found that when the variations of concrete temperature are between 

10 °C and 30 °C, there is no significant change in strength or elastic properties of 

concrete. When the concrete temperature is outside this range, corresponding 

corrections to pulse velocity measurements should be made as given in Table 6-1 

(British Standards Institution 2004). 

Table 6-1. Effect of temperature on ultrasonic pulse transmission 

Temperature 
Correction to the measured pulse velocity 

Air-dried concrete Water-saturated concrete 

℃ % % 

60 +5 +4 

40 +2 +1.7 

0 0 0 

0 -0.5 -1 

-4 -1.5 -7.5 

 

6.3.4 Influence of reinforcement  

The pulse velocity measured in reinforced concrete in the vicinity of reinforcing 

bars is usually higher than in plain concrete of the same composition. This is because 

the pulse velocity in steel may be up to twice the velocity in plain concrete and, under 

certain conditions, the first pulse to arrive at the receiving transducer travels partly in 

concrete and partly in steel. Chung (1978) found that the effective pulse velocity is 

roughly between the pulse velocities in the two separate media, and varies with the 
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diameter of the reinforcing steel bar and the pulse velocity in the concrete. The 

apparent increase in pulse velocity depends upon the proximity of the measurements 

to the reinforcing bar, the diameter and number of bars and their orientation with 

respect to the propagation path (Bungey 1984; Bungey and Grantham 2006). The 

frequency of the pulse and surface conditions of steel bar may both also affect the 

degree to which the steel influences the velocity measurements. So that, wherever 

possible, measurements should be made in such a way that steel does not lie in or 

close to the direct path between transducers.  

6.3.5 Influence of shape and size of specimen 

The velocity of short pulses of vibrations is independent of the size and shape of 

specimen in which they travel, unless its least lateral dimension is less than a certain 

minimum value. Below this value, the pulse velocity may be reduced significantly. The 

extent of this reduction depends mainly on the ratio of the wavelength of the pulse 

vibrations to the least lateral dimension of the specimen, but it is insignificant if the ratio 

is less than unity. Table 6-2 (BS EN 12504-4:2004) gives the relationship between the 

pulse velocity in the concrete, the transducer frequency and the minimum permissible 

lateral dimension of the specimen.  

If the minimum lateral dimension is less than the wavelength or if the indirect 

transmission arrangement is used, the mode of propagation changes and, therefore, 

the measured velocity will be different. This is particularly important in cases where 

concrete elements of significantly different sizes are being compared. 

Table 6-2. Effect of specimen dimensions on ultrasonic pulse transmission 

Transducer frequency 

Ultrasonic pulse velocity in concrete (km/s) 

v=3.5 v=4 v=4.5 

Minimum permissible lateral specimen dimension 

kHz mm mm mm 

24 146 167 188 

54 65 74 83 

82 43 49 55 

150 23 27 30 

 



171 
 

6.4 Experimental apparatus and numerical methodologies 

Essentially the apparatus for AU experiments consists of an electrical pulse 

generator, transducers, signal amplifiers and an acquisition device for measuring the 

time interval between the onset of a pulse generated at the exciting transducer and the 

onset of its arrival at the receiving transducer. 

The experimental set-up used in this study is shown in Figure 6-1. Ultrasonic pulse 

was excited using an Agilent Technologies 33210A WaveStation (10MHz synthesized 

function generator). The signals were received and recorded with a MISTRAS AE 

acquisition system through a blocking capacitor, which is used to stop the passage of 

signals back from the system. The sensors used for this investigation were MISTRAS 

Group Ltd. (MSL) R15I-AST sensors with a 70-200kHz frequency range for recording 

transmitted waveforms. The integrated Auto Sensor Test (AST) capability allows these 

sensors to pulse as well as receive, which can enable the sensor coupling and 

performance to be verified at any time throughout the test. Grease from Electrolube 

company was used as the coupling agent to mount sensors on the surface of specimen. 

The source waveforms were transmitted directly from the wave generator to the AE 

acquisition system through a capacitor which will trigger the AE system to start 

recording and computing the time of arrival of signals. In order to accurately obtain the 

transit time from the excited source to AE sensors, the TRA acquisition mode in the AE 

system was applied which is a synchronized acquisition mode that the program will 

only process waveform data. It allows for waveforms acquisition from external/internal 

TTL trigger with independent or synchronized channels for special applications.  

 

Figure 6-1. Experimental setup for AU measurement in concrete specimen 
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The methods used for crack depth detection in this chapter are detailed in the 

subsequent section 6.4.3 and 6.4.4. Those methods have been standardized in 

‘Technical specification for inspection of concrete defects by ultrasonic method’ 

(CECS21:2000 code) approved by China Association for Engineering Construction 

Standardization in 2001. Under the standardized action, the methods for crack depth 

detection are widely applied to investigate the damage level in concrete (Jingfu and 

Eryu 1993). 

6.4.1 Acousto-Ultrasonic pulse signal generation 

The Agilent Technologies 33210A is a 10 MHz synthesized function generator with 

built-in arbitrary waveform and pulse capabilities. A piezoelectric disc with a diameter 

of 12mm is connected as an output exciter which makes contact with the specimen. 

The front panel of Agilent 33210A WaveStation is shown in Figure 6-2 and 

corresponding panel keys functions in Table 6-3. 

 

Figure 6-2. The front panel of Agilent 33210A WaveStation 

Table 6-3. Panel key functions of Agilent 33210A WaveStation 

1 Graph Mode/Local Key 8 Waveform Selection Keys 

2 On/Off Switch 9 Manual Trigger Key  

3 Modulation/Sweep/Burst Keys 10 Output Enable/Disable Key 

4 State Storage Menu Key 11 Knob 

5 Utility Menu Key 12 Cursor Keys 

6 Help Menu Key 13 Sync Connector 

7 Menu Operation Softkeys 14 Output Connector 

 

6.4.2 Ultrasonic Pulse Velocity 

As an effective NDT&E method, Ultrasonic Pulse Velocity (UPV) measurement 

has been largely applied for quality control of concrete materials and detecting 

damages in structural components. The UPV methods have traditionally been used for 
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the quality control of materials, mostly homogeneous materials such as metals and 

welded connections. With the recent advancement in transducer technology, the test 

has been widely accepted in testing concrete materials. Ultrasonic testing of concrete 

is an effective way for quality assessment and uniformity, and crack depth estimation. 

The test procedure has been standardized as “Testing concrete—Part 203: 

Recommendations for measurement of velocity of ultrasonic pulses in concrete (BS 

1881-203: 1986)”. 

6.4.3 Single-side flat measurement 

In the case of that there is only one measurable surface on the cracking structure, 

and the crack depth is estimated to be no more than 500mm, then the single-side flat 

measurement method would be applicable to be employed for crack detection and 

evaluation. 

Ultrasonic single-sided flat measurement method for detecting crack depth is 

based on the phenomenon of acoustic diffraction. In this method, the pulser and 

receiver are placed on both sides of the crack, as shown in Figure 6-3. It can be seen 

that the waves received by the receiver are only diffracted waves which have bypassed 

the crack tip. 

 

Figure 6-3. Crack depth detection using single-side flat measurement method 

When acoustic waves propagate past an obstacle in a medium, the direction of 

waves changes, this is called diffraction and is shown in Figure 6-4. The Huygens-

Fresnel principle qualitatively explains the diffraction phenomenon. It states that every 

point on a wavefront is itself the source of spherical wavelets and then the sum of these 
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spherical wavelets forms the wavefront. The Huygens-Fresnel principle theoretically 

explains the diffraction of wave. But for the comprehension of the changes of amplitude 

and phase of the diffracted wave in the single-side flat test, it is necessary to obtain an 

analytical expression of the space diffraction wave field. 

 

Figure 6-4. Wave diffraction in the manner of Huygens and Fresnel 

6.4.3.1 Pre-measurement of initial velocity 

During the flat test, the testing points should be arranged at different locations with 

different distances on both side of the crack using as the symmetry. The detection 

steps are as follows: 

(1) Measuring the velocity in non-cracked surface area 

Place the actuator and receiving transducer on a representative surface with a 

uniform quality concrete surface around the crack. Measuring the propagation time 

between the actuator and transducer for the distances equalling 100mm, 150mm, 

200mm, 250mm, 300mm and 350mm. Then draw a ‘time-distance’ graph as shown in 

Figure 6-5, where it can be seen that all the points should be in a straight line. The 

slope of the straight line corresponds to the average propagation velocity of the 

ultrasonic pulse wave. The linear regression equation can be presented as follows: 

 𝑙𝑖 = 𝑎 + 𝑏𝑡𝑖 (6.1) 
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Figure 6-5. Time-distance graph under non-crack single-side flat measurement 

The real propagation distance 𝑙𝑖 of each measurement point is: 

 𝑙𝑖 = 𝑙′ + |𝑎| (6.2) 

Where  

𝑙𝑖 is the real propagation distance of ultrasonic wave at measurement point 𝑖; 

𝑙′ is the inner edge spacing between pulser and receiver at measurement point 

𝑖; 

𝑎 is the intercept of 𝑙′ axis in the “Time-distance graph”, or the constant term 

of the linear regression equation. 

The wave velocity used for flat measurement can be calculated as:  

 𝑣 =
(𝑙𝑛

′ −𝑙1
′ )

(𝑡𝑛−𝑡1)
   (

km

s
) (6.3) 

or 

 𝑣 = 𝑏    (
km

s
) (6.4) 

Where  

𝑙𝑛
′   and 𝑙1

′   are the distance ( mm ) of measurement points 𝑛  and 1 

respectively; 

𝑡𝑛  and 𝑡1  are the propagation time (μs ) of measurement points 𝑛  and 1 

respectively; 

𝑏 is the regression coefficient. 
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(2) Placing the actuator and receiving transducer on the symmetrical sides 

of the crack as the axis 

As shown in Figure 6-6 below, based on the wave velocity calculated in the 

previous step, the propagation distance of the signal can be calculated once the 

propagation time is determined. Thus, according to the equation (6.4) below, the crack 

depth ℎ can be determined.  

The actuator and receiver are placed on both sides respectively and symmetrically 

of the crack. Take the value of 𝑙′ as 100mm, 150mm, 200mm, etc. And then take the 

measurements of transmitted time of each propagation paths.  

 

Figure 6-6. Experimental setup for single-side flat measurement (with pre-

measurement of initial velocity) 

The single-side flat measurement method for detecting the crack depth could be 

calculated as follows: 

 ℎ𝑐𝑖 =
𝑙𝑖

2
∙ √(

𝑡𝑖
0𝑣

𝑙𝑖
)

2

− 1   (6.5) 

 𝑚ℎ𝑐 =
1

𝑛
∙ ∑ ℎ𝑐𝑖

𝑛
𝑖=1  (6.6) 

Where  

𝑙𝑖  is the real propagation distance of ultrasonic wave under non-crack flat 

measurement method at measurement point 𝑖; 

ℎ𝑐𝑖 is the calculated crack depth based at measurement point 𝑖; 

𝑡𝑖
0 is the travel time of ultrasonic wave at measurement point 𝑖; 

𝑚ℎ𝑐  is the average value of crack depth calculated from all measurement 

points; 
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𝑛 is the number of measurement points. 

6.4.3.2 Without pre-measurement of initial velocity  

Based on the assumption that the wave propagation in the specimen has the same 

velocity, and also to avoid human errors from distance measurement, system errors of 

velocity calculated from method in section 6.4.3.1, and other interference factors, 

another experimental setup for crack depth monitoring without pre-measurement of 

initial velocity is shown below in Figure 6-7. 

 

Figure 6-7. Experimental setup for single-side flat measurement (without pre-

measurement of initial velocity) 

Where  

h is the calculated crack depth (in mm) 

v is the actual ultrasonic velocity 

Assuming that v1=v2 and a2=2a1, 

then the crack depth can be evaluated as follow: 

 ℎ = 𝑎1√
4𝑡1

2−𝑡2
2

𝑡2
2−𝑡1

2
 (6.7) 

6.4.4 Double-side oblique measurement 

If the cracking region of the structure has two available parallel testing surfaces, 

then the double-side oblique measurement can be applied for crack or damage 

detection. 

The measuring points arrangement is as shown in Figure 6-8. The pulser and 

receiver are placed on the two testing surfaces corresponding to the measuring points 
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1, 2, 3…8, and then according to the abrupt changes in amplitude, travel time and 

frequency, the depth of the crack and whether the wave has passed through the 

damaged section could be determined. 

 

Figure 6-8. Experimental setup for Double-side oblique measurement 

6.4.5 Akaike Information Criterion (AIC) for wave arrival prediction 

The evaluation methods of crack development monitoring based on AU technique 

mainly depend on an accurate measurement and calculation of signal transmitted time. 

In that case, it means that the detection of actual start time of waveform is of great 

importance. Traditionally the most accurate way to pick the onset time of a wave would 

be to do it manually. And it is largely depended on checking the signal traces based on 

the analyst’s experience. In terms of the acquisition system, normally it would be 

triggered once the wave crossing the pre-set threshold and that crossing point will be 

detected and recorded as the onset time of the wave instead of the actual start. And 

though possibly insignificant, errors could still occur, as shown in Figure 6-9.  

 

Figure 6-9. System triggered point missing the true waveform start point 

One of the weakness of manually doing so is that it is considerably time 

demanding. It is almost unfeasible especially when handling large volumes of digital 
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and real-time data and completely impossible for an in-situ Structure Health Monitoring 

system on a concrete structure. Therefore, some processing technique is required, 

similar to that developed by Shah et al., where the onset time of a wave is determined 

by applying differences between the standard deviation of noise and the signal (Maji 

and Shah 1988; Li and Shah 1994).  

An automated method was also initially proposed by Japanese scholar Naoki 

Maeda (Maeda, 1973) to adopt the AIC (Akaike Information Criterion) function. In this 

method, the onset time of a wave is determined when the AIC value becomes the 

global minimum. The AIC value at point 𝑖 = 𝑘 calculated by the following equation: 

 AIC𝑘 = 𝑘 ∙ log{var(𝑋[1, 𝑘])} + (𝑁 − 𝑘) ∙ log{var(𝑋[𝑘, 𝑁])} (6.8) 

where 𝑁 is the number of amplitudes of a digitized wave, X𝑖 is an amplitude of a 

signal (𝑖 = 1,2, … , 𝑁 ), var(𝑋[1, 𝑘])  indicates the variance between X1  and X𝑘 , and 

likewise var(𝑋[𝑘, 𝑁]) is also the variance between X𝑘 and X𝑁. 

Basically, this function compares two vectors for similarity, the point at which the 

first vector is purely noise and therefore has a high-entropy and the second is only 

signal with low-entropy, will return the lowest correlation and therefore identify the start 

of the waveform. One example of this being used to detect the start of a signal 

compared with the traditional threshold crossing technique can be seen in Figure 6-10. 

 

Figure 6-10. System triggered point missing the waveform start point 

Work on the monitoring of the setting and hardening of concrete conducted by 

Kurz et al. (2005) compared the AIC-picker method with an automatic onset detection 
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algorithm based on the Hinkley criterion and manual picks as well as reference values. 

It has shown that the AIC-picker is a highly reliable tool for automatic onset detection 

for ultrasound signals and acoustic emissions of varying signal to noise ratio.  

Further improvements have been made a variety of researchers for different 

purposes such as improving the accuracy and reducing the processing time. Pearson 

et al. (2017) utilised the Akaike Information Criterion (AIC) to greatly improve the 

accuracy of the triggering in terms of detecting the exact arrival time of a waveform. 

6.5 Preliminary Investigation with notched specimen 

In order to test the feasibility and effectiveness of the applied methods, a set of 

preliminary investigation was conducted. A standard notch with a known depth was 

created on each concrete specimen before then testing to verify the above two 

methods gave results within a reasonable range for practical applications. 

6.5.1 Results of single-side flat measurement (with pre-measurement of initial 

velocity) 

(1) Initial velocity measurements – for single-side flat measurement 

To acquire the average wave propagation velocity, this method was tested on two 

specimens of size 100×100×500 (mm) with different intervals (𝑙′: 50, 100, 150, 200, 

250, 300, 350 mm) of measurement points. The results and time-distance graph are 

shown in Table 6-4 and Figure 6-11. 

Table 6-4. The results of non-cracking surface flat measurements  

Distance between 

measurement points 

(mm) 

Wave transit 

time (μs) 

Calculated 

velocity 

(km/s) 

Average 

velocity 

(m/s) 

𝑅2 

100 24.9 4.0373 

4.1759 0.9984 

150 37.4 4.0149 

200 49.2 4.0655 

250 58.5 4.2741 

300 69.6 4.3113 

350 80.4 4.3526 

 



181 
 

 

Figure 6-11. Time-distance graph under non-crack flat measurement  

The time-distance regression equations are: 

 𝑦 = −18.045 + 4.5571𝑥 (6.9) 

Then the calculated velocity based on the regression equation is 4.5571 km/s, 

which is the regression coefficient of the above regression equation. 

Based on the measured velocity above, the results of crack depth measurement 

can be determined and presented in Table 6-5 according to equation (6.5) and (6.6) in 

section 6.4.3. 

Table 6-5. The results of crack depth measurement on notched specimen – method 1 

Specimen 
Notch 

depth 
Test No. 

Calculated depth/mm Absolute error/mm Relative error/% 

measured average measured average measured average 

Beam1 20mm 

1 18.82 

18.40 

1.18 

1.60 

5.9 

8.04 

2 19.14 0.86 4.3 

3 17.26 2.74 13.7 

4 18.11 1.89 9.5 

5 18.65 1.35 6.8 

Beam2 40mm 

1 35.68 

35.39 

4.32 

4.61 

10.8 

11.54 

2 36.64 3.36 8.4 

3 33.42 6.58 16.5 

4 37.1 2.9 7.3 

5 34.13 5.87 14.7 

 

It can be seen that the results above show that the maximum absolute error of 

20mm regular notch (can be regarded as a vertical crack) depth measurement is 

2.74mm, and the corresponding maximum relative error is 13.7%. For the 40mm 
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regular notch, the maximum absolute error of results is 6.58mm and the corresponding 

maximum relative error is 16.5%.   

6.5.2 Results of single-side flat measurement (without pre-measurement of 

initial velocity) 

Based on the description in section 6.4.3.2, take a1 as 50mm and a2 as 100mm 

respectively, as a2=2a1. The results are shown below in Table 6-6. 

Table 6-6. The results of crack depth measurement on notched specimen – method 2 

Specimen 
Notch 

depth 

Test 

No. 

Calculated depth/mm Absolute error/mm Relative error/% 

measured average measured average measured average 

Beam1 20mm 

1 14.97 

12.87 

5.03 

7.13 

25.2 

35.72 

2 10.77 9.23 46.2 

3 13.27 6.73 33.7 

4 14.67 5.33 26.7 

5 10.65 9.35 46.8 

Beam2 40mm 

1 34.85 

33.95 

5.15 

6.05 

12.9 

15.14 

2 33.09 6.91 17.3 

3 34.38 5.62 14.1 

4 33.54 6.46 16.2 

5 33.91 6.09 15.2 

 

It can be seen from the results above that this method has larger errors comparing 

to the previous method. Especially when measuring 20mm notch, the maximum 

absolute error reached 9.23mm and the corresponding relative error reached 46.2%.  

By comparing and analysing the two methods above, method 1 with initial velocity 

measured is more sensitive and accurate to determine the depth of crack. The relative 

error for both 20mm and 40mm crack are all around 10%, which is within a credible 

range and can be accepted for practical engineering testing. For method 2, without 

initial velocity measured, the relative errors are relatively larger, and the largest relative 

error reached 46.2%.  

It should be noted that those results above are based on the premise of regular 

cracks (notches). In an actual situation, due to the various forms of cracks and 

damages in field engineering inspection, the development trends of cracks are always 
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irregular. Additionally, the moisture content, impurities and other substances in the 

crack, position of transducers, restriction of working conditions, etc. could all have a 

huge affection to the measurement results, and eventually result in even a greater 

measurement error. Therefore, before the selection of testing methods for any actual 

engineering inspection, it has to be checked and ensured that the selected method can 

meet the actual engineering needs and the errors should be within an acceptable range. 

6.5.3 Results of double-side oblique measurement 

A prerequisite of the single-side flat measurement method is that the wave will be 

traveling around the cracking tip. But in most cases, when there are impurities contents, 

such as moisture, dust particles, exfoliated cement paste at the tip of crack, or partially 

filled with those things, it will become an extra channel for signal propagation. 

Especially when the shear-resisting mechanisms aggregate interlock exists (shown in 

Figure 6-12) in the structure after cracks developed, it can lead to significant errors in 

the measurement results.  

 

Figure 6-12. Schematic of aggregate interlock (Cescatti 2016) 

Due to reasons above and as described in previous section 6.4.4, when the 

cracking region of structure to be tested has two available parallel surfaces, the double-

side measurement method should be preferred for testing. The transducers are placed 

on two opposite surfaces and the measurement line is perpendicular, or obliquitous, to 

the testing surface. The ultrasonic wave can pass through the structure and be 

received by the transducer. The strength of received signal directly perpendicular 

should give the largest received signal strength among all positions, but is less useful 

to judge the structural condition, especially for perpendicular cracks.  
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A concrete beam of size 75mm x 75mm x 225mm is prepared for the double-side 

oblique measurement. To investigate and verify the impact of crack on result, a 30mm 

notch is manufactured at the centre line of the bottom surface. The measuring points 

arrangement is shown in Figure 6-13. The pulser and receiver are placed on the two 

testing surfaces respectively corresponding to the measuring points 1-1', 1-2',… etc.  

 

Figure 6-13. Measuring points arrangement for double-side oblique measurement  

The wave propagation times of each measurement line were recorded and the 

corresponding velocities then are determined according to their different propagation 

paths. The test setup is shown in Figure 6-14 and results are shown in Table 6-7 below. 

 

Figure 6-14. Test setup for notch depth measurement with AU 
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Table 6-7. Velocity of each measurement path (km/s) 

Measurement 

points 
1 2 3 4 5 6 7 8 

1 4.05 3.02 2.74 2.77 2.01 1.91 2.11 2.25 

2 3.11 1.38 2.17 4.00 0.98 1.69 1.96 1.60 

3 2.82 1.96 1.81 2.29 0.88 1.77 1.10 1.36 

4 2.89 2.61 3.23 3.45 1.87 3.46 1.83 1.34 

5 2.30 1.28 4.27 4.31 3.30 3.30 3.62 2.89 

6 1.91 1.65 1.44 1.26 3.85 4.62 3.85 2.93 

7 1.98 1.03 1.44 0.83 1.19 2.07 2.04 2.83 

8 2.23 1.78 2.16 1.43 2.57 2.00 3.99 2.88 

 

If the wave propagates through a damaged area, then there will be a time delay 

which affects the apparent velocity obtained directly from the travel time. Based on the 

results from Table 6-7, the velocity distribution of all measurement lines can be 

visualized by a tomography created using MATLAB as shown in Figure 6-15 (left). 

Furthermore, if the tomography is presented using individual facet blocks as shown in 

Figure 6-15 (right), the defect area can be intuitively interpreted based on each pair of 

measurement lines.  

 

Figure 6-15. Tomography of the specimen with defectives 

Theoretically, those measurement lines with the same notation number (e.g. 1-1', 

1-2',…, 8-8'), as shown in Figure 6-13 previously, should have the least affected 

velocity, since each wave propagation path is perpendicular to the two testing surfaces. 

In these cases, the transducers did not have any manufactured damage in between. 

Furthermore the average velocities of those vertical measurement lines should be able 

to be used to represent the average velocity of signal propagation throughout the whole 
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concrete sample. As shown in Table 6-8 below, the average velocity of these eight 

measurement lines is 2.94 km/s. 

Table 6-8. Velocity of each measurement path (km/s) 

Measurement 

line 
1-1’ 2-2’ 3-3’ 4-4’ 5-5’ 6-6’ 7-7’ 8-8’ Average 

Standard 

Deviation  
CoV/% 

Velocity 

(km/s) 
4.05 1.38 1.81 3.45 3.30 4.62 2.04 2.88 2.94 1.13 38.5% 

 

It can be considered as the ‘intact area’, or ‘unaffected area’ if the velocity is higher 

than the average 2.94km/s. Conversely, if it is lower than the average then it can be 

regarded as the ‘defect area’. Thus, the whole structure can be simply separated into 

two parts. In Figure 6-16 below, those ‘unaffected areas’ are highlighted in green facet 

block while those ‘defect areas’ are in grey. It shows a simple and effective way for 

displaying and evaluation of defects in structures. 

 

Figure 6-16. Distribution of intact areas and defect areas 

It can be seen from Figure 6-16 above that the most of unaffected areas appear 

on the diagonal region where are the position of all vertical measurement lines, which 

also matches the assumption that these propagation paths have the least affected 

velocity.  

It was proved that the double-side oblique measurement is an effective way to 

determine the location of defect areas and quantify the damage degree to a certain 

extent in concrete structure. But there may be still misjudgements as the velocity 

spectrogram could show an enlarged defect region and result in errors. Because this 



187 
 

is not only related to structure defects, but also mainly related to the inhomogeneity 

and density of concrete, coupling condition between transducers and specimen and all 

possible factors mentioned in section 6.3. 

6.5.4 Discussion 

For all the methods mentioned above, one critical parameter used is the wave 

velocity of ultrasonic signal propagating in concrete structure. The velocity used for 

crack depth measurement in the single-side flat measurement method is obtained by 

the flat measurement (see in section 8.4.1). However, it was found by actual inspection 

of structure that there was a big difference in wave velocity between non-crack 

crossing measurement and crack crossing measurement. If the velocity gained directly 

from the non-crack crossing flat measurements and applied for the evaluation and 

calculation of crack depth, it will cause a significant error. 

The ultrasonic pulse waves used for damage detection include longitudinal waves, 

transverse waves, and more complex surface waves (Rayleigh waves). Among them, 

the longitudinal waves travel with the fastest velocity and the smallest amplitude. The 

transverse waves propagate with a slower velocity and higher amplitude than 

longitudinal waves. The surface wave travel with the slowest velocity and the largest 

amplitude. Therefore, the wave propagation time measured from the single-side flat 

measurement (section 6.4.3) is based on the arrival of longitudinal waves, and it should 

be also used when calculating the crack depth. 

Among the ultrasonic pulse waves used for detecting concrete structures, there 

are longitudinal waves, transverse waves, and more complex surface waves. Among 

them, the speed of longitudinal waves is the fastest, followed by the speed of 

transverse waves with the smallest amplitude, the amplitude of which is larger than 

that of longitudinal waves, while the speed of surface waves is the slowest and the 

amplitude is the largest. Therefore, the first wave of sound measured during the 

horizontal crack measurement must be the sound of the longitudinal wave, and the 

velocity of the longitudinal wave should also be used when calculating the crack. 
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The velocity obtained from non-crack crossing measurement (described in section 

8.4.1) is not from the longitudinal wave but the transverse wave, as the longitudinal 

wave propagates and vibrates parallel to the testing surface and perpendicular to 

sensing direction of the piezoelectric element in the receiving transducer. Thus, the 

receiving transducer is not able to receive the longitudinal wave. Conversely, the 

transverse wave propagates and vibrates perpendicular to the testing surface, and it 

has the same direction to the piezoelectric sensing element in the receiving transducer 

and can be properly received. In that case, the detected wave from receiving 

transducer should be the transverse wave in non-crack crossing measurement. So, 

theoretically the velocity based on that propagation time should be the velocity of 

transverse wave rather than the longitudinal wave. This is the essential reason for the 

large difference between the wave velocity measured from non-crack crossing 

measurement and crack crossing measurement. 

Therefore, the longitudinal wave velocity should be used instead of the velocity 

measured from non-crack crossing measurement when evaluating and calculating the 

crack depth. However, in practice the structure to be tested only has only one available 

testing surface, and then it is not possible to measure ultrasonic wave velocity by using 

double-side measurement method.  

In the case that the testing conditions cannot be satisfied, the wave velocity 

obtained have to be modified accordingly before being applied in the calculation. Shou-

Xing and Gen-Huo (2007, 2008, 2010) conducted a large number of experiments to 

determine the ratio of the velocity measured by single-side flat measurement method 

compared to those measured by double-side measurement method. They have proved 

that by substituting the modified wave velocity into the equation for calculations, to a 

certain extent the accuracy of measurement results can be improved, which is 

desirable for a more accurate detection in real situation if the testing site conditions 

can be met. 
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6.6 AU inspection and monitoring of crack development in plain concrete 

Based on the previous preliminary experiments, the single-side flat measurement 

method is selected to monitor the crack development of concrete beam subjected to 

bending in this study. Two measurement methods as described in section 6.4.3 and 

shown in Figure 6-17 below are applied for the computation of estimated experimental 

results. 

   

(a)                                      (b) 

Figure 6-17. Two methods of propagating and receiving ultrasonic pulses for 

monitoring the crack development: (a) Method 1 - with initial velocity measured;  

(b) Method 2 - without initial velocity measured. 

6.6.1 Specimen preparation 

In this study, four concrete beam specimens of size 100mm x 100mm x 500mm 

are prepared and all the specimens were cast from the same batch in order to ensure 

the accuracy of comparative tests. All the beams had full 28 days curing period before 

they are tested. The details of concrete mix used are shown in Table 6-9. 

Table 6-9. Concrete mix used for all specimens  

Grade W/C Ratio Cement  Water Fine Agg. (0-4mm) Coarse Agg. (4-10mm) 

C40 0.46 1 0.46 1.93 2.25 

Prior to tests, all specimens were notched to a depth of 6mm at the central of the 

bottom surface with a rotating diamond blade to ensure that the crack will occur exactly 

from the middle and captured by DIC cameras. Two knife edges were glued on both 

sides of the notch to take the clip gauge for monitoring the crack mouth opening 

displacement (CMOD) during testing. The front surface of all specimens was painted 

with a black speckled pattern after curing for the purpose of DIC testing. 
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6.6.2 Experimental Setup and test arrangement 

The experimental setup is shown in Figure 6-18 below. Ultrasonic pulse with a 

frequency of 100kHz was excited by the actuators using the wave generator (Agilent 

33210A). For recording the transmitted signals, two R15I-AST sensors with were 

amounted on the bottom of the specimen.  

 

Figure 6-18. Sensors arrangement for crack depth measurements under a four-point 

bending arrangement 

6.6.3 Loading conditions 

As shown in Figure 6-19, beam1 and beam2 are subjected to three-point bending 

and beam3 and beam4 are subjected to four-point bending, both loaded over a span 

of 400 mm. The load is controlled by CMOD and increased monotonically with a rate 

of 0.002 mm/s. During the test, there is a pause for every 0.02mm increased in CMOD 

until it reaches 0.50mm in the end. Therefore, there are 25 pauses in total in the testing 

process for each specimen. During each pause, a pulse was applied in five 5-cycle 

square burst pulses, excited from two actuators and received by the two sensors on 

the right. Simultaneously, two DIC images were captured (every 0.01mm CMOD 

increase) during each pause for monitoring the crack propagation.  

Four beam specimens were tested in this study and the tests conducted in two 

groups. As shown below, Figure 6-19(a) is the test setup for Beam 1&2 and Figure 

6-19(b) is the test setup for Beam 3&4. 
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         (a) Test setup of Beam 1&2          (b) Test setup of Beam 3&4 

Figure 6-19. Test setup for crack monitoring with AU and DIC 

6.6.4 Results 

The complete data obtained from two methods for the crack depth measurement 

are attached in Appendices (Table 8-1 to  

Table 8-4) and graphically presented in Figure 6-20 below. The orange and red 

curves in each graph are the results of crack development trajectories from method-1 

and method-2 corresponding to the y-axis on the right. The loading history is recorded 

in blue curves corresponding to the y-axis on the left. The dotted purple line indicates 

the height of beam and the black line is the crack depth development trajectory 

obtained visually by DIC cameras. 

It should be mentioned that, in Figure 6-20 (a) and (b), due to the set-up and focus 

issues, the whole images of cracking region of specimen are not fully contained in the 

DIC cameras and recorded. The DIC data is not included when the beam height 

exceeds 76mm and replaced by the dotted line for clearness and cross-checks. This 

problem has been solved in Figure 6-20 (c) and (d). 
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Figure 6-20. Crack development trajectories of each specimen 

(a) Beam 1 

(b) Beam 2 

(d) Beam 4 

(c) Beam 3 
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Figure 6-21 shows the DIC image indicating the principal strain distribution from 

Beam3. In order to clearly distinguish the crack developed throughout the test from 

DIC data, the image scale upper limit has been set as 30 microstrain to get a clear 

resolution for tracking the crack dip through all the images captured during test.  

    

0.02                       0.04                       0.06 

    

0.08                       0.1                        0.2 

   

0.3                       0.4                        0.5 

Figure 6-21. The crack evolution based on DIC principal strain profiles at different 

CMOD (mm) values as projected on the X–Y plane 

It should be noted that, in this study, the results acquired from DIC images are 

experimental values rather than theoretical values. It is used as the actual values to 

provide a reference when plotting the results in Figure 6-20.  

Through analysing the data above from four sets of test data and calculation 

results, it can be seen that the maximum absolute error of measurement is 1.7cm and 

the relative error is 5.2%.  

The above data shows that the ultrasonic single-side flat measurement method 
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has relatively high accuracy of crack depth measurement and reliable test results. 

However, the impurities, loading condition, testing environment, water content and all 

possible factors mentioned in section 6.3 can cause a certain influence on the accuracy. 

From the results it can be seen that the absolute error is 4cm before the crack develops 

to half the height of the beam, which is around 50-60mm, and that stage of results can 

be considered to be much more reliable compared with the subsequent measurements. 

To a certain degree, this testing method can be recognized as an effective and feasible 

way for crack depth measurement to meet the engineering requirement. 

6.6.5 Discussion 

From the results shown in Figure 6-20, it can be seen that both method 1 and 

method 2 are promising as the overall trend are met with the DIC results. Even there 

are some significant errors at several measuring points (e.g. the red curve in Figure 

6-20 (a)), it can still provide useful information regarding a rough idea about the depth 

of crack(s) or degree of damage, and be satisfied to meet the practical engineering 

needs in most of cases. 

With respect to the causes of errors, one hypothesis of the flat measurement 

method is that the ultrasonic wave will travel around the crack tip. In summary, the 

possible reasons can be mainly concluded as follows: 

1. The relationship between ultrasonic wave velocities obtained from the single-

side flat measurement and double-side measurement. As discussed in previous 

section 6.5.4, the velocity applied in method-1 will have a big impact on the results. To 

acquire a more accurate results, the relationship between two velocities should be 

investigated experimentally beforehand and the correlation coefficients determined. 

2. During the test, the cracks are developing accompanied by the splitting of the 

concrete matrix and other different types of damages occurred simultaneously as the 

load increased. In the process of formation of cracks, it could be filled by any impurities 

contents, such as moisture, dust particles, exfoliated cement paste, etc. inside the 

crack, especially when the aggregate interlock exists during crack development, and 
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create an extra tunnel for wave propagation and result in the reduction of propagation 

path. Eventually the measurement will present a shallower result than the real crack 

depth.  

3. The reading of crack depth from DIC images are experimental values and 

treated as the actual values in Figure 6-20. But it is obtained visually and only from the 

specimen surface. So, it can neither be used to represent the situation of entire 

specimen, nor can it be used as a theoretical value. It can only be used to provide a 

reference value when comparing with the other measurement results. In that case, it 

can be regarded as a system error as it correlates to all measurement results and will 

have insignificant effects to the comparison of two methods. 

4. As the Akaike Information Criterion (AIC) is introduced to pick the onset time of 

a wave, any abnormal data should be examined manually just in case the AIC picker 

miss-reads the starting point. 

6.7 Investigation of the impact of healing agent in self-healing concrete 

Condition of concrete may be affected by the quality of a design, manufacturing, 

loads applied to a structure, character of the loads, environmental deterioration, or 

aging. The condition of concrete is essential for the safety of a structure. The AU 

method is a frequently-used technique in civil engineering and the wave velocity largely 

depends on the medium properties. Therefore this method is considered for the 

investigation of properties of the healing agent as the glued bonding layer in this study 

to investigate how it will affect the signal propagation and reflect the healing effect. 

Propagation velocity of the longitudinal wave (P wave) through the material (𝑣𝑝) 

can be calculated as:  

 𝑣𝑝 = √
𝐸𝑑

𝜌

1−𝑣

𝜌(1+𝑣)(1−2𝑣)
   (6.10) 

where 𝐸𝑑  is dynamic Young's modulus, 𝑣  is the Poisson's ratio, and 𝜌  is the 

material density.  

In this preliminary study, six concrete cubes of size 100mm×100mm×100mm were 
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cast for the test. All the cubes were cast from the same batch in order to keep the 

consistency and increase the accuracy of comparative tests. Specimens were left for 

24 hours in open air after casting. And then all the specimens were demoulded and 

placed in the water tank for 28 days curing. 

6.7.1 Individual cubes study 

A schematic diagram of the test setup for the individual cubes study is shown in 

Figure 6-22. Excitation piezo-disc was mounted on one side on the specimen and the 

receiving sensor was mounted on the other side. The sensors used for this 

investigation were MISTRAS Group Ltd. (MSL) R15I-AST sensors with a resonant 

frequency of 75 kHz. Data acquisition was via a 4-channel MISTRAS system using the 

AEwin software with the sampling frequency of 2 MHz.  

 

Figure 6-22. Excitation/receiving transducers setup for individual cube specimen 

The pulse signals were generated using an Agilent 33210A WaveStation 

registering as a 6Vpp square wave signal. A frequency of 100kHz was excited as a 5-

cycle burst. A total of 5 waves were excited and received for each specimen. The 

results of signal travel time and corresponding apparent velocity are shown in Table 

6-10 and Table 6-11 respectively. 

Table 6-10. Signal travel time of each pulse for the 6 specimens (unit: microsecond) 

 Pulse No. 

Cube No. 
Pulse 1 Pulse 2 Pulse 3 Pulse 4 Pulse 5 Average CoV/% 

Cube 1 22.5002 21.0000 21.0000 21.0000 21.0000 21.2838 3.1% 

Cube 2 21.4998 21.9998 21.9998 21.9998 21.9998 21.8981 1.0% 

Cube 3 20.8616 20.4994 20.9061 20.9061 21.1497 20.8625 1.1% 

Cube 4 21.8885 21.4998 21.0000 21.0000 21.8885 21.4482 2.1% 

Cube 5 21.0473 21.0473 21.0473 20.9837 20.9837 21.0221 0.2% 

Cube 6 22.5002 21.0000 21.0000 21.0000 21.0000 21.2838 3.1% 
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Table 6-11. Velocity of each ultrasonic pulse for the 6 specimens (unit: m/s) 

Pulse No. 

Cube No. 
Pulse 1 Pulse 2 Pulse 3 Pulse 4 Pulse 5 Average CoV/% 

Cube 1 4444.4 4761.9 4761.9 4761.9 4761.9 4698.4 3.0% 

Cube 2 4651.2 4545.5 4545.5 4545.5 4545.5 4566.6 1.0% 

Cube 3 4793.5 4878.2 4783.3 4783.3 4728.2 4793.3 1.1% 

Cube 4 4568.6 4651.2 4761.9 4761.9 4568.6 4662.4 2.1% 

Cube 5 4751.2 4751.2 4751.2 4765.6 4765.6 4756.9 0.2% 

Cube 6 4761.9 4761.9 4761.9 4761.9 4761.9 4761.9 0.0% 

6.7.1.1 Attenuation 

As an important characteristic of AE, the amount of attenuation of a signal as it 

travels through the material mainly controls the detectability of an AE sensor. Ideally to 

analyse the attenuation, the proper way is to apply an excitation source at different 

designated places on the structure and then calculate the attenuation curve as the 

example previously shown in Figure 2-11 in chapter 2. However in this study, it only 

shows the amplitude loss of the signal through the length of 100mm cube from the 

excitation to the receiving sensor instead of calculating a complete attenuation curve. 

This is considered to be providing a basic attenuation parameter for the further 

investigation on the impact of healing agent layer. 

As described above, the input signals (100kHz square pulse) were excited from 

one side of the cube. The amplitude responses were measured at the receiving sensor 

(channel 2) on the other side. For the attenuation study the amplitudes are normalized 

with respect to maximal value of each signal. In the Figure 6-23 below, (a) the signal 

received from Channel 1 was regarded as the initial input signal and (b) presents the 

corresponding received signal from Channel 2. The normalized amplitude responses 

for the cube specimens 1 to 6 are presented in Table 6-12. 

javascript:;
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(a)                                      (b) 

Figure 6-23. Normalized amplitude for the pulse signal emitted and received of cube 

3: (a)received at Channel 1 (b) received at receiving sensor 

 

Table 6-12. The response of normalized amplitude to signals received at Channel 2 

 Pulse 1 Pulse 2 Pulse 3 Pulse 4 Pulse 5 
Average of 

amplitude drop 
CoV/% 

Response 

at Cube 1 
0.1761 0.1696 0.1698 0.1688 0.1683 82.95% 1.9% 

Response 

at Cube 2 
0.1564 0.1519 0.1518 0.1528 0.1575 84.59% 1.7% 

Response 

at Cube 3 
0.2301 0.2420 0.2384 0.2384 0.2458 76.11% 2.4% 

Response 

at Cube 4 
0.1949 0.1905 0.1902 0.1928 0.1989 80.65% 1.9% 

Response 

at Cube 5 
0.2251 0.2231 0.2266 0.2311 0.2251 77.38% 1.3% 

Response 

at Cube 6 
0.1277 0.1301 0.1322 0.1314 0.1320 86.93% 1.4% 

(Average：81.44%) 

Results from Table 6-12 shows slight differences in attenuation among the six 

cube specimens. Due to the regular geometry and nature of concrete material, it is 

supposed that the AU signal attenuation, likes its velocity, is independent on signal 

transmission orientation in concrete. 

6.7.1.2 Frequency contents 

Generally the ultrasonic frequencies that resonate with concrete structure are 

between 75kHz to 200kHz and to make the best selection of sensors, that range of 

frequencies should be covered. The source excites a 100kHz of frequency as shown 

in Figure 6-24(a) for ultrasonic testing experimentations in order to ensure the signals 

could be well received and recorded. 
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(a)                                             (b) 

Figure 6-24. Examples of waveforms (a) received at Channel 1 (b) received at 

receiving sensor 

To assess the response of the frequency components of received signal, the 

frequency spectrum is given in Figure 6-25. It can be observed that the first peak 

occurs at a frequency of 100.4kHz which accord with the excitation frequency. The 

second peak occurs at a frequency of 149.8kHz and the third peak occurs at a 

frequency of 131.2kHz.  

 

Figure 6-25. Frequency response for the pulse received at the receiving sensor  

To assess how the specimen interacts with propagating wave, a wavelet transform 

was performed using Vallen Wavelet. Vallen are an AE-Suite system and software 

manufacturing and have developed specialized software for calculating wavelet 

transforms. Unlike FFT that can only present frequency domain and sensitive to noise, 

a wavelet transform can provide a good time-frequency resolution and good signal-

noise ratio. Specifically, the wavelet transform enables the scaling of the signal window 

to achieve good time resolution at higher frequencies and good frequency resolution 
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at lower frequency, rather than a fixed time and frequency resolution. Furthermore, 

different mother wavelets for wavelet transformation can be used for different 

applications. The mother wavelet used in Vallen for wavelet transform is Gabor wavelet 

and it has been extensively used for AE characterisation and location. 

Figure 6-26 shows a wavelet transform of a signal received by the receiving 

transducer at channel 2. It shows the arrival of first peak frequency of 100.4kHz at 

around 577.25μs, and the second and third peak frequency of 149.8 kHz and 131.2 

kHz has arrived at basically the same time, around 598.75μs and 598.25μs 

respectively. 

 

Figure 6-26. Wavelet transform of the received signal 

6.7.2 Glued-cubes study 

6.7.2.1 Single receiving transducer 

Following on from the individual cube study, it is considered to conduct a glued-

cubes study to investigate the impact of the bonding layer with healing agent between 

two cubes. To create the bonding layer using cyanoacrylate PC20, the healing agent 

was evenly spread on the surface of one cube, and then the excess glue was gently 

squeezed from the joint with another cube to ensure a good bond. The thickness of 
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the bonding layer was not particularly controlled. 

Similarly, ultrasonic pulse sources were produced as a 5-cycle square burst on 

one surface of the glued-cube specimen and received on the other side. A schematic 

diagram of the test setup for the glued-cubes study is shown in Figure 6-27.  

 

Figure 6-27. Excitation/receiving transducers setup for glued-cubes specimen 

A total of 5 pulses were excited and received for the glued-cubes specimen. The 

results of signal travel times and corresponding apparent velocities are shown in Table 

6-13 and Table 6-14 respectively. 

Table 6-13. Signal travel time of each pulse (unit: microsecond) 

Specimen No Pulse 1 Pulse 2 Pulse 3 Pulse 4 Pulse 5 Average CoV/% 

Glued cube 1&2 45.0005  45.0005  43.9996  43.5000  44.4998  44.4000  1.5% 

 

Table 6-14. Velocity of each ultrasonic pulse for the bonding specimens (unit: m/s)  

Specimen No Pulse 1 Pulse 2 Pulse 3 Pulse 4 Pulse 5 Average CoV/% 

Glued cube 1&2 4444.4 4444.4 4545.5 4597.7 4494.4 4505.28 1.5 

 

This attenuation study is mainly investigated to determine how ultrasonic signal 

propagate through the bonding layer filled with healing agent, cyanoacrylate (type 

PC20), of the glued-cubes specimen and its impact. As described above, the input 

signals (100kHz square pulse) are created from one side of the cube. The amplitude 

responses were measured at the receiving sensor (Channel 2) on the other side. For 

the attenuation study the amplitudes are normalized with respect to maximal value of 

each signal. 
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(a)                                      (b) 

Figure 6-28. Normalized amplitude for the pulse signal emitted and received of glued-

cube 1&2: (a)received at Channel 1 (b) received at receiving sensor 

In the Figure 6-28 (a), the signal received from Channel 1 was regarded as the 

initial input signal and (b) presents the corresponding received signal from Channel 2. 

The normalized amplitude responses for the glued-cubes specimen are presented in 

Table 6-15. 

Table 6-15. The response of normalized amplitude to signals received at Channel 2 

 Pulse 1 Pulse 2 Pulse 3 Pulse 4 Pulse 5 Average CoV/% 

Response at 

glued-cube 1&2 
0.0823 0.0825 0.0857 0.0856 0.0845 0.0841 2.0% 

Percentage of 

amplitude drop 
91.77% 91.75% 91.43% 91.44% 91.55% 91.59% 0.2% 

Results from Table 6-15 shows slight differences in attenuation among the five 

pulses emitted to the glued-cubes specimen. It is evident that the signal sufficiently 

attenuated down through the cyanoacrylate-bonded glued-cubes specimen as the 

amplitude drops off significantly. As five pulses were created at excitation and the 

averaged responses for the amplitude was 91.59%. Obviously, the attenuation 

increases as the signal propagation path increased as well. To identify the independent 

influence of the bonded layer, another attenuation study with two receiving transducers 

was conducted in the next section. 
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6.7.2.2 Double receiving transducer 

To investigate the differences of signals received from different location, another 

attenuation study is conducted as placing another receiving transducer on the same 

side of the excitation. A schematic diagram of the test setup is presented in Figure 6-29. 

 

Figure 6-29. Excitation/receiving transducers setup for glued-cubes specimen 

A total of 5 pulses were excited and received by two receiving transducers on each 

side of the glued-cubes specimen. The results from Channel 2 of signal travel time and 

apparent velocity are shown in Table 6-16 and Table 6-17 respectively.  

Table 6-16. Signal travel time (received by Channel 2) (unit: microsecond) 

Specimen 
No 

Pulse 1 Pulse 2 Pulse 3 Pulse 4 Pulse 5 Average 

Glued-cube 
1&2 

44 44.5 44.5 44.5 44.5 44.4 

 

Table 6-17. Signal Velocity (received by CH2) (unit: m/s) 

Specimen 
No 

Pulse 1 Pulse 2 Pulse 3 Pulse 4 Pulse 5 Average 

Glued-cube 
1&2 

4545.5 4494.4 4494.4 4494.4 4494.4 4504.5 

To assess the response of the frequency components of received signal, the 

waveforms received from channel 2 and channel 3 and their frequency spectrum are 

given in Figure 6-30 and Figure 6-31 respectively.  
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(a)                                      (b) 

Figure 6-30. Examples of signal (a)received at Channel 2 (b) received at Channel 3 

 

Figure 6-31. Frequency spectrum for the signal received at Channel 2  

 

Figure 6-32. Frequency spectrum for the signal received at Channel 3  

Figure 6-33 and Figure 6-34 shows a wavelet transform of a signal received by 

the receiving transducer at channel 2 and channel 3 respectively.  
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Figure 6-33. Wavelet transform of the signal received at Channel 2 

 

Figure 6-34. Wavelet transform of the signal received at Channel 3 

6.7.3 Discussion and conclusion 

The preliminary investigation of the impact of healing agent described in this 

section mainly explored the attenuation characteristics and change of frequency 

components. From the individual cube study, it shows the average drop through the 

attenuation study is 81.44%, and three main frequency components, 100.4kHz, 

149.8kHz, and 131.2 kHz, appear at 577.25μs, 598.75μs and 598.25μs respectively. 

From the Glued-cubes study, it shows the average drop through the attenuation study 

is 91.59%, and the first main frequency component remains at around 100 kHz which 

is the excitation frequency. The subsequent main frequencies varies both from different 

receiving sensors and at different time. The difference in attenuation and frequency 
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variation between the individual cube and glued-cubes is mainly due to the increase of 

signal propagation distance. However, the influences caused by the healing agent filled 

bonding layer remain not clear and require further studies. 

To study the impact of bonding layer filled by healing agent and how it will affect 

the signal propagation using AU technique, a recommendation of future work will be 

discussed in the subsequent section 7.3 in chapter 7. 

6.8 Conclusion 

In this chapter, the application of Acousto-Ultrasonics (AU) technique on a range 

of specimen in different size with different methods is investigated. The following 

conclusions can be made: 

(1) Generally, there are still many factors affecting the accuracy and reliability of 

using AU technique in the damage detection, location and assessment, such as the 

calculation methods, coupling conditions between the transducer and structure, the 

anisotropy properties of concrete, etc., all have an impact on the quantitative defects 

detection and damage assessment. 

(2) Compared to actual engineering structures, the experimental studies 

conducted in this work can still be recognised as the idealized models without many 

uncertainties and interference due to structure geometry and material inhomogeneity. 

However, there are still many problems need to be improved in single-variable 

experimental study using the AU detection method. Therefore, the impact analysis on 

the defect detection of concrete structure is not perfect, and abundant experimental 

investigation and analysis are still required. 

(3) The results of flat measurement (both single-side and double-side) applied in 

this study are promising in the crack depth detection and measurement. It can be 

investigated to further improve the accuracy in quantitative damage detection and 

make the application more extensive in the field of civil engineering structure. 
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(4) As an efficient and straightforward NDT method, the potential application of the 

AU technique as a monitoring tool for the behaviour of the recently designed and 

developed innovative self-healing materials and structure worth further investigating.  



208 
 

7. Chapter 7 Overarching discussion, conclusions and future work 

7.1 Discussion 

Due to the unique dynamic, real-time and high sensitivity advantages of AE 

technology, its application in the field of civil engineering is extensively expanded in 

recent decades. Along with other NDT&E technologies, this thesis conducted several 

research investigations into key technologies which form the SHM system.  

Compared to the existed parameter-based analysis methods, although waveform-

based analysis can reveal the source mechanisms from the nature of time-frequency 

characteristics of the source, the fast real-time online analysis is still challenging to be 

achieved. The two characteristic parameters introduced in this work has been 

extracted to quantitatively reflect the signal energy and source characteristics through 

the HHT, the complexity of AE signals is decomposed and reflected from each IMFs. It 

has shown its advantages compared to other conventional statistical parameter-based 

methods as the characterisation of complex concrete damaging is enabled using 

parameterized indicators of basic failure mode from waveform-based analysis, but its 

limitations cannot be ignored. Other more effective AE indices and methods used to 

characterize and classify damage failure modes of concrete structure need to be 

explored. 

The limitations of the current NDT&E techniques for the evaluation on self-healing 

concrete are discussed and a case study regarding the application of AE on the 

vascular network based self-healing system was conducted. The current technical 

application of AE mainly lies in the parameter-based evaluation methods for the 

fracture process monitoring before and after healing occurred. And the AU technique 

highly depends on the variability of measured data. Although the AU and UPV 

techniques have an advantage with respect to convenience and efficiency, there are 

still some limitations on its use in practical applications as the velocity-based 

parameters are significantly affected by material properties and environmental 

conditions. 
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The analysis results of the applicability and limitation of the NDT&E techniques 

discussed in this thesis suggested that the development of correlation model between 

self-healing indices (e.g., strength and stiffness regained, crack size, permeability, etc.) 

and NDT&E parameters (e.g., ultrasonic pulse velocity, attenuation and frequency 

characteristics, etc.) should be systematically investigated and examined, then 

followed by experimental tests towards verification. 

Furthermore, supplementary evaluation methods, such as the image-based DIC 

technique, are necessary to be introduced as a physical view to validate and confirm 

the findings and results from other NDT&E methods. 

In the light of present studies, NDT&E techniques using AE and AU (UPV) are still 

the preferred technologies to evaluate the mechanical properties in the field of civil 

engineering. However, there are still uncertainties as other NDT&E methods might be 

possessing more potential and sensitive to internal change of materials. And this is 

mainly due to the lack of existing research examining the same problems in conjunction 

with other NDT&E characteristics, which needs further notice and investigation. 

7.2 Conclusion 

Overall, this thesis has examined the role of the AE and AU techniques in the field 

of damage detection and monitoring of concrete structures, further the potential of 

application on self-healing concrete has been explored and evaluated. Given the 

current research status describe in the Chapter 2, the aims and objectives of this 

research are to investigate the application of AE techniques for use in structural 

monitoring of concrete damage, to describe, characterise and evaluate damage source 

more precisely, and eventually to explore the potential and prospect of application on 

recently designed and developed innovative self-healing materials and structures. 

Throughout this thesis, four key themes have been investigated which, between them, 

have demonstrated the ability of AE and AU to detect, evaluate and characterise 

signals occurring in the tested concrete specimens. 
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• The two extracted characteristic parameters, Maximum Amplitude Ami and 

Characteristic Instantaneous Frequency fc, can characterize the intensity and 

properties of AE source are determined, which can be used to quantitatively 

characterize the AE signal. 

• Even only limited events were applicable to successfully perform the SiGMA 

procedure for MTA analysis, for those valid events still showed a promising 

agreement with results obtained via the conventional parameter-based 

method, additionally it has been proved that its abilities to identify where those 

mixed mode cracking has occurred rather than the only two failure mode 

identified from the conventional parameter-based analysis. 

• When dealing with mass amount of data, MTA is not recommended for the 

analysis of damage identification and characterisation as the high 

requirements of signals obtained from on-site inspection and monitoring of 

engineering structures due to the nature of SiGMA procedure . 

• Vascular network-based self-healing beam is capable of restoring around 70% 

of the original concrete strength and bearing capacity. AE parameters can be 

used to characterize the behaviour of damage and healing process. The 

evaluation of AE hits and absolute energy before and after healing can be 

qualitatively assessed by AE signals, which indicates that the cracked 

specimen after healing possessed larger amount hits and much higher energy 

from the ultimate failure. 

• Kaiser effect and Felicity effect can be applied to intuitively determine the 

healing efficiency. The higher the healing efficiency, the more obvious the 

Felicity effect; the lower the healing efficiency, the more obvious the Kaiser 

effect. 

• PCA technique is limited of differentiating very similar AE signals in vascular 

network-based self-healing concrete structure. However, as an efficient and 

practical technique of data dimension reduction method, PCA has the 

javascript:;
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potential to automatically identify and separate distinctly different AE signals. 

• Many factors can affect the accuracy and reliability using AU technique in the

damage detection, location and assessment. Therefore, it is recommended to

combine other methods when performing structural inspections on site.

• The AU testing flat measurement was found to be a useful tool for monitoring

and measuring the crack development especially when the structure has only

one available surface. When the structure has two available surfaces, the

tomography-based oblique measurement can be applied to effectively

evaluate the damage condition of structure.

7.3 Future work 

In light of the discussion and conclusion from this thesis above, the following areas 

are recommended for further study: 

• Based on the framework presented in Chapter 3, as only two fundamental 

damage modes are investigated, the theoretical system needs to be further 

improved with comprehensive fundamental studies of various damage 

mechanisms (such as the yield of steel bars, slip of debonding, the effect of 

inhomogeneity in materials, etc.) to systematically form a set of AE evaluation 

methods in RC structure;

• Although a parameter screening method is used to selectively perform

waveform analysis to obtain its time-frequency energy spectrum, the process

so far has no way to be automatically completed, which make it impossible to

achieve real-time monitoring and display.

• The impact of sensor selection will significantly affect the data processing

result. Ideally a comprehensive study should be investigated on different type

of sensors (such as the differences of results from resonant sensors and

broadband sensors) to assure that the conclusions can be standalone and

will not be affected by these factors.
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• A further investigation into the use of MTA on signals from Hsu-Nielsen source. 

The factors affecting the classification results of source mechanisms needed 

to be further investigated. 

• Development of a more advanced software package to largely increase the 

data processing capacity and accuracy of determination of the initial P wave 

arrival time and amplitude. Eventually improve the applicability of MTA 

processing massive data and feasibility of monitoring of in-service concrete 

structures. 

• Development of improved method to evaluate healing efficiency without 

destructing the structure again as the conventional way to calculate the 

healing index.  

• PCA and unsupervised pattern recognition techniques are of great potential 

in AE signal clustering and identification. A further exploration can be 

conducted based on the scale-up self-healing specimens with different 

technique developed.  

• Exploration of more reasonable AE parameters to approach direct 

quantitative detection.  

• To study the impact of healing agent using AU technique with respect to the 

characteristics of attenuation and frequency components, a schematic 

diagram is provided below in Figure 7-1. The signal propagation properties in 

the original specimen can be investigated from the test arrangement in Figure 

7-1(a). The impacts of healing agent, such as the mechanism of different 

healing agent, thickness of bonding layer, chemical interference, etc., can be 

investigated from the test arrangement in Figure 7-1(b). 
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Figure 7-1. Recommended test setup for self-healing specimen: (a) Original 

specimen; (b) After the specimen are cut and glued back again with the healing agent 

• Based on the suggested investigation above, suitable indicators to 

characterise the impacts caused by the healing agent and effective indices to 

evaluate self-healing performance worth exploring. 
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8. Appendices 

Appendix A - Results of crack development monitoring in section 6.6.4 

Table 8-1. Results from Beam1 

Pulse CMOD Load LVDT Method-1 Method-2 DIC Beam height 

Unit mm kN mm mm mm mm mm 

0 0 0.51965 0.00206 0.98  2.73  8.289 

100 

1 0.02 6.74376 0.04801 24.35  7.65  28.18 

2 0.04 5.54446 0.06613 42.88  44.02  42.14 

3 0.06 4.29066 0.08287 78.51  43.26  62.03 

4 0.08 2.92621 0.09844 85.20  32.06  66.36 

5 0.1 2.44815 0.11624 94.81  45.94  72.18 

6 0.12 1.73927 0.13195 93.69  26.58  \ 

7 0.14 1.60491 0.15013 88.88  23.50  \ 

8 0.16 1.23314 0.16673 95.09  35.66  \ 

9 0.18 1.14111 0.1846 112.30  65.39  \ 

10 0.2 0.92329 0.2019 114.13  61.19  \ 

11 0.22 0.84024 0.22115 105.01  86.76  \ 

12 0.24 0.82296 0.23868 105.26  83.66  \ 

13 0.26 0.74014 0.2564 110.82  100.32  \ 

14 0.28 0.66837 0.27425 117.75  102.47  \ 

15 0.3 0.60602 0.292 120.68  121.90  \ 

16 0.32 0.50525 0.30984 110.06  96.27  \ 

17 0.34 0.48887 0.32942 120.19  86.53  \ 

18 0.36 0.4915 0.34729 114.79  86.02  \ 

19 0.38 0.41964 0.36538 117.50  81.30  \ 

20 0.4 0.39245 0.38483 113.31  86.74  \ 

21 0.42 0.37263 0.40258 106.53  61.51  \ 

22 0.44 0.37478 0.42112 111.07  82.85  \ 

23 0.46 0.32214 0.43976 106.03  68.13  \ 

24 0.48 0.33221 0.4587 110.82  73.59  \ 

25 0.5 0.31322 0.47734 125.27  86.14  \ 

 

Table 8-2. Results from Beam2 

Pulse CMOD Load LVDT Method-1 Method-2 DIC Beam height 

Unit mm kN mm mm mm mm mm 

0 0 0.05084 0.00271 3.23  3.86  0.00  

100 

1 0.02 7.81766 0.04344 26.46  31.72  23.59  

2 0.04 5.62155 0.05949 43.71  37.56  45.50  

3 0.06 4.05592 0.07444 81.43  49.31  60.17  

4 0.08 2.96846 0.09025 74.56  46.71  70.01  
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5 0.1 2.37259 0.10693 93.41  68.55  73.11  

6 0.12 1.88103 0.12299 100.59  74.38  \ 

7 0.14 1.47616 0.13992 92.85  62.24  \ 

8 0.16 1.35973 0.15597 92.85  66.07  \ 

9 0.18 1.01018 0.17167 101.67  80.09  \ 

10 0.2 0.86319 0.18897 109.94  72.42  \ 

11 0.22 0.77349 0.20733 125.03  82.89  \ 

12 0.24 0.60475 0.22388 134.09  97.22  \ 

13 0.26 0.57583 0.24178 130.54  92.74  \ 

14 0.28 0.46013 0.25969 131.25  88.92  \ 

15 0.3 0.40741 0.27807 132.91  97.11  \ 

16 0.32 0.37743 0.2974 130.77  78.97  \ 

17 0.34 0.37448 0.31447 119.70  77.09  \ 

18 0.36 0.31804 0.33222 122.13  77.32  \ 

19 0.38 0.25289 0.35128 120.19  88.05  \ 

20 0.4 0.22633 0.3695 119.21  81.06  \ 

21 0.42 0.23012 0.38813 124.55  83.58  \ 

22 0.44 0.18851 0.40678 125.03  87.24  \ 

23 0.46 0.17195 0.42558 131.25  99.40  \ 

24 0.48 0.1571 0.44427 127.91  97.58  \ 

25 0.5 0.15784 0.4624 119.46  88.15  \ 

 

Table 8-3. Results from Beam3 

Pulse CMOD Load LVDT Method-1 Method-2 DIC Beam height 

Unit mm kN mm mm mm mm mm 

0 0 0.064 0.01 5.75  2.73  0.00  

100 

1 0.02 10.724 0.37 14.38  7.65  25.68  

2 0.04 8.638 0.33 56.06  40.23  37.53  

3 0.06 6.619 0.3 72.21  82.76  52.32  

4 0.08 5.119 0.28 73.39  94.83  62.78  

5 0.1 4.26 0.27 83.36  86.25  76.15  

6 0.12 3.628 0.26 83.36  84.94  79.12  

7 0.14 3.094 0.26 91.16  95.00  84.25  

8 0.16 2.515 0.27 93.97  101.50  87.52  

9 0.18 2.163 0.26 96.47  81.50  88.23  

10 0.2 1.778 0.27 104.90  86.21  88.93  

11 0.22 1.473 0.28 114.80  122.45  90.00  

12 0.24 1.282 0.28 115.27  113.40  90.29  

13 0.26 1.118 0.29 113.62  123.79  90.58  

14 0.28 0.95 0.3 115.74  128.81  90.87  

15 0.3 0.805 0.31 118.09  151.32  91.16  

16 0.32 0.723 0.32 118.09  143.03  91.70  

17 0.34 0.647 0.33 112.20  117.31  92.23  
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18 0.36 0.581 0.34 116.21  131.52  92.77  

19 0.38 0.534 0.36 114.56  127.92  93.30  

20 0.4 0.5 0.37 113.62  127.21  93.84  

21 0.42 0.436 0.38 117.39  139.87  93.84  

22 0.44 0.397 0.4 106.72  114.84  93.84  

23 0.46 0.348 0.41 112.44  129.85  93.85  

24 0.48 0.319 0.42 104.3105101 115.2405126 93.85  

25 0.5 0.256 0.43 112.89 127.9899445 93.85  

 

Table 8-4. Results from Beam4 

Pulse CMOD Load LVDT Method-1 Method-2 DIC Beam height 

Unit mm kN mm mm mm mm mm 

0 0 0.044 0 3.23  3.20  0.00  

100 

1 0.02 11.935 0.43 51.05  25.49  17.24  

2 0.04 9.086 0.37 64.85  45.20  39.90  

3 0.06 7.126 0.34 72.74  52.59  50.47  

4 0.08 5.423 0.3 79.22  56.23  59.62  

5 0.1 4.251 0.29 90.86  59.62  68.12  

6 0.12 3.521 0.29 91.94  53.89  72.83  

7 0.14 2.894 0.28 95.17  51.22  76.92  

8 0.16 2.379 0.27 100.99  63.92  78.00  

9 0.18 2.039 0.28 102.04  53.54  81.68  

10 0.2 1.775 0.28 106.20  64.90  82.63  

11 0.22 1.569 0.3 124.80  87.03  83.57  

12 0.24 1.342 0.31 123.38  77.55  84.52  

13 0.26 1.14 0.32 118.15  79.16  85.47  

14 0.28 0.997 0.33 114.07  98.30  86.41  

15 0.3 0.864 0.34 111.16  106.35  87.36  

16 0.32 0.758 0.35 111.16  116.80  87.76  

17 0.34 0.659 0.36 112.38  111.87  88.16  

18 0.36 0.503 0.37 111.16  111.98  88.57  

19 0.38 0.435 0.38 111.89  111.79  88.97  

20 0.4 0.342 0.39 112.38  112.07  89.37  

21 0.42 0.279 0.4 115.75  112.83  89.77  

22 0.44 0.247 0.41 116.24  114.34  90.17  

23 0.46 0.201 0.43 120.30  122.66  90.58  

24 0.48 0.163 0.44 122.91  124.31  90.98  

25 0.5 0.135 0.45 124.33  126.35  91.20  
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Appendix B - Safety and technical datasheets of Cyanoacrylates PC20 
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